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Abstract

In this project, the synergetic effect afgraphene interphase in epoxy/gldiers
composites was investigated by coating glass filj@éis) with graphene oxidéGO) and
reduced graphene oxi@e50) nanosheetby anelectrophoretic deposition (EPD) technique.
Graphite oxide was prepared using modified Hummers method in which raw graphder
was oxidized using potassium permanganate (KWMn@ acidic solution. Using ultrasonic
technique, the graphite oxide was dispersed homogenously in water to create &&table
suspension which was used as a bath ife®® process

For the coating process, two copper plates were used as electrodes in the EPD process
in which GFwere placed in front of anode f&GO depositiorsinceGO tends to carry negative
charges due to oxygen functional groups attached on the graphene struptackiesd in the
modified Hummers methodhe deposition was carried out at different applied fields while
maintaining the dispersion concentration and deposition time conBkasiprocess produced
GF coatedwith GO nanosheets, whkito obtain GF coatedith rGO, GO coated fibers were
subjected to chemical reduction process where the fibers were placed in an environment of
hydrazine hydrate which reduced the GO coating on GF. Through this step, rGO coated GF
were obtained.

The oxidation level of GO and @ was evaluated using-ray diffraction (XRD),
Fouriertransform infrared spectroscopy (FTIR) axday photoelectron (XPS) spectroscopy
techniques which confirmed the successful oxidation of graphite powder into graphite oxide
due to liquid chemical oxidien process while the hydrazine reduction method reduced the
oxygen amount fron84% to 10% in GO hence converting it into rG&canning electron
microscopy analysis of coated fibeevealed uniform coating of GF with GO and rGO where
the amount of depason increased with increased applied field.

The effect of GO or rGO coating on GF obtained by EPD process was first evaluated
by determininghe adhesion between GF and epoxy matrix. Single fiber fragmentation test was
utilized to determine the interfacial shear strer{tils) between theincoated ocoated fibers
and epoxy matrixSingle fiber epoxy composites were prepared by using GO a@nctoated
fibers and were tested using a rdiensile testing machine and monitoring teagths of
fragments of fibers obtained during the tensile test. It was observed that in case of GO coated
fibers, thelSS increased by 218% in comparison to uncoaibdrfbased compositd.he

increase of interfacial adhesion in this casean be attributed tthe fact that GO carries
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oxygen functional groups which creates physical and chemical bonding between both the GF
surface and the epoxy matrix. Harestigatng theinteractionsbetween GF and G@tomic

force microscopy(AFM) was used to determine the interfacial adhesion between them by
scratching GO on GF. It wgwovedthat thedelamination strength was higher than the ISS,
hence proving thefficacy of theselected GO deposition methddn the other hand, single

fiber fragmentation tests indicated a 70% increase in ISB50rcoatedsF when embedded

in the epoxy matrias compared toncoatedibers. This incremens lower tharthat observed

for GO coatedfibers and ithas been attributed tbe fact that rGO doeasot possess enough
oxygen based functional groufmsefficiently interact with the polymer matriXhe observed
increase in ISSvith respect to uncoated G§ based on the frictional forces oféer by the
roughness of rGO nanosheets. This confirms that the presence of an interphase (either GO or
rGO) creates favorable load transfer mechanism through either chemical or physical bonding
or even both depending on the nature of the interphase.

To testfurther the positive effect of GO based interphase in epoxy/glass composites in
terms of mechanical reinforcement, multifiber (uncoated and GO or rGO coated) reinforced
epoxy composites were created by handupymethod. Laminas of fibers were wetted by
epoxy resin and stacked over one another in certain number depending on the thickness of the
resultant compositéThese composites weselibjected to varioumechanical testssuch as
flexural tests, shofbeam shear tests, mode | interlaminar fracturehtoegs and creep tests
which also confirmed that GO and rGO based interphase in epoxy/glass composites increase
the performance®sf the compositevith respect taha of the uncoated GF based composites
GO proved to be the best interphase in terms of nmécdlaproperties obtained, as proved
before

The multifunctionality ofsuch interphase based on graphene was analyzed and
confirmed using multiple tests on epoxy/glass composdataining uncoated and coated (GO
or rGO) In particular, he electricabnd thermatonductivityof the composites were tested in
which thecompositedased on rGO interphase showedrighest conductivityvhich not only
confirms that rGO coated fibers in epoxy/glass composites render the composites conductive
but also provethe successful chemical reduction process used in this work.

These conductive composites were subjecte@i¢aoresistivitytests in which the
applied longitudinal strain in different modes resulted in change in resistancghtwisg a
possibility of wsing such composites as strain sensing devices or for structural health

monitoring purposes in automotive or aerospace applications.
Xi



These conductive composite specimemsre alsoanalyzed for their dielectric
properties. The tests showed increased permittivity values as compared to both uncoated and
GO coated composites thus revealing the possibility to use composites containing rGO coated
fibers for electromagnetic interferendaeddingapplications

Xii
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Chapter 1 - Introduction

In recent times, the increasing attention given to multifunctional composites has been
justified by, not only the increasing demand from the industry to lower the weight of structural
component s, but al so due t o t offeredibpsudhwextr t hy
generation composites. The importance of these materials come from the fact that, in
comparison to traditional composite materials, superior mechanical properties and specific
functional requirements can be realized, like energy stotagpling capabilities, sensing and
actuation, strain monitoring etc. The possibility to achieve multifunctionality in composites
through the addition of relatively weightless and extremely small sized nanoparticles opens a
wide range of opportunities.

In terms of performance and potential applications in the industry, nanocomposites
have shown the perspective to ultimately redefine the field of traditional composite materials.
However, many limitations have presented a challenge to the scientists amekenm their
path to develop nanocomposites in which the primary limitation is their processing. This is one
of the biggest challenge holding industries back in developing the procesamgacturing
technologies in terms of quantity and value for caruialization. For example, dispersion of
nanoparticles is extremely difficult because, due to their high surface area, they tend to
agglomerate together. Such agglomerates in composites could potentially become a failure
point for the structure since arée can result in splittingfdhe agglomerate nanopartigiy.

In addition, chemical compatibility between the matrix and the filler plays a crucial role in the
filler dispersion in the matrix and eventually the interfacial adhesion between the two phases.
Much of the mismatch issue arises due to thardghobic natte of several polymer matrices

[2]. Degassing is another majmoblem while synthesizing a nanocomposite as once the air is
trapped during processing; the final product contains pores and gas bubbles which potentially
can initiate crack and failarof specimen under low straifgj.

A significantenhancement of the properties of composites has been achieved by a very
low nanofiller content, which has been credited to the incredible surface area availability of the
nanofiller and also to their high aspect ratio. However, improvement in the pespbyti
nanofillers to theoretical expectations is still a big challenge since i) uniform dispersion of
nanofiller in polymers is not an easy task, ii) an adequate interfacial adhesion between matrix

and nanofiller is a big hurdle and most importantly,alignment of nanofillers can be hardly
1



reached. Theoretical modelling and computational simulations have indicated the significant
advantages that could be achieved by aligned-saatle fillers in certain directions in polymer
matrices. Till date many rearches have been conducted to develop methods for aligning
carbon nanofillers (mainlgarbon nanotubesC(NTs) and graphene nanosheets) in polymer
matrix and incredible improvements in mechanical and functional properties have been
reported as comparedrandomi/-dispersed carbon nanofillg#-8]. Various approaches have
been proposed in order to align fillers in yoker matrices such as shear{i®j, electrically
induced field410-12] and magnetically induced field43-16]. Alignment of nanofillers in an
electrical field is considered as an effective method but the limitation comes from the fact that
this technique can only be applied to materials with verydmetrical conductivity, since the
field strength is normally restricted to evade the dieie breakdown of the polymét7]. On
the other hand, low magnetic susceptibility of fillers means strong magnetic field (25T or more)
is normally required to alignamofillers like CNT and graphene, thus limiting the practical
application of such methodl$4-16, 18]. Lastly, simultaneous dispersion and alignment can be
obtained using mixing equipment with high shear forces. Unfortunately, these forces are either
not large enough to break and disperse the nanofillers in the polymer matrix. On the other hand,
high sheahas the disadvantage to degrade both the polymer and narjafjler

The object of this thesis is the development of new multifunctional epoxy/glass
structural compositescontaining graphene oxide (GO) or reduced graphene oxide (rGO)
nanoparticles. An alternative method to align GO or rGO nanoleariic the composites is
proposed. In this method, continuous fibers are coated with nanofillers by a method termed as
electrophoretic deposition (EPD). This method offers the opportunity that any substance
(dissolved in a solvent with a particular chargah be forced to deposit on a substrate by the
application of an external applied electric field through a combination of electrodes. Such
coated fibers were subsequently used in combination with an epoxy matrix to obtain both
singlefiber microcompositeand unidirectional composites with high fiber volume fraction.
As per authordos knowl edge, there has not b
composites with coated fibers with different types of graphene nanosheets and subsequently
using them as reforcement in polymer matrix. Hence, this work demonstrates the use of EPD
technique to coat different continuous reinforcements (glass fibers and basalt fibers) with
graphene nanosheets (graphene oxide and reduced graphene oxide). A bicomponent epoxy
resn was used as a matrix to produce hybrid compogiteally, main goals of this work are

as follows:



0 Understanding the behavior of deposition parameters on the final coating
observed on fibers and consequent effect(s) on the-rfilagnix interfacial
adheson due to induced graphene coating.

0 Realizing the possibility of creating electricaland thermallyconductive
composites by making the graphene coated fibers reduced through chemical
means.

0 Using the conductive composites to analyze and evaluate @léndied of
having multifunctional properties, namely thermal behavior, strain monitoring

and electromagnetic interference shielding effectiveness.

Using thermal analyses techniques (like differential scanning calorimetry and and
thermogravimetric analysisjhermal behavior and stability results were used to characterize
the epoxy matrix.The oxidation level of both produced GO and rGO were analyzedray x
diffraction (XRD), xray photoelectron spectroscopy (XPS) d&mlrier transform infrared
spectroscop (FTIR). The morphological observation of graphene nanosheets, coated fibers
and fractured hybrid composites was carried out by field emission scanning electron
microscopy (FESEM). Mechanical properties of fibe@npositesand epoxy cured polymer

were investigated by uniaxial tensile tests. The fiber/matrix interfacial shear strength of
different single fiber composites was evaluated by the sfitgge fragmentation test. Different
electrical resistivity measurement metbodere employed depending on the electrical
behavior of the investigated materials. Multifunctionality hence created (due to the presence of
a conductive interphase of rGO) was analyzed by testing the composites for various
applications Composites havingonducting behavior were subjected for their piezoresistive
behavior in which the change of absolute resistance was monitored while applying longitudinal
strain simultaneously. Moreover the capacitive properties or permittivity was also measured by
using a LCR meter. In addition, thermal conductivity was also measured to prove the
effectiveness of a continuous interphase in epoxy/glass composites.



Chapter 217 Background

2.1 Fiber-reinforced polymer composites (FRPC)
An important type of composite materials, calldeefireinforced composites, consist

of two main constituents namely fiber and matrix. A fiber possesses high strength and modulus
and it is bonded and/or embedded in a matrix. Between these two phases a distinct boundary
can be identified (interface) or isome cases a third phase (interphase) can be observed
between them. Structurally, fibers act as the principatt@ad/ing components bearing most

of the stresses experienced by the structure, while the surrounding matrix not only binds these
fibers in tre preferred location and alignment, but also serves as a protecting medium from
external damage and, most importantly, transfers all the load sustained by the composite to the
reinforcing fibers. Both constituents are able to retain their physical andcahestate but
nevertheless their combination yield a material having properties that either of the constituent
cannot offer acting alone. Therefore, the synergy between components serve some vital roles
in a fiberreinforced composite material to generateroperties profile useful in several
structural applications.

The history of fibewreinforced polymer composites (FRPC) can be traced back to
thousandf years agd20], however the modern world saw the use of composites first in
aeronautical and aerospace applications, like airplanes and spacecraft in the 1960s. This limited
application of composites appeared due to the fact that earlier, composites had a high
manufactuing cost over metals. However, advances in comgitey)d manufacturing
techniques and other factors made composites components more cost effective thfalpefore
Imaginably, the most prominent applications of polymer based composites are in large volume
industrial fields, such as automotive, civil constructionssahawind energy ash sporting

goods.

2.1.1 Role of fiber reinforcement in FPRC
The basic and important engineering properties of composites are a collective result of

the mechanical and physical properties of the reinforcing phase. These are normally termed as
fiber-dominated properties of the composites. For instance, an increase in fiber volume fraction
results in higher level of mechanical properties but a point is reached where an increase in the
fiber volume fraction is useless because of the insufficieftlye matrix material to hold the
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fibers and efficient transfer of the load. Careful attention should be given to the selection of
fiber type, fiber length, fiber orientation and fiber volume fraction since a variety of composite
properties and charactstics are influenced by it, like density, fatigue strength, tensile and

compressive strengths and moduli etc. Various commercially available fibers and their

properties are summarizedTable 2-1.

2.1.2 Role of matrix in FPRC
Matrix imparts the critical role of providing the composite with damage tolerance,

toughness, impact and abrasion resistance. Selection of matrix has a greatarnfigketating

the final properties of the composite material (e.g. compressive, interlaminar shear strength and
in-plane shear properties). During compressive loading, the continuous matrix phase offers a
lateral support against the fiber buckling thusuteng in the compressive strength of the
composite material. The interlaminar shear strength (ILSS) is an important property in
composite materials if designed specifically for bending loads. Likewisplane shear
strength is considered major factohilg designing a composite material for structures under
torsional loading. Moreover, the processing methodology and defects in composite materials
largely depend on the processing characteristics of the m2#ix

There are two types of polymeric matrices used for advanced composites, termed as
either thermosets or thermoplastics:

Thermosetar e | ow mol ecul ar weight and | ow vi s
that are cured into thredimensional crosslinked structures hence becoming infusible and
insoluble. Chemical reactions promote crosslinkikgyire 2.1) driven by heat generation
either by the chemical reactions, exothermic heat of reaction, or by an externally supplied heat.
A range of thermoset resin matrices a@mally used in advanced compesmaterials
including epoxides, vinyl esters, polyesters and bismaleimides, a broad information about the

thermosets is given ihable 2-2.

i) On contrary, thermoplasticsare linear or branched polymers which are not
chemically crosslinked. They do possess high molecular weights and can be melted,
fused, and then cooled again to any desire shape but due to their high viscosity and
high melting points, high temperatures gmessures are typically required for

processing.



