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ABSTRACT

The present work deals with the production of graphene oxide (GO) reinforced
aluminium (Al) matrix composites via liquid infiltration and powder metallurgical
routes. The experiments were carried out on the optimisation of the process
parameters of the composites and these outcomes were considered as input
parameters for the prediction of properties using finite element (FE) modelling.
The experimental design includes three wt% of GO reinforcement, three
compaction pressures and two sintering temperatures. The other parameters
investigated were selection of solvent and stirring time. The solvent and stirring
time were selected based on visual inspections. Liquid infiltrated composite
powders were vaccum filtered, dried and then cold compacted at 500MPa,
540MPa and 580MPa of compaction pressures. The GO/AlI samples were
sintered in horizontal tube furnace assisted by Ar gas atmosphere. The
metallographic study and chemical analysis were performed using a scanning
electron microscopy (SEM) integrated with energy dispersive X-ray
spectroscopy (EDXS) revealing the existence of GO particles/sheets on Al
particles. The percentage of elements at various regions of the GO/AI
composites both at powder level and after sintering were investigated. The
crystallinity and phase detection of the GO/AlI samples were conducted using
X-ray diffraction (XRD) system with Cu-K. radiation and 1.54A wavelength.
The presence of GO and number of layers of GO residing on the Al particles
were analysed using micro Raman spectroscopy, this also revealed that there
was no existence of aluminium carbide (AlsCs) phase as the carbide formation
will deteriorate the properties of the end composites. The hardness properties
of the as received Al and produced GO/Al composites were measured by
micro-Vickers diamond indentation. The hardness of the GO/AlI composite
increases by 36% compared to pristine Al when reinforced with 0.2wt% of GO
which is better than the hardness of rGO/Al composites reported in literature.
Indentation test was used to investigate the effect of addition of GO to the Al
on strength, in which it was noted that the addition of GO led to the brittleness
in GO/AI composites. The effect of existence of GO on Al particles, variation
in volume fraction of GO and existence of GO layers on Al particles on
mechanical properties of GO/Al composites were predicted using FE
modelling. The findings from the simulation were compared with analytical
modelling and experimental results obtained from the current research work.
A good agreement between results of FE model, analytical model and
experimental investigations were noted.
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CHAPTER 1

INTRODUCTION
1.1 Background

Metal matrix composites (MMCs) are the range of advanced materials with the
combination of a metallic matrix and a non-metallic reinforcement such as
ceramic or organic compounds. MMCs demonstrate better mechanical
properties and moduli when compared to monolithic metals or alloys [1,2]. The
EHQHILWYV RIIHUHG E\ 00&V LQFOXGH KLJK <RXQJT\
retaining at high temperatures, improved wear and fatigue, better impact
properties and improved electrical, thermal conductivities. MMCs stand as the
ideal materials for engine blocks, pistons, cylinder liners, frames etc., for use
in automotive industries and mid-fuselage structures, antenna wave guides
etc., in aerospace industries [3,4].

The challenging tasks for composites production includes finding a compatible
reinforcement for the available matrices and attaining the uniform distribution
of reinforcement. Out of the available metallic matrices aluminium (Al) has
been chosen as matrix material for current study as it is inexpensive in
comparison to widely used low density metals such as Ti and Mg [3,4]. High
corrosion resistance and better formability makes Al a material of choice for
automobile applications over other alternatives, including ferrous metals. The
general types of reinforcement materials used for Al matrix include silicon
carbide (SiC), aluminium oxide (Al203) and graphite. Carbonous nano
reinforcements such as CNTs and graphene have been used for aluminium
PDWUL[ FRPSRVLWHYV $0&V DQG DWWUDFWHG PDQ\ U
exceptional mechanical, thermal, electrical and tribological properties and
additional advantage of being nano i.e., availability of maximum area for
chemical reactions. Out of derivatives of graphene, graphene oxide (GO) has
been chosen as reinforcement material for Al matrix in the present study due
to its hydrophilic nature and better dispersion in aqueous solutions. The nano
particle reinforcement benefits the metallic matrices in improving the tensile
strength and elongation. However, the uniform distribution and agglomeration

reduces the chances of attaining superior ductility [5,6]. The distribution of
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nano particles along the matrix material shows the significant effect on the end
properties of composite [7 49], which contributes to the agglomeration of the
nano particles around the grain boundaries rather than mixing with grains and
will promote crack growth. To address this, many manufacturing techniques
such as powder metallurgy [10,11], stir casting [12,13], semi-solid casting
[14,15] and semi-solid processing [16,17] are used for the production of AMCs.
These techniques have shown to achieve some extent of uniform distribution,
but the complete homogeneity is not achieved. This lack in homogeneity has
led to the reduction in mechanical properties of the composites. This implies
to the necessity of in-depth analysis on material processing stages i.e., mixing
parameters of matrix and reinforcement, thermo-physical properties,
compatibility of reinforcement with matrix and wettability of particles to improve
properties of the end composites.

