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Abstract

Graphene’s unique combination of excellent electrical, thermal and mechanical properties can provide
multi-functional reinforcement for polymer nanocomposites. However, poor dispersion of graphene in
non-polar polyolefins (polyethylene, polypropylene) limits its applications as a universal filler. Hence,
the overall objective of this thesis was to develop processing-structure-property relationships by
improving graphene's dispersion in graphene/polyolefin nanocomposites by altering the C/O ratio of
the graphene of the graphene/polymer nanocomposites. Translating graphene’s unique properties to
nanocomposites is difficult, since graphene is known to poorly disperse in polyolefins, including
polyethylene and polypropylene, owing to the nonpolar nature of polyolefins. A higher concentration
required for percolation is directly correlated with poor dispersion, which leads to larger graphene
aggregates in polyolefins. As a consequence we used 4wt% as the highest concentration. Improved
dispersion of graphene in polyolefins was reported using the solution method to prepare samples.
Introducing functional groups onto the polymer could improve dispersion of the nano-fillers in
polyolefins. Ethylene- co -glycidyl methacrylate (PE-co-GMA) as a compatibilizer was used for
graphene/polyolefins nanocomposites. Furthermore, it may improve adhesion between polymers and
nano particles.

Three types of graphene (GO, rGO and G) were incorporated into a range of model polymers (PE, PP,
PB and PBC). The process of solvent method resulted in better dispersion of graphene in the
thermoplastic polymers. Using solvent mixing, the polyolefins lead to higher thermal stability at even
less than 0.5wt% of graphene. Just 0.25wt% of graphene is enough to improve the thermal stability of
the thermoplastic by increasing the degradation temperature to 165+ 3 °C, greater than that of the
pure polymer. The morphology of the graphene in the polyolefins was characterized with WAXD
and SAXS. All types of graphene have a similar level of dispersion in the thermoplastic polymer.
FTIR and Raman spectroscopy showed no chemical reaction throughout the solvent mixing method.
XPS was used to characterize the C/O ratio of all types of graphene, and to study the impact of the
C/O ratio on the structure and properties of the polymer/ graphene nanocomposites. The
crystallization and melting behaviour of the nanocomposites was obtained using DSC. An increase in
the crystallization temperature of PE and PP in the presence of graphene has technological importance,
resulting in a shorter processing cycle, thereby increasing the production rate.

Graphene-based polymer nanocomposites can be a new versatile, soft material with numerous
advantages. For maximum benefits, composite morphology must be tailored appropriately with an

understanding of its structure-property relationships.
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Chapter 1

Introduction and Objectives of the Project

1.1. Introduction

Graphene reinforced polymer is classified as a multiphase material containing a single type of
polymer, copolymer or a blend of polymers with nanofillers or nanoparticles (with dimensions of 1—
50 nm) incorporated into the polymer matrix. This considerably affects the different physical,
chemical and mechanical properties.

The plurality of the study has concentrated on polymer nanocomposites based on nanofillers: pristine
graphene (G), reduce graphene oxide (rGO) and graphene oxide (GO), with view of improving the
polymer’s electrical, mechanical, thermal, and gas barrier properties [1][2]. Recently, graphene has
shown the greatest promise as nanofiller due to its superior exceptional physical properties. This has
created a novel category of polymeric nanocomposites. Graphene, a novel type of carbon, is a one
atom thick plane in a two dimensional sheet formed of sp? hybridised carbon atoms arranged in a
hexagonal crystalline structure. It is the thinnest recognized material until at present [3] [4]. In
addition, it is one of the distinct allotropes of carbon that is the basic block to build of all graphitic
derivatives forms shown in Figure 1.1. Graphene can be arranged and stacked in each layer into
graphite with three dimensions (3D), rolled into carbon nanotubes with one dimension (1D) and
wrapped into fullerene with zero dimensions (0D). Graphene with two dimensions (2D) has distinct
physical, chemical and engineering properties, with a large surface area, high thermal stability,
electrical and thermal conductivity and high stiffness. These unique features make graphene
promising nanofiller in the field of polymer nanocomposites. As well it exhibitits great potential for
many applications in different fields like electronic, medical and engineering fields [5] [6] [7] [8] [9].
Polyolefin (PO) nanocomposites based on nanofillers offer many opportunities to improve and
develop the POs, with just small loud amounts of nanofillers. POs like polyethylene and
polypropylene are the most readily available synthetic polymers and have the highest production
demand levels in the world. More than 60% of PE and PP inserted into the industrial world have been
used for compounding objective with high mechanical properties and thermal properties. Only 23% of
other thermoplastic POs are synthesis by the polymerisation of ethylene, propylene or other olefin
monomers such as butene-1 and hexene-1 using Ziegler—Natta and other catalysts (see Figures 1.2 and
1.3). Depending on two key variables, which are branching and density, polyethylenes (PEs) are

categorized to different categories. Low density polyethylene (LDPE), linear low density polyethylene



(LLDPE), high density polyethylene (HDPE), ultrahigh molecular weight polyethylene (UHMWPE).
Polypropylenes (PPs) are categorized as isotactic, syndiotactic and atactic, based on their geometrical
shape. Polyolefins are widespread due to their low cost, light weight, recyclability, availability and
easy processability. POs have a wide variety of applications in different industrial fields. However, for
use in innovative products, it is necessary to improve the properties of polyolefins by introducing new
functional groups, by adding nano fillers to the polymer host matrix, and amending the polymer
matrix by using a new kind of polymer like disentangled ultrahigh molecular weight polyethylene
(DUHMWPE). Recently, graphene has been explored for use as promising nanofiller for POs. Many
published articles demonstrate that graphene can be used for the reinforcement of polyolefins due to
its exceptional physical and mechanical characteristics [10] [11]. The polyolefin/graphene
nanocomposite is still in the early steps of development and improvement. However, the enormous
possibilities of this material has become obvious in different research fields including automotive,
electronics and recently, in gas and water barrier applications. The main challenge to completely
exploit graphene/polyolefin composites is to achieve a high level of homogeneous dispersion of

graphene for maximum benefit [12].

Figurel.1. Source of all graphitic forms. Graphene is a 2D building material for carbon materials of all
other dimensionalities. It can be made into OD buckyballs, 1D nanotubes or to3D graphite[13].
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1.2. Aims of the Project

The main objective of this research was to achieve a fundamental understanding of the reinforcing
behaviour of graphene in polymer nanocomposites by correlating them with the structure of the
nanocomposites. The project also aimed to develop and improve the performance graphene based

polyolefins nanocomposites. In order to achieve this target, the following aspects were explored:

+ Preparation of the polymer host matrix, followed by study of the structure and properties
behaviour of the polymers.

+«» Study the miscibility and phase transition of blend polymer in the polymer host matrix.

+«+ Fabrication of a series samples of GO/ polymer nanocomposites with 0.25wt% and 4wt% as
the least and highest content respectively.

+» Study the GO dispersion effect on the nanocomposites morphology, physical and mechanical
properties, and then determine the best percent of GO load for use in industrial applications.

++ Reduce the O/C ratio in the graphene/ polymer nanocomposites through the use of reduced

graphene oxide and pristine graphene.



«»+ Process the polymer matrix nanocomposites by incorporating three sources of the graphene
with one optimal weight percent (2wt %).

«» Characterize the chemical structure of the three graphene types by determining the chemical
bonds, chemical elements and functional groups.

«» Study the C/O ratio impact on the physical properties to determine the optimal C/O ratio for
use in industrial applications.

From a technical perspective, the ambition is to develop polyolefins nanocomposites with improved
physical properties and performance for practical uses and industrials applications. The scientific aim
of this research is to attain fundamental understanding of why and how graphene nanoparticles impact
the structure, mechanical, electrical and thermal properties of the polymers.

1.3. Overview of Thesis

This thesis addresses the processing, characterisation and properties test of graphene-reinforced
polymer nanocomposites. The structure of the thesis follows the chronological order of work
conducted in order to achieve the stated aims and objectives. As such, the thesis content is organised
into seven chapters, including this introductory chapter.

Chapter 2 provides a brief literature review of previous research on graphene and graphene-based
nanofillers and their polymer nanocomposites. It outlines an introduction to graphene nanoparticles,
graphene synthesise, nanocomposites preparation and properties, establishes the background
knowledge to understand the mechanism of nanofillers and their impact on the structure, physical and
mechanical properties of different polymers.

Chapter 3 discusses the background to the characterization methods applied in this project, and
description of the experimental process of characterization and test specimens.

Chapter 4 mainly focuses on a fundamental understanding of the structure and properties behaviour of
the polymer host matrix prior to the addition of the graphene nanoparticles.

Chapter 5 explores the effect of graphene oxide on structure-property relationships in
graphene/polymer nanocomposites.

Chapter 6 presents the results of the impact of C/O ratio on structure-property relationships in
polymer/graphene nanocomposites.

Chapter 7 summarizes all of the key results of this graphene/polymer nanocomposite study and
provides suggestions for future research.

The references to all published works utilized in creating this thesis are listed at the end of the study.
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Chapter 2

Literature Review

2.1. Introduction to Graphene Reinforced Polymer Nanocomposites

Nanotechnology is used in many fields with applications ranging widely from medical to construction.
The unique feature of this technology is the size. Materials with nano size have distinct characteristics
such as high surface area with low surface defects, which impacts significantly upon the consequent
materials characteristics. To illustrate, in nanotechnology, composites can be use as materials filler to

decrease the weight of composite and increase the composite stiffness and fire resistance.

Nanocomposites are extensively used in different applications, e.g. solar cells, transport, construction,
and several other new implementations because of their unusual properties. They present superior
mechanical and thermal properties, whilst being lightweight, characteristics which are complicated to
obtain separately from the parent components. Nanocomposites, compared to classic composites, have
a nano size dimension and an exclusive set of characteristics because of their nano size. Consequently
this modern type of material presents progressive technological opportunities. Recently, a significant
research body has focused on polymer nanocomposites both in the engineering and scientific fields to
explore the distinctive properties of the nanosize system. It offers a sustainable alternative to classical
loaded polymers, by adding nanofillers which have high surface area to a polymer host matrices
substance. The poor performance of most polymers can be enhanced to meet the needs and
requirements of a wide range of scientific and engineering applications. In polymer nanocomposites,
various categories of polymers, like thermoplastics, thermosets and elastomers can be used as
materials matrices. However, the thermoplastic-based nanocomposites are attracting the most
attention from both academic and industrial sources, due to their potential to be recyclable. The
thermomechanical recycling procedure is the most cost effective process for large scales of polymers.
Throughout the thermomechanical recycling process, polymers undergo several kinds of thermal and
mechanical process that could change the polymer molecular structure, consequently changing the
polymer performance. Recycled polymers usually have lower performance compared to original
polymers especially in applications which require low strength polymers. The added nanofillers such

as graphene have the potential to improve the properties of the polymer even after recycling [1].

2.2. Nanotechnology

Nanotechnology refers to materials and devices with design, characterization, production and
application at nanometer scale. Nano is a Greek word which meaning dwarf, indicating a decrease of

size, or time, 10 fold, that is smaller than a micron by one thousand times. One cubic nanometer (nmq)
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is approximately 20 times the volume of an individual atom. A nanoelement’s size relative to a
basketball is the same as a basketball’s size compared to the earth. These nanoscale materials display
at least one unique feature because their nanoscale size. A high surface area and quantum effects from
the nanosize material contribute to improving the materials by reinforcing their reactivity, thermal,
electrical and mechanical properties. Nanoscience studies the structure and properties of materials at

atomic and molecular levels, based on the dimensions of the materials [2].

2.3. Nanoparticles

Particles with one dimension at least, that is around 1000nm (1 micron) and less, and possibly as
atomic size and molecular length scales (~0.2 nm), are termed as nanoparticles. Nanoparticles can
take both crystalline and amorphous form and have high surface area per the unit of volume. That
unique property offers greater chemical reactivity than any other particles with a larger size, even with
the same surface. To a certain degree, nanoparticulate material should be considered a featured state
of material, in addition to solid, liquid, gas and plasma states, because of its unique features with a
large surface area. Typical nanoparticle crystalline forms are fullerenes and carbon nanotubes, while
conventional crystalline forms are graphite and diamond. The materials formed from nanoparticles
offer unfamiliar characteristics compared to conventional bulk materials. Many researchers limit the
size of nanomaterials to around 50 nm [3] or 100 nm [4]. This maximum limit is justified by the
actuality that some physical properties of nanoparticles equal those of bulk particles when their size
reaches these values. However, a fair definition extends this upper limit, so that many particles up to 1
micron are classified as nanoparticles [5].

2.4. Nanomaterials

Materials that contain structural building blocks of less than 1 um and at least zero dimensions are
known as nanomaterials. However bulk crystals with nanometer lattice spacing but macroscopic

dimensions overall, are generally eliminated.

2.4.1. Nanomaterials Classification

Nanomaterials are categorized based on many features such as nanoparticle geometry, morphology,
composition, uniformity and agglomeration. This research uses a rating based on nanoparticle

dimensions, whereby nanomaterials are classified as 0D, 1D, 2D and 3D [6].

+«+ Zero dimensional (OD): this type of nanomaterial has nano size in all three dimensions. Metal
nanoparticles like gold and silver nanoparticles are a good example of this type of 0D
nanoparticles. The majority of these nanoparticles type are spherical and the particle diameters are

in the 1-50 nm range.
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++ One dimensional (1D): this type of nanostructures has one dimension not at the nanometer range.
These include nanowires and nanotubes. These materials are long (few micrometres in length),
while the diameter just a few nanometers. Nanotubes materials are good example of this type of
nanomaterial.

«» Two dimensional (2D): this type of nanomaterial has two dimensions that are not in the
nanometre range. These include many different types of nanomaterials and the best example is the
graphene. The area of this type of nanomaterials may be in the range of a square micrometre, but
the thickness remains in the nano scale size.

¢ Three dimensional (3D): in this type of nanomaterials all the dimensions are not in the nano meter
range. These include bulk materials such as graphite [7][8].

This project is interested in the most recent type of nanomaterial, which is graphene.

2.5. Graphene

The study of graphene is one of the most interesting areas in condensed matter and materials science
physics [9]. Moreover, graphene has potential for many applications in several fields [10][11]. The
plurality of the original research into graphene has focused on its thermal and mechanical properties,
and analysed its use in manufacturing applications [12] [13]. Graphene consists of a single atomic
layer of sp? hybridized carbon atoms arranged in hexagonal honey comb structures which are
covalently bonded to three others with a carbon—carbon bond length of 0.142 nm to create a
hexagonal ring structure. Graphite, a 3D layered crystal lattice structure, is formed by stacking
parallel 2D graphene sheets. The neighbouring graphene sheets in graphite are held together by weak
van der Waals forces, with a separation distance of 0.335 nm as shown in Figure 2.1. Research on
graphene has now extended significantly, amidst growing recognition that graphene could have
exciting and interesting physical behaviour and features like a high stiffness and strength, thermal and
electrical conductivity and impermeability to gases (Helium, Oxygen, Nitrogen etc.). For applications
in the nanocomposites field [14] [15] researchers looking at other nanocomposites forms have
recently refocused their efforts to graphene nanocomposites. Furthermore, there was pre-existing
expertise in graphite exfoliation and the preparation of graphene oxide from graphite oxide. Graphene

oxide is related to reduced graphene oxide and pristine graphene by chemical modification[16].
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Graphene sheets

0.335 nm

Figure 2.1. Layered structure of graphite showing the sp? hybridized carbon atoms bonded in hexagonal
rings [17].

2.5.1. Synthesis of Graphene

The first successful attempts to create a single sheet of graphene using mechanical exfoliation are
referred to as the “scotch tape method”. However, the scotch tape method produces quantities suitable
for laboratory research but insufficient volumes for applications as nanocomposites. Much effort is
necessary to produce single sheets of graphene. It is necessary to synthesise the monolayer graphene
by using procedures like chemical vapour deposition (CVD), epitaxial growth on silicon carbide,
molecular beam epitaxy, etc. This approach is known as ‘‘bottom-up’’ and is not relevant to the
current project. The other method involves breaking graphite down into graphene sheets using the
mechanical cleavage or liquid phase exfoliation known as ‘‘top-down’’ [18]. In top-down processes,

graphene is synthesised in several ways, such as:

+ Micromechanical exfoliation of graphite
+«+ Direct sonication of graphite
+«+ Chemical reduction of organically treated Graphite Oxide (GO)

«+ Thermal exfoliation/reduction of GO

The graphene used in this project is synthesised using thermal exfoliation and reduction. GO is

synthesized by oxidizing the graphite nanoparticles with a mixture of sulfuric acid, sodium nitrate,
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potassium permanganate and flake graphite. Flake graphite is the most common source of graphite
used for oxidation. This naturally occurring form of graphite is purified to remove heteroatom
contamination and contains numerous localized defects to aid the oxidation process. However, the
elucidation of the precise oxidation mechanism remains an ongoing challenge due to the chemical
complexity of flake graphite and the defects that are inherent as a consequence of its natural source.
GO reduction can be performed either through a chemical or thermal reduction approach. Chemical
reduction of GO sheets is performed using several reducing agents like hydrazine and sodium
borohydride. Thermal reduction uses a heat process to remove the oxygen functional groups from GO
surfaces, this is known as “the Hummers method” [19][20].

2.5.2. Graphene Properties and Applications

Graphene is known as one of the most favourable nanomaterials because of its unparalleled group of
excellent properties. This provides opportunities for its utilization in a wide variety of applications
that can benefit from superior electrical, optical, chemical, thermal and mechanical properties.
Graphene can be utilized for applications in electronics, semiconductors, gas absorbers, sensors, solar
cells, fuel cells, optic devices and composites. The most promising applications of graphene rely on
the material’s transparency and very high conductivity. Single layer graphene has a unique electronic
structure and properties with zero band gap and a resultant high mobility of charge carriers. The
material displays transport and conductivity at room temperature. Single layer graphene also displays
room temperature ambipolar characteristics, or the quantum Hall effect [21]. These unusual properties
make graphene suitable for applications in electronics. Graphene’s exceptional electrical properties,
combined with its 2D structure and high specific surface area (calculated value ~ 2630 m?gt), make it
an efficient gas absorber with which to fabricate next-generation sensors. However, GO sheets are
naturally insulating, displaying electrical resistance values of around 1012 €/sq or higher due to the
presence of sp® hybridized carbon clusters, the high density of electronegative oxygen atoms bonded
to carbon and other defects. Chemical or thermal reduction can make GO electrically conductive.
Heat treatment of GO reduces its oxygen functionalities and restores the sp? carbon clusters. This
leads to higher electrical conductivity and decreases the electrical resistance [22]. The fully reduced
GO has sp® and sp? concentration of ~8% and 80%, respectively. It has been observed that the
presence of residual oxygen considerably impedes carrier charge (electrons or holes) transport.
Further, studies have shown that transport is dominated by hopping and tunnelling among the sp?
clusters at the initial stages of reduction, at the later stages of reduction and by percolation as original
sp? clusters are connected by newly formed small domains, at the later stages of reduction [23]. The
Young’s modulus and the tensile strength of free standing monolayer graphene were measured as 1.0
TPa and 130 GPa, respectively, using nanoindentation in AFM. In another study [24], the mechanical

properties of GO sheets were measured using AFM and established that the effective elastic modulus
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of monolayer GO (thickness of 0.7 nm) was 207+23 GPa. The attachment of oxygen functional
groups alters the perfect 2D structure of graphene, leading to a much lower strength GO sheet
compared to pristine graphene. Molecular simulation studies [25] showed that the elastic modulus of
GO is strongly dependent on the degree of functionalization and the molecular structure of the
functional groups. Changes in molecular structure and binding energy with the presence of functional
groups cause the graphene sheets to become unstable and leads to a reduction in their elastic
properties, as discussed later in chapter 5. Comparable to its mechanical and electrical behaviour, the
thermal conductivity of GO is much lower than that of pristine graphene, owing to the presence of
defects and disorders [26] [27]. However, graphene exhibits high thermal stability up to 2600 K,
dependent on the C/O ratio, as discussed in chapter 6 [28]. A unique combination of high electrical,
thermal and mechanical properties has made graphene a multi-functional reinforcement for polymers
and opened new possibilities for developing and improving high strength and lightweight polymer
composites for vehicle and aerospace applications and gas barriers for food packaging. To exploit
graphene’s superior properties in such applications it is necessary to mix it with other materials (such

as polymer) to make stronger and tougher composites known as nanocomposites.

2.6. Nanocomposites

Nanocomposites are a combination of two or more distinct materials, in which one is known as the
reinforcing phase, which may be in the form of fibres, sheets or particles dispersed in the other
material known as the matrix phase. The materials are expected to display features, as a result of the
combined features of each parent components, that are greater than those of single components.
Typically, the host matrix material is improved with just small concentrations of reinforcing materials.
For example, if the nanocomposite is designed and fabricated correctly, it may gain reinforcement
strength whilst retaining the matrix toughness, thereby exhibiting a combination of desirable
properties which are not available in single components [29]. An advantage of nanocomposites,
compared to traditional composites, is that such reinforcement should be achieved with the addition of
a small percentage of nano particulate to the host matrix material. Consequently, the nanocomposites
are much lighter weight than traditional composites, but only if the density of the nanoparticle is
greater than that of the matrix. Due to that, nanocomposites are a potentially revolutionary alternative

to classical composites for many possible applications [30].