Table 2-1. Properties of selectembmmercial reinforcing fiberg3].

Fiber Typical Density Tensile Tensile Strain-to-  Coefficient of Poi ss
Diameter (g/cny) Modulus  Strength Failure Thermal Ratio
(um) (GPa) (GPa) (%) Expansion (10°

1°C)

Glass

E-glass 10 (round) 2.54 72.4 3.45 4.8 5 0.2

S-glass 10 (round) 2.49 86.9 4.30 5.0 2.9 0.22

PAN carbon

T-300% 7 (round) 1.76 231 3.65 14 -0.6 (longitudinal) 0.2
7-12 (radial)

AS-1° 8 (round) 1.80 228 3.10 1.32

AS-4P 7 (round) 1.80 248 4.07 1.65

T-40° 5.1 (round) 1.81 290 5.65 1.8 -0.75 (longitudinal)

IM-7° 5 (round) 1.78 301 5.31 1.81

HMS-4° 8 (round) 1.80 345 2.48 0.7

GY-7¢F 8.4 (bilobal) 1.96 483 1.52 0.38

Pitch carbon

P-55% 10 2.0 380 1.90 0.5 -1.3 (longitudinal)

P-100* 10 2.15 758 2.41 0.32 -1.45 (longitudinal)

Aramid

Kevlar 49 11.9 (round) 1.45 131 3.62 2.8 -2 (longitudinal) 0.35
59 (radial)

Kevlar 149 1.47 179 3.45 1.9

Technoré 1.39 70 3.0 4.6 -6 (longitudinal)




Extended chain polyethylene

Spectra 900 38 0.97 117 2.59 35

Spectra 1000 27 0.97 172 3.0 2.7

Boron 140 (round) 2.7 393 3.1 0.79 5 0.2
SiC

Monofilament 140 (round) 3.08 400 3.44 0.86 1.5
Nicalorf (multifilament) 14.5 (round) 2.55 196 2.75 14

Al203

Nextel 610 10-12 (round) 3.9 380 3.1 8
Nextel 720 1012 3.4 260 2.1 6
Al203-SiO,

Fiberfrax (discontinuous) 2-12 2.73 103 1.031.72

2 Amoco

b Hercules
“BASF
dDuPont

€Teijin
"Honeywell
9Nippon Carbon
h3-M
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Figure 2.1 Comparison of thermoset resins and thermoplastic polymer structures

2.1.3 Interface andinterphase in FPRC
A definition of interfacei n f i ber

formed by a common boundary between reinforcing

maintains the bondinbeeave n f or t he

properties of an interface may be different from either from that of the fiber or the matrix. On

reinforced composi
fiber and mattiistimacontact with and
[23. &he phiysecal and/dr mécloaniahls O

the other hand, amterphasecould be defined as a region of finite dimensions between the

fiber and the matrix where the llgroperties varfrom

physical, chemical and/or mechanical properties differ either continuously or in gradual

manner between the bulk fiber amétrix material.

Table 2-2 Comparisn of thermoset resin matricg2?].

those of the bulk phasg, 25]. The

Epaxies High-performance matrix systems for prime

continuousfiber

composites. Can be used

temperatures up to 2b6P75 °F. Give better high
temperature performance than polyesters and \

esters.

Phenolics

Though difficult to process, resin system with higl
thermal stability with good smoke and fire resistar

Mostly used for aircraft applications.

8
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Polymides Very-high-temperature resin systems (2820 °C).
Difficult processing.

Polyesters Extensivelyused in commercial applications due to I
cost and processing flexibility.Used for both

continuous and discontinuous composites.

Vinyl Esters Relatively similar to polyesters but are more tough

have better moisture resistance.

Bismaleimides Epoxy-like processing, higkemperature resin matrice
for use in the temperature range of 1B30 °C and

possesses elevatgsmperatur@ost cure

Cyanate Esters Epoxy-like processing, highemperature resin matrice
for use in the temperature range of 2¥80 °C and

possesses elevatgemperatur@ost cure

A growingresearchnterest has emerged in various research groups to understand the
i mpact o f s physidalestruptivex an@ éhemical composition on the final composite
properties. In fact, the properties of interphase have a great effect on the way theafiider
interact with each other and consequently the mechanism of stress transfer from rilag&ix to
is defined. In addition, the substantial interfacial area between the reinforcements and matrices
pave the way to various and elusive effects on the composites properties. Not to forget that
since the debonding phenomenon is one of the main mentsanesponsible of composites
failure, the ability to counter this problem by its early detection during service conditions and
healing as well has become a major challenge in the research field.

The stability of FRPCs greatly depends on the interfacigraction or adhesion
between fiber and matrix phases. For an interfacial adhesion to be termed as good, there should
be a gradual transition of filler/reinforcement to matrix properi8. However, certain
design models are used to fabricate the interphases in composite materials. For example, in
order to achieve higher strength and stiffness values, a strong interfacial bonding is
recommended while on the other hand, weak interphasegegssary to ensure better energy
absorbing performances under impact condit[@7 The main characteristics of fibaratrix
interactions have been presented in the literature since its evolution i.e. pthysiomal or
frictional in nature[28]. The first category include intermolecular interactions, chemical

reactions, surfaceduced crystallizations and phase separation phenomena etc. while the latter
9



consists of surface roughness of the fibers. Although, both types of interactiorsparesitgle
to some degree in the mechanics of composite materials but hoaralinot mentioned in
detail[27].

Overall, the interphase has become a key factor to dictate the composite performance
as it enables the scientists and engineers to manipulaltéet considering the parameters of

the service conditions in which the composite material will be used.

2.2 Mechanical properties of fiber reinforced polymer composites
The selection of a specific material for a structural engineering application is based

mainly on its behavior under tensile, shear, compressive or other static or dynamic mechanical
loading conditions. Therefore, not only the selection of material is of prime importance but
also designing the structure for the particular application. The osfhiotnature of fiber
reinforced polymer composites has resulted in the development of test methods based on
specific standards which are totally different from those traditionally adopted for isotropic

materials.

2.2.1 Interfacial adhesion between fiber and m#ix
As discussed in sectidhl.3 the role of interface/interphase is considered to be one of

the critical aspects in engineering the mechaniagbgrties of composite materials. Since the
role of matrix and fiber are both interrelated to each other hence it is of prime importance that
the interfacial adhesion between fiber and matrix has sufficient strength to be able to transfer
the load from onéo another.

In literature, several different methods have been reported for measuring the level of
stress state and strength of the interfacial bond. One of the most common methods for
measurements of fibenatrix adhesion is the single fiber fragmentatiest. Although this was
first developed for meta[29], it has been adopted for determining the interfatiahr strength

in advanced polymer composites.

2.2.1.1 Singlefiber fragmentation test
A micromechanicaltesting with fewer parameterg30], known as singléiber

fragmentation test, was developed to evaluate the level of adhesion between a fiber and matrix.
As the name implies, the test consists of a composite specimen containing a single fiber

embedded in the middle of a matrix shown in thé&igure 2.2.

10
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Figure 2.2. Schematic diagram of single fiber fragmentation. test

As evident in the figure, the testing condition is based on applygsde load on the
composite specimen (a) until the strength of the fiber is reached upon which the fiber ruptures
at a point where the stress concentration is high enough. Continuing the tensile loading would
result in other points being ruptured, asali®d as fiber fragmentation (b). A point comes
where the load transferred from the matrix to the fiber is not enough to break the fiber into
smaller fragments; hence the saturation of fragmentation is achieved (c). The length of the
resultant fiber fragmnts is termed as fiber critical length),(Which can be used to calculate
the interfacial shear strength (IFSS or ISS) as dgmetme work of Kelly and Tyan[29]:

(2-1)

whered is the fiber diameter angl, is the tensile strength of the fiber at critical length

andUis the shear stress transferred from the matrix to the filhés latter can be evaluated by

considering Weibull distribution for the fiber strength i.e.:
1
aL, & 3 1
s=sa o @ % (22
Q -

11



where G is the Gamma function whereag and m are the scale and shape parameters

of the Weibull strength distribution at the reference lergthespectively.

2.2.2 Interlaminar properties
Unidirectional composites with laminated structures demonstrate exceliptanea

properties however at the same time they exhibit poor interlaminar properties. The reasons
could be either a lack of reinforcement in the thickness direction or poor aié¢dadhesion
between laminas or even both. In any way, this may lead to poor damage tolerance when
composites are subjected to interlaminar stresses. One way to look into this problem is that the
continuous fibers aligned in the composite structure didpighest strength and modulus in

the fiber direction. This reinforcement is absent in the thickness direction of the composite
structure which is only reinforced by the combination of, i) bonding between fiber and the
matrix and ii) the strength of the mia, which in total as compared to the mechanical
properties of the fibers is extremely low. The most common failure case observed due to this
issue is the failure between laminas or delamination.

One of the common methods to avoid interlaminar failsib@sed on using fiber fabrics
having 3D ply stitching thus providing with through thickness reinforcement, however such
approach leads to reduction of-ptane mechanical properties and also an increase of
production cosf31]. The other tactic involves using different types of nanofiller thus providing
the opportunity of oO6interlockingdéd the | amina
ILSS, fracture toughness, flexural properties[@2-35]. ILSS depends primarily on the matrix
properties and fibematrix interfacial shear strength, whereas the fiber properties have no
influence on the final ILSS.

2.2.2.1 Short beam shear (SBS) test
This test involves three poinébding test loading of a specimen having a small span to

depth ratio in a configuration in order to produce a horizontal shear failure between the laminas

(Figure 2.3). To understand this test, consider the following beam equations:

3PL 3P aL

SP 2-3
2bi2 2bh&h (3)

Maximum normal stress =

Maximum shear stregs, = %} (2-4)
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Figure 2.3. Schematic diagram of composite panel in 3 point bend test mode for short

beam shear strength test.

As it can e visualized from the Equation3 the maximum normal stress depends on
the L/h ratio whilethe maximum shear stress does not depend on the L/h factor. Thus when
very small (3 to 4) L/h ratios are used, the failure most likely occurs for shear in the neutral
plane (seeFigure 2.4) and the corresponding interlaminar shear strength (ILSS) value is
evaluated as the maximum shear stress in the beam. These SBS tests are regulated by ASTM
standard D2344.

Interlaminar
—— ——— shear crack

<>
Fiber direction

Figure 2.4. Interlaminar shear failure in a 0° lamtea in a shorbeam shear tef23].

2.2.2.2 Mode | Interlaminar Fracture Toughness (DCB)
This DCB test is employed to determine the strain energy release réde cgack

propagation between laminates or delamination growth under Mode | loading. Normally, a
unidirectional composite as shownRigure 2.5is used having a rectangular cross section and
uniform thickness and width. The specimen contains a started crack (delamination) generated

by the insertion of a thin Teflon film (typically @3 mm thick) in the midplane during
13



composite lamination. Load is applied through the metal hinges which hold the two beams until
the initial crack grows slowly by a predetermined length. The specimen is unloaded and then
reloaded until the new crack ihg specimen grows slowly by another predetermined length.
The load, crosshead displacement, crack opening displacement and delamination length are
recorded continuously during the test. The delamination length is determined by considering
the distance fronthe loading line to the edge of delamination. The initiation and propagation
value of Gc can be measured by considering the recorded data and evaluating it with a beam

theory and compliance calibration methods.

P
Initial crack .
/ Lanzlnate

———

I ]
Hinged end tab
p

Figure 2.5. Double cantilever beam specimen under opening mode fracture

configuration

According to the standard (ASTM 5528), three data reduction methods are
recommended as, i) Modified Beam Theory (MBT) method, ii) Compliance @abhr(CC)
method, and iii) Modified Compliance Calibration (MCC) method. The only difference in these

methods is the models used for determination of compliance on the bases of crack length.

14



i) MBT method:

Under this method, the specimen having a crack stmef an upper arm and lower

arm which can be assumed as two cantilever beams with a digbam&ent of the crack tip
as shown irFigure 2.6.

SN NNV

Ir, o

a+ A

Figure 2.6. Schematic diagram of the DCB specimen (side view)

According to EuleBernoulli beam theory, the estimate compliance carobsidered
as a polynomial of third order as given as:

C=nt(a +)B (2-5)

Using the Strain energy release rate (SEB&hpliance relation given by following
equation:

2
c=2d¢ (2-6)
2b da

the equation 2.5 can be written as:

3Pd

%" 2@ D

(2-7)
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where

P = Load

U = total crack opening displacement
b = specimen width

a = length ofdlelamination

C = compliance and defined &P.

The parametetpis determined experimentally by thentercept of a straight line fit

by the least squares td’€versus a data as shownFigure 2.7.

C1/3A

<> |0
A

- .

