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Abstract
The history ofpolymercompositematerials can be traced back to pgeziod of 1930s1940s

with the development of glass fibre reinforced composites. Since then several generations of
this technology have evolved, each one marked by increasingly smaller scales of the
reinforcement materis. Polymer nanocompositedBNCs are the most recent class whidly

virtue of their remarkable thermal and mechanical propertiase attracted worldvide
attention. These properties are ascribed to the presence of grapaegiafascing agent which

has exceptional thermal conductivity, high electron mobility, and superior mechanical
properties. Although the modulus of graphene ox{@e, is only about 25% of that of a
monolayer of graphene, it remains the preferred materigddiymer reinforcementThis is

due to the abundance of oxygenated functional groups in its basal plane and peripheries, which
enables easier coupling interactions between the nanofillers and different polymer matrices.
Furthermore, GO is the precursor of graphgreeluctionandcan be synthesized bulk. The
structureof the polymer matrix and the low loadings of the nanofillers are the main attributes
leadingto improvednanocompositeerformance In the research described in this thesis,
polystyrene PS and poly (styrene-acrylonitrile) SAN were selected as the polymer matrices
and very low loadings of GO (1vix. % and below) were incorporated into these materials. The
resultingnanocompositesvere then characterised in terms of their mechanical and thermal
properties. Hummersd method was used to pr e
adopted for preparing the nanocomposites. One important requirement in the fabrication of
these nanoauposites is that the dispersion of the nanofillers in the polymer matrix should be
homogenous so that the benefits of the improved material properties are consistenbttirough
the volume of material. Any local aggregation of the nanofillers would rasudt Ioss of
uniformity which will consequently affect the mechanical performance and the thermal stability

of these materials.



Several techniques were employed to achieve homogeneity in nanofiller disparsien
nanocomposite®\ homogenous dispersidar GO in PS and SAN was achieved by adopting

a combination of different dispersion techniques, bath sonication and shear mixing, for two
different processing times, 0.5 and 1.0 hour respectively. The solvent used to prepare the
nanocomposites was tetralmgturan THF rather than dimethyl formamide DMF due to the

poor volatility and poor samples obtained by employing the latter.

In order to obtaininformation on material properties at the nanoscale, such as elasticity,
adhesion, and surface forces, forcevesrwere obtained by Atomic Force Microscopy AFM
and Quantitative Nanomechanical Measurements QM information are important in
terms of achieving improvement for many kinds of applications such as computer industry and
storage devices with high datansity. Using this approachhé reduced modulus of elasticity

for GOwas found to behigher than that of PS as achieved by utilizing AGMM and the
DerjaguinMuller-Toporov DMT formula. Furthermore, few authors investigated the
nanomechanicdlehaviouratthe cryogenically fractured surface. The topography for the latter

was successfully imaged and the moduli for GO nanosheets and PS were successfully obtained.

To move towards achievinthe outstanding properties of graphevieen using GOGO was
reduced Several reduction techniques are available, though some of these require the use of
chemicals that can have a negative impact on the environment and this was an important
consideration in this work. The more efti@ndly approach route was takbere based on low
temperature reduction using a vacuum assisted technique. The appligeratemes for

reducing GO, under the influence of vacuum, wi3@, 165and200C.

A successful reduction was obtained in the GO as indicated by diffehanacterizadn
techniques, and the resultingnocomposites of PS reinforced with the reduced form of GO
showed better mechanical and thermal improvement compared with the nanocomposites of PS

reinforced with low loaohgs of the pristine form of GO.



Thethermalreduction of GQplayed a major role in the productiongrbphene like materis
that provide better mechanical and thermpaiformance when incorporated in the polymer

matrix.

It was important to obtain a good understanding about the perfornoaratber group of
nanocomposites based on one of the PS counterparts which was SAN. The employment of SAN
in the work described in this thesis was based on its improved mechanical and thermal
performance compared with PS beside its wide range of applications. The roalchad
thermal performance for SAN and its nanocomposita® improvedvhen compared tthose

basel on PS and its nanocompositdhe presence of the acrylonitrile, AN, monomer
contributed in efficient intercalation of the copolymer in the gallery of G led tostronger
interfacial interaction o6AN with GOnanocompositethat resulted irbetter performancef

SAN nanocompositesompared to PS nanocomposites.

To conclude, the current study describes the successful preparation of GO and nante®mposi
and the results of numerous methods for characterising these materials. The mechanical,
thermal, and thermomechanical properties for the nanocomposites were significantly improved
over that of the neat polymeihe PNCs may find potential applicatiananedicine, military

aspects, optoelectronics, aerospace engineering, safety issues, and many others.
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Nomenclature

0D, 1D, 2D, 30i Zero, one, two, three Dimensional
1, 2 D@ - Dichlorobenzene

ABS - Acrylonitrile Butadiene Styrene

AFM - Atomic Force Microscopy

AN - Acrylonitrile

BCP- Burnham Colton Pollock

CB - Carbon Black

CMG - Chemically ModifiedGraphene

CMNs - Ceramic Matrix Nanocomposites
CNF - Carbon Naneribres

CNTs- Carbon Nanotubes

CRGO- Chemically Reduced Graphene Oxide
CS- Chitosan

CVD - Chemical Vapoubeposition

DCM - Dynamic Contact Module

DFT - Density Functional Theory

DMA - Dynamic Mechanical Analysis

DMACc - Dimethylacetamide

DMF - N, N Dimethyl Formamide

DMT - Derjaguin MullerToporov

DSC- Differential Scanning Calorimetry

DTG - Derivative Thermogravimetric

EG - Expandable Graphite

F-D - ForceDistance

FET - Field Effect Transistors

FFM - Friction Force Microscopy

FGS- Functionalised Graphene Sheets

FLG - Few Layered Graphene

FTIR - Fourier Transform Infrared Spectroscopy

GNRs- Graphene Nanoribbons



GNS- Graphene Nanosheets

GO - Graphene Oxide

GPC- Gel Permeation Chromatography

HRGO- Highly Reduced Graphene Oxide

IHM -1 mproved Hummer sé6 Met hod
JKR - Johnson Kindall Roberts

LBL - Layer By Layer

LCD 1 Liquid Crystal Devices

LIB - Lithium lon Batteries

LPE - Liquid Phae Exfoliation

MD - Molecular Dynamics

MD - Maugis Dugdale

MEMS - Microelectromechanical Systems

MERGO- Microwave Exfoliated Reduced Graphene Oxide
MMNSs - Metal Matrix Nanocomposites

MMT - Montmorillonite

MWCNT - Multi Walled Carbon Nanotube

MYD/HW - Muller 7 Yuscchenke Derjaguin/ HughesWhite
NEMS - Nanoelectromechanical Systems

NMP - N-Methyl Pyrrolidone

NPs- Nanopatrticles

OLED - Organic light Emitting Diodes

OM - Optical Microscopy

P3HT - poly (3-hexylthiophene)

PAG - Polyimide

PANI - Polyaniline

PBI - Polyisobutylene

PBT - Poly (butylene terephthalate)

PC- Polycarbonate

PCL - Polycaprolactone

PDMS- Poly (dimethyl siloxane)

PEDOT: PSS poly (3,4 ethyencdioxy thiophene) poly (styrenesulphonate)
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PEEKT Polyether ether &tone

PEI- Poly (ethyleneimine)

PEO- Poly (ethylene oxide)

PET - Polyethylene Terephthalate

PGNs- Polymer Graphene Nanocomposites
PMC - Polymer based Matrix Composites
PMMA - Poly (Methyl Methacrylte)

PNC- Polymer Nanocomposites

PP- Polypropylene

PPSi Polyphenylene Sulfone

PPy- Polypyrrole

PS- Polystyrene

PSF- Polysulfone

PTFE- Poly (tetrafluoroethylene)

PU - Polyurethane

PVA - Poly (vinyl alcohol)

PVC - Poly (vinyl chloride)

PVDF - polyvinylidene fluoride

QNM - Quantitative Nanomechanical Measurements
rGO, RGO- reduced Graphene oxide
RLB - Rechargeable Lithium Batteries
RPM - Rotation Per Minute

RT - Room Temperature

SAN - Poly (styreneco-acrylonitrile)

SBR- Styrene Butadiene Rubber

SDS- SodiumDodecylSulphate

SEBS- styrene (ethyleneo-butylene)
SEM - Scanning Electron Microscopy
SFA - Surface Force Apparatus

SI-ATRP - Surface Initiated Atom Transfer Radical Polymerization
SiC - Silicone Carbide

SLG- Single Layered Graphene

Xi



sPSi Syndiotactic Polystyrene

SRGO- Sulfonated Reduced Graphene Oxide

SSNMRI Solid State Nuclear Magnetic Resonance

STM - Scanning Tunnelling Microscope

SWCNT - Single Walled Carbon Nanotube

Td, Ta max. Td Peak- Degradation Temperature

TEM - TransmissiorElectron Microscopy
Tg - Glass Transition Temperature

TGA - Thermal Gravimetric Analysis
THF - Tetrahydrofuran

TOM - Transmissn Optical Microscopy

TPEE- Thermoplastic Polyester Elastomer

TPO- Thermoplastic Polyolefin
TPU - Thermoplastic Polyuretime
TRG - Thermally Reduced Graphene

TRGO- Thermally Reduced Graphene (graphite) Oxide

T.S1 Tensile Strength

XGnP - Exfoliated Graphene Nanoplatelets

XPS- X ray Photoelectron Spectroscopy
XRD - X Ray Diffraction

C - Carbon

C - Solubility

CO - Carbon Monoxide

CQO; - Carbon Dioxide

D - Depth of indentation
E-Youngds Modul us
E*XE-Reduced Youngods
eV - electron Volt

F - Force

Fadn- Force of Adhesion

Fip - Force on tip

g- Gram
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GPa/ MPai GegapascdlMegapascal

h - Hour

H - Hydrogen

H - Zero load elastic deformation

H' - Zero load plastic deformation

K - Spring Constant

Kc - Spring Constant

Kb - Distribution Coefficient for steric exclusion
L - Length of Cantilever

Mg - Milligram

nm- Nanometre

°C - Centigrade

OH - Hydroxyl

Pa- Pascal

R - Tip Radius

Vi - Total volume of solvent within the gel pores
Vo, - Total volume of the mobile phase

VR - Retention Volume

Vol. - Volume

w i Width

wt. %1 Weightfraction

X - Deflection of cantilever

Zc - Deflection

U- Open angle

U - Solubility Parameter

uD - The dispersion cohesion parameter

P E /- ¥nergy of Vaporization per unit Volume
UH - The hydrogen bonding cohesion parameter
Uisolv - ith Hansen Parameter in a given solvent
UP - The polarity cohesion parameter

Ur - Hildebrand Solubility Parameter

e m Micrometre
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Chapter 1
Introduction

1.1.Introduction
The concepts that seeded the big word of &N

immense in possibility were first discussed in December 29, 1959 by the renowned physicist
Richad Feynman in his talk at the California Institotd Tec hnol ogy enti tl e
of rooma t the bottomb6d where he di s(Ead&dandy t he
Boysen2011) The term O006Nanotechnol ogy®6 represe
started over thirty years ago and has expanded the scientific horizons of several fields in
engineeringchemistry, and medicine with the development of new technological applications,

new materials, and new knowledge on the properties of materials.

A new subdiscipline that emerged from these advances in nanotechnology is polymer based
matrix nanocomposigPMCs or polymer nanocomposites PNCs which refers to heterogeneous
solid materials that are composed from a polymer matrix with nanoscale reinforcements to
reinforce that matrix. These nanocomposites can be classified according to the material of the
hostmatrix and includes metal matrix nanocomposites MMNSs, ceramic matrix nanocomposites

CMNSs, and the aforementioned PMCs that are the subject of research in this thesis.

In 2004, two researchers, Andre Geim and Konstantin Novoselov at the University of
Mandester conducted some grodmeaking work in which they produced and characterised

one atom thick, two dimensional nano material of carbon called graphene, for which they
received the Nobel Priza 201Q Graphene can be identified as a carbon crystahich the

carbon atoms are packed in a hexagonal lattice similar to a honeycomb. This material has
unique properties such as high strength, high transparency, a large surface area, good thermal

and electrical conductivity as well as excellent electroropeities.



Since its first discovery in 2004, graphene and graphene based nanocomposites has been the
focus of worldwide research in many laboratories in industry and academia, with the aim of

harnessing its potential for the myriad applications in wthelse material could be used.

These applications include flammability resistance, barrier properties, different kinds of sensors
(electrochemical sensors, biosensors, etc..), and supercap@iii@street al 2016; Xuet al

2017)

However, before the uniqueenefits of these materials can be realised in practical applications,
and compete with existing technologies, several challenges need to be met. The most important
of these is in developingulk production techniqusfor graphee. Several approaches to meet

this challenge, amongst them is graphene reflux adoptdBduyntreeet al 2016)at Texas

A&M University, USA.

A second challenge is in finding the bgsilymer material that can be used in practical
applications, and the research described in this thesis focusses on this challenge in PNCs. The
reeearch on PNCs has been aimed at finding ways of incorporating graphene into various
polymer matrices such as/lon-6, polypropylene PP , and different epoxies and polyesters
(Silvestreet al 2016) However, as pristine graphene has a poor dispersion in polymers,
alternative forms of motled graphene have been explored such as graphene oxide GO as these
are easier to disperse. In this thesis, investigations into the production and incorporation of GO
and its reduced form in the polystyrene PS with the required characterisation foutheges

nanocomposites have been carried out.

The extensive oxidation of graphite results in graphite oxide which has different oxygenated
functionalities in the basal plane and peripheries and this offers an indirect route to creating
GO. This is achieved by using sonication as part of the procetShaget al 2015; Lohet al

2010) Figure 1.1. provides a simple overview about the concept of graphene, GO and polymer

based graphene/GO nanocompodgi&sahet al 2015)
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Figure 1.1.: Graphical abstract of graphene, GO and polymer graphene/GO nanocomposites. Adapt@&htbrat al. 2015)
with permission from the publisher (Taylor and Francis group, LLC).

The graph illustrates the incorporation of graphene and GO into the polymer matrices which

are presented by the longaths attached to the hexagonal lattice of graphene.

Considerable research has been focussed on efforts to improve the randomness of the dispersion
of nanoparticles NPs in the polymer matrix, through specific preparation technigusés. In
polymerizationis a popular option in this respect, though rather less attention has been given
to the effects on the processing conditions in the solution blending approach that involve shear
mixing and sonication, and their benefits as dispersion techniques. The abarbai the latter
techniques have been mostly confined to the dispersion of low loadings of nanopatrticles in

thermoset polymers such as epoxy as showsasminet al. 2009.



Little attention, however, has been given to the effects of combining these techniques in order
to study the distribution of nanoscale reinforcements in thermoplastic matrices such as PS, poly
(styreneé co- acrylonitrile) SAN. Prior to this work the teclgue used tobtain a homogenous

dispersion was ultrasonication only as described in the wqi®re#net al. 2015)

In addition, few attempts hayeen made to study the nanomechanical behaviour of polymers
and different nano reinforcements through a study of their cryogenically fractured surfaces. In
addition to measur ement s o fat thkinanpseatés thesen , t |
nanocomposit®was studied in this research and determined by local elastic deformation for
the cryogenically fractured surface of nanocomposites using atomic force microscopy AFM
and quantitative nanomechanical measurements QNM. Specific formula of contact deformation
theories discussed in the next chapter, is applied in order to calculate the aforementioned
parameter. Mainly, authors are carrying out these kinds of measurements to the bulk surface of

the nanocomposites.

(Tianet al. 2015) employed quasstatic nanoindentation for finding the hardness and reduced
modul us valwues for thin films of 40 sesn thi
PC/GNPs nanocomposites. Other workers used low loadings of fillers (0.1 amnd.190)of

GNPs for testing different indentation depths. Furtherm( @y et al 2016)incorporated 0.1

wt. % of graphene nanosheets GNS in a thermoplastic polyester elastomer TPEE and the
nanomechanical behaviour for the resulting nanocomposites was studied using quantitative

nanomechanical mapping mode.

Different approaches for reducing GO hdween studiecextensivelyin recent years as a
potentially efficient route for producing processable graphene in bulk quantities and at
relatively low cost(Parket al 2014)used a chemical approach to reduce GO by employing
hydrazine hydrate as a chemical reductant, and preparing hanocomposites of PS/ chemically
reduced graphene oxide CRGO. The nanocomposites showed an improved electrical

performance and high thermal condvity.



(Xu et al 2013)used an insitu thermal approach by compressing PC/GO nanocomposites
within 280°C and the resulting PC/thermally reduced graphene oxide T&®®ed a good
thermal, electrical and mechanical performance. Most studies have been content with these
approaches, but a few investigations have focused moresain ireduction using significantly

reduced temperatures.

Owing to the precautions in dead with chemical reductants, and the apparently high
temperatures utilized for reducing GO, there is a growing need to find a more efficient-and eco
friendly approach for preparing graphene using low exfoliating temperafdiemget al
2011)employed the vacuum as a means of assisted thermal exfqlatidnnsitu reduction

of GO. They utilized different temperatures of 135, 145 and P@5@r 24 h under the

influence of vacuum oven to obtain reduced graphene oxide rGO.

The obtained rGOs were then mixed with PMMA, and the produced nanocompesite®d

like highly conductive materials. In the current stu@liiis thesis)reduced exfoliating
temperatures of 130, 165, and 2@ with the assistance of vacuum, were used to produce
rGO and then the resulted rGOs were mixed with PS to investigafgetf@mance of the
nanocomposites. Successful results were obtained at the lowest temperaturRCoivhRb is

amongst the lowest temperatures achieved for this process. In recent years research work has
intensified on the study of PS reinforced withfeiént kinds of nanoscale reinforcements
including GO (PS/GO nanocomposites) owing range of potential applications offered by these
materials. The proposed applications include gas permeatuibty packagingpptoelectronics

and many others.

