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Abstract

In this project, the synergetic effect of a graphene interphase in epoxy/glass fibers
composites was investigated by coating glass fibers (GF) with graphene oxide (GO) and
reduced graphene oxide (rGO) nanosheets by an electrophoretic deposition (EPD) technique.
Graphite oxide was prepared using modified Hummers method in which raw graphite powder
was oxidized using potassium permanganate (KMnQOs) in acidic solution. Using ultrasonic
technique, the graphite oxide was dispersed homogenously in water to create a stable GO
suspension which was used as a bath in the EPD process.

For the coating process, two copper plates were used as electrodes in the EPD process
in which GF were placed in front of anode for GO deposition since GO tends to carry negative
charges due to oxygen functional groups attached on the graphene structure as produced in the
modified Hummers method. The deposition was carried out at different applied fields while
maintaining the dispersion concentration and deposition time constant. This process produced
GF coated with GO nanosheets, while to obtain GF coated with 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 rGO was evaluated using x-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and x-ray photoelectron (XPS) spectroscopy
techniques which confirmed the successful oxidation of graphite powder into graphite oxide
due to liquid chemical oxidation process while the hydrazine reduction method reduced the
oxygen amount from 34% to 10% in GO hence converting it into rGO. Scanning electron
microscopy analysis of coated fibers revealed uniform coating of GF with GO and rGO where
the amount of deposition increased with increased applied field.

The effect of GO or rGO coating on GF obtained by EPD process was first evaluated
by determining the adhesion between GF and epoxy matrix. Single fiber fragmentation test was
utilized to determine the interfacial shear strength (ISS) between the uncoated or coated fibers
and epoxy matrix. Single fiber epoxy composites were prepared by using GO and rGO coated
fibers and were tested using a mini-tensile testing machine and monitoring the lengths of
fragments of fibers obtained during the tensile test. It was observed that in case of GO coated
fibers, the ISS increased by 218% in comparison to uncoated fiber based composite. The

increase of interfacial adhesion in this case, it can be attributed to the 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. For investigating the interactions between GF and GO, atomic
force microscopy (AFM) was used to determine the interfacial adhesion between them by
scratching GO on GF. It was proved that the delamination strength was higher than the ISS,
hence proving the efficacy of the selected GO deposition method. On the other hand, single
fiber fragmentation tests indicated a 70% increase in ISS for rGO coated GF when embedded
in the epoxy matrix as compared to uncoated fibers. This increment is lower than that observed
for GO coated fibers and it has been attributed to the fact that rGO does not possess enough
oxygen based functional groups to efficiently interact with the polymer matrix. The observed
increase in ISS with respect to uncoated GF is based on the frictional forces offered 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 test further 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 hand lay-up method. Laminas of fibers were wetted by
epoxy resin and stacked over one another in certain number depending on the thickness of the
resultant composite. These composites were subjected to various mechanical tests, such as
flexural tests, short-beam shear tests, mode I interlaminar fracture toughness and creep tests
which also confirmed that GO and rGO based interphase in epoxy/glass composites increase
the performances of the composite with respect to that of the uncoated GF based composites.
GO proved to be the best interphase in terms of mechanical properties obtained, as proved
before.

The multifunctionality of such interphases based on graphene was analyzed and
confirmed using multiple tests on epoxy/glass composites containing uncoated and coated (GO
or rGO). In particular, the electrical and thermal conductivity of the composites were tested in
which the composites based on rGO interphase showed the highest conductivity which not only
confirms that rGO coated fibers in epoxy/glass composites render the composites conductive
but also proves the successful chemical reduction process used in this work.

These conductive composites were subjected to piezoresistivity tests in which the
applied longitudinal strain in different modes resulted in change in resistance thus showing a
possibility of using such composites as strain sensing devices or for structural health

monitoring purposes in automotive or aerospace applications.
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These conductive composite specimens were also analyzed 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 interference shielding applications.
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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
components, but also due to the noteworthy ‘additional functionalities’ offered by such next
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 storage, healing 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 and engineers in 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 processing-manufacturing
technologies in terms of quantity and value for commercialization. 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 a force can result in splitting of the agglomerate nanoparticle [1].
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 the hydrophobic nature of several polymer matrices
[2]. Degassing is another major problem 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 failure of specimen under low strains [3].

A significant enhancement 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 properties by
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, ii1) alignment of nanofillers can be hardly
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reached. Theoretical modelling and computational simulations have indicated the significant
advantages that could be achieved by aligned nano-scale fillers in certain directions in polymer
matrices. Till date many researches have been conducted to develop methods for aligning
carbon nanofillers (mainly carbon nanotubes (CNTs) and graphene nanosheets) in polymer
matrix and incredible improvements in mechanical and functional properties have been
reported as compared to randomly-dispersed carbon nanofillers [4-8]. Various approaches have
been proposed in order to align fillers in polymer matrices such as shearing [9], electrically
induced fields [10-12] and magnetically induced fields [13-16]. 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 very low electrical conductivity, since the
field strength is normally restricted to evade the dielectric breakdown of the polymer [17]. On
the other hand, low magnetic susceptibility of fillers means strong magnetic field (25T or more)
is normally required to align nanofillers like CNT and graphene, thus limiting the practical
application of such methods [14-16, 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 shear has the disadvantage to degrade both the polymer and nanofiller [19].

The object of this thesis is the development of new multifunctional epoxy/glass
structural composites containing graphene oxide (GO) or reduced graphene oxide (rGO)
nanoparticles. An alternative method to align GO or rGO nanoparticles in 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 charge) can 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
single-fiber microcomposites and unidirectional composites with high fiber volume fraction.
As per author’s knowledge, there has not been much of research conducted in forming
composites with coated fibers with different types of graphene nanosheets and subsequently
using them as reinforcement 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
resin was used as a matrix to produce hybrid composites. Finally, main goals of this work are

as follows:



o Understanding the behavior of deposition parameters on the final coating
observed on fibers and consequent effect(s) on the fiber-matrix interfacial
adhesion due to induced graphene coating.

o Realizing the possibility of creating electrically and thermally conductive
composites by making the graphene coated fibers reduced through chemical
means.

o Using the conductive composites to analyze and evaluate the likelihood 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 analysis), thermal behavior and stability results were used to characterize
the epoxy matrix. The oxidation level of both produced GO and rGO were analyzed by x-ray
diffraction (XRD), x-ray photoelectron spectroscopy (XPS) and Fourier transform infrared
spectroscopy (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 fibers, composites and epoxy cured polymer
were investigated by uniaxial tensile tests. The fiber/matrix interfacial shear strength of
different single fiber composites was evaluated by the single-fiber fragmentation test. Different
electrical resistivity measurement methods were 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 having conducting 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 an LCR meter. In addition, thermal conductivity was also measured to prove the

effectiveness of a continuous interphase in epoxy/glass composites.



Chapter 2 — Background

2.1 Fiber-reinforced polymer composites (FRPC)

An important type of composite materials, called fiber-reinforced 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 in some cases a third phase (interphase) can be observed
between them. Structurally, fibers act as the principal load-carrying components bearing most
of the stresses experienced by the structure, while the surrounding matrix not only binds these
fibers in the 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 and chemical state 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 fiber-reinforced composite material to generate a properties profile useful in several
structural applications.

The history of fiber-reinforced polymer composites (FRPC) can be traced back to
thousands of years ago [20], 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
manufacturing cost over metals. However, advances in computer-aided manufacturing
techniques and other factors made composites components more cost effective than before [21].
Imaginably, the most prominent applications of polymer based composites are in large volume
industrial fields, such as automotive, civil constructions, naval, wind energy and 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 insufficiency of the 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 characteristics are influenced by it, like density, fatigue strength, tensile and
compressive strengths and moduli etc. Various commercially available fibers and their

properties are summarized in Table 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 great influence in dictating
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 thus resulting 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. Likewise, in-plane shear
strength is considered major factor while 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 matrix [22].

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

Thermosets are low molecular weight and low viscosity monomers (<2000 centipoise)
that are cured into three-dimensional crosslinked structures hence becoming infusible and
insoluble. Chemical reactions promote crosslinking (Figure 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 are normally used in advanced composite materials
including epoxides, vinyl esters, polyesters and bismaleimides, a broad information about the

thermosets is given in Table 2-2.

1) On contrary, thermoplastics are 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 and pressures are typically required for

processing.



Table 2-1. Properties of selected commercial reinforcing fibers [23].

Fiber Typical Density Tensile Tensile Strain-to-  Coefficient of Poisson’s
Diameter (g/em?) Modulus  Strength Failure Thermal Ratio
(nm) (GPa) (GPa) (%) Expansion (106

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 1.4 -0.6 (longitudinal) 0.2
7-12 (radial)

AS-1° 8 (round) 1.80 228 3.10 1.32

AS-4° 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) 1.78 301 531 1.81

HMS-4° 8 (round) 1.80 345 2.48 0.7

GY-70° 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 1494 1.47 179 3.45 1.9

Technora® 1.39 70 3.0 4.6 -6 (longitudinal)




Extended chain polyethylene

Spectra 900° 38 0.97 117 2.59 3.5

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
Nicalon® (multifilament) 14.5 (round)  2.55 196 2.75 1.4

Al>0s

Nextel 610" 10-12 (round) 3.9 380 3.1 8
Nextel 720" 10-12 34 260 2.1 6
Al203-8i0:

Fiberfrax (discontinuous) 2-12 2.73 103 1.03-1.72

? Amoco

® Hercules
“BASF
4DuPont

¢ Teijin

T Honeywell

£ Nippon Carbon
"3-M
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Figure 2.1 Comparison of thermoset resins and thermoplastic polymer structures.

2.1.3 Interface and interphase in FPRC
A definition of interface in fiber reinforced composites can be given as “a surface

formed by a common boundary between reinforcing fiber and matrix that is in contact with and
maintains the bond in between for the transfer of loads™ [23]. The physical and/or mechanical
properties of an interface may be different from either from that of the fiber or the matrix. On
the other hand, an inferphase could be defined as a region of finite dimensions between the
fiber and the matrix where the local properties vary from those of the bulk phases [24, 25]. The
physical, chemical and/or mechanical properties differ either continuously or in gradual

manner between the bulk fiber and matrix material.

Table 2-2 Comparison of thermoset resin matrices [22].

Epoxies High-performance matrix systems for primary
continuous-fiber composites. Can be used at
temperatures up to 250-275 °F. Give better high-
temperature performance than polyesters and vinyl

esters.

Phenolics Though difficult to process, resin system with higher
thermal stability with good smoke and fire resistance.

Mostly used for aircraft applications.
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Polymides Very-high-temperature resin systems (280-310 °C).
Difficult processing.

Polyesters Extensively used in commercial applications due to low
cost and processing flexibility. Used for both

continuous and discontinuous composites.

Vinyl Esters Relatively similar to polyesters but are more tough and

have better moisture resistance.

Bismaleimides Epoxy-like processing, high-temperature resin matrices
for use in the temperature range of 135-180 °C and

possesses elevated-temperature post cure.

Cyanate Esters Epoxy-like processing, high-temperature resin matrices
for use in the temperature range of 275-180 °C and

possesses elevated-temperature post cure.

A growing research interest has emerged in various research groups to understand the
impact of interphase’s physical structure and chemical composition on the final composite
properties. In fact, the properties of interphase have a great effect on the way the fiber-matrix
interact with each other and consequently the mechanism of stress transfer from matrix to fiber
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 mechanisms responsible 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 interfacial interaction 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 properties [26]. 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 interphases are necessary to ensure better energy
absorbing performances under impact conditions [27]. The main characteristics of fiber-matrix
interactions have been presented in the literature since its evolution i.e. physico-chemical or
frictional in nature [28]. The first category include intermolecular interactions, chemical

reactions, surface-induced crystallizations and phase separation phenomena etc. while the latter
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consists of surface roughness of the fibers. Although, both types of interactions are responsible
to some degree in the mechanics of composite materials but normally are not 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 manipulate it while 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 orthotropic nature 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 matrix
As discussed in section 2.1.3, the role of interface/interphase is considered to be one of

the critical aspects in engineering the mechanical properties 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 one to 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 fiber-matrix adhesion is the single fiber fragmentation test. Although this was
first developed for metals [29], it has been adopted for determining the interfacial shear strength

in advanced polymer composites.

2.2.1.1 Single-fiber fragmentation test
A micromechanical testing with fewer parameters [30], known as single-fiber

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 as shown in the Figure 2.2.
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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 applying a tensile 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, as described 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 fragments is termed as fiber critical length (lc), which can be used to calculate
the interfacial shear strength (IFSS or ISS) as given by the work of Kelly and Tyson [29]:
_499,

| =

e =, (2-1)

where d is the fiber diameter and o, is the tensile strength of the fiber at critical length,

and 7 is the shear stress transferred from the matrix to the fiber. This latter can be evaluated by

considering Weibull distribution for the fiber strength i.e.:

L™ 1
o, —GO(L—OJ F(H_mj (2-2)

11



where [ is the Gamma function whereas o, and m are the scale and shape parameters

of the Weibull strength distribution at the reference length L, respectively.

2.2.2 Interlaminar properties
Unidirectional composites with laminated structures demonstrate excellent in-plane

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 interfacial adhesion
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 display highest 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, 1) bonding between fiber and the
matrix and ii) the strength of the matrix, 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 failure is based on using fiber fabrics
having 3D ply stitching thus providing with through thickness reinforcement, however such
approach leads to reduction of in-plane mechanical properties and also an increase of
production cost [31]. The other tactic involves using different types of nanofiller thus providing
the opportunity of ‘interlocking’ the laminates hence improving the interlaminar properties like
ILSS, fracture toughness, flexural properties etc. [32-35]. ILSS depends primarily on the matrix
properties and fiber-matrix 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 point bending 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:

Maximum normal stress o = 3P[; = £(£j (2-3)
2bh~  2bh\ h
) 3P
Maximum shear stress 7_ =— (2-4)
4bh
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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 be visualized from the Equation 2-3, the maximum normal stress depends on
the L/h ratio while the 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 (see Figure 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° laminates in a short-beam shear test [23].

2.2.2.2 Mode I Interlaminar Fracture Toughness (DCB)
This DCB test is employed to determine the strain energy release rate Gi for crack

propagation between laminates or delamination growth under Mode I loading. Normally, a
unidirectional composite as shown in Figure 2.5 is 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 0.013 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 in the 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 from the loading line to the edge of delamination. The initiation and propagation
value of Gic can be measured by considering the recorded data and evaluating it with a beam

theory and compliance calibration methods.

P
Initial crack .
/ Lanjlnate

:—

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, 1) Modified Beam Theory (MBT) method, ii) Compliance Calibration (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.
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1) MBT method:

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

arm which can be assumed as two cantilever beams with a distance A in front of the crack tip

as shown in Figure 2.6.

§2h

Ir, o

a+A

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

According to Euler-Bernoulli beam theory, the estimate compliance can be considered

as a polynomial of third order as given as:
C=m’(a+A) (2-5)

Using the Strain energy release rate (SERR)-compliance relation given by following

equation:
2
_Pdc (2-6)
2b da
the equation 2.5 can be written as:
G, = _ 3P0 (2-7)
2b(a+A)
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where

P =Load

0 = total crack opening displacement
b = specimen width

a = length of delamination

C = compliance and defined by 6/P.

The parameter A is determined experimentally by the x-intercept of a straight line fit

by the least squares to C'* versus a data as shown in Figure 2.7.

C1/3A

<> |0
A

-~ .