Figure 2.7. Evaluation ofgpaccording to modified beam theory (MBT)

i) CC method (Berryod6s met hod)

In consideration of the simple beam theory model, the deflection of the tip of a cantitever,

, with the length,a, can be assumed as:

_ P
3E|

(2-8)
For a double cantilever beam, the end deflection is assumed to be related to the load by:

dl2=RPd (2-9)

Therefore, the predicted compliance can be describedhétfollowing equation:
16



C=Rd (2-10)
Finally, the strain energy release rata@y thus be given as:

_nPd nPR&’

GI
2ba 2b

(2-11)

Here, n is the experimentally determined by slope of the straight line drawn between the
natural logarithm of compliance C and natural logarithm of crack length a as shown in

Figure 2.8:

A
In C

In R

>

0 In a

Figure 2.8. Determination of n in compliance calibration (CC) method

iii) Modified Compliance Calibration (MCC) method

In this method, the normalized compliance is taken into consideration and is related to

the normalized delamination length givenas2h :
al2h=a, (bC)"® +a (2-12

17



Here, a, can be determined experimentally by the slope of a straight line that has been

fitted to a plot ofa/ 2h versus(bC)"” data as shown iRigure 2.9:

A

a/2h

(bC)*3

Figure 2.9. Determination ot} according to modified compliance calibration (MCC)

Again, using the expression for SERR based on the M&tbod Gis given by:

_ 3PZCZ/3

| _Zale(Zh) (2-13)

An estimate of the coefficierst, and a, is given by following equations respectively:

a, = & (2-14)

_-1€ E1 e a G OP“
a,=— 3 -2 2-1
@lElS ael—G f’U (2-15)

Where, G is:
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G 2185 (2-16)

3

Here, E,, E;jand G, r epr es ent l ongi tudi nal Youngos

Youngo6s modul us and respeetivel)ver se shear modul us

2.2.3 Flexural properties
Flexural stiffness and strength are particularly important properties of resins and

laminated fiber composite materials and the use of flexural tests to determine these mechanical

properties is widespread in the industry.

2.2.3.1 Three point bending test
For a unidirectional composite, the material properties are considered to be uniform

through the thickness of the specimen due to isotropic nature. The normal stresses under such
circumstances varies linearly from a maximum in pogssion on one surface to an equal
maximum in tension on the other surface, passing through zero at tptamédas known as

neutral axis as shown Figure 2.10. Here, the maximum normal stress is given as:
S =—+ (2-17)

here M is the bending moment, andh ar e t he speci mendés wi d
respectively. The distribution of shear stress through the thickness is however parabolic in
nature being maximum at the neutral axis and zero at the outer surfaces of the structure, where

maximum value is consided as:
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F.=P/2

Shear force diagram

F.=P/2

M = PS/4
Bending moment diagram

Figure 2.10. Threepoint flexure test, together with shear force and bending moment

diagrams
=35 (2-18)
4bh

whereF,i s t he shear force asedignng on the spec

Figure 2.11 shows the variation of normal stresses and shear stress caused by bending

moment for a rectangular specimen having a regular-sexson.
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Figure 2.11. Variation of normal stress and shear stress in a flexural test

In such case, a homogeneous elastic material tested in flexural mode by applying a load
at midpoint and supported at two points experiences maximum stréss onter surface of
the test specimen occuring at the midpoint. Hence, flexural stress is obtained using the equation
[ASTM D790]:

_3pL
St T opd?

(2-19)

In addition, the tangent modulus efl ast i city (often referre
elasticityo) is the ratio of stress to corre
by drawing a tangent to the steepest initial straligiet portion of the loadleflection curve and

using folowing equation [ASTM D790]:

*m

° = 2o (2-20)

2.3 A S mamuttifanctional hybrid composites
Recent years have seen a remarkable interest in research and development of

multifunctional composites especially involving polymer nanocomposites. A multifunctional
composite simply refers to a structure that has the capability to perform structurarand n
structural functionalities together. These materials are lightweight, chemically stable and
mechanically strong and may find utility in various civil and military engineering applications.
In recent years, these materials are being engineered to @lntatronal properties which
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could offer active, sensory and adaptive capabilities. The goal in the development of such
materials is to realize the multifunctionality by such composites structures without
compromising the structural integrity.

These systems al so known as Oactived or Osmart
detecting environmental changes and/or external stimuli at the most optimum conditions as
well as to respond in accordance to the modifications taking place. The most popular way to
create these systems is by the incorporation of nanophases that could enhance the mechanical
properties by some definite and specific mechanisms and/or introduce new functionalities
leading to novel and innovative ngtructural properties. On the other Ham traditional
material, which can be either structural or +sbructural, is categorized based on its properties
which ultimately define its use in the application field. However due to its inactive behavior
for not being able to sense the externalgtini hence render them O6pas:

It is worthwhile to mention here that the
is not totally related to the embedment of electronic devices within the structure, while
materials with sensors built are also an important group of multifunctional composites.
However, multifunctionality can be achieved by integrating specific constituents or
mechanisms determined by their own functional or-fumctional properties that could be
activated only in specifiloading conditions or as a response to particular surrounding changes.

In other words, the smartness of material is typically associated to its ability to correspond
information with the external environment thus offering new mechanisms and capatailities
enhance the nestructural performance of the materials itself.

Il n recent year s, nanomaterials have prom
polymer composites, due to their ability, but not limited to, of improving the conventional
structural prperties of composites, but also of inducing functionalities in the structures as well.
Nanoscale reinforcements (such as CNTs, graphene, etc.) when added in simple polymer
matrix or fiber reinforced polymer matrix have shown to create novel hybrid sesactur
Creation of such multiscale composites, for getting the optimum level of advantages from the
use of nanomaterials in conventional fibrous composites, can be achievadhttihvee
different techniquef36]:

1. Dispersion of nanomaterial into the matrix also known as-aaigonentation.
2. Creating organized structures of nanomaterial on to the composite laminates also

known as nan@&ngineering.
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3. Designing ofmultiscale hybrid composite using different numerical tools starting
from the molecular dynamic up to macroscale ruittysics also known as nano

design.

In order to obtain required functionalities from a smart material, certain features are

required to bencorporated into such smart materials which are defined as follows:

- SensingExternal gadgetries like sensors are basically paired to the structure of the
material of interest to monitor and/or measure the intensity of an external stimulus.
Such sensorBave the ability to convert an external physical input and convert the
reading into a signal that can be visualized and monitored by instrumentations like
signal processing and signal interpreters. Quantities that can be monitored in this
way include tempmture, pressure, strain, acceleration etc.

- Actuation:lt is a hydraulic or electrical motion device that has the ability to perform
actions such as motion or spark other specific devices. Like sensors, these are
directly attached with the composite stuwret and responds to an external signal
(like electricity or heat).

2.3.1 Non-structural functionalities
Functionalities other than structural ones that are being made possible by the creation

of hierarchical composites using nar@nforcements can be describédt not limited to, as
electrical conductivity, thermal conductivity, piezoresistivity, dielectricity and electromagnetic

interference shielding (EMI).

2.3.1.1 Electrical conductivity
One of the utmost requirement generally pursued in a multifunctional stristine

electrical conductivity due to the fact that in general polymers and-fiff@ssreinforced
polymer composites are poor conductors of both electricity and heat. The addition of
conductive nanofiller has a strong effect on the overall conductiitguoh insulating
composite materials. Low filler loadings do not improve the electrical conductivity of the
polymer matrix. However, at a particular or above a critical filler concentration the conductivity
rises by several orders of magnitude. At thisaal level of loading, also known as percolation
threshold, a continuous and conductive network is created in the composite structure. The

resultant conductive composite structures have fascinated researchers as wide array of
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applications because of thpsoperty arise like damage detection, structural health monitoring
and electromagnetic interference shielding which will be discussed in following sections.

A possible application of such functionality in a leaekaring structure can be found in
aerospacendustry where the conductive polymer composites could replaceomatuctive
materials to improve the lightning protection of the structures. Being lightweight in nature,
polymer nanocomposites are favorites to replace theaddetallic conductors ié aircraft
structure for such purpose since they not only increase the weight but also ark tiffigpair
[37]. Recent reports on incorporation of graphene in fiber reinforced polymer composites has
resulted in an increase in electrical conductivity of the hybrid streidear example, Wenzhen
et al.[38] coated carbon fibers with graphene nanoplatelets (GnP) using a continuous solution
coating process and its subsequent epoxy based reinforced composite showed an increase in
electrical conductivity as compared to its counterpart composites withoun@&mnphiase.

2.3.1.2 Thermal conductivity
The necessity of increasing the thermal conductivity of engineering materials comes

from the fact that advanced miniaturized devices and electronics have become not only faster
but also denser hence resulting in an increEspower dissipation and consequently the
production of large thermal fluxg89, 40]. Thus the utmost priority in such devices is to have

an efficient system of heat dissipation in order to guarantee highest reliability as well as high
performance. Recent years have seen reports on the synergistic effect of nanasizéd.§ll

CNTs, graphene) on the thermal properties of composites. The high thermal conductivities of
such nanofillers have shown an increase in thermal conductivity of polymer composites
however there are many limitations that are associated with thdilleaeavhich result in
underachievement of the required properties in polymer composites. Unlike electrical
conductivity, t her mal conductivity does not
loading. In fact it generally increases almost Inhewith respect to filler loading,sareported

by Shenogina et gl41].

The efficient loading of nanofiller (maximum dispersion, unidirectional alignment and
continuous etwork) would also dramatically enhance the conductive ability of the polymer
composites. Moreover, better compatibility between filler and matrix would minimize the
contact resistance andterfacial phonon scatteringt2-46] and hence an improvement in

thermal coductivity could be achieved.
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2.3.1.3 Piezoresisitivity
One of the most sought features of conductive polymer composites is piezoresistivity,

which can be described as the change in resistance of a given material under the application of
mechanical strain. Whenigheffect is induced in composite systems they can find applications
in which insitu strain monitoring of the structure can be performed while in service. The
creation of electrically conductive polymer systems by the incorporation of conductive phase
like stainless steel fibers, nickedated graphite, coated glass fibers and carbon nanoparticles
in non-conductive polymer phase has paved the way to achieve different type of material
systems with varying properties as well as the useful functionalityash shonitoring.

The phenomenon of piezoresistivity heterogeneougsomposite systems can be

attributed to various mechanisms as listed below:

1 degradation or breaking of kductive network of nanofillgi7].
1 variation of inte#fill er distance hence the change in tunneling resis{d&te
1 decrease in the conductivity of nanofiller under applied sf#}s
1 increase or decrease in alignment of nanofiller under applied Eihin

The metallic strain gauges used in the modernaggyications have low gage factors
(2-5) and consist of low resistance elements. Although these gages have good sensitivity and
are relatively inexpensive, however they cannot be difficulty embedded in structtesakbisa
and provide informatioonly ona limited region. Current research efforts have been focused
on obtaining structural composites which act as strain gages with superior electromechanical
properties. Sensors based on carbon based materials, such as like carbon nanotubes (CNTSs)
and graphenehave displayed much better efficiency as compared to commercial available
sensors because of the use of high elastic modulus and outstanding electrical pféferties
54] and unveil high sensitivity at nanoscale. Even gauge factors (GF) up t¢5Zp0@as been
achieved for CNTs based ainm sensors which is incredibly higher as compared to metal based

piezoresistors.

2.3.1.4 Dielectricity
Materials with dielectric properties play a vital role in modelectronics and power

systemg56]. The requirement to improve the dielectric properties of materials is motivated by
higher function and tremendous miniaturization of electronics in modern world. Basically,
dielectric materials have the potential to control and store electrical chadgeseagies. These

are formed by sandwiching a dielectric material between two metal plates as electrodes on
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which an external electric potential is applied. In this way, the dielectric materials in capacitors
store electrical energy due to the charge sejmer when the atoms and molecules are
polarized. However, the small packaging of microelectronic devices have to fulfill different
requirements like low dielectric loss, moderate relative permittivity and moisture absorption
resistance etc., the spot ltgh now on polymer based composites since they have the potential
to offer functional packages combining electrical properties, mechanical flexibility, chemical
stability and their feasibility to be used in applications ltapacitors and dielectricify7, 58].

With the advancement in tipocessing and utilization of conductive nanofiller in the
polymer matrix for functiongoropertied59-61], such polymer nanocomposites are also being
under investigation for their use as dielectric apfilbice. In particular, carbon nanomaterials
have shown good promise for their conductive ability for their potential to be used as high
dielectric materials (highk) for various applications, such as electroactive polymer and
embedded capacitors. The bgsitcipal of highk polymer/filler nanocomposite is based on
the conductivity mismatch between filler and matrix. The dielectric properties of
nanocomposites are determined largely by the interface nature of filler/matrix, the filler surface
area, orientaon of nanofiller and inherent conductivity of the fillé62].

2.4 Graphenei a FLAT-astic nanomaterial
Graphene, the basic building block for all graphitic structures, has gained tremendous

attention on the horizon of material science and physics since its discovery in 2004 by the group

of Geim and Novoselop63]. This twadimensional, monolayer of carbon ato(Rgyure 2.12)

joined together by gpcovalent bonds in hexagonal lattice can be wrapped into a zero
dimensional carbon structure (fullerene), or rolled into-dingensional carbon structure

(carbon nantube) or placed over orenother as the basic natural carbon structure (graphite)

[64]. Among many fascinating properties, graphene possesses a large theoretical specific
surface area (2630%g1Y) , excepti onal Yo u[f5 éxeednglyhighus (1
intrinsic electronmobility (200,000 cm2 ¥ s?) [65, 66] and excellent thermal conductivity

(5000 Wm! K1) [67].

Before the isolation of graphene in 2004, #lementary electronic properties were
already calculated on the basis of the simple crystal strupd&e59]. However, after its
discovery, graphene attracted a massive interest from around the world. Applications like high
energy physic$70-72], condensed matter systerfi&3-75], chemical reactionf76-78 and
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especially electric and photonic devicg®-83] have benefitted a great deal due to the

superlative properties of graphene.

Figure 2.12. Visualization of graphene as mother of all graphitic fof6§.

2.4.1 Classification of graphene
Till date, graphene has been distinguished either by its physical structure or chemical

nature.

i) Based on first classification type, fousriants of graphene have been defined
as singldayer graphene (SG), dayer graphene (BG), fevayer graphene
(FG) (3-10 layers) and muHiayer graphene (MG) or graphene nanoplatelets
(10-100 layers)84]. Al t hough there 1 snd6t any uni
of layers beyond which a particular graphene stack acts as graphite however
Geim and Novoselov argued that structure consisting of 4phgne layers
demonstrates different electronic properties as compared to grdi8dene

i) Depending on the chemical nature of the nanosheet, grapdan be either
termed as pristine graphene, graphene oxide, reduced graphene oxide or

functionalized graphen€&or our interest, these are further explained as follows:
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2.4.1.1 Prisitine graphene
This terminology is analogonoashe®t d has tietr 1

the minimal possible oxygen functionalities, maximum consistent carbon structure and
supreme electrical, mechani cal and ther mal |
thing in the world, the production, isolation, plae@rhand utilization of pristine graphene is
practically impossible on a large and commercial scale. Although new production procedures

are being sought out at laboratory scale however the realization of achieving the large output

of such 0p etsforpmdtical appkcations is fardrom reality.