However, litle data has been obtained so far with SAN/GO nanocomposites. Several different
nano reinforcements have been investigated in order to enhance the physical and mechanical
performance of SAN such as cl@if/anget al 2005), and carbon nanotubes CNTs([Yang

et al. 2008) Few authors used GO to be incorporated with SAN but rather they used the

reduced form of GO with SAN such #ee cowork of (Vu et al 2016)
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1.2. The project aims and objectives
The main aims of this research project weretoprép@a si ng Hummer sd met h

GO powder by freezdrying. The GO powder was then incorporated into amorphalymprs

using verylow loadings and the performance for the resulted nanocomposites was investigated
The objectives of the current study are listed below:

1- A study of the required processing conditioios ensumg a successful preparation of
polymer graphene nanocomposi@SNs, and applying the processing techniques to
produce pilot samples aeatpolymer of PS reinforced with a specific weight fraction
of GO (0.5 wi. %). An exploration of suitable solvents and dispersion techniques, to
ensure a uniform distribution c6O nanosheets in polymer matrices. The study
investigated the required time of dispersing GO nanosheets in the polymer matrices to
optimise the conditions of preparation of nanocompoditesemploying different
dispersion techniques.

2- A study of the effecof different low weight fractions of GO in the range (6.Q10)
wt. % on the structural, morphological, physical and mechanical properties of the
PS/GO nanocomposites.

3- Investigations on the nanomechanical behaviour of cryogenically fractured suriaces o
the sample with the highest weight fraction of GO. This part of the research was
undertaken in order to finding the redu.
and PS. Many techniques were employed for drawing the required conclusions for this
objectve.

4- A study of the effects of the5O obtained from low exfoliating temperatures on the
different properties o0PSFGO nanocompositesith performing the required tests to
verify the reductionThe obtained resultsf PS/GO and PS/rGO were then compared.

5- Investigations on another amorphous styrenic polymer which was SAN at different low

loadings of GO, and studies of the resulting structure, morphology and properties.



Chapter 2
Literature review

2.1. Introduction
Composite materials can be defined as a heterogeneous combination of two or more materials

having different properties. One of the materials in the composite acts as the matrix which
occupies the main part of the volume, and the other material is therceimient to the matrix
which is finely dispersed within the matrix. The appropriate combination of matrix and
reinforcement materials leads to physical properties (e.g. electrical, mechanical and thermal)
that are not only superior to those of the indialdeomponents, but may offer new

characteristics that are not present in the components original form.

Composite materials can be fabricated from a wide range of materials for both matrix and
reinforcement, and the reinforcement can vary in size fromesérg. reinforced concrete) to
nanometregGiannelis 1996) Composites with reinforogents at this latter scale are known as
nanocomposites, and the research described in this thesis is based on statiesarhposites
Opreparati on, c h ar aThée mmaindeadf this chapterawil grovjwle thep e r |
background research oretfabrication and characterization of these materials, along with the
current status of the research in this field, and the potential practical applications of these
material. Nanocomposites, refer to ultrafine phase dimension fillers reinforcing masyofyp
matriceqGiannelis 1996) Amongst these is the polymer matrix and polymer namposites

PNCs can be defined as including filling agents that have at least one dimension at the nano

scale in the polymer matrix.

The reinforcementsiay be one dimensional such as néibees or carbon nano tubes CNTSs,
two dimensional 2D additives suels graphene sheets, or 3 dimensional 3D additives such as

spherical particle€Salavagionet al 2011)

The nanescale covers the range ofLD0 nanometres nigl nm = 1 m) for the size of the
incorporated fillers in the matrifPaul & Robeso2008)
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(Salavagionet al. 2011)reported thatite earliest study on nanocomposites was in 1950 when

the effect of exfoliated layered silicate was studied on latex based elastomers.

However, significant industrial and academic interest in nanocomposites began with the work
of (Okada & Usukj 1995)who were based at the Toyota central research and development
laboratories in Japan. They highlighted and explained the considerable mechanical
improvementobtained by reinforcing Nylo6 with a type & clay known as montmorillonite

MMT with which they successfully prepared a polymer clay nanocomposite. The property
enhancement of PNCs can be achieved by incorporating low loadings of nanofillers in the
matrix (typically at a 410 % volume fraction) whit contribute to weight reduction facilitation

of the processingVaia & Maguire 2007)

(Rafieeetal 2009)d escr i bed the I mprovement in (Youn:
epoxy reinforced with 0.Wt. % of graphene. Two other reinforcements along with graphene
platelets were investigated, namely single walled carbon nanotubéN$\&a multi walled

carlon nantube MWCNT and the results showed that epoxy reinforced with graphene
nanoplatelet$SNPsperformed considerably better than epoxy reinforced with SWCNT and
MWCNT in terms of enhancing a variety of me
tersile strength, fracture energy, fracture toughness and resistance to fatigue crackFgnowth.
exampl e, Youngbés modulus and tenslweé&bobtr en
GNPswere improved by (31and 40) % respectively compared to same weaghon of

SWCNT that reinforced the same polymer as the improvenstawed(3 and 14) % only.

Figure 2.1is reproduced from the work ¢fjong, 2006)andshows the effect of low loadings

of different nanofillers on the echanical properties of nyleh
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Figure 2.1. : The effect of weight fraction on the mechanical properties of Nyldrhe figue was cited byTjong, 2006)
Adaptedwith permissiorirom the publisher (Elsevier).

Figure 2.1shows the improvement in mechaaliproperties for nylot reinforced with low
loadings of MWCNT compared to higher loadings of different reinforcements to the same

polymer.

PNCs are important because they offer a range of promising applications utdhetve,
aerospace, marine, military and building indust(ieendeyet al 2005; Zenget al 2008) (Yu
et al 2014)demonstrated an efficient armibrrosion apjication for PS reinforced witB.0wt.

% modified GO.

Another potential application as a membrane (gas barrier) was reportiehityet al 2014)
based on a polysulfoneSIF matrix with very low loadings of G(®.25, 0.5 and 1.0) % .

Table 2.1below summarises some other commercial applications of various PNCs.



Table2.1. : Commercial applications for some of PN@Baul & Robeson2008)

Polymer NP Property Application Company
matrix improvement
PA 6 Exfoliated clay Stiffness Timing belt cover,| Toyota / Ube
automotive
TPO Exfoliated clay Stiffness / Strength Exterior step General
(Thermoplastic assist motors
Polyolefin)
Epoxy CNT Strength / stiffness Tennis rackets Babolat
Polyisobutylene| Exfoliated clay Permeability barrier Tennis balls, InMalt LLC
tyres, soccer ballg
PBI
SBR rubber Not disclosed Improved tyre Winter tires Pirelli
performance irwinter

In spite of the impressive potential for PNCs, there are many challenges that need to be solved
before these applications can represent viable alternatives to existing technologies. The main

challenges are given below:

1- The preparation of homogenous polymanocomposites represents a major challenge
in the field.For example fabricating a homogenalispersion of NPs or nanofillers in

the matrixis a significant challengm its own right(Tjong, 2006)

Figure 2.2illustrates the meaning of homogenous dispersion for different kinds of NPs in the

polymer matrix(Vaia & Maguire 2007)
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Figure2.2.Repr esent ati ve PNCO6s mor phol eSpheecal OB bRodlikerlD adrc®latd om di s
like 2D nanofillery(Vaia & Maguirg 2007) Adaged withpermission from the publisher (Americ&hemicalSociety).

Part (a) of therigure 2.2 represents the dispersion of OD spherical CdSe/ZnS quantum dots
dispersed in sillelastin potein, Part (b) represents 3. % rod like carbon nanofibers CNFs
dispersed in thermoplastic polyurethane TPU, and part (c) represewts @@lates of MMT
dispersed in cured epoxy. The homogenous dispersion for all of the aforementioned

reinforcements in different kinds of polymer matrices can be seen.

Many techniges are employed to enhance the dispersion of the nanofillers in the polymer
matrices. For example, longer mixing time and/or higher mixing speed using a twin screw
micro- compounder contributed efficiently toweating the dispersion of 1.0t.wWo graphene

nanoplatelets GnPs in the immisla polymer blend of SAN (40.0 wt.%) and PC (59104.
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A study published byl iebscheret al 2013) Some authors adopted different strategies related

to functionalization to improve the dispersion of the nanofillers in the polymer matrices. For

example(Pour & Ghaemy2016) used polymer grafted GO to enhance the dispersion of GO

in epoxy resin that led to better dispersion and consequently improvement in mechanical

properties.

2-

The addition of nanofillers to the matrix, for example clay, leaohpyovetheY o u n g 0 s
modulus as well as the strength. The study publishg&dmeset al. 2001)supported

the aforementioned approach. In some cases, the opposite might laapptns is
another challenge needs to be investigg®etzet al 2005)showed that the addition

of 3.2% of MMT to SAN led to decrease in the values of strength and strain at break
compared to the neat polymer.

One of the most important factors regarding pleeformance oPNCsconcernsthe
degree ohdhesion between the matrix and the nanofillEnss is a significant gap in

the field of PNCsbecause there ar® specific techniguemeasuringthe degreeof
adhesion of the nanofillers to the polymer matrigsil & Robeson2008)

The property morphology correlation in PNCs refer to any possible change in
mechanical, thermal and electrical properties generated from the change in morphology
of polymer associated with the addition of the nanofillers. Oimgerstanding of this
correlation is still in its early stages though some progress that has been recently
achieved. This requires a comprehensive understanding of the interface properties, the
nanofillers distributionand identification of correlationsebiveen the nanofillers and
nanofillersmatrix interactions and the way these impact on the various properties of the

fabricated materiglVaia & Maguire 2007)
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(Zilg et al 1999) have elucidated this where they showed the correlation between the
morphology of the epoxy reinforced with different low loadings of organophilic layeredeailicat

(2.5, 5.0, 7.5 andl0.0) w. % and thermal and mechanical propersiesh as the glass transition
temperature, toughness, and stiffness. The authors reported an improvement in the toughness
(397 J.n? for 2.5 wt. % of one type of layered silicate reinforcements compared to 158 J.m

for pure epoxypssociated with the forrhan of dispersed anisotropic laminated nanoparticles
consisting of intercalated layered silicates. A better understanding of the stprcipegty
relationships in PNCs will pave the way towards customising materials with specific properties
through theappropriate fabrication technique and optimum material {odide Earlier
approaches to exploring mechanical behavioorphology, such as Halpifsai and Moril

Tanaka, have not been sufficiently consistent for explaining the strymiperty trend aoss

the spectrum of PNCs. Quantitative investigations on their degree of success has been
hampered by many factors such as the interface, the dispersion of NPs and the morphology.
(Vaia & Maguire 2007)have stated that this gap in knowledge will require significant research
efforts to address. These challenges listed above are the subject of research in various university

institutes and industrial laboratories and the efforts are in progress to atidrass

2.2. Polymer matrices
Thermoplastics, thermosets, elastomers, block copolymers and hydro / aerogels are the widely

used matrices offering a diversity in chemical and physical properties that can be tailored to a
variety of applications. All of thegmatrices are of significant interest to the graphene research
community. For examplehe hydro / aerogels polymers have important applications such as
shock absorbance and thermal or electromagnetic shi€ldingt al 2014) The specialization

of the current study is in thermoplastic and copolymer matduedo their low cost, easiness

in processing ande ability to employ them in wide range of applicationsany fields such

as medicine, military aspects, and aerospaébe selection of a polymer matrix for a particular

application must take into account the following considerations:
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1- The mechanicaproperties: In general, polymer matrices have modest mechanical
properties compared with matrices composed of ceramics or metal. Exceptions can be
found in the literature however, for some linear amorphous polymers with high elastic
modulus.

2- The mechanicatrength in polymer matrices is significantly decreased when heated to

temperatures above the glasmsitiontemperature J

For the aforementioned reasons, a variety of additional reinforcing agents and nanofillers are
incorporatedn polymer matrice in order to enhance the mechanical performance as well as
other physical properties such as conductiyiy et al 2014) (Young & Lovell, 1990)

classified these polymers as showrfFigure 2.3.

Polymers

Thermoplastics Elastomers Thermosets

I Bl

Amorphous Semikcrystalline

Figure 2.3.: The common way of polynsaiassification (Young & Lovell,1990)

Another form of classification described $tille, 1966)andadopted by Carotheronsisted

of two broad categories whiarecondensation polymerand addition polymersand this is

based othe method of polymerizatiohlowever, this approach was found unsatisfactory when

it was recognized that some condensation polymerizations have the characteristic features of
typical addition polymerization and vice vergdoung & Lovell, 1990) The polymers

classified in gure 2.3. are described separately below.
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2.2.1. Thermoplastic polymers
Pol ymers flow when heated are known as 0606

polymers that are not extensively crdis&ged can besoftened upon heating and moulded into
various shapes. These polymers can be moulded or remoulded by using specific processing
techniques such as injection moulding and extrusion. Some thermoplastic polymers are totally
amorphous and cannot be crystallizeven upon annealing. Amorphous polymers are
characterized by their glass transittemperatures, which medme temperature at which the
polymers transform from glassy to rubbery state. Polypropylene PP, polyphenylene sulfone
PPS, polyether ether ketoREEK and polystyrene PS are examples of thermoplgSiitte,

1966; Moore 1967; Sperling1992; Gay2015)

2.2.2. Thermosetting polymers
This kind of polymer is a rigid material and can be considered as network polymers (polymers

that containdng and flexible branchennected at dy a few sites along the chains). They

have a high degree of crosslinkifrgany crosslinks for the polymer uniighich restricts the

motion of the chains. These polymers are intractable once formed, and undergo degradation at
high temperatures in contrast with thermoplastics. The relative hardness and rigidity for these
polymers compared to elastomers are acquitgthgd the final stages of manufacturing by a
processof solidification. The establishment of the three dimensional networking observed at
the stage is referred to as 606Curingdé6. E

polyesters and phenoli¢§loore, 1967; Young & Lovell 1990; Gay2015)
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2.2.3. Elastomers

Elastomers are low crosslinking density polymers which gives them a rubbery quality. They
can stretch to high extensions under applied stress and to recover their original dimensions
whenthe stress has been removed. The rubbery polymer chains extend under deformation but
are prevented from permanent flow by the crosslinks. The common rubber band is a typical

example about this kind of polyméroung & Lovell, 1990; Sperling, 1992)

2.2.4. Homopolymers and Copolymers
Polymers derived from one specific monomer (A molecule that can be bounded to other

identical mol ecules to form a pol ymer) ar

structure of a homopolymer is represented by repeated unit between two bracketsvas foll

A A A__A_ Aissymbolisedas _ [ A_] .Where nisthe number of monomers.

A more compl ex mo n oxm€EH:which is usdl B synthekize potyéthylen€ H
iswrittenas _ [ CH  CH_]n__. Copolymers on the other haade derived from more

than one species of monomer. The molecules of such polymers include two or more different

types of repeating units. A truly random copolymer can be represented as:
B B_B_ A B _B_ A A~~~

Whilst alternating copolymersan be representes:

Block copolymers are polymers where the repeating units are organised in long periodic

sequence. For example:

16



Finally, graft copolymers are bmehed, and the branches have different chemical structure as

compared with the main chain as illustrated below:

B B _B_ B~~~

Table 2.2 showsthe nomenclature for copolymers accordingfoung & Lovell,1990)

Table 2.2. The nomenclature of copolyme¢¥oung & Lovell 1990)

Type of copolymer Nomenclature
Unspecified Poly (A-co-B)
Statistical Poly (A-statB)
Random Poly (A-ranB)
Alternating Poly (A-alt-B)
Block Poly A-block-Poly B
Graft 66Poly B brahahe Poly A-graft-Poly B

Examples forthese types of polymer are poly (styrdnisopreneb-styrene) sis as a block
copolymer and polystyrerie polyacrylamide copolymefVerdejoet al 2011; Guo & Dong
2011) The next sutsection will describe two specific thermoplastic polymers used in the

current study.
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2.2.5 PS and SAN
PS(GHg)n, i s a name that designates a family o

The monomer which is the building block for PS and other styrenic polymers was first
synthesized in the laboratory in 1839 and for commercial purposes by Dow Chemicals
Conmpany in the U.S.A in 1938. It is a glassy amorphous homopolymer with remarkable clarity,
gloss and processability. At the same time, it is inherently brittle and has a high resistance to
water (Teach and Kiesslindl960; Schiers and Pridd2003) The repeating unit for PS is a
liquid with a boiling point of 145.2C, afreezing point 0£30.63°C and a refractive index of
1.5439. It is prepared commercially through the catalytic removal, at high temperatures, of
hydrogen from ethylbenzene in the gas phase. Free radical polymerization is widely used for
the commercial mduction for PS. The chemical reaction for commercial production of PS
monomei(styrene)is shavn symbolcally in Fgure 2.4whichclarifiesthat such a commercial
production is carried out bthe catalytic removal, at high temperatures, of hydrogen from
ethylbenzene in the gas phaB& as used commercially contains up to 2000 styrene units in

the polymer chains, which are coiled and tangled in a random manner.

High temperature

<:> CH>—CHs  catalyst Ho + <:> CH=CH

@

CH, CH, CH,

CH CH CH

@ @

Figure 2.4.: The commercial production fatyrene monmer(Teach and Kiesslind.960)

The useful properties of PS include: Light weight, the ability of moulding using high speed
injection moulderg300 mm/seg)good dimensionaitability, odorlessand nortoxicity. It is

a slowly burning material that leaves a sooty residue andgtfue PS is 100C.