Figure 2.7. Evaluation of A according to modified beam theory (MBT).

i1) CC method (Berry’s method)

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

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

Pa’
V=— 2'8
3EI -8)
For a double cantilever beam, the end deflection is assumed to be related to the load by:
5/2=RPa" (2-9)

Therefore, the predicted compliance can be described with the following equation:
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C=Ra" (2-10)
Finally, the strain energy release rate G; may thus be given as:

_nPs nP’Ra"™!
2ba 2b

G, @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
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In R

>
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0

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

1i1) Modified Compliance Calibration (MCC) method

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

the normalized delamination length given as a/2h :
a/2h=a,(bC)" +a, (2-12)
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Here, a, can be determined experimentally by the slope of a straight line that has been

fitted to a plot of @/ 2/ versus (bC)" data as shown in Figure 2.9:

A

a/2h

(bC)*3

Figure 2.9. Determination of a; according to modified compliance calibration (MCC).

Again, using the expression for SERR based on the MCC method G is given by:

3P2C2/3
G ="~ _ 2-13
" 2a,b%(2h) @13)

An estimate of the coefficient ¢, and ¢, is given by following equations respectively:

JE
a = _\T (2-14)

1 E F 2 172
oy =—| — 3—2(—} (2-15)
2| 11G, 14T

Where, [ is:
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JEE,
r=1.18"= (2-16)

13

Here, E,, E,and G,, represent longitudinal Young’s modulus, through thickness

Young’s modulus and transverse shear modulus respectively.

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 compression on one surface to an equal
maximum in tension on the other surface, passing through zero at the mid-plane as known as

neutral axis as shown in Figure 2.10. Here, the maximum normal stress is given as:

oM
o =
bh’

(2-17)

here M is the bending moment, b and 4 are the specimen’s width and thickness,
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 considered as:
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Figure 2.10. Three-point flexure test, together with shear force and bending moment

diagrams.
3F
T= S 2- 1 8
4bh &-18)

where F, is the shear force acting on the specimen’s cross-section.

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

moment for a rectangular specimen having a regular cross-section.
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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 stress in the outer surface of
the test specimen occuring at the midpoint. Hence, flexural stress is obtained using the equation

[ASTM D790]:

L _3PL
7 2bd?

(2-19)

In addition, the tangent modulus of elasticity (often referred as the “modulus of
elasticity”) is the ratio of stress to corresponding strain within the elastic limit. It is measured
by drawing a tangent to the steepest initial straight-line portion of the load-deflection curve and

using following equation [ASTM D790]:

Um
B = 3
4bd

(2-20)

2.3 “Smart” multifunctional 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 structural and non-
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 obtain functional 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, also known as ‘active’ or ‘smart’ materials, possess the capability of
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 non-structural properties. On the other hand, a traditional
material, which can be either structural or non-structural, 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 external stimuli hence render them ‘passive’ materials.

It is worthwhile to mention here that the “intelligence” of the multifunctional materials
is not totally related to the embedment of electronic devices within the structure, while
materials with sensors built-in 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 non-functional properties that could be
activated only in specific loading 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 capabilities to
enhance the non-structural performance of the materials itself.

In recent years, nanomaterials have prompted the field of “hybrid” or “multiscale”
polymer composites, due to their ability, but not limited to, of improving the conventional
structural properties 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 structures.
Creation of such multiscale composites, for getting the optimum level of advantages from the
use of nanomaterials in conventional fibrous composites, can be achieved through three

different techniques [36]:

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

known as nano-engineering.
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3. Designing of multiscale hybrid composite using different numerical tools starting
from the molecular dynamic up to macroscale multi-physics also known as nano-

design.

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

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

- Sensing: External 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 sensors have 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 temperature, pressure, strain, acceleration etc.

- Actuation: It 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 structure 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 nano-reinforcements can be described, but 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 structure is the

electrical conductivity due to the fact that in general polymers and glass-fiber reinforced
polymer composites are poor conductors of both electricity and heat. The addition of
conductive nanofiller has a strong effect on the overall conductivity of such 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 this critical 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 this property 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 load-bearing structure can be found in
aerospace industry where the conductive polymer composites could replace non-conductive
materials to improve the lightning protection of the structures. Being lightweight in nature,
polymer nanocomposites are favorites to replace the add-on metallic conductors in the aircraft
structure for such purpose since they not only increase the weight but also are difficult to repair
[37]. Recent reports on incorporation of graphene in fiber reinforced polymer composites has
resulted in an increase in electrical conductivity of the hybrid structure. For 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 without GnP interphase.

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 increase of power dissipation and consequently the
production of large thermal fluxes [39, 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 nanosized fillers (e.g.
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 the nanofillers which result in
underachievement of the required properties in polymer composites. Unlike electrical
conductivity, thermal conductivity does not manifest the ‘percolation threshold’ of the filler
loading. In fact it generally increases almost linearly with respect to filler loading, as reported
by Shenogina et al. [41].

The efficient loading of nanofiller (maximum dispersion, unidirectional alignment and
continuous network) would also dramatically enhance the conductive ability of the polymer
composites. Moreover, better compatibility between filler and matrix would minimize the
contact resistance and interfacial phonon scattering [42-46] and hence an improvement in

thermal conductivity 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. When this effect is induced in composite systems they can find applications
in which in-situ 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, nickel-coated 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 functionality of strain monitoring.

The phenomenon of piezoresistivity in heterogeneous composite systems can be

attributed to various mechanisms as listed below:

e degradation or breaking of conductive network of nanofiller [47].
e variation of inter-filler distance hence the change in tunneling resistance [48].
e decrease in the conductivity of nanofiller under applied stress [49].

e increase or decrease in alignment of nanofiller under applied strain [50].

The metallic strain gauges used in the modern day applications 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 structural materials
and provide information only on a 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 (CNTs)
and graphene, have displayed much better efficiency as compared to commercial available
sensors because of the use of high elastic modulus and outstanding electrical properties [51-
54] and unveil high sensitivity at nanoscale. Even gauge factors (GF) up to 2900 [55] has been
achieved for CNTs based strain 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 modern electronics and power

systems [56]. 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 charges and energies. 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 separation 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 light is 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 like capacitors and dielectricity [57, 58].

With the advancement in the processing and utilization of conductive nanofiller in the
polymer matrix for functional properties [59-61], such polymer nanocomposites are also being
under investigation for their use as dielectric applications. In particular, carbon nanomaterials
have shown good promise for their conductive ability for their potential to be used as high
dielectric materials (high-k) for various applications, such as electroactive polymer and
embedded capacitors. The basic principal of high-k 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, orientation of nanofiller and inherent conductivity of the fillers [62].

2.4 Graphene — 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 Novoselov [63]. This two-dimensional, monolayer of carbon atoms (Figure 2.12)
joined together by sp? covalent bonds in hexagonal lattice can be wrapped into a zero-
dimensional carbon structure (fullerene), or rolled into one-dimensional carbon structure
(carbon nanotube) or placed over one-another as the basic natural carbon structure (graphite)
[64]. Among many fascinating properties, graphene possesses a large theoretical specific
surface area (2630 m?g!), exceptional Young’s modulus (1.0 TPa) [65], exceedingly high
intrinsic electron mobility (200,000 cm2 v! s) [65, 66] and excellent thermal conductivity
(5000 Wm™! K1) [67].

Before the isolation of graphene in 2004, the elementary electronic properties were
already calculated on the basis of the simple crystal structure [68, 69]. However, after its
discovery, graphene attracted a massive interest from around the world. Applications like high

energy physics [70-72], condensed matter systems [73-75], chemical reactions [76-78] and
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especially electric and photonic devices [79-83] have benefitted a great deal due to the

superlative properties of graphene.

Figure 2.12. Visualization of graphene as mother of all graphitic forms [64].

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

nature.

1) Based on first classification type, four variants of graphene have been defined
as single-layer graphene (SG), bi-layer graphene (BG), few-layer graphene
(FG) (3-10 layers) and multi-layer graphene (MG) or graphene nanoplatelets
(10-100 layers) [84]. Although there isn’t any unified theory of exact number
of layers beyond which a particular graphene stack acts as graphite however
Geim and Novoselov argued that structure consisting of 10 graphene layers
demonstrates different electronic properties as compared to graphene [84].

i1) Depending on the chemical nature of the nanosheet, graphene can be either
termed as pristine graphene, graphene oxide, reduced graphene oxide or

functionalized graphene. For our interest, these are further explained as follows:
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2.4.1.1 Prisitine graphene
This terminology is analogous to the term “ideal graphene nanosheet” as it possesses

the minimal possible oxygen functionalities, maximum consistent carbon structure and
supreme electrical, mechanical and thermal properties. However as like every other “ideal”
thing in the world, the production, isolation, placement and 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 “perfect” nanosheets for practical applications is far from reality.

The first technique presented to isolate a single pristine graphene sheet was by
Novoselov and Geim in 2004 by scotch-tape peeling of highly ordered pristine graphene
(HOPG) or micromechanical exfoliation [63]. This simple and elegant process offered the
researchers to separate the pristine graphene (Figure 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 order to gain maximum yield of pristine graphene for large-scale 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 liquid-phase exfoliation method using ultrasonication technique [85], rotor-stator
mixer [86], hydrodynamic force-induced exfoliation [87-90], CVD growth on epitaxial
matched metal surface [91-94] or even using toxic organic solvents with high temperature
conditions [95]. These methods has enabled the users to obtain high-quality 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 supercritical CO; fluid due to its nontoxic and
low viscous nature along with cheap and non-flammability. Several reports [94, 96-100] have
been published in which pristine graphene with different number of layers have been produced
using supercritical CO2, however it seems to be technically impossible to obtain definite

number of pristine graphene layers with a single method.
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Figure 2.13. First reported single-layer pristine graphene nanosheet as visualized by AFM
technique (Adapted from [63]).

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

world of science since mid-1800s. Despite of its old history, the actual structure and
composition is still controversial because of its nonstoichiometric composition and strong
hygroscopicity of dehydrated graphite oxide [101]. 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 ‘active’ as compared to pristine graphene. The
activeness of graphene oxide nanosheets makes them not only hydrophilic in polar 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 electron network 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 earliest well-known
example of GO synthesis is when a British chemist B. C. Brodie was conducting experiments
on the oxidation of graphite flakes in 1859 [102]. Later, L. Staudenmaier had improved the

procedure of oxidizing graphite which resulted in better oxidation and through a simple
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approach [103]. About 60 years later, two scientists Hummers and Offeman [104] developed
the famous oxidation method by reacting graphite with mixture of acids (KMnO4 and H2SO4)
and paved the way towards a successful and practical oxidation method used till now. Others
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

i.e., removal of oxygen functionalities from the graphene oxide structure to render it “non-
oxidized”. Technically, reduced graphene oxide should be equivalent to pristine graphene but
not only the reduction process imparts structural defects, such as dislocations, but also the
oxygen functionalities do not completely detach themselves from the hexagonal skeleton due
to their sp® bonding with carbon atoms. Moreover the characterization techniques have revealed
the properties of rGO being inferior to pristine graphene obtained by micromechanical
exfoliation. Therefore the term ‘reduced graphene oxide’ is used for these nanosheets obtained
through reduction rather than ‘pristine graphene’ or ‘graphene’ as well.

Reduction could be achieved through a variety of methods but mainly chemical, thermal
or electrochemical pathways have proved to be more efficient and suitable for a large scale

application process.

e The dispersion of GO in any solvent can be easily subjected to a chemical

reduction process. The first and the most common usage of a chemical to carry

out reduction is hydrazine monohydrate due to the non-reactive nature to water
(as opposed to other strong reductants) [105]. 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 these chemicals.

e Removal of oxygen-based 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 stacked structure of GO with pressures ranging around 130
MPa [106]. The release of CO: gases consequently results in the reduction of
the graphene oxide where the bulk conductivities reported were in the range of
1000 — 2300 S m™ [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 GO [108].

e One other method proven to reduce GO relies on the removal of oxygen-based
functionalities through electrochemical 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 around 8500 S m™'. 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 graphene
Other than oxygen-based functional groups attached to the carbon structure of

graphene, covalent or non-covalent attachments of other chemical groups have been reported
thus defining a new category of graphene known as functionalized graphene or chemically
modified graphenes (CMGs). 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 structure which allows selective
functionalization of one site over the other. While in the case of rGO, modification could take
place by non-covalent physisorption, n-w stacking or van der Waals interaction [77]. 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 polymer composites

[109, 110], optoelectronics [111, 112], drug-delivery vehicles [113] and biodevices [114].

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
nano/micro/composites as 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 graphene’s surface activity, level of dispersion in polymer matrix,
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, magnetic and especially mechanical [115] 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 limited to, include
organic solar cells [116-118], liquid crystal devices [119], dye-sensitized solar cells [120, 121],
organic light emitting diodes (OLEDs) and field emission devices [122, 123]. Graphene based
polymer nanocomposite thin films are also getting a huge attention from the most popular
technology of modern era i.e., touch screens, flat panel displays etc [124]. Such thin films are
being developed by CVD grown graphene which is transferred to polydimethyl siloxane or
polyethelene terephthalate (PET) [124, 125]. Such films have also been tested for solar cell
applications [116] and field effect transistors [125]. In addition to these, graphene-doped
conducting polymers such poly (3,4-ethyencdioxy thiophene) poly (styrenesulphonate)
(PEDOT:PSS) and poly (3-hexylthiophene) (P3HT) have demonstrated to offer improved
power consumption efficiency as compared to counter electrodes based on PEDOT:PSS in dye-
sensitized solar cells [121].

Conductive graphene/polymer nanocomposites also find their usefulness 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 composites [62, 126-128].

2.5 Electrophoretic deposition
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 of thin films or 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 density [129]. The popularity of such deposition process is due to, but not limited
to, its simplicity, cost-efficiency, wide applicability and scalability to large dimensions [130,
131].

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 to an 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 loadings in the suspension 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 technique [130, 131].

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

important to control many parameters involving the EPD 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 homogenous and 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 light and small enough to defy gravity. Hence a uniform
deposition could be achieved by small particles (<30 pm). However this doesn’t imply that
larger particles can’t be homogenously deposited which can be possible only if they have strong
surface charge. It has been also reported that for the final deposition to be crack-free, smaller
particle size is essential [132].

The suspension’s nature used in EPD has shown to be also a key factor in determining
the properties of deposition product. A highly conductive suspension results in slow particle
motion in the aqueous medium while too resistive suspension would render the instability of
particle’s charge [133]. A similar behavior 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 while a high dielectric constant reduces the double layer region due to high
ionic concentration in the liquid and hence affects greatly the electrophoretic mobility [134].

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 magnitude 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 repulsive interaction between particles, i1) mobility and velocity of charged
particles during EPD and iii) determination of the green density of the deposit [135]. 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 and porous-like deposits also come from the fact
that low charged particles when are deposited on to a substrate tend to coagulate at relatively
large inter-particle distances. Contrarily, highly charged particles will repulse each other during
deposition and while occupying position individually would lead to a solid and high particle
packing density [136]. The manipulation of zeta potential, luckily, can be done by different
additives, such as acids, bases and polyelectrolytes in the suspension which affect the charge
magnitude and polarities of the particles [137].

Deposition process parameters also have a great effect on the depositions in the EPD
process. A prolonged deposition time 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 high deposition times [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 relatively higher applied fields have negative
effects on the quality of the deposit [139]. This has been justified by the theory that higher
applied fields causes turbulence in the suspension which disturbs the flow in the surrounding
medium of the coating, during or after the deposition. In addition, the particles moving fast
towards the substrate don’t attain enough time to settle in positions to form a close-packed
structure. Finally higher potential applied means higher particle flux and movement thus
exerting pressure on the already deposited particles thus creating disruption in the structure of
the deposit [135].