The first technique presented to isolate a single pristine graphene sheet was by
Novoselov and Geim in 2004 by scotidpe peeling ohighly ordered pristine graphene
(HOPQ or micromechanical exfoliatiof63]. This simple and elegant process offered the
researbers to separate the pristine graphefigure 2.13) on to a different substrate for
various characterizations. The obvious difficulties in upgrading this procedure for commercial
application have compelled researchers around the world to find its alternative methods. After
this, techniques like

In orderto gain maximum vyield of pristine graphene for lasgale applications,
scientists have been able to report, although tedious, but by far better synthesis of pristine
graphene in terms of the output of the process. Lots of novel works have been reported
developing liquidphase exfoliation method using ultrasonication technj§8k rotorstator
mixer [86], hydrodynamic forcenduced exfoliation[87-90], CVD growth on epitaxial
matched metal surfad®1-94] or evenusing toxic organic solvents with high temperature
conditions[95]. These methods has enabled ters to obtain highquality graphene and/or
graphene equivalents but with definite problems like low yield, large processing time etc. One
of the latest methods being looked after involves supercriticaflGi@ due to its nontoxic and
low viscous naturalong with cheap and ndlammability. Several repor{®4, 96-100 have
been published in which pristine graphene with different number of layers have been produced
using supercritical Cg&) however it seems to be technically impossible to obdafinite

number of pristine graphene layers with a single method.
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Figure 2.13. First reported singiayer pristine graphene nanosheet as visualized by AFM
techniqug/Adapted from[63]).

2.4.1.2 Graphene oxide
The origin of graphene oxide is derived from graphite oxitiech is known to the

world of science since mitl800s. Despite of its old history, the actual structure and
composition is still controversial because of its nonstoichiometric composition and strong
hygroscopicity of dehydrated graphite oxidé®1]. As its name suggests, graphene oxide is
basically graphene nanosheet(s) with oxygen atoms covalently attached to its carbon skeleton.
The oxygen atoms are, in reality, in the group form as functional groups (hydroxyl, epoxy and
carboxy &etc.) which render the nanosheet 0 3
activeness of graphene oxide nanosheets makes them not only hydroiular solvents but
also due to pertaining negative charges on graphene oxide nanosheets, their high degree of
dispersion offers a variety of processing advantages. However the attachment of oxygen
functionalities strongly disrupts the delocalized electnetwork in graphene skeleton thus
rendering graphene oxide as an insulator.

Although the discovery of graphene is relatively new, the presence and understanding
of GO is quite old whose history dates back to several decades. The earlidgtomel|
exampe of GO synthesis is when a British chemist B. C. Brodie was conducting experiments
on the oxidation of graphite flakes in 18892. Later, L. Staudenmaier had improved the

procedure of oxidizing graphite which resulted in better oxidation and through & simp
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approac103. About 60 years later, two scientists Hummers and Offeib@4] developed

the famous oxidation method by reacting graphite with mixture of acids (KMINO HSQy)

and paved the way towards a successful and practical oxidation method usaa.t{Dthers

have developed slightly modified versions but these above mentioned three methods have

become the basic routes for synthesizing GO.

2.4.1.3 Reduced graphene oxide
Simply, reduced graphene oxide is obtained when GO is subjected to reduction process

ie., removal of oxygen functionalities -from t

oxidizedo. Technically, reduced graphene oxi

not only the reduction process imparts structural defects, such as dsiscét also the

oxygen functionalities do not completely detach themselves from the hexagonal skeleton due

to their sg bonding with carbon atoms. Moreover the characterization techniques have revealed

the properties of rGO being inferior to pristineaginene obtained by micromechanical

exfoliation. Therefore the term O6reduced gr a

through reduction rather than &épristine grap
Reduction could be achieved through a variety of outhut mainly chemical, thermal

or electrochemical pathways have proved to be more efficient and suitable for a large scale

application process.

1 The dispersion of GO in any solvent can be easily subjectedchemical

reduction processhe first and thenost common usage of a chemical to carry

out reduction is hydrazine monohydrate due to therpantive nature to water

(as opposed to other strong reductanisds. Other chemicals like
hydroquinone, sodium borohydride and strong alkaline solutions have shown
mixed results, however this process comes with a danger to human health due
to the hazardous or carcinogenic nature of thesenccals.

1 Removal of oxygeibased functionalities from the graphene oxide surface is
also possible through thermal means. By treating a GO sample in a furnace at
temperature above 1000°C, carbon dioxide gets released which enforces the
exfoliation of the tacked structure of GO with pressures ranging around 130
MPa[106. The release of Cases consequentigsults in the reduction of
the graphene oxide where the bulk conductivities reported were in the range of
10007 2300 S mt [107]. The noticeable drawback of this process is the
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structural damage hence creating vacanices and topological defects throughout
the plane of thermally reduced G@0g.

1 One other method proven to reduce GO relies on the removal of ckgged
functionalities through electroemical means. This involves deposition of GO
on variety of substrates and then subjecting the deposition to voltammetry in a
buffer solution. Prompt reduction takes place which results in the creation of
rGO film having conductivity approximately around08S mt. This methods
has shown the viability of reducing GO with the visible advantage of avoiding
hazardous chemicals as well as high temperature processes, but for broad range

applications, scalability of such process remains unclear.

2.4.1.4 Functionalized gaphene
Other than oxygeivased functional groups attached to the carbon structure of

graphene, covalent or n@ovalent attachments of other chemical groups have been reported
thus defining a new category of graphene known as functionalized graphenemacatlye
modified graphenes (CMGSs). The association of functional groups to the graphene structure is
based on the fact that, in case of GO, orthogonal reactions take place to the groups (carboxylic
acid, epoxy and hydroxyl groups) attached to the structmnéch allows selective
functionalization of one site over the other. While in the case of rGO, modification could take
place by norcovalent physisorption,-" stacking or van der Waals interactiat]. Although
selective chemical transformation is a challenging task, however functionalized graphene has
proved to be a versatile precursor for a wide variety of applications like polypmposites

[109 110, optoelectronic§lll, 117, drugdelivery vehicleg113 and biodevicefl14).

2.4.2 Application of graphene in polymer composites
Due to the superlative properties of graphene and its versatility of having multiple

functional properties, graphene tends to find its importance in polymer based
naro/microcompositess well. As filler, graphene improves the engineering capabilities of a
composite structure. However, the crucial factors that determine the optimum level of loading

in polymer matrix include gr aopimealymde matrix,ur f a c ¢
chemical affinity to the surrounding medium and percolation threshold at which the properties

of the composite improve dramatically. Such interaction thus cause the improvement in
properties like electrical, optical, thermal, magoeind especially mechanicgl1y thus

raising the application range from laboratory scale to industrial/commercial scale.
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Electronic devices have found increasing applicability of graphene/polymer
nanocomposite due to its high carrier mobility, high electrical conductivity and moderately
high optical transmittance in the visible spectrum. Significant uses, but not limitedltae
organic solar cellgl16-118), liquid crystal devicefl19, dyesensitized solar cel[420, 121],
organic light emitting diodes (OLEs) and field emission devicgs22 123. Graphene based
polymer nanocomposite thin films are also getting a huge attention from the most popular
technology of modern era i.e., touchiesns, flat panel displays €tt24]. Such thin films are
being developed by CVD grown graphene which is transferred to polydimethyl siloxane or
polyethelene terephthalate (PE[M24, 125. Such films have also been tested for solar cell
applications[116 and field effect transistorgEl25. In addition to these, graphedeped
conducting polymers such poly (3gthyencdioxy thiophene) poly (styrenesulphonate)
(PEDOT:PSS) and poly {Bexylthiopheng (P3HT) have demonstrated to offer improved
power consumption efficiency as compared to counter electrodes based on PEDOT:PSS in dye
sensitized solar cel[4.2]].

Conductive graphene/polymer nanocomposites also find ukefulness in important
applications like electrostatic discharge (ESD) and electromagnetic interference shielding
(EMI). Recent reports have indicated a higher shielding efficiency from EMI in case of

graphene based polymer composjt 126-12§.

2.5 Electrophoreticdeposition
The electrophoretic deposition (EPD) is a technique consisting of colloidal process of

depositing a variety of micro or nano scaled materials (metallic, polymeric and/or ceramic
particles) on to a diverse range of substrates in the form dilthsor coatings depending on

a variety of deposition parameters. It is one of the efficient processes that enable the user to
achieve microstructural and morphological homogeneity in the deposition products with also a
high packing densitj129. The popularity of such deposition process is due to, but not limited

to, its simplicity, costfficiency, wide applicability and scalability to large dimensiphi0,

137].

The process of deposition involves the mobility of charged particles (required to be
deposited) between a pair of electrodes towards a substrate (which could act as an electrode),
due toan applied electric field. The outcome of the motion of electrically charged particles in
the deposition process is the accretion of particles and development of a homogenous and firm

deposit. As opposed to other colloidal processes, low solid loadirtige Buspension results
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in low viscosity hence facilitating of easy handling and simple processing. As a thumb rule,
any solid particulate form with a particle size less than 30 um can be deposited on to substrates
using EPD techniquigt 30, 131].

2.5.1 Parameters
Considering the final properties of the deposition like thickness, homogeneity etc., it is

important to control many parameters involvirfte tEPD process. These could include
parameters related to either the suspension or the deposition process.

The importance of particle nature is of prior importance when considering deposition
of a thin film or coating over a substrate. Obtaining a homagem@nd smooth deposition
requires a stable aqueous suspension which consequently depends on having particles
suspended in the liquid for a longer period of time. This could be achieved if the particles bear
a certain electrostatic charge and are lightsméell enough to defy gravity. Hence a uniform
deposition could be achieved by smal/l part.i
| arger particles candét be homogenously depos
surface charge. It hdmeen also reported that for the final deposition to be draelk smaller
particle size is essentifl37.

The suspensiondébs nature used in EPD has s
the properties of deposition product. A highly conductive suspension results in slow particle
motion in the agueous medium while too resistive suspension would render the instability of
par ti cl [A38sA sintlanbelgweor can also be obtained when considering the dielectric
constant of the liquid. In case of low dielectric constant, deposition fails due to insufficient
dissociative power tile a high dielectric constant reduces the double layer region due to high
ionic concentration in the liquid and hence affects greatly the electrophoretic midtatty

As discussed earlier, the stability of the suspension is a key factor in the electrophoretic
deposition process which is determined by a factor called the Zeta potential. A Zeta potential
is defined as the degree or quantity of magle of the electrostatic charges or charge
repulsion/attraction between the particles in a suspension. A high and uniform surface charge
of the suspended particles paves the path in EPD towards: i) suspension stability due to the
intensity of repulsiveinteraction between particles, ii) mobility and velocity of charged
particles during EPD and iii) determination of the green density of the d¢p8Sjit The key
success of achieving a uniform deposition is the mobility of particles individually rather than

as agglomerates hence it is of great necessity the presence of high particle charge density in a
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suspension. Similarly, the presence of sponge araliptke deposits also come from the fact

that low charged particles when are deposited on to a substrate tend to coagulate at relatively
large interparticle distances. Contrarily, highly charged particles will repulse each other during
deposition and wke occupying position individually would lead to a solid and high particle
packing density136. The manipulation of zeta potertiduckily, can be done by different
additives, such as acids, bases and polyelectrolytes in the suspension which affect the charge
magnitude and polarities of the partic|@87].

Deposition process parameters also have a great effect on the depositions in the EPD
process. A prolonged deposititime would result in increasing amount of thickness of deposit
(Figure 2.14) but this, at the same time, results in lowering of deposition rate. Previous studies
have shown that deposition is linear during the initial deposition period but if longer time is
allowed, the rate decreases and attains a plateau at highitimpasnes|[138 Logically, a
higher applied potential could result in increased amount of deposit but the downside of such
higher driving force could be deterioration of the deposit. Basu et al. reported uniform film
deposition at moderate applied fields while relativieigher applied fields have negative
effects on the quality of the depofit39. This has been justified by the theory that higher
applied fields causes turbulence in the suspension whialrlgisthe flow in the surrounding
medium of the coating, during or after the deposition. In addition, the particles moving fast
towards the substrate doné6t attain-paxkedugh t
structure. Finally higher potenti@pplied means higher particle flux and movement thus
exerting pressure on the already deposited particles thus creating disruption in the structure of
the deposif135.

In processes like EPD, it is highly desirable to sgbstrates with excellent electron
conductivity, like as metals or alloys. In cases whercwmrductive materials are desired to be
coated, either preoating of the surface is required to provide the electron conductivity of the
surface or the substrateudd be placed between the electrodes in the EPD suspension. Studies
have shown the effect of substrate electrical conductivity on the green density of the deposits
achieved in EPD14Q.
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Figure 2.14. Deposition thickness with respect to deposition time for ZnO coatings on

copper electrode at different applied potential (adapted [fi&%).