The amorphous structure of PS is called atactidt?@s a wide range of applications such as

disposal cups, food containers and tbysach and Kiessling.960)
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SAN, that has a chemical foula of (CsHs)n-(CsHsN)m, is a copolymer which is hard,
transparent and rigid. It has a good dimensional stability with a higher thermal stability than
PS. Ty of SAN is higher than that of PS (~18Z). SAN has superior mechanical properties
(Tensile modulus is 3.27 GPa and tensile strength is 49 Btighhigh chemical resistance to

fats, grease and mineral oils, which is attributed to the presence of acrylonitrile AN in its
chemical structureSAN which is currently available in the marketantains about 30 % of

AN. SAN can be easily fabricated using traditional techniques such as injection rgouldin
extrusion and thermoforming. The method of fabrication includes mixing of 49 parts of styrene
with 21 pats of AN. The resultant mixture shout@ mixed with 30 parts of solvent such as
ethylbenzene. The whole mixture should be polymerized atl835C in a continuous unit.
When the mixture contains 50% polymer then the unreacted monomers and the used solvent
are removed using devolatilization. Finally, the polymer product can be extruded into granules
with or without the addition of colorants.

Due b its polarity, SAN is a hygroscopic material, and can absorp up to 0.6% water in room
temperature RT. With regard to applications, it is used in food and pharmaceutical Packaging,
lenses refrigerator shelves and automotive accessories. Dow chemicafs,ig.8ne of the
commercial suppliers of SAN and which is also known as TYHRigure 2.5 shows the

structure of SANTeach and Kiesslind960; Olabisi1997; Kim & Ryy 2015)

CN

Figure 2.5.: The chemical structure of poly (styrece acrylonitrile) polymer(Teach and Kiesslind.960)
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2.3. Types ofFillers
Fillers are used, in general, to enhancerteehanical and thermpioperties of polymers. They

have become an integral part in many applications particularly thageich the mechanical
properties are importarithere are many kinds of traditional fillers such as carbon black, talc
and glass fibre Incorporating fillers into a matrix however is not without its challenges and

these are listed belo(Bhattacharya2016)

1- For a modest enhancement in polymer properties a high lo@dgigweight or volume
fraction)is required for traditional fillers, which are mostly have a micron size.

2- The high density of traditional fillers represents a trafidor achievinglight-weight
composites.

3- The poor interfacial interaction between traditional fillers and the matrix leads to poor
interfacial adhesion between the different components of the composite material and

this can lead to failure.

(Namithaet al 2013)reported thasiliconerubber reinforced with naralumina showed better
mechanical propertighigh mechanical strengtiekpmpared with the same polymer reinforced

with micronscale alumina. Nanofillers can besddied according to their physical size. If one

of the dimensions is at the nascale they are described as nanowires or nanotubes. For two
nanoescale dimensions they are called nano plates and examples are graphene and nanoclay.
Finally, with three nanscale dimensions such as graphite, we have nanopatrticles which can
also be labelled spherical and cubical nanoparticles. The desirable characteristics of nanofillers

for enhancing the performance of the nanocomposites are listed ({@Hattacharya 2016)

1- Nanofillers should have excellent meclwah properties such as high strength and
Youngo6s modul us.

2- For successful interactions with the polymers a high aspect ratio and high surface area.

3- Nanofillers must be homogenously dispersed in the polymer matrix and agglomeration
must be avoided.
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Figure2.6. shows types of nanofillers derived from 2D graph@eim and Novoselg2007)

Figure2.6. : Types of nandfillers derived from 2D graphene which can be wrapped up to 0D Bucklefidied side column
of spherical shapes)1D nanotubegcolumn in the middle)pr 3D graphite(the last column in the right hand sidédapted
from (Geim and Novoselp2007)with permission from thpublisher (Nature publishing group).

However, there are many challenges to be solved in the fabricating nanofillers with improved
properties before they can be deployed nanofillers practical applications. Most of the research
work has been carried out ugiane type of nanofillers and an important goal is to successfully
incorporate more than one kind of nanofillers in the polymer mgBikattacharya2016)
Recently howevelAsif et al 2016)incorporated 3D graphene and CNT in a polyaniline PANI

matrix for use in an electrode for a supercapacitor application.

2.3.1. Graphite oxide

The precursor of GO is graphite oxide which is a synthesized form of the natural flake graphite
powder. One techniguer obtaining GO from graphite oxide is exfoliation by ultrasonication.
With constant mechanical stirring and ultrasonication the weadund-0.047 to-0.054
eV/atom according t@irowskaet al 201]) but numerous Van der Waals attractive forces
between graphitic layers can be overcome. Given thepfdic nature of graphite oxide this
permits water molecules to intercalate between the stacking layers of the graphite oxide

(Saravanaet al 2014; Economopoulos & Tagmatarct913)
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Graphite oxide was first produced in 1840 by Scafhaeutl and later by Brodie in 1859. The latter
dealt with natural graphite with a mixture of potassium chlorate and fumes of nitric acid at a
temperature 66C. In 1898, Staudenmaier prepared graphite ojdexidizing graphite with
sulphuric, nitric acid and potassium chlorate. Many years later in 1958, Hummers and Offeman
presented their method of oxidizing 19®f graphite to produce graphite oxide with a water

free mixture of concentrated sulphuric agddium nitrate and potassium permangariete

water free mixture is important to pursuit a high quality graplidoenmers & Offemanl958;
Gengleret al 2010)

A modified Hummers method was published(blyrataet al 2004)in which 10g of graphite

was used. The same chemical species were later used to prepare graphite oxide in 2004 but with
different quantities.

In 2010, Marcano and collaboratdkdarcancet al. 2010)used 3 graphite flakes with specific
guantities of NaN@ KMnO4 and BSQy to obtain a high yield of graphite oxide.

The same authors clarified the new approach of giejglxide preparation which they called

the I mproved Hummer soé6 method | HM. I n order
NaNQ; from the reaction and increased the amount of KMnith a mixture of HSQy/H3PQu.

The oxidation process of the graphftakes leads to the brealp of the SP hybridized
structure of the stacked graphene sheets which results in an increase in the distance between
adjacent sheets from 3.35° A0 about 6.8 A for graphite oxide. This will facilitates the
delamination of grnahite oxide to GO sheets through the assistance of low power sonication
(Compton & Nguyen2010)

It should be mentioned that the Hummerso m
preparing graphite oxide and GO afterwards. Compared with other methods such as
Staudenmaier it presented a more efficiendaton method with less hazardous reactive

speciefEda & Chhowalla2010)
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Nevertheless, it has been emphasized thantbgrity of the resultingraphite oxide chemical
structureis questionable due to theomplexity of the materiagprocessingand the lack of

detailed information available by the existirgdparacterization techniques. The earliest
structural models ofjraphite oxideassumedt is composedf regular latties with discrete
repeatable unitdn the period 194®9 different structures of graphite oxide were proposed by
Hoffman, Ruess, ScheBoehm and Nakajima Matsbreyeret al 2010)

The most acqaed model of graphite oxide to emerge was the {Kérfowski) model which

was supported by solid state nuclear magnetic resonance SSNMR measurements. This model
suggested that carboxylic acid functional groups and carbonyls are located on the pefiphery o
the basal plane whilst hydroxyls and epoxides can be found in the basal plane of the nanosheet
(Lerf etal. 1998; Zhuwet al 2010)

Figures 27. and 28. illustrate the (LeHdKlinowski) model of graphite oxide, and the solvent
exfoliation approach for obtaining GO from graphite oxide respectiigyeret al 2010;

Pottset al 2011)

One of the challenges for the production of graphite oxide is the ethical requirement to develop
apreparation technique that is Eteendly or green approach. The chemical components used

to prepare graphite oxide are highly reactive and hazardous materials and some of them are
explosive materials or highly toxi(De Silvaet al 2017)

Figure 27. (b) shows the most accepted structure of GO which is the most widely adopted and

cited model by the resedrers in their work.

Figure2.7. (a) showsthe structure of graphite oxi@ecording to LeiifKlinowski model.

Figure 28. shows the difference in structure between the layered graphite oxide and the

exfoliated GO obtained through liquid phase exfoliation.
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Figure 27.: (a) Lerf-Klinowski model of graphite oxid@) Thestructure of GO Adapted from(Dreyer et al. 2010with
permission from the publisher (TReyal Society ofChemistry).

0.6 to 0.8 nm

Exfoliation
in a Solvent

0.6t0 0.8 nm

| GRAPHITE OXIDEI | GRAPHENE OXIDEI

Figure 28.: The chemicaltsucture of graphite oxide witbxfoliation in the solvent of GO from graphite oxide. Adapted from
(Potts et al. 2011yith permision from the publisher (Elsevier).
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2.3.2 Graphene andGO

The production of @apheneis regarded as a potentially revolutionary development in the

discipline of materials science. It is a two dimensional material that shmamise of

exceptional propes that could be exploited in a wide range of applications and with its

discovery in 2004 it is at a relative early stage of develop@®itm & Novoseloy 2007)

To quote from(Chenet al 2013) 6 I(dgraphene)generates an increasing interest both in

fundanental science and potential applications due to its unique structure and remarkable

properties such as excellent conductivity, high electron mobility, superior chemical stability

and | arge sur f Graghentésa manoldyer maerial af $Ryboidized carbon

atorrs arrange in a honeycomb lattice two dmensions 2[0Salavagionet al. 2011)

GO can be defined as a water soluble nanomaterial synthesised thrchgimicalreactionof
graphite crystalsvith strong oxidizers in orddp introduce oxygen containing defects in the

graphite stack.

Some assumed modets this material suggeshat GOis a group of sheets composed from
manyfunctionalgroups whichncludinghydroxyls, epoxies, ethers, diols and ketaheswork

as a networko connect graphenike sheets of GO togethé8henet al. 2009)

Graphiteis an abundannaterialandcan be used to prepare GO giprocedure of oxidation.
GO hasattracted the attention of researchers becausedgardeds a resource for preparing
graphengAlhassaret al. 2013) Powdered flake graphite the material used to prepare GO
by achemical routeising Hummerm@method(Liu et al 2014) GO is considered an effective
reinforcement formproving the mechanical performancenoéiterialssuch as pgimers This

is achieved through theuictional groups oGO that providean interfacial strength with the

polymerchainsin nanocomposite materiddereby enhancingtttoungos modul us

strength(Canoet al 2013)
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According to(Hu et al. 2014) GO is an amphiphilic material that facilitates an interaction with
different functionalities having both hydrofibi and hydrophobic propertiesThe

amphiphilicity of GO reflects two important facts described below:

1- The ability of GO to interact successfully with the polar andpalar polymer matrix
in order to enhance the mechanical performance. For exai@pleet al. 2014)used a
polar polymer acrylonitrile butadiene styrene ABS with GO givdi et al 2014)used
PS which is notpolar polymer with GO. They both interacted successfully with GO
which confirming the amphiphilic nature of the nanomaterial.

2- The interface can acquire greater strength by hiagcthe heterogeneous nature of the
matrix with GO. This means the hydrophobic and hydrophilic nature for GO and the
polymer matrix can be assembled and this will consequently improve the interfacial
reaction between GO and heterogeneous polyn{@ai et al 2012) prepared a
polyurethane PU/GO nanocomposite. PU includes both polar andat@nsegments

and though the matching between different domains is still under investigation.

2.3.3 Preparation of graphene andGO
Graphene can be prepdraccording to two general approaches as follows:

1- The TORDOWN approach, whicimvolvesa decomposition of bulk materials, such
as CNT and graphite, tographene nanstructure.
2- The BOTTOMUP approach, which refers to synthesizing graphene using hydrocarbon

gases.
Both approachesntaila number ophysical and chemicahethodgPumera2010)

The five most important of these are listed bél@ampton & Nguyen2010; Guo & Dong

2011)
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1-

Mechanical exfoliation of a single sheet of graphene from bulk graphite by applying
Scotch tape over a silicon substrate and then removing it. This approach is regarded as
an inefficient with a low yield of a single layer sheets of graphene having acceptable
quality. Nevertheless, it was the first successful method for producing a single layer or
few layers of graphene.

Epitaxial growth of graphene films on a silicon carbide substrédevwich is a
promising method for obtaining a uniform wafer size of graphene layers. The single
crystal of SiC is heated up to 1400 in vacuum and graphene is growing epitaxially

on the substrat¢Dharmaraget al 2014)used this method and achieved a large area of
homogenously stacked bilayer epitaxial graphene SiC (0001) substrate.

Chemical vapour deposition CVD of the graphene monolayer. Transition metaksurfa
are employed in this technique with the assistance of hydrocarbon gases. The deposition
temperature is 1008 and(Tu et al. 2014)used a copper substrate with a flow of H

and CH and controllably synthesized 1 and 7 layers of graphene

Longitudinal unzipping of CNT describes several methods in which a large scale
production of graphene nanoribbons GNRs is produced with a controllable width. Two
unzipping methods include oxidative treatment of CNTs and plasma etching with
nanoparticles of transition metals (Co or Ni) and high burning current.
These techniques have been effectively developed in order to efficiently unzip CNTs to
produce GNRs that have applications in electron devig@s.Chenet al 2013)
demonstrated the unzipping of CNTs to uli@row GNRs with smoother edges upon
oxidation.

The reduction of GO where the oxidative exfoliation of grapbité placgollowed by
thermal or chemical reduction. Low cost graphene with relatively large scale production
can be achieved using this method with potential for applications in photovoltaic cells

and electrochemical devices.
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The hydrophilic nature of GO due to the presence of abundant oxygen functional groups is
transformed to a hydrophobic form for graphene obtained by chemical reduction. The
possibility of agglomeration for the resultant graphene via chemical reductioghis hi
though the solubility in organic solvents is limited which results in problem with further
processing and applications. Nevertheless, this method still represents a vital strategy for
obtaining graphengke sheets in bulk even though there are otmawbacks associated

with graphene production by that method. These drawbacks described earlier include
hydrophobicity and agglomeratio(Zhanget al. 2014)chemically reduced GO using an
ecofriendly reductant (sodium acetate trihydral) and this resulted in a few layers of

graphene but with poor dispersionviater which confirmed earlier speculations.

Table 2.3 summarizes the methods for the production of graphene along with some of

salient features of these approacti€sio & Dong 2011)

Table2.3s hows gr ap h e metiiodsvith aharadteristicdeaiunes Modified from the reference @Buo & Dong
2011)

Method Precursor Cost EIectrpnic Number of Size of layers | Throughput
quality layers
Mechan_ical Graphite Low High Singl_e and 10 em Low
exfoliation multiple
Epitaxial Sic Wafer High High Single and 50 ¢ Low
growth multiple
CVD Hydrocarbons| High High Single and 100 ¢ Low
multiple
Unzipping CNTs Low Inferior Singleand [ gevyer a Low
CNT multiple
Reduction of Graphite Low Low Single Tens of nm High
GO 100 ¢

Graphite oxide, the precursor of GO, is delaminated into a single layer of GO through low
power sonication in water. The presence of oxygen functional groups on the surface of GO

plays a major role in the creation of a stable suspension of GO in aquetias me
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These functional groups support GO exfoliation in a number of solvents such as DMF and THF

(Compton & Nguyen2010; Zhuet al. 2010)

Recently, GO was prepared as a foam (powder) that has a 3D macroscopic structure. The
powder was prepared by processing e dispersions in aqueous media followed by a
freezedrying technique and is a promising route for preparing a highly fluffy and wrinkled GO
suitable to disperse in different organic solvents and to prepare polymer nanocomposites
afterwards. The GO susp&on needs to be frozen in a refrigerated8°C followed by freeze

drying under the influence of a condenser temperat208C at a very | ow pr
The GO powder obtained by this method is unique in terms of its large active surface and high
porosity. This new 3D structure is paving the way towards new applications especially in the

field of energy storagéMing et al 2013; Liet al 2015)

Figure 29. shows a scanning electron microscopy SEM image confirming the wrinkled

morphology of GO prepared by freedeying (Li et al 2015)

Figure 29. : SEM image confirming the wrinkled morphology of GO nanosheets prepared by thalfygegeechnique.
Adapted fron{Li et al. 2015)with permission from the publisher (Elsevier).
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2.3.4. Structure of graphene andO
Graphene is a flat 2D sheet of carbon atoms with a Van der Waals thickness of 0.34 nm. A

CNT on the other hand is a rolled up monolayer of carbon atoms. Graphene has a high thermal
and electrical conductivity of 5.1 * oV m K1and 6 * 1 S m* resgectively and measuring

1.0nm is the thinnest known material. The width of graphene sheets is dependent on the method
of production and can be from a few nanometres to many centinfidtrext al. 2014; Suret

al. 2013)

The graphene lattice is honeycomb shaped composed from two carbon atolatised. The

carbon atoms in the latticeanddutat t i ces are bonded to each
type of covalent chemical bond). Each carbon atom in the lattice HRas aabital that
participates in a delocalized network of electrons. The sheet of suspended graphene includes
intrinsic corrugations. In a real 3D space however graphene might have other kinds of defects
such as vacancies, topographical defects (pentapepsagons and/or their combination),
adsorbed impurities which influences the shape of the structure in differen{Zimyst al

2010)

The structure of graphene is still a subject of discussion bedause respect it appears as a

2D material with high crystal quality which enables the electrons to travel for some distance
(submicron)without scattering. Some theories and experiments however show that perfect 2D
crystals cannot be found in the Freet&t@oes not react). On the other hand, the graphene
structure studies so far are an integral part of a 3D structure, either embedded in a 3D matrix or

supported by a bulk substrgtdeyeret al 2007)
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Graphene can form the following nanostructures according to constraints axisear the x

y axis as followgPumera2010}

i-) z-axis constrained graphenencludes single, double and a few layers of graphene. This
category also includes graphene platelets which afd®@0ayers of graphene with a thickness

of about 330 nm.

ii-) x-y-z axes constrained graphenewhich includes single layer graphene nanoribbons
(zigzag or armchair graphene nanoribbons) prepared from SWCNTSs. It also contains few layers
of graphene nanoribbons prepared from MWCNTs. This structure also includes stacked

graphene platelet nanofibres.

iii-) Dimensionally unconstrained graphenencludes graphite as a bulk material consisting

of hundreds of graphene nanosheets.