In processes like EPD, it is highly desirable to use substrates with excellent electron
conductivity, like as metals or alloys. In cases when non-conductive materials are desired to be
coated, either pre-coating of the surface is required to provide the electron conductivity of the
surface or the substrate could 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 EPD [140].
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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 from [135]).

2.5.2 Kinetics

A successful EPD process requires the user to be acquainted with the knowledge of the

EPD’s kinetics. This would ensure, not only the control and manipulation of deposition rate,

but also the opportunity to vary the deposit’s microstructure. According to a study [140], the

kinetic aspects of EPD depend on four possible deposition parameters:

Table 2-3. Possible deposition parameters in EPD.

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 visualized as in Figure 2.15. Curve A shows

a constant deposition rate with maximum yield 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 either case of constant-current or constant-voltage
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 deposition, 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 curve C is not
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 constant-voltage
deposition is carried out where the deposited mass creates a shielding 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 from [140]).

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 Verwey [141] 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, the pressure 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 et al. [142] 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 mechanism describes 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 semi-permeable membrane induces deposition between
electrodes and c) reactions occur at the electrode which modify the pH in the vicinity.

In one theory, Sarkar and Nicholson [131] showed that there was no increase of
electrolyte concentration near the electrode takes place. As shown in Figure 2.16, they
considered the movement of positively charged particles such as oxide particle towards the
cathode in a typical EPD cell. In such case when the particle’s lyosphere system (or the diffuse
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 wider behind the particle. The cations, along
with the positively charged particle, 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 reaction hence causes the thinning of the double layer around the ‘tail’ of the
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 from [131]).

2.5.4 Applications
Since the advent of nanotechnology and increasing understanding of nanoparticle’s

nature, there is an ever increasing demand and interest of utilizing the proliferating advantages
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 have shown to 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, due to a great 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, the favorable 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 to be a powerful tool for creating an ordered

structure of CNT and CNT-based 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 reported including but not limited to continuous films for various
applications like porous film [143], CNT-reinforced resin films [144], composite films [145-
147], complex patterns, membranes/nanofilters [148], nanoelectronics [146, 149-151], fuel-
cell electrodes [152-154] and supercapacitors [155].

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 also shown to be a
beneficial technique for depositing graphene for various applications like field emission
devices [156-158], biosensors [159], energy storage applications [160-163], optoelectronics
[164], capacitors [164-166], fuel cells [156, 167, 168], electrochemical sensors [169] and solar
cells [170, 171].
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Chapter 3 - Experimental

3.1 Materials

3.1.1 Epoxy
A bi-component was used in this work to act as a matrix for the fiber reinforced

composite. The system (Figure 3.1) was composed of a resin (EC 252) and a hardner (W 241)
provided by Elantas Italia S.r.l. (Collecchio, Italy), whose properties are listed in Table 3-1.

Table 3-1. Properties of epoxy resin and hardner.

Resin:
Industrial code EC 252
Viscosity (25°C)  300-400 mPas

Color Transparent

Density (25°C) 1.1-1.14

Hardner:
Industrial code W 241
Viscosity (25°C) 180 — 300 mPas

Color Transparent

Density (25°C)  0.99 — 1.01

The ratio of resin to hardner used in this work was 100:40 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 in an oven to cool down (annealing). The final density of cured epoxy resin as

calculated by ASTM D792 — 13 was 1.14 g/cm? as described in section 3.4.1.1.

40



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 three-membered ring comprising two carbon atoms and an
oxygen atom bonded with two and one hydrogen atoms respectively as displayed in Figure 3.2
[23, 172]. The functionality of epoxy resin depends on the number of these oxirane rings per

epoxy resin, which can be situated internally, terminally or in cyclic structures [172].

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 = 0.1 um with an epoxy compatible silane-
based coupling agent. These fibers were used without any further treatment. The apparent

density of the GF was calculated using helium pycnometry technique (section 3.4.1.2).

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 using the well-established Hummer’s method

but with a slight modification [ 104]. The liquid-based chemical reaction was applied to graphite
powder (particle size < 20 um) 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 method [104].

1 g graphite powder was added into 46 ml of H>SO4 cooled in an ice bath and was stirred for
10 min followed by the addition of 1 g of NaNOs and further stirred for 15 min. Then 6 g of
KMnO4 were added very slowly to avoid a spontaneous exothermic reaction 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 addition of 30% hydrogen peroxide (H20:) to the mixture. The
final product was comprehensively washed using hydrochloric acid (HCI) solution and distilled
water to eliminate manganese (Mn) ions and acid respectively. The obtained brown solution

was dried in a vacuum oven at 50°C for at least 36h.

3.1.3.2 Graphene oxide exfoliation
Graphene oxide was obtained by mechanical exfoliation of the graphite oxide obtained

from the chemical reaction described in section 3.2.1.1. In this process, graphite oxide in a
determined amount was added in de-ionized water and was then subjected to ultrasonication
using a tip sonication machine (Hielscher UP400S, Figure 3.4) for 60 mins at least with a
power of 4000W, amplitude of 50% and 0.5 cycle to completely exfoliate the graphene oxide

nanosheets.

Figure 3.4. Hielscher UP400S tip sonication device.

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

requirements.

1) Characterization: In order to evaluate the reduction of GO, the product obtained

on the electrodes during electrophoretic deposition was placed in a glass petri
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dish along with a tissue paper soaked with hydrazine hydrate (N>Hs). The petri
dish was covered and was then heated for 24h at 100°C.

i) Reduced graphene oxide coated fibers: In this case, 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 of GO on GF and reduction to rGO

The technique used here to coat graphene nanosheets on GF was electrophoretic
deposition (EPD) [173]. According to the section 2.5.1, 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 was varied 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 substrate 2 cm

Time 5 min

Dispersion concentration 1 mg/ml

A schematic diagram of the EPD process is shown in Figure 3.5. Electrophoretic
deposition setup, a schematic diagram. The electrodes used were copper sheets of 1 mm
thickness and GF were placed in front of an anode using a metallic window. This is basically
due to the nature of GF being insulating. Therefore, in order to deposit the nanoparticles on the
GF, an electrode was placed behind the fibers during the deposition process. The electrodes
along with metallic frame containing GF (Figure 3.6) were immersed in a graphene oxide

dispersion of 1 mg/ml concentration as shown in Figure 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 modified Hummer’s method (section 3.1.3.1), the fibers were placed in front of anode
so that the particles moving towards anode, when voltage was applied between the electrodes,
would tend to hit the GF 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 uncoated portion 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 12 h. Figure 3.8a shows the GF obtained
after the drying in vacuum, the slight color change of GF from white to beige confirmed the
coating of GO on 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 section 3.1.3.3, the resultant fibers
appeared to be dark grey in color which visually confirms the reduction of GO on GF as it can

be visualized in Figure 3.8b.
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a)

Figure 3.8. a) Electrophoretic deposition of GO on GF and b) subsequent thermochemical
reduction to obtain rGO coated GF.

3.3 Composites preparation
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 suspending the fiber 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. The final specimen dimensions were 50 mm X 5 mm X 2 mm.
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Matrix

Figure 3.9. Single fiber composite specimen for fragmentation test, a) Side view, b) Top

view, c) Front view.

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

SFFT (as investigated in section 4.5), hence it was decided to use the same parameters of GO
and rGO coating on GF for their use in macro-composite preparation with epoxy resin as
matrix. Macro-composites were prepared by hand lay-up method (Figure 3.10) in which the
fibers (uncoated, GO and rGO coated) in the form of laminates were stacked while resin was
infused within the fibers using a roller. After laminating certain number of laminas for required
thickness of composite, a constant load of approximately 0.01 MPa was applied on the
composite by placing some load on the structure and curing was performed as described in

section 3.1.1.

Unidirectional

Figure 3.10. Hand lay-up 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 to as Ep-GF composites, while GO and rGO coated glass

fibers based composites were referred to as Ep-GO-GF and Ep-rGO-GF respectively.

3.4 Testing procedures
3.4.1 Density measurements
3.4.1.1 Displacement method
Density of the neat epoxy and multiscale composites were measured according to the
ASTM standard D792 — 13. The weight of the specimen was measured in both air and pure
distilled water and the following formula was used to calculate the density:
D = 4 xDTW

m —m

a w

where:

Ds = Density of specimen

m, = Mass of specimen in air
my = Mass of specimen in water

DTy, = Density of water at the time of testing

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

(Micromeritics® Accupyc 1330 helium pycnometer), at an ambient temperature of 23 °C, using

a testing chamber of 3.5 cm? (Figure 3.11).

49



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 were carried out under constant
nitrogen flow of 100 ml min™! and temperature ramp of 10°C min™! between 0° to 200°C. The

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

Figure 3.12. Mettler DSC30 Differential scanning calorimeter.

50



3.4.2.2 Thermogravimetric analysis (TGA)
The thermal stability of epoxy and different composites were investigated using

thermogravimetric analysis (TGA) using a Mettler TG50 thermobalance (Figure 3.13). Around
10 mg and 40 mg of the specimens were selected of epoxy and composites respectively. The
tests were conducted between 25°C and 700°C. The onset temperature (associated to a mass
loss of 5%) and the residual mass at 700 °C were determined. The maximum degradation

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 cross-section view of multiscale composites was observed by optical microscopy
technique using a Zeiss Axiophot optical microscope, equipped with a Leica DC300 digital
camera. The specimens were polished using abrasive grinding papers with grit size 800, 1200

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 Supra 40 microscope (Berlin, Germany)
(Figure 3.14). Before performing microscopy observations, the specimens were coated by a

platinum/palladium alloy (80:20) thin coating of about 5 nm.
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Figure 3.14. Zeiss Supra 40 field emission scanning electron microscope.

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

microscopy (AFM) using diamond coated cantilever tip apex (model: DCP01_NTMDT) [173].
Here, AFM plays a dual role of mapping and manipulating the substrate in a sequential manner.
Sader method [174, 175] was applied to measure normal (Kn) and torsional (Kr) spring
constants of cantilever. Typical values of Kn = 6.03x10® N/m and Kr = 8.25x10% 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 force (Fn).

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

The oxidation level of graphite was analyzed using the x-ray diffraction technique in
which an x-ray diffractometer (Rigaku III D-max) was employed consisting of a
monochromatic radiation source of Cu-Ko line of wavelength around 51.54056 A (Figure

3.15). The measurements were carried out in the 20 range of 5-80° with a step size of 0.04°.
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Figure 3.15. Riagku III D-max x-ray 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 discs in a mold under a compressive

pressure of 10 bar.

Figure 3.16. Nikolet Avatar 330 Fourier transform infrared spectroscopy machine.

53



3.4.4.3 X-ray photoelectron spectroscopy (XPS)
Elemental composition of GO and rGO was analyzed by X-ray photoelectron

spectroscopy (Kratos Axis Ultra DLD) machine equipped with a hemispherical analyzer and a
monochromatic Al Ka (1486.6 eV) x-ray source (Figure 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. The quantification, reported as relative elemental percentage, was
performed using the integrated area of the fitted core lines, after Shirley background

subtraction, and correcting for the instrument sensitivity factors.

Figure 3.17. Kratos Axis Ultra DLD x-ray 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 tab, Figure 3.18) were tensile tested with an Instron® 4502 (Norwood, USA) universal
tensile tester equipped with a 10N load cell. According to ASTM C1557-03 standard, a gage
length of 20 mm was selected and 31 samples were tested at a cross-head speed of 0.2 mm-
min™!. The iterative procedure proposed by Gurvich et al. [176] was applied to perform data
reduction.

The tensile strength of the fiber was calculated as:

LY 1
O'/b—ao[L—oj F(1+;J (3-1)
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where I is the Gamma function, while o,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 the failure probability.

Filament

N

Gage length

Figure 3.18. Schematic diagram of single fiber filament 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 single-fiber fragmentation tests. A polarized optical stereo-microscope
(Wild M3Z, Leica) was used to observe the fiber fragmentation process while performing the
tensile test (Figure 3.19) at a cross-head speed of 10 mm min!. The test was continued until

10% of strain was achieved in order to ensure a saturation 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 length at saturation, L , was calculated through an image analysis
software (ImagelJ) from which the fiber critical length, L_, was estimated as 4/3L_ . According

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

formula,

lo d
ISS = % (3-2)

c

where o, , , is the tensile strength of the fiber at the critical length, d is the fiber

diameter and L, is the fiber critical length as estimated from the fragmentation test.

3.4.5.3 Quasi-static tensile tests
Uniaxial tensile tests were performed on neat epoxy using an Instron® 4502 (Norwood,

USA) universal tensile tester. At least 5 1BA type dumbell specimens (ISO 527 standard) were
prepared and the tests were tested at a crosshead speed of 0.25 mm min™! up to 1% axial
deformation using a resistance extensometer (Instron® model 2620-601, gage 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 standard. Ultimate tensile properties were evaluated by testing the

specimen at a higher cross-head speed (10 mm min™') without extensometer.
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3.4.5.4 Dynamic mechanical thermal analysis (DMTA)
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
ranges of 0 to 150°C with a temperature ramp of 5°C/min in dual-cantilever mode.

The creep behavior under variable thermal conditions of the composite specimens (with
uncoated or coated fibers) were investigated using TA instruments DMA Q800 in dual
cantilever mode. The composite specimens were tested at 30°C for 3600 s by applying a
constant stress (co) of SMPa while the frequency of applied oscillating strain was 0.05.
Rectangular specimens with dimension of 55 mm % 13mm %1.3 mm were used while adopting
a constant span length of 35 mm. The creep compliance D(t) was plotted against the time for
different composites.

Findley’s model was adopted to fit the experimental data obtained through creep
testing. This model can be obtained by expanding the Kohlrausch—Williams—Watts (KWW)
model, generally described by a Weibull-like function as a series and ignoring all but the first

term [177]:
D(t)=D,+k(t)" (3-3)

where Dy 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. Do and k are functions of environmental variables. In this
work, creep curves at different temperatures for different composites were fitted using
Findley’s model to investigate possible correlations between the viscoelastic response of the

material and the fitting parameters.

3.4.5.5 Three point bend test
To measure the flexural properties of uncoated and graphene interphase reinforced

composites, three point bend test was performed in accordance to ASTM D790 — 15. The
specimens tested had dimensions of around 80 mm X 13 mm % 1 mm and the span to depth
ratio for flexural 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 composites (uncoated and graphene

interphase reinforced) was determined using short beam shear test according to ASTM D2344
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— 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 achieved. The maximum

corresponding force ( F, ) value was used to evaluate the interlaminar shear strength as:

[LSS = 0.75x L2 (3-4)

X
where b and h are the width and thickness respectively

3.4.5.7 Mode I fracture toughness: Double cantilever beam (DCB) test
Investigation of the fracture toughness under opening mode (mode I) condition was

performed by a test called double cantilever beam test according to the given standard of ASTM
5528 — 01. The sampling involved creation of a composite laminates having 18 fibers plies
(coated or uncoated) with an insert of Teflon thin film (thickness = 23 pm) as a crack starter.
The final dimensions of the specimen were 180 mm x 25 mm X 4 mm. Piano hinges were
attached to the composite specimen 50 mm apart from the crack tip at the crack end (Figure
3.20a). The crack advance during the test was monitored using a digital webcam (Logitech
B910 HD) recording the test simultaneously with the test procedure. Three specimens of each

composite type were tested and the results were interpreted by considering three different G,

values. 1) 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 insert. i1) Visual observation (VIS) point
where the delamination was visually observed to grow from the insert. ii1) 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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c)

Figure 3.20. a) Composite specimen attached with piano hinges b) a close up of the crack
front created by the thin Teflon sheet inserted during fabrication, ¢) Testing configuration in

opening mode (Mode I).
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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
exceeding 10° Qcm, the electrical resistivity was measured using a Keithley 8009 resistivity
test chamber coupled with a Keithley 6517A high-resistance meter. In all other cases of more
conductive samples, a 6-1/2-digit electrometer/high resistance system (Keithley model 6517A)
was used and a 2-points electrical measurement was chosen as test configuration due to its

simplicity and similarity to real applications (Figure 3.21).

o
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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 conditions (tensile,
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 home-made software was used to record the readings of electrometer during
the test.