2.7. Graphene-Based Polymer Nanocomposites

In general nanocomposites are classified based on the host matrix materials type and type of
reinforcement nanoparticles. According to the matrix material type, nanocomposites are classified into

three types:
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1. Polymer matrix based nanocomposites
2. Ceramic matrix based nanocomposites
3. Metal Matrix Based nanocomposites [31]

The most common is polymer matrix based nanocomposites due to the fact that most polymers
display light weight and high toughness, are easy to process, have high chemical resistance, flexibility
and low charge. However, compared to other materials like metals and ceramics, the polymers have
comparatively poor mechanical behaviour, thermal stability and electrical conductivity. Polymers
have as well poor gas barrier and heat resistance properties. The most obvious differentiator of
polymers compared with ceramic and metal is weight, due to their lower density. They have low mass
atoms of carbon and hydrogen as a backbone, making them suitable for use as light weight structural
components and construction materials. Polymer nanocomposites (PNCs) have been widely studied in
industrial and academic fields to identify the unique features of nanosized particles. PNCs have
different structures, which can impact the interactions between the polymer and the nanoparticles as
filler. Furthermore, composite structures are governed by the type of nanoparticles and the polymer
used. The polymers are classified into three different categories: thermoplastic, elastomers and
thermosets. These classifications are based on the molecular structure of the polymer. Thermoplastics
are often referred to just as plastics, which are linear or branched polymers. They can be moulded and
remoulded many times into different shapes. However, this type of polymer do not easily crystallize
on cooling to a solid state, a process that requires huge organisation of the highly coiled and entangled
macromolecules present in the liquid state. Thermoplastic polymers cannot fully crystallize because of
their inherent structure. The chemical structure of PE and PP polymers support some degree of
crystallization. In such cases, crystallisation depends on experimental conditions, such as the cooling
rate and time (in case of isothermal experiments). These polymers however cannot undergo complete
crystallization to achieve 100% crystallinity when cooled from the melt. Hence, one part is

amorphous, which starts flowing at T, (glass transition temperature), while the crystalline part melts at

T, (melting temperature), creating a semi-crystalline polymers. Accordingly, the crystalline phases
are characterized by their T,,. When a polymer reaches the melting temperature T,,, the polymer
chains lose their ordered arrangement and move around freely. However, many thermoplastics are
completely amorphous, even upon annealing. Amorphous polymers are characterized by the T, above
that the materials are rubbery or fluid, and below it they are rigid. Semi-crystallinity is a desirable
characteristic due to imparting the strength and flexibility of crystalline and amorphous areas
respectively. Consequently, these types polymers can be rigid with the ability to twist or bend without
fracturing. Crystal lamellar are obtained through crystallization from dilute solution. When crystals
are formed from the melt, chain entanglements are quite important. In this case, the solid is more

irregular, with polymer chains weaving in and out of crystalline portions. The lamellae are the
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crystalline part while the amorphous part is that part outside the lamellae. The crystals regions are
linked to the amorphous regions by polymer chains. There may be no clear edges limits between those
two regions. However, in some polymers, like polyvinyl alcohol, there is a notable separation between
the crystalline and amorphous regions, though in other polymers, like PE, the structure basically is
crystalline with imperfections that is the amorphous regions. The short branches in LDPE interfere
with the packing of molecules, so they cannot form a fully ordered structure. The lower density and
stiffness make it appropriate for use as films in food packaging and carrier bags [32].

Regarding the structure and properties of the polymer, the nanoparticles and preparation method, there
are three major structural types of composites based on how the filler is dispersed in the polymer.
Figure 2.2 shows (a) phase-separated microcomposites, where the polymer interacts only with the
exterior surface of the layered filler, (b) intercalated nanocomposites, in which the layers of filler are
sufficiently separated to allow for the polymer to cover each layer, and (c) exfoliated nanocomposites,
where the layers are separated entirely and dispersed throughout the polymer phase. Moreover the
PNCs’ properties can be enhanced by blending more than one polymer [33].

(a) Separated (b) Intercalated (c) Exfoliated

Figure 2.2. Filler dispersion in graphene-based nanocomposites: (a) separated, (b) intercalated and (c)
exfoliated phases.

2.7.1. Preparation Methods of Polymer Nanocomposites

Polymer nanocomposites can be made using chemical, physical and mechanical procedures. One of
the major difficulties in the polymer nanocomposites fabrication is good dispersion and distribution of
nanofiller into the polymer matrix. Due to the high surface energy of the nanoparticles, they tend to
aggregate into micron sized clusters of filler, which restricts the dispersion and distribution of
nanoparticles. Considerable effort has been made to disperse and distribute nanofillers equally into the
matrix, regularly assisted by modification of nanofiller surface, chemical reactions or polymerization

reactions which makes them unsuitable for large-scale production [34]. Many preparation methods
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have been used to prepare graphene nano filler reinforced polymer nanocomposites. However, there

are three main methods for incorporating the filler into the host polymer matrix [35] [36].

2.7.1.1. In-situ Polymerization

In-situ polymerization methods for polymer nanocomposites fabrication usually include blending the
filler in pure monomer, or monomer solution [37], and then the resulting blend is polymerized using
polymerization methods like radiation, heat, initiator diffusion or an organic initiator. The monomer
polymerizes between interlayers, creating either exfoliated or intercalated nanocomposites to improve
and develop the dispersion between that two phases. The drawback to this method is that the high
temperature synthesis causes decomposition of the polymer. Moreover, this process requires the
organic maodification of the particle surface and employs complex chemical reactions and

polymerization reactions [38].

2.7.1.2. Solvent blending

Solvent blending or solution method is the most commonly used technique for fabricating the PNCs,
specifically with higher molecular weight polymers. It involves blending nanoparticles and polymer
solution in a suitable temperature and solvent. Typically, the solution method incorporates three
preparation stages: sonicate the nanoparticles in a suitable solvent for dispersion process, blending it
with the polymer solution through simple stirring or shear mixing (at room temperature or higher
temperature) and recover the nanocomposite by precipitating or casting the solution mixture as a film.
The solution method considerably improves the distribution and dispersion of nanoparticles in the
polymer matrix. It offers the advantage of lower viscosity, facilitating regular mixing and good
dispersion of the nanoparticles. One of the main drawbacks of this preparation method is the use of

large solvents volumes, whose evaporation can impact negatively on the environment [39].

2.7.1.3. Melt Blending

Melt compounding is most common and favourable method used in industry. This method includes
blending the nanofillers into the polymer host matrix at a high melting temperature. During the
process, the internal shear stress is dissipated in the matrix by viscous drag. That shear stress is
applied to break down the nanofiller aggregation and enhance regular and good dispersion of
nanofiller in the polymer host matrix. This method is appropriate with present industrial procedures,
like extrusion and injection moulding. Melt compounding includes melting the polymer powder or
pellets to create a viscous solution and the nanofillers are added to the polymer solution by high
temperature and high shear. The final form of the components can be produced using compression

moulding or injection moulding. Compared with solution mixing, melt mixing is considered to be
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more economical and environmentally friendly with no solvent waste and is more effective in industry

due to large production volumes [40][41].

The polymer matrix nanocomposites can include more than one polymer, which provides

opportunities to improve the polymer matrix nanocomposite properties.

2.8. The Importance of Blending Polymers

A polymer blend (PB) is a mixture of two or more of polymers or copolymers. Blending is a method
of obtaining new polymer materials. A mixture of two polymers is referred to as a “polymer blend”,
“polyblends”, or simply “blends”. The polymer blend is produced by physical mixing with or without
new chemical bonding between the parent components. They are prepared in order to produce a new
material with different physical behaviour from the parent polymers. The objective of polymer
blending is to achieve sustainable products that either have exclusive properties or lower cost than
single polymers. Homogeneous blends are molecular mixed. Heterogeneous blends are
thermodynamically immiscible in some concentration range. Some blends are prepared for economic
reasons, while others are created to improve some property in the blend. Approximately 10% of all
thermoplastics and 75% of all elastomers are polyblends. Only a few commercial blends of two
thermoplastics are single-phase blends. All single-phase blends possess negative or slightly positive
interaction parameters. They are amorphous blends; their glass temperature varies monotonically with
composition. Blends can be compatible but not thermodynamically miscible. Many blends are created
from amorphous and (or) semicrystalline polymers. The majority of these blends are compatible.
Blends of two semicrystalline polymers are rarely used. The components of these blends are usually
of a very similar structure. Blending also offers many possibilities for recycling of polymer for reuse
[42].

2.9. Polymer blend methods

The properties of polymer blends depend on the preparation technique. There are many methods used

to prepare the polymer blends. The following are the most important and commonly used.

2.9.1. Mechanical-melt mixing

This is the most important and cheapest method by which to prepare industrial polymer blends. The
simplest process for making a polymer blend from thermoplastic is to blend the polymers in a melted
condition in suitable devices such as rollers, extruders, etc. Under appropriate conditions, chemical
reactions such as chain scissions and cross linking can take place in the polymer melt. A grafting

reaction can also be caused by adding appropriate monomers to polymer melts in extruders [43] [44].
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2.9.2. Solution cast techniques

Solution casting is an important method employed to make thin layered films. The solution cast
process involves placing the solution of the film component in a suitable common solvent, which is
subsequently dried so that the solvent evaporates. The resultant film is then removed from the
substrate. A solution casting method is more advantageous than the melt process, as it results in
higher quality film with uniform thickness, high clarity and pure films without residuals and pinholes.

It is also possible to produce patterned films [45].

2.9.3. Latex blending

A latex is a colloidal dispersion of a polymer substance in an aqueous medium. Latex blends are
prepared by blending two polymers where each polymer is present in the form of polymeric
microspheres dispersed in a fluid medium [46]. Blends prepared with this method are expected to
have a very high interfacial area. The early emulsion polymerization of rubbers and thermoplastic
acrylates provided raw components for latex blending. Latex blends were used either directly as paints,
adhesive and sealants or they were pelletized or spray dried [47].

2.9.4. Spray or freeze drying

During spray drying, the fluid of blend materials is transformed into dried particulate form by
spraying the fluid into a hot substrate. This is an ideal process used when the end products require
precise quality, no remaining moisture content. In freeze drying, the polymers are first heated above
the glass transition to form a solution, then the polymer solution is frozen to achieve solid polymer
[48][49].

2.9.5 Fine powder mixing
In this technique, mixtures of polymer powders are mixed at higher temperatures using ball milling.

The temperatures used are above glass transition temperature (T) of constituent polymers [50].

2.9.6. In-situ polymerization

The polymerization of one polymer is conducted in the presence of another polymer resulting in
interpenetrating polymer networks. Polymer electrolytes are prepared using this technique [51]. The
preparation method of the blend polymer can impact the miscibility between two or more polymers

then their properties.
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2.10. Properties of Polymer Blends

Generally, a PB has been prepared in order to create polymeric materials that can perform under
demanding mechanical, chemical, thermal and electrical conditions. They must also be capable of
performing in complex atmospheric conditions. All of these factors highlight the necessity of studying
the structure, behaviour and performance of the PB. The main study for assessing a polymer blend
performance is to assess the structure of the blend first, since this impacts upon the material’s
mechanical, chemical, thermal, flame inhibition, electrical and optical properties. Polymer blends
offer excellent advantages such as better processing, superior mechanical (creep, impact, stiffness,
strength, modulus and hardness) performance, better heat resistance, lighter weight, gas and water
barrier, chemical resistance, optical and electrical properties and low-cost production. PB enable the
development and improvement of modified polymers without new polymerization steps [52].

Due to their high molar mass, the mixing entropy of polymers is relatively low and consequently,
particular favourable interactions are necessary to obtain miscible or homogeneous blends on a
molecular scale [53]. The overall physical and mechanical behaviour depends on the miscibility of the
blends, which can be determined by studying the structure of the blend, such as its crystallinity
degree, melting and crystallisation behaviour and phase separation [54][55][56][57]-

2.11. Theory of Miscibility

Polymer blends are created when two or more polymers are physically mixed, either in a molten or
dissolved state in a suitable solvent. Polymer blends created by the mixing of polymers can be
miscible, partially miscible and immiscible. Blends can be also considered as compatible or
incompatible.

Immiscible blends with separate phases commonly have poor mechanical behaviour. Miscible blends
with a single phase have various components that are not in separate phase. That type of polymer
blends display greater mechanical behaviour than the parent polymers. However, incompatible
(immiscible) blends are more common than compatible (miscible) polymer blends [58][59].

The most influential factor for obtaining a miscible polymer blend is the low molecular weight
polymers which has a large combinatorial entropy contribution comparing with high molecular weight
polymers [60].

Whether a polymer blend is miscible, partially miscible or immiscible is determined by the
thermodynamics of interaction between the blend components. In order to obtain spontaneous single-
phase blending, the most important factor controlling mixtures of dissimilar components is the Gibbs

free energy of mixing ( 4G,, ), which should be negative:
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AGy = AH,,~ T AS,, < 0 2.1

where AH and ASr, are the enthalpy and entropy of mixing, respectively, and T is temperature. This
IS, however, a necessity but not a sufficient condition. Furthermore, a second condition should also be
fulfilled for each blend compositions to attain a single phase binary polymer mixture:

02%G,,
— 2.2
(a%_z)m

where ¢; is a volume fraction of the component. If AG,, is negative and equation 2.2 is not fulfilled,
the polymer blend will separate into two phases. Figure 2.3 shows a generic phase diagram for

polymer blend systems. The spinodal curve is related to the condition
902G
(——{?) =0 2.3
09 T,P

Within these curves, the polymer mixture is unstable and will undergo spinodal decomposition.
External to the spinodal curve lies the stable and metastable regions. The transition between these two
regions is the binodal curve, which is where A4G,, = 0. Blends in the metastable region will
spontaneously nucleate due to composition fluctuations and separate into continuous and dispersed
phases. Blends in the stable region will undergo spontaneous mixing and exhibit a single,
homogenous phase [61][62].

For low molecular weight materials, an increased temperature mostly leads to greater miscibility as
the T AS,,, term increases, thus driving 4G,,to more negative values. For higher molecular weight
components, the T AS,, term is small and other factors (such as non-combinatorial entropy
contributions and temperature dependant AH,, values) can dominate and lead to the reverse
behaviour, namely, decreasing miscibility with increasing temperature.

Solvent blends that are borderline in miscibility normally show upper critical solution temperatures
(UCST) and polymer-polymer mixtures normally show lower critical solution temperatures (LCST).
This behaviour is shown in Figure 2.3 [63] [64].
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Figure 2.3. Phase diagram showing LCST and UCST behavior for polymer blends [65].

The simplest theory to calculate AGm for component of two polymers blends is the Flory-Huggins
expression. That theory for the free energy of mixing of polymer-solvent systems has been extended

to include polymer-polymer mixtures:

Am _ 1 o P2
VRT _uN, T g,

X
Ing, + @19, > 2.4

where 1 is the total volume of specimen, T is absolute temperature, v; is the molar component
volume of component i, N; is the degree of component i polymerization , ¢; is the component
i volume fraction, v is a reference volume, and y is the Flory-Huggins interaction parameter. The first
two terms on the right hand side of equation 2.4 account for the TAS,, term in equation 2.1 and are
the entropic contribution of each component to mixing. The final term on the right describes the

enthalpic mixing contribution to AG,,.

For large size components (N; > 1000) the respective entropic term becomes negligible. A critical

2
spontaneous mixing interaction parameter y. can be defined when AGn= 0 and aa(z;" = 0 which

i

leads to:

2
u< 1 N 1 > 5 c
Xe = 5 .
2 1’U1N1 \’UZNZ
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Equation 2.5 can be simplified further when both components have equal degrees of polymerisation

(N; = N;) and molecular volumes (v,=1v5,), yielding:

¥ N = 2 2. 6

Comparing the y N values for different blend systems to this critical y. N value allowing for a first-
order determination of whether a polymer blend is miscible, partially miscible or immiscible leading
to a more complex two-phase system [65].

2.12. The classification of the polymer blend

Polymer blends are classified into the following types: miscible polymer blends, partial miscible

polymer blends and immiscible polymer blends [66].

2.12.1. Miscible Polymer Blends

Compatible blends are characterised by a yN < 2 and can create a single phase or homogeneous phase
due to short chain lengths or suitable enthalpies 4H,, of blending. Frequently, negative 4H,, values
are caused by complimentary intermolecular forces between side groups such as acid-base interaction,
hydrogen bonds, dipoles, ionic groups and m-orbital complexes. For instance, the interaction of
styrene groups allows polystyrene and poly (2,6-dimethylphenylene oxide) (PS/PPO) to be miscible
with each other. These type of blends show enhanced physical properties and a single glass transition
temperature, highlighting the existence of only one phase [67].

2.12.2 . Partially Miscible Polymer Blends

Binary blends of polymer that have a y N value of = 2 can be classified as partially miscible. These
blends show two distinct phases with a quite broad interface region separating them. Moreover, there
are sufficient concentrations of minority components in both phases to modify the bulk properties.
Mixture of polystyrene and acrylonitrile butadiene styrene (PS/ABS) belongs to this type. Blends
show two glass transition temperatures (T), with the T; of each component shifting slightly toward
the other compared to pure polymer transitions. The separated phases limit the deformation
mechanisms of the blend, which promotes irreversible micro crazing [68]. This blending regime can

be referred to as “compatible blends”.
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2.12.3. Immiscible Polymer Blends

Polymer blends with yN > 2 are referred as immiscible (incompatible) polymer blends. The notable
feature of this blend is two distinct phases separated by a sharp interface. The interfaces have minor
interaction between the two phases and as a result show very poor cohesion. Therefore, the physical
properties of immiscible blends are almost poorer than either of the parent polymers alone. When a
blend solidifies, the minor, dispersed phase, thermodynamically favours specific geometries
depending on the blend composition [69].

2.13 Compatibilization of Immiscible Blends

Most polymers blend are immiscible due to the positive Gibbs energy of mixing, that results in strong
phase separation, poor adhesion at interfaces and deteriorated ultimate properties. Recently, many
methods have been used to develop and improve interactions across the interfacial region of
immiscible polymer blends. The most simple and effective method to compatibilize immiscible
polymers is to use appropriate compatibilizers. Compatibilization involves the incorporation of
suitable copolymers to an immiscible polymers blend that will raise their stability. Polymer blends
typically possess unstable phase morphologies, resulting in poor mechanical properties.
Compatibilizing the system leads to a stable and better mixed phase morphology by generating
interaction between the two immiscible polymers [70]. There are many different types of
compatibilizers such as graft or block copolymers [71] and nanofillers such as clay or layered silicates
[72], carbon nanotubes [73], and graphene oxide (GO) or its derivatives [74][75].

2.13.1. Compatibilization Using Ziegler-Natta Catalysed Copolymers

Ziegler-Natta catalysts are the most commonly catalysts used in polymerization manufacturing for the

production of PE and PP [76]. On the basis of solubility, the Ziegler-Natta catalyst can categorized as

either:

+» Heterogeneous catalysts: These catalysts are usually in combination compounds, such as poly
(ethylene- co -glycidyl methacrylate) (PE-co-GMA\) for PE and PP blend co-catalyst [77][78].

+ Homogeneous catalysts: random copolymers of ethylene-a-olefin and metallocene linear low

density polyethylene (PE) are obtained using metallocene catalyst [79][80].
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Graft or block copolymers are commonly used as compatibilizing agents. The copolymers employed
for that purpose is comprised of two polymers in the immiscible blend. The relevant parts of the
copolymer can interact with the two phases of the blend to support the stability of the phase
morphology [81] [82]. That stability improvement is achieved due to a decrease in the phase
separation size of the polymers in the blend. The decreased size results from the lower interfacial
tension, due to the accrual of block copolymers at the interfaces between the two polymers. This
enables the immiscible blends to break up into smaller particles in the melt phase. These phase
separated particles will not be as likely to grow because the interfacial tension is now considerably
lower. This stabilizes the polymer blend to enable usage in an applicable product [83]. An example of
this is ethylene/propylene copolymers. Such polymers act as good compatibilizing agents for blends
of polypropylene and low density polyethylene. In this particular case, longer ethylene series are
preferred in the copolymer. This is because co-crystallization is also a factor into this case, and the
longer ethylene series will keep some remaining crystallinity [84] [85]. However, copolymers
generally add few benefits relative to the polymer blends strength and stiffness, due to their low
molecular weights compared with that of the bulk polymer. Furthermore, copolymers with specific
structures are often not easily synthesised, making them relatively costly to engineer. Therefore, it is

necessary to search for another efficient compatibilization strategy at low cost [86] [87] [88].

2.13.2. Graphene Compatibilization

The high performance and low cost of inorganic nanofillers are quite attractive to compatibilize
immiscible polymer blends. GO as a product of the oxidative exfoliation of natural graphite and
consist of multilayers of sp?-hybridized carbon atoms with a mixture of carboxyl, hydroxyl, and
epoxy functional groups on the basal plane and the edges [89][90][91][92]. The polar groups of GO
layers can create hydrogen bonds with polar polymers [93]. The -1t stacking effects between GO and
aromatic rings of some polymers could be used to improve interfacial interactions, leading to
improved compatibility, resulting in improved mechanical strength [94]. Thus, GO in polymer blends
may not simply assist as compatibilizer, but also act as reinforcing fillers due to their high modulus,
making GO and its derivatives better than a classical copolymer compatibilizer. In addition to the
surface modification of the filler and suitable compatibilizer, the processing technique also presents
an opportunity to achieve the required improvement in properties and structure. The efficiency of the
processing system in dispersing the fillers becomes critical, particularly with nanofillers that have a

strong tendency to aggregate and agglomerate due to their high surface energies[95].
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2.14. Properties of Graphene/Based Polymer Nanocomposites

In general, nanocomposites need to be thermally stable for many applications, such as in the
aerospace industry. However, most polymer nanocomposites suffer from low temperature
degradation, which limits their use in many possible applications. Graphene, which is one sheet of
graphite, has unique features such as high conductivity, strength and thermal stability. This
exceptional material can be incorporated into the polymer composites as nanofillers in order to
enhance properties.

As a result of the fact that graphene/ polymer nanocomposites are a relatively recent development, the
literature is still in its early stages but is developing rapidly. Already surprising developments and
enhancements in mechanical, electrical and thermal properties and water and gas barriers of these
materials have been achieved at very low concentrations of graphene nanoparticles in the polymer

host matrix.

2.14.1. The Mechanical Properties

Graphene is considered as a strong material which offer the possibility to make refinements in the
mechanical behaviours of polymeric materials at low concentrations, in particular enhancing the
tensile strength and Young's modulus. However, the mechanical properties of PNCs depend on the
dispersion and distribution of graphene flakes into the polymer matrix and the degree of interfacial
bonding between the nanofiller and the matrix. Generally, to develop and improve the mechanical
behaviour of graphene/polymer nanocomposites, GO is typically used due to its outstanding
mechanical behaviour and the presence of chemical groups to assist strong interfacial interaction [96].
Although pure graphene is incompatible with polymers and will aggregate, through layer-by-layer
stacking, GO, which contains hydroxyl and epoxy groups on the plane of the sheet and carbonyl and
carboxyl groups at the edges, interacts more strongly with polymers. Its surface is comparatively easy
to modify through the presence of amines, esters, aromatics and isocyanate functionalities that

stabilize dispersions; thereby facilitating treating the composite [97].

2.14.2. Electrical Properties

Electrical behavior is one of the most interesting features of graphene/polymer nanocomposites,
enabling them to be employed in electronics applications because of the low electrical resistance and
high electrical conductivity. When used as filler, graphene might raise the material conductivity of an
insulator polymer, such as polystyrene and polyethylene terephthalate. To make the nanocomposite

conductive, the percentage of the conducting filler should be above the electrical percolation threshold
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where a conductive network of nanoparticles filler is formed. However, GO is an insulator and not
ideal filler for producing electrically conducting composites. Another method involves GO surface
modification, reduction to recover, at least partially, the electrical and thermal conductivity through
restoring the graphitic network of the sp? hybridized carbon by reducing the carbon oxygen function

to have reduced graphene oxide or even pristine graphene [98] [99][100].