Graphite oxide is another swkassification of this kind of graphene which was discussed

earlier in section 2.3.1.

Figure 210. clarifies the structure of edges of graphene. Some of the graphene edges have
Zigzag geometry, while others have an ar m

geometries affecting the electrical properties of graplieamera2010)
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Figure 210. : The geometryfagraphene edges. Adapted frdfumerg 2010)with permission from the publishéFhe royal
society of chemistry)

GO is arelatively new nasoale material that can provided an alternative path to the production
of graphene. The structure of GO can be simplistically describedffasedt oxygenated
functionalities surrounded the graphene sheet. These oxygenated functionalities are carboxylic

(—COOH) and carbonyls in the periphery of the graphene sheet.

The hydroxyls {OH) and epoxies are located in the basal pl@vikhoyan et al 2009;
Yongchao & Samulski2008)and the thickness of a monolayer sheet of GO is abel@{l

nm. This is thicker than a monolayer of graphene due to the oxygenated functionalities in the
periphery and basal plane of the GO nanosheet and, adsorbed molecules andrayaied
molecules due to the hydrophilic nature of G@&da & Chhowalla2010. The structural
analysis of GO can be derived from that of graphite o{eChenret al 2012) Figure 2.1.

refers simplistically to the difference in structure between graphene arfHG€d al 2014)
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Figure 2.11.: Structural differences between graphene and GO. (a) The honeycomb lattice with hexagonal geometry that
represents graphene. (b) The structure of GO. Grey, red and white balls represent different oxygen functional groups
distributed in the basal plaas and the edges. Adapted fr@tu et al. 2014with permission from the publisher (Elsevier).

2.3.4.1. Reduction of50
As discussed earlier the structure of GO can be viewed as a sheet of graphene with an

abundance of oxygen functionalities (carboxyl, carbonyls, hydroxyls and epoxies) spread at the
edges and basal planes. These functional groups thetrimental effects on the electrical
properties of this material with regard to practical applications. For example, the plgnar SP
carbons of graphite are convertedtd8Rr bons -laned etchter alni ¢ conj ug.
is destroyed with the selt that GO become an insulafétuila et al. 2013)

From an economic perspective, the direct approaches to producing graphene are not viable
exceeded $220 per Kgeording to(E.L.Wolf, 2014) and efforts have been focussed on
indirect approaches of starting with GO are more favoured by the research community. In order
to produce graphene by this approach, techniques have been developed to deoxygenate the
functional groups thereby leading t@artial recovery of the conjugated structure of graphene
(Thakur & Karak 2015) In short thereduction of GO leads t@nincreasen the atomic ratio

of C: O.and thehigherthe C: O ratiq the smaller the bandag whichtends towards zero in

pristine graphenéGloveret al. 2011)
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The reduction of GO has the two main aims, of elimination of oxygen functionalities, and
healing of structural defec{Pei & Cheng2012) Several different reduction methodologies
have been employed to achieve the two important aims of, improving the efficiency of the

reduction process, and enhargethe final properties of the reduced graphene oxide rGO sheets.

Figure 2.2. shows the meaning of reduction and the structural differences between graphite,

GO, rGO and grapheridohanet al 2015)

According to(Pei & Cheng 2012)the different strategies for reducing GO are summarised

below:

1- Thermal approach: This includes several methaglefosuch as thermal annealing and
microwave and photo reduction. For example,et al 2015)used a thermal annealing
methodology to reduce GO for nanoelectronics applications. Transitions between n
type and ptype was observed as the annealing temperature was increased. Graphene
semiconducting properties were explored by the collaboratorsinrctheork.

2- Chemical approach: This includes a number of methodologies such as chemical
reagents reduction, electrochemical reduction and ptettdyst reduction. Hydrazine
is a widely used chemical agent for GO reduction with this appr{@alket al 2011)
used hydrazine for producing electrically conducting platelets by adding the hydrazine
to the suspension of GO folloaidy stirring for 12h in an oil bath under the influence
of 80°C. A black powder represents the rGO was obtained and this powder was dried
under vacuum. A novel approach for reducing GO has been recently adogied by
Silvaet al 2017)by using ecdriendly reductants to replace the highly toxic hydrazine.
These reductants include sugars, proteins, plant extracts and other benign substances.

The resulant rGO was highly dispersible and biocompatible.
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oH Graphene

Graphene

Figure 2.12: The reduction process of GO followed by the proposed structure of rGO and graphene. Adapith framet
al. 2015)with permission from the publisher (Elsevier).

Figure 2.2. shows the stages of reduction starting from graphite followed by extensive
oxidation that leads to form GO and the final stage shows the reduction of GO that refers to the
removal of diferent oxygenated functionalities from the peripheries and the basal plane of GO

that resulted in forming the sheets of graphene.

3- Multi-step reduction: In contrast with the aforementioned approaches which are single
step process, mulitep reduction inMees more complex processing involving two or
more steps(Wu et al 2014)used a synergistic reduction for GO by using sodium
hydroxide NaOH and microwave irritation (employing a microwave oven o¥/9%50r
facilitating an efficient reduction). A higher degree of reduction was achieved with this
approach resulting in 0.8 nm maayer of graphene. Another muttiep reduction
approach was adopted lgdia & Zoy 2012)in which Iron powder was first used to
obtain a partial reduction of GO. Then, aryl diazonium was used to make sulphonation
that means producing sulphonic functional groups on the surfacepzfrtiedly reduced
GO to prevent the aggregation and enhance the specific surface area for thegresult
graphene after finalising the reduction process by performing the third and final stage

reduction that involved the addition of hydrazine.
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Theresulting graphene showed a high specific surface area of 4§4with a mean pore size
of 3.3 nm and specific capacitance of 149.8/F This novel approach was designed for

applications of graphene as a membrane which can be used in water desalination.

Figure 2.B. shows the range agents used with the chemical reduction approach including the

more ecefriendly onegDe Silvaet al 2017)

However, there is still a lot of gabs in knowledge associated with this topic and some of these

are listed below(Pei & Cheng2012)

A- The extent of the elimination of functional groups is still uncertain and it is not certain
that the entire elimination of GO functiorgrioups is achievable.

B- The restoration of lattice defects that were formed during oxidation is another area of
uncertainty. In other words, reduction of GO is a process that aims to produce a
graphendike material similar to pristine graphene. Though gigant efforts have
been done to achieve this target, but it is still a dream. Defettts lattice whichare
intimately associated with oxidation process are altering the structure and the extent of
restoration or healing of these defects through reduction process is still uncertain.

C- There is no clear measure of the defect density of graphene sheet anerthisth

increased or decreased with the reduction process.

These gaps of knowledge are required to be filled through more detailed experimental
investigations and characterization complement by better computer models of these materials.
In most cases, cqmuter simulations are used to elucidate the obvious chemical mechanisms as
no direct observations of the reduction process have been developed. For i{Ctaemeet, al
2014)modelled their understanding for the reduction mechanism of GO in NaOH a density

functional theory DFT simulation.
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Furthermore, a better understanding on how to control the oxidation of gra@nteher area

of investigation that will help to overcome the challenges assowidtiededuction process for

GO.
Graphite
- ) ;
roc:;‘elrgse;hod Staudenmaier method
\ ‘ in 1898
Hofmann method E=1 /
in 1937 \ = Hummers method
Ty &
S in 1958
Tour method =
in 2010 \
Hydrogen sulphide
) Hydrazine
Sodium
borohydride
Alkaline solutions
Hydrohalic acids
Ascorbic acid
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Plant extracts
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AMino acids
RGO
Figure2.B. : The chemical reduction of GO. The r edReaductamst s t ha

with yellow and red arrows refer to chemical approach of reducaapted from{De Silva et al. 201 Ayith permissionrbm
the publisher (Bevier).

2.3.5 Dispersion of grapheneGO, and rGO
It has been deduced Bhattacharya2016)that pristine graphene is aggregated according to

the intrinsic Van der Waals force. This represents a real challenge to exfoliation and for the
incorporation of pristine graphene in polymer matrices with a homogenous dispersion. The
research so far has©iewvn that GO is a possible solution to this due to the abundance of

oxygenated functionalities at the edges and basal p(xoest al 2013)

In order to make a stéb suspension in these materials, it is important to have a good

understanding of the solubility parameters of the various solvents avdPaket al 2009)

To this end Hansen solubility parameters are used to investigate the dispersion mechanism in

the organic solvents for GO and rGO.
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The dispersion cohesiorap ameédt et ha pol ar i ty Pandthehydrogem par

bondi ng c¢ oh e 8$areaominadrintorthe tolwing ibrmula

Pt = 2ol 2plF 2Hlb--mmmmmmmmmmemmem e (1)

The combination of these three parameters gheslildebrand solubility parameter which
i sr. FOr a reasonable estimation of the three Hansen parameters, the following equation

was applied:

( iﬁ SoWVC Bolv /| solVC =mmmmmmmmm e (2)

Wherei=D,P,HorT,Cisthe GOandGO s ol u koivis thetinyHangsen phrameter

in a given solvenfKonioset al 2014)

As mentioned earlier, the solubility parameters are important in terms of the solvent
selectionforayi ven sol ute. |t tfora®O istaboat?5.4eMPéandnat e d
for rGO about 22 MP& . Sol v entxlose to théese Valaes are expected to be
good solvents for GO and rGO which means that a stable suspension with long term stability
can be obt ai nfa THF @rfd DMRisa(1915 ansl 240 MPaespectively.
These val uerforGraerd r@dandsvere amployad successfully to obtain long

term stable suspensioftsonioset al. 2014)

(Hernandezt al 2010)determined the main prerequisites for successful solvents. Among
these prerequisites is that the Hildebrand solubility parameters for the solvent and the solute

should be well matched.

(Parede=t al. 2008)showed that GO has a long term stability with TIBIMF and other

organic solvents.

Furthermore, graphite oxide in these organic solvents can be exfoliated to a single layer GO

nanosheet that has a lateral dimension that varies from few nanometres tcrfemeatres.
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(Parket al. 2009)confirmed that homogenous coliial suspensions for highly reduced
graphene oxide HRG can be achieved with THF, DMF and many other organic solvents
and it was unattainable for other kinds of solvents such as 1, 2 dichlorobenzene DCB,

diethylether and toluene.

Figure 2.4. (a) and (b) summarises the dispersion of GO and rGO in different organic

solventgParedet al 2008; Parlet al 2009)
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Figure 2.4.(a): Dispersion of GO in different organic solvents. Laagn stability was achieved in THF, DMF and many
others. Adapted frortParedes et al. 2008yith permission from the publisher (American Chemical Society).
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Colloidal suspension
\ of graphene oxide
(DMF, DMSO, ethanol,
NMP, and acetonitrile)

‘/ducﬂon

by hydrazine

Agglomeration Colloidal suspension
(DMSO, ethanol, of HRG sheets

NMP, and acetonitrile) in DMF/H20 (9:1)

Adding organic
solvents

Colloidal suspensions of HRG sheets in various organic solvents,
Volume ratio of added solvents:DMF:H20 = 90:9:1, Added solvents from left:
DMF, ethanol, acetone, THF, DMSO, NMP, acetonitrile, DCB, diethylether, and toluene

Figure 2. 4. (b): Homogenous colloidal suspension for HRG with THF, DMF and other organic solvents. Adaptéedrkm
et al. 2009)with permission from the publisher (American Chemical Society).
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Figure 214. (a) shows the dispersion of GO in 13 different organic solvents and aféer

making a sonication for i and leaving all the samples in cupboard under observation for 3
weeks. GO was almost dispersed in water and all the solvents eiddptomethane and-n
hexane, and, to a lesser extenytene and methanol. However, shtgtm stability was
displayed by some of these dispersions and precipitated in a matter of hours to a few days such
as acetone,-propanol, ethanol and many othe@n the other hand, some dispersions were
shown longterm stability for 3 weeks after the sonication and these dispersioagetieylene

glycol, DMF, THF,NMP, and watex. The electrical dipole moment for the latter solvents and
water wassignificant (2.3 D, 3.24 D, 1.75 D, 4.09 D, arid82 D) respectively, which gives

the reason behind the stable dispersion of GO in these solvents and water for long time.

Figure 2.14(b). shows that a 3 mg of GO was dispersed in 4 ml of water througlofl
sonication. Tien, DMF was added afterwards and a stable suspension was obtained. The
chemical reduction then was obtained by adding hydrazine to the suspension. The same
procedure described for DMF was followed with various organic solvents to obtai®HRG
The latter vas achieved with many organic solvents including THF as shown in the above
figure.

2.3.6 Properties of graphene GO, and rGO

Graphene is a multifunctional material that can be utilized for enhancing the mechanical,
thermal, electrical, opticaind gas barrier properties for polymer matrices. The high aspect
ratio of graphene plays a crucial role in enhancing the performance of nanocomposites with
low loadings compared with other carbonaceous derivatives. The potential applications for
graphenebased on their mechanical and electronic properties are in packaging, aerospace,
automotive and electronics.

However, the optimum improvement in the final properties cannot be achieved without a

homogenous dispersion of the graphene nanosheets in tive matr
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Equally importantly the applied load must be efficiently transferred through the strong
polymer/filler interfacial interactior{Salavagioneet al 2011) Table 2.4. kows the most

important properties for graphene, GO and rMDtal et al 2015)

Table 2.4. : Some properties of graphene, GO and r®tal et al. 2015)

Property Single layer graphene GO rGO
Youngg 1000 GPa 220 GPa Not available
modulus

Fracture 130 GPa 120 MPa Not available
strength

- 5 .
Optical Not available (expected has a] 60-90% depending on

. 97.7% lower value due to defects in th| the agent of reduction
transmittance . I
functional groups and fabrication method
Room Not available (expded to be a | Not available (due to les
temperature ~200.000 crivts? lower value due to disruption inl defects it is expected to
mobility mobility) be intermediate)
Thermal P T -
. ~ 5000 Wmt K1 2000 Wm' K1 for pure 0.140.87 Wmt K1
conductivity
Electrical 1 1 1 1
- 10*Scnt 10tScm 200-35.000 scnT
conductivity

Not available (expected to be
1.4* 10" cnr? lower due to defects in functiong Not available

groups)

Charge carrier
concentration

2.4. Polymer graphene/GO nanocomposites

The impressive properties of graphene paved the wag$earchers to prepare, characterize,

and investigate its properties and possible applications for PGNs. One specific area of interest
with regard to graphene is its incorporation into different polymers in order to gain mechanical,
therma) thermosmechaiical, and electrical enhancements and this has been achieved at very

low loadings of graphene, GO and its reduced ffmilla et al. 2010; Younget al 2012)

For example(Ammaret al. 2015)cited the work oflonitaet al 2014)where low loadings of
GO (0, 0.25, 0.5,0 and2.0) wt. % were used to reinforce a PSF matrix in order to improve
the mechanical performance and thermal stability for the polymer which was used as a

membrane.

41



(Yuanet al 2014)confirmed that adding only 1.0two of GO to polyethylene oxide PEO led

to a 260% improvement in therameechanical stability for the polymer that was used in
lithium-ion battery applications. Thigsult was achieved according to the superior properties
of GO and the strong interfacial interaction between GO and the surroundin@®&t€x. al
2012)concluded that the toughness increased by 50% for polyurethane, which is commonly
used n diverse industrial applications $uas automotive, by adding 1.Q.Wo of GO without

losing elasticity.

(Terroneset al 2011)described different types of interaction between the polymer matrix and
graphene. These interactions can be covalent functionalizatiorcovafent functionalization

such as 1 -1 interactions, electrostatic interactions, or polymer blending.

Figure 215. illustrates these types of interacti@irerroneset al. 2011)

Covalent

Functionalization Polymer Blending

by -8

Non-covalent
Functionalization

Figure 2.15 : Types of interaction between the matrix and graphene. AdaptedTemmones et al. 2011Wvith permission
from the publisherWILEY-VCH Verlag GmbH & Co. KGaA, Weinhéim

Non-covalent interactions consolidate the attachment of organic molecules on the surface of
g aphehestacking, el ectrostatic or hydr oph:
covalent interactions of polymers and surfactants with graphene surfaces. Beneficial
modi fications to grapheneds s ucovalanétnemctianaan be

and this will consequently help facilitate the preparation of P@Xsng & Wy 2013)
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For example(Jianget al 2014)employed an electrostatic s@lésembly approach to improve

the dispersion of GHin a poly (tetrafluoroethylene) PTFE matrix as the insolubility of PTFE
made the interaction with GNs difficultt was an ecdriendly approach where the well
dispersed GO that was negatively charged mixed with modified positively charged PTEE latex
This approach is a type of Naovalent interaction resulted in the formation of filler networks

in the PTFE matrix, which led to an improvement in the mechanical and electrical properties.
This was achieved with low loadys of GNS (0.5, 1.0 and 2.0)tw2o. Tensile modulus
improved to 578 MPa for PTFE reinforced with 2.0 wt. % of graphene compared to the neat
polymer that had tensile modulus of 356 MPa. In addition, electrical conductivity for
PTFE/graphene of 2.0 wt. % recorded 1.5 SOuvalent interactiorbetween the polymer
matrices with graphene and GO can be achieved via several approaches such as amide bonding
(also known as peptide bond, which is a covalent chemical bond linking two consecutive amino
acid monomers along the protein chaid)jck chemisry ( a method of attaching probe or
substrate of interesd a specific biomolecule in a process called bioconjugatiany] atom
transfer radical polymerization ATR{@ polymerization process that lead to form a caibon

carbon bond through a transitionetal catalyst{Chang & Wy 2013)

For instance,(Rajender & Suresh2016) prepared nanocompositegth low loadings of
functionalized graphene shed&sS (0.3, 0.8, 1.66, and 2.33) wt. % The nanosheets
incorporated covalently t® MMA using surface initiated SATRP. The nanocomposites

showed highthermal stabilityjmproved rheologicahnd mechanical properties.