A gage factor (k) was calculated by using the formula shown in Equation 3-5

p (AR/R,) (3-5)

&£
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The gage factor (k) can also be expressed as following:

_AR/R, _Aplp,
& &

k

(1+2v) (3-6)

where Ap/p, is the material property where as v is the Poisson’s ratio of the specimen which

was calculated to be 0.36 by using biaxial extensometer.

]

Figure 3.22. Piezoresistivity analysis setup on conductive composite specimens.

3.4.6.3 Dielectricity
The measurement of relative permittivity and dielectric loss of the composites

(uncoated and graphene reinforced composites) were performed by an Agilent 4284A
impedance analyzer in the frequency range from 20 up to 10° Hz. The size of the specimens
were around 10mm % 10mm % 1.5mm and 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 continuous interphase along the fiber length in the case

of thermal conductivity measurements, three different sample types were prepared with respect
to fiber orientation for composites containing uncoated and coated GF (GO and rGO).
Considering the directions of composites defined as shown in Figure 3.23, composite
specimens containing fibers oriented in the thickness direction were prepared which were
designated as x-axis (Figure 3.24). The significance of this sample type was to test the effect
of oriented interphase on the thermal conductivity in the composites specimens. With respect
to other directions that do not contain continuous interphase, other sample type were prepared
in which the fibers were along the length of the specimen termed as y-axis and z-axis. The

difference being that along the y-axis, the composite specimen was compressed by applying a
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constant load (as described in section 3.3.2) which contains high fraction of fibers as compared
to z-axis which did not experience any load during curing process. The reason to create such
specimens was to see if the compression along y-axis 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 composite sample with fibers along the thickness

direction of the specimen (x-axis).
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Figure 3.25. Schematic diagram of composite sample with fibers along the length direction

of the specimen (y-axis and z-axis).
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Thermal conductivity measurements were performed by Netzsch Laser Flash Analysis
LFA 447. In this method, one side of a specimen with dimensions (10mm x 10mm X 2mm)
was exposed to an energy pulse from a light source (laser or xenon flash lamp) [178] and
measuring the temperature history on the other side using a liquid nitrogen cooled infrared
detector. Three different temperatures were selected to measure the thermal conductivity of the
specimens i.e. 25, 50 and 75 °C performing 3 shots respectively. The data was analyzed using
the software Proteus. Cowan method was used to calculate thermal diffusivity (o) with pulse
correction. A standard Pyrex 7740 reference material prepared according to ASTM-E 1461 was
used to determine the heat capacity (cp) and then was compared with the samples. Sample
density (p) was determined by measuring the mass and volume of the specimen. In this way

the thermal conductivity (A) was calculated using the following equation (3-7):

A=axpxc, (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 temperature (Tg) of cured epoxy resin (~3h at room temperature
and 15h at 60°C) was obtained by performing DSC analysis. Figure 4.1 shows the thermogram
obtained during the DSC ramp and the T, evaluated as the inflection point was 33°C. The main
advantage to use an epoxy resin with such low Ty was to have a soft epoxy matrix capable of
being tested in single fiber fragmentation test (SFFT) because the optimum condition is to have

strain failure of matrix to be at least three times than that of the embedded fiber [179].

0.0
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Heat Flow (Wg™)
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-0.41
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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 during the TGA ramp between 25 to 700°C

at a heating rate of 10°C/min The onset of degradation temperature (Td,onset) Was evaluated by
the intersection point of the tangents to two branches of the thermogravimetric curve, while the

maximum rate of degradation temperature (T4max) Was determined from the peak maxima in

the first derivative of weight loss curve.
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Figure 4.2 Thermograph of epoxy, showing the thermogravimetric curve (left y-axis) and the

first derivative of weight loss curve (right y-axis).

4.1.3 Mechanical properties
The mechanical properties obtained by tensile testing of the cured epoxy resin (Figure

4.3) are summarized in Table 4-1.
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Figure 4.3. Representative stress-strain 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
Young’s Modulus (MPa) 795 £ 28

Tensile strength (oy) (MPa) 2647 £4.21

Stress at break (op) (MPa) 19.77 £2.26

Strain at break (e») (mm/mm) 0.17 £0.04

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

summarized in the Table 4-2.
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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 modulus E’ (0°C) 2152 MPa
Storage modulus E’ (23°C) 1895 MPa
Loss modulus E” (23°C) 121 MPa
Tan delta peak value 0.34

T, at Loss modulus peak™ 42°C
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4.2 Characterization and testing of glass 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 3.5cm? and
using helium as a displacement fluid, apparent density was measured by performing around
300 measurements consecutively which gave an average density of 2.55 g/cm?. The distribution

of density measured against the measurement number is plotted in Figure 4.5.

2.65 <
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2 2.55
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0 50 100 150 200 250 300
Measurements (N)

Figure 4.5. Density of glass fiber measured through a Micromeritics® Accupyc 1330 helium
pycnometer (23°C) with 3.5cm? chamber.

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

across its cross-section and it was observed under FESEM as shown in Figure 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 shown in Figure 4.7.
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Figure 4.6. Cross-sectional view of uncoated fiber reinforced epoxy composite observed

using FESEM.
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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 iterative procedure by Gurvich et al. [176] has been adopted to
determine the shape (m) and scale (O'o) parameters. Figure 4.8 represents the plot of the

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

summarizes the parameters determined by using this approach:
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Figure 4.8. Plot of the failure probability as a function of applied stress along with the
Weibull fitting curve.

Table 4-3. Tensile strength parameters of GF as determined from single fiber tensile tests.

Parameter Value
Number of specimens (N) 31
Young’s modulus 85.3 GPa
Average strength at L =20 mm (R) 2402 MPa
Scale parameter (o)) 3551 MPa
Shape parameter (m) 4.4
Coefficient of variation (v) 26.3%
Strain at break (%) 3.34+038

4.3 Characterization of synthesized graphene nanosheets

4.3.1 X-ray diffraction (XRD)
As reported in Figure 4.9, X-ray diffractograms of precursor graphite shows a

characteristic and intense peak (0 0 2) at 26.4° thus confirming the crystalline nature of typical

graphite powder (Figure 4.9a). The oxidation reaction of graphite powder in modified
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Hummer’s method replaced the (002) peak by a (001) diffraction peak of GO (Figure 4.9b).
The peak shift was due to the increased interlayer spacing of graphite layers due to the insertion
of oxygen based functional groups in GO as well as water molecules [180]. 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 decreasing the interlayer spacing
(Figure 4.9¢). Note that both GO and rGO peaks are much less intense and broader due to

amorphous/distorted nature hence confirming the occurrence of the exfoliation process.

10 15 20 2 30 35
26/ degree
a

10 15 20 25 30 35
20 (°)

(e

Figure 4.9. X-ray diffractograms of (a) graphite, (b) GO and (c) rGO. The internal box shows
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 shown in Figure 4.10. As compared to

pristine graphite, GO shows relatively intense peaks associated to groups like O-H, C=0O and
C-O at wavenumbers approximately 3830 cm™!, 1625 cm™ and 1085 cm™ respectively that
confirms the destruction of original extended conjugated n-orbital system of the graphite and
insertion of oxygen-containing functional groups into carbon skeleton (Figure 4.10a,b).
However after chemical reduction, a lowering in the intensity of the functional groups peaks
of rGO spectra confirms the removal of oxygen-containing groups (Figure 4.10c). It is
interesting to know that complete reduction was not possible through traditional reduction

methods hence oxygen was not completely removed from rGO.
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Figure 4.10. Spectra of Fourier transform infrared spectroscopy of (a) graphite, (b) GO and
(c) rGO.

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

The sheets, being of different layered thickness, are several micrometers in lateral size with the
characteristic wrinkling of nanosheets which is a common phenomenon among thin 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 samples that provide the

information of the surface chemical composition. The Cls XPS spectrum (Figure 4.12a) of

GO reveals a certain degree of oxidation with at least three oxygen functional groups attached
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to the carbon skeleton, namely the carboxyl group (COOH), the C in C-O bonds and non-
oxygenated carbon (C-C). The semi-qualitative results for the carbon and oxygen present on
the specimen surface were also measured using the atomic sensitivity factors, where the oxygen
carbon distribution resulted to be 34% and 66% respectively (Table 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 peaks of oxygenated groups (Figure 4.12b). The addition of a new C-
N group in rGO spectrum is obvious due to the fact that the chemical reduction of GO took
place in the nitrogen-rich environment of hydrazine hydrate. The percentages of oxygen and
carbon on the specimen surface came out to be 10% and 90% respectively (Table 4-4), hence

confirming a successful reduction of GO.

(a)

206 294 292 200 288 286 284 282 280 278

Binding Energy (eV)

Figure 4.12. The Cl1s spectra of (a) GO and (b) rGO.

Table 4-4. Elemental analysis of GO and 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
using FESEM observations. In Figure 4.13, an overview of the surfaces of uncoated, GO and
rGO coated GFs at various electric deposition applied fields is presented. When the applied
deposition field was increased from 2.5 V/cm to 10 V/cm, the GO coating deposited on GFs

appeared to be more and more thick and uniform.

Uncoated

Applied
field

2.5V/cm

5 V/em
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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 GF was not subjected to EPD

process.

The amount of GO deposited on the GFs was estimated by weighing the GF bundle
before and after the EPD process. The rate of weight increase of the GF bundle 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 (line in Figure 4.14) indicates a rate of weight increase of GO
on GFs of 0.00133 £ 0.00003 % cm min™! V!, A similar trend was observed also by An et al.
[181] who studied the EPD process of CNTs onto E-glass fibers fabrics. In fact, a mass change
of the E-glass 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
electric field used during the EPD process.

4.4.2 Atomic force microscopy (AFM)

a) Roughness measurement [173]

The intermittent contact mode in AFM was used to investigate and calculate the
variable thickness and roughness of GO/GF on topographic images such as that reported in
Figure 4.15. As interpreted by the color bar, the bright color shows thicker GO where the four
different regions (1, 2, 3 and 4) have been chosen arbitrarily for roughness measurements, and
the resulting values are reported in Table 4-5. It appears that the GO coating was not
homogenously distributed and the thicker regions, like in region 2 and 3 have considerably

higher roughness as compared to other regions.
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1.86 um

0.00 pm

Figure 4.15. Topographic AFM image (height channel) shows GO on glass, scale bar shows
different thickness of GO. Regions 1—4 are randomly chosen (1.5 pm?) to carry out roughness

measurements as given in Table 4-5 [173].

Table 4-5. Roughness measurement of four marked locations [173].

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 GF [173]

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
77



diagram of which is shown in Figure 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 x-axis while progresses slowly in the y-axis direction, as depicted by the yellow
dashed lines. The first scan carried out was at relatively low Fn value in order to collect
morphological information of the area where FFM was to be carried out. The force applied at
low Fn deforms the coating elastically but when Fn was increased, a permanent deformation of
the GO nanosheets was observed. Figure 4.16b and Figure 4.16¢ are Fr. maps (recorded from
the torsional movement of the cantilever) carried out at two different Fn values of 0.753 uN
and 3.7 uN, respectively.

The resistance offered by the GO and/or GF surfaces in relative motion gives the
cantilever the torsional bending. It was observed that different Fr signals were observed at
fixed Fn 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. In Figure 4.16b and Figure 4.16c¢, the bright colors show higher Fr obtained at the
edges of GF while the quantitative value of Fy is plotted in Figure 4.16d where line profile
was carried out from GF to GO covered regions. It shows the cantilever’s encountering of the
constant lateral force Fr along E-glass surface until Fr. suddenly increases as indicated by a
vertical black line. Higher values of Fr are 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 between inter and intra layer of GO. The area under the curve of lateral force
displacement plot can be considered as a total dissipated energy (Episs).

This lateral force (Fr) comprised of the contribution from glass substrate (Fs), from
interlayer adhesion between GO layers (Fi.) and from interfacial adhesion between GO and GF

(F1r), which can be shown as an Equation 4.1:

FL:F}L+F}F+FS 4-1)

78



Slow scan direction

o

=

Féﬁt scan direction

F,=0.753 puN 265.52 pA F

=3.7 uN 279.26 pA

3()0nm 300nn
T T

|

0.00 pA

d
600 1 A A 1

Fp = 0.763 uN , Ly 1

Lateral Force (nN)

350 - Glass

. Graphene Oxide
s00] Fiber

0.0 0.5 1.0 1.5 2.0

g FN = 3.7 }lN .. FL

- Glass Py
350 - Fiber

Lateral Force (nN)

Graphene Oxide

0o o5 10 15 20
Distance (um)

Figure 4.16. a) Schematic view of glass substrate (black color) and GO covered glass regions
(brown) mimics the FL. map given in b) and ¢). Yellow dashed line shows raster scanning

pattern of AFM probe in X and Y directions. b) and c¢) show FL map of same region.
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Removing the contribution from glass friction (Fr-Fs), gives us the remaining
contribution from interlayer and interfacial adhesion which is used to measure the shear
strength of the GO/GF interface. FL-Fs was measured to be 303 nN for current thickness (h =
22 nm) of GO, scratch length (1 =1.45 pm) and width (b = 102 nm). Such case is only possible
when 1) FFM was carried out under switch-off feedback loop, else the cantilever will follow
the topography of GO instead to ploughing and ii) the substrate (GF) offers lower lateral force
value than the coating layer (GO). The coefficient of friction (feof) measured for GF and GO
were 0.07 and 0.15 respectively. This case favors the delamination of the coating rather than
producing a significant wear of the substrate [182]. Figure 4.17 reports AFM images of scan
size 5 x 2 um? in tapping mode for topography (Figure 4.17a) and phase channel (Figure
4.17b) reveal the delamination of GO after FFM operations. It indicates that the debris of the
GO gathered at periphery of FFM analyzed region which was up to 3 pm in height. Moreover,
the phase contrast picture of Figure 4.17b contains no wear scar on GF and it clearly reveals
the difference between the substrate and the delaminated GO. In addition, no peeled-off GO
was accumulated to the cantilever tip apex which gives us the information that the failure of
the interface could be either adhesive or cohesive. For adhesive failure, the failure front
propagates strictly at the interface whereas for the cohesive failure just below or above the
interface within one phase [183]. Normally, smaller adhesion/cohesive strength ratio (below 1)
lead to “flaking” (adhesive failure) whereas for larger (than 1) values would cause “chipping”
(cohesive failure) [184]. The smaller size of scratch width rendered it difficult to discriminate
between the two different mechanisms. At nanoscale level, Aoyama et al. [184] described
abrasion characteristics for adhesive or cohesion failures of thin films (few nanometers) by
examining the debris obtained after scan. In this case of GO coating over GF, wear response
was characterized as reported in Figure 4.17. It shows significant shear displacement of GO
along the scanned region and the debris, collected up to 3 um (Figure 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 than cohesive failure in

this work and under certain loading condition (normal force of 3.7 uN).
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Figure 4.17. AFM image of scan size 5 x 2 pm2 in tapping mode for topography (a) and
phase channel (b) shows delamination of GO after FFM operations.