2.14.3. Thermal Properties

When graphene/polymer nanocomposites are prepared through the solvent method, a well-dispersed
system is created maximising the graphene surface area, which will contribute to superb material
thermal stability [101] [102]. Covalent modifications can be used to improve the graphene dispersion
and distribution into polymer matrix to attain the most significant effect. The modification could also
change the microstructure of graphene, resulting in a graphene with a high carbon-to-oxygen atom
ratio (C/O ratio). This may increase thermal stability, through a decrease in the oxygen functional
group content and an increase in the C/O ratio [103] [104]. In general, a tiny loaded amount of
graphene can notably enhance the thermal stability of polymer materials [105] [106].
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Chapter 3

Characterisation and Experimental Techniques

The polymer, graphene and graphene/polymer nanocomposites samples were classified according to
different characterization techniques to study their physical and chemical structural, optical, thermal,
electrical and mechanical properties. The different characterization techniques and their working

principles are set out below.

3.1. Scanning Electron Microscope (SEM)

Scanning electron microscopy (SEM) is a most popular characterization method for materials. SEM
scans a focused electron beam on a sample to reveal its surface morphology and composition details
[1]. The incident electron beam will react with atoms in the test specimen, which then release a range
of signals which can be detected, analysed and imaged. SEM uses an electron beam focussed using
magnetic lenses to create clear image information of a specimen located inside a vacuum chamber.
Detectors inside the chamber capture electrons that scatter off the specimen from either the incident
electron beam or secondary electrons that are released from the specimen surface after being excited
by the incident electron beam. Non-conductive specimens in SEMs can rapidly develop a charge from
the electron beam. This can result in poor images and heat which can damage the specimen.
Consequently, the specimen surfaces should be coated with a layer conductive, like silver or gold,
before the SEM scan [2]. The most common method and widely used for coating the surface of the
specimen is sputter coating, otherwise known as sputter deposition. The specimen is located inside a
vacuum chamber and the pressure reduced to <100 mbar. Argon gas is released into the chamber and
an electrical field is applied at an anode to excite the argon into plasma and impact a gold foil cathode.
The argon collisions discharge gold atoms off the foil surface, creating a deposit on the sample
surface. The deposition layer thickness is determined by changing the strength of the plasma-creating
electric field and time of sputter. The gold atoms move as a result of the ionic argon momentum and

sputtering occurs at ambient temperatures [3].

The morphology of the sample surface was evaluated by JEOL JSM-6010LA analytical scanning
electron microscope (SEM). The samples were placed on aluminum pan and attached to the SEM
stubs. The pressed specimens were located up the stub by tape of conductive carbon with the fractured
surface facing upwards and subsequently coated with conductive material by gold sputtering. A
Denton Vacuum Desk IV Coater/Etcher was used to sputter coat the specimen. The specimens were
sputter coated using sputter strength of 50% and sputter time of 32 seconds. SEM was performed with
an accelerating voltage of 10 kV under a vacuum environment. The magnification image was between

300-5000 x for each sample. For each specimen, at least 30 different sections were randomly selected.
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3.2 Wide Angle X-ray Diffraction (WAXD)

Studying and understanding the structure of nanocomposites on the mesoscopic scale (2-50 nm), for
example clusters, aggregates, and nanosized materials, can also be undertaken using X-ray scattering,
which depends on differing electron densities of the constituent materials. WAXD is commonly used
to study the crystallisation structure on nanometre length scale [4]. WAXD is a non-damaging
analytical technique that provides the characterisation of interlayer spacing, orientation, crystallite
size and crystalline phases in the specimen. It provides details about the oxidation degree of graphene
or graphite and exfoliation of the graphene into the polymer layers, while also presenting useful data
about the crystallinity degree and the crystal phases of the materials. WAXD is established on the
principle of constructive interference of the scattered X-rays, with an angular dependence that
depends on the crystalline nature of the constitutive materials. For crystalline materials, Bragg’s law
can be used to determine the d-spacing by using the following equation

nA = 2dsin@ 3.1

The X-rays are diffracted from the material and collected by a detector. The 20 values of x-rays
diffraction are plotted in a diffraction pattern. The peaks correlate to a particular interatomic distance.
In general, the amorphous peak areas in materials show a range of d-spacing values and consequently

show wide peak while crystalline peak areas show sharp and narrow peaks in a diffraction pattern.

[51[6]

Figure 3.1. Scheme to explain the Bragg law

WAXD experiments were carried out on a Siemens D5000 (Cu, GA- XRD) unit, operating the

intensity of the beam at 40kV, and 40mA to carry out the experiments at room temperature. The X-ray
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source was CuKa radiation with a wavelength of A = 1.54178 A. Scattered intensities were measured
over 20 values between 2° and 40° in steps of 0.050° sec?, and analysed using the DIFFRAC. EVA

software.

WAXD diffraction angle 4- 40°

m ' '\ SAXS diffraction angle 0- 4°
Incident X-ray beam ‘ ‘ ‘ 2

Figure 3.2. The working principle difference in the WAXD and SAXS.
3.3. Small Angle X-ray Scattering Measurements (SAXS)

Since studying ideal lamellae in polymers in the 1960s, SAXS has become one of the most commonly
used techniques to study the morphology of solid polymers. SAXS is an investigative technique
employed to determine the structure of particle systems’ average particle sizes and shapes. The
materials may be in a solid, liquid or gaseous state or be a combination of materials. Normally, X-rays
are transmitted through the material and all particles that are exposed to the beam will contribute to
the scattered signal. The SAXS method is accurate, non-damaging and generally needs only a small
piece of the sample with a wide range of application areas such as biological materials, polymers,
colloids, chemicals, nanocomposites, metals, minerals, food and medicines[7].

SAXS can be used for many different types of materials that contain two-phase structures, where the
electron density of one phase is much higher than other phase. Interpretation of the data often requires
that a two-phase approximation can be made. As such, a larger electron density difference results in a
higher scattering contribution. In a two-phase approximation, SAXS is used to study precipitation in
metal alloys, diamond structural defects, pore structures in fibres, particle growth in solutions,
catalyst characterization, glass structure, ceramics void structure and also has biological applications.
When the phases number in the specimen increases to three, complexity increases significantly, which
limits the possible applications. In multiphase systems, SAXS is rarely used, however some basic
work for such applications has recently taken place [8]. SAXS provides crucial information about
structural changes in polymers on a molecular scale with dimensions range of 10A to a few thousands

angstrom. A graphic characterization of the SAXS working process and example of a scattering curve,
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the intensity versus the scattering vector (q), is displayed in Figure 3.3. The scattering vector is
calculated from the diffraction angle as q = 4m/A sin (6/2). From the absolute value of scattering
intensity, the fluctuation magnitude of electron density can be identified. The curve shape and the
peak intensity position are related to the correlations of the density fluctuations. Thus, SAXS can
provide useful data about phase transitions if these processes are accompanied by changes in the
fluctuation magnitude [9][10][11].

SAXS measurements were carried out on a laboratory SAXS instrument (NanoStar, Bruker) equipped
with a micro focus Cu-Ka X-ray source, collimating system with motorized scatterless slits (Xenocs,
France) and HiStar 2D multiwire gas detector (Siemens/Bruker). Scattering patterns were corrected
for the detector’s dark current, spatial distortion and flat field. They were normalized using sample
thickness, exposure time, sample transmission and the detector normalization coefficient. They were
integrated using the Fit2D and SASview software.

Sample Detector

— ‘—w

Monochromatic Beam

Figure 3.3. Simplified working diagram of scattering instrument.

3.4. X-ray photoelectron spectroscopy (XPS)

XPS, also known as electron spectroscopy for chemical analysis (ESCA), is sensitive technique of a
surface (~10 nm) that used for define the constituent elements and the chemical composition of a
materials specimen. It presents quantitative and qualitative data about the chemical structure of the
materials specimen. Moreover this technique is exclusive of hydrogen and helium. In the present

project, XPS analysis was used to determine the C/O ratio in the GO, rGO and G.
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In general, XPS employs the photoelectric impact of emitted electrons that are released as a
consequence of the substrate irradiation via high-energy X-ray photons. A monochromatic X-ray
beam spurs the core electrons emission from the surface atoms of the substrate. Then the excited
electrons release from the material, hitting with other atoms and losing energy on the way out. The
average distance of the electrons travel (free path) is determined by the kinetic energy of the electron
and the solid nature that it is travelling through. This inelastic mean free path determines that
electrons emitted from anywhere below 10 nm will lose sufficient energy which will not be detected.
Consequently, just the emitted electrons from the uppermost 10 nm of a substrate are available to be
detected and analysed [12][13].

It is useful to electrically isolate graphene samples during the analysis to prevent differential charging.
Consequently, the samples were mounted by pushing the powders into indium foil, which had itself

been mounted on paper onto the XPS sample holder. Indium foil alone was also analysed.

The analyses were conducted using a Kratos Supra instrument with the monochromated aluminium
source, with two analysis points per specimen. Survey scans were gathered from 1200 to 0 eV binding
energy, at 160 eV pass energy (a given energy to arrive at the detector) and 1 eV intervals. High-
resolution O 1s, C 1s and In 3d spectra were collected over an appropriate energy range at 20 eV pass

energy and 0.1 eV intervals. The analysis area was 700 um by 300 pm.

The samples were flooded with low energy electrons from the charge neutralisation source during the
data collection. Unfortunately, this resulted in a large shift in all the data towards lower binding
energy, so the data needed to be corrected. Conventionally, the C1s signal for sp*-hybridised carbon
bonded to other carbons or hydrogen, expected at 285.0 eV is used to calibrate the data. However, this
was not necessarily the largest carbon peak in the data collected. Instead, the data for the indium foil
was corrected to make the largest C 1s component 285.0 eV for this sample, and the peak position
identified for the largest In 3d peak was then used to calibrate the graphene related samples where a
indium 3d peak was seen. An indium 3d peak was seen for graphene 1, and the same correction was
consequently used for graphene 2. No indium signal was detected for either reduced graphene oxide

analysis point, so the same correction was made as for the graphene oxide 2 analysis points.

3.5. Fourier Transformed Infrared Spectroscopy (FTIR)

Infrared spectroscopy has been a useful material analysis method for many years. An infrared
spectrum shows a clear mark of a specimen with absorption or transmission peaks, that corresponds to

the vibrations frequencies which happen between the atomic bonds [14]
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In FTIR, radiation of infrared wavelengths travels through a sample that may be a solid, liquid or even
gas. The transmittance or absorbance of infrared light is measured as a function of wavelength. FTIR
offers good information about the chemical structure of the specimen including the chemical bonds.
Various bonds between components will vibrate, twist and stretch due to the absorption of infrared
radiation, giving rise to various peaks in the spectrum. FTIR can be used to determining the

components of the material and ways in which they are linked.

A FTIR arrangement will contain an infrared radiation emitter, an interferometer, a beam splitter,
mirrors and a detector. The beam splitter and mirrors serve to separate the beam into a reference and
specimen beam that is then processed into an interferogram. The Fourier transform itself is the
process by which an algorithm is used to transform the constructive interference observed in the

interferogram into a spectrum [15].
FTIR spectroscopy is a favoured method for infrared spectral analysis for many reasons including:

e It isanon-damaging technique;
o It offers an exact scanning technique, which does not require external calibration;
e It can increase speed, collecting a scan every second;

e It is mechanically simple process, with just one mobile part [16].

FTIR spectra were recorded using a Bruker Alpha with (single bounce Diamond) Platinum-ATR
accessory. Spectra were obtained at 4 cm™ resolution and averages of at least 16 scans in the standard
wavenumber range 400-4000 cm™ at room temperature (23 °C). The software used for analysing the
FTIR curves was Origin 2017.

3.6. Ultraviolet Visible Spectroscopy (UV-Vis)

Ultraviolet—visible spectroscopy or Ultraviolet-Visible Spectrophotometry (UV-Vis) refers to the
absorption or reflectance spectroscopy of the ultraviolet-visible spectral region. It is concerned with
the identification and measurement of organic and inorganic compounds. UV-Visible spectrometry is

favoured because it is simple, quick andaccurate.

UV/VIS is an excellent instrument for probing one of three electron orbital forms:

@

+«+ Single bond (¢ bonding orbitals);
+«+ Double or triple bonds (7 bonding orbitals);

++ Non-bonding orbitals for lone pair electrons (n) [16].

The single (o) bonding orbital is usually lower in energy than the double © bonding orbital, that in

turn is lower than the non-bonding (n) orbital, hence the sequence ¢ <m <n. When the
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electromagnetic radiation of the correct frequency is absorbed, one of these orbitals transforms into an
empty orbital, generally an anti-bonding orbital such as ¢* or m* show in Figure 3.4. Differences
energy between the orbitals depends on the atoms present and the nature of bonding . Most transitions
from bonding orbital include only m — n* n— o * and n— = * transitions. UV-Vis employs both
ultraviolet and visible light to determine the sample absorption amount. A UV-visible
spectrophotometer measures the intensity of light before and after passes through a sample and
compares them intensity. The transmittance is the ratio of this original light (I,) to the light passing
through the specimen (7). The spectrophotometer can also be modified to measure absorbance instead
of transmittance. The energy loss in the incident beam is measured as absorption. Usually the results
of the UV-vis technique are plot of absorbance versus wavelength which known as the absorption

spectrum. [17].

UV-vis was carried out on a Varian Cary 50 spectrometer at a scan speed of 300 nm/min. Specimen
data was collected at 0.5 nm intervals with an average time of 0.1 seconds over the range 200 nm to
900 nm. A quartz cuvette was used for analysis. First, quartz cuvette was filled with the solvent (water)
and a baseline was measured. The solvent was then replaced with the sample to be measured and a
baseline subtraction was performed so that only the GO, rGO and G in each specimen were being
measured. The organic molecules present in all graphenes had overlapping peaks and consequently
UV-vis was conducted on graphene samples only as a method of material characterisation. UV-vis
spectra are described using wavelength (nm) versus absorbance in arbitrary units (au). The software
used for creating the UV-vis curves was Origin 2017.
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Figure 3.4. Different molecular orbital transitions [17].
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3.7. Raman Spectroscopy

In 1928, the Physicist C.V. Raman observed the “Raman effect” for the first time [18]. In general,
Raman spectroscopy uses monochromatic laser radiation on a surface of the material and measures
the scattering that occurs as the photon frequency in the monochromatic laser light changes when it
interacts with a material through adsorption and re-emission. The reemitted photon frequency can
shift higher or lower than the frequency of the original monochromatic light. This effect is known as
the Raman Effect. This method was used to estimate the disorder degree in G, rGO and GO
nanomaterials and its nanocomposites. Furthermore Raman spectra provides information about the

chemical structure and oxidation degree [19].

The Raman spectra of graphene/polymer nanocomposites were measured using a DXR Raman
Microscope AlY1300736 equipped with a CCD detector. An excitation wavelength at 532nm was
provided by a frequency doubled Nd/YAG laser, and the laser power at the sample position was
typically 10.0 mW. Raman scattered light was collected in a 180° back scattering geometry. Raman
data were gathered at a spectroscopic resolution of 1.2cm™. The exposure time and number of
accumulations were 2 seconds and 10 times, respectively. Raman spectra were collected from the
surfaces of pellets that were obtained by cutting out the original samples and as powder for the G,

rGO and GO samples. The software used for creating the Raman spectra curves was Origin 2017.

3.8. Deferential Scanning Calorimetry (DSC)

Deferential Scanning Calorimetry (DSC) is one of the most popular methods for thermal properties
analysis. In general, DSC measures the variation of heat flow between a specimen and specimen
reference as a function of temperature or time while the specimen and specimen reference are
submitted to a controlled temperature program [20]. To complete that process, the DSC need two cells
equipped with thermocouples, a programmable furnace, recorder and gas controller [20]. A DSC
curve can show chemical or physical changes that occur in the specimen through the heat cycle. DSC
is often used to determine thermal parameters such as the melting temperature (T5,,), crystallization
temperature (T;), glass transition temperature (7;) and heat of fusion of the sample, [21][22]. The

specimen in DSC is under a nitrogen environment to prevent specimen oxidation.

The melting and crystallisation behaviour of the samples were obtained using differential scanning
calorimetry (Perkin-Elmer Pyris 1 DSC system) over a temperature ranging from 25 °C to 220 °C, at
heating and cooling rates of 10 °C /min under a Nitrogen atmosphere, at 30mL/min. The weight of
samples was kept within 11-14 mg. The crystallinity degree of the samples was calculated according

to equation 3. 2:

AH,,
Xo(%) = 5 X 100 3.2

o
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where AH,, is the total heat energy per unit mass and AH, is the enthalpy of fusion of a 100%
crystalline sample, fixed at 293 J/g for PE and 207 J/g for PP [23][24]. Data were analysed using the
software Perkin-Elmer Pyris Version 11.1.1.0492.

Oxidation

Crystallization Cross- linking

Heat Flow

Glass
Transition

Melting

Temperature (°c)
Figure 3.5. A typical DSC curve for polymer [25].

3.9. Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis (TGA) measures the weight change in a material as a function of
temperature and time under a controlled atmosphere. Materials like metals, polymers, plastics,
ceramics and glasses can be analysed using TGA. It provides data about the thermal stability and
decomposition patterns of a material. The main requirements for TGA instrument are an accurate
balance that has a ceramic pan for loading the specimen, and a programmable furnace. The furnace
can be programmed either for a constant heating rate, or for heating that acquires a constant mass loss
over time. The sample is heated in different gas environments (oxygen or nitrogen). Nitrogen gas is
used in this work to prevent oxidation of the samples. TGA uses a few milligrams of solid-state
samples, making it a convenient method of characterisation. The work principle of the TGA is
measuring and recording the weight constantly until the degradation point. TGA can consequently be
used to assess the thermal stability of nanocomposites in different thermal environments. TGA is
unable to present any information about the chemical changes or reactions. However, there are three
ways in which material degrades: it could be random scission, systematic chain scission or a
combination of both. Generally the random scission dominates in graphene/polymer nanocomposites

degradation leave a sample residue known as char. [26] [27].
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The samples were analysed by Thermogravimetric analysis (TGA) using a Perkin-Elmer Pyris 1TGA,
with a linear heating rate of 10 °C min®, under a pure nitrogen atmosphere at 60 ml/min. The
temperature ranged from ambient to 800 °C. The initial weight of samples was kept within 7-9 mg.

Data were analysed using the software Perkin-Elmer Pyris Version 11.1.1.0492. The software used for
creating the TGA curves was Origin 2017.
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Figure 3.6. A typical thermal degradation TGA curve.

3.10. Conductivity measurement

The electrical conductivity or resistant of graphene/polymer nanocomposites are dependent on good
dispersion and distribution of nanoparticle filler into the polymer layers. Another factor is the
homogeneity between the filler and the host matrix material.

The dc-conductivity of the 1 mm thickness films was analysed by putting them between two stainless
steel electrodes. The electrical connection is created through copper wires which using silver paste on
the stainless steel electrodes. The specimen area and thickness were obtained using a screw gauge.
The electrical conductivity (o) of the specimen was measured by the two probe technique with an
electrometer (Keithley, model 2400) at room temperature using equation 3. 3:

where R is the electrical resistance , a is the area and [ is the thickness of the specimen [28]. The
current-voltage (I- V) studies are done using the same specimen by applying voltage from —30 to +
30 V and the current was measured at each applied voltage.
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3.11. Mechanical Properties

The mechanical behaviour of graphene /polymer nanocomposites are quite importance for engineering
and industrial applications. The tensile test gives rise to stress-strain curves, where the stress is a force
per area while the strain is a dimensionless quantity. Tensile strength is independent of the specimen
size while it is dependent on material type and preparation method of the specimen. Typically, a dog
bone shaped specimen is drawn linearly at a steady extension rate until it distorts or breaks. An
analysis of the deformation profile provides elastic modulus, yield strength, ultimate tensile strength
and elongation. The specimen is placed in the frame machine between the grips with the change in

gauge length over the tensile test recorded automatically.

A universal test machine (HOUNSFIELD) tensile testing frame was used to perform a tensile test on
the nanocomposites at a crosshead speed rate 20 mm/min at room temperature. A gauge length of 25
mm was used for the samples. Qmat software was used to calculate elastic modulus and tensile
strength and other mechanical parameters. For the nanocomposites, four specimens of each category

were tested and their average values were reported.

Sample thickness
1.18mm

f Gauge length

25 mm

.

Grip end

Specimen length
45 mm

Figure 3.7. Dimensions of tensile composite specimen (mm).
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Figure 3.8. The typical Stress-Strain curve [30].
3.12. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) determines the materials mechanical response through various
temperatures and frequencies. A DMA applies an oscillating force to a specimen material then
measures the response of the material to that force. DMA is a good method for characterizing a phase
transition and the phase separation as well other mechanical characteristic modulus in the linear
regime. In DMA, a sinusoidal tensile strain is applied to a specimen sheet and the stress response is

separated into storage and loss components, as related by the following equation

E*=E +E" 3.4
where E* is the complex modulus, E” is the storage elastic modulus, and E" is the loss modulus. The

specimen damping coefficient, tan &, can be calculated from [29]:

"

tand = — 3.5
an 5

This mechanical damping or internal friction shows the energy dissipated value as heat through the

deformation process [30] [31].

The dynamic mechanical analyser (DMA) Perkin Elmer D8000 was used to test the thermo-
mechanical properties of polymers. Small rectangular specimens sheet of around 25mm x 10mm X
1mm, made by hot press moulding, were tested. The three point bending mode was used in all
measurements, which were taken in tension mode at 1Hz frequency at ambient temperature that in a
broad temperature range from — 150 °C to 100 °C, achieved using a heating rate of 3 °C \ min. Liquid

nitrogen was used to reach the lower required temperatures.
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Chapter 4

Understanding the Structure, Phase Transition and Properties Behaviour of the
Polymer Host Matrix of Graphene Nanoparticles

In this chapter, we present a comprehensive study of the structure and properties of the single polymer
host matrix (PE and PP) and the blend polymer host matrix (PB and PBC) including the phase
transition, separation and miscibility of the blend. This provides a baseline from which to study the
effect of graphene addition on the structure and properties of the graphene/polymer nanocomposites,
as presented in later chapters. The main methods, which were used in this part of the project,

including the materials, results and discussion and the summary are outlined below.