For clarity, it is necessary to note that t
done on GO. The vasajority of work in the field of PGNs is often referred to the work on

GO and its reduced forfYyounget al. 2012)
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However, the functionalization of graphene in polymer matricesinsits infancy , and
significant efforts are required to improve the present strategies and to find novel ones for
promoting the utility of PGNs from the laboratory curiosities to practical components that have
various technological applicatiorftayek & Nandj 2013) Most importantly, the toughest
challenge with these new materials is in achieving a comprehensderstanding the
surroundingnterphas€The intermediate region between two or more materials in equilibrium
which will joint to form the nanocomposite)he characteristics of the interphase region, the
reliance of this vital region on grapheneo:s
the constituents and their relationship to different properties of PGNs are also challenges
submerged within the ov@rching challenge of engineering the interphase. There is a vigorous
competitive scientific endeavour in various disciplines of matesalence, chemistry, and
materials engineering to meet these challenges, and to successfully prepare advanced graphene

based nanocomposité3as & Prusty2013)

2.4.1 Preparation of PGNs
There are a number of factors playing a crucial role in the preparation of graphene / GO based

polymer nanocomposites. Thaselude:the molecular weight, the polarity, reactive groups,
and hydrophobicity The most widely applied methods for preparing polymer graphene/GO
nanocomposites are:-situ polymerization, melt compounding and solution mixing or solution
blending(Das & Prusty2013) These methods are discussed separately in the following sub

sections.

2.4.1.1 In-situ polymerization
This is a common way for synthesizing polymer graphene /GO nanocomposites and the result

is a uniformly dispersed graphene/GO in the polymer matrices. In this method, the graphene or
its precursors and the monomer are dissolved usingsaleent and the ultrasonicated to
obtain a uniform dispersion. Next, an initiator such as metallocene catalyst solution is added to

the mixture to form the polymer.
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The addition of the initiator starts the polymerization process which is initiated either by heat
or radation. Surfactants such aedium dodecyl sulpha®&DS might be employed to improve

the dispersion. Overall, this method has a number of benefits such as simplicity, scalability,
ease of manipulation, low cost, and lower environmental concerns. A variety of PNCs have
been synthesized using this methodhsas isotactic polypropylene iPP reinforced with
exfoliated graphene nanoplatelets xGnP prepared dsjtunpolymerization. High ductility

(38.5 MPa)and fracture toughne$6.2 KJ.n?) were achieved for nanocomposites prepared
by this method compared Wiductility and toughness tie neat polymewhich recorded 38.4

MPa and 14.6 KJ.rhrespectivelyDas & Prusty2013; Cheest al 2015; Cromeet al 2015;

Kuilla et al 2010)

2.4.1.2 Melt compounding
This method is commercially attractive with other methods. It refers to the direct inclusion in

the graphene or any of its precursors of the melted polymer matrices by usingsargwn
extruder. The key variables of the screwttheed to be optimised are time to complete the

operation, the temperature, and the speed.

The major drawbacks with this method is the poor dispersion of graphene sheets in polymer
matrices and this has a negative impact on the mechanical propertigserAdrawback is the

low bulk density of the thermally exfoliated graphene. A range of polymers have been prepared
with different nanofillers using this methd®erdejo et al 2011) A specific example is the

work of (Zhang et al 2010) who preparedpolyethylene terephthalate PEfaphene
nanocomposites using a melt compounding method in which the compounding temperature was
285 °C and theinitial screw speed was 50 rpm.minand then it was changed to be 100
rommin. The presence of 3.0 Vol. % graphene obtained in their work significantly enhanced
the electrical conductivity of PET, which was transformed from insulator to semiconductor

with a low percolation threshold.
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2.4.1.3 Solution blending
This method has the appeal of simplicity and its proven capability for achieving a homogenous

dispersion of graphene or GO in caspadymer films made it an attractive proposition for
researchers. In this method, graphene is dispersed in a solventigatiearwhich is the act

of applying sound energy to agitate particles in a sample then added to the polymer solution
obtained from dissolving polymer pellets in the same solvent. The solution is then evaporated
at ambient or an elevated temperature. Foapad solvent evaporation a highly volatile-co
solvent is selecteheeet al 2015) However, there is a signiént challenge with this method

in terms of the removal of the organic solvent from the obtained nanocomposites. Any
remaining traces of the organic solvents have detrimental effects on the mechanical, electrical
and thermal properties of the nanocompas{teun et al 2013) As an example of this
technique,(Lago et al. 2016)used a solution blending method for preparing polycarbonate
PC/graphen@anocomposites to disperse single and a few layered graphene SLG and FLG by
liquid phase exfoliation LPE in the polymer matrix. 1, 3 dioxolane was #selvent and the
results showed an improvement of 26%he elastic modulus for 1.0tw of graphenen the

matrix. To conclude this sectiofzhanget al 2015 elucidated the benefits and drawbacks for

each of the aforementioned methods as showralole 2.5 below.

Table 2.5. : Scale, advantages and disadvantages of PNCs preparation mghads. et al. 2015)

Preparation .
P Scale Advantages Disadvantages
method
In-situ Bulk Highly effective, high level Loss of polynerizationrate at later|
polymerization dispersion stage
Melt compounding| Mass production Ecofriendly, cost effective Poor dispersion of nanoparticleg
Solution mixing Bulk Versatile, good dispersion Extensive use of organic solvent
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Finally, it should be mentioned that the majority of researchers have classified their preparation
methods of PNCs according to the above three main categories. Never{Rapageorgiou

et al 2017)has added an additional category very recently which is layer by layer LBL
assembly. In this method, the desired nanostructures of multilayer thin films with a specific

thickness are synthesized by alternating catianid anionic phases on a substrate.

Novel materials can be prepared according to this novel approach with a diverse range of
applications including capacitors, field effect transistors FET and memb(&ataesini et al
2017) used this approach torgpare branched poly (ethylemene) PEI reinforcedwith
different kinds of nanweeinforcements (nanoparticles, naheets and nanofibers)The

resultant nanocomposites showed a unique combination of ductility and strength.

2.4.2 Processing conditions
The unusual properties of PNCs are manifested when there is an even dispersion of

nanoparticles in the polymer matrix and this consequently results in the development of a strong
interphase. The complete dispersion of the NPs will enable the maximisktion available
matrix- particle interphase then the organirganic interaction. The latter is the responsible

for the promotion of the properties of the resulting nanocomposites.

One of the key aims in the research in this field is to develop optinstsategies for processing

for nanocomposites and nanostructured polymers with a view to achieving the ideal matrix
particle interaction. The quality of dispersion is determined by macroscopic processing factors
such as mixing velocity, residence timedaquipment design and it is important to ascertain

what the tradeffs are with regard to achieving optimal procesgiPgponiet al 2014)
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For instance(Yasminet al 2006)employedseveraprocessing techniques for preparing epoxy
reinforced with low loadings of expanded graphite E®-10) wt. % . They used direct
mixing, sonication, shear mixing and a combination of the last two tagmid he findings
showedthatbt t er values of Young6és modul us (i mpr
were achieved in samples prepared by a combination of shear mixing and sonication, whereas
direct mixing gave the weakest resuitsprovement of 4%only for the same sample)he

findings also confirmed the effect of sonication time on the mechanical properties. Longer
sonication time proved a better choice for obtaining graphite nanosheets from EG, but the
prolonged sonication time led to a detesioon in the mechanical propertiédse to the increase

of the temperature which would negatively affecting the structure of nanomait&imwork
provided a good example of the emerging traffe that are encountered in the aiming for

optimisation in the selected processing route.

Many efforts have focussed so far on the development and promotion of the best processing
strategies of nmaocomposite materials that result in the promotion of panaEéix
interactions. It is important to note that the quality of dispersion can be critically affected by
processing factors such as mixing velocity, equipment design, and th@gpuniet al 2014)

For instance(Prolongoet al 2008)investigated the dispersidromogeneityof CNFsin an

epoxy matrix by diluting the nano fibres inchloroform. They useddifferent dispersion
techniquesuch agirect mechanical mixing, high shear mixing and ultrasonication to obtain
dispersion in a consistent way to ensure homogenous dispersibe oaho fibres in the
polymer.The employment of all the aforementioned dispersion techniques besides making the
required chemical modification on carbon nano fibres led to good dispersion of the carbon nano
fibores in epoxy with an important enhancement in storage mod(#uUs GPa for
nanocomposites prepared by using different dispersion techniques compared to 28 GPa
nanocomposites prepared by mechanical stirring omk/)a consequence of this good

dispersion.
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In addition,(Cosmoiuet al 2016)investigated the role of rotation speed of a shear mixer in the
uniform dispersion of the MWCNTSs in epoxy. They showed that high speed shear mixing led

to better dispersion. The speed of shear mixing they selected was 1500 rpm. They also
confirmed that 20%of researchers used the shear mixer for up to one or two hours. They
showed that strength and stiffness might be increased in case of adequate dispersion of
nanofillers in the matrix. The selected speed of shear mixing in the work described in this thesis
was 1600 rpm for an hour, and the total ti

mixing and bath sonication) was up to couple of hours.

However, there are a number of other contributing factors that present challenges in the
manufacturing processft PNCs. This includes increasing the range of dispersing solvents to
include other solvents that are less toxic or highly volatile solvents, such as, alcohol and water.
Moreover, the use of more scalable routes to improve dispersion, such as, shegrisnixin

another important optio@@ohnsoret al 2015)

In addition to tlese issues, there are others that can be classified as second tier challenges, such

as, posfprocessing, safe handling and accurate characterisation.

Nonetheless, the issue of costs needs to be factored into selecting the best route to the required

dispersionJohnsoret al. 2015)

2.4.3 Properties of polymer graphene/ GO nanocomposite
As graphene/GO nanosheets are randomly dispersed in the polymer matrices, the physical

properties of the nanocomposites will be modifi€de mechanical, thermal and many other
properties will be affected by the inclusion of graphene to the different polymer métiiices

et al 2010) Each of theses discussed separately below.
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2.4.3.1 Mechanical properties
Stressstrain curves can be regarded as the easiest way to assess the improvement in the

mechanical performance of polymers when adding graphene or any of its precursors. Large
changes are observed upon the addition of low loadings of graphene to the polymer matrices,
whilst the addition of high weight or volume fractions of graphene andatsipsors led to less
remarkable changes in the mechanical properties. In some cases, an inefficient stress transfer
is observed and this is due to a weak interphase between the matrix and graphene or
nanoplatelets. For this reason, GO is used as a reimfpagent rather than incorporating
pristine graphene into the polymer matrices because the oxygen functional groups makes the
interphase stronger though this has not been optimised yet. Further improvement in the
mechanical performance of the nanocomiassis possible by optimisation of the interphase

and by improving the dispersiorf GO so that it is homogenou&nother challenge is in,
obtaining full exfoliation of graphene to a single or few layers of grapbeeelarge lateral
dimensions.The Final hurdle for improved mechanical properties of PGNs is in finding
techniques for minimising damage on the flakes during production i¥@nget al 2012)

Table 2.6. below modified frortKim et al. 2010)summarises the mechanical properties for

some polymer grapher@D or thermally reduckgraphene TRG nanocomposites.

Table 26. : The improvement in mechanical performance for polymer nanocomposites reinforced with different types of
graphene precursor&im et al. 2010)

Polymer Reinforcement | Processing| Ewatix /MPa | Conc.Vol.% Encsincrease / % T.Swesincrease / %
PVA GO Solvent 2100 2.5 128 70
PCL GO Solvent 340 24 108 36
Epoxy TRG In-situ pol. 2850 0.05 31 40
SAN TRG Solvent + 2350 2.3 34 N/A
melt
PS CRGO Solvent 1450 0.4 57 N/A
TPU GO Solvent 6 2.4 900 -19
Solvent +
Natural rubber TRG melt 13 1.2 750 N/A
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2.4.3.2 Thermal properties
The outstanding thermal properties of graphene offers improvements in thermal performance

for PGNs including thermal conductivity, thermal stability and dimensional stability. High
carbon loadings is a major condition for gamhigh thermal conductivities in PGNs compared
with neat polymergPottset al 2011) (Chenet al 2017)confirmed this fact in their eavork

when they showethat the incorporation of 10.0tw26 of GO in PA6 improved the thermal
conductivity six fold compared with the neat polymer. Also, the incorporation of graphene,
chemically modified graphene CMG, a@G® patrticipated effectively in enhancing the thermal

stability of nanocomposites.

Thermal stability was defined as the maximum mass loss rate measured by thermogravimetric
methods. The majority of studies have focused on theomwmtative stability whichmeans
heating under the influence of an inert gas such as nitrogen or argon. The incorporation of GO
in different polymer matrices leads to a better thermal stability using thexidative
approach. The onset of the degradation temperatui® improvedby 20-30 °C and higher

when GO and its derived fillers are incorporated in different polyfratset al. 2011)

For example(Yu et al 2014) showed a significant improvement of thermal stability for PS
when they einforced the polymer with 2.0tw26 GO and the thermal degradation temperature

Ta increased from 298C for the neat polymer to 372 for the nanocomposite. The test was
cariied out by the nomxidative approach as>Nvas purged. It has been reported that using
graphene and its precursors in nanocomposites resaleeghift in the value of th&g. This
behaviour can be explained by the altered mobility of the polymer chiaing interphase. The
presence of nanopatrticles in polymer matrix interphases led to restrictions in the chains mobility

which consequently led to higheg. T

On the other hand, repulsive interphases and free surfaces lead to free chain mobility which
reailts in lower . In other words, the gI'shift higher or lower depending on the specific

interaction between the matrix and the filPottset al 2011; Paul & Robesg2008)
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(Wan & Chen2012)showed thathe T4 for PS shifted higher from 73% to 86.4°C for PS
reinforced with 1.0 w % of GO. Finally, it should be mentioned that graphite has ainega
coefficient of thermal expansion which-%.5*10° °C in the basal plane near RT. Also, the
thermal expansion along the thickness direction is much smaller than that of polymer materials

(2.7*105 °C).

Given the aforementioned, graphene can inhibit dimensional changes of PGNs if it is
incorporated in polymers at an appropriate orientation rendering them more stable. According
to (Tsenget al. 2013)GO is playing a positive rolen dimensional stability enhancement

polyimide.

Table 2.7 below shows the change iy Value for different polymers with different types of

reinforcementgPaul & Robeso2008)

Table 27.: The effect of some nanofillers tre Tq of PNCs. Modified froniPaul & Robeson2008)

Polymer Nano-filler T4 Change (C)
PS SWCNT 3
Poly (vinyl chloride) PVC Exfoliated clL@y -1t0-3
Poly(dimethyl siloxane) PDMS Silica (23) nm 10
Natural rubber Nanoclay (5.0 w. %) 3
Poly(butyleneterephthalatelPBT Mica (3.0 wi. %) 6

2.4.3.3 Electrical properties
PGNSs can act as efficient conductors due to their ability to provide a percolated pathway for

electron transfer. Similarly, other carbon ndilers can play the same role. For example,
carbon black CB, carbon nafibres CNF and expanded graphite all @ante the electrical
properties of PNCs. However, the insulator to conductor transition can be supported by

graphene with low loadings.
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Thermally reduced graphene TRG has a high electrical conductivity and it can be melt
processed according to its highmal stability(Kim et al. 2010) (Vu et al. 2016)found that

the incorporation of 2.5 VoPs of sulfonated reduced graphene oxide SRGO into SAN led to
enhancements in the electrical performance of the nanocomposite. The electriaticitynd

was found to be 21.91& for the aforementioned sample.

2.4.4.Applications of polymer graphene/GO nanocomposites
PGNSs have been proposed for a wide range of applications encompassing house hold design,

electronics, medicine, energy, engineering, industrial and many dleandet al 2013)
(Das & Prusty 2013) have illustrated graphically the potential appilcas of PG as

reproduced in igure 2.5. below.

ELECTRONIC DEVICES
<+ DYE SENSITISED SOLAR CELL
< LIQUID CRYSTAL DEVICES
«* FIELD EMISSION DEVICES
< ORGANIC LIGHT EMITTING DIODES

SENSORS
ENERGY STORAGE <+ pH SENSORS
“* Li-ION BATTERY “* PRESS.SENSORS

< SUPERCAPACITORS «* TEMP. SENSORS
< BIOSENSORS

BIOMEDICAL APPLICATIONS
<* DRUG DELIVERY
«* GENE DELIVERY
<+ BIOIMAGING
<* CANCER THERAPY
< ARTIFICIAL MUSCLES

Figure 2.3. : Some applications of PGNs. Adapted friipas & Prudy, 2013)with permission form the publisher (Taylor
and Francis group, LLC).

The high carrier mobility, high electrical conductivity and high optical transmittance in the
range of visible spectrum are features that suggest PGNs may have potealggtronic
devices such as electrodes, liquid crystal devigé®, organic solar cells, organic light

emitting diodes OLED, field emission devices, touch screens, flat panel display and so on.
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CVD graphene synthesized on a metal substrate and then tredgfe various transparent
films such as PDMS or PET. Moreover, conducting polymers such as plobx{&hiophene)
P3HT reinforced with graphene showed high power consumption efficiency compared with
poly (3,4 ethyencdioxy thiophene) poly (styrenesul@iten PEDOT:PSSDas & Prusty
2013) (Bkakri et al 2015) showed that P3HT/graphene nanocomposites are efficient
candidates for improved efficient electron transfer process that could be exploited for

improving photovoltaic cell performance.