A successful EPD process requires the user to be acquainted wittottledge of the

2.5.2 Kinetics
EPDOs ki
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kinetic aspects of EPD depend on four possible deposition parameters:

Table 2-3. Possible deposition parameters in EPD

not

onl vy

t(M@,thd e posi t

Current Voltage Concentration
A Constant Unaltered Constant
B Constant Unaltered Decreasing
C Unaltered Constant Constant
D Unaltered Constant Decreasing

The result of these conditions can be best visualizedRigume 2.15. Curve A shows

a constant deposition rate with maximum vyield if allowed sufficient deposition time, while
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curves B, C and D, one way or the other the deposition rate decreases asymptomatically as well
as also the rate of deposition respectively. In eithee of constasturrent or constantoltage
condition, the effect of decreasing suspension concentration on the reduction of the rate of
deposition and final yield is apparent. Even if the suspension concentration is unaltered (curve
A and C) during depsition, it is clear that the final yield is significantly higher in curve A than
curve C and the rate of deposition was constant in curve A while it decreased asymptotically
with respect to time in case of curve C. Hence the deviation of curve A from Cusvaot
because of lowering of suspension concentration but is basically due to the decrease of particle
velocity as a function of deposition time. Such effect is caused when a cerdtage
deposition is carried out where the deposited mass crestiésding effect and hence presents

a higher electrical resistance compared to the suspension where the deposition is taking place.
Subsequently, the electrical driving force per unit length of suspension decreases with time as

the deposit grows.
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Figure 2.15. Schematics of EPD kinetics (Adapted frpid().

2.5.3 Mechanism
A number of various mechanisms have been reported in literature previously regarding

the formation of a deposit in the EPD process. Haymaker and Vdtdl discussed the
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possibility of formation of a deposit by electrophoresis is similar to as the formation of a
sediment due to gravitation. In other words,fghessure exerted by incoming particles permits

the particles near to or in the deposit to overcome the interparticle repulsion. Mechanism of
neutralization of particle charge was suggested by Grillon ¢14% that any particle that

would come in contact with the deposition electrode or the deposit would be neutralized and
become static. Such mechanism has a great importance in case of single particles or monolayer
deposits. This mechanisdescribes the initial stage deposition from very dilute suspension
however it is invalid for the cases in which a) EPD is carried out for longer times, b) particle
electrode processes are prevented like gmmmneablanembrane induces deposition between
electrodes and c) reactions occur at the electrode which modify the pH in the vicinity.

In one theory, Sarkar and Nichols¢b31] showed thathere wasno increase of
electrolyte concentration near the electrode takes place. As showigure 2.16, they
considered the movement of positively charged particles such as oxide particle towards the
cathode in a typical EPD cell . I n sdiftube case
double layer which is the formation of the counter ions from liquid around the charged particle)
moves, the applied electric field and also the fluid dynamics distort the double layer in a way
that it becomes more thinner ahead and slightly wiéaina the particle. The cations, along
with the positively charged patrticle, in the liquid also move towards the cathode. These counter
ions will tend to react with these accompanying cations in high concentration around them.
Such chemical reactionhenceauses the thinning of the doub
particle so that the next incoming particle can approach for London Van der Waals attractive
forces to dominate and induce coagulation or deposition. This mechanism has high plausibility
to occur firstly due to the presence of particles near the electrode and secondly it works for
incoming particles with thin double layer heads, coagulating with particles already in the

deposit.
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LOCAL LYOSPHERE THINNING

Figure 2.16. Electrical double layer distortion and thinning mechanism for electrophoretic
deposition (Adapted frorfiL31]).

2.5.4 Applications
Since the advent of nanotechnol ogy and

nature, there is an ever increasing demand and interest of utilizing the prolifathtangages
of nanomaterials in engineering applications. To elucidate and exploit the benefits on a wider
scale, it is important to recognize the control, distribution and integration of nanomaterials in
an effective manner. Deposited nanomaterials hawesvrshio possess as many potential
applications as individual nanomaterial does. Hence, development of modes and techniques to
spread nanomaterials would impart a vital action in their execution in commercial and
industrial applications. Fortunately, dueaareat number of successful studies, a wide array
of material classes have been demonstrated to be electrophoretically deposited like metals,
polymers, ceramics and new generation of nanomaterials like carbon nanotubes (CNT),
graphene etc. Moreover, thavbrable and promising processing condition facilitates the
creation of different coatings, shaping monolithic objects and also infiltration of porous
materials and woven fiber preforms for composite production.

In terms of CNT, EPD has demonstrated tahmwerful tool for creating an ordered

structure of CNT and CNbased nanostructures for a considerable number of applications.
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The ease of manipulation the processing conditions, novel applications based on CNT and its
composite have been recently repdrincluding but not limited to continuous films for various
applicationdike porous film[143, CNT-reinforced resin fiimg§144], composite filmg145

147, complex patterns, membranes/nanofiltgrdd, nanoelectronic§146, 149-151], fuek

cell electrode$152154] and supercapacitef155.

Graphene, being more superlative nanomaterial as compared to CNT, has shown more
promise in engineering applications due to its excellent electrical conductivity, large specific
surface area, optical transparency and electronic properties. EPD has alsotshoe a
beneficial technique for depositing graphene for various applications like field emission
devices[156-158), biosensorg159, energy storage applicatioh$60-163, optoelectronics
[164], capacitor$164-166], fuel cells[156 167, 168, electrochemical sensdrs69 and solar
cells[170Q, 1717].
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Chapter 3 - Experimental

3.1 Materials

3.1.1 Epoxy
A bi-component was used in this work to actaasatrix for the fiber reinforced
composite. The systerkigure 3.1) wascomposed of a resin (EC 252) and a hardner (W 241)

provided by Elantas Italia S.r.l. (Collecchio, Italyhose propertieare listed inTable 3-1.

Table 3-1. Properties of epoxy resin and hardner

Resin
Industrial code EC 252
Viscosity (25°C) 300400 mPas

Color Transparent
Density(25°C) 1.17 1.14
Hardner :

Industrial code W 241
Viscosity (25°C) 1807 300 mPas
Color Transparent
Density (25°C)  0.991 1.01

The ratio of resin to hardner used in this work W@8:40 and the curing cycle selected
was at least 3h at 23°C (room temperature) followed by 15h at 60°C. At the end, the samples
were left inan oven to cool down (annealingJhe final density of cured epoxy resin as
calculated by ASTM D792 13 was 1.14y/cn? as described in sectié4.1.1
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Figure 3.1. Epoxy system: Hardner (left) and resin (right)

The terminology, epoxy, in polymer refers to a family of monomers that consists of an
epoxy/oxirane ring, which is a threeembered ring comprising two carbon atoms and an
oxygen atom bonded with two and one hydrogen atoms respectively as displgigeaers.2
[23, 172. The functionality of epoxy resin depends on the number of these oxirane rings per
epoxy resin, which can be situated internally, terminailin cyclic structure§l72.

R— CH—CH,

Ny

Figure 3.2. Epoxy/Oxirane ring Chemical structure
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3.1.2 Glass fiber
E-glass fibers, with the trade code XG 2089, were kindly supplied by PPG Fiber glass©

(Figure 3.3). These had an average diameter of 16.0 £/®.dvith an epoxy compatible silane
based coupling agent. These fibers were used without any further treafinemtpparent

density of the GF wasalculatedusinghelium pycnometry technique (secti8rt.1.9.

Figure 3.3. Left: PPG XG2089 Glass fiber roving, Right: close up of glass fibers

3.1.3 Graphene nanosheets
Graphene nanosheets were prepared by usingeghestablisheddu mmer 6 s met ho

but with a slight modificatiofl04. The liquidbased chemical reaction was applied to graphite
powder (particle size < 20m) supplied by Sigma Aldrich (USA) to produce graphite oxide.
The produced product was treated further to create graphene oxide and reduced graphene oxide,

which will be discussed in next sections

3.1.3.1 Graphite oxide synthesis
Graphene oxide was synthesized using an approach similar to Hummer's fhé#hod

1 g graphite powder was added into 46 ml @66, cooled in an ice bath and was stirred for

10 min followed by the addition of 1 g of NaN@nd further stirred for 15 min. Then 6 g of
KMnO4 were added very slowly to avoid a spontaneous exothegaition in the mixture.
After that, it was allowed to stir for at least 24 h at 35°C. Finally, distilled water in an excess

was added to the above mixture in such a way that the temperature was kept under 80°C. The
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reaction was terminated by the additafr80%hydrogen peroxideH>0z) to the mixture. The
final product was comprehensively washed usiydyochloric acidHCI) solution and distilled
water to eliminatananganeseMn) ions and acid respectively. The obtained brown solution
was dried in a vacum oven at 50°C for at least 36h.

3.1.3.2 Graphene oxide exfoliation
Graphene oxide wasbtainedoy mechanical exfoliation of thgraphite oxide obtained

from the chemical reaction described in section 3.2.1.1. In this process, graphite oxide in a
determined amourwas added in d®nized water and was then subjected to ultrasonication
using a tip sonication machir(elielscher UP400SFigure 3.4) for 60 mins at least with a
power of 4000Wamplitude of 50% and 0.5 cycle to completely exfoliate the graphene oxide

nanosheets.

Figure 3.4. Hielscher UP4008p sonication device.

3.1.3.3 Reduction of graphene oxide
In this work, reduction of graphene oxide was carried out for two different

requirements.

i) CharacterizationIn order to evaluate the reduction@®, the product obtained

on the electrodes during electrophoretic deposition was placed in a glass petri
43



dish along with a tissue paper soaked with hydrazine hy(aké;). The petri
dish was covered and was then heated for 24h at 100°C.

i) Reduced graphene ioe coated fibersin thiscase the GO coated fibers were

placed in a suitable glass container and the reduction was carried out in the same

way as described in the previous paragraph.

3.2 Electrophoretic deposition o650 on GF and reduction to rGO
The technique used here to coat graphene nanoshed®s- avas electrophoretic

deposition (EPD)173. According to the sectio®.5.1 the deposition quality and quantity are

both dependent on the parameters of the deposition process. In this work, certain parameters
were kept constant while only the deposition voltage veaed according to the requirement
(Table 3-2).

Table 3-2. Electrophoretic deposition parameters

Parameter Value

Applied voltage 5v, 10v, 15v, 20v
Distance between cathode and substri 2 cm

Time 5 min

Dispersion concentration 1 mg/mi

A schematic diagram of the EPD process is showrigure 3.5. Electrophoretic
deposition setup, a schematic diagrarhe electrodes used were copper sheets of 1 mm
thickness an@sF were placed in front of aanodeusing a metallic window. This is baally
due to the naturef GF being insulating. Therefore order to deposit the nanoparticles on the
GF, an electrode was placed behind the fibers during the deposition process. The electrodes
along with metallic frameontaining GHFigure 3.6) wereimmersedin a graphene oxide

dispersion of 1 mg/ml concentration as showRigure 3.7.
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Figure 3.5. Electrophoretic deposition setup, a schematic diagram.

Figure 3.6. Glass fibers on metallic window frame.
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Figure 3.7. Electrophoretic deposition process, deposition of graphene oxide on glass fibers.

Since the nature of GO particles is negative due to the chemical modification process
in the modifiedHu mme r 6 s me t 31lS3.9, the Bbers were laced in front of anode
so that the particles moving towards anode, when voltage was applied between the electrodes,
would tend to hit theGF and hence get deposited on the surface of the fibers. The deposition
on one side of the fibers was carried out according to the given parameters and the same process
was repeated while reversing the metallic frame to expose the edcpattion towards
cathode while coated side of the fibers towards the anode. After the whole coating process, the
fibers were dried under vacuum at 50°C for at least Eigure 3.8a shows the GF obtained
after the drying in vacuum, the slight color change of GF from white to beige cedfin®
coating of GQon GF.

In order to reduce the GO coating on GF laminate obtained in previous step, the same
was subjected to thermochemical reduction as described in s8cti8r8 the resultant fibers
appeared to be dark grey in color which visually confirms the reduction of GO on GF as it can

be visualized irFigure 3.8b.
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Figure 3.8. a) Electrophoretic deposition of GO on GF and b) subsequent thermochemical

reduction to obtain rGO coated GF.

3.3 Compositegpreparation
3.3.1 Micro-composite preparation

For the evaluation of interfacial adhesion between fiber reinforcement (uncoated or
coated) and epoxy matrix, single fiber epoxy composites were prepared. Specimens were
prepared in a silicon mold by suspendingfiber in the center of mold and embedding in the
epoxy matrix. The samples were cured at room temperature for at least 3 hours and then
thermally cured at 60°C for 15 hours. After that, the samples were annealed in oven before

taking them out for testing.he final specimen dimensions were 50 mm x 5 mm x 2 mm.
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Figure 3.9. Single fiber composite specimen for fragmentation test, a) Side view, b) Top

view, ¢) Front view

3.3.2 Macro-composite preparation
Since GF cated with GO and rGO at 10V/cm showed the maximum ISS values in the

SFFT (as investigated in sectidrb), hence it was decided to use the same parameters of GO
and rGO coating on GF for their use in macamposite preparation with epoxy resin as
matrix. Macro-composites were prepared by haagidip methodFigure 3.10) in which the

fibers (uncoatedz0 and rGCcoated) in the form of laminates were stacked while resin was
infused within thdibers using a roller. After laminating certain number of laminas for required
thickness of composite, a constant load of approximaté€ly ®MPa was applied on the
composite by pleing some load on the structure and curing was performed as described in
sedion 3.1.1

Unidirectional

Figure 3.10. Hand layup method for producing unidirectional FRP composites
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3.3.3 Samples designation
Composites were designated based on the type of reinforcement. Composites based on

uncoated glass fibers are referred tdepsGF composites, while GO and rGO coated glass
fibers based composites were referred tom&B-GF and p-rGO-GF respectively.

3.4 Testing procedures

3.4.1 Density measurements

3.4.1.1 Displacement method
Density of theneat epoxy and multiscale composiesre measured according to the
ASTM standard D792 13. The weight of the specimen was measured in both air arel p

distilled waterand the following formula was used to calculate the density:

where:

Ds= Density of specimen

Ma = Mass of specimen in air
mw = Mass of specimen in water

D' = Density of water at thigme of testing

3.4.1.2 Helium pycnometry
Density measurements were carried out using helium pycnometry technique

(Micromeritics®Accupyc 1330 helium pycnometeat an ambientemperature of 23 °C, using
a testing chamber of 3.5 éifFigure 3.11).
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Figure 3.11. Micromeritics®Accupyc 1330 helium pycnometer

3.4.2 Thermal analyses
3.4.2.1 Differential scanning calorimetry (DSC)

Differential scanning calorimetry tests were performed by a Mettler DSC30 calorimeter
(Figure 3.12) on samples weighing around 10 mg. The tests wanged out under constant
nitrogen flow of 100 ml mirt andtemperature ramp df0°C min* between 0° t®00°C. The

glass transition temperature was measured as the inflection point in the DSC curve.