This study therefore combines the use of novel liquid infiltration synthesis and
conventional fabrication routes to obtain composites with better mechanical
properties. Powder processing parameters such as solvent selection, wt% of
GO reinforcement and stirring time were investigated to understand the
interaction of GO reinforcement with the Al matrix. The microscopic and
quantitative analysis will be used to investigate and analyse the effect of
graphene oxide (GO) addition on microstructural manipulation of base
material, aluminium (Al). Although, there are some studies reported on using
graphene nanosheets (GNS) [18 £21] graphene nano platelets (GNP) [22 £26]
and reduced graphene oxide (rGO) [18,27 £9] as reinforcement materials, the
complete potential of graphene addition on Al matrix has not been achieved
due to one of the following reasons: inefficient reduction of GO to rGO without
effecting the graphene structure, non-homogeneous dispersion of
reinforcement on to the matrix and bonding between graphene and Al
particles. Some researchers even reported the formation of carbides and
contamination of composites as the reasons behind the degradation of
properties of end composite. To address this, the present study aims at
exploring the potential of GO on manipulating microstructure of Al particles to
improve properties of end composite. To avoid the contamination of the
produced composites the use of additives or surfactants was avoided during

powder preparation for the fabrication of composites. The current study has
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made use of wet mixing/liquid infiltration techniques to avoid damage to the

graphene structure which is ineviTable with mechanical milling processes.

1.2 Motivation Aim and objectives of the study

The excellent properties of graphene caught attention of many researchers
globally, using the full benefit of graphene and its derivatives is a matter of
concern, especially in composites. There are many challenges in exploring the
potential of graphene as a reinforcement for AMCs and their applicability in
practical applications. One of the key issues regarding the use of graphene
lies in its production on bulk scale as it is very expensive and involves
sophisticated characterisations. The use of mechanical milling i.e., ball milling
to produce graphene reinforced Al matrix is investigated by many researchers
but the increase in properties were not promising as the high energies and
long-milling times damages the graphene structure. The damage to the
graphene structure will lead to the disorderness and reduction of properties.
Moving to the wet mixing techniques from ball milling will enable to achieve
better dispersion and hence better properties. The use of liquid exfoliation
techniques of graphite in compatible solvent media is a relatively new
technique at the commencement of present work but now is becoming a

popular technique for graphene production.

Many studies have demonstrated the use of rGO that is obtained by removing
the oxide functionalities. This can be achieved either by thermally heating to
certain temperatures or by adding appropriate chemicals. The reduction
process will disrupt the band structures and will highly effect its properties, for
instance, rGO is not as electrically conductive as pure graphene and rGO is
more hydrophobic. The thermal reduction of GO reinforced Al powder will lead
to the formation of carbides which deteriorates the properties of overall
composite. Hence, there is a lack of quick and straightforward techniques to
reduce GO and restore properties. None of the studies at the time of writing
this thesis have reported the use of GO without reducing it. Regarding the
application of graphene, one application of interest is using composites made
from GO and Al matrix to be used as pistons, connecting rods and shafts in
automobile industries. Most studies carried out used either SiC or Al203 as

reinforcement on Al matrix. On the other hand, the residual stresses and strain
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induced during fabrication must be avoided to make better use of the full
potential of reinforcement addition. Hence X-ray diffraction (XRD) and Raman
spectroscopy are used to investigate the effect of parameters used in
fabrication techniques on the end composites.

After recognizing the potential of graphene oxide itself compared to reduced
graphene oxide which was extensively used by researchers, | have made an
attempt to use graphene oxide on its own without any reduction steps which
was not been explored before. Thus the aim of my research work is to produce
graphene oxide reinforced aluminium matrix composites at optimized process

parameters.
Objectives:

1. Production of GO/Al powders using liquid infiltration technique in

different solvents at different stirring times.

2. Investigation of the effect of powder metallurgical parameters such as
compaction pressure, sintering temperature on properties of GO/AI

composites.

3. Characterisation of GO/Al powders and GOJ/Al composites for
microstructural, mechanical analysis and comparison with monolithic Al

samples.

4. Finite element (FE) modelling and simulation of GO/Al composites to
predict the effect of existence of number of layers and volume fraction

of GO on Al particles on the stress distribution of the composites.

1.2.1 Research questions

Graphene oxide is one of the economical alternate derivatives of graphene
which consists of hydroxyl and carboxylic groups that provides better
dispersion in aqueous solutions and many other solvents. The use of GO
without any reduction steps as reinforcement for AMCs has not been explored
till to date which is one of the major contributions of present research work.
Figure 1.1 shows the research questions and strategies developed/adopted in

current research work.
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Figure 1.1: Research questions with the strategies developed in present work.