Regarding energy storage applicatiomkjdm ion batteries LIB are currently considered the
most promising storage systems. The benefits of LIB are high absolute pot8ri&l\() and

low atomic weight (6.94 .gnolt) which leads to a large energy density around 400 Wh kg

The LIB is a rehargeable battery, and it is a green solution for energy conversion and storage
devices. It is also an efficient system with low cost compared with alternatives. Poly
(anthraqunionyl sulphide) and polyimide are the common polymers used to manufacture the
cathode of rechargeable lithium batteries R{{Buanget al 2012; Das & Prusty2013)
Electrochemical supercapacitors are another promising energy storage application that could
be based on graphene based polymer nanocomposites. Polyaniline PANI and polypyrrole PPy
are promising polymers to be used in nanocomposites for supeitoagplications. The
successful employment for these conducting polymers by using them to prepare PGNs

contributed to develop the electrochemical capacitance applicé8anst al 2013)

(De Oliveiraet al 2013)incorporated 1.0 tv % of graphene in PPy to produce high quality
nanocompositesuitablefor supercapacitors applicatioaad obtained a capacitance2y7.8
F g. Another range of applications for PGNs are in sengBesvaraiatet al. 2011)showed
that improved strain sensing washeved by the inclusion of 2.0 tw% functionalized
graphene mixed with polyvinylidene fluoride PVE#oughasolution blending method hey

reported an improvement in strain sensiagpared with graphene counterparts such as CNTSs.

54



Drug delivery applications is another kind of application provided by graphene
nanocomposites. This is due to the abundance of oxygenated functionalities in the basal plane
and the edges of GO. This makeésai promising candidate for being able to chemically
conjugate or physically adsorb a large amount of antibodies and anticanceiZthargget al.

2015) For example(Justin & Chen2014)successfully reduced GO using a simple process of
reduction and incorporated the reswdtrGO in chitosan CS. This work provided a versatile
platform for biomedical and biological applications including therapeutic delivery and tissue

engineering.

For PS/graphene nanocomposjtésere are many kinds of applications cited by the authors.

For example(Han et al. 2013)were successfully incorporated 5.0t.% of graphene and
graphite oxide of different degrees of oxidatiorPS using melt compounding approach. The
prepared nanocomposites were employed as flame retardants and the sample of PS reinforced
with graphene had the best thermal and thermomechanical perforrfrartbermore, the other

kinds of applications of PS/gphene nanocomposites include -@atirosion productionsuper
conductive materialsFET, and many other§Yu et al. 2014; Phamet al 2011; Eda &
Chhowalla 2009) In addition, there are many applications of SAN/graphene nanocomposites
such as capacitors, decoupling capacitors and Electromagnetic Interference Shielding EMI

(Panwaret al. 2017)

As well as the scieiiic applications mentioned inigure 2.5., PGNs have other commercial
applications such as in light weight gasoline tanks, fuel efficient aircraft, car parts, stronger
wind turbines, plastic containers, sports equipment and medical im{Dastg Prusty2013)

Finally, (Edwards & Colemar2013)were concluded a summary that connected the properties
with application. Inot her wor ds, whi ch of g r bopdifferente 6 s p
applications. In &ble 2.8. below, thgreentick means (importantthe redX means un

important and thélacksquare was indicated that the property is sometimes important.
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Table2 . 8. : The relationship between g(Edvards&Caetng20p3) operti es

Properties . )
=| Electrical . Surface Thermal Chemical Gas
. Strength | Elasticity Transparency - -
Applications | Conductivity area Conductivity | Inertness | Impermeability
Transistors a X X X X X a X
Energy
storage a X X a X X a X
devices
Electrodes a i i i i X a X
Electrically
conductive a X a X i X a X
inks
Polymer - - - - » - - v
. a a a a | a a |
composites
Sensors a X T X X X a T

2.5. Nanomechanics
The investigation of material behaviour at the raoale is a newly emerging field which can

be descri bed a ¢Bhusiiam280b)oNarmdtiamads cas BeGsubsumed under
the more general term of nanoscience along with otheclases such as nanomaterials and
nanocomposites. The traditional physics and mawechanics has not become a sufficient

solution for the problems that are intimately associated to hanoscience.

The mechanical properties for the materials that have nanoscale features is different to that of
their bulk counterparts. This has been verified in a wide range of materials at thecaano
including 1D and 2D nanostructures, namgstalline and nantwinned materials, and
biological materials with nanscale components such as cells and proteins. However, much
work needs to be done on the dynamics and mechanisms ofsslididcontactig during

relative motion in order to improve the understanding of indentation and adhesion at the micro

and nanescale(Bhushan2005)

There is a real need for nanomechanics to respond to the inquiries associated to the engineering
especially the required development for the nanomechanical properties of thin films and nano
devices related to the components of microelectromechanicatensy and
nanoelectromechanical systems MEMS and NEMS.
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These functions are very important to develop many kinds of applications such as drug delivery

systems, medical diagnostics and sensors.

The main tasks for 66 Nanomechani cs606 ar e:

i- Filling the gaps inknowledge between the atomic scale and the continuum. In
dimensional terms, this ranges from a nanometre to a few hundred nanometres.

ii- Providing an important limiting case for continuum mechanics that enables an
understanding of the difference between mul@&c mechanics and continuum

mechanics.

For the last three decades, the tools required for investigating the properties of different
materials at the namscale have been acquired. For example, high resolution electron
microscopy has enabled the imaging of atoms and investigating their fe&wirtermore,
scanning probe techniques can be used to manipulate atoms one aflautieteal. 2004; Li

and Wang2008)

Table 2.9compares the operating parameters of different kinds of electroaioscopes used

in nanascale studies. The table shows the difference between surface force apparatus SFA,
scanning tunnelling microscope STM and atomic force microscopy with friction force
microscopy (AFM/FFM) which are extensively employed in nanomeidal and

nanotribological studie@hushan2005)
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Table 2.9. : Typical operating parameters for different microscopesinsehomechanical studie@hushan2005)

Operating SFA STM AFM/FFEM
parameter
Radius of mating ~ 10 mm 57 100 nm 5-100 nm
surfacef/tip
Radius of contact 10140 &m N/A 0.050.5 nm
area
Normal load 107 100 mN N/A " 0.1nN-500 nN
0.02i 200 s¥(BTan| 0.0271 2 0 0 s&(BTan
. . . size 1nm * 1nm to size 1nm * 1nm to
Sliding velocity 0.0011 100 st m 125emem25s| 125em*125
r at €l22'Hz) r at €l22'Hz)
Typically atomicallyi
o smogth, optically transp.arer Electrically-conducting
Sample limitations mica, opague ceramic, None
samples
smooth surfaces can also 4
used

2.5.1 Force distance curves

There has been a rapid growth of interest in nanomechanics in recent years with the emergence
of nanascale materials, mechanics based applications of such materials, and novel mechanics
phenomena at the naiscale(Zhu et al 2016) One important characteristic of these materials

is the force versus distance curv@&sD curves, which provides information on elasticity,
adhesion, hardness and other parameters and this can be measured using atomic force
microscopy AFM. This measurement technique also enables imaging of the topology of solid
surfaces at high resolutigButt et al 2005) AFM is a versatile tool for high resolution imaging

of different solid surfaces, both conducting and insulating, and for providing data for plotting
F-D curves. These curves provide important parameters such as the Hamaker constant, surface
cha ge densities, hardness, el asticity (Youn

the adhesion forc@utt et al. 2005)
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In operation, the sample is spatially scanned with a specific tip that is mounted on a cantilever
spring. While scanning, measurements are made of the force arising from the vertical deflection
of the cantilever. A topographic image for a specific surfiscacquired by plotting the
deflection of cantilever versus the position of the sample. This is-aordact mode where the

image of the surface is formed from the deflection due to the interatomic force between the tip
and the samplé.he rectangularsippe or 6 6 Di ving boarddéddé and O
main two shapes of cantilevers used in AFM, both of which are mainly {faibriwated from

silicon or silicon nitride. The V shaped cantilevers are the most widely used cantilevers due to
their high lateral stiffness which is important to investigate the nanomechanical properties
(Clifford & Seah 2005) The cantilevers for4b curvesare usually Vshaped to provide lateral

stiffness (rectangular or diving board cantilevers are mostly used only for imaging purposes).

The typical length of cantilevers ib@t1062 00 e m wi t h typical -resor
200 KHz and they are made from silicon or silicon nitride. Figur@. 2llows the V shaped
cantilever for obtaining b curves. L is the length of the cantilever, w represents the width,
and U i s t (Butet@lp260s) Thenspringeconstant is needed in determining the
various parameters in the measurements and this can be deterntimed ways: dimensional,

static experimental and dynamic experimental.

It has been shown that the spring constants obtained via calcidetioften differentto the

value obtained experimentally. One of the issues in this respect is related to thti@vihe
thickness of the gold coating that is evaporated onto the cantilever to enhance its reflectivity.
This layer adds mass to the cantilever and changes the resonance frequency thereby adding
complications to the spring constant evaluation. In gérteamost appropriate approach is to

use the value obtained by experiment by applying a specific force F to the end of the cantilever
and measuring the resulting deflection Zc. In this respect, the spring constant Kc can be
calculated according to thellimving formula(Butt et al. 2005; Clifford & Seah2009)

Kc= FlZc----------------- mmmmmmmmme—me e mae (3)
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Figure 2.77. : V-shaped cantilever that used for measurin® Eurves. Adapted froiButt et al. 2005ith permission from
the publisher (Elsevier).

To ensure better quantitative measurements, the spirggant should be accurately evaluated.
Spring constants areitiin the range of (0.0130) Nm ! and a particular spring constant is
selected according to the specific application required which could vary widely for example
from finding the elasttnodul us f or pol ymersé surfaces toc

protein molecule¢Clifford & Seah 2009)

The latter authorgClifford & Seah 2009) calibrated the spring constantsr different
cantilevers using static, dynamic and dimensional approaches.

(Domke & Radmacherl998)used FD curves obtained by AFM for finding the elasticity
(Youngbs modul us) o fto30hm).nThepolymgrmasmgelatine thahwas ( d ©
tuned by using propanol and water. Hertz thease(sectior2.5.2) was employed as the

mat hemati cal model for finding Youngds modeduL
Moreover, (Lee et al 2008) usal nanoindentation with the AFM for finding the elastic
properties and intrinsic strength of a f#ganding monolayer graphene membrane from the

measured forcdisplacement behaviour.
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Both approach and retractll-curves are characterised by three magians: the contact line,

the noncontact region and the zero line. The latter is obtained when the tip is far away from
the sample which means that the deflection of the tip is nearly zero. If the sample is pressed
against the cantilever to the point ohtact the distance between the sample and the tip is equal

to zero. Lines obtained bythel cur ves i n this condition ar e

The more interesting regions in thdFcurves are thetwonemont act r egi ons wh
t o coanntda edtpét | tont act 6. These regions provid

and repulsive forces before contact.

The withdrawal or retracftf cauanteacdthéatgiiwmecd ui

adhesion force &awhich is related toéhe cantilever deflection and the spring constant.

The magnitude of the adhesion force is essential for evaluating the amount of deformation
beside the contact area of the sample. The theories of contact region vsitiresdd later in

section 2.5.2(Cappella & Dietley1999)

Figure 2.18andTable 2.10give a concusive explanation for4® curves. The figure and the

related clarifications are taken fraiodulation 2003)Veeco support notes No.228, 2003.

—— Extending
—+ Retracting

5| =eg———=Piezo extension;

| Piezo fefraction i

ssdesds==k= = sdesdkessbh=zka=
[

deflection -

-Em:qti:ier

Z position — 0.10 pw/div

Figure 2.8. : F-D curve with all the steps of approach and retractigviodulation 2003Yeeco support notes No.228, 2003.
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Table 2.10. : The corresponding meaning for each step mentioned in figifrg§Modulation 2003Yeeco support notes.
No0.228, 2003.

The sequence of The scientific meaning
motions as shown
in the above figure
2.15
1 The tip descends. No contact betwéea tip and the surface of the sample yet.
<
[S)
g 2 The tip is pulled down by attraction force to the surface of the sample
o
2‘ 3 The cantilever bends upward as the tip is presses into the surface
4 The tip ascends until the upward force is cancesthtace attraction.
5 Retraction process continues. The tip ascends further. The probe bends down as st
o attraction holds onto the tip.
@©
S
ko) 6 Tip breaks free of surface attraction with the continuous ascendance. The probe reb
04 sharply upward.
7 The probe tip continues to ascent. No further interaction between the sample and th

2.5.2 Contact deformation theories

There are several theories relating to contact deformation. The contact lines -& the\fes
play a vital role in determining the elagitastic behaviour of different materials. The overlap
between loading and unloading curves means that the exentaoggdn the tip by the sample is

equal to the force applied by the tip to penetrate the sample.

This in turn means that the material or the sample is elastic, and the shape of the sample recovers
its original size. In the case of a plastic sample, nolapeing can be seen for the loading

unloading curves.

This means the sample is permanently deformed, the penetration depth will remain the same,
and the sample will not regain its original dimensions. Most of the samples in these studies
have a mixed bel#&ur which means that loadingnloading curves rarely overlap. In other

words, at a specific penetration depth, the force of the loading curve is greater than the force of

the unloading curve.

Figure 2.38. illustrates the meaning of different elagtiagic behaviour for different samples

(Cappella & Dietler1999)
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Figure 2.19: Elastoplastic behaviour for different materials. lleally elastic material. bldeally plastic material. cElasto
plastic material. Adapted frotfCappella & Dietler 1999)with permission from the publisher (Elsevier Science B.V.).

Figure 2.D. shows several curves of load against penetration depth.(Baskows the typical
elastic behaviour for a material, whereas panel (b) refers to an ideal plastic behaviour for a

material.

Finally, panel (c) is a4b curve that represents the elagfitastic behaviour for a material. In
panel (c), Mrepresentshe zero load plastic indentation which can be defined as the depth at
which the force of the unloading curve is zero. On the other hand, H represents the zero load

elastic deformation which means the distance the sample regains.

The earliest theoretical edel of contact was by Hertz and Sneddon in 1881. In this theory,
neither surface nor adhesion is taken into account and the tip was considered a smooth sphere
with elastic behaviour whilst the sample was described as a rigid flat surface. In the limits of

high load and low surface forces, AFM can apply Hertz model.

Two other theories known as the Derjaguin Muller Toporov DMT model and the Johnson

Kendall Roberts JKR model expanded the range of predictability in AFM measurements.
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In DMT, the Hertz theorys applied for the deformation of an elastic sphere but with the
addition of an external load. A further refinement in DMT is that the model takes account of
the forces acting between two bodies outside the contact region because these forces cause &
finite area of contact. DMT is applicable to systems that have a small tip radii, low adhesion,
and a high elastic moduli. The DMT approach then can be considered a modified Hertzian
model which takes into account the adhesive force between the surfacetgndithereduced

Youngos prande divensaccérding to the following formula:

Oi O — (4)

Where: kpis the force applied onto the AFM tipadiis the adhesion force between the tip and

the sample, R is the AFM tip radius and d is the depth of deform@@iappella & Dietler

1999; Younget al 2011; Bonne|l2001)

The second model mentioned earlier JKR neglects the long range forces outside the contact
area and consider the short range forces only that act inside the contact area.

Systems that have high adhesion, low stiffness and large tip radii are for modehidKR.

Between 1971 and 1984, there was an extensive controversy about the two theories (DMT and
JKR) until it became clear that the two theories are applicable to the two different situations
described earligiCappella & Dietler1999)

(Panaitescet al 2012)usedthe DMT modelin conjunctionwith peak force quantitative Nano
measurements QNM which is a novel AR hniqueor finding the local interaction between
ananosilica and polymer matrof styrene (ethyleneo-butylene) SEBSThis technique was

also able taletermineghe elastic modulus for regions around the nanopartibled. was the

best model for characterisitige nanomechanical properties in this study as there were other
attractive forces outside the contact area between the tip and the sample such as electrostatic,

capillary, Van Der Waals, etc. e
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Other theories have been developed for predicting the efféctantact deformation and the
following Table 2.11 due to(Bonnell 2001) summarises them with their assumptions and

limitations.

Table 2.11. : Comparison of different contact deformation thediesnel| 2001)

Theory Assumptions Limitations
Hertz No surface force Not appropriate for small loads
Long range forces act outside contact are .
DMT g g May underestimate contact are

contact geometry remains Hertzian

Burnham Colton PollocH Long range forces act outside contact arf May overestimate contact areg
BCP surface allowed to bulgaut and underestimate the adhesid

Many underestimate loading

JKR Short range forces act inside contact are .
owing to forces

Periphery of tipsample interphase modellg

Maugis Dugdale MD
9 9 as a crack

Parametric equation

Apart from these leading models there is also a numerically based one, The Muller
YuscchenkeDerjaguin/ Hugheswhite MYD/HW model. It is not widely cited in the literature

but represents a promising appro@@bnnell 2001)

2.6. Fractography
A valuable deal of information about the materials can be achieved by fracturing them and

investigating thie fracture surface In the research field, the fracture surface irigatibn is
particularly important in those cases where quantitative data can be obtained. Fractography is
the most important analytical approach used by materials scientiatempting to explain
structureproperty relationships involving strength amddre of the materials. It also provides
important information about the response of the materials to mechanical, thermal, and chemical
environmentD.A. Ryder, 1971; Masters & Aul987) (Tsenget al. 2013)were studied the
morphology of polyimide/GO nanocomposites via cryogenically fractured surface. The current
study provides information about the morphology and nanomech&eilcaviour for PS and

its nanocomposites via the cryogenically fractured surfaces of these materials.
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2.7. Summary of theLiterature Review
The literaturaeviewhas described the background research on composite and nanocomposite

materials, and the effect of low loadings with different nanofillers on some of their properties,

and in particular their mechanical properties.