Figure 3.12. Mettler DSC3Differential scanning calorimeter
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3.4.2.2 Thermogravimetric analysis (TGA)
The thermal stability of epoxy and differenbmpositeswere investigated using

thermogravimetric analysis (TGA) using a Mettler TG50 thermobalg@gare 3.13). Around

10 mg and 40 mg of the specimens were selagftegpoxy and composites respectivelpne
tests were conducted between 25°C ad@PC. The onset temperature (associated to a mass
loss of 5%) and the residual mass at 700 °C were determined. The mraxiegnadation

temperature was evaluated from the main peak of mass loss rate curves.

Figure 3.13. Mettler TG50 thermogravimetric analysis machine

3.4.3 Morphological characterization
3.4.3.1 Optical microscopy

The crosssection view of multiscaleompositesvas observed bypical microscopy
techniqueusinga Zeiss Axiophot optical microscopequipped with a Leica DC300 digital
cameraThe specimens were polished using abrasive grinding papers with grit 8jzZE£280
and 4000 sequentially.

3.4.3.2 Scanning electron microscopy (SEM)
Morphological analyses of different specimens were performed by field emission

scanning electron microscopy (FESEM) using a Zeiss SupractfscopgBerlin, Germany)
(Figure 3.14). Before performing microscopybservationsthe specimens were coated dy
platinumpalladiumalloy (80:20) thin coating of about 5 nm.

51



Figure 3.14. Zeiss Supra 40 field emission scanning electron microscope

3.4.3.3 Friction force microscopy (FFM)
FFM (friction force microscopywas performed in contact mode atomic force

microscopy AFM) usingdiamond coated cantilever tip apex (model: DCPO1_NTMRTY.

Here, AFM plays a dual role of mapping and manipotgtie substrate in a@guential manner.
Sader method174, 175 was applied to measure normalnjKand torsional (K) spring
constants of cantilever. Typical values of K 6.03x16 N/m and K = 8.25x18 N/m for
cantilever with tip radius of 51 nm were obtained. Calibrated tip was slid from bare GF to GO

covered region at a fixed normal forcey\F

3.4.4 Chemical structure analyses
3.4.4.1 X-ray diffraction (XRD)

The oxidation level of graphite was analyaeging the xray diffraction technique in
which an xray diffractometer (Rigaku Il Bmax) was employed consisting of a
monochromatic radiation source of ®W line of wavelength around 51.54056 (Kigure

3.15). The measurements were carried out in tieaBge of 580° with a step size of 0.04°.
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Figure 3.15. Riagku Il D-max xray diffractometer

3.4.4.2 Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared spectroscopy was recorded using a Nikolet Avatar 330

device with a 4 cm resolution(Figure 3.16). The samples were prepared by mixing the
samples in tiny amount in KBr powder and forming thin discsnmo&d under a compressive

pressure o010 bar.

Figure 3.16. Nikolet Avatar 330Fouriertransform infrared spectroscopy machine
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3.4.4.3 X-ray photoelectron spectroscopy (XPS)
Elemental composition of GO and rGO was analyzed byayX photoelectron

spectroscopy (Kratos Axis Ultra DLD)achine equipped with a hemispherical analyzer and a
monochromatic Al KJ(1486.6 eV) xray sourcgFigure 3.17). A 90° emission angle between

the axis of the analyzer and the sample surface was adjusted. O 1s and C 1s core lines of each
sample were collected. Thgpantification reported as relativeleamental percentage, was
performed using the integrated area of fiteed core lines, after Shirley background

subtraction, and correcting for the instrument sensitivity factors.

Figure 3.17. Kratos Axis Ultra DLD xray photoelectron spectroscopy machine

3.4.5 Mechanical characterization
3.4.5.1 Single fiber tensile testing

To determine the strength of the glass fibers, single filament of fibers (mounted on a
paper tabFigure 3.18) were tensile tested with an Instron® 4502 (Norwood, USA) universal
tensile tester equipped with a 10N load cell. According to ASTM GO&b3tandard, a gage
length of 20 mmwas selected an8ll samples were testedl a crosshead speed of 0.2 mm
min™. The iterative procedure proposed ®yrvich et al.[176] was applied to perform data
reduction.

The tensile strength of the fibeascalculated as:

o

F
S = %%I:; g @ 4]; (3-1)
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where G is the Gamma function, while,and m are respectively the scale and shape

parameters of the Weibull distribution, which were evaluated from the strength data
determined at one single gage length by fitting the distribution of thedfgahabability.

Filament

N

Gage length

Figure 3.18. Schematic diagram of single fiber flament mounted on a paper tab.

3.4.5.2 Single fiber fragmentation test (SFFT)
A tensile testing machine (Minimat, by Polymer Laboratories, Loughborough, UK) was

utilized to perform singlefiber fragmentation tests. A polarized optical stemg@oroscope
(wild M3Z, Leica) was used to observe the fiber fragmentation process whilemiadahe
tensile tes(Figure 3.19) at a crossead speed of 10 mm minThe test was continued until
10% of strain was achieved in order to ensusataration of fragmentation across the length
of the fiber.
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Figure 3.19. Single fiber fragmentation test, a schematic construction of the setup.

The mean fiber lengtlat saturationl,, was calculated through an image analysis
software (ImageJ) from which the fiber critical length, wasestimateds 4 /3L, . According

to Kelly-Tyson approach, an average value of ISS was calculated artodihe following

formula,
S d
1ISS= "Bl (3-2)

where s, , is the tensile strength of the fibat the critical lengthd is the fiber

diameter and_, is the fiber critical lengtlas estimatetrom the fragmentation test.

3.4.5.3 Quaststatic tensile tests
Uniaxial tensile tests were performaa neat epoxysing an Instron® 4502 (Norwood,

USA) universal tesile tester. At least 5 1BA typhimbellspecimens (ISO 527 standard) were
prepared and the tests were tested at a crosshead speed of 0.25 top @nl% axial
deformation using a resistance extensometer (Instron® modet6@d20gage length 12.5

mm). The elastic modulus was calculated as a secant value between deformation levels of 0.05
and 0.25% as per ISO 527 standdstlimate tensile properties were evaluated by testing the

specimen at a higher crelsad speed (10 mm mipwithout extensometer.
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3.4.5.4 Dynamic mechanical thermal analysiidMTA)
Viscoelastic properties of the fabricated composites were determined by DMTA

analysis. Samples of dimensions 55 mm x 13mm x1.3 mm were tested between a temperature
rangesf 0 to 150°C with a temperature ramp of 5°C/min in esaitilever mode.
Thecreepbehaviomunder variable thermal conditions of the composite specimetis (
uncoated or coateflbers) were investigated using TA instruments DMA Q800 dinal
cantilevermode. The composite specimens werstedat 30°C for 3600 s by applying a
const an ty) osaVMPawik thé fiequency of applied oscillatirgrain was 0.05
Rectangular specimens with dimension of 55 mm x 13rhr@ mm were used while adopting
a congant span length of 35 mnfthe creep compliance D(t) was plotted against the time for
different composites.
Findl eyds model was adopted to fit t he
testing. This model can be obtained by expanding the Kohlrastamsi Watts (KWW)
model, generally described by a Weiblikke function as a series and ignoring all but filnet
term[177]:

D(t)=D, *(t)" (3-3)

where D) is the elastic instantaneous creep compliance, k is a coefficient related to the
magnitude of the underlying retardation process and n is an exponent tuning the time
dependency of the creep process.abDd k are functions of environmental variables. Is th
work, creep curves at different temperatures for different composites were fitted using
Findl eyds model to investigate possible corr

material and the fitting parameters.

3.4.5.5 Three point bend test
To measurehe flexural properties ofincoatedand graphenénterphasereinforced

composites, three point bend test was performed in accordance to ASTMi OB0The
specimens tested had dimensions of around 80 mm x 13 mm x 1 mm and the span to depth
ratio for flexuml tests was 60:1 and 40:1 for determining flexural modulus and flexural strength

respectively.

3.4.5.6 Short beam shear test
Interlaminar shear strength of the laminated compositesogtedand graphene

interphase reinforced) was determined using short beamtsiseaccording to ASTM D2344
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T 13 standard. At least 5 specimens of 4 mm thickness were tested under 3 point bending
conditions until the deflection equal to the thickness of the sample was achievethxXitmeim
corresponding forceH,,) valuewas used to evaluate the interlaminar shear strength as:

F

ILSS=0.75 3bs—mh (3-4)

where b and h are the width and thickness respectively

3.4.5.7 Mode Ifracture toughnessDouble cantilever beaniDCB) test
Investigation of the fracture toughness under opening nodee 1)condition was

performed by a test calledbuble cantilever beam test accordingiegiven standard of ASTM
552871 01. The sampling involved creation of a composite laminadesy 18 fibers plies
(coated or uncoated) with an insert of Teflon thin film (thickness = 23gsna) crack starter
The final dimensions of the specimen were 180 mm x 25 mdmmn. Piano hinges were
attached to the composite specimen 50 mm apart frororéo tip at the crack en@igure
3.20a). The crack advance during the test was monitored usohgit@l webcam (Logitech
B910 HD) recording th&est simultaneously with the test proceddieree specimens of each

composite type were tested and the results were interpreted by considering three @fferent

values. i) Deviation from linearity (NL)was obtained by considering the point in load
displacement plot where deviation from linearity was observed (or onset of nonlinearity NL),
assuming the delamination starts to grow from the inseisial observation (VISoint

where the delamination ag visually observed to grow from the insert. Maximum load
(MAX), the highest load observed by the composite during the test as obtained from-the load

displacement plot.

Piano Hinges

Composite specimen
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Crack front
b)

c)

Figure 3.20. a) Composite specimen attached with piano hingasdx)se up of the crack
front created by the thin Teflon sheet inserted during fabricatidrest)ng configuration in

opening mode (Mode 1).
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3.4.6 Functional properties testing
3.4.6.1 Electrical resistivity

Two different resistivity measurement methods were employed depending on the
electrical behavior of the investigated materials. For specimens having resistivity levels
exceeding1®Ycm, the electrical resistivityty was
test chamber coupled with a Keithley 6517A higkistance meter. lal other casgof more
conductive samples, aB2-digit electrometer/high resistance system (Keithley model 6517A)
was used and afints electrical measurement was chosen astediguration due to its

simplicity and similarityto real applicationsHigure 3.21).

Figure 3.21. Electrical characterization instruments, Left: Keithley 6517A electrometer.

Right: Keithley 8009 resistivity test fixture

3.4.6.2 Piezoresistivity
The piezoresistivity of the conductive composite specimens, which is the change of

resistance upon the application of mechanical strain, was investigated by testing the composite
specimens (80 mm x 13 mm x 1 mm) in different mechanical loading conditems|¢,
flexural) using the Instron® 5969 and simultaneously measuring the absolute resistance of the
specimens by mounting the electrometer (Keithley 6517A) on the specimens as shown in
Figure 3.22. A homemade software was used to record the readings of electrometer during
the test.

A gage factor (k) was calculated by using the formula shown in Equztion
DR/
- (ORI R) 9
e
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The cage factor (k) can also be expressed as following:

_DR/R _D/ g

k 5 . (t 29 (3-6)

whereag /} o is the material property where as thePo i s s 0 nabthe speairhein which
was calculated to be 0.36 by using biaxial extensometer.

L4
Figure 3.22. Piezoresistivity analysis setup on conductive composite specimens

3.4.6.3 Dielectricity
The measurement of relative permittivity and dielectric loss of dbenposites

(uncoated and graphene reinforced compositesje performed by an Agilent 4284A
impedance analyzer in the frequency range from 20 up®%&lA0rhe size of the specimens
were aound 10mm ¥L.0mmx 1.5mmand an aluminum foil was used as conductive electrode
plates placed on the top and below of the specimen to create the parallel plate testing

configuration.

3.4.6.4 Thermal conductivity
For investigating the effect of continuoungerphase along the fiber lengththe case

of thermal conductivity measurememttsree differensample typewere prepared with respect

to fiber orientationfor composites containing uncoated and coated (G and rGO)
Considering the directions of emposites defined as shown Figure 3.23, composite
specimens containing fibers oriented in the thickness direction were prepared which were
designated as-axis [Figure 3.24). The significance of thisampletype wasto test the effect

of oriented interphasen the thermal conductivity ilhé composites specimeWith respect

to other directions that do not contain continuous interphase, other sample type were prepared
in which the fibers were along thength of the specimen termed asxis and zaxis. The

difference being that along tlyeaxis, the composite specimen was compressed by applying a
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constant load (as describedsiction3.3.2 which contains high fraction of fibers aompared

to zaxis which did nbexperience any load during curing process. The reason to create such
specimenavasto see if the compression alogepxis could had resulted in the creation of
continuous network of nanofiller capable to conduct thermal energy through the composite

specimen.

Figure 3.23. Description of directions in terms of orientation of thermal conductivity

measurement.