Critical normal force (Fn = 3.7 uN) at which permanent deformation of GO occurred
also produced the measured net shearing force Fr-Fs. From the work done by this force and
from the analysis of the delaminated area, the energy dissipated per unit area (2I') can be

evaluated. Using Equation 4.2 [185] we can derive the shear strength, namely:

2
M = EDISS — (T+Pf60f) h

1
4 2 G

a

(4-2)

where Episs is the total energy dissipated (4.39 x 107> Nm) during delamination under
cantilever probe, which travelled through 1.45 pm, A is the area of delamination, Ga is 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 = 0) in Equation 4.2, shear strength (1) can be

calculated as follows:

2E'D[SS
=ZDiss 4-3
(9% bh (4-3)

where Ga = 1/y is the shear modulus of the interface and the shear strain y can be
calculated as y = arctan (y/h). Here y and h are the elastic shear displacement (y =260 nm) and
thickness of GO (h = 22 nm) respectively. The first one is the critical displacement that can be
calculated just before rupture of GO obtained from stick-slip profile at GO edge as determined
in Figure 4.16d at Fx = 0.753 uN. The elastic displacement of GO occurring during interaction
with sliding AFM probe with relatively lower Fn recovered its original position after removal

of shear force, as described by Hunley and coworkers [186]. In the same context, shear strain
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was calculated to be 1.4. Thus, the shear strength and hence shear modulus at zero applied
pressure are calculated as tp-0 = 1.9x10% N/m? and Gap-0 = 1.35%10% N/m?. Substituting this
value of G, at applied pressure P = Fn/(nr2) = 4.5 x 10® N/m? (where r is the AFM tip radius)
in Equation 4.3, 1 is recalculated as 0.13 GPa which also corresponds to the convergent solution

of this iterative method.

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

SFFT showed the fragmentation of the fibers (as observed in Figure 4.18).
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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, ¢) 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 the Table 4-6. The values of average fragment lengths were used
to calculate ISS values based on the simplified micromechanical model presented by Kelly and
Tyson [29] and reported in Figure 4.19 as a function of the electric field used during the EPD
process. In case of GO, it can be inferred from the data that the increase in the applied voltage
used during the EPD process had an effect in the enhancement of interfacial adhesion thus
resulting in shortening of fragment lengths. A noteworthy improvement of 218% of ISS can be
witnessed in case of GF coated with GO electrophoretically deposited at 10 V/cm. This positive
effect could 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 roughness results in mechanical

interlocking along with the good adhesive compatibility between the epoxy matrix and GO are
83



both responsible for the observed increase of ISS in microcomposites [ 187]. On the other hand,
as it can be seen from Figure 4.19, when the applied voltage was increased, the EPD process

was more effective in producing a homogeneous and thick GO coating on the GF.
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Figure 4.19. Fiber-matrix interfacial shear strength values as determined by the
fragmentation test on epoxy microcomposites containing E-glass fiber coated with GO and

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

In case of rGO coated fibers, after 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 supports the 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.
Secondly, the substantial independency of ISS values from the applied deposition voltage
confirms that the main load-transfer 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) o,(Lc) (MPa) strength
Ls (mm) ‘ ISS (MPa)
Applied GO rGO GO rGO GO rGO GO rGO
voltage
(V/em)
0 2.7+0.9 35+1.2 3548.3 £267.5 89+3.5
(uncoated)
2.5 2.0+0.2 1.6+0.1 |2.7+£02 |22+£02 |3720.8+654 |3913.7+£704 |11.0£1.1 |145+1.4
5 1.7+0.3 1.7¢£02 | 23+£04 |22+03 |3876.3+165.1 | 3893.5+107 139+34 | 142+2.1
7.5 1.2+0.1 1.7¢02 | 1.6+£0.1 |24+03 |4191.6+83.4 |38469+999 |[21.0+23 |133+1.9
10 0.9+0.1 1.6+£03 | 1.3£0.1 |2.1£04 |4436.0+£111.9 |39409+167.9 [28.6+3.9 |153+3.7
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Figure 4.20, Figure 4.21 and Figure 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, GO and rGO coated 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 10mm/min of cross-
head speed in which the sample had failed with the fibers protruded from the matrix. The
samples were observed under FESEM to conduct fractography on the GF surface.

In case of uncoated GF (Figure 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 promote better adhesion with epoxy matrix.
Visualizing the fiber surfaces that were coated with GO and rGO (Figure 4.21 and Figure 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 fiber. This indicates 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 an improvement 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 composite.

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 microcomposites, it was decided 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 were subjected to the
same reduction process as described in the section 3.1.3.3. These laminates were infused with

epoxy resin during hand lay-up method as described in the section 3.3.2.

4.6.2 Fiber volume fraction
The fiber volume fraction of the composites was evaluated using the following formula:
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v, = (4.1)

where Vris the fiber volume fraction, prand pm are the densities of the fiber and matrix
while Wr is the fiber weight fraction of the composite. The fiber volume fraction in the
composites was evaluated to be around 50% + 10. The reason for the deviation 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 100 mm x 100
mm were weighed and deposition of GO was then carried out as described in this work
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 by taking the ratio of deposition
and composite weight, the GO deposition weight content in Ep-GO-GF composites was
calculated to be around 0.31% =+ 0.03.

For rGO deposition content in the composite, the GO coated fibers were weighed and
subjected to reduction process (3.1.3.3). rGO weight was evaluated in terms of percentage
decrease in weight from GO due to reduction which was 0.11%, hence the final weight content

of GO in Ep-rGO-GF was practically the same.

4.6.4 Thermal stability
Figure 4.23 shows the TGA curves of the composites containing uncoated, GO and

rGO coated fibers and resultant summary of the analysis is given in Table 4-7. The thermal
stability of epoxy/glass fiber composites increases for both GO and rGO coated glass fibers
where rGO interphase impart a better thermal stability (onset temperature for thermal
degradation of 354.4°C) as compared to composites containing GO interphase (340.3°C). In
case of composites containing GO coated fibers, the relatively lower thermal stability could be
attributed to the decomposition of the oxygen functional moieties such as epoxy and hydroxyl
which takes place around 250°C [188]. However, composites containing rGO coated fibers

offer better thermal stability than others due to difficult path effect of graphene nanosheets
88



(non-oxidized) which delays the escape of volatile degradation products favor char formation
[188]. Similar trend was also 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 cross-sectional views of the composites observed through OM and FESEM are

shown in Figure 4.24. The images reveal a highly compact fiber arrangement embedded in
epoxy matrix. Measuring the respective areas in the Figure 4.24 for Ep-GF, Ep-GO-GF, Ep-
rGO-GF yielded the fiber content percentage of 67%, 61% and 71% respectively.

4.6.6 Flexural properties
Figure 4.25a and b reveal the typical load-displacement curves and respective flexural

stress-strain curves are respectively reported. It is interesting to observe that the inclusion of
the graphene interphase (GO and rGO) reinforced the composites: in fact they can sustain
higher loads as compared to uncoated fiber based composite. Figure 4.26 shows the resulting
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, respectively, as
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 flexural strength of 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 to the weak interfacial adhesion between rGO and epoxy

matrix thus slightly reducing the strength values in flexural mode.
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Figure 4.24. Composite cross-section visualization through optical and field emission scanning electron microscopy at different magnifications.
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Figure 4.25. Flexural tests data of composites where a) representative load-displacement

curves and b) corresponding stress- strain curves.
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Figure 4.26. a) Flexural modulus and b) flexural strength as determined by 3 point bending

tests.

4.6.7 Interlaminar properties

4.6.7.1 Short beam shear strength

To investigate the transverse reinforcement of graphene coated fibers in epoxy based
composite, interlaminar shear strength was investigated by short beam shear strength test. The
test was performed on the three different composites (with uncoated, GO and rGO coated
fibers). It was observed that the glass/epoxy composites having GO interphase presented a 15%

increase in the ILSS as compared to uncoated fibers while a 9% increase was found for rGO
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based glass/epoxy composites (Figure 4.27). This result also conforms to our previous results
that GO coated fibers offer dual reinforcing phenomena i.e. oxygen-based functional groups
and mechanical interlocking together bridging the epoxy and glass fibers in the composite. This
“cross-linking” via the interface caused an increased interfacial strength, which could be
interpreted as an evidence for the enhanced ILSS. In case of rGO based glass/epoxy
composites, the only reinforcing condition i.e. the mechanical interlocking was also responsible
for increasing the ILSS but was not as high as for GO due to the lower amount of oxygen-based
functional groups on the surface of rGO which expresses itself in the less effective influence
on the ILSS. The images of the composite specimens failed during SBS test are shown in
Figure 4.28 where the interlaminar failure can be visualized. It is interesting to observe that
the composite containing rGO (Figure 4.28¢) showed many cracks between the laminas thus

verifying the poor interlaminar adhesion due to rGO interphase.
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Figure 4.27. Interlaminar shear strength as determined by short beam strength test.
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Figure 4.28. Optical microscopy images of composite specimens (side view) after being

subjected to SBS test where a) Ep-GF, b) Ep-GO-GF and ¢) Ep-rGO-GF.
4.6.7.2 Mode I Interlaminar Fracture Toughness (DCB)
The G, value was measured by considering the specimen width, the length of crack

propagation and the strain energy loss as given in Equation 2.7. The strain energies for each
composite were evaluated from their load-displacement plot (Figure 4.29) and were plotted as

resistance curves (R-curves) as shown in Figure 4.30. Table 4-8 shows the average G, values

of the three composites tested.
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Figure 4.29. Typical load-displacement curves obtained during Mode I fracture toughness

tests of multiscale composites.
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Figure 4.30. Delamination resistance curves (R-curves) from DCB test; where half-filled
symbols representing NL (Non linearity) and completely filled symbols representing VIS

(visual observation).
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Table 4-8. Mode I fracture toughness (Gic) values of Ep-GF, Ep-GO-GF and Ep-rGO-GF

composites.

Specimen Nonlinearity (NL) Visual observation (VIS) Maximum load (MAX)

(J/m?) (J/m?) (J/m?)
Ep-GF 243.5+21.5 401.8 £46.3 1176.4 +244.9
Ep-GO-GF  384.3+92.6 692.9 + 145.1 1275.8 +£180.5
Ep-rGO-GF  352.8 +27.0 407.9 +52.8 1153.2+141.7

An explanation of the Gic values obtained can be best explained by doing a comparison
with the ILSS values (as obtained in the SBS test). As it can be seen in Figure 4.31, composites
reinforced with GO coated GF showed the highest values for the NL and VIS Gy values as
compared to uncoated GF and rGO coated GF. The Gic value of MAX was however practically
the same for the composites. GO coated GF fibers also provided some resistance to crack
propagation but not as compared to GO which is pretty consistent to the result of ILSS values.
This investigation clearly shows the higher energy required for crack propagation when

graphene was deposited on GF as a continuous reinforcing interphase in epoxy/glass

composites.
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Figure 4.31. Comparison of mode I fracture toughness values with short beam strength
values (NL: non-linear, VIS: visual observation, MAX: maximum load, ILSS: interlaminar

shear strength.
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The analysis of the fracture surfaces obtained during mode I fracture toughness test
reveal interesting observations. Considering the fracture surfaces of Ep-GF composite (Figure
4.32), the interfacial areas between the epoxy and GF reveals a weak interaction between them.
Observing the GF surfaces give us two different surface morphology, the one with clean surface
means a clean debonding between the epoxy and GF while the other with slightly rough
surfaces suggesting strong interfacial bonding between GF and epoxy and failure occurring in
the epoxy matrix hence leaving the GF covered with remnant epoxy matrix. This could be

safely attributed to the epoxy compatible sizing on GF.

50 pm E
Figure 4.32. Fracture surfaces of Ep-GF composites obtained durng Mode I fracture
toughness test as observed by FESEM (crack propagation from top to bottom).

The fracture surfaces of Ep-GO-GF (Figure 4.33) shows a number of fibers coated with
the remnant of epoxy matrix which could be associated with the epoxy/GO interfacial adhesion.
Scan in other portions of the specimen revealed fiber coating with GO as well where the failure
could be due to the debonding at the epoxy/GO interface. In addition, clear fracture surfaces
could suggest that the debonding at GO/GF which has the highest interfacial adhesion as
investigated in the FFM analysis (section 3.4.3.3). It can be visualized from the FESEM images
that the fibers are bonded together with continuous epoxy resin hence suggesting the influence
of GO coating on fibers promoting strong inter-fiber interactions due to epoxy/GO/GF system.
A combination of all these failure modes thus increased the fracture toughness of the

epoxy/glass composites containing GO interphase.
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Figure 4.33. Fracture surfaces of Ep-GO-GF composites obtained during Mode I fracture
toughness test as observed by FESEM (crack propagation from top to bottom).

The fracture surfaces obtained from the Ep-rGO-GF composite system gives us a
different picture in which the fiber surfaces are covered totally with a continuous coating
(Figure 4.34). A closer examination reveals it was the rGO coating which had a different
morphology as compared to the epoxy matrix. The lower values of NL during mode I fracture
toughness is a clear evidence that the debonding took place at the epoxy/rGO interface which
is correlated to the reasoning found in this work that rGO sheets, due to unavailability of the

oxygen based functional groups, offered weak interfacial adhesion towards the epoxy matrix.

Figure 4.34. Fracture surfaces of Ep-rGO-GF composites obtained during Mode I fracture
toughness test as observed by FESEM (crack propagation from top to bottom).

4.6.8 Dynamic mechanical thermal analysis (DMA)
A comparison of viscoelastic properties of the fabricated composites with uncoated GF

and coated (GO and rGO) GF was performed using dynamic mechanical thermal analysis
technique in dual-cantilever mode. The analysis was carried out between a temperature ranges
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of 0 to 150°C under a constant load of 5 MPa. For all composites specimens, the plots of storage
modulus (E’), loss modulus (E”) and tan delta (8) are compared in Figure 4.35 and Figure
4.36.

As compared to base composite (Ep-GF), the moduli increased in case of composites
containing GO interphase however for rGO interphase, a decrease was observed which is
consistent to the flexural properties obtained as discussed in section 4.6.6. The increase in tan
delta value for composites with GO coated fibers also show an increment which confirms the
enhanced interfacial adhesion due to positive contribution of GO interphase between GF and
epoxy. Similarly the decrease of the same in case of rGO interphase follows the similar
behaviour offered by the weak interfacial interaction between rGO and epoxy.

A different behaviour is observed in case of the Ty of the composites evaluated by
measuring the temperature corresponding to the E” peaks which shows that the rGO interphase
increased the Tg by 7% due to better thermal stability of the composites. Table 4-9 summarizes

the values of viscoelastic properties obtained in this anaylsis.
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Figure 4.35. Storage modulus (square) and loss modulus (stars) plots obtained by dynamic

mechanical analysis (DMA) in dual-cantilever mode of composites containing uncoated and

coated (GO and rGO) GF.
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Figure 4.36. Tan delta plot obtained by dynamic mechanical analysis (DMA) in dual-

cantilever mode of composites containing uncoated and coated (GO and rGO) GF

Table 4-9. Results of DMTA test on composites containing uncoated and coated (GO and
rGO) GF.