It has been shown in the review that iaeing the optimum conditions, particularly in the
preparation of nanocomposites, is not a straightforward task. There are significant challenges
in this field regarding the appropriate selection of preparation method, and the related
processing condition€onsequently, studying the properties of the resulting nanocomposites,
and the more complestructurepropert relationship demands a great deal more investigation.
Transparency, low cost and ease of processing are the key factors related to theoprofiucti

thermoplastic polymers, especiafysfor potential applications.

Despite the long preparation time and high cost of mateftlshas attracted considerable
attention as a successful precursor for dispersion in different polymer matrices. Theategge
functionalities provided by GO pave the way towards successful preparation especially by the
solution blending approach. This is because these functionalities provide an ease of solubility

of GO in water and many organic solvents.

The appropriate $ection of solvent for dissolving the polymer and GO is an important

consideration in the preparation of nanocomposites. Following this, the development of the
optimum dispersion technique and the time adjustment in that technique is equally critical
becawse the duration of the processing can severely influence the properties of the resulting

material.

The reduction of GO is another route for obtaining graphene though the extent to which the
oxygen functional groups have been eliminated from the GO nagtaslistill unclear in all the

adopted approaches that have been tried for red@&hg
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Nevertheless, adopting an ekceendly approach is a desirable option for many researchers in
order to avoid the detrimental effects of using chemical reductantsh@&theal approach to
reduction using a special vacuum oven is a more ecologically friendly option used by many
other researchers to achieve the reduced form for GO and to incorporate the rGO into the
polymers. However, it is another challenge to reduce dfiect of vanishing oxygen
functionalities and considering the amount of elimination of these functional groups. Studying
the nanomechanical behaviour of the matrix and the nanomaterials incorporated onto the
matrix, is essential for achieving a sufficiemtderstanding about the materials that could be
used in practical applications. The study of nanomechanical behaviour can be achieved with

traditional techniques of AFM, nanoindentation and novel techniques such as QNM.

However, these techniques are symible to the classical theories of contact deformation
which can affect the interpretation of the measured characteristics with regard that adopting the
novel approach is giving a better perception for the nanomechanical behaviour according to
high precsion of these techniques. The nanomechanical behaviour of the interphase region is
still not clear and the research community is focussed on developiregatarity on this key

issue.
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Chapter 3.

The effect of dispersion method and processing conditions on the structure
and properties of PSYGO nanocomposites

3.1. Introduction

The convenience of processing and moulding and the benefits of other supporting
characteristics such as good chemical resistance, low density and a high performance price ratio
make PS one of the most widely used polymers for commercial applicéiianst al. 2013)

See section 2.2.5. about R¥aphene and its derivatives are the most proisiling agents

for preparingPNCs. Graphene is an allotrope of elemental carbon comprising the SP
hybridized carbon atom. It ia 2D honeycomb latticéhat has exceptional thermal and
mechanical propertiewith a planar monolayeof carbon atoms arranged in(8inghet al

2011; Faret al 2013)

However, in spite of progress in graphene production the cost to produce it at high quality is
still prohibitive for synthesising novel graphene based materials for practical applications. This
is the reason why researchers have used wet chemistry to ektaliated graphene through

the oxidation of graphite leading to GBconomopoulos & Tagmatarchiz013).

To ensure an efficient involvement for liquid phase exfoliation to produce graphene two distinct
methods have been utilized and these giigthe use of an exfoliation agent (solvent), and (ii)

the use of surfactan(Economopoulos & Tagmatarchz013)

PNCsrepresent a new frontier in materials engineering as the dimensions of additrees h
been reduced from the micro range to the nano range. The Processing stage of the nano
composite materials is the formation of the structure of the material.oBiyolling the
processing conditionthe propertiescan be tailore@t the nanoscale whialitimately lead to
multifunctional composite materials with properties that are not attainable in traditional

composite materials systgifihostenson & Chquw2006)
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The improvement in the physical and mechanical progeitiethe polymer nanocomposiiss
intimately associated witta good dispersion of the nano material in the matrix. The
achievement of such an aim is linked with both the processing and synthesis techniques that
lead to good dispersion in the matXasmin et al. 2006) Information about processing
conditions were mentioned previously in section 2.4Zhaoet al 2010)corfirmed that a
significant improvemenin the mechanical propertiegith an order of magnitude increase in
Youngo6s maodeuasileusgengiiai 8#50% in PVA/graphene nanocomposites of 1.8

Vol.% under the condition of random dispersion of graplmam®sheets in the matrix.

The full exploitation of the physical and mechanical properties of the polymer nanocomposites
also requires the right choice of the organic solvent or aqueous medium. Good dispersion of
the nano material in the matrix requireseqdate stability and concentratiGfohnsoret al

2015) For instance(Hasan & Lee2014)found that better dispersion and high stability for
graphene sheetompared to CNT#8 PVC obtainedusing THF. Section 2.3.5discussed the
dispesion of GO in organic solventBy ensuring a well dispersed system, the surface area of
the reinforcing filler will be maximized, which means that the neighbouring polymer chains
will be affected and the propertiesthe entire system will be consequently enharfgeddejo

et al 2011) (Igbal et al 2016) found thata poor dispersion of graphene in polymer matrices

led topoor performance of nanocomposites Vithited applicationsThe colloidal dispersion

option for GO is an advantageous route for many reasons. Different macroscopic materials can
beprocessed using this route, such as, composites, coatings and thin films. Simple techniques
of spray coating, spin coating and solution blending can also be emjfoyédVarelaet al

2014) Solution blending is a good strategy for preparing the PNCs according to its simplicity.

It includes three major steps; dispersion of the nanoparticles in a suitable solvent using a
specific technique such as sonication, the addition of the polymer, and finally the solvent

removal by evaporation or distillatig®ee section 2.4.1)3hat discuses solution blending
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Compounding methods could have detrimental effects on the mechanical properties of the
nanocomposite materials especially at low weight fract{@maby et al 2014; Zhacet al

2010; Verdejcet al. 2011) The work described in this thesis highlights the effect of processing
factors, mainly the effeadf organic solvents DMF and THF and the effect of mixing time
adopted to operate bath sonication and shear mixer, on the structure and properties of PS and
its nanocomposites. Bath sonication was used to disperse GO in the matrix with DMF as the
organic dspersing medium. In THF, both bath sonication and shear mixing were used with two
different periods of mixing time to disperse GO in a thermoplastic polymer. The investigations
also included the effects on structural, mechayticaimal, and thermomeahiaal properties.

The weight fraction used for the polymer matrix was 0.5 wt. % which is considered to be a

suitable fraction for structural applicatiofGuptaet al 2013)

3.2. Experimental Section

3.2.1. Materials
The materialsised in the investigations are describedahle 3.1.

Table 3.1. : Materiad employed in the work with their characteristics and their manufacturer and supplier (if there is any).

Manufacturer

Material

Characteristics

Supplier

General purposeS

(Styron634),

Odourless cleargilets Melting point

240°C, Mw: 125000 gnol™.

Dow Chemicals USA

Resinex, UK

Synthetic Graphite

Powder with grain siz€2 0 € 1

Sigma Aldrich, UK

Sigma Aldrich, UK

Potassium permanganat

Powder of 97% purity

Sigma Aldrich, UK

Sigma Aldrich, UK

Sodium nitrate

Powder of 9

Sigma Aldrich, UK

SigmaAldrich, UK

Sulphuric acid

Solution of (9598)% purity

Sigma Aldrich, UK

Sigma Aldrich, UK

Hydrochloric acid

Solution of 36.5% purity in water

Sigma Aldrich, UK

Sigma Aldrich, UK

Hydrogen Peroxide

Solution of (2932) % purity in water

Sigma Aldrich, UK

Sigma Aldrich, UK

N,N- DMF

Organic solvent

Sigma Aldrich, UK

Sigma Aldrich, UK

THF

Organic solvent 0f 99.5 % purity

Sigma Aldrich, UK

Sigma Aldrich, UK
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3.2.2 Preparation of graphite oxide,GO, and PS/GO nanocomposites
The followingdiagram Fgure 3.1, is showing the plan of the chapter briefly before clarifying

every single step in details in the context in the coming pages.

Hummers’ Method
{Graphite powder treated with KiWInO,, H,SO,, NaNO;)

Washing
(HCL+
Distilled ~ Eo——)

water)

—~
-
7
-

-
o

Graphite Oxide

m
l

Sonication and GO Freeze Drying GO Powder
Centrifugation ) ——)
GOITHF
EE—)  PS/THF i mmssm)  Shear Mixing + Sonication

| S e —am

Figure 3.1.: The diagram of the experimental procedure of preparing graphite oxide, GO and RBIG0Omposites.

3.2.2.1Preparation of graphite oxide
Hu mme r s 0 waseet to prepare graphite oxide accordingMarcanoet al 2010) Six

grams of graphite was mixed wh three grams of NaNQ; in a beaker. 138nl of high
concentrated FEQn (98%) was added to the beaker which was put in an ice bath to keep the
reaction temperatarbelow 35 °C. Then, 36 g of KN was addedyradually over 2 day$\
magnetic stirrer wagsed to mix these chemicals apeed of 200 rprimage 1) This resulted

in ayellow brown viscos mixture (image 2). To which3-15 mlof H.O. was addedh order

to reducethe viscogy. 400 ml of distilled water and 100 ml of HCL was then used for imgsh

the graphite oxideTheresultinggraphite oxide was stirred using electrical sti(rerage 3)
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A centrifugation process utilizing centrifuges (WManufactured by JOUAN, France and
supplied byRichmondScientific Limited, UK and Eppendorf, Germanysed for many times
after adjustmertb 8000 rpm for 1 h each time and the graphite oxide was washed with distilled
waterup to 18h till the pH of the solution reached Hitnage 4) The following images in
Figure 3.2 are showing the different stages of preparation of graphite dkideludes all of

the aforementioned images @, 3 and 4).

Figure 3.2. : Images show different stages of graphite oxide preparatibfixihg of differenthemicals. 2The yellow brown
viscous mixture.-3The graphite oxide after adding:@k: to reduce viscosity then 400m| water+100m| HCLG4aphite oxide
solution with a pH value of 5.5 obtained after many hours of washing using a couple of centrifuges.

72



3.2.2.2 Preparation of GO
TheGOwas then prepardaly freeze drying according {ding et al 2013)as shown below in

this section. Thergphite oxide was sonicated for 1 h (Fisher brand Elma, Germwaigh has
a power of 280 W andfrequencyof 50/60 H2, and centrifugedEppendorf, Germanypr 30
min. at 6000 rpm. The suspension whsncastedn metallic dishes and left to be frozen in a

freezer for24 h at-40°C.

The GO then wakept inside the chamber affreeze drying machineBfadley refrigeration.
Edwards, UK) for 48 h under a pressure around Bér. The final product of GO by this
processing was a fluffy powder (porous foam) material. Figure 3.3 is showing an image of the

obtained GO that was a fluffy powder material.

Figure 3.3. : The fluffy powdered material of GO obtained by freeze drying.
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3.2.2.3 Preparation of nanocomposites
Many trials were tried to achieve good samptdspolymer and nanocomposites. The

preparation of the latter was passed through different procedures until a relatively good samples
with a homogenous dispersion of @@nosheets was achieved.

3.2.2.3.1 The preparation of PS and nanocomposite using DMF and bath

sonication only
The first sample of a nanocomposite was prepared by dispersing GO and dissolving PS in DMF.

Twenty grams oPSpellets were first fully dissolveics 200 ml of DMF using magnetic stirring
for 6 h at 600 rpnto obtain a clear solution as described in thevook of (Jarusuwannapoom

et al 2005) 100 mg of GO were fully dispersed in 100 ml of DMF by magnetic stirring. The
suspension was stirred for 44h600 rpm and prsonicated fod h. The weight fraction used

to prepare the nanocomposite waswt5% beside the neat PS. The GO/DBISpensioand

the PS/DMF solution were mixed with each other in one bemke@thefinal suspension was
stirred for 6 h at 600 rpm and then sonicdtedL.5 h.The obtaineduspensionf PS/GO was
poured in twoopen tri-dishesof size 130 mnio ensure a quick evaporation for the solvent.
The twosamplesof PS and PS/GO of 0.5two were ldt in a fume cupboard for around 30
daysand then in vacuum ew (Fishe Scientific, Korea) for 24 h at0C to be fully driedPoor
samples with rugged surfaces were obtained. No clear conclusions were obtained about these

samples as no measurements could be done on them.

3.2.2.3.2 Hot pressing for nanocomposites prepared by DMF and bath

sonication
Hot pressing was a possible solution to deal with samples prepared according to what has been

mentioned in the previous section. The samples were then ground using a coffee grinder and a
pestle and mortar before being hot pressed af@&®ing a hydraulic press machine (George
Moore and Sons, Birmingham, UK) for AFM imaging purposes. Figure(@)4and (bshows

a couple of images of a poor rugged andpressed nanocomposite film paepd by DMF and

bath sonication.

74



Figure 3.4.: (a).Corrugatedfiim (b). A hotpressed nanocomposite prepared by DMF. The sanapbrelatively poor.

3.2.2.3.3Preparation of PS and nanocomposites using THF and combination

of different dispersion techniques
The other samples of nanocomposites were prepared using THF with a different procedure as

follows: - 20 g of PSpelletswere wlly dissolved in 200 ml of THRESIing a nagnetic stirring

for 2 hat600 rpm. A sample of this solution was casted directly in a glass covered petri dish to
obtain a polymer film of neat PS and another samples of the same solution was mixed with GO
suspension to prepare the nanocompssit

100 mg of GO were suspended in 100 ml of THFhe suspensionvas stirred for 2 fat 600

rpm and presonicated fo0.5 h The GO/THF suspensiomnd thePS/TH solution were then
mixed. The weight fractionfor GO in PS/GO nanocompositess 0.5 w. %, and the nxed
solution was stirred for %.h. The sample was then sonicated @05 h usng a water bath
sonicator followed by 1 h of shear mixingilzerson, UK at 1600rpm /Amp 0.3which is the
current of the motoiThis sample was labelled as PS/GO according to what has been considered
as a neutral time of mixing.

The same materials and procedure were used to prepare the nanocomposite material, but with
a longer time of h and 2h for sonication and shear mixingspectively. This doubling in the

time duration was doubled in order to study the effect on these structure and properties
differences for different periods of mixing time and the sample was labelled as PS/GO D

considered as longer time of mixing.
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The susgensionsof PS/GOand PS/GO D obtainegterepoured inglass covered Petdishes
of radius 135 mmo ensure a slower evaporation for the solvéditsamples were left i@

fume cupboard fot week, and then in vacuum oviem 3 h and40 °C to be fully driel.

3.2.3 Characterization
The characterisation techniques are described separately below:

1. Microscopy

a- Atomic force microscopy(AFM)
These measurements were carried out in order to obtain information about the GO flakes
possibly present imanocomposite prepared by DMR (Dimension3100, CLI digital
instruments, Veco) AFM device was used in thepping moddo achieve this information.
The tip that used for imaging was made from silicon by (NanosefR$p8witzerland) and it

took a divingboard shape with resonance frequency of {290) KHz.

b- Optical Microscopy (OM)
Imaging byOM (Swift, model M1 L Series, with an attached camera Swift,Déw York
Microscope Co. USA) of the PS/GO samples prepared by THF was used to provide a basic
indication for the distribution of GO in PS matrix. & hesolution power used was 40X with

magnification scale of 0.5 mm.

c- Transmisson Electron microscopy(TEM)
For investigation the quality of dispersion of the nanosheets in the matrix, WdsVused.
Sample of PS/GO 0.5tw% was prepared in neutral time of mixing was snapped frozen in
Liquid Nitrogen and placed in the FC6 cryo chamber toligate for arand 30 minUltrathin
sections, approximately 9200 nm thick, were cut using a Leica UC 6 ultracrotome and
FC6 cryebox both manufactured by (Leica Gmbh, Vienna, Austria and supplied by (Leica
Microsystems, Cambridge, UK). The crpox was attachednto uncoated 200 mesh copper

grids at temperatures of betwe®0 to-100°C.
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Sections were examined using a FEI Tecnai TEM at an accelerating voltagg\wfeg@ 100
KV. Electron micrographs were recorded using a Gatan Oriu81di§al camera and Gatan
digital micrograph softwar@&.he camera and the related software were manufactured by (Gatan

Inc. USA) and supplied by (Gatan, Abingdon, UK).

d- Scanning Electron Microscopy (SEM)
SEM (Inspect F, Polandneasurements weresed to characterize the fracture surface for the
samplesaand GO powdeusing different magnification power&.gold sputter coater (Emscope
SC500, Egland) was used for coating the polymer and the nanocomposites fracture surfaces
Samples were mounted tiee sample holder of 25 mm diameter,mié height with doubled
angle 90 made from aluminium manufactured by Agaientific, Germany. The other sample
holder produced by the same manufacturer was slotted specimen stub made from aluminium
with a slot andwo grub screws for clamping the sample. Polymer and nanocomparsipdes
were coated manually with silver dag before coating them with gotdy ke sputter coater
machine.This is important to improve the conductivity as the polymers arecanductive
materials and to minimize the charge build up that would affectjdladity of the obtained
image.Argon gas was purged and vacuum pump was utilised for vacuuming the chamber of
coating.Argon gas was purged and vacuum pump was utilised for vacuumicpdheer of
coating. Coating started when the vacuum inside the chamber was about 0.06 Tor. The current
utilised for coating process was A\ and the time required for accomplishing coating process
was 3 minutes apart of the time consumed to reach th@edquessure inside the chamber
which was about 10 minThickness of the gold coating was about 50 @@ powder was
distributed over an aluminium pin stub of high purity and it was taken to SEM imaging after

making gold coating only. There was no neadcfmating GO powder by silver dag.