~2 mm

|<>|

10 mm

Figure 3.24. Schematic diagram of composgamplewith fibers along the thickness

directionof the specimefix-axis).

e
=

|

10 mm

Figure 3.25. Schematic diagram of composite sample with fibers along the length direction

of the specimen faxis and zaxis).
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Thermal conductivity measurements were performed by Netzsch LaseARalskis
LFA 447. In this methodpne side ofa specimen with dimensions (10mm x 10mrrmm)
was exposedo an energy pulse from a light source (laser or xenon flash IpKig) and
measuing the temperature history on the other side using a liquid nitrogen cooled infrared
detectorThree different temperatures were selected to measure the thermal conductivity of the
specimens .25, 50 and 75 °C performing 3 shots respectivehe datawasanalyzedusing
the software Proteu€owan method was used to calcultee r ma | di ffusivity
correction A standard Pyrex 7740 reference material prepared according to ASIAd1was
used to determine the heat capacity éndthen wascompared with thesamplesSample
density () ) byeasuridgetheenassand eotlime of the specinmethis way
t he ther mal wascalalatedtusing the fgllowing-gquation/|3

/= a3 ré, (3-7)
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Chapter 4 - Results and discussion

4.1 Characterization and testing of epoxy matrix

4.1.1 Differential scanning calorimetry (DSC)
The glass transition temperaturegfof cured epoxy resif~3h at room temperature

and 15h at 60°Gyas obtained by performing DSC analysigure 4.1 shows the thermogram
obtained during thBSC rampand the } evaluated as the inflection point was 33°C. Tif&en
advantageo useanepoxyresinwith such low §wasto havea soft epoxy matrix capable of
being tested in single fiber fragmentation test (SFFT) because the optimum condition is to have

strain failureof matrixto beat least three times than thattloé embeddediber [179.

0.0

-0.1+

-0.2 1

Heat Flow (Wg™)

-0.34

-0.4-

0 50 100 150 200
Temperature (°C)

Figure 4.1. DSC thermograms of neat cured epoxy resin.

4.1.2 Thermogravimetric analysis (TGA)
Figure 4.2 shows the thermogram obtained duringTk®A ramp between 25 to 700°C

at a heating rate of 10°C/min The onset of degradation temperatises vasevaluatedy
the intersectiopointof thetangents to two branches of the thermogravimetric curve, while the
maximum rate of degradation temperaturen) was determined from the peak maxima in

the first derivative of weight lossurve.
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Figure 4.2 Thermograph oépoxy showing the thermogravimetric curve (lefayis) and the

first derivative of weight loss curve (rightaxis).

4.1.3 Mechanical properties
The mechanical properties obtained by tensile testing of the quosgt eesin(Figure

4.3) are summarized imable 4-1.

25 A

20

[N
(&)
|

Stress (MPa)
=)
1
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0.00 0.05 0.10 0.15 0.20

Strain (mm/mm)

Figure 4.3. Representative stressrain curve of cured epoxy resin obtained through tensile

test
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Table 4-1 Mechanical properties of cured epoxy resin

Physical properties Value
Youngods Modul 795+28

Tensil e ,s(MRap n 26.47 +4.21

Stress @MPHr e 19.77+£2.26

Strain g@fmmm)e 0.17 £0.04

4.1.4 Dynamic mechanical thermal analysis (DMTA)
The dynamic mechanical properties of the epoxy matrix obtaiRepire 4.4) are

summarized in th&able 4-2.

— Storage modulus (MPa)
—— Loss modulus (MPa)
—— Tan modulus
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Figure 4.4. Dynamic mechanical properties of epoxy matrix

Table 4-2 Results of DMTA test on epoxy matrix

Dynamic mechanical property Value

Storage modul u 2152 MPa
Storagemodul us EO® 1895 MPa
Loss modul us E 121 MPa

Tan delta peak value 0.34

TgatLoss modulupealo 42°C
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4.2 Characterization and testing oflgss fiber
4.2.1 Density measurement

As received GF were weighed prior to measuring their density using helium
pycnometry technique. Around 0.65g of GF were inserted in a testing chamber of 8iscm
using helium as a displacement fluid, apparent density was measured by performing around
300 measurements consecutivelyich gave an average density of 2.55 glcFhe distribution

of density measured against the measurement number is plofigdiia 4.5.
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Figure 4.5. Density of glass fiber measured through a Micromeritics®Accupyc 1330 helium
pycnometer (23°C) with 3.5¢hehamber.

4.2.2 Diameter meaurement
A composite(based on clean fibers bonded in epoxy matrix) was cut and polished

across its crossection and it was observed under FESEM as showfigare 4.6. The
diameter of each fiber was measured using software (ImageJ) and the size distribution against

their count is represented in a bar chart showkigare 4.7.
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Figure 4.6. Crosssectional view of uncoated fiber reinforced eporynpositeobserved
using FESEM

30

12 14 16 18 20
Diameter (microns)

Figure 4.7. Size distribution of glass fiber diameter

4.2.3 Strength evaluation
Tensile strength was determined using a statistical treatment on the Weibull

distribution. Particularly, the iterat procedure by Gurvich et 4lL76 has been adopted to
determine the shap(am) and scale(so) parametersFigure 4.8 represents the plot of the

failure probability as a function of fiber strength along with the fitting line wherabke 4-3

summarizes the parameters determined by using this approach:
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Figure 4.8. Plot of the failure probability as a functionagplied stresalong with the

Weibull fitting curve

Table 4-3. Tensile strength parametersSGF as determined from single fiber tensile tests

Parameter Value

Number of specimens (N) 31

Youngbés modul us 853GPa
Average strength atL =20 mm)( 2402 MPa

Scale parametg(ts,) 3551 MPa
Shape parametém) 4.4
Coefficient of variatior(v) 26.3%
Strain at break (%) 3.34+£0.8

4.3 Characterization of synthesized graphene nanosheets

4.3.1 X-ray diffraction (XRD)
As reported inFigure 4.9, X-ray diffractograms of precursor graphite shows a
characteristic and intense peak (0 0 2) at 2dsS confirming the crystalline nature of typical

graphite powder Higure 4.93). The oxidation reaction of graphite powder in modified

69



Hu mme r 0 s replaeed the (02) peak by &() diffraction peak of GOHRigure 4.9b).

The peak shiftvasdue to the increased interlayer spacing of graphite layers due to the insertion
of oxygen based functional groups in GO as well as water moldddés Finally, the rGO
diffractogram exhibits a peak repositioned back to the pristine graphite peak location due to
the removal of most of the oxygen groups from GO, hence decrdhsimgterlayer spacing
(Figure 4.9c). Note that both GO and rGO peaks arechless intense and broader due to

amorphous/distorted nature hence confirmingatt@irrence of thexfoliationprocess

10 15 20 25 3 35
2q/ degree
a

10 15 20 25 30 35
29 (°)

o

Figure 4.9. X-ray diffractagyrams of (a) graphite, (b) GO and (c) rGO. The internaldbavs
the magnified picture of diffractograms of (b) GO and (c) rGO.

4.3.2 Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra of graphite, GO and rGO are shoviaigare 4.10. As compared to

pristine graphite, GO shows relatively intense pessociated tgroups like GH, C=0 and

C-O at wavenumbers approximately 3830 %¢m625 cmt and 1085 cm respectively that
confirms the destruction of original extended conjugéatedbital system of the graphite and
insertion of oxygercontaining functional ups into carbon skeletorFigure 4.10a,b).
However after chemical reduction, a lowering in the intensity of the functional groups peaks
of rGO spectra confirms the removal of geyrcontaining groups Higure 4.10c). It is
interesting to know that complete reductiaas not possible through traditional reduction

methods hence oxygemasnot completely removed from rGO.
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Figure 4.10. Spectra of Fourier transformfrared spectroscopy of (a) graphite, (b) GO and
(c) rGO.

4.3.3 Scanning electron microscopy (SEM)
Exfoliation of GO sheets can be seefrigure 4.11as observed from FESEM analysis.

The sheets, being of different layered thickness, are several micrometers in lateral size with the
characteristic wrinkling of nanosheethich isacommon plkenomenon amontin films and

membranes.

Figure 4.11. FESEM images of GO nanosheets

4.3.4 X-ray photoelectron spectroscopy (XPS)
Figure 4.12 displays the XPS spectra of both GO and rGO santp&sprovide the

information ofthe surface chemical composition. The Cls XPS spectrigure 4.12a) of

GO reveals a certain degreeoxidationwith at least three oxygen functional groups attached
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to the carbon skeleton, namely the carboxyl group (COOH), the COnbGnds and nen
oxygenated carbon (C). The sempualitative results for the carbon and oxygen present on

the specimen surface were also measured using the atomic sensitivity factors, where the oxygen
carbon distributiorresultedto be 34% and 66% respectivdlljable 4-4). XPS spectrum of

rGO also confirms the presence of the same functional groups present in the sample but with
reduced intensity of the peaksafygenated group$-igure 4.12b). The addition of a new-C

N groupin rGO spectrum is obviousueto the fact that the chemical reduction of GO took
place in the nitrogenich environment of hydrazine hydrate. The percentages of oxygen and
carbon on the specimen surface came out to be 10% and 90% respéttiéya-4), hence

confirming a successful reduction of GO.

(€Y

(b)
296 294 292 290 288 286 284 282 280 278

Binding Energy (eV)

Figure 4.12. The C1s spectra of (a) GO and (b) rGO.

Table 4-4. Elemental analysis of G@nd rGO specimens obtained through XPS analysis

Sample O (%) C (%)
GO 34.2 65.8
rGO 9.9 90.1
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4.4 Characterization and testing of graphene coated fibers
4.4.1 Scanning electron microscopy (SEM)

The electrophoretic deposition of GO and rGO on GF can be practically confirmed
usingFESEM observations.n Figure 4.13, anoverview of the surfaces of uncoated, GO and
rGO coated GFat variouselectric depositiorapplied field is presentedWhen the applied
deposition fieldwasincreased from 2.5 V/cm to 10 V/cm, the GO coating deposited on GFs

appeaedto be more and more thick and uniform.

Uncoated

Applied
field

2.5V/icm

5Vicm
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7.5 V/icm

10 Vicm

rGO
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7.5 V/icm

10 Vicm

Figure 4.13. FESEM pictures of GF coated with GO and rGO with respect to different
applied fields. Note: 0 V/cm refers to condition in which @&snot subjected to EPD

process.

The amount of GQleposited on the GFs was estimated by weighing the GF bundle
before and after the EPD process. The rate of weight increase GFtlbundle is reported in
Figure 4.14 as a function of the deposition voltage. It is worthwhile to note that a linear
correlation between the deposition rate and the intensity of the electrical field can be observed.
The linear fit of average values (linefigure 4.14) indicates a rate of weight increasieGO
on GFs of 0.00133 + 0.00003 % cm mi™. A similar trend was observed also by An et al.
[181] who studied the EPD process of CNTs ongl&ss fibers fabrics. In factaass change
of the Eglass fabric linearly increasing with the applied electrical field used for the EPD of

CNTs was reported.
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Figure 4.14. Rate of weight increase of GO coated glass fiber as a function of the applied

electricfield used during the EPD process.

4.4.2 Atomic force microscopy (AFM)

a) Roughness measurem¢h?3

The intermittent contact mode in AFM was used to investigate and calculate the
variable thickness and roughness of GO/GF on topograplaiges such as that reported in
Figure 4.15. As interpreted by the color bar, theght color shows thicker G@here thefour
different regions (1, 2, 3 and 4) have been chaskitrarily for roughness measuremerdad
the resulting valuesire reportedin Table 4-5. It appears that the GO coativgas not
homogenously distributed and th@cker regios, like in region 2 and Bave considerably

higher roughnesas compared to otheggions
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0.00 pm

Figure 4.15. Topographic AFM image (height channel) shows GO on glass, scale bar shows
different thickness of GO. Regiong4lare randomly chosen (1e5?) to carry out roughness

measurements as givenTable 4-5[173.

Table 4-5. Roughness measurement of four marked locafibng.

Marked  Roughness Root mean
areas average Ra (nm) square RMS
number (nm)

1 8.216 10.72

2 58.300 20.05

3 3.198 4.04

4 2.797 3.56

b) Delamination of GO over GH73]

Friction force microscopy (FFM) technique was employed to delaminate GO over GF. The

delamination was initiated from a significant edge interface between GF and GO, a schematic
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diagram of which is shown iRigure 4.16a. The black and brown regions are the surfaces of
GF and GO respectively. The scanning pattern of the cantilever probe (slider) makes a fast scan
along the xaxis while progresseslowly in the yaxis direction, as depicted by the yellow
dashed lines. The first scan carried out was at relatively lpwakue in order to collect
morphological information of the area where FFM was to be carried out. The force applied at
low Fv deformsthe coating elastically but whem Ras increased, a permanent deformation of
the GO nanosheets was obsenfadure 4.16b andFigure 4.16c are k maps (recorded from
the torsional movement of the cantilever) carried out at two differenakies of 0.75ZN
and 3.7¢N, respectively.