4.1. Materials

In this study, two widely used polymer materials were used, namely metallocene linear low density
polyethylene (m-LLDPE, hereafter referred to as PE) and polypropylene homopolymer (PP), which
were obtained from a commercial supplier (RESINEX). Key physical data for each polymer are given
in Table 4.1. The weight-average molecular weight (My) was measured by gel permeation
chromatography (GPC, PSS Polymer Standard Service, Mainz, Germany), and the melting
temperature was characterized using DSC. The PE/PP compatibilizer polymer (ethylene-co-glycidyl
methacrylate) (PE-co-GMA) was supplied by Sigma-Aldrich (Gillingham, United Kingdom). All

polymers were received from the supplier in pellet form and were used as supplied.

Polymer Supplier Melt flow index Melting Density \V/ PDI
(gm/10 min) temperature (g/cm®) | g/mol (= &)

(°C) M

PE The Dow chemical 1.0 124 0.917 70700 3.33
company

PP homo Saudi Basic 19 165 0.905 61700 511
industries

corporation (SABIC)
PE-co-GMA Sigma-Aldrish 5.0 99 0.94 - -

Table.4.1. Polymeric materials data, the melt flow index and the density from supplier, the melting
temperature from DSC and molecular weight details from PSS.
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4.2.GPC/SEC Analysis

Gel Permeation Chromatography (GPC), or Size Exclusion Chromatography (SEC), is extensively
used to obtain the molar mass distribution (MMD) in industrial analytical laboratories. Determining
the MMD for PE and PP is a challenging task and rarely possible on standard bench-top equipment

due to the high temperatures required to dissolve them. Therefore, a specialist service was required.

Accuracy in the molar mass determination is very important to study the miscibility and compatibility
between the polymers. The injection system used was a PolymerChr GPC-IR system equipped with a

PolymerChar IR-4 (infra-red) detector, using typical analysis conditions.

Sample concentrations of approximately 2.7g\L in 1, 2, 4-trichlorobenzene were added. Dissolution
time was 120 min at 160 °C. The samples were injected twice with 200 uL and the flow-rate was 1.0
mL/ min. A calibration curve with polystyrene standards was measured within the separation range of
the column set. The measured molar mass distribution was made with the slice-to-slice method based

on the PS-calibration curve. Calibration was conventional. The results are reported in Table 4.2.

Polymer 1D Mn/Da MwlDa Mz/Da PD I(:Mwan)
PE 70700 | 316000 926000 5.11
PP 61700 | 235000 579000 3.33

Table 4.2. The GPC/SEC results of the samples with broad molar mass distribution.
4. 3. Preparation

PE and PP blends samples were prepared according to the weight percentage shown in Table 4.3; 1
gram of those granules was added to 10ml of o-xylene at 135 °C. The compatibilizer was also added
at the same time. The polymers were dissolved with the help of a magnetic stirrer for 35 minutes. The
mixture was transferred to a petri dish and then dried in an oven at 80 °C for 12 hours. The complete
solvent removal was confirmed by DSC, where no solvent peak was detected. The sample was then
ground with a manual grinder. 1 mm thick composite sheets were obtained by pressing the ground
samples between two sheets of PTFE using a hydraulic press, MOORE LTD (Birmingham. England)
at 210 °C under 3 tons for 10 min. Then the specimen were quenched immediately into water at room

temperature.

54



Sample ID | PE (Wt%) | PP (Wt%) | PE-CO-GMA (Wt%)
PE 100 0.0 0.0
PP 0.0 100 0.0
PB 50 50 0.0
PBC 50 50 50

Table 4. 3. Weight percentages of each component in the different samples.

B s
" Bl s

Figure 4.1. The Preparation of polymers matrices.
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4.4. Results and Discussion

Preliminary investigations indicated that o-xylene was a good solvent for PE and PP homo. The
optimum ratio of solvent o-xylene is 100 mg/ml, and minimum temperature at which a homogeneous

solution was obtained, was 135 °C.
4.4.1. WAXD results

A WAXD pattern of PP, PE and PB is shown in Figures 4.2, 4.3 and 4.4. PP reflection is present at 20
equal to 14°, 16.8°, 18.5° 21.2° and 21.8°, representing diffraction from the 110, 040,130, 111, 131
and 041 of the monoclinic a- form crystals from lattice planes. The reflection at 21.8° is due to both
the 131 and 041 of the orthorhombic crystals from lattice planes. WAXD of PE is governed by the
110 and 200 reflections at 20° equal to 21.4° and 23.7° [1]. The diffraction pattern of the PB
contained no new absorption bands or any shift in the position of diffraction line; the patterns were
approximately the combined the diffraction pattern PE and PP as shown in Figure 4.5, because the PE

and PP are immiscible so cannot co-crystallize.
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Figure 4. 2. The curves of WAXD patterns of PP.
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Figure 4. 3. The curves of WAXD patterns of PE.
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Figure 4. 4. The curves of WAXD patterns of PB.
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Figure 4. 5. The curves of WAXD patterns of PE, PB and PP.

The crystallite size 1, as determined by the widths of the peaks by using the Scherrer equation 7 =
KA/(B cos8) where K is a dimensionless shape factor, with a value close to unity, the typical
value of K being around 0.9 and g is the peak width at half the maximum intensity (FWHM). The
PP crystallite size is less than in the PB blend as well as in PE as shown in Table 4.4. Also, the
addition of homo PP to the PE caused a slight decrease in the interlayer spacing (d = nd/2sin@) of
the PE sample, as shown in Table 4.5. That means that the crystallization behaviour of PE is affected
by the PP [2].
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Figure 4.6. Schematic of the interlayer spacing of semi-crystalline polymers.

20 14° 16.8° 18.5° 21.4° 23.7°
Sample ID | FWHM | (&) | FWHM | t(A) | FWHM | t (A) | FWHM | t(A) | FWHM | t(A)
PE - - - - - - 0.437 | 2055 | 0574 | 157.1
PP 0382 | 2331 | 0370 | 241.3 | 0.476 | 1881 | 1.195 | 75.2 - -
PB 0351 | 253.7 | 0329 | 2715 | 0.404 | 221.2 | 0570 | 157.6 | 0.489 | 184.3

Table 4. 4. The crystallite size values of PE, PB and PP from the reflection peaks in WAXD data.

Figure 4.7 shows the WAXD patterns of the PBC. PB and PBC both have a broad amorphous

The interlayer spacing d(A)

20 PE PB PP

14° - 6.307 | 6.288
16.8° - 5.246 | 5.239
18.5° - 4797 | 4.780
21.5° 4.14 4129 | 4.070
23.7° 3.746 3.740 -

Table 4.5. The interlayer spacing of PE, PB and PP.

background imposed on sharper diffraction lines due the crystalline regions. The crystallite size

decreased with increasing the PE-co-GMA content, as illustrated in Table 4.6. The PBC has a similar

crystallization structure to PB with no effect on the crystallization from the PE-co-GMA which is

shown Table 4.7.
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Figure 4.7. The curves of WAXD patterns of PBC.
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Figure 4.8. The curves of WAXD patterns of PB and PBC.
20 14° 16.8° 18.5° 21.4° 23.7°
Sample ID | FWHM | t(A) | FWHM | t(A) | FWHM | t(A) | FWHM | t(A) | FWHM | t(A)

PB 0.351 | 253.7 | 0.329 | 2715 | 0.404 | 221.2 | 0.584 153 0.500 180
PBC 0.369 | 241.1 | 0370 | 2413 | 0.438 | 2044 | 0516 | 1741 | 0.465 | 193.8

Table 4.6. The FWHM values of PB and PBC reflection peaks in WAXD data and crystallite size.

The interlayer spacing d(A)
20 PB PBC
14° 6.307 6.297

16.8° 5.246 5.246
18.5° 4,797 4,797
21.5° 4.129 4.157
23.7 3.740 3.753

Table 4.7. The interlayer spacing of the PB and PBC.
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4.4.2. SAXS

The properties of polymers and their blends depend on the linear degree of crystallinity y; and the
interlamellar structure, that is the link between the crystalline and the amorphous areas. Figures 4.9,
4.10, 4.11 and 4.12 give the SAXS profiles, intensity vs scattering vector (g nm?), for the specimens
of PE, PB, PP and PBC blends respectively. In order to interpret the SAXS data, the curves are
Lorentz-corrected; i.e., the intensity is multiplied by g2 [3][4]. Figure 4.13 and 4.14 show Lorentz
corrected curves for (PE, PB, PP) and (PB, PBC) blends respectively. A distinct interference
maximum is generally observed in SAXS profiles for semi crystalline polymers and polymer blends
due to periodic lamellar stacks [5][6]. The long period distance, Figure 4.15, (Lp = 27 /qmax [7] While
q = (4m sinf)/A [8]) was estimated from the position of the intensity maxima [9], as demonstrated
in Figures 4.13 and 4.14. The morphology parameters of the lamellar stacks were determinate
from the linear correlation function (LCF),y(r), calculated from the cosine transformation of the
Lorentz-corrected SAXS intensity distribution:

_Jy a* 1(q) cos(gr)dq
I, g2 1(q)dq

y(r) 4.1
Using the LCF y(r) curves shown in Figures 4.16, 4.17, 4.18 and 4.19, the long period L, was

obtained directly. The linear crystallinity y; was determined from the LCF y(r) as well by using the
following equation

DO
= 4.2
LP

u(t-x) =

where D, is the average core thickness [10]. The D, is the position at the end of the linear section in
the LCF y(r) . The thickness of the crystalline layers [. and amorphous [, layers in the polymer
stacks calculated by following equations

.= xly 4.3

lo=0-x)L, 4.4

From those results, the linear crystallinity y; value is can found by following equation

X1 = —= 4.5
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The long period of PE, PP and PB lamellae are 145+2, 125+1, and 141+2 A, respectively. PB has
different structures in comparison with PE and PP, as indicated by the observed maxima positions at
125+1 A [11]. Likewise, an increase in the long period distance occurred. Furthermore, PBC from
Figure 4.10 is characterized by a maximum at 146.5+2A which indicates an increase in the long
period with addition the PE-co-GMA [12]. The thickness of the crystalline I, and amorphous [, layers
and linear crystallinity y; of the PE, PP, PB and PBC specimens were reported in Table 4.8. The
crystalline layers thickness in PP is higher than PE corresponding to the higher crystallinity degree of
the PP. The crystalline layers thickness decreases upon blending the PE with PP due to different
crystalline types causing a decrease in the crystallinity and an increase in the amorphous layers
thickness, which is discussed later in the DSC section.

0.z 0.4 0.6 0.8 Lo 1.z 1.4

Figure 4.10. SAXS profiles for the PB sample.
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Figure 4.13. Lorentz-corrected SAXS curves for the PE, PB, and PP samples.
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Figure 4.14. Lorentz-corrected SAXS curves for the PB and PBC samples.
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Figure 4.15. Schematic of the long period distance of lamellar.
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Figure 4.16. y(r) linear correlation function of the PE.
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Table 4.8.

Figure 4.17. y (r) Function of the PP.

50

100
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Figure 4.18. y(r) Function of the PB.

Figure 4.19. y(r) Function of the PBC.
Sample ID 1, I, L, X,
PE 20 125 | 145+ 2 0.14
PP 42 83 125+1 0.34
PB 13 128 14142 0.10
PBC 10 136 14612 0.07

The thickness of the crystalline lamellae and amorphous lamellae, long period and linear

crystallinity of the PE, PB, PP, PB and PBC samples.
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4.4.3. Crystallization and Melting Behaviour

The crystallization and melting behaviour as studied by DSC are shown in Figures 4.20, 4.21, 4.22
and 4.23. The crystallization temperature T, melting temperature T,,,, melting enthalpy AH,,, and the
degree of crystallization X, of PE, PP, PB and PBC for all the blends are reported in Table 4.9. The
T,,, of PE is 124+1 °C, whilst it is 123+1 °C and 122+1 °C in PB and PBC respectively, so that the
addition of PP is seen to lower slightly the PE melting temperature. The PP melting peak was
observed in all the blends at almost 165+1 °C, as Furukawa et. al. reported in reference [2]. These
results demonstrate that blends of PP and PE are thermodynamically incompatible [13]. The melting
enthalpy of the PP and PE are 98 Jg* and 99 Jg* respectively, decreasing in the blends (Table 4.9).
This value is the energy required to melt the crystalline regions, and is directly proportional to the
crystallinity volume, indicating that a lower crystallinity developed for the two components in the
blends [14]. The crystallization peak of PP is observed at 11941 °C, decreasing to 115+1 °C upon
blending with PE. Furthermore, it continued to change slightly by adding changes further upon
addition of the PE-co-GMA, to 114+1 °C. The crystallization temperature of PE is lower than the PP.
It is observed clearly at 1031 °C in PE specimen, 107+1 °C in PB and 106+1 °C in PBC with no
clear difference between the treated (PB) and untreated (PBC) blends. This is because the PE-co-
GMA role has enhanced the adhesion and miscibility between the polymers without affecting the
crystallization, a finding supported by the WAXD and SAXS study. The decrease in the degree of
crystallinity in the blend occurs because very fast quenching (achieved by flowing the sample under

cold water) can prevent crystallization induced segregation [15][16] [17] .
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Figure 4.20. The DSC curve of a blend of PE.
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Figure 4.21. The DSC curve of a blend of PP.

35

30

25

20

15

10

T T T T T T T T |
40 60 80 100 120 140 160 180 200 220 240
Sample Temperature (°C)

Figure 4.22. The DSC curve of a blend of PB.
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Figure 4.23. The DSC curve of a blend of PBC.
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T, °C Tl °C AH,, /g™ X, (%)
Sample ID | PE PP PE PP | PE | PP | PE | PP | total
PE 1031 | - | 1241 | - 99 | - | 26| - | 26

PP - 110+l | - [1esxl| - |98 | - |48 48

PB 107+1 | 115+1 | 123+1 | 1671 | 15 | 46 | 5 |22 | 27

PBC 106+1 | 114+1 | 122+1 | 164+1 | 12 | 47 | 4 | 23| 27

Table 4.9. Crystallization, melting and melting enthalpy temperature of PE and PP in the blends.
4.4.4. Thermal Behaviour

The thermogravimetric curves are shown in Figure 4.24. All the curves have a single degradation step
[18]. Degradation temperatures are shown in Table 4.10. PE starts, as defined by a loss of 1wt%, to
degrade at 365+3 °C and PP at 27943 °C. The single degradation step arises from the fact that the
polymers consist of carbon-carbon bonds (backbone) as main chain. A temperature increase promotes
random scission, with associated thermal degradation taking place at a susceptible part of the polymer
main chain [19]. The PB blends begin to degrade at 299+3 °C. The low thermal stability of the PB
blend (relative to PE) is probably due to oxidizing the mixture during the blend and drying processes
that will promote and cause the degradation process [20] [21]. The thermal stability of the PB is more
than the single PP, so that the thermal stability of the polymers follows sequence PE > PB > PP.
However, it is clear that the degradation occurs over a wider range of temperatures in the blend than

in the pure components.

Adding the poly (ethylene-co-glycidyl methacrylate) (PE-co-GMA) to the blend PBC at 5wt%,
increased the thermal stability of the blend. The PBC starts to degrade at 386+3 °C, an increase of
87+3 °C. This might be due to the higher thermal stability of PE-co-GMA polymer [15].

Under a nitrogen environment, all polymer samples have degraded completely without leaving any

noticeable residue by 700 °C which is in agreement with values observed in the literature[22][23].
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Figure 4.24. The TGA decomposition curves of the sample.

Sample ID | Tgows)°C | T5omt6)°C | Ta.0m)°C
PE 366+3 39443 539+3
PP 2793 3033 500+3
PB 299+3 3713 524+3
PBC 386+3 44243 679+3

Table 4.10. Decomposition temperatures of the samples at different remaining weight percentages.

4.4.5. Mechanical Properties

The elastic modulus (MPa); yield strength (MPa); ultimate tensile strength (MPa); and elongation
(mm) were measured for PP, PE, PB and PBC specimens, as shown in Table 4.11 and Figure 4.25.
The homo polypropylene has the highest elastic modulus which is because PP chains are rigid due the
methyl group which is attached to every second carbon atom of the PP backbone chain. These groups
hinder rotation of the chain producing a stronger but less flexible material. PE exhibits elastic
behaviour, with a lower elastic modulus and higher elongation compared to homo PP [24]. The
elongation of the PB is lower than the parent polymers, because the blend is incompatible, as shown
in the DSC data is supports the results from the DSC data. The mechanical properties increase by

addition of the PE-co-GMA compatibilizer. In general, PE-co-GMA as a compatibilizer improves the
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interfacial adhesion, which results in an increase in tensile properties. increase through its glycidyl

group and double bond and hydrocarbon backbone respectively [15].

Sample ID | Elastic modulus | Yield strength | Ultimate tensile Elongation
(MPa) (MPa) strength (MPa) (mm)
PP 884451 25+1 34+0.4 3+0.3
PE 38431 9+0.0 16+2 175+24
PB 322+41 2+1 5+1 1+0.2
PBC 277490 10 +1 12 +3 3+0.3

Table 4.11. The tensile properties of the polymer blends.
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Figure 4.25. Mechanical properties of polymer blends.
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4.4.6. Dynamic Mechanical Analysis (DMA)

Figure 4.26 illustrates the variation in loss tangent with temperature at 1 Hz. All the curves show the
same pattern and can be divided in the three main regions indicating three separate transitions. These
are referred as a-transition for the rubbery state, B-transition for the glass-rubber state and y-transition
for glassy state, in order of decreasing temperature (Figure 4.26)[25]. In PE, the o-transition was
observed in the temperature range 20-100 °C with a maximum in tan 6 at 53 °C. The B-transition was
observed from 20 to —50°C with a maximum in tan & at -10.4 °C. The y-transition occurs at —117.7
°C. The B-transition is the major transition in the polymer in general, which is when the materials are
going through a glass/rubber transition. That transition is equivalent to the glass temperature T, [26].
The B-transition of PP shown in Figure 4.26 at 5.3 °C in agreement with that reported by Ersoy and
Onder [27]. Two transitions in PB and PBC polymeric blends were observed at —2 °C and 14.7 °C for
PB and —4.25 °C and 21 °C for PBC. This indicates an incompatible (immiscible) blend with two
separate phase transitions, and the role of the 5% PE-co-GMA role is just to enhance the adhesion and

cohesion between two polymers, and not enough to obtain a miscible blend.
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Figure 4.26. Mechanical loss factor spectra of blends polymer.
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4.5. Summary and Conclusion

This present study has investigated the morphology, the phase transition, thermal and mechanical
properties of PE, PP, PB and PBC, and the miscibility between two non-polar polymers (PP and PP),
with and without the compatibilizer. Our results indicate the 100mg/ml ratio of the o-xylene is
optimal to dissolve PB blends. Furthermore, the WAXD showed increase in the interlayer spacing and
the crystallite size by addition of the PE and the PE-co-GMA to the blend. However, the 5% of PE-
co-GMA dos not effect on the PB structure. Neither blend showed any co-crystallization. The long
period of PB ~141+ 2 A differs from that of PE ~145 +2 A and the neat PP ~125 +1 A. Moreover, it
increases with the addition of the PE-co-GMA to be ~146+2 A. The DSC data shows that the blends
have binary crystallization and melting behaviour while the crystallinity degree is lower in the PB and
PBC than the PP. The thermal stability of the PE is higher than the PP and PB blend. Adding the PE-
co-GMA compatibilizer causes an increase in the thermal stability. PP has superior mechanical
properties, while PE provides better elastic behaviour. From that we can see the importance of
blending the PP and PE. The mechanical properties increased with the addition of the PE-co-GMA.
As a consequence, PBC provides the best mechanical properties. Finally, The DMA studies indicate
that pure polymers (PE and PP) have three different transitions: a-transition, B-transition and y-
transition. Furthermore, PB and PBC both have two B-transitions, due to the glass transitions in the

separate phases because the PE and PP are incompatible and immiscible polymers.
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Chapter 5

The Effect of Graphene Oxide on Structure-Property Relationships in Graphene/
Polymer nanocomposites

After understanding the structure and behavior of the host polymer matrices, in this chapter, we
successfully incorporated graphene oxide nanofillers with different percentages into polyolefins in
order to achieve a good dispersion and distribution by using the solution (solvent) method. Then we
study the effect of the nanofiler on the structure and properties of the graphene/polymer

nanocomposites.

5.1. Materials

The information and details of the polymers and compatibilizer polymer used were presented in the
chapter 4. Graphene oxide (GO) was purchased (Graphene Laboratories, New York, USA) with a
nominal thickness of about 1.1 + 0.2 nm. The GO was stored and handled in a glove box in order to
contain airborne particulates.

The morphology of GO studied by scanning electron microscope (SEM) and atomic force microscope
(AFM) are shown in Figures 5.1 and 5.2 respectively. SEM images show exfoliation of graphite oxide
to separate (single or multi layer) graphene flakes. GO sheets were exposed on the substrate.
Exfoliated graphene oxide sheets scanned by AFM showed height profiles range between ~0.2 nm
and ~ 0.6 nm corresponding to single layer graphene oxide sheets [1] [2].
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Figure 5. 1. SEM images of pure GO with different magnifications.
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Figure 5.2. AFM image and thickness height profile of the GO deposited onto functionalized mica [3].

5.2. Solubility Tests

While most applications do not use graphene dispersions directly, many need graphene to be
dispersed at appointed step during the experiment. Therefore, the stability, concentration and overall
quality of the dispersion remain extremely important [4]. In order to compare the dispersion
behaviour of GO in various solvents, the similar amount of GO nano particles (10 mg) was added to a
given volume of solvent (5 mL), with a concentration of 2 mg/ml. The GO dispersions in water (H,0),
N,N dimethylformamide (DMF), o-xylene and tetrahydrofuran (THF) were sonicated using ultrasonic
sound of frequency 40 kHz, in an ultrasound bath cleaner (Branson 2510,California, United States) for
1lh to remove the large aggregates. GO forms a stable suspension in aqueous media since polar
surface oxygen groups can hydrogen bond with the suspending medium. Even 4 hours after mixing,
darkness of GO suspension implies good dispersibility in polar solvents, water, DMF and THF, while
large precipitations were observed in the non-polar solvent o-xylene just after 1 hour; o-xylene is a
good solvent for the non-polar polymers like PE and PP, "like dissolves like". GO formed fairly good
dispersions in DMF and THF, but after 24 hours the GO was still suspended in water. Figure 5.3
displays the polarity index of some solvents.