77



2. Fourier Transform Infrared Spectroscopy (FTIR)
The device used for these measuremdnidR Spectrum 100 Perkin Elmer, Upwith a range
of 500-4000 cm! was used for characterizing GO, PS and PS/GO nanocomposites.
Accumulations was 16 scans. The used source attached to the machine was M3R 8000
cmt and the detector was MIR TGS 156800 cm. The scan speed was 0.2.sat! and the

resolution was 4 crh

3. Thermal and thermomechanical properties

a- Thermal Gravimetric Analysis (TGA)
TGA Pyris 1, Perkin Elmer, USA was used to measure thermal degradation temperature. The
atmosphere of the test was &hd the heating rate was 10. mint. The range ofemperature
that used with GOPSand PS/GO nammmposites was from 28 690 °C The weight of each
sample inside theeramicpan was 5mg except the weight of GO powder that was few

milligrams. Several samples were tested and only representative samgpi&shown.

b- Differential Scanning Calorimetry (DSC)
DSC 6 Perkin Elmer, USAvas used to find out the valué Bg. The weight of the samples
used in this experiment waboutl0 mg placed in a sealed pan of aluminium with an empty
sealed aluminium pamsed as a reference. Both of the sample and the reference were put inside
the machine under the influence of nitrogen gas purging at a rate of 50 talThsrange of
temperaturevas ramped from 25 °C #40 °C at a rate of 10 °C. minTy was measureffom
the 2nd run heating to remove any therarad solvenhistory. Cooling rate was 18C.min.

Severakamples were testeohd only representative samples were shown.

c- Dynamic Mechanical Analysis(DMA)
Perkin Elmer, DMA 8000, USAvas used to findthet or age modul us and f
polymer and nascomposites where strain was % 80.05 mm) the range of temperature was
307 130 °C, the heating rate was 3 °@in?. and the oscillatory frequency was 1 Hhe

deformation mode utilized in this tewas single cantilever bending and the samples had
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rectangular cross sectiddimensions for samples were $3 mm width, (410) mm length with
thickness about 1 mnBeveral samples were tested and only representative samples were

shown.

4. Extensometer
TheYoungdés modul us and Te ns iahegtensometefHoungfidld, we r e
UK). Theutilisedload cell was 1000 N and thspeed of the crosshead vtasim.mirit. The
specifications ofhedumbbellusedwas according to standafdlS ISO 37 typ 2, see appendix
3. The number othetested samples was HBigure 35 shows a couple of images represent the
dumbbell that was wutilised to take the sam
pressure using a hydraulic piston (Specac, USA) and a sample underwent a tensile strength test

with a region of fracture.

Figure35: The dumbbel |, samples taken from the nanocomposite
tested sample
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3.3 Results and discussion

3.3.1 Processing conditions
The GO material showed good dispersion in both DMF and THF. The dipole moment values

are significant for these organic solvents, but solvent polarity is not the only required factor for
obtaining a good dispersibility. Surface tension is another impddatdr to ensure a good
dispersion for graphene and all of its derivatives. It has been shown that the presence of oxygen

functional groups for graphene oxide lead to high surface energy.

The surface energyf GO was estimated to be 62 mN. Becausehe surface tension for

DMF and THF $ quite high (37.1 and 26.4) mi? respectively , they are good solvents for
obtaining a stable suspension of @®nios et al 2014) In addition,(Paredes et al. 2008)
confirmed the dispersion of long term stability of the graphene oxide in DMF and THF
compared with many other organic solvents. It has also been confirmed by these workers that
the full exfoliation of gaphite oxide to an individual and single sheet of GO can be achieved
by sonication in these two solvents. Such stable dispersions of GO in these two solvents are
comparable witlthe dispersion of GO in watdf.the PS beads are stirred for a time excegdin

about 6 h in DMF a nestable suspension is produced, and a ball of gel can be formed.

On the other hand the beads of W&e dissolved smoothly in THFithin 2 h and longtime
stirring was not changed the natwf solution as happened willMF. A longterm stability
wasfoundfor PS/GO dipersedn THF whereasorrupted samples were producedtia case

of PS/GO dispersed IDMF because aonstable suspension was formed especially when PS

beadsveredissolved inthe DMF.

Figure3.6. shows he imagedor PS and PS/GO 0.5tw films in DMF and THF respectively
and the nanocomposite samples after the solvent evaporation process nemsoutin the

fume cupboard and vacuum oven.
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Figure 36.: Preparationof the polymer film and nanocomposite material filmagolution blending technique. A. A gel ball
of PS in DMF. B&C neat PS film and PS/GO film both dissobwedl dispersedn DMF with bath sonication useds the
dispersion technique to dispere GO ranosheetén the polymer matrix. The corrugated surface for both is clear. D. PS
beads fully dissolved inHF. E&F dried PS and PS/GO 0.5.wW6 films both dissolveaind disperseéh THF. Bath sonication
and shear mixing were used thedispersion techniges for different periods of time.

The dissolving process is very slow and includes two important stages: In the first stage the
molecules of solvent are slowly diffusing into the polymer so a swollen gel can be produced,
and this process was exactly whappened when dissolving PS in DMF. In the second stage

a gradual disintegration of the gel into a true solution takes place and this stage did not appear
in the case of DMF though it was verified when using THF. The solubility of the polymer in

the solvehcan be calculated by using the solubility parameter (delta) equation as follows:

= (Edadgéééeéeeééé. . (1)

c
I

wherem E /isvihe energy of vaporization per unit volume or the cohesive energy d@haity

& Barth 1999)
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The solubility parameter for THF (19.8-F cm®?) is higher than the mean solubility parameter

for PS (18.21%°/ cm™®) which explains the reason why it was possible for THF to dissolve PS
and this makes it a good solvent for PS, though this parameter is not sufficient to make
predictions for solubility calculations, other parameters might play a key role in this process.
These include Hydrogen bonding, dielectric constant and polar force parameters that should be
taken into account. Moreover, the theta temperature (or Flory temperature which is the
temperature where no interaction occurred between the polymer and tet saivch means

that the polymer does not mix well with solvent which means that the solvent is poor) for THF
is below room temperature, which is one of the requirements for a good solvent. On the other
hand theta temperature for DMF is close to room teatpee which makes it a poor solvent to
many polymergMori & Barth, 1999) It has been shown fpawking 1976)that THF is a

good solvent for PS and DMF is a poor solvent for P§edpermeation chromatography GPC
separation with DMF showed that there is a displacement to higher values of retention volume
Vr when plotted against log hydrodynamic volume whegecen be defined mathematically

as:

VrR=Vo+KpKpVie ééeéeéeéeée. . (2)

where \4 is the total volume of the mobile phase which means the interstitial or void volume,

Vi is the total volume of solvent within the gel pores,i&the distribution coefficient for steric
exclusion and Kis the distribution coefficient for solutegel interaction. The reason behind

the good performance for THF as a good solvent for thenpaiys that the solvent tends
towards an athermal mixture which means zero heat change. Then the molecules of PS will not
display preferential affinity for the gel or the solvent so that the tendency for the solute retention
by interacting with the gel ileduced significantlyDawking 1976) Furthermore, in the case

of THF thésdomoewmtm&ri nteractions aimomomer § a

interactionsad f or DMF thmenodomem® memt er actions ar e

that lead to chain collapgBeach 2009)
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It was mentioned that the petri dishes were covered with a glass lid and the reason for this in
the case of using THF is to achieve a slower evaporation for the solvent as this factor has a
significant bearing on the physical properties of the film. Trintsiin, will ultimately affect the
mechanical properties as well. The slow evaporation allows the polymer network to set into the
preferred orientation depending upon the chemical structure of the molecule. The slow
processes such as casting evaporatiomcgss result in materials of high mechanical
performance due to probable orientation of the nanoparticles during the processing of the film

(Peponiet al. 2014)

In the case of DMF the pettishes were left open which considerably affédtee apparent
structure of the produced samples as shown in fi§uizeNevertheless, the solvent did not
evaporate quickly and poor samples were obtaifdee techniqueusedto prepare the
nanocomposite sample using DMF was bath sonication besidesré¢ie rdixing using the
magnetic stirring. On the other hand the techniques of magnetic stirring, bath sonication and

shear mixing are used to prepare the nanocomposite samples with th&Hée o

(Hasan & Lee2014)concluded that the mixing technique of bath sonication is not suitable for
dispersing the nanofillers they had used in the thermoplastic polymer matrix, as this led to

aggregation of the nanofillers in different regions of the prepared film.

It has been emphasised in many studies that the combination of dispersion techniques such as
ultrasonication and shear mixing lead to the targeted aim of the even dispersion of the

nanoparticles in the polymer mat{&handrasekaraet al 2013; Yasmiret al 2006)

Figure 37. shows he results of AFM images for the hotessed nanocomposite samples
prepared by DMF and SEM images for the GO powder. The top couple of images of AFM did

not show but traces of kent and polymer agglomerates.

(Sunet al 2013)confirmed the challenges concerned with the complete removal of organic

solvents from the polymer matrix of nanocomposites, and that might affected the thermal,
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mechanical and eleatal properties of the nanocomposites in a negative way. Wes [mouple
of images of SEM in igure 37. for the pristine GO nanosheets surface show that the surface
is clean and it has a wrinkled morpholadyye to deformation upon exfoliation and rekiag
processegFu et al. 2013) The wrinkled nature of graphene sheet confirmedBhyKhodary

et al 2014)

Figure 38. shows in the top couple of images obtaibgdhe OM the apparent homogenous
distribution for the GO nanosheets in PS fifiedent periods of mixing timeNo aggregatios

of GO can be seen at a specific region of the samfM#mnget al 2017)used OM to
investigate the dispersion state of rGO nanosheets in the PS rf@udarzi & Sharif 2011)
employed the transmission optical microscopy TOM to show the stable dispersion of GO in
PMMA matrix. The TEM image in the bottom of the figure shows the fine dispersion for the
flakes of GO in PS matrix. The imagasvtaken for the sample of 0.5 %6 prepared in neutral

time of mixing. No aggregations can be found for the flakes in a spe@fanren the matrix.

The flakes are curvy and look like black strips and they seem as single sheets of GO finely

dispersed in the matrix that has a grey background and is easy to recognize.

Thecurvy and individual sheets GfO reflect the fact that the flakes have wrinkled morphology
and they are exfoliated and waicorporated in the PS which consequently means that they
can act as a high effective and efficient néilters for PS nanocomposite@onitaet al. 2014)
reported theiresult of TEM for PSF/GO 0.5t which is the same concentration of GO used

for the current study. The result showed the homogetlispsrsion of single sheets GO on the
PSF matrix with hardly any aggregations. This result is quite similar to what has been achieved
in the current study with regard that phase inversion method was employed for preparing the
nanocomposites of PSF/GO. $hnethod included a continuous stirring for long time {24

followed by sonication for 60 mirand the cesolvent used was DMF.
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Figure 3.7.: The top two images are AFM images for the hot pressed samples of PS and PS/GO nanocomposites prepared by
DMEF. The lower images are SEM images that show the wrinkled morphology of the GO nanosheets.
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Figure 3.8.: The top couple of images are the OM images thst show samples of PS/GO and PS/GO D nanocomposites prepared
by THF. The lower image of TEM shows the even distribution of GO in the PS for the sample prepared in nutral time of mixing
PS/GO. Red arrows refer to the GO flakes.

3.3.2.Structure of PNCsand morphology of fracture suface
3.3.21L FTIR

The IR peaks obtained from the FTIR measurements for GO are shown in Figure 3.9. , along
with the peaks of neat polymer and nanocomposites for different times of mixing. It is
worthnoting that is possibile to utilize FTIR to analyse any possible chemical interaction

between the polymer matrix and the nanofiller (Prolongo et al. 2008).
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For the GO spectra, hydroxyl, epoxide and carboxylic acid can be shown as a rich collection of
absorption bands and the O-H stretching vibration of hydroxyl groups can be seen at 3500
cm . The range for the O-H stretching vibration is 3000-3600 cm™. C=0O stretching vibrations
can be seen at 1730 cm™ from carbonyl and carboxylic acid groups as the range for this
vibrations is 1730-1706 cm™. The sharp peak of 1625 cm™ can be attributed to the unoxidized
graphitic domain. This domain can be found within the range of 1680 - 1450 cm™ which is
attributed to the remaining C=C in GO. C-H bending vibration can be seen located at 1340
cm’' with regard that this kind of vibrations has a range of 1465-1340 cm™'. The sharp peak at
1045 cm™ and the weak peak at 1238 cm™ are related to C-O stretching vibratons with regard
that the former represeted the epoxy groups. C-O stretching vibrations has a range of 1300-
1000 cm™. The hydrophilicity of GO is arisen from the abundancy of these oxygenated
functional groups (Ming et al. 2013; Yin et al. 2013). (Heo et al. 2012) reported the presence
of OH , C=0 and C-O groups in their sample of GO at quite similar wavenumbers compared
with GO in the current study. The presence of the peaks at the following wavenumbers 3025,
2923, 1492, 1452 and 698 cm ' means that the PS has been prepared successfully. The
shoulders of 2923 and 3025 cm ™! are due to the presence of C — H stretching vibration of the
aliphatic chain and aromatic ring, respectively. The peaks of 1452 and 1492 cm ! represent the

C — C stretching of benzene ring.

The peak at 1023 cm™ confirm the interaction between PS and GO. Other possible interactions
between GO and PS can be found in peaks located at 838 and 1068 cm™'. These peaks are
slightly shifted as compared with literature that referred to interaction between GO and PS at
803 and 1095 cm™. (Prolongo et al. 2008) showed that the enhancement of dispersion for the
nanofibers in the polymer matrix led to improvement in the chemical interaction of the
nanofibers functional groups with the functional groups of the polymer. However, the majority
of peaks for PS have been confirmed for the samples of nanocomposite material of different

times of mixing with no obvious peak related to GO.
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The intensity of all nanocomposites’ peaks have become sharper compared to neat PS. The
reason behind this can be ascribed for the low content of the reinforcement agent in the polymer
matrix (Yin et al. 2013; Vukoje et al. 2014). Appendix 4 shows all of the aformentioned FTIR

bands with their references.
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Figure 3.9. : IR peaks for GO, PS and PS/GO for different time of mixing. Orange dash lines refer to the peaks where
interaction between PS and GO is possible. Purble dash line is a peak where interaction between GO and PS is confirmed.
The green dash lines are the main peaks of PS.

3.3.2.2. SEM

The SEM images in Figure 3.10. show the fracture surface for neat PS and its nanocomposites
that were prepared for two different mixing times. The irregular morphology for the majority
of images can be seen apart from the smooth nature of PS. GO nanosheets embedded in the
polymer matrix might play a major role in iducing the wrinkled surface on the nanocomposites.
In addition, a smooth fracture surface for PS can be seen compared with the fracture surface

for other nanocomposite materials which is more likely to be very rough.
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The wrinkled and stretched style for the GO sheets gives an indication of the random dispersion
of the nanosheets in the polymer matrix and this lead to the conclusion that there is good
interfacial interaction between the matrix and the filler. Moreover, the images of the
nanocomposites show no aggregations are located in the dense regions and this is due to the
favourable I1-IT interaction between the nano sheets and polymer matrix (Yin ez al. 2013; Ding
et al. 2015). The images of PS/GO taken for the samples prepared in neutral time of mixing
which are in the middle row show best GO flakes dispersion compared to the images of

PS/GO D at the last row that are related to the samples prepared in longer time of mixing.

Figure 3.10. : SEM images for: PS "I vow”’, PS/GO 2" or middle row’’, and PS/GOD “’the last row"".
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3.3.2.Thermal and thermomechanical properties
3.3.2.1. TGA

Figure 3.11. shows the TGA and DTG curves for GO, PS and nanocomposites. GO curve shows
(4-5) % weigh loss at room temperature, attributable to buoyancy effects at the earliest stage of
that curve as the method includes 5 minutes 1sotherm at 25 °C for gas purge before starting to
increase the temperature. This step was important to flush the air out of the atmosphere before
heating. The curve also indicates a major weight loss starting from 206 C. The pyrolysis of
unstable oxygen functions attached to the graphene surface led to such a weight loss. Another
reason is the evaporation of water molecules (below around 100 degrees °C). Gas generation is
also associated with this drastic weight loss for GO including CO and CO: (El-Khodary et al.

2014; Tang et al. 2014). This result is in line with the result reported by (Zhang et al. 2014).

The onset decomposition for PS started at around 120 °C and significant decomposition started
at around 316 °C as observed from TGA measurements. This degradation for neat PS is due to
main chain pyrolysis. The maximum degradation temperature Tq peak of the nanocomposites

has been increased compared with neat PS.

Nanofillers can cause a restriction to the mobilization of PS macromolecules which means a
homogeneous heating rather than heat concentration. Furthermore, such range of high
degradation temperatures compared with the neat PS suggests a consistent interaction between
the matrix and the nanofillers, which means that good wetting can be confirmed. The higher
value of wetting means the better thermal properties for the nanocomposite materials (Lee et
al. 2013). Graphene based materials forming a jammed network of char layers that could
efficiently retard the transport of the decomposed material. This explains the reason behind the
enhanced thermal stability for the nanocomposites compared with the neat PS (Fan et al. 2013).
The co-work of (Lim et al. 2003) studied the dispersion quality for a clay in the polymer matrix

specifically by using an ultrasonication technique.
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The dispersion quality 1s better for the sonicated samples compared with non-sonicated
samples. This is because the thermal decomposition temperature was improved after using the
ultrasonication technique as an efficient processing factor. The layer distance in clay particles
was increased by using the ultrasonication technique which led to improvement in the thermal
stability. Table 3.2. shows the Tq peak for the GO, PS and nanocomposites prepared in different

times of mixing.

Table 3.2. : Ta peak for the GO, PS and nanocomposites prepared in different times of mixing.

Sample Tapeak/°C
GO 224
PS 347
PS/GO 360.4
PS/GO D 361.5

Figure 3.11. : TGA and DTG for the GO, PS and nanocomposites with differeiotgasf mixing time.
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