The resistanceffered by the GO and/or GF surfaces in relative motion gives the
cantilever the torsional bending. It was observed that differesighals were observed at
fixed R due to different angular interactions with tip apex and thickness of GO. In this work,
we will consider only the fixed angle (i.e. 90°) interaction between GO and fast scan direction
of probe. InFigure 4.16b andFigure 4.16c, the bright colors show higher Bbtained at the
edges of GF while the quantitative value ofi§ plotted inFigure 4.16d where line profile
wascarried out from GF to GO covered regions.
constant lateral force Falong Eglass surface until Fsuddenly increases as indicated by a
vertical black line. Higher values of Bre required as the cantilever starts penetrating through
the GO due to additional force required to scratch the layers of GO from the GF as well as to
destroy the bonds betwegtter and intra layer of GO. The area under the curve of lateral force
displacement plot can be considered as a total dissipated engigy. (E

This lateral force (B comprised of the contribution from glass substratg, {ifom
interlayer adhesion beeen GO layers (P and from interfacial adhesion between GO and GF
(FiF), which can be shown as an Equation 4.1:

FL =|:u_ "Fu: F'é (4'1)
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Figure 4.16. a) Schematic view of glass substrate (black color) and GO covered glass regions
(brown) mimics the Fmap given in b) and c). Yellow dashed line shows raster scanning

pattern of AFM probe in X and Y directions. b) and c) show FL map of sanmareg

79



Removing the contribution from glass frictiofF.-Fs), gives us the remaining
contribution from interlayer and interfacial adheswhich is used to measure the shear
strength of the GO/GF interface.-Fs wasmeasuredo be303 nN for current thickness én
22 nm) of GO, scratch length (I = 1.461) and width (b = 102 nm¥uch case ienly possible
wheni) FFM wascarried outunder switchoff feedback loopelsethe cantilever will follow
the topography of GO instead to plougharglii) the substrate (GF)fferslower lateral force
value than the coating layer (GO). The coefficient of frictiae)(measured for GF and GO
were0.07 and 0.15 respectively. Thiasefavors the delamination of the coating rather than
producing a sigificant wear of the substte[182. Figure 4.17 reports AFM images of scan
size 5 x 2em? in tapping mode for topograph¥iure 4.17a) and phase channdFigure
4.17b) reveal thedelamination of GO after FFM operatiottisindicates that the debris of the
GO gatheredat periphery of FFM analyzed regiarmichwasup to 3em in height Moreover,
the phase contrast picture &fgure 4.17b containsno wear scar of6F and it clearlyreveals
the difference between tlseibstrate anthe delaminated GOIn addition no peeleebff GO
was accumulated to the cantilever tip apédxch gives us the information that tif&ilure of
the interfacecould be either adhesive or cohesiveor adhesive failurethe failure front
propagates strictly at the interface whereas forctiteesive failurgust below or above the
interface within one pls[183. Normally, smaller adhesion/cohesive strength réielow 1)

l ead to Aflakingo (adhesi ve sf avioludrde )c awlseer diad
(cohesive failure)184]. The smaller size of scratch widtbnderedt difficult to discriminate

betweenthe two different mechanisms. At nanoscleeel, Aoyama et al[184] described

abrasion characteristics for adivesor cohesion failures of thin films (few nanometers) by
examiningthe debrisobtainedafter scan. Irthis case of50 coatingover GF, wear response

was characterized as reportedrigure 4.17. It shows significant shear displacement of GO

along the scanned region and the debris, collected uprio(Bigure 4.17a), at the periphery

of this scanned region. The phase contrast allow us to distinguish between GF and GO debris.
This suggests that GO over GF exhibited predominant adhesive rather thavecfztilese in

this workand undecertainloading condition (normal force of 3€N).
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Figure 4.17. AFM image of scan size 5 xe&2n2 in tapping mode for topography (a) and
phase channel (b) showelamination of GO after FFM operations.

Critical normal force (k= 3.7¢N) at which permanent deformation of G©curred
also produce the measured net shearing forgeHs. From the work done by this force and
from the analysisof the delaminated argéhe energy dissipated per unit areé)(2an be
evaluatedUsingEquation4.2[185 we can derive the shear strength, namely:

(¢ +Pf

cof

G

a

) h

ZG _EDISS

2 (4-2)

NI

where Bissis thetotal energy dissipate(.39 x 10 Nm) during delamination under
cantilever probgwhichtravelled through 1.48m, A is the area of delamination,{S the shear
modulus of the interface, P is the pressure applied and h is the thickness of GO. Assuming the
condition of zero applied pressure (i.e. P = OEmuation 4.2 shear strength() can be

calculated as follows:

2EDISS

h (4-3)

I &

where G & Uo is the shear modulus of the interface and the shear stream be
calculated as=arctan (yyh)Her e y and h are the el astic she;
thickness of GO ( h fistdhisthemijticardispapeement thavcanlbg . T h
calculated just before rupture of GO obtained from sdlgk profile at GO edge as determined
in Figure 4.16d at iy = 0.753¢N. The elastic displacement of GO occurring during interaction
with sliding AFM probe with relatively lowerNFrecoveed its original position after removal
of shear force, as described by Hunley and cowolk&§. In the same contexshear sain
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was calculated to bg.4. Thus, the shear strength and hence shear modulus at zero applied
pressure are calculated Gso = 1.9x1¢ N/m? and G p-0= 1.35x16 N/m?2. Substituting this
valueofGat appl i edn(pre)e 4.5uldN/m?Rwherer is the AFM tip radius)

in Equation 4.3Uis recalculated as 0.13 GPa which also corresponds to the converggéansol

of this iterative method.

4.5 Micro-composite testing
The microcomposites observed under optical microscope simultaneously during the

SFFT showed the fragmentation of the fibersofaservedn Figure 4.18).

c)."' !

82



e)

Figure 4.18. Fragments of fiber observed during single fiber fragmentation test on
microcomposites containing a) uncoated GF; GF coated by GO at b) 2.5V/cm, c) 5V/cm, d)
7.5V/cm and e) 10V/cm

The average saturation lengths of fiber fragments as determined by the SFFT of
composite specimens containing uncoated fiber and coated fibers (GO and rGO) at various
applied fields are reported in th@ble 4-6. The values of average fragment lengths were used
to calculate ISS values based on the simplified micromechanical predented by Kelly and
Tyson[29] and reported ifrigure 4.19 as a function of the electric field used during the EPD
processin case of GO, it can be inferred from the data that the increase in the applied voltage
used during the EPD procekad an effect in the enhancement of interfacial adhesion thus
resulting in shortening of fragment lengtAsnoteworthy improvement of 298 of ISS can be
witnessed in case of GF coated with GO electrophoretically deposited at 10 V/cm. This positive
effectcould be partly attributed to the fact that GO creates a favorable bond between the GFs
and epoxy resin due to the surface functional groups thus enhancing the effective distribution
of load on the GF. In such condition, the increased surface roughsealts re mechanical

interlocking along with the good adhesive compatibility between the epoxy matrix and GO are
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both responsible for the observed gmse of ISS in microcomposifgds87]. On the other hand,
as it can be seen froRigure 4.19, when the applied voltageasincreased, the EPD process

wasmore effective in producinghomogeneous and thick GO coating on the GF.

35

1| —— Ep-GO-GF
304 —— Ep-rGO-GF

ISS (MPa)

00 25 50 75 100
Electric field (V/cm)
Figure 4.19. Fibermatrix interfacial shear strength values as determined by the

fragmentation test on epoxy microcomposites containigépks fiber coated with GO and

rGO as a function of the electric field used during the EPD process.

In case of rGO coated fiberafter an initial increase, the ISS values remain almost
constant as the electrical field of the electrophoretic deposition is increased and with values
systematically lower than those observed in microcomposites containing GO coated fibers.
This supportghe hypothesis that functional groups play a major role in creating favorable
bonds with the matrix. In fact, the absence of oxygen functionalities on the rGO sheets
practically limits the possibility of chemical bonding between rGO and epoxy matrix.
Secomlly, the substantial independency of ISS values from the applied deposition voltage
confirms that the main loalansfer mechanisms is based on the mechanical interlocking in

this case.
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Table 4-6. Effect of EPD on the fragmentation tests results.

Fragments length at

Critical length

Tensile strength of fiber

Interfacial shear

saturation Lc(mm) S (Le) (MPa) strength

Ls(mm) ISS (MPa)
Applied GO rGO GO rGO GO rGO GO rGO
voltage
(V/cm)
0 2.7+0.9 35+1.2 3548.3 + 267.5 89+35
(uncoated)
2.5 20+0.2 |16+£0.1{27+0.2|22+0.2|3720.8+65.4 | 3913.7+704 |11.0+1.1|145+1.4
5 1.7+£03 |1.7+£02/23+04|22+0.3|3876.3+165.1 3893.5+107 |13.9+34 |14.2+2.1
7.5 12+0.1 |1.7+02/16+0.1|24+0.3|4191.6+83.4 |3846.9+99.9 |121.0+23 |133+1.9
10 09+01 |16+03/1.3+01|21+0.4 |4436.0+111.9 3940.9+ 167.9 28.6+3.9 | 15.3+3.7
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Figure 4.20, Figure 4.21 andFigure 4.22 compare the morphology of GF (uncoated,
GO and rGO respectively) obtained after conducting a tensile test on few GF reinforced epoxy
composite. The samples were prepared by taking few uncoated,d3G@rcoated fibers and
immersing them in epoxy resin and curing them according to the curing cycle used in this work.
The samples (dimensions ca. 70 x 5 x 2) were subjected to tensile test at 20mm/min of cross
head speed in which the sample had failedh whte fibers protruded from the matrix. The
samples were observed under FESEM to conduct fractography on the GF surface.

In case of uncoated GFigure 4.20), the fibers show complete wetting of epoxy matrix
with some areas containing bits of epoxy attached. This behavior is typical of GF having
surface sized by a silane coupling agent to pronbetter adhesion with epoxy matrix.
Visualizing the fiber surfaces that were coated with GO and Fsfie 4.21 andFigure 4.22
respectively) reveal not only the same wetting behavior of epoxy over the entire fiber surface
but also some remnants of the nanosheets coatings attached to the fibardithies three
possible failure modes which could occur either at epoxy/coating interface, coating/coating
interface (between the layers of graphene nanosheets) or at coating/fiber interface. An overall
evaluation, however, using SFFT had revealed gmarement in ISS values for composites

containing GO and rGO coated fibers which indicates this mixed failure modes resulting in an

enhanced interfacial adhesion.

Figure 4.20. Fiber morphology of uncoated GF obtained by tensile test of few fiber
reinforced epoxy composite.
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Figure 4.21. Fiber morphology of GO coated GF obtained by tensile test of few fiber
reinforced epoxy congsite.

Figure 4.22. Fiber morphology of rGO coated GF obtained by tensile test of few fiber

reinforced epoxy composite.

4.6 Macro-composite evaluation and testing
4.6.1 Macro-composite preparation

On the basis of the results obtained by SFFT on the microcompositesdieei@dead to
use 10V/cm as the electric field for the deposition of GO on the GF laminates during EPD
process. To obtain rGO coated fibers laminates, GO coated GF laminates wertedubjthe
same reduction process as described in the s&tloB.3 These laminates were infused with
epoxy resin during hand layp method as described in the sec8dh2

4.6.2 Fiber volume fraction
The fiber volumenraction of the composites was evaluated using the following formula:
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(4.)
r f

1
a1
1+ 1
ro &,
whereMi s t he f i berrawnahlarg thederfsitiea af the fibem gnd matrix
while W is the fiber weight fraction of the composite. The fiber volume fraction in the
composites was evaluated todreund50% + 10. The reason for thdeviation from the mean
was due to the creation of fiber laminate which was done manually using the GF yarns.

Moreover, considering voids and resin rich areas in the composite, the deviation is quite

obvious.

4.6.3 Deposition weight calculation
For quantitative analysis of epoxy/glass composites with GO and rGO interphase, the

fibers before and after deposition were weighed. 4 fiber laminates as large as 2000@m

mm were weighed and deposition of GO was then carried out as described iroitkis w
previously. After drying of the fibers under vacuum at 50°C, the fibers were again weighed to
find the difference of the weight due to deposition. Eventually, epoxy resin was infused and
cured. The final weight of the composite was measured and mgttie ratio of deposition

and composite weight, the GO deposition weigbhtent in EpGO-GF compositesvas
calculatedo be around 036 + 0.03.

For rGO deposition content in the composites GO coated fibers were weighed and
subjectedto reduction proess 8.1.3.3. rGO weight was evaluated in terms of percentage
decrease in weight from GO due to reduction which wak’@, hence the final weiglsbntent
of rGO in EprGO-GF was practically the same

4.6.4 Thermal stability
Figure 4.23 shows the TGA curves of the composites containing uncoated, @O an

rGO coatedfibers and resultant summary of the analysis is givehainle 4-7. The thermal
stability of epoxy/glass fiber composites increasesoth GO and rGO coated glass fibers
where rGO interphas@npart a betterthermal stability (onset temperatufer thermal
degradatiorof 354.4°C) as compared to composites containing GO interphase °@§Q0r8

case of composites containing GO coated fibers, the relatively lower thermal stability could be
attributed to the decomposition of the oxygen functional moietiesasiepoxy and hydroxyl
which takes place around 2507C88. However, composites containing rGO coated fibers

offer better thermal stability than others due to difficult path effect of graphene nanosheets
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(non-oxidized which delays the escape \adlatile degradation productsvor char formation
[188. Similar trendwasalso observed in residual mass of the composites at 700°C after the

test which supports the above results.
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Figure 4.23. TGA thermograms of uncoated and graphene coated fiber reinforced

composites. (a)Residual mass as a function of temperature, (b) derivative of the mass loss
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Table 4-7. Results of TGA on composites with uncoated and coated fibers
Ep-GF Ep-GO-GF  Ep-rGO-GF

Onset temperature (°C) 331.8 340.3 354.4
Residual mass at 700°C (%) 64.2 71.6 77.8
Peak. temperature (°C) 380.3 380.3 380.3

4.6.5 Microstructure evaluation
The crosssectional views of the composites observed through OM and FESEM are

shown inFigure 4.24. The images reveal a highly compact fiber ageament embedded in
epoxy matrix.Measuring the respective areas in igure 4.24 for Ep-GF, EpGO-GF, Ep
rGO-GF yielded the fiber content percentafé&7%, 61% and 71% respectively.

4.6.6 Flexural properties
Figure4.25a andb revealthe typical loaedisplacement curves and respective flexural

stressstrain curvesare respectively reportett is interesting twbservethat the inclusion of

the graphene intphase (GO and rGO) reinforced the compositedact they can sustain

higher loads as compared to uncoated fiber based comgegitee 4.26 shows theesulting

flexural modulus and flexural strength measured from the flexural tests of the composites. The
flexural modulus increases by 19% and 9% for GO and rGO coated GF, respedsy
compared to neat composites. The increase of modulus is related to the results in previous
experiment in which the ISS for composites containing GO interphase show improved bonding
conditions and mechanical interlocking phenomena. The flexuralgsiref the composites
containing GO showed an increase by 20%, again due to the better interfacial adhesion proven
earlier but in case of rGO, the value is practically the same as compared to uncoated fiber based
composites. This could be attributed te theak interfacial adhesion between rGO and epoxy

matrix thus slightly reducing the strength values in flexural mode.
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a) Ep-GF b) Ep-GO-GF c) Ep-rGO-GF
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Figure 4.24. Compositecrosssection visualization through optical and field emission scanning electron microscopy at different magnifications.
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