In general, GO can be dispersed in many polar solvents particularly water, whereas reduce graphene
oxide and pristine graphene have limited choices, such as a solvent of PE and PP. For the GO, DMF
was chosen because it is compatible with o-xylene and has a higher polarity index and higher boiling

point, as stated in Table 5.1.
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Figure 5.3. The dispersion of GO in four different polar and non-polar solvents.
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Solvent Solvent Polarity Boiling point
Index, P (°C)
Hexane 0.1 69
Carbon tetrachloride 1.6 77
Toluene 2.4 111
O-Xylene 2.5 144
Tetrahydrofuran 4.0 65
Ethyl Acetate 4.4 77
Methanol 51 65
Acetone 51 56
Dioxane 5.3 101
Acetonitrile 5.8 82
N,N-Dimethylformamide 6.4 153
Water 10.2 100

Table 5.1. The polarity index and the boiling point of some solvents [5].

5. 3. Graphene/Polymer Nanocomposite Processing

Graphene/polymer nanocomposites can be prepared by using a variety of preparation methods, for
example the in situ polymerization method, or simply by using direct mixing such as solution method,
or the melt compounding method followed by injection moulding or hot press. In this project

graphene/ polymer nanocomposites are prepared using the solution method then hot press. The

preparation process consists of 4 steps:

++ Dissolving the polymer in solvent.

5.3.1 Solvent method

The solvent (solution) method uses a solvent or co-solvent for dissolving the polymer and sonication
for good dispersion and distribution of nanoparticles into the polymer matrix. PE and PP are non-

polar polymers with high chemical resistance, and due to crystalline nature of those polymers, they do

++ Sonication mixing of graphene in the solvent.

+«+ Mixing polymer with graphene in the cosolvent.
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not dissolve at room temperature. Aromatic hydrocarbons solvents such as toluene, xylene or DMF
with high boiling points can dissolve PE and PP at high temperatures.

PE and PP blends were prepared based on the percentages shown in Tables 5.2 and 5.3. 2 gram of
both granules were added to 20ml of o-xylene at 135 °C. Where used, the compatibilizer PE-co-GMA
was also added at the same time. The polymers were dissolved with the help of a magnetic stirrer for
30 minutes. Strict protocols relating to the containment of solvent fumes (in a fume hood with high

flow and a low sash) were therefore necessary throughout the sample preparation process.

5.3.2. Sonication mixing

The Graphene oxide was sonicated using an ultra sonication bath for 1 hour. The sonication process is
done to the break-up the nanoparticles agglomerates and aggregates, inducing a regular dispersion and
distribution of GO nanofiller in the solvent. The solution in the flask was exposed to ultrasonic sound
of frequency 40 kHz Branson 2510 Ultrasonic (California, United State), the sound waves transmitted
through the liquid promote shear stress in the solution, which overcomes the attraction force between

the separate nanoparticles.

5.3.3. Mixing polymer with graphene

The Graphene solution after one hour of sonication was added to the polymer blend solution under the

magnetic stirrer condition for 30 min at 135 °C.

5.3.4. Recovering and pelletizing the nanocomposites

The mixture was transferred to a petri dish, dried in an oven at 80 °C for 12 hours, leaving the
GO/polymer nanocomposites. DSC confirmed complete solvent removal, where no solvent peak was
observed. The resulting nanocomposite paste was then mechanically chopped to small pieces. 1 mm
thick composite sheets were obtained using two sheets of teflon (PTFE) by a hydraulic hot press
(Moore Ltd., Birmingham. England), at 210 °C under pressure of 5 tons for 10 minutes. Then, the

specimens were quenched immediately into water at room temperature.
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Number | Sample ID PE (Wt%) PP (wt%) GO (wt%) | PE-co-GMA (wt%)
1 GO 0 0 100 0.00
2 PE 100 0.0 0.00 0.00
3 PE/GO.25 100 0.0 0.25 0.00
4 PE/GO.5 100 0.0 0.50 0.00
5 PE/GO1 100 0.0 1.00 0.00
6 PE/GO2 100 0.0 2.00 0.00
7 PE/GO4 100 0.0 4.00 0.00
8 PP 0.0 100 0.00 0.00
9 PP/GO.25 0.0 100 0.25 0.00
10 PP/GO.5 0.0 100 0.50 0.00
11 PP/GO1 0.0 100 1.00 0.00
12 PP/GO2 0.0 100 2.00 0.00
13 PP/GO4 0.0 100 4.00 0.00
14 PB 50 50 0.00 0.00
15 PB/GO.25 50 50 0.25 0.00
16 PB/GO.5 50 50 0.50 0.00
17 PB/GO1 50 50 1.00 0.00
18 PB/GO2 50 50 2.00 0.00
19 PB/GO4 50 50 4.00 0.00
20 PBC 50 50 0.00 5.00
21 PBC/GO.25 50 50 0.25 5.00
22 PBC/GO. 5 50 50 0.50 5.00
23 PBC/GO1 50 50 1.00 5.00
24 PBC/GO2 50 50 2.00 5.00
25 PBC/GO4 50 50 4.00 5.00

Table 5.2. Weight percentages (wt%) of polymers pellets, graphene and compatibilizer used in the

nanocomposites preparation.
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Number Sample ID | PE(g) | PP(g) GO(g) | PE-co-GMA (g)
1 GO 0 0 100 0.00
2 PE 2.00 0.00 0.0 0.00
3 PE/GO.25 2.00 0.00 0.005 0.00
4 PE/GO.5 2.00 0.00 0.010 0.00
5 PE/GO1 2.00 0.00 0.020 0.00
6 PE/GO2 2.00 0.00 0.040 0.00
7 PE/GO4 2.00 0.00 0.080 0.00
8 PP 0.00 2.00 0.0 0.00
9 PP/GO.25 0.00 2.00 0.005 0.00
10 PP/GO.5 0.00 2.00 0.010 0.00
11 PP/GO1 0.00 2.00 0.020 0.00
12 PP/GO2 0.00 2.00 0.040 0.00
13 PP/GO4 0.00 2.00 0.080 0.00
14 PB 1.00 1.00 0.0 0.00
15 PB/GO.25 1.00 1.00 0.005 0.00
16 PB/GO.5 1.00 1.00 0.010 0.00
17 PB/GO1 1.00 1.00 0.020 0.00
18 PB/GO2 1.00 1.00 0.040 0.00
19 PB/GO4 1.00 1.00 0.080 0.00
20 PBC 1.00 1.00 0.0 0.10
21 PBC/GO.25 | 1.00 1.00 0.005 0.10
22 PBC/GO. 5 1.00 1.00 0.010 0.10
23 PBC/GO1 1.00 1.00 0.020 0.10
24 PBC/GO2 1.00 1.00 0.040 0.10
25 PBC/GO4 1.00 1.00 0.080 0.10

Table 5. 3. Weight of polymers pellets, graphene and compatibilizer used in the nanocomposites
preparation.
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Figure 5.4. The preparation steps of the nanocomposites.

83



5.4. Results and Discussion

5.4.1. WAXD results

The WAXD patterns of GO is displayed in Figures 5.5, while the patterns for PE, and PE/GO4, PP
and PP/GO4 , PB, PB/GO4 and PBC and PBC/GO4 are shown in Figures 5.6 ,5.7, 5.8 and 5.9, the
rest of samples of 0.25, 0.50, 1, 2 wt% present similar behaviour to 4wt% ,which is in agreement with
observed in the literature [6]. With reference to the GO, the reflection peaks were assigned as the (130)
and (200) plane of pure GO at 26~ 10.8° and 23.8°, the second reflection at 23.8°is due to incomplete
oxidation of graphite, graphite can't be oxidized 100%. The WAXD pattern around 23° is very broad,
it can come from relatively amorphous (weakly ordered) regions in the GO. In PE/GO4 samples, the
(110) and (200) reflections from the polymer crystallites are present at 260 equal to 21.5° and 23.7° and
do not appear to be significantly shifted in the presence of GO. In PP/GO4, reflection is present at 26
values of 14°, 16.8°, 18.5° 21.2° and 21.8°, representing diffraction from the (110), (040), (130),
(111), (131) and (041) lattice planes of polypropylene. As might be expected for blends that are not
co-crystallised, but are simple mixtures of the two component polymers, the diffraction pattern of
PB/GO4 and PBC/GO4 are, broadly speaking, additive combinations of the diffraction patterns of
PE/GO4 and PP/GO4. There is no detectable GO characteristic peak in the nanocomposites. The
absence of a characteristic peak of GO in the composites is commonly interpreted to indicate the
delamination or exfoliation of the GO within the nanocomposite samples, or rather an absence of
stacked, graphitic regions, even for relatively low GO contents from 0-4wt% [7][8][9]. The broad
peaks are related to the insertion of polymers chains between the stacked GO layers [10].

The X-ray peaks shows that the oxygen containing groups increase the nanocomposites interlayer
spacing (Table 5.4). The larger interlayer spacing of GO is = 8.17 A (usually between about 0.6 and
0.8 nm depending on comparative humidity), which facilitates intercalation by polymers. The
aromaticity of the graphene sheets is reduced as epoxide and hydroxyl groups are also formed during
the oxidation process, resulting in increased an interlayer spacing (d spacing). Furthermore, the polar
functional groups of GO support immediate intercalation of hydrophilic molecules with an increase of
the interlayer spacing of the polymer. X-ray diffraction suggested the individual graphene oxide
sheets remain stacked loosely and more exfoliated in the polymer matrix [11]. The estimated
crystallite size, shown in Table 5.5, decreases while the intensity of WAXD increases in the presence
of GO [12]. According to the classical Scherrer analysis, the width of the diffraction peaks gives
information about the characteristic size of the scattering crystallite, with larger crystallites producing
sharper diffraction peaks. It was observed that the presence of graphene oxide led to an increase in the
full width at half-maximum of the diffraction peaks, indicating that the insertion of GO was producing

a decrease in characteristic crystalline size within the polymer phase of the nanocomposite materials.
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40

The interlayer spacing d(A)

26 PE PE/GO4 PP PP/GO4 PB PB/GO4 | PBC | PBC/GO4
14° - 6.288 6.310 6.307 6.331 6.297 6.310
16.8° - 5.239 5.277 5.246 5.248 5.246 5.263
18.5° - 4.780 4.794 4.797 4.906 4.797 4.800
21.5° 4.141 4.150 4.070 4.072 4.129 4.141 4.157 4.159
23.7° 3.746 3.766 - - 3.740 3.759 3.753 3.795

Table 5.4. The interlayer spacing of pure PE,PP,PB , PBC and PNCs of 4wt% of GO.
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20 14° 16.8° 18.5° 21.4° 23.7°

Sample ID | FWHM | t(&) | FWHM | t(A) | FWHM |t (A) | FWHM [ t(A) | FWHM [ 7 (&)
PE - - - - - - 0437 | 2055 | 0536 | 168.1
PE/GO4 0449 | 200.1 | 0562 | 160.4

PP 0382 | 2331 | 0370 | 2413 | 0476 | 1881 | 1.195 | 75.2 - -

PP/GO4 | 0479 | 1856 | 0417 | 2139 | 0515 | 173.6 | 1.219 | 73.7 - -
PB 0351 | 2537 | 0329 | 2715 | 0.404 |221.2 | 0486 | 1850 | 0.489 | 184.3
PB/GO4 | 0475 | 187.4 | 0390 | 2290 | 0478 | 187.2 | 0555 | 161.9 | 0532 | 169.6
PBC 0369 | 2411 | 0370 | 2413 | 0438 | 2095 | 0516 | 1741 | 0465 | 193.8
PBC/GO4 | 0444 | 2005 | 0387 | 2305 | 0433 | 2068 | 0529 | 169.7 | 0.502 | 179.8

Table 5.5. The FWHM values of pure PE, PP, PB, PBC and PNCs of 4wt% of GO reflection peaks in
WAXD data and crystallite size.

5.4.2. SAXS study

SAXS investigates many structural features at different length scales that are relevant to polymers and
polymer nanocomposites. The lamellar thickness (L,) can be obtained from the maxima in the Kratky
plots [13], likewise referred to as Lorentz-corrected plots, where I(q)q? is plotted versus the
scattering vector (g). The corresponding plots in Figure 5.10 indicate the presence of the lamellar
peak expected from the fact that PE, PP, PB and PBC are semicrystalline polymers or blends thereof.

As a basic first level of interpretation, the maxima are translated into length scales by L, ~%”. The

lamellar long period Ly, is the sum of lengths of the crystalline and amorphous fractions in polymers
(Lp = L.+ 15 where [ is the crystalline thickness and [, is the amorphous thickness) [14]. In general,
the long period increased systematically with the addition of GO as shown in Figure 5.11, although
the degree of increase fluctuated between the different sample types tested. The long periods of PE
and PP are around 145+2 A and 125+1 A, respectively, while the long period of PE/GO4, and
PP/GO4, are 162+1 A and 133+2 A, respectively. This indicates an increase in amorphous or
crystalline thickness, or both. It is possible to envisage the GO being present in the inter-lamellar
crystalline/amorphous area causing an increase in the spacing of polymer layers. An increase in
crystalline thickness of polymer could be attributed to the positioning of GO nanoparticles near the
crystalline/amorphous interface causing increased irregular chain folding where an increase in
thickness of the interfacial zone may appear as an increase in crystalline block thickness (Table 5.6)
[8]. The situation is further complicated in the case of the polymer blend samples where two
semicrystalline polymer species, and therefore two long periods are present. The increase in L,, has
been stated to have a direct effect on the macroscopic mechanical properties of polymers. Specifically,

the elastic modulus of polymers decreases with increasing L,,. Accordingly , the crystalline layers [,
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and amorphous [, layers increased as well. The long period, the thickness of the crystalline and
amorphous layers and the linear crystallinity were determined by using the linear correlation function
LCF y(r) , and are reported in Table 5.6.
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Figure 5. 10. Lorentz-corrected SAXS curves for the pure PE,PP, PB and PBC samples and their PNCs.

Specimens ID Long period Crystalline layers | Amorphous Layers linear
A thickness(A) thickness(A) crystallinity

PE 145+2 20 124.7 0.14
PE/GO4 162+1 26.4 134.5 0.16
PP 125+1 42.1 83.3 0.34
PP/GO4 133+2 50.8 82.5 0.38
PB 14142 135 128 0.10
PB/GO4 154+1 21.9 132 0.14
PBC 147+2 10.3 135.9 0.07
PBC/GO4 149+1 24.6 124.4 0.17

Table 5.6.The long period, the thickness of the crystalline and amorphous layers and the linear crystallinity
of pure PE, PP, PB and PBC and PNCs of 4wt% of GO.
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Figure 5.11. Long period of lamellar of pure PE, PP, PB and PBC and PNCs of 4wt% of GO.

5.4.3. FTIR analysis

The chemical structure of GO/polymer nanocomposites was studied by FTIR to determine the type of
the chemical bonds and the functional groups present in the polymers and the nanocomposites. The
GO spectra are indicative of various functional groups including single bonds, double bonds, trans
groups and non-conjugated groups. In Figure 5.12 the FTIR spectrum for PE, the wavenumber
2915.04 cm! indicates a single bonded C—CHj; functional group while 2817.35 cm™and 1615.46 are
characteristic of C-H stretching bands. The wavenumber of 1468.01 cm™ is CH, scissor and
asymmetric band, and 729.38 cm™ indicates the CH,-CHs ethyl group attached to backbone [15][16].
The FTIR spectrum of the PP sample displays the characteristic broad and intense band that extends
from 2949.28 to 2722.58 cml, referred to the valence vibrations of the COH bonds, a band located
at 1453.28 cm is characteristic of methylene CH, groups, and a band at around 1375.18 cm™ is
attributed to the methylene CHs; group [17]. According to the FTIR spectra, all the peaks of the PB
and PBC polymer blends are in conformity with those of PP matrices. This is ascribed to PE and PP
that are both polyolefins polymers are not compatible [18]. The 5wt% of PE-co-GMA in PBC is not
enough to impact upon the FTIR spectra of PBC, which also shows a similar structure to PB. The
FTIR spectrum of graphene it has been shown in Rattha & et al. [19]. The peaks of pure GO are: at
3340 cm' O-H stretching vibrations, at 1730 cm™! stretching vibrations from C = O
(carbonyl/carboxyl), at 1630 cm™' skeletal vibrations from unoxidized graphitic domains (aramotic),
at 1226 cm™' C-OH stretching vibrations, at 1044 cm™ C-O stretching vibrations (alkoxy) .The
absence of graphene oxide peaks in PE/GO4, PP/GO4, PB/GO4 and PBC/GO4 is a strong indication
of graphene sheets exfoliation inside the polymer [20][21].
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Figure 5.12. FTIR spectra of pure PE, PP, PB and PBC and PNCs of 4wt% of GO.

5.4.4 Raman Spectra

Raman spectroscopy is a sensitive light scattering technique, complementary to FTIR, and provides a
spectral fingerprint for samples. Raman spectroscopy is used for analysing hybridization state in
carbons. Figures 5.13, 5.14, 5.15 and 5.16 shows Raman spectra of PE, PE/GO4, PP, PP/GO4, PB,
PB/GO4, PBC and /PBC/GO4 respectively. The assignment of the Raman lines in the spectra of
metallocene PE and homo PP represent the range of the C—C stretching vibrations and the CH, and
CHs deformation vibrations contains non-overlapping lines corresponding to the vibrations of
macromolecules in various phase and conformational states [22].The peaks of PE in the low-

frequency region, from 1000 to 1600 cm™, relate to vibration modes of C-C bonds, meaning that there
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were distortions in this polymeric bond. In the spectrum of this polymer peaks in the region of high
frequency (2500-3200 cm™) are attributed to the methylene group (-CH-) characteristic of
polyethylene. The Raman lines at 1061, 1127, 1293, and 1437 cm™ are the most important to
characterise the chemical structure. For all types of the polymer blends, these lines correspond to the
deformation vibrations of CH: groups in CH»- chains. The Raman line at 1437 cm™ is assigned to the
vibrations of macromolecules localized in the orthorhombic crystalline phase of PE. The line at 1127
cm* belongs to the vibrations of CH.-chains in trans-conformation, for example PE crystallites and
CHo>-chains in trans conformation, which are localized in the amorphous phase. The feature at 1293
cm* corresponds to the vibrations of CH.-chains with a considerable amount of gauche conformers,
which are localized in the amorphous phase [23][24][25][26].

For PP, bands between 3000 and 2500 cm™! are attributed to CH, and CHj3 stretching modes of the
polymeric chains. The spectral region at lower frequencies between 1500 and 800 cm is
representative of CH, and CHs bending modes along with stretching and bending vibrations of C-C
bonds. The vibrational range from 850 to 800 cm™! is very interesting as they are specific signals
indicating that crystalline and amorphous phases of the polymeric matrix are present. In particular, the
peak at 840 cm™! primarily assigned to r(CH3) modes is related to the crystalline phase of
polypropylene, the band at 807 cm™! is due to r (CHs) and backbone stretching (C-C) typical of
isomeric defects of PP helical chains, and the wide absorption at 830 cm™! (r (CH3)) is characteristic
of the PP amorphous phase [27][28].

Similar variations were observed in the spectra of the PB and PBC blends. Table 5.7 reports all the
band assignments made by referring to the combination of PE and PP Raman spectra. In the range of
the stretching vibrations of the CH, and CHjs groups, addition of the PE content causes an increase in
the intensity of the line assigned to the symmetrical valence vibration of the CH;, group and a
simultaneous monotonic shift of the peak position of this line from 2839 cm™ (neat PP) to 2846 cm™*
(neat PE). For the PB and PBC blends under study, the Raman bands presented a lower intensity. The
feature at 1328 cm™ observed only as small asymmetry of the line at 1218 cm™. Except for a double
peak in the spectral region from 1400 to 1500 cm, the Raman lines of the PE vibrations do not
overlap with the Raman lines of the PP vibrations [29][30][31][32].

The Raman spectra of the PE/GO4, PP/GO4, PB/GO4 and PBC/GO4 present the G band at around
1437, 1458, 1455 and 1456 cm™ respectively, and D band at around 1294, 1328, 1327 and 1327 cm™.
The intensity of G band was higher than that of D band. The G band includes the vibration of sp?-
hybridized carbon and D band is related to defects due to grain boundaries and vacancies. As a
consequence, Raman spectroscopy can be employed to evaluate the hybridization state in carbon.
Figure 5.17 of pure GO shows an intensive G-band at 1582 cm, also a less intensive D-band at 1351

cmt a primary in-plane vibrational mode and a G’ or (2D) band at 2658 cm™ with a shoulder at 2925
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cm? is visible. It is characteristic of sp? systems, arising from a second-order excitation process. An
electron near the K point (Dirac point) at the corner of the Brillouin zone is excited to the conduction
band of graphene, and the electron (or the corresponding hole) is further scattered, by the phonon
vibration, as shown in Figure 5.18 (b), to the inequivalent K’ point [30]. In order to conserve energy
and momentum, the electron (or hole) is scattered by a second phonon vibration, back to the K point
where the electron-hole recombines, emitting a photon in the process. The third band of interest for
graphene-type materials is the D band which, as shown in the Raman spectrum of GO although
characteristic of graphitic materials, in pristine sp? hybridised samples this band is Raman inactive.
Like the G’ Raman scattering, an electron (or hole) is excited by an incident photon, and is further
scattered by the phonon breathing mode shown in Figure 5.18 (b). The D band is a one-phonon
process and thus requires an atomic defect which breaks the symmetry of the sp? lattice to scatter the
electron (or hole) back to the K point making the process Raman active [33]. As a result the D band is
known as the disordered band, with the relative areas of the D and G bands being used as a measure of
defect density in a graphene type structure. Although, it is worth noting that the Ip/l¢ ratio of defective
graphene type materials does not tend to change significantly in response to further surface
functionalisation, the D/G ratio is dominated by the structural defects (holes) of a sheet rather than the
level of oxidation, for example, which has comparatively little effect on the Ip/lc ratio
[34][35][36][37][38]. The Ip/ls value was calculated as (0.285) for our pure GO sample.

Raman shift (cm™) | Assignments (PE) | Assignments (PP) Features
807 C—C stretching Crystalline
840 CH3 rocking Crystalline
972 CH3 rocking Crystalline
1035 C-C stretching All-trans -(CH2),-
1151 C—C stretching All-trans -(CH2),-
1218 CHz rocking Crystalline
1328 CH2 twisting Amorphous
1358 CH3 wagging Amorphous
1458 CH2 bending Crystalline

Table 5.7. Wavenumber(cm) and assignments of the Raman bands of both PB and PBC.
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Figure 5.13. Raman spectra of PE, PE/GOA4.
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Figure 5.14. Raman spectra of PP and PP/GO4.
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Figure 5.15. Raman spectra of PB and PB/GOA4.
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Figure 5.17. Raman spectra of pure graphene oxide GO.