Dynamic mechanical property Ep-GF  Ep-GO-GF Ep-rGO-GF

Storage modulus E’ (0°C) (MPa) 15915.0 18370.1 14970.3
Storage modulus E’ (23°C) (MPa) 15450.0 17607.4 14727.5
Loss modulus E” (23°C) (MPa) 385.6 802.6 499.4
Tan delta peak value 0.29 0.39 0.20

Ty at loss modulus peak (°C) 48.1 47.6 51.0

4.6.9 Creep behavior
Isothermal creep compliance curves of the composites Ep/GF, Ep/GO/GF and

Ep/rGO/GF at a reference temperature of 30°C and applied stress of 5 MPa are shown in Figure
4.37 while the values of the instantaneous creep compliance (D.), of the viscoelastic component
after 2000s (Dve2000) and of the total creep compliance after 2000s (Dwooo) are reported in the
Table 4-10. A significant reduction of the creep compliance can be noticed for coated fiber

reinforced composites as compared to reference composite (with uncoated fibers). This
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improvement in the creep stability was based on a remarkable reduction of both the elastic and
the viscoelastic components of the total creep compliance. This behavior is in agreement with

the behavior observed under flexural conditions of the composites.
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Figure 4.37. Creep compliance curves of the composites Ep-GF, Ep-GO-GF and Ep-rGO-GF

(T =30°C, 5 = 5 MPa).

Table 4-10. Creep compliance components of the composites Ep-GF, Ep-GO-GF and Ep-
rGO-GF (T =30°C, 6 = 5 MPa).

De(GPa')  Dve2ooo (GPa')  De2ooo (GPa™l)

Ep-GF 0.094 0.213 0.307
Ep-GO-GF 0.035 0.077 0.112
Ep-rGO-GF 0.064 0.053 0.117

The creep compliance curves of the composites Ep-GF, Ep-GO-GF and Ep-rGO-GF
have been tentatively fitted with the Findley equation (Equation 3.3), and the results are shown
in Figure 4.38. The parameters obtained from the best fitting of experimental creep data are
summarized in Table 4-11, along with R? values. It can be noticed that the Findley model
successfully fits all the creep curves, with R? values of around 0.99 for all the cases. It is

interesting to observe that, as compared to neat composites, the reduction of the creep
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compliance due to the presence of the GO coating in Ep-GO-GF composites results in the
substantial reduction of the instantaneous creep compliance term D. and of the coefficient k,
related to the strain retardation process of the macromolecules. Moreover the parameter n was
not changed by the GO coating of the GF as compared to the uncoated GF based epoxy
composite. For Ep-rGO-GF, however, there was a slight increase of the D. as compared to the
neat composite and at the same time the coefficient k drops very significantly which shows that

the retardation of creep process increases tremendously afterwards.
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Figure 4.38. Experimental creep compliance curves (solid line) of the composites and

theoretical prediction (open circles) according to the Findley model (T = 30°C, ¢ = 5 MPa).

Table 4-11. Fitting parameters of the creep compliance of different composites.

D.(GPa™) k (GPa' s™) n R?
Ep-GF 0.064 0.028 03  0.99832
Ep-GO-GF 0.025 0.009 03  0.99882
Ep-rGO-GF 0.067 0.0008 0.5  0.99745

4.7 Functional properties
4.7.1 Electrical resistivity

All composites (Ep-GF, Ep-GO-GF and Ep-rGO-GF) were subjected to electrical
resistivity measurement. As a base test, the uncoated fiber composite showed a higher

resistivity (around 10'* ©Q.cm) which was due to the insulating nature of both the epoxy matrix
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and glass fibers. The presence of GO interphase in Ep-GO-GF also did not improve the
conductivity behavior (around 10'* Q.cm) which was in accordance to the fact that GO
nanosheets are insulating in nature due to the presence of substantial electronic disorder arising
from variable sp? and sp® bonds (Figure 4.39) [189]. However in case of Ep-rGO-GF
composites, the presence of a conductive rGO coating on GF gave the entire system a
conductive nature (<10? Q.cm). This analysis confirms the successful reduction of GO to rGO

[190].
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Figure 4.39. Volume resistivity of Ep-GF, Ep-GO-GF and Ep-rGO-GF composites [190].

In order to investigate the effect of having a continuous interphase oriented along the
fibers direction, the electrical conductivity of the composites was tested along three mutually
orthogonal directions i.e. x-axis, y-axis and z-axis as clarified in the Figure 4.40. The x-axis
being the direction along which the fibers were aligned and therefore the conductive interphase
was continuous while it is worthwhile to mention that in y and z-axes, the continuous interphase

was separated by insulating layers of epoxy matrix.
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Figure 4.40. Description of directions in terms of orientation of electrical conductivity

measurement.

In the Figure 4.41, the volume resistivity along the three directions of rGO coated
composite are compared. The composites showed a very low resistivity along the x-axis which
contains the continuous path for electrons to travel through the structure. On the other hand,
the y-axis and z-axis showed a higher resistivity because of the alternating conductive
(graphene) and non-conductive (epoxy) layers. Between these, y-axis had less resistivity as
compared to z-axis as the load was applied on this direction during the composite
manufacturing hence compressing the fibers and providing better tunneling effect or possibly

direct contact between the fibers.

z-axis

y-axis

Direction

X-axis

0 1x10° 2x10° 3x10°
Volume resistivity (2.cm)

Figure 4.41. Volume resistivity of Ep-rGO-GF composites measured along three different

directions of the sample with respect to fiber orientation.
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4.7.2 Piezoresistivity
To investigate the effect of applied strain on the conductivity behavior, the composite

specimens were tested in various mechanical loading modes and their absolute resistances were
monitored simultaneously by two probe contact method.

In case of quasi-static tensile mode (Figure 4.42), it is interesting to note that the
electrical resistance decreased within initial 0.1% strain, which could be due to the
rearrangement of the coated fibers at the microscale that lead to better electrical coupling
among each other thus the observed decrease in resistance. At higher levels of strain, the change
in resistance increased progressively till it became steep after 0.2% tensile strain. Considering
this, a gage factor (k) of about 11 was calculated by applying a tangent line in the elastic portion

and using the formula ( k=(AR/R,)/ g). Since the Poisson’s ratio of the composite analyzed
was 0.36 (as measured by a biaxial extensometer), the factor (Ap/ p)came out to be

approximately 0.01 (equation 3.5).
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Figure 4.42. Piezoresistivity of GF/rGO/Ep composites under tensile loading condition

[190].
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Similar kind of behavior was also observed when flexural loading was applied as shown
in Figure 4.43. A sample loaded under flexure experiences both tensile and compressive
stresses below and above the neutral axis, respectively. In this regards both upper and lower
surfaces were separately monitored on different test specimens.

Figure 4.43a shows the schematic diagram of the flexural test wherein the
piezoresistivity was monitored on the bottom side of the specimen which experiences the
tensile stresses. The Figure 4.43b demonstrates the piezoresistivity of the specimen’s surface
which experienced the compressive stress. The piezoresistivity on this surface could be
visualized when considering the influence of stresses acting on the fibers. A steady resistance
change can be observed till 2.5% of flexural strain, the resistance change was steady until the
fibers started to break resulting in failing of the specimen which consequently had a dramatic
effect on the relative change of resistance. Similar kind of behavior can be also observed from

the analysis of the compressive stress zone of the specimen (Figure 4.43c, Figure 4.43d).
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Figure 4.43. a) Schematic diagram of piezoresistivity test conducted under flexural mode

compressive stresses respectively.
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which the fiber breaking take place thus contributing to the resistance increase.

where change in resistance was monitored on the surfaces experiencing a) tensile and b)

A comparison of the relative resistance change experienced during the initial 2% elastic
flexural strain in both cases (tensile and compressive) (Figure 4.44) reveal the piezoresistivity
behavior of the composite specimens. The surface experiencing tensile stresses exhibit an
increasing relative resistance change with respect to applied strain (after initial 0.5% strain)
which could be attributed to the increase in length of the fibers hence the increase in the
resistance can be seen. On the other hand, the compressive side experiences a decrease in
relative resistance change until 1.5% after which a steep increase in relative resistance change

can be observed, the decrease could be associated to compression of the fibers first afterwards
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Figure 4.44. Comparison of piezoresistivity of Ep/rGO/GF composites observed during
flexural loading between surfaces experiencing tensile stress (tensile surface) and

compressive stress (compressive surface).

In another testing protocol, the reversibility of electrical network was tested by
subjecting the hybrid composite specimen under repeated loading-unloading cycles in the strain
range of 0.1% < € <0.5% and the electrical resistance was monitored during each loading and
unloading part of the cycle. Figure 4.45 show the results obtained under cyclic conditions in

which the reversible piezoresistivity can be confirmed. The gage factor and the factor (Ap/ p)

calculated here were about 3.8 and 0.006, respectively.
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Figure 4.45. Reversibility of the electrical response during a strain controlled test [190].

A similar test method was also applied in which the specimen was loaded in cyclic
flexural mode under load control (0-25 MPa). As shown in Figure 4.46, the piezoresistive
behavior the multiscale composite is also replicated in flexural mode which confirms the rGO
coating on GF can provide the possibility of a strain monitoring based on the control of the

electrical resistance variations.
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Figure 4.46. Reversibility of the piezoresistive behavior under flexural loading.
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4.7.3 Dielectricity
As a control test, the permittivity of uncoated fiber composite was measured at room

temperature and, as it can be seen in Figure 4.47a, it did not show any change in permittivity
level with the change in applied frequency which is in accordance to the permittivity of
common polymers (<10) [191]. The coating of GF with GO did not provide any capacitive
properties at room temperature either due to the insulating nature of GO. In the case of rGO
coated fibers, however, the composite showed an improvement over the entire frequency range.
At 100 Hz the permittivity value increased by a factor of 3.6 when compared to the value
measured on the composite with uncoated fibers. The induction of permittivity in glass/epoxy
composites was due to the presence of rGO interphase which possesses a conductive nature.
This was proved in our electric conductivity measurement of the composites based on rGO
interphase as in the section 4.7.1. A similar trend was also obtained in the case of dissipation
factor of the composites while being tested for their capacitive properties as shown in Figure

4.47b
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Figure 4.47. Dielectric properties of the composites (EP-GF, Ep-GO-GF and Ep-rGO-GF)
where a) shows the permittivity (or dielectric constant) related to the applied frequency and
b) is the associated dissipation factor (or dielectric loss) when compared to the value

measured on the composite with uncoated fibers.

4.7.4 Thermal conductivity
The influence of having a unidirectional interphase in the form of GO and rGO on the

thermal conductivity of samples was evaluated by testing the composite samples without and
with graphene interphase (GO and rGO). The samples were tested on three different
temperatures i.e. 25, 50 and 75 °C in order to validate our argument of having better thermal
conductivity in fiber direction. Figure 4.48 reveals the effect of the presence of an interphase
along the direction of fiber (i.e. x-axis of the composite) in the fiber reinforced composites
produced. It is interesting to observe that for all investigated temperatures, thermal conductivity
of composites containing GO and rGO coated fibers was significantly higher that of composites
with uncoated fibers. Moreover, as expected, the thermal conductivity values of composites
with rGO coated fibers were higher than that prepared with GO coated fibers. This increase in
conductivity was based on the high thermal conductivity of rGO as compared to GO nanosheets
which confirms the successful reduction of GO during chemical treatment with hydrazine
hydrate (as described in the section 3.1.3.3). This also shows the advantage of aligning the

nanosheets as a continuous interphase between the matrix and fiber, even with a very low
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content of rGO nanosheets, which improved the thermal conductivity by 20% as compared to
neat composites (without any interphase).

0.75
S I 25°C
X 0.70- I 50°C
I 75°C

Ep-GF Ep-GO-GF Ep-rGO-GF
Composite

Figure 4.48. Thermal conductivity of three composites in x-axis direction with respect to

fiber orientation.

Along the y- and z-axis of the composites, which do not have any continuous
interphase, the thermal conductivity did not showed any significant change (Figure 4.49 &
Figure 4.50). This was due to the very low content of GO or rGO nanosheets along these two
directions which makes it impossible to create a percolation threshold enough to improve the
thermal conductivity as like in the x-direction (along the fiber) which contains a continuous

interphase.
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Figure 4.49. Thermal conductivity of three composites in y-axis direction with respect to

fiber orientation.

Ep-GF Ep-GO-GF Ep-rGO-GF
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Figure 4.50. Thermal conductivity of three composites in z-axis direction with respect to

fiber orientation.

A comparison of thermal conductivity obtained in the composites containing GF

(uncoated, GO and rGO coated fibers) along all orientations of the composite specimen at 25°C
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summarizes the improvement of thermal conductivity. The improvement was achieved because
of the presence of rGO nanosheets only when the filler was aligned along the fiber direction
thus creating a continuous network of rGO coating which is in agreement to the result obtained

during the electrical conductivity measurement (Figure 4.41).

Figure 4.51. Thermal conductivity of three composites at 25°C along three mutually

orthogonal directions.
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Chapter S - Conclusions and future developments

In this study, graphene oxide (GO) and reduced graphene oxide (rGO) based
epoxy/glass composites were prepared in which the glass fibers (GF) were coated with GO and
rGO. The coating of GO on GF was performed using electrophoretic deposition (EPD) of GO
at optimized parameters to obtain a homogenous coating of GO. While to obtain rGO coated
GF, the GO coated fibers were subjected to chemical reduction at elevated temperature to
produce rGO coated GF. Both these types of fibers were used to create micro- and macro-
composites to evaluate various mechanical and functional properties induced to the presence

of a graphene-based interphase.

Conclusion on micro-analysis of coated fibers and their composites

Single fiber fragmentation tests of epoxy microcomposites based on single uncoated,
GO coated and rGO coated glass fiber revealed that microcomposites containing GO interphase
deposited at 10V/cm offered a higher interfacial shear strength (ISS) with the value being 218%
than that obtained with uncoated fibers. The factors associated to the increase in adhesion
strength were evaluated to be related to the physical and chemical nature of the GO based
interphase. For the prior case, it was found that the higher the thickness of the GO coating, the
higher was the roughness value of the coating hence contributing towards the “physical”
bonding between the fiber and matrix. Moreover, the friction force microscopy (FFM) analysis
on GO coated fiber revealed that the coating possessed an interfacial strength of 130 MPa
which was 4 times higher than the highest ISS value of the microcomposite thus confirming
the positive effect of enhanced interfacial adhesion in epoxy/glass composites. The “chemical”
contribution towards the improvement of ISS was governed to be the oxygen functional groups
attached to the GO nanosheets which was confirmed by x-ray diffraction (XRD), x-ray
photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR)
analysis.

In case of rGO based microcomposites, a 70% increase in ISS was observed for the
highest electrical field used for the EPD process. The absence of oxygen based functional
groups precluded any chemical bonding between the matrix and the rGO coating on the GF

hence the load-transfer was less efficient through the rGO interphase. The increase of ISS as
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compared to epoxy/glass microcomposite can therefore be attributed to the roughness of rGO

nanosheets coated on GF.

Conclusion on mechanical tests of composites

To further evaluate the enhanced mechanical properties due to the deposition of a
graphene based interphase, epoxy composites prepared by using uncoated, GO coated and rGO
coated fibers were produced by a hand lay-up method. These composites were subjected to

various mechanical tests and it was observed that:

- GO and rGO interphase in composites improved the flexural stiffness and strength
which was confirmed in mechanical tests performed in 3 point bending
configuration. It was observed that epoxy/glass composites with GO interphase
possessed higher flexural modulus and flexural strength while rGO showed mild
improvement in flexural properties which is consistent with the ISS investigation
tests on microcomposites hence confirming the hypothesis of GO being a load-
transferring bridge in epoxy/glass composites.