(b)

D and G’ bands

Figure 5.18. The optical phonon vibrations of graphene, with the sp? C-C stretching modes which
correspond to (a) the G band, and (b) the D and G’ bands in Raman [21].
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5.4.5. Crystallization and Melting Behaviour

DSC and TGA were applied to estimate the impact of the addition of different weight percentages
(wt.%) of GO on the thermal features of PE, PP, PB and PBC. The crystallization and melting
temperatures obtained are reported in Tables 5.8, 5.9, 5.10 and 5.11. Compared with the single PE
host matrix, melting temperatures of the nanocomposites were not significantly influenced by GO
addition (Table 5.8), and the melting temperature degree was around 123+1 °C in most of the PE/GO
nanocomposites. However, the addition of GO increases the crystallization temperature in all the
samples, increasing in PE from 103£1 °C to 108+1 °C with the addition of GO at 4 wt%. The increase
in the T, of PE (Figure 5.19), in the presence of graphene, has industrial value due to its consequences
for a shorter processing cycle, thus increasing the production rate. The graphene acts as a nucleating
agent for PE and PP, so that the nucleation mode is heterogeneous instead of homogeneous,
considerably decreasing the nucleation free energy, allowing the molecular chain to attach and be
arranged in an ordered fashion around the nucleating agent. The degree of crystallinity as measured
via DSC in PE/GO.25 (with 0.25wt%) is lower than the pure PE, but the crystallinity degree increased
upon further addition of GO up to 4wt%. The same thermal behaviour happened in the PP/GO
nanocomposites, as displayed in Table 5.9, with the crystallization temperature increased slightly with
increasing GO content. No clear effect on the melting temperature of around 167+1 °C was observed.
Further, it was observed that the degree of crystallinity is lower in the PP/GO nanocomposites
(between 35-38%) than the clean PP (48 %). The supercooling degree (AT = T,, — T, ) required for
the nanocomposites crystallization [7], was higher in PP/GO nanocomposites compared with that
required for pure PP, while it was lower in PE/GO nanocomposites than PE. The increase or decrease
in the degree of supercooling indicates interactions between both PE and PP with GO. The thermal
behaviours of the PB and PBC are reported in Tables 5.10 and 5.11. The melting and the
crystallization temperatures of PB and PBC and their nanocomposites remained constant with no clear
change exhibited at any of the GO weight percentage, with similar values to those for pure PB and
PBC. A slight change in the crystallinity degree was detected due to the GO addition. This decrease
might be interpreted as the effect of the GO nano particles hindering the chain mobility [11]. We
conclude that there is no obvious effect of the GO on the thermal parameters or the crystallinity
degree in the blended (PB and PBC) samples [39].

95



T.(°C)

a)

1354
130
125 4
120
115 A
110 A

105

Specimens ID | T, (°C) | T, (°C) | AH,, J/g | AT (°C) | X. (%)
PE 103+1 1241 7 21 26
PE/GO.25 104£1 122+1 62 18 21
PE/GO.5 105£1 123+1 61 18 21
PE/GO1 106£1 123+1 65 17 22
PE/GO2 107+1 123+1 68 16 23
PE/GO4 108+1 123+1 69 15 23

Table 5.8 .The DSC parameters of PE/GO nanocomposites.

SpecimensID | T, (°C) | T, (°C) | AH,Jg | AT (°C) | X. (%)

PP 119+1 167+1 100 49 48
PP/GO.25 11741 166+1 73 49 35
PP/GO.5 11741 1671 76 50 37
PP/GO1 11741 1671 79 50 38
PP/GO2 119+1 166+1 76 47 37
PP/GO4 120+1 168+1 74 48 36

Table 5.9 .The DSC parameters of PP/G nanocomposites
b)
170 4 .
I
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Figure 5.19.The a) crystallization temperature b) melting temperature of PE, PP and their GO
nanocomposites.
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Specimens 1D T. (°C) T (°C) AH,,, JIg Xe (%)

PE PP PE PP | PE PP | PE | PP | PB

PB 109+1 | 115+1 | 123+1 | 1661 | 15 [ 46 | 5 | 22 | 27
PB/GO.25 | 106+1 | 116x1 | 123+1 | 16641 | 23 [ 39 | 8 | 19 | 27
PB/GO5 | 107+1 | 118+1 | 1231 | 166+1 | 29 | 36 | 10 | 14 | 24
PB/GO1 | 107+1 | 117+1 [ 123+1 | 166+1 | 26 [ 37 | 9 | 18 | 27
PB/GO2 | 107+1 | 118+1 | 123+1 | 1661 | 27 [ 35| 9 | 17 | 26

PB/GO4 106+1 | 11741 | 12441 | 167¢1 | 23 | 41| 9 | 20 | 28

Table 5.10 .The DSC parameters of PB/G nanocomposites.

Specimens 1D T. (°C) T (°C) AHy, g X (%)

PE PP PE PP | PE[ PP |PE[PP]|PBC
PBC 1061 | 114+1 | 12241 | 164+¢1 | 23 [ 33 | 4 [ 23| 27
PBC/GO.25 | 107+1 | 11621 | 123+1 | 16621 |29 | 43 [10 | 21| 31

PBC/GO.5 105+1 | 114+1 | 123+1 | 166+1 | 28 | 38 | 10 | 18 | 28

PBC/GO1 106+1 | 114+1 | 123+1 | 165+1 | 26 | 40 | 9 | 19| 28

PBC/GO2 108+1 | 11741 | 123+1 | 166+1 | 28 | 36 | 10 | 17 | 27
PBC/GO4 106+1 | 133+1 | 1231 | 166£1 | 26 | 35 | 9 | 17 | 26

Table 5.11 .The DSC parameters of PBC/G nanocomposites.

5.4.6. Thermal Stability

TGA was used to examine the thermal stability of the nanocomposites. TGA data of nanocomposite
samples with reference to the pure polymers are plotted in Figure 5.20, 5.21, 5.22 and 5.23. The onset
of decomposition temperature (Tonset), the decomposition temperature at 50% weight loss (T'so%) and
the decomposition temperature at 95% weight loss (T9s%) 0f the composites are presented in Tables
5.12, 5.13, 5.14 and 5.15. TGA revealed that the decomposition temperature increased with adding
GO content. These results suggest that GO can act as effective thermal barrier which helps to hinder
the degradation of PE by preventing the emission of gaseous molecules, disrupting the oxygen supply
during thermal degradation, and the formation of char layers on the surface of the nanocomposite [40].
The onset degradation temperature increased by around 110+3 °C with 0.25 wt% GO content
compared to neat PE. The thermal stability of the nanocomposites continued to increase with
increasing GO content at 0.25, 0.5 and 1 wt%, with no further effect at 2 wt% and 4 wt%.
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The degradation of PE produces mostly a-olefins like 1-hexene. This process happens through a
mechanism of cleavage of the polymeric chains [41]. This degradation becomes less effective when
the polymeric chains have decreased mobility. The GO presences in the nanocomposites arguably
gives rigidity to the polymeric matrices, reducing the mobility of polymer chain and consequently

hindering the polymer degradation.
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Figure 5. 20. TGA curves of PE nanocomposites.

Specimens ID | Tonset (°C) | Ts0% (°C) | Toss(°C)
PE 365+3 394+3 502+3
PE/GO.25 4753 488+3 5133
PE/GO.5 4753 493+3 514+3
PE/GO1 480+3 494+3 5173
PE/GO2 478+3 493+3 546x3
PE/GO4 474+3 49243 521+3

Table 5.12. Thermal degradation temperatures of the PE/GO nanocomposites.

The GO addition effect on the PP nanocomposites is similar to the PE nanocomposites, increasing
T onset, T 50w and T gs%, as shown in Figure 5.21, compared to the temperatures for pure PP.
Enhancements of around 164+3, 169+3 and 150+3 °C for T onset, Tso% and T sy, are observed
respectively with only 0.25 wt% GO. This is clear evidence that added GO can act as a flame
retardant, by significantly increasing the thermal stability of PP. The PP nanocomposite degradation
temperatures continued to rise gently until 2 wt%, while no further effects were visible by 4wt%. This
may suggest that after 2 wt% the GO is well dispersed and further GO addition leads to poor
dispersion [9].
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Figure 5. 21. TGA curves of PP nanocomposites.

Specimens ID | Tonet (°C) | Ts0%(°C) | Tosus(°C)
PP 276%3 303+3 34413
PP/GO.25 440+3 472+3 49413
PP/GO.5 452+3 473+3 496x3
PP/GO1 409+3 443+3 481+3
PP/GO2 445+3 4703 494+3
PP/GO4 45343 4733 49743

Table 5. 13. Thermal degradation temperatures of PP /GO nanocomposites.

With regard to the TGA curves for the PB and the PB/GO nanocomposites in Figure 5.22, The GO-
containing sample shows enhanced thermal stability compared with PB, which is arguably due to
improved adhesion and miscibility between the two incompatible polymers in the presence of GO.
The surface chemistry of GO plays a key role in its compatibilizing effect for immiscible blends
through favourable interactions, such as n-m stacking and hydrogen bonding [39]. The initial
decomposition temperature increased significantly, by around 1323 °C and 19913 °C just by
addition of 0.25wt% and 0.5wt% of GO respectively, with further slight increases at 1 wt% and 2

wt%. The 4 wt% nanocomposite yielded the maximum observed value of Tese When compared with

neat PB.
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Figure 5.22. TGA curves of PB nanocomposites.

Specimens 1D Tonset (°C) | Tsow (°C) T9s5%(°C)
PB 2573 3723 463+3
PB/GO.25 389+3 439+3 487+3
PB/GO.5 456+3 480+3 506+3
PB/GO1 463+3 48213 482+3
PB/GO2 46213 48413 5133
PB/GO4 41813 45913 5833

Table 5.14. Thermal degradation temperatures of PB /GO nanocomposites.

The effect of GO upon blends treated with compatibilizer, shown in Figure 5.25 and Table 5.15,
appears similar to the untreated blends, but the effect was less pronounced than in the PB
nanocomposites group. That is clear when we compare the initial decomposition temperatures of PB
(257£3°C) and PBC (407+3°C). The addition of 0.25 wt% and 0.5 wt% of GO, enhanced Tonset t0
447+3 °C and 4553 °C respectively, while gently increasing as GO concentration was further
increased. PBC already has increased thermal stability due to the improvements in PE/PP miscibility
and adhesion resulting from the presence of PE-co-GMA, which may explain why the impact of GO
is less than for blends without the compatibiliser.
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Figure 5.23. TGA curves of PBC nanocomposites.

Specimens ID | Tonset (°C) | Ts0%(°C) | Tos0(°C)
PBC 40743 44143 47943
PBC /G0O.25 44743 474+3 505+3
PBC /GO.5 455+3 479x3 5073
PBC /GO1 457+3 478x3 506+3
PBC /GO2 458+3 480x3 5073
PBC /GO4 433+3 468+3 507+3

Table 5.15. Thermal degradation temperatures of PBC /GO nanocomposites.

5.4.7. Conductivity

Graphene has a quite high surface/mass ratio, and sp? bonded carbon atoms arranged in hexagonal 2D
lattice give rise to one of the highest electron conductivities [8][42]. One of the unique features of
graphene is high mobility of the charge carrier (20 m? V1 st) [39]. Graphene conductivity arises from
its sp? aromatic structure where the -7 bonding electrons can move from one carbon atom to another
(conducting electricity). However, the electrical conductivity investigation demonstrates that graphene
oxide doesn't provide any electrical conductivity; it is an insulator. Figure 5.26 shows |-V
characteristic curves of graphene/polymer with 2wt% (the rest of samples present similar behaviour).
Graphene oxide is an insulator owing to oxidation, this is due to the reaction between the oxygenated
groups with carbon atoms in the graphene structure during the oxidization of the graphite. GO
contains small amounts of hydroxyl, epoxy, and carboxylic groups on its surface. By using solid state
nuclear magnetic resonance (NMR) spectroscopy to probe the samples, Lerf et al.(1998)[43] were

able to suggest a nonstoichiometric form, containing hydroxyl and epoxy functional groups and some
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carbonyl groups (carboxyl, carbonyl, ester) along the graphite oxide sheet edge. Oxidization leads to
the disruption of the sp? . A large fraction of the graphene atoms are converted from sp?to sp? to
attach to oxygen and the aromatic structure is lost in many regions on the graphene skeleton as GO
contains significant amount of oxygen to the lack of sufficient n-n conjugation. On the other hand, in
the studies of the pristine graphene oxidation, it has been revealed that the insertion of functional
groups and lattice defects provides advantages such as increased bonding to polymers and catalytic
activity, at the same time decreases the electron mobility and can induce semiconducting behaviour
[44].

Depending on the preparation technique and the resulting of the reduction degree, whole graphene
materials derivatives can be fabricated with a wide range of chemical, physical and engineering
properties. A single layer of GO has a carbon to oxygen ratio (C/O) x is ~3.95. Values of x<1.5 have
been reported in a small number of studies and theoretical evidence exists that materials with such
low C/O ratio are thermodynamically stable. However, large degrees of oxidation may not be possible
in the Hummers' method due to kinetic limitations. After reduction GO becomes conductive through
restoration of m-n bonding or sp? hybridization due to removal of oxygen functionalities. Punckt et al.
(2013) [45] reported the smallest ratio of (C/O) to obtain electrical conductivity again is 7.31+0.1, and
lower that the GO is still an insulator [46].

However, conductivity of Graphene oxide depends on many factors such as degree of graphite
exfoliation, number of layers, surface oxygen functional groups and especially impurity level. If there
is any acidic impurity present, graphene oxide can show very unusual behaviour due to the moisture
absorbing property of the trace acidic phase (remaining sulphur content or chloride counterpart) from

the final rinsing of graphene oxide dispersion by hydrochloric acid (HCI).
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Figure 5.24. The I-V characteristic curves, defines the resistive the graphene/polymer nanocomposites.
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Graphene

Graphenne oxide

Figure 5.25. Molecular structure of graphene and graphene oxide [10].

5.4.8. Mechanical Properties

The influence of GO on the elastic modulus and ultimate tensile strength of GO/ polymer
nanocomposites are shown in Figure 5.28 and Table 5.16. The data show a slight decrease in the
tensile strength of the nanocomposites in comparison to the PE. A decrease in the tensile strength in
PE is due a decrease in the molecular mobility meaning that the molecules are unable to dissipate
energy as mechanical energy. Above 1wt% GO, the tensile strength then begins to increase with
further increasing GO concentration at the higher loadings, although remains the same as the neat
material within experimental error. The elastic modulus decreased with the addition of GO until 1 wt%
and then increased with higher graphene content. Other groups have studied the crystallisation

behaviour in order to explain non-monotonic changes in mechanical properties with GO concentration
[41].

Specimens ID | Elastic modulus (MPa) | Ultimate tensile strength (MPa)
PE 3846 17+2
PE/GO.25 3243 8+5
PE/GO.5 267 916
PE/GO1 25+2 12+4
PE/GO2 34+1 14 +7
PE/GO4 4345 16 £10

Table 5.16. The elastic modulus and the tensile strength at break of PE nanocomposites.
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Figure 5.26. The elastic modulus and the tensile strength at break of PE nanocomposites

Table 5.17 and Figure 5.29 display the elastic modulus and the tensile strength at break of PP/GO
nanocomposites. The mechanical properties of PP/GO nanocomposites are quite correlated with the
material type, amount, fillers dispersion, and the exfoliation of fillers into polymer matrix layers. A
strong influence of the GO addition level on the mechanical properties was observed. The tensile
strength and tensile modulus of the PP/GO nanocomposite samples were much lower than the

mechanical properties of pure PP [47] [48].

Specimens ID | Elastic modulus (MPa) | Ultimate tensile strength (MPa)
PP 884151 34+1
PP/GO.25 29+1 7+1
PP/GO.5 60127 17+6
PP/GO1 4345 8+4
PP/GO2 52+5 1246
PP/GO4 5245 11+6

Table 5.17. The elastic modulus and the tensile strength at break of PP nanocomposites.
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Figure 5.27. the elastic modulus and the tensile strength at break of PP nanocomposites.
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The tensile tests of PB/GO nanocomposites, summarised in Table 5.18 and Figure 5.30, show that the
addition of GO improved the tensile strength, with a rise from 5 MPa in neat polymer blend to 16
MPa in PB/G.25 with just 0.25wt% of graphene oxide, with the largest effect happening for a very
small addition of GO. This may be because of the compatibilizing effect of graphene oxide (GO) in
the immiscible polymer blend, reducing the interfacial energy between the component polymers. The
interfacial interaction, which depends on the GO surface chemistry and the polymers functionality
[49], determines the dispersion degree of GO into the polymer blends, interfacial adhesion strength
and reinforcement efficiency. It should be noted that the oxygen functional groups on GO also prefer
the employment of these carbon nanostructures in polymer blends because they can reinforce the
interfacial interaction between GO and polymer [50]. Overall, the thermodynamic work of adhesion
(W,) of many polymers with GO increases with increases in the polymer polarity , suggesting a
stronger interfacial interaction (F,4), and as a result a higher interfacial strength forms in the more

polar polymer based nanocomposites [51].

Specimens ID | Elastic modulus (MPa) | Ultimate tensile strength (MPa)
PB 322441 5+1
PB/GO.25 86115 16+7
PB/GO.5 61+15 1747
PB/GO1 69+20 1344
PB/GO2 58419 13+4
PB/GO4 40410 11+6

Table 5.18. The elastic modulus and the tensile strength at break of PB hanocomposites.
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Figure 5.28. The elastic modulus and the tensile strength at break of PB nanocomposites
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The PBC nanocomposites with 5wt% of PE-co-GMA, shown in Table 5.19 and Figure 5.31, show
clearly improved tensile strength compared to the pure polymer blend from 5 MPa for PB to 12 MPa
for PBC. The pure PBC blend exhibited greater enhancement in the mechanical properties than
uncompatibilized blend (PB) [41]. However, in the PBC nanocomposites , no clear effect was seen on
the tensile strength. This could indicate that the PE-co-GMA compatibilizer hinders graphene
distribution and dispersion at smaller concentrations. This could result from the relatively low melt
flow index of the PE-co-GMA (5.0 gm/10 min). At higher GO concentrations, this effect is overcome
and the GO is able to impart an improvement on the mechanical properties [52].

Specimens ID | Elastic modulus (MPa) | Ultimate tensile strength (MPa)
PBC 27745 12 +3
PBC /GO.25 5149 12+5
PBC /GO.5 6616 12+6
PBC/GO1 52419 13+6
PBC/GO2 70114 15+7
PBC /GO4 74117 14+6

Table 5.19. The elastic modulus and the tensile strength at break of PBC nanocomposites.
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Figure 5.29. The elastic modulus and the tensile strength at break of PBC nanocomposite.
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5.5. Summary and Conclusion

This study involves the preparation, characterization, properties and relation between them of the
graphene oxide (GO) based on blend of metallocene linear low density polyethylene (PE) and homo
polypropylene (PP). Wide- and Small angle X-ray scattering (WAXD and SAXS) have been applied
to characterize the semicrystalline morphology of nanocomposites. The interlayer spacing (d spacing),
and the lamellar thickness (Lp) increase by addition of the GO while the crystallite size (1) is
decreased. The Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy described
chemical structure of nanocomposites and the Io/lg value was calculated as 0.285 in GO powder.
Electrical studies confirmed that GO, with conductivity far inferior to pristine graphene, did not
improve the conductivity of the nanocomposites, and it is found that the graphene/ polymer oxide is a
good insulator.

The thermal properties were investigated by Deferential Scanning Calorimetry (DSC) and Thermal
Gravimetric Analysis (TGA), and showed that the addition of graphene oxide did not have a
pronounced effect on the crystallization temperature of the nanocomposites, while thermal stability
was significantly improved.

The GO act as compatibilizer between PE and PP and improved the tensile strength as measured by
tensile test.

According to the high thermal stability and electrical isolation the graphene oxide based polyethylene/
polypropylene blend could have a potential application as a material for electrical insulation.
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Chapter 6

The Effect of Carbon/Oxygen Ratio upon Structure-Property Relationships in
Graphene/ Polymer Nanocomposites

We noted some limitation of GO performance due to the oxygen functional group in previous chapter.
To address that, in this chapter we reduced the oxygen functional group by using the reduced
graphene oxide and the pristine graphene. Three different source of graphene were used and all show
improved properties of the polyolefins after incorporation of graphene nanofillers. The effect of
increase the C/O ratio study of GO, rGO and G blend with PE and PP prepared by solution blending is
reported. The main methods, which were used in this part of the project, including the materials,

results and discussion and the summary are outlined below.

6.1. Materials

The details of the polymer used are presented in chapter 4. The GO, rGO and G details are surmised
in Table 6.1. The surface morphology was studied by SEM which is shown in Figures 6.1, 6.2 and 6.3.
The SEM images reveals freestanding GO nanosheets, the edges of the GO sheets become crumpled,
folded, and restacked, and the surface of GO display a soft carpet-like morphology, perhaps because
of the presence of residual H,O molecules and hydroxyl or carboxyl groups, a consequence of
deformation through the process of exfoliation of graphite oxide into graphene oxide and restacking.
Moreover, many various layers of aggregate, agglomerate and smashed graphene sheets connected
with each other to form a continuous conducting network are seen. Figures 6.2 and 6.3 shown the
SEM images of rGO and G respectively. In contrast to GO, the rGO and G displays clear rippled silk-

like waves or a flaky, scale-like, layered structure, which are entangled with each other.

Graphene type Graphene | Colour | Flake size | Thickness | (C/O) ratio | Specific surface
symbols (microns) (nm) aream’/g
Single layer graphene GO Brown 0.5-5 1.1+0.2 ~3.95 ~833
oxide
High Surface Area rGO Black ~3-5 ~1 ~10.5 ~833
Reduced Graphene Oxide
Graphene Nanopowder G Black ~10 ~1.6 ~38 ~400 — 800

Table 6.1. Graphene materials details from supplier.
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Figure 6.2. SEM image of rGO at various level of magnification.
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Figure 6.3. SEM image of G at various level of magnification.
6. 2. Polymer nanocomposite preparation

Figure 6.4 shows the volume difference of 10 mg of the three used types of graphene. The preparation
of graphene (GO, rGO and G)/polymer nanosheets (Figure 6.5) were described in the previous chapter,

with the weight percent and the absolute weight as indicated in Tables 6.2 and 6.3.

Figure 6.4. 10 mg of the GO, rGO and G.
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Figure 6.5. The preparation steps of polymer/graphene nanocomposites.
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Number | Sample ID | PE (Wt%) | PP(Wt%) | GO(Wt%) | rGO(wt%) | G(wt%) | PE-co-GMA (wt%)
1 GO 0 0 100 0 0 0
2 rGO 0 0 0 100 0 0
3 G 0 0 0 0 100 0
4 PE/GO 100 0 2 0 0 0
5 PE/rGO 100 0 0 2 0 0
6 PE/G 100 0 0 0 2 0
7 PP/GO 0 100 2 0 0 0
8 PP/rGO 0 100 0 2 0 0
9 PP/G 0 100 0 0 2 0

10 PB/GO 50 50 2 0 0 0
11 PB/rGO 50 50 0 2 0 0
12 PB/G 50 50 0 0 2 0
13 PBC/GO 50 50 2 0 0 5
14 PBC/rGO 50 50 0 2 0 5
15 PBC/G 50 50 0 0 2 5

Table 6.2. Weight percent of polymers pellets, graphene and compatibilizer used in preparation of polymer
/graphene nanocomposites.

Number | Sample ID PE (0) PP(g) GO(g) rGO (g) G(9) PE-co-GMA (g)
1 GO 0 0 0.02 0 0 0
2 rGO 0 0 0 0.02 0 0
3 G 0 0 0 0 0.02 0
4 PE/GO 2.0 0.0 0.040 0.00 0.00 0.0
5 PE/rGO 2.0 0.0 0.00 0.040 0.00 0.0
6 PE/G 2.0 0.0 0.00 0.00 0.040 0.0
7 PP/GO 0.0 2.0 0.040 0.00 0.00 0.0
8 PP/rGO 0.0 2.0 0.00 0.040 0.00 0.0
9 PP/G 0.0 2.0 0.00 0.00 0.040 0.0
10 PB/GO 1.0 1.0 0.040 0.00 0.00 0.0
11 PB/rGO 1.0 1.0 0.00 0.040 0.00 0.0
12 PB/G 1.0 1.0 0.00 0.00 0.040 0.0
13 PBC/GO 1.0 1.0 0.040 0.00 0.00 0.1
14 PBC/rG 1.0 1.0 0.00 0.040 0.00 0.1
15 PBC/G 1.0 1.0 0.00 0.00 0.040 0.1

Table 6.3. Weight of polymers pellets, graphene and compatibilizer used in preparation of
polymer/graphene nanocomposites.
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6.3. Results and Discussion
6. 3. 1. XPS results

X-ray photoelectron spectroscopy (XPS) was used to determine the carbon hybridization on the
graphene surface. The full scan spectra of the pristine graphene, graphene oxide and reduced graphene
oxide are shown in Figures 6.6, 6.7 and 6.8. The peaks at binding energy of 280 eV and 528 eV are
ascribed to Cl1s and Ols. The Ols is ascribed to the adsorbed molecular oxygen on the surface of
pristine graphene [1]. The O1s peak is negligible implying very low content, which in turn gives a
very low O/C ratio. The Cls and O1s binding energies are approximately 283 eV to and 529 eV in
GO and 281 eV and 529 eV in rGO respectively. The C/O ratio of G, rGO and GO are calculated and

summarised in Table 6.4.

Figures 6.6, 6.7 and 6.8 show the de-convoluted XPS spectra for the C1s orbital of the G, GO and
rGO. The binding energies of four components, such as 284 eV (C=C) , 285 eV (C-C), 286 eV (C-0)
and 288 eV (C=0), provide evidence for the formation of sp? carbon, sp® carbon , hydroxyl and
epoxy, and carbonyl functional groups respectively [2][3]. As shown in Figure 6.9, 6.10 and 6.11 only
an obvious asymmetric sp? C1s peak at 283.49 eV can be detected in the XPS spectra of exfoliated
graphene, indicating the high purity of all three graphene samples [4]. The core level high resolution
O1ls of G, rGO and GO are shown in Figures 6.12, 6.13 and 6.14. As would be expected, the graphene
oxide shows a considerable increase in oxygen concentration. The oxygen high resolution spectra are
consistent with predominantly (C-O) or (C-OH) type oxygens at approximately 533 eV and
some(C=0) type oxygens at approximately 531 eV, while (C-O-C) at ~ 532 eV and (C-O-H) at ~ 531
eV in rGO. The core level high resolution O1s spectral peaks are significantly less intense compared
to O1s spectral peaks of GO. This confirms that GO has been converted to rGO [5][6]. Just one single
peak was observed to O1s in graphene (C=0) at ~ 531.52 eV, for the lack of that functional group.

Sample ID C (at %) O (at %) C/O ratio
G 98.65+0.2 1.1+0.1 ~ 89.7
rGO 82.8+0.4 16.65+0.2 ~ 4.9
GO 67.35+2.1 30.65+1.2 ~2.2
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Figure 6.10. Deconvolution of C 1s scan core-level XPS spectra of the graphene oxide.
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Figure 6.11. Deconvolution of C 1s scan core-level XPS spectra of the reduced graphene oxide.
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Figure 6.14. Deconvolution of O1s scan core-level XPS spectra of the reduced graphene oxide.
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6.3.2. WAXD study

The effect of GO, rGO and G on the crystalline structure of the PE, PP, PB and PBC composite was
determined using wide angle X-ray diffraction (WAXD), to determine the exfoliation of the GO, rGO
and G platelets in the polymer host matrix. WAXD patterns, shown in Figure 6.15, present the
diffraction peaks of the pure GO, rGO and G. The diffraction peak (26) around 10.8° corresponds to
the reflection of GO, and the interlayer spacing of GO (8.17 A) and rGO (8.09 A) is much larger than
that of pristine graphene (d=3.48 A) due to the presence of oxygen-containing functional groups such
as hydroxyl, epoxy, and carboxyl groups on the surface of graphene sheet [7]. The peak at 23.7°is
due to incomplete oxidation of graphene. The WAXD pattern of rGO exhibits peaks at 20=10.9° and
at 20~ 24°, corresponding to reflection from (200) lattice planes, and 26 ~ 10.8° and 23.7° of GO
reflection according (130) and (200) plane. The G sample, synthesized through thermal exfoliation
and reduction of GO, does not show any sharp clear peaks, highlighting disorder and exfoliation.
However, the broad and weak peak at 25.6°, relating to an interlayer spacing of d~3.48 A, is
associated with graphitic (002) plane. The broadening of G peak, compared to the GO and rGO,
points to a decrease in the crystalline size and/or a less ordered structure, the crystalline size
calculated as 113.8, 66.3 and 42.6 A for GO, rGO and G respectively . The d-spacing of GO, rGO
and G were calculated as 8.17, 8.04 and 3.48 nm, respectively. The loss of the peak at 25.6° and the
increase of the d-spacing from the original G suggests that the Van der Waals interaction between
layers become weaker due to the insertion of oxygen-containing functional groups [8]. The
disappearance of the GO, rGO and G peaks in all the polymer /GO, rGO and G (Figures 6.16, 6.17,
6.18 and 6.19) indicates the presence of exfoliated graphitic layers of GO, rGO or G. This indicates
complete exfoliation of the graphene nanoparticle in the nanocomposites with low graphene contents
(2wt%). For the higher graphene contents, the graphene peak indicates incomplete exfoliation [9] [4].
The effect of GO, rGO and G are similar, and all decrease the crystallite size of the polymer
nanocomposites with similar ratio (Tables 6.5, 6.7, 6.9 and 6.11). Tables 6.6, 6.8, 6.10 and 6.12
shown the intensity and the internal spacing of the polymer / GO and polymer / rGO nanocomposites

are higher than the G/polymer nanocomposites which is higher than the pure polymer.
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Figure 6.15.the WAXD pattern of the pure GO, rGO and G.

122



1 PE

| PEIGO
PEIIGO

| PEG

120000

P T T

80000
1

T T T T O

Counts
60000

30000

0

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 6.16. The WAXD curves patterns of the PE/graphene nanocomposites.

20 21.4° 23.7° 36.2°

Sample ID | FWHM [ (&) | FWHM | (&) | FWHM [t (&)
PE 0437 |2055| 0536 |168.1| 0.390 | 238.1
PE/GO 0453 | 1985 | 0552 | 1635 | 0418 | 222.3
PE/rGO 0449 | 2002 | 0542 | 1665 | 0381 | 243.9
PE/G 0481 |187.0| 0572 | 157.6 | 0477 | 1945

Table 6.5. The FWHM values of the PE /graphene of reflection peaks in WAXD data and crystallite size.

The interlayer spacing d(A)

20 PE PE/GO | PE/fGO PE/G
21.40 4.14 4.15 4.15 4.15
23.7° 3.74 3.75 3.75 3.75
36.2¢ 2.48 2.49 2.49 2.49

Table 6.6. The interlayer spacing of the PE /graphene nanocomposites.
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Figure 6.17. The WAXD curves patterns of the PP/graphene nanocomposites.

40

20 140 16.8° 1850 21.10
Sample ID | FWHM [ (&) | FWHM | t(A) | FWHM |t (A) | FWHM | t(A)
PP 0397 | 2240 | 0370 |2415| 0456 | 1962 | 1.195 | 75.2
PP/GO | 0506 | 1758 | 0415 | 2152 | 0471 | 189.8 | 1.197 | 75.1
PPAGO | 0493 | 2331 | 0370 |2413| 0486 | 184.1| 1.166 | 77.1
PP/G 0539 | 165.1 | 0399 | 2237 | 0461 | 1940 | 1173 | 76.7

The interlayer spacing d(A)
20 PP | PPIGO | PPIIGO | PPIG
140 6.28 6.29 6.29 6.29
16.90 5.24 5.25 5.25 5.25
18.6° 4,78 4.79 4.79 4.79
21.9° 4.05 4.07 4.07 4.06

Table 6.8. The interlayer spacing of the PP /graphene nanocomposites.

Counts
60000 80000
" " Lol

40000

20000

0

1 PB

1 PBIGO
PBIIGO

| PBG

Table 6.7. The FWHM values of the PP /graphene of reflection peaks in WAXD data and crystallite size.
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Figure 6.18. The WAXD curves patterns of the PB/graphene nanocomposites.
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26 14° 16.8° 18.5° 21.4° 23.7°

Sample ID | FWHM | t (&) | FWHM | (&) | FWHM | © (&) | FWHM [ t(A) | FWHM | < (&)

PB 0.351 | 253.7| 0.329 | 2715 | 0.404 221.2 0.486 | 185.0 | 0.489 | 184.3

PB/GO 0.469 | 189.5 | 0.412 | 216.6 | 0.506 176.9 | 0.557 | 161.2 | 0.556 | 162.2

PB/rGO 0.477 | 186.6 | 0.413 | 241.3| 0.455 196.6 0.541 | 166.1 | 0.518 | 174.2

PB/G 0.494 | 1651 | 0413 |216.1| 0.461 194.0 1173 | 76.7 | 0.553 | 163.2

Table 6.9. The FWHM values of the PB /graphene of reflection peaks in WAXD data and crystallite size.

The interlayer spacing d (A)
26 PB PB/GO | PB/rGO PB/G
140 6.29 6.30 6.30 6.30
16.8° 5.24 5.25 5.25 5.25
18.5¢ 4.78 5.25 4.79 4.79
21.40 4.13 4.14 4.14 4.14
23.7° 3.74 3.75 3.75 3.75

Table 6.10. The interlayer spacing of the PB /graphene nanocomposites.
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Figure 6.19. The WAXD curves patterns of the PBC/graphene nanocomposites.
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20 14° 16.8° 18.5° 21.4° 23.7°

Sample ID | FWHM [ (&) | FWHM | t(A) | FWHM |t (A) | FWHM | t(A) | FWHM | t(&)

PBC 0.369 | 241.1 0.370 241.3 0.438 2095 | 0516 | 1741 | 0.465 193.8

PBC/GO 0.443 | 200.6 0.395 225.8 0.464 192.8 | 0.551 | 1629 | 0.511 | 176.6

PBC/rGO | 0.458 | 194.3 0.397 224.6 0.436 205.0 | 0.539 |166.7 | 0527 | 1711

PBC/G 0.494 | 165.1 0.413 216.1 0.461 194.0 | 1.173 76.7 | 0.553 163.2

Table 6.11. The FWHM values of the PBC /graphene of reflection peaks in WAXD data and crystallite

size.
The interlayer spacing d(A)
20 PBC PBC/GO | PBC/rGO PBC/G
140 6.29 6.30 6.30 6.30
16.8° 5.23 5.24 5.25 5.26
18.5¢ 4,78 4.79 4.79 4,79
21.40 4.14 4.15 4.15 4.15
23.7° 3.74 3.75 3.75 3.75

Table 6.12. The interlayer spacing of the PBC /graphene nanocomposites.
6.3.3. Raman spectroscopy

The most prominent and most important of the GO Raman spectra are the D, G, 2D and D + D’ peaks
shown in Figure 6.20. The D peak at about 1351.33 cm™ originates from the breathing modes of six-
membered rings that are activated by defects, and the G peak at ~ 1582cm™ arises from the first-order
scattering of the Exg mode ( see Figure 6.21)[10]. The 2D peak at ~2658 cm™ is the second order of
the D peak and the D + D’ peak at ~ 2925cm™ is due to the defect activated combination of phonons.
The D/G ratio is the measure of the disorder in graphene, which is influenced by edges, charge
puddles, ripples, or many other defects. The Ip/lg ratio in Raman spectroscopy can be used to evaluate
the distance between defects in graphene and GO, and increases with increasing mean distance
between two defects (Lp) [11][12]. We used this relation to characterize GO, rGO and G. After
reduction reaction, the D/G intensity ratio (Io/lg) of graphene rises from 0.285 to 1.137 to 1.726
respectively as shown in Table 6.13. This increase is a consequence of forming of new graphitic
regions that are numerous in number and smaller in size with respect to the ones present in graphene
oxide. [13]. The D + D’ peak is higher in intensity than the 2D peak, in both the spectra of GO and
rGO shown in Figures 6. 22 and 6. 23. That change is due to the removal of functional groups and
formation of defects. This observation is consistent with the literature [11]. The Raman spectra of

rGO nanosheets contain a strong band at ~1585 cm™ (G band) and a weak band at ~1354 cm™ (D
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band). The G and D bands are attributed to the first-order scattering from the E,4 phonon of sp? carbon
bonding and structural defects (disorder-induced modes), respectively [14]. The 2D band in rGO is
substantially lower and wider than G band, suggesting the presence of multi-layered graphene
derivatives. For the GO sample one can notice that the relative intensity ratio between D and G peaks
is smaller than for rGO and G, suggesting lower disorder GO. However, it should be mentioned, that
C-C stretching vibration region (1300 to 1650 cm™), and C-H bending in-plane vibration region
(1000 to 1500 cm™) for rGO is overlapping with graphene modes [15]. Apparently in Figure 6.23, the
Raman spectrum of the pristine graphene shows an intensive G-band at ~1584 cm™. Also an intensive
D-band at ~1336 cm™ and a 2D- band at 2658 cm™ wile D+D’ at ~ 2925 cm™ is visible. These values
are typical graphite structures and an indication for many stacked layers [16]. These results indicate
that the graphene oxide has been successfully exfoliated to graphene sheets [17]. However, a high
I/l ratio of the pristine graphene about ~1.7 indicates the presence of localized sp® defects within the
sp? carbon network [18].
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Figure 6.20. The Raman spectra of graphene oxide.

Figure 6.21. Eoq vibrational mode of carbon atoms in one graphite layer [11].
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Figure 6.22. The Raman spectra of reduced graphene oxide.
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Figure 6.23. The Raman spectra of pristine graphene.

Graphene 1D Io le Io/ls
GO 150.57 527.96 0.29
rGo 1311.65 1153.97 1.14

G 4167.08 2414.83 1.73

Table 6.13. The Ip/lg ratio of GO, rGO and G.
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6.3.4. FTIR analysis

The nature of the molecular interaction between chemical groups on G, GO and rGO surfaces and the
matrix PE and PP blends, and the presence of functional groups on the G, GO and rGO surfaces can
be investigated by measuring the extent of shift in the Fourier transform infrared (FTIR) spectrum for
the main groups on the graphene and the matrix polymer after addition the graphene. The FTIR
spectrum of the G and GO, GO and rGO have previously been presented by Wang, X. & et, al. [19]
and Konios, D. & et, al. [20].

In contrast to the G, the GO shows many various absorption peaks of oxygen functional groups, such
as: O-H stretching vibration at 3428 cm™, carbonyl C =0 stretching vibration at 1730 cm™, C=C
vibration in aromatic (phenol) ring at 1621 cm™, C —~OH bending vibration at 1400 cm*and C — OH
stretching vibration of alcohol at1231 cm™, as well as C— O stretching vibrations or epoxy C -O -C
vibrations at 1050 cm™. After the reduction of the oxygen function group to convert GO to rGO, the
absorption peaks of the C =0 and C—OH in rGO decreased or disappear depending on the rate of the
oxygen reduction. Furthermore, two peaks in rGO related to the C-O-C stretching vibrations
appeared at 1167 and 1120 cm™. The formation of additional C-O—C bonds can be explained by the
removal of water (H—OH) from the GO sheets [11] [12] [13] [21] [22].

The interfacial interactions among polyethylene polymer with GO, rGO and G nanoplatelets were
characterized by FTIR, as displayed in Figures 6.24, 6.25, 6.26 and 6.27 and summarized in Tables
6.14, 6.15, 6.16 and 6.17. It should be noted that the distinctive peaks of pure polymer were still
present upon addition of both GO, rGO and G. The polymer graphene nanocomposite shows almost
the same absorption peaks as pure polymer. The absence of rGO and GO and graphene oxide peaks is
a strong indication of the exfoliation of graphene sheets inside the nanocomposites. This means that
there is no new bond formed or strong chemical interaction occurring in the blend and
nanocomposites upon addition of G, rGO or GO. This is expected due to G and rGO not having any
functional groups available to form strong interface with a polymer matrix and no chemical
interaction between the polar (GO) and non-polar compounds (PE or PP). This indicates that any
change on the structure or the properties of the nanocomposites is the result of the physical interaction
only between the graphenes and the PE, PP blends host matrices [23].
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Figure 6.24. FTIR spectra of pure PE and PEs graphenen nanocomposites

Wavenumber (cm)

Compound group name in the nanocomposites

PE PE/GO PE/rGO PE/G
2915.04 C-CHs C-CHs C-CHs C-CHs
2847.35 CH; CH: CH; CH;
1645.64 Non-Conjugated - - -
1462.96 CHs CHs CHs
1368.62 CHs - CH;s
1098.56 - -CH=CH;
729.10 - -CH=CH- - -
(Cis)
719 -CH=CH-(Cis) - -CH=CH- -
(Cis)
652.24 -CH=CH- - -
-CH=CH-(Cis) (Cis)

Table 6.14. Characteristic infrared transmission of PE nanocomposites [24] [25].
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Figure 6.25. FTIR spectra of pure PP and PPs graphene nanocomposites.

Wavenumber (cm™) Compound group name in the nanocomposites
PP PP/GO PPrGO PPG
2949.49 C-CH3 C-CHs C-CHs C-CHjs
2916.51 C-CH3 C-CHs C-CHs C-CH;s
2837.99 C-CH3 C-CHs C-CHs C-CH;s
2721.27 C-CH3 C-CHs C-CHs C-CHjs
1734.44 - - Amides -
1645.33 Amides Amides - Amides
1452.13 CH: CH: CH;
1375.02 CHs CHs CHs CHs
997.12 -CH=CH- -CH=CH- -CH=CH- -CH=CH-
(Trans) (Trans) (Trans) (Trans)
840.37 C=CH; C=CH; C=CH; C=CH,
4575 -CH=CH-(Cis) | -CH=CH-(Cis) | -CH=CH-(Cis) | -CH=CH-
(Cis)

Table 6.15. Characteristic infrared transmission of PP nanocomposites [26].
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Figure 6.26. FTIR spectra of pure PB and PBs graphene nanocomposites.

Wavenumber (cm™)

Compound group name in the nanocomposites

PB PB/GO PB/rGO PB/G

2949.09 C-CH;s C-CHjs C-CHs C-CHs
2916.60 C-CHs C-CHjs C-CH;s C-CH;s
2838.41 C-CHs C-CHjs C-CH;s C-CHs
2722.20 C-CH;s C-CHjs - C-CHs
1645.40 Amides Amides - -
1455.39 CH: CH; CH; CH;
1375.41 CHs CHs CHs CHs
1166.93 -CH=CH; -CH=CH; -CH=CH; -CH=CH;
997.56 -CH=CH- -CH=CH- -CH=CH- -CH=CH-

(Trans) (Trans) (Trans) (Trans)
840.79 -CH=CH; -CH=CH; -CH=CH; -CH=CH;
808.62 C=CH; C=CH: C=CH: C=CH:
719.48 -CH=CH-(Cis) | -CH=CH-(Cis) | -CH=CH-(Cis) | -CH=CH-(Cis)

Table 6.16 . Characteristic infrared transmission of PB nanocomposites [27].
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Figure 6.27. FTIR spectra of pure PBC and PBCs graphene nanocomposites.

Wavenumber (cm™) Compound group name in the nanocomposites
PBC PBC/GO PBC/rGO PBC/G

2949.52 C-CH3 C-CHs C-CH;s C-CHjs
2916.04 C-CH3 C-CHs C-CH;s C-CH;s
2847.44 C-CH3 C-CHs C-CH;s C-CH;s
2721.32 - C-CH3 C-CH;s C-CH;s
1645.44 Amides - - -
1461.74 CH; CH; CH: CH;
1375.70 CHs CHs CHs CHs
972.72 -CH=CH- -CH=CH- -CH=CH- -CH=CH-

(Trans) (Trans) (Trans) (Trans)
840.89 -CH=CH; -CH=CH; -CH=CH; -CH=CH;
719.48 -CH=CH-(Cis) | -CH=CH-(Cis) | -CH=CH-(Cis) | -CH=CH-(Cis)

Table 6.17. Characteristic infrared transmission of PBC nanocomposites [27].
6.3.5. UV-vis spectroscopy

The UV-visible spectra of GO and rGO are shown in Figure 6.28. There are two distinctive absorption
bands in the UV-visible spectra of GO. The absorption band centered at ~255 nm is attributed to = —
" transitions of aromatic C-C bonds. The shoulder centered at ~ 335 nm corresponds ton — m*
transitions of C=0 bonds. After the reduction reaction with hydrazine hydrate, the absorbance in the
whole spectra increases, also the absorption peak at ~255 redshifts to ~265 nm in rGO and at ~284 nm

in graphene and the other absorption band at ~ 335 is completely removed (Figure 6.29). The UV-
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visible spectra results demonstrate that the oxygen containing functional groups on the surface of GO
are mostly removed and electronic conjugation within graphene nanosheets is restored via reduction

reaction. Similar results were also obtained by Yu et al. [28] and Xu et al. [29] [30].