- Short-beam shear (SBS) tests provided similar information. In fact, composites
based on GO interphase showed an increased interlaminar shear strength while rGO
coating only slightly improved the interlaminar shear strength. A closer look at the
samples failed under SBS tests through optical microscope revealed the
interlaminar shear failure where rGO based composites contained more cracks as
compared to GO based composites.

- Mode I fracture toughness tests on the composites confirmed the positive influence
on the interfacial adhesion between epoxy/glass composites exerted by GO
interphase. On the other hand, rGO based epoxy/glass composites suffer from poor
strength in opening mode loading in which the failure occurred at epoxy/rGO
interface as revealed by fractographic analysis.

- An investigation of the creep behavior of the composites reveal that graphene
interphase in epoxy/glass composites offers excellent resistance to creep
deformation. Here, again the GO interphase offers best results in creep stability and
fitting of the creep data using Findley’s model was effective in modelling the creep
behavior in which the parameters De and k being substantially reduced by the

presence of the interphase.
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Thus in a nutshell, it is confirmed and proved that GO nanosheets possess excellent
load-transfer capabilities when combined in epoxy/glass composites as a continuous interphase
hence offering the possibility of creating high end multiscale composites for many engineering

applications.

Conclusion on functional properties of composites

Graphene being an “active” nanomaterial offers diverse range of possibilities of
creating multifunctionality in polymer composites. In this work, different type of analysis were

performed to analyze the functionalities present in the composite material. It was shown that:

- Electrical resistivity measurements revealed that rGO based epoxy/glass
composites offer little resistance due to the conductive nature of rGO nanosheets,
whereas there was no difference between the composites based on uncoated and GO
coated fibers (which showed insulating behavior). An in-depth analysis revealed
that the directional orientation or rGO nanosheets along the length of the fibers
offered the lowest resistivity as compared to other orientations hence confirming
the advantage of oriented and aligned rGO interphase for tailored functional
properties.

- To verify the possibility of using rGO coated GF as strain sensing device, the
composites were tested for their piezoresistivity behavior. The composites showed
change in absolute resistance with the applied load or applied strain, thus the strain
monitoring phenomenon was confirmed in the rGO based epoxy/glass composites.

- The conductive behavior of epoxy/glass composite containing rGO interphase also
induced the property of permittivity in the composites. This was verified along with
the other composites containing uncoated and GO coating fibers. This functionality
offers the possibility to use such composites for electromagnetic interference
shielding in advanced applications.

- Other than electrical functionalities, aligned rGO interphase along with the fibers
in epoxy/glass composites offered better thermal conductivity. This was verified by
comparing the thermal conductivity values along other orientations of the
composite based on either uncoated, GO or rGO coated GF. This result supports the
advantage of aligning graphene interphase in epoxy/glass composites for improved

functional properties.
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Overall, the presence of an aligned and oriented graphene interphase in fiber reinforced
polymer composites offer multitude of possibilities in improving the engineering and technical
aspects of the composites not only limited to mechanical terms but also in other functional
areas where the idea of weight reduction and hence achieving even better strength-to-weight
ratio could be realized. The mechanical properties of functional composites (rGO based) is the
area to further explore, the limitation that could restrict the use of reduced graphene oxide in

the world of composite materials.
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Chapter 6 - Collateral research activities

6.1 Inducing multifunctionality by graphene interphase in fiber reinforced
epoxy composites.

Part of this paragraph has been published in:

Haroon Mahmood, Gashaw Birhane, Alessandro Pegoretti

“Inducing multifunctionality by graphene interphase in fiber reinforced epoxy composites”
In ‘Proceedings of ICNN4 — 4" International Conference on Nanomechanics and
Nanocomposites’ 14-17 September 2016, Vicenza, Italy,

This study presents the opportunity of creating epoxy/basalt fiber hierarchical
composites by depositing graphene nanosheets on continuous basalt fiber (BF) using an
electrophoretic deposition technique. Graphite oxide was prepared by modified Hummer’s
method and using ultrasonication technique, graphite oxide was exfoliated in deionized water
to create a stable suspension of graphene oxide (GO). This suspension was used as a bath to
deposit GO on BF at a particular applied electric field (V/cm) for 5 min. After deposition of
GO on both sides of BF, the coated fibers were dried and used to create single fiber reinforced
epoxy composites for adhesion analysis. Single fiber fragmentation test revealed an increased
interfacial shear strength (ISS) value by 87% thus suggesting the effect of GO interphase
creating favorable load-transferring conditions between matrix and fiber.

In another case, the coated fibers were subjected to chemical reduction process to
reduce the GO coating. These reduced graphene oxide (rGO) coated fibers were used to create
multifiber reinforced epoxy composites. Electrical conductivity tests revealed lowering of
electrical resistivity by a factor of 10" in case of rGO interphase reinforced composite as
compared to uncoated fiber reinforced composites. The change in electrical resistance was
observed with the variable applied strain confirming the possibility of graphene coated fibers

to be used as strain monitoring sensors in load-bearing components.

Modern era of engineering and technology has compelled material scientist to create
load bearing structures with advance properties. These properties are not only limited to
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mechanical performance of the composites but also in terms of ‘active’ nature of the structures
created. An example of this is the aerospace industry where importance is given primarily to
the safety. A crucial aircraft structure requires not only to have exceptional mechanical
properties but also sees to have advanced multifunctional properties to detect flaw and defects
during service with ease. Recent years have observed a growing importance in the
incorporation of graphene nanosheets in polymer based composites due to its exceptional
properties like mechanical properties, high thermal and electrical conductivity [63, 65]. Recent
studies has confirmed the synergetic effects, both in terms of structural and functional
properties, by polymer nanocomposites with graphene loading [60, 192]. This current report
shows different types of graphene-based nanosheets in epoxy/basalt composites in which an
interphase was created by these graphene nanosheets (graphene oxide and reduced graphene
oxide) between the continuous fiber and matrix. The resultant composites are tested for their

mechanical and functional properties.

6.1.1 Microcomposite preparation and testing:
The matrix used in this work was a bicomponent epoxy resin (epoxy base EC 252 and

hardener W 241) provided by Elantas Italia S.r.l. The physical properties of the epoxy resin after
curing at room temperature for at least 3 h followed by 15 h at 60°C are summarized in Table 6-1.
Basalt fibers were provided by RG Faserverbundwerkstoffe GmbH (Waldenbuch, Germany) and

had a diameter of 15.0 + 0.1 um. These fibers were used as received without any further treatment.

Table 6-1. Physical property of the selected epoxy resin.

Physical property Value

Glass transition temperature (Tg) | 27.9°C
Thermal degradation 375°C

Tensile strength (oT) 26.1 £1.1 MPa
Young’s modulus 738 + 14 MPa

Mechanical properties of fibers was evaluated by single fiber tensile testing. Around 31
single fiber specimens were subjected to tensile testing using an Instron® 4502 universal
tensile tester fitted with a 10 N load cell. A common gage length of 20 mm was applied and
tests were performed at 0.2 mm/min. Table 6-2. shows the summary of data reduction obtained

for basalt fiber through the iterative procedure proposed by Gurvich et al [176].
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Table 6-2. Mechanical properties of basalt fiber determined from single fiber tensile tests. (N
= number of specimens, R = average strength at L = 20 mm, oo = scale parameter at Lo = 5

mm, m = shape parameter, v= coefficient of variation).

Physical property | Value

N 31

R 1604 MPa
60 2282 MPa
m 5.1

Y% 21.5%

Modified Hummer’s method was utilized to synthesis graphene oxide [173]. The
obtained product was dried in an oven under vacuum at 40°C to get a brown colored graphite
oxide cake. The obtained graphite oxide was dispersed in deionized water at a concentration of
1 mg/ml using a powerful tip ultrasonication device for 1h. This resulted in a stable
homogenous GO dispersion which was later used for deposition on basalt fibers.

Since the fibers are non-conductive in nature, two copper plates were used as electrodes
in the EPD process in which fibers (fixed on a window frame) were placed near the anode. This
was due to the fact that GO contains negative charges due to oxygen based functionalities
attached during the GO synthesis reaction. In the EPD process, hence, GO migrated towards
the anode and got deposited on the fibers. Deposition was carried out at a determined voltage
of 20 V with a constant deposition time of 5 min and electrodes gap of 2 cm (overall electrical
field of 10V/cm). To coat the fibers homogenously, a second EPD cycle was performed under
the same conditions while reversing the fibers. Drying of the fibers was carried out in an oven
under vacuum at 40°C for 12 h.

Scanning electron microscopy (SEM) analysis coated fibers revealed the morphology
of the fibers after deposition as shown in Figure 6.1. The GO coating almost spread along the
length of the fiber with homogenous thickness. Some rough spots can be seen due to the
multilayer coating of the GO sheets due to stacking and also because of the characteristic

wrinkling of the 2D nanosheets and membranes.
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Figure 6.1. SEM images of basalt fiber coated by GO.

Interfacial shear strength (ISS) between fiber and matrix was evaluated by single fiber
fragmentation tests (SFFT). For this, a tensile tester (Minimat, by Polymer Laboratories,
Loughborough, UK) was employed to perform tests at room temperature while a polarized
optical stereo-microscope (Wild M3Z by Leica) was used to monitor the fiber fragmentation
process during the tensile test. The test was conducted at a cross-head speed of 10 mm/min up
to 10% strain, necessary to guarantee the saturation of the fragmentation process. The mean
fiber length at saturation, Ls, was measured by an image analysis software (Image J) where the
critical fiber length value, Lc, was considered to be equal to (4/3) Ls. ISS values were measured
following the simplified micromechanical model of Kelly and Tyson [29]. The static
equilibrium between the tensile force acting on a fiber and the shear force transferred through
the fiber-matrix interface equates to an average value of ISS according to the following

equation:

1SS = ) (6-1)



where d is the fiber diameter and & (L) is the tensile strength of the fiber at the critical

length. This latter value can be calculated by considering a Weibull distribution for the fiber

strength, i.e.:

T ppir) = %0 7 " F(H—j (6-2)

where I' is the Gamma function, 6o and m and the scale and shape parameters of the
Weibull strength distribution at the reference length Lo, respectively. These parameters were
evaluated above for single fiber tensile test at single gage length. The single-fiber
fragmentation test revealed that the GO coating on the fibers has a positive effect on the load-
transfer ability at the fiber/matrix interphase. As revealed in the Figure 6.2, the ISS values
significantly improved by 87% when a GO coating was applied on fiber as compared to neat
fiber. This could be attributed to oxygenated functional groups attached to GO which improve
the load transfer phenomenon between the fiber and epoxy collectively. This positive effect
could be also credited to the mechanical interlocking due to an increased surface roughness

and good adhesive compatibility between GO and epoxy [187].
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Figure 6.2. ISS values of GO coated BF reinforced epoxy composite as determined by SFFT.
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6.1.2 Functional properties
The electrical resistivity was measured by 2 probe method and by varying the

measurement orientation with respect to the specimen. In this work, electrical characterization
and strain monitoring phenomenon were tested on BF/rGO reinforced epoxy hybrid
composites. The volume resistivities of BF/rGO/Ep macrocomposite were calculated and
compared as displayed in Figure 6.3. It can be visualized that the resistivity values in the
longitudinal direction are pretty lower as compared to measurements in the transversal
direction which basically shows the benefit of having continuous coating in unidirectional path.
The network of graphene sheets, connected together end to end, provide a neat path with less

hurdles.
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Figure 6.3. Electrical resistivity of BF/rGO/Ep macrocomposite along various direction as
demonstrated by the schematic diagram of specimen being tested by applying 2 probe

electrical resistivity measurement method.

To evaluate the piezoresistivity of such multiscale macrocomposites, a BF/rGO/Ep
macrocomposite specimen was subjected to flexural loading and the change in electrical
resistance was monitored on both surfaces of the specimen separately. In case of the base

portion of the specimen which experiences tensile stress during flexural loading,

127



piezoresistivity can be visualized with the aid of the stress curve in Figure 6.4. Until 1.5% of
the flexural strain, the resistance change was increasing gently until the fibers of the specimen
started to break which resulted in a massive change in the relative change of resistance. In the
same respect, the piezoresistivity of the top surface of the specimen experiencing the
compressive stresses can be visualized in figure 5b. Till the initial 1.5% flexural strain, the
resistance decreased presumably that the compression stresses tend to improve the electrical
contacts among the fibers and decrease in resistance but as soon as the fibers started to break,

it had an intense effect on the relative change of resistance.
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Figure 6.4. Piezoresistivity of BF/rGO/Ep composites under flexural loading with electrodes

on: a) tensile subjected side, b) compression subjected side.
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To evaluate the reversibility of the piezoresistivity, a cyclic compression loading was
applied with at least 10 cycles of predetermined load. The resistance was measured by
connecting the two terminals of the electrometer to the longitudinal ends of the specimen.
Figure 6.5 demonstrates the reversible piezoresistive behavior of the macrocomposites under
compressional loading mode. It is interesting to note that the variation in the loading condition
in cyclic manner can be recorded by the resistance change method which offers the possibility

of using such multiscale composites for strain monitoring applications.
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Figure 6.5. Reversible piezoresistivity of BF/rGO/Ep composites under compressional

loading.
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6.2 Improved electroactive phase content and dielectric properties of flexible
PVDF nanocomposite films filled with Au- and Cu-doped graphene
oxide hybrid nanofiller

Part of this paragraph has been published in:

Parisa Fakhri, Haroon Mahmood , Babak Jaleh, Alessandro Pegoretti

“Improved electroactive phase content and dielectric properties of flexible PVDF
nanocomposite films filled with Au- and Cu-doped graphene oxide hybrid nanofiller”
Synthetic Metals 220 (2016) 653—-660