Figure 6.29 shows that the absorbance of GO is higher than that of rGO and G. This stems from the
recuperation of sp? carbons after reduction and the restoration of the electronic network of rGO and G.
The UV-vis study highlighted the fact that GO is easily dispersed in water whereas rGO and G
required to be dispersed in ethanol or DMF. This has negative implications for the dispersion

characteristics of rGO and G in organic compounds of g-caprolactam [31].
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Figure 6.28. UV-visible spectra of GO and rGO.
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Figure 6.29. UV-visible spectra of GO, rGO and G.
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6.3.6. Crystallization and Melting Behaviour

Differential scanning calorimetry (DSC) was used to assess the effect of the addition of GO, rGO and
G at 2wt% on the melting temperature (T,,), crystallization temperature (T.) and degree of
crystallinity (X.) of the polymer blends (PE, PP, PB and PBC). The DSC data are summarised in
Table 6.20. The melting temperature of the PEs, PPs PBs and PBCs nanocomposites do not change
with addition of the different three types of graphene (see Table 6.18, Figure 6.30). There is also no
clear effect on the crystallization temperature of the PBs and PBCs nanocomposites, whereas the
crystallization temperature of the PEs and PPs nanocomposites increase by addition of the GO, rGO
and G (see Figure 6.31). It was observed that the graphene addition caused a considerable change in
the crystallization temperature (7,.) of PE and PP, with T, noticeably increasing through the addition
of all graphene types. An increase in the crystallization temperature of PE and PP, in the presence of
graphene, has industrial value due to a shorter processing cycle, which results in a higher production
rate [32]. As discussed in the previous chapter, the graphene acts as the nucleating agent for
crystallisation of PE and PP, which makes the nucleation mode heterogeneous instead of
homogeneous, significantly decreasing the nucleation free energy, and allow the molecular chain to
attach to and be arranged orderly on the nucleating agent [33]. Graphene demonstrate important
influence over the T, of PE and PP. Such a result is ascribed to the nanometer size effect of graphene.
With the same content, graphene contribute to a greater surface area and at the same time greater
nucleation sites, thereby having a greater effect on the T, of PE and PP. The presence of graphene in
polyolefins matrix affects the crystallization process of that polyolefins as evidenced by changes the
crystallization temperature. The degree of crystallinity fluctuated, but the general trend is decreasing
with increase the GO wt%, due to the fast cooling the sample by quenched directly into water at room
temperature. This decrease could be explained as well by the effect of the graphene layers on the

degree of crystallization by hindering the chain mobility [38].
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Specimens ID T, (°C) T, (°C) AH, Jlg | AT (°C) X, (%)
PE PP PE PE | PP PE | PP PB
PE 1031 | - 124+1 - 7 - 21 26 - -
PE/GO 1071 | - 123+1 - 68 | - 16 23 - -
PE/GO 1071 | - 123+1 - 74| - 17 25 - -
PE/G 1071 | - 123+1 - 7 - 17 26 - -
PP - [ 1191 - 1671 | - | 100 | 49 - 48 -
PP/GO - [ 1191 - 1661 | - | 76 47 - 37 -
PP/IGO - 12121 - 165¢1 | - | 78 44 - 38 -
PP/G - [ 12321 - 163£1 | - | 80 40 - 39 -
PB 100+1 | 115+1 | 123+1 | 166+l | 15 | 46 - 5 22 27
PB/GO 107+1 | 118+1 | 123+1 | 1661 | 27 | 35 - 9 17 26
PB/IGO 1061 | 117+#1 | 123+1 | 165¢1 | 29 | 37 - 10 18 28
PB/G nd | 115%1 | 1211 | 1651 | 22 | 40 - 8 19 27
PBC 1061 | 114+1 | 122+1 | 164+1 | 23 | 33 - 4 23 27
PBC/GO | 108+l | 117+1 | 1231 | 1661 | 28 | 36 - 10 17 27
PBC/rGO | 106+1 | 113+1 | 122+1 | 164+1 | 28 | 32 - 10 16 26
PBC/G nd | 114+1 | 1211 | 165¢1 | 32 | 23 - 11 11 22

Table 6.18 .The DSC parameters of the polymer/ GO, rGO and G nanocomposites.

PE PE/GO PE/GO PE/G
Sample ID

T,

PP PP/GO PPrGO PP/G

Figure 6.31. The melting temperature (T;,,) of PE and PP graphene nanocomposites.
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Figure 6.31. The crystallization temperature (T,) of PE and PP graphene nanocomposites.

6.3.7. Thermal stability

The pristine graphene powder displays just a very slow mass loss up to 400 °C, indicating almost
complete removal of the functional groups. GO has a 12% mass loss around 100 °C, resulting from
removal of oxygen functionalities as adsorbed water evaporates and a further 46% mass loss from 300
°C to 400 °C because the heating continues to remove the oxygen-containing functional groups. The
mass loss of rGO is clearly lower than that of GO, specifically the mass loss from 100 °C to 200 °C,
which reveals a noticeable decrease in the quantity of oxygen-containing functional groups and a deep
reduction of GO. Meanwhile, a higher mass loss of 26% is found around 700 °C in rGO (Table 6.19
and Figure 6.32).

Graphene ID | 100°C | 200°C | 300°C | 400°C | 500°C | 600 °C 700 °C

G 0 0 0 1 2 3 4
rGO 3 8 13 15 17 20 26
GO 12 20 43 46 49 51 55

Table 6.19. The lost weight percent (wt%) of G, rGO and GO at different temperatures.
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Figure 6.32. The TGA curves of the G, rGO, GO from room temperature to 700 °C.

The thermal stability of the PE/(G, rGO, GO) nanocomposites were investigated by TGA. The
thermogravimetric data are summarised in Figure 6.33 and Table 6.20. This figure shows the TGA
curves for the pure PE and the PE/ (G, rGO, GO), nanocomposites while the table displays the
temperature at the remaining weight percent of 99%, 50% and 5%. At 99wt% of the sample the
degradation temperature of the PE/GO increased by 113+3 °C from the pure PE. The increase is 98+3
°C and 120£3 °C in the PE/rGO and PE/G respectively from the pure PE. The fact that there is an
increase in stability in the presence of graphene suggests that G, rGO, GO are well exfoliated in the

polymeric matrix by using the solution mixing method [35].
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Figure 6.33. The TGA decomposition curves of the PE nanocomposites.
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Specimens ID | Togw (°C) | Tso% (°C) | Tse (°C)
PE 365+3 394+3 502+3
PE/GO 478+3 49313 546+3
PE/rGO 4633 486+3 515+3
PE/G 4853 501+3 528+3

Table 6.20. Thermal degradation temperatures of the PE nanocomposites.

Figure 6.34 and Table 6.21 show the thermal properties of PP and its nanocomposites, demonstrating

a great improvement in the thermal resistance for the degradation with an increase of 173+3 °C from
the neat PP in the temperature at which 99% weight of sample remains by addition of 2wt% of GO,
and 187+3 °C by addition of the rGO and G. Moreover, the graphene still continues to provide clear
improvement at higher temperatures by increasing the temperature at which 50% weight of sample
remains to 16743, 1763 and 17943 °C from the pure PP. Furthermore, at 5 remaining weight percent
the temperature rise up to 150+3, 15443 and 165+3 °C from PP by presence GO, rGO and G. These
features are strong indications that graphite products can function as a flame retardant, significantly
improving the thermal stability of polypropylene [3].
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Figure 6.34. The TGA decomposition curves of the PP nanocomposites.

Specimens 1D Togu (°C) Tso% (°C) | Tsw (°C)
PP 276£3 303+3 344+3
PP/GO 449+3 470+3 494+3
PP/rGO 463+3 479+3 498+3
PP/G 463+3 482+3 509+3

Table 6.21. Thermal degradation temperatures of the PP nanocomposites.
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The PB/(GO, rGO and G) and PBC/(GO, rGO and G) nanocomposites provided similar improvement
to PE and PP as seen in Figures 6.35 and 6.36 and Tables 6.22 and 6.23, but with different ratio of
improvement depending on the dispersion and distribution of these graphene products inside the
polymer matrix of PB and PBC.

The presence of G, rGO, GO which are highly stable material and stiffer than both PE and PP grant
stiffness to the polymeric matrices, reducing the chain mobility and consequently retarding the
degradation of the polymer. The fact that polyolefins (PE and PP) increased the stability in the
presence of graphene suggested that the G, rGO, GO disperse to some extent in the polymeric matrix.
Reduce the oxygen functional group improve the thermal stability as the data in Figure 6.32
illustrates . In addition to the dispersion of the filler and the C/O ratio effect, its concentration also had

a key role in the thermal properties of the nanocomposites [36].
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Figure 6.35. The TGA decomposition curves of the PB nanocomposites.

Specimens ID | Tagw (°C) | Ts0%(°C) | Tsw (°C)
PB 299+3 37143 4633
PB/GO 462+3 484+3 51343
PB/rGO 462+3 484+3 51343
PB/G 4703 49043 53243

Table 6.22. Thermal degradation temperatures of the PB nanocomposites.
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Figure 6.36. The TGA decomposition curves of the PBC nanocomposites.

Specimens ID | Tagy (°C) | Ts0% (°C) | Tsw (°C)
PBC 407+3 44243 496+3
PBC/GO 458+3 48043 507+3
PBC/rGO 461+3 482+3 51143
PBC/G 47243 487+3 527+3

Table 6.23 Thermal degradation temperatures of the PBC nanocomposites.
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6.4. Summary and Conclusion

This study investigates the effect of the change the carbon to oxygen ratio (C/O ) by using three
different types of graphene on the structure-properties relation in PE, PP, and blends of them. These
nanocomposites were prepared by solution method, where GO, rGO and G powder was dispersed by
sonication in DMF solvent while o-xylene was used for dissolving the polymers. Scanning Electron
Microscope (SEM ) and Wide Angle X-ray Diffraction (WAXD) have been used to analyse the
polymers’ semi-crystalline morphology. The interlayer spacing (d-spacing) and the intensity increased
by addition of all types of the graphene while the crystallite size decrees. The chemical structure
characterized by X-ray Photoelectron Microscopy (XPS), Fourier Transform Infrared Spectroscopy
(FTIR) Raman Spectroscopy (RS) and UV-vis spectroscopy. The C/O ratio was calculated as= 89.7,
4.9 and 2.2 for the G, rGO and GO respectively. While the Ip/lg ratios increased with increasing the
C/O ratio, the Ip/lg values were calculated as 0.285, 1.137 and 1.726 for pure GO, rGO and G sample.

The thermal properties were investigated by Deferential Scanning Calorimetry (DSC) and Thermal
Gravimetric Analysis (TGA), and revealed that the addition of GO, rGO and G did not have a
pronounced effect on the melting temperatures (T,,) of the nanocomposites, while the crystallisation
temperature increased with addition all of the three graphene types with similar percent for different
C/O ratio. The thermal stability was clearly improved and increased with decreasing the oxygen
function group content in the graphene.

These studies form the basis of a wider study of various forms of graphene in nanocomposites with
industrially relevant polymers. These findings underline the importance of considering
graphene/polymer interactions in the thermal stability (fire retardants) of polymers for an appropriate

design of composite materials for aerospace industry.
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Chapter 7

Conclusion and Future Work
7.1. Summary and Conclusions

Graphene and its derivatives have potential applications in many fields including polymer composites.
In this work fundamental studies of graphene and related materials along with various
graphene/polymer nanocomposite preparation methods and properties are reported. The work placed
an emphasis on the material characteristics and the properties of the graphene, polymer and
graphene/polymer nanocomposite. Overall, the thesis shows a collection of experimental work that

focussed on three major objectives with regard to graphene/polymer nanocomposites:

I.  Understanding the structure, phase transition and properties of the polymer host matrix of
graphene nanoparticles;
Il.  Studying the effect of different percentages of graphene oxide on the structure-property
relationships in graphene/polymer nanocomposites;
1. Discussing the influence of carbon/oxygen ratio upon structure-property relationships in
graphene/polymer nanocomposites, by using three different types of graphene.
The first objective was achieved by determining the preparation method of the four polymer host
matrices, metallocene linear low density polyethylene (PE), polypropylene homopolymer (PP), blend
of PE and PP (PB ) and blend of PE , PP and 5wt% of compatibilizer polymer (ethylene-co-glycidyl
methacrylate) (PE-co-GMA) referred to as PBC. The polymers were processed using a solution
method with o-xylene as the solvent. The results indicated that the 100mg/ml ratio of o-xylene is
optimal to dissolve the PE, PP and their blends. The crystallinity was characterized by using wide
angle x-ray diffraction (WAXD) and small angle x-ray scattering Measurements (SAXS). Information
about the polymer host matrix structure has been obtained, like the crystallite size, interlayer spacing,
lamella thickness and linear crystallinity, and the combination of the two crystallization structures
indicates an immiscible blend between those two polymers. Furthermore, the molecular weight was
measured for both pure polymers, which will enable future studies on different molecular weight
polymers to be well compared to the current study. The thermal and crystallization behaviour have
been obtained by deferential scanning calorimetry (DSC) and the thermal gravimetric analysis (TGA),
with the data showing that the blends have binary crystallization and melting behaviour while the
crystallinity degree is lower in the PB and PBC than the PP. Moreover, the thermal stability of the PE
is higher than the PP and the PB blend. Adding the PE-co-GMA compatibilizer (sample PBC) causes
an increase in the thermal stability. Also, PP provides superior mechanical properties, while PE
provides better elastic behaviour. From this, we can see the importance of blending PP and PE, while

adding the PE-co-GMA improved the mechanical properties. The final step of studying the polymer
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host matrix was the dynamic mechanical analysis (DMA) study applied to the four sample types. The
results of the DMA indicate that the pure polymers (PE and PP) have three different transitions: an a-
transition, a B-transition and a y-transition. The transition zone, in PB and PBC blend has two B-
transitions, which appear as separate phase transitions because the PE and PP are thermodynamic

incompatible and immiscible polymers.

Based on the previous results from the host polymer matrices, graphene oxide (GO ) was added with 6
different weight fractions (0.0, 0.25, 0.5, 1, 2, 4 wt. %) into the four host polymer matrices (PE, PP,
PB and PBC). That happened after applying a solubility test and obtaining the best pair of compatible
solvents for the GO and the polymers. The effective dispersion of GO by using the solution method
was confirmed by the absence of the distinctive peak from stacked (graphitic) GO in the WAXD scan
in all the GO/polymer nanocomposites. The study of the effect of GO on the crystal structure was
investigated by calculating a linear correlation function from the SAXS data. Mixing GO with the
polyolefins had a measurable effect upon the polymers’ crystal structure. However, no chemical
reaction between the polymer and GO was observed for samples prepared by the solution method.
This was realized in Fourier transformed infrared spectroscopy (FTIR) scans which showed an
absence of GO peaks in the polymer nanocomposites that is also an indication of graphene sheets
exfoliation into the polymer layers, at the highest concentration of 4wt%. The characteristic D/G ratio
is dominated by the structural defects (holes) of a sheet rather than the level of oxidation, and the Ip/ls
intensity ratio value was calculated as 0.285 for our pure GO sample by Raman spectroscopy. To
evaluate the effect of the addition of GO on the thermal and crystallization behaviour, DSC and TGA
were used. While the melting temperatures of the nanocomposites were not significantly influenced
by GO addition, the crystallization temperature was increased by increasing the GO weight fraction.
This property presents technological importance because it results in a shorter processing cycle,
thereby increasing the production rate. The degree of supercooling increases in PP/GO
nanocomposites while it decreases in PE/GO nanocomposites. The increase or decrease in the degree
of supercooling indicates to physical reaction between the Polyolefins (POs) and GO. The thermal
stability improved by adding GO up to and including a fraction of 2wt%, demonstrating an optimal
fraction of graphene in the polymer nanocomposites (PNCs) above which further addition has no
benefit. The high carbon/oxygen ratio in the GO causes high electrical resistance. Due to its improved
thermal stability and electrical insulation the graphene oxide based PE and PP blend could have a
possible application as a material for electrical insulation. However, the addition of GO decreased the

mechanical properties as investigated by the tensile strength.

The previous results derived from one type of graphene with uniform carbon/oxygen (C/O) ratio.
Therefore, the C/O ratio was varied in order to study the effect of graphene materials with different
ratios of C/O on the structure-property relations of resulting nanocomposites. Three different source

of graphene which are GO, reduce graphene oxide (rGO) and pristine graphene (G) were used for that
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purpose, and all showed improvements in some properties of the polyolefins after incorporation of
graphene nanofillers. First the C/O ratio of G, rGO and GO were calculated from X-ray photoelectron
spectroscopy (XPS) survey scans, which gquantitatively determined the surface compositions of
deposits of the materials. The surface morphology of the G, rGO and GO was described by scanning
electron microscope (SEM). Then the impact of C/O ratio on the crystalline structure was measured
using WAXD. The interlayer spacing in GO and rGO are larger than that of pristine graphene owing
to the introduction of oxygen-containing functional groups. Furthermore, the disappearance of G peak
at 25.6° in GO and rGO and increase of the d-spacing from the original G suggest that the van der
Waals interaction between layers became weaker due to the intercalation of oxygen-containing
functional groups. The nature of defects which are present in carbon nanomaterials structure can be
estimated by calculating the ratio of D/G peaks intensity. A high Ip/ls ratio of the pristine graphene
indicates the presence of localized sp® defects within the sp? carbon network. Furthermore, the
chemical structure of the PNCs was observed to be similar to the POs, and the increase the C/O ratio
by reduction of the oxygen containing function did not appear to affect the chemical structure.
Accordingly, UV-visible spectra of GO, rGO and G showed that the absorbance of GO is higher than
that of rGO and G. This stems from the recuperation of sp? carbons after reduction and the restoration
of the electronic network of rGO and G. However, there was no clear effect of changing the C/O ratio
upon the crystallization and melting behaviour. The rGO and G presented similar effects to that of GO,
even with different ratios of C/O. However, reducing the oxygen-containing functionality yielded an
improvement in the thermal stability, across different weight fractions of nanofiller and within
different polymer host matrices. That is arguably a consequence of the relatively high thermal stability
of the pristine graphene, which decreases respectively for rGO and then GO. These studies form the
basis of a wider study of various forms of graphene in nanocomposites with industrially relevant
polymers. These findings underline the importance of considering graphene/polymer interactions in
improving the thermal stability (fire retardants) of polymers for an appropriate design of composite

materials for aerospace industry.

7.2. Future Research Directions

Polymer nanocomposites are used in a variety of applications ranging from high-tech and high-
performance materials to household daily appliances. Nanocomposites are a very rapidly growing
field, and there are many opportunities to pursue this field in the future. During the course of this
thesis, a number of new alterations and ideas were identified to improve the main goals delineated in
the beginning. In order to keep within the original scope of the project, and due to the time constraints
and instrument limitations at the time, not all the ideas could be pursued to completion. However,

there are still many challenges and issues to overcome in order to realize the full potential of these
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materials in these applications. In the following sections, a few strategies to improve the current

research are discussed, and platforms the applications of this research are suggested.

Dispersion and distribution of graphene into polyolefins is very important to develop and improve the
electrical and thermal conductivity, mechanical properties and gas barriers of the polymers. To attain
most of these characteristics it is necessary to have exfoliation, an interconnected graphene network.
However, dispersions and distribution of graphene in polymers is challenging. Good dispersion can be
partially obtained by either sonication of the graphene into a co-solvent with the polymer, before co-
precipitation, or drying to a film, or by dispersing graphene in a monomer and polymerising in situ to
produce a composite. In a suitable situation solvent processed composites lock the graphene into its
well-dispersed form in the solvent; however, it is usually necessary to modify the graphene to
improve its dispersibility and its interaction with the polymer matrix. In situ polymerisation can give
better results that may be due to the graphene participating in the polymerisation, grafting polymer
chains on to graphene sheets

Melt compounding provides the most a simple way of dispersing nanofillers in a polymer matrix and
it has been used to exfoliate the graphene fillers into many of polymers. Fair levels of dispersion and
distribution the fillers can be obtained in these systems but the addition of the nanoparticles increases
the viscosity of the polymer melt significantly and clearly makes processing more difficult. The
twin-screw extruder, as an effective method to produce nanocomposites of graphene/ polymer, applies
solid state shear stress. However, compared to in situ polymerisation and solution method, melt
blending using resins and traditional instruments such as extruders and blenders is more attractive
since this processes relaxes the requirement for solvent selection and temperature ,e.g. the elevated
temperatures required to dissolve polyolefins. This gives a wider range of choices with regards to the
selection of polymer grades and choice of graphene type. Moreover, melt mixing is economical and

appropriate for mass production more than solution and in situ polymerization methods.

On the materials side, a potential route would be to use thermosetting polymers such as epoxy resin
instead of thermoplastic polymers, then to study the effects of graphene on structure and properties of
epoxy resin. Epoxy resin as a polymer matrix has high stiffness, dimensional stability and chemical
resistance, which make it the most important thermosetting resin in the industry for structural and
functional composites. Epoxy resins are used in many applications such as adhesives, in electronics

for encapsulation and in the aerospace manufactures as matrices for composites.
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Figure A.1. The molar mass distribution curves of PE and PP.
Samples ID Na 0 In N C Cl S Si
Graphene 1 <0.1 1.0 0.1 <0.1 98.8 <0.1 0.1 <0.1
Graphene 2 <0.1 1.2 <0.1 <0.1 98.5 <0.1 0.2 0.2
Graphene Oxide 1 0.3 31.5 0.3 0.2 65.9 0.2 1.0 0.7
Graphene Oxide 2 0.1 29.8 0.3 0.3 68.8 0.2 0.5 0.1
Reduced Graphene Oxide 1 <0.1 16.8 <0.1 <0.1 82.5 0.1 0.5 0.1
Reduced Graphene Oxide 2 <0.1 16.5 <0.1 <0.1 83.1 0.1 0.4 <0.1

Table A.1. Surface compositions (atomic %) determined by quantifying XPS survey scans.
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