In the present work, new and flexible poly(vinylidene fluoride) (PVDF) based
nanocomposites containing Au- and Cu-doped graphene oxide (GO/Au and GO/Cu)
nanosheets were prepared by solution casting. The resulting nanocomposites present a high
content of electroactive phases and high dielectric constant accompanied with low dielectric
loss which make them interesting for possible applications in sensors and electronic devices.
Fourier transformed infrared spectroscopy (FTIR) was used to study the crystalline structure
of nanocomposites which showed no absorption band related to non-polar a phase. FTIR
confirmed an enhancement of the electroactive phase with the increase in nanofiller
concentration due to the electrostatic interactions among the CH2-CF?2 dipoles of PVDF and
nanofiller. Electroactive phase content as calculated from FTIR spectra presented a maximum
value of about 95% for PVDF filled with 1% GO/Au nanofiller. This value is about 2.5 times
higher than that of neat PVDF. For a given filler concentration, nanocomposites filled with
GO/Au showed a higher increase of electroactive phase in comparison with those containing
GO/Cu. This trend was also confirmed by X-ray diffraction (XRD) spectra. From inductance,
capacitance, and resistance (LCR) measurement, nanocomposites display high dielectric
constant, increasing with the nanofiller content, and low dielectric loss which is favorable to

fabricate flexible and simple high performance nanodielectric materials.
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6.2.1 Nanocomposite phase analysis
6.2.1.1 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy provides information about the structure of PVDF matrix that
enables us to distinguish between the various possible crystalline forms. FTIR spectra of PVDF
and related nanocomposites are reported in Figure 6.6. In the FTIR spectrum of neat PVDF,
the peaks located at 530 cm™ | 615 cm™ , 763 cm™ , 795 cm™ , and 975 cm™! represent the
characteristic bands of the a phase, the absorption band at 510 cm™! is related to B phase and
the peak at 838 cm’! is associated to y phase [193, 194]. The peaks in the range 833-840 cm’!
can be related to both B and y phase and is often difficult to distinguish. As both of these phases
correspond to the polar electroactive phases of PVDF, for simplicity, it can be considered as a
single polar phase [195]. However, in the present work the combination information coming
from XRD analysis allowed used to establish that they are related to the y phase. The peaks at
873, 1066 and 1163 cm™! are not reported in the literature. In PVDF films loaded with GO/Au
nanofillers whose FTIR spectra are reported in Figure 6.6a, all characteristic bands related to
a-phase completely disappear and the absorption intensity of peaks related to y phase increase.
Moreover, also a new peak at 1232 cm™ related to y phase appears. These results reveal that
the addition of GO/Au nanoparticles to PVDF can induce a transition from nonpolar a-phase
to polar y phase. In fact, none of the characteristic a-phase absorption bands can be observed
in the GO/Au-PVDF nanocomposite films. A decrease of the the intensity of all peaks of
5.0GO/Au-PVDEF is related to an increase in the thickness and opacity of nanocomposite films
at the maximum percentage of nanofiller loading and does not reflect changes in the crystalline
structure of PVDF. FTIR spectra of GO/Cu-PVDF nanocomposites are shown in Figure 6.6b.
For low filler concentration, no appreciable changes have been found for absorption intensity
of nonpolar o phase of nanocomposites as compared to neat PVDF spectrum. Increasing
nanofiller loading led to a conversion of the nonpolar a phase to y electroactive phase. In fact,
the 5.0GO/Cu-PVDF nanocomposite exhibited predominantly the polar phase as documented
by a peak centered at ~838 cm™. Compared with the GO/Cu nanoparticles, GO/Au
nanoparticles show a higher efficiency in promoting the polar phase at the same amount of
nanofiller. The transformation of a phase into electroactive y phase can be explained by the
electrostatic interactions between surface charge of nanofillers and CF»> dipoles of PVDF.
Indeed, due to the presence of charge dissimilarity in the surface of nanofillers, some CH,—CF»

dipoles are attracted and some of them are repelled, that results in the formation of y phase. It
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may be also possible that, the functional groups presents in GO/Au and GO/Cu can interact
with the F and H atoms of PVDF via hydrogen bonding [194, 195].
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Figure 6.6. FTIR spectra of pure PVDF and PVDF nanocomposite containing various
amounts of (a) GO/Au and (b) GO/Cu nanofillers.
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FTIR spectroscopy can also be used to determine the relative amount of y phase using

the following equation [193]:

A

Flr)= (x, /Ka)yAa A 6-3)

where A, and Ay are the absorbance at 763 cm™ (a-form) and 838 cm™ (y-form), Ka
and Ky are the absorption coefficient at the respective wavenumbers, with the value of 0.365
and 0.150pm™' . Using Equation 6.3, the y phase content of the nanocomposites were calculated.
The relative y phase content of neat PVDF was 41%. For GO/Cu-PVDF nanocomposites, this
amount increased to reach a maximum of *95% for nanocomposite loaded with 0.5% and 1.0%
GO/Au. Also, in nanocomposite filled with GO/Cu, y-phase content was calculated to be 66%
and 90% for 5.0GO/Cu-PVDF and PVDF-1% GO/Cu respectively. This increase of polar phase

due to such low filler loading has not been reported yet in literature.

6.2.1.2 X-ray diffraction
The XRD patterns of neat PVDF and PVDF nanocomposite films are reported in Figure

6.7. The peaks of neat PVDF appear at 20 of = 17.8°, 18.4°, 19.93° and 26.9° which correspond
to the diffraction planes of (100), (020), (110) and (021) generally attributed to nonpolar a
phase [193]. These indicate that o phase is predominantly formed during the crystallization
process of neat PVDF. From Figure 6.7a it can be seen that by adding GO/Au nanoparticles
to PVDF, two diffraction peaks at 20 of = 17.8°, 18.4°, related to a phase, completely disappear
and a single peak at 20.6° is seen, which corresponds to the diffraction from (100) plane
indicating the stabilization of polar y phase in the nanocomposite. All a, B or v phases have an
intense peak around 20°, thus it is difficult to distinguish from each other by only XRD
analysis. In general, the § phase can be characterized by the presence of only one peak at 20°
in the whole XRD spectra [193]. The combination of XRD result with FTIR technique
(explained in previous section) confirms the remarkable transformation of nonpolar a phase to
polar electroactive y phase induced by the addition of GO/Au to the PVDF and also indicates
a good interaction between nanofiller and matrix. The peaks at 20 values of 38.1° (111), 44.3°
(200), 64.5° (220), 77.5° (311) and 81.7° (222), that are observable only in 5.0GO/Au-PVDF
spectrum, are consistent with the standard XRD data for Au (JCPDS 89-3697). From Figure
6.7b, by increasing Cu/GO amount in the nanocomposite, the peak intensity of the nonpolar a

phase (at = 17.6 and 26.6°) gradually decreases and finally in nanocomposite with 5.0%
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nanofiller, these two peaks completely disappear. Also the peak at 19.93°, which is related to
the y phase, shifted to 20.4°. The peaks of Figure 6.7b located at 36.2°, 42.6° and 61.7° are

attributed to copper oxide [196].
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Figure 6.7. X-ray diffraction patterns of neat PVDF and PVDF nanocomposites containing
various amounts of a) GO/Au and (b) GO/Cu nanofillers.
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By comparing Figure 6.7a and Figure 6.7b, it can be seen that in PVDF nanocomposite
films filled with GO/Au nanoparticles, even by the inclusion of 0.5 wt.% of nanofiller,
significant changes in the crystal structure of the polymer phase can be observed while these

changes are less pronounced in GO/Cu-PVDF nanocomposite films.

6.2.2 Nanocomposite thermal analysis:
6.2.2.1 Differential scanning calorimetry

The electroactive property of PVDF strongly depends on the crystalline structure of the
polymer, as well as on the electroactive polar phase formation in the nanocomposite [194].
Hence, the crystallization process of the neat PVDF and GO/Au- and GO/Cu-PVDF
nanocomposite films was also investigated by DSC. The DSC thermograms under heating and
cooling conditions of neat PVDF and its nanocomposites are presented in Figure 6.8. The

crystallinity content () of samples was calculated using the following equation:

X, =%x100 (6-4)

where, AHp is the melting enthalpy of the nanocomposite, AHy, m is the melting
enthalpy of the 100% crystalline PVDF (104.7 J/g [197]) and o is the weight fraction of PVDF
in the nanocomposites [197]. yc values are listed in Table 6-3. Tm, Tc and yc values of PVDF
and GO/Au-PVDF and GO/Cu-PVDF nanocomposite film at different nanofiller loadings
along with the melting temperature (Tm) and crystallization temperature (Tc). It can be seen
that the melting temperature and crystallization temperature gradually shifted to higher
temperature in the nanocomposites by the increase of filler loading. This is related to well-
dispersed nanofillers in the polymer matrix that acts as nucleating agent and inhibits the
movement of polymer chain segments, resulting in improvement of the crystallization
temperature of nanocomposite films. Moreover, it is observed that by adding GO/Au and
GO/Cu, no remarkable changes in the crystallinity percentage of PVDF was observed. These
observations indicate that the addition of nanofiller has little influence on the crystallization
process of PVDF. Furthermore, electroactive properties of the PVDF depend on promotion of
polar crystalline phases (i.e. f and y phases) in polymer matrix. By addition of nanofillers, the
relative percentage of y phase in PVDF progressively increases, and a maximum extent of y

phase formation was achieved at 1.0 wt.% of the GO/Au loading [194].
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Figure 6.8. DSC thermograms under a) heating and b) cooling conditions of pure PVDF,
GO/Au-PVDF and GO/Cu-PVDF nanocomposite films at different nanofiller loading.
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Table 6-3. T, T¢ and y. values of PVDF and GO/Au-PVDF and GO/Cu-PVDF
nanocomposite film at different nanofiller loadings.

Sample Tum(°C) T(°C) Xe(%)

Neat PVDF 161.1 130.0 58
0.5GO/Au-PVDF 166.3 131.3 56
1.0GO/Au-PVDF 167.5 132.5 52
5.0GO/Au-PVDF 166.3 133.0 52
0.5GO/Cu-PVDF 161.0 130.5 55
1.0GO/Cu-PVDF 161.0 130.7 52
5.0GO/Cu-PVDF 164.7 131.5 53

6.2.2.2 Thermogravimetric analysis
TGA was performed to investigate the thermal stability of the neat PVDF and PVDF

nanocomposites and the related thermograms are reported in Figure 6.9. As evidenced in the
figure, a major weight loss occurs in the range from 450°C to 550°C which can be ascribed to
the degradation of PVDF matrix. The onset degradation temperature, Tonset, was 490°C for neat
PVDF, while the introduction of the nanofillers slightly increased the onset degradation
temperature. In case of 0.5GO/Cu-PVDF, 1.0GO/Cu-PVDF and 5.0GO/Cu-PVDF, the
degradation temperature onset shifted to 491°, 496°and 492°C respectively, while the
degradation temperatures for nanocomposite containing GO/Cu were found to be 494°C, 499°
C and 501°C for nanocomposites filled with 0.5% wt, 1.0% wt and 5.0% wt. respectively. The
enhancement of thermal stability can be explained by the better packing of the polar crystallites
in PVDF composites compared to the non-polar a phase of neat PVDF. Moreover, the
interaction between the nanofiller and PVDF may result in the enhancement of the thermal

stability of nanocomposites compared to neat PVDF [198].
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Figure 6.9. TGA thermograms of neat PVDF and relative nanocomposites with various

amounts of GO/Au and GO/Cu.

6.2.3 Scanning electron microscopy
The fracture surfaces of GO/Au- and GO/Cu-PVDF nanocomposite films were

analyzed using field emission scanning electron microscopy. Figure 6.10 reveals the fracture
surfaces of the neat PVDF and respective GO/Au and GO/Cu nanocomposite films. It is
interesting to note that in case of GO/Au-PVDF films (Figure 6.10b—d), the nanofiller cannot
be visualized thus indicating a good adhesion level between matrix and the filler. On the

contrary, PVDF and GO/ Cu have poor a

b e W T e,

dhesion between each other (Figure 6.10e—g).

nnnnn

138



EHT= 3,00 KV Signal A= SE2
WD = 86mm Mag= 2000KX

1pm EHT = 300KV Signal A = SE2
WD = 9.8mm Mag = 20.00 KX

NN

- -5 -
X
e TR
X ,

1 pm EWT = 3,00 KV Signal A = SE2
WD = 64 mm Mag= 2000 KX

4} - <. 4 - \\‘-\\-\ = d .
3 R 7 \ \‘* .. 4
2 4\.. ] k ; s ! o4 L A N
B 3 i} : "\ m Ty 287K
1 pm EHT = 3,00k Signal A= SE2 BIOK Tpm EHT = 300KV Signal A= SEZ B0 1um EHT = 3.00kV Signal A = SE2 BIOtech
L wo-simm  weg=20s0kXx = wo-7omm  mMag-2000kx WO=6Smm_ Mag= 2000KX

Figure 6.10. SEM observations on the cross section of a) neat PVDF, b) 0.5GO/Au-PVDF, c)
1.0GO/Au-PVDF, d) 5.0GO/Au-PVDF ¢) 0.5GO/Cu-PVDEF, f) 1.0GO/Cu-PVDF and g)
5.0GO/Cu-PVDE.

6.2.4 Dielectric properties
Plots of relative permittivity (commonly known as dielectric constant) of the neat

PVDF and PVDF nanocomposites measured at room temperature in a frequency range between
10? and 10° Hz are shown in Figure 6.11a and b. As it can be seen in Figure 6.11a, a
remarkable improvement in relative permittivity in comparison to neat PVDF is observed even
when only 0.5%wt of GO/Au nanoparticles are added to PVDF. It is worthwhile to observe
that the increase of the dielectric constant values is proportional to the filler content. In fact,
the dielectric constant measured at 10°> Hz increases from about 5 (neat PVDF) to about 23 for
0.5GO/Au-PVDF, to about 31 for 1.0GO/Au-PVDF, to about 39 for 5.0GO/Au-PVDF
nanocomposites. A similar behaviour can be observed in Figure 6.11b for the dielectric
constant of nanocomposite thin films with 0.5, 1.0 and 5.0 % wt. of GO/Cu nanoparticles. In
this case, at a frequency of 10° Hz the dielectric constant of neat PVFD is increased to about
12 for 0.5GO/ Cu-PVDF, to about 27 for 1.0GO/Cu-PVDF, to about 45 for 5.0GO/Cu PVDF
nanocomposites. The observed behavior is consistent with what previously observed by He et

al. on the effect of graphene oxide on the relative permittivity of PVDF nanocomposites films
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obtained using solvent N,N-Dimethylformamide (DMF) and cosolvent comprising deionized

water/DMF combination [199].
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Figure 6.11. Frequency dependence of dielectric constant and dielectric loss tangent (tan )

of pure PVDF and nanocomposites with various amount of a,c) GO/Au and b, d) GO/Cu.

In general, an increment of relative permittivity may occur for several reasons. One of
them is the formation of a network of micro-capacitors in the nanocomposite due to the
presence of nanofillers. This mechanisms has been reported by He et al. in a study on the effect
of expanded graphite nanoparticles (xGnP) on the dielectric permittivity of PVDF
nanocomposites [200]. In fact, when GO/Au and GO/Cu nanofillers are incorporated into the
PVDF matrix, they could play the role of micro-capacitors thus resulting in an overall increase
of the dielectric constant of the nanocomposites with respect of that of neat PVDF. Another
possible mechanisms responsible for the observed increase of the dielectric constant in

nanocomposites could be the Maxwell-Wagner—Sillars (MWS) polarization effect, often
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observed in heterogeneous systems [201, 202]. In fact, the MWS effect, which is associated to
an entrapment of free charges at an interface between two heterogeneous materials, can
significantly enhance the permittivity. This effect has been frequently observed in composites
filled with a conductive filler and it has been previously reported also for PVDF
nanocomposites filled with carbon nano- fibers [203], graphene [204, 205] and nano silver-
anchored reduced graphene oxide sheets [206]. The MWS effect is generally characterized by
a frequency dependence of the dielectric constant, particularly in the low-frequency range
where interfacial polarization effects are more intense [200]. In addition, polymorphism of
PVDF may also play a remarkable effect on the dielectric constant. In fact, it is well known
that b- and g-phases of PVDF manifest the largest spontaneous polarization [207]. Therefore,
part of the observed effects could be attributed to the ability of GO/Au and GO/Cu nanofillers
to promote the formation of electroactive phases in PVDF, as discussed in previous sections.
Figure 6.11c and d shows the changes of dielectric loss of neat PVDF and PVDF
nanocomposites with frequency in a range between 10? and 10° Hz at room temperature. The
dielectric loss is a measurement of the energy dissipation from the movement or rotation of the
molecules in the alternating electric field. It is interesting to observe how for all the investigated
nanocomposites the dielectric losses are suppressed in the low frequency range with respect to
neat PVDF. Thus, these nanocomposites show relatively high dielectric constant with relatively
low loss at low frequency range (below 10 KHz) which is basically the requirement of a

material for its usage in devices for the energy storage.
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