1.3 Thesis outline

Chapter 1 Introduction

In this chapter a brief overview of MMCs as well as the motivation to pursue
research in current area and the objectives of current research work are

presented.

Chapter 2 Literature review

This chapter reviews the literature concerning MMCs, graphene in general and
graphene reinforced Al matrix composites in particular. A brief introduction to
MMC, production techniques of MMCs and a brief introduction of graphene
and its derivatives, synthesis techniques, properties are presented targeting
mainly the processing techniques related to the production of nano reinforced
AMCs.

Chapter 3 Critical summary of literature review
The summary of AMCs reinforced with various derivatives of graphene
together with the processing conditions used and the properties investigated

were given in this chapter.



Chapter 4 Materials and methods

The materials and characterisation methods used in present research work are
presented in this chapter. It comprises of powder preparation, composite
fabrication followed by the characterisation of powders and samples. The finite
element modelling of composite with parameters used in model setup and
boundary conditions are also given in this chapter.

Chapter 5 Results and discussion

The Characterisation results of as received Al samples, GO/Al powders, GO/AI
composite samples are presented in this chapter. A summary on scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDXS)
analysis, X-ray diffraction (XRD), micro Raman spectroscopy, micro Vickers
hardness and indentation experimental results and results obtained from
composite structural modelling conclude this chapter. The results obtained
were discussed with theoretical and literature backup and compared with as
received Al samples. The discussion on results obtained from the simulation

of composite model are also included in this chapter.

Chapter 6 Conclusion and future recommendations

This chapter summarises the results obtained from the current work,
concludes thesis with highlights on major findings from this work. Additionally,
suggestions for the future work to expand the investigation in critical issues in
fabrication of nano reinforced metal matrix composites are mentioned in this

chapter.



CHAPTER 2

LITERATURE REVIEW

2.1 Metal matrix composites (MMCSs)

MMCs combination tailor the best properties out of their constituents such as
improved ductility, toughness, strength. MMCs reinforced with ceramic fibers
exhibit increase in strength and stiffness compared to the monolithic alloys
[30 £32]. The matrix material usually transfers and distributes load to
reinforcements depending on the bonding interface between matrix and
reinforcement [33]. There are several factors that should be considered while
selecting the matrix and reinforcement materials for composite systems. These
factors include compatibility between matrix and reinforcement, ease of
fabrication methods, applicability of the end composite [34]. The selection of
matrix material usually depends on ease of manufacturing of the end product
with selected fabrication method and most of the matrices are metals and
alloys [35]. For an instance, powder is used as matrix material in powder
metallurgy [36] and liquid matrix material is used for liquid metal infiltration [37].
Appropriate care should be taken while considering the chemical compatibility
and wettability of reinforcement in matrix material while working with liquid
infiltration methods. In general, metals such as Al, Ti, Mg, Ni, Cu, Fe and Sn
are used as matrix materials out of which light metals such as Al, Mg and Ti
has attracted attention recently due to the combination of light weight and high
specific strength which makes them promising materials in aeronautical and
automobile applications [38]. Out of these light metals, Al is the material of
interest to many researchers globally due to its unique combination of high
strength, good corrosion resistance and noTable electrical conductivity [39].
The factors that should be considered while selecting the reinforcement are
reinforcement type, shape, geometry and chemical compatibility with matrix

materials [40].

Nanoparticle reinforcement have proven to be better than the micro sized
reinforcements on MMCs even though attaining uniform distribution is a
challenging task [41]. The non-homogeneous distribution is due to high
chances of agglomeration of nanoparticles and electro-repulsion at high
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volume percentages [42,43], which in turn will reduce the mechanical
properties. However, the nano reinforcement use will benefit the changes in
fracture mode from inter-granular to trans-granular mode. The change in
fracture mode leads to increase in tensile properties, enhanced fracture
toughness, increased stability at high temperatures and better creep and wear
resistance. The most commonly used nanopatrticle reinforcements for MMCs
are SiC, TiC, Al20s, AIN, TiB2 and WC [44]. Miracle et al. [45] have reported
the effect of addition of nano and micro sized SiC reinforcements on Al matrix.
It can be noted that the addition of nano reinforcement resulted in enhanced
dimensional stability and reduced temperature sensitivity over monolithic Al
samples. It was reported that the nano sized reinforcement incorporation in
metallic matrices can improve mechanical properties significantly [42,46]. For
instance, nano reinforcement improved elastic modulus and yield strength
compared to micro reinforcement for the AMCs [47]. This is possible due to
increase in barriers to restrict the dislocations but will eventually lead to the
reduction in ductility, creep resistance and nano reinforcement will also
promote the formation of micro voids [48,49]. The increase in demand for high
strength and low weight materials with better electrical and thermal properties
have inspired researchers to work with AMCs. Particulate reinforced AMCs are
more popular in automotive industries due to their capability to work under high
temperatures and pressures [50]. The nano particle reinforcements of SiC and
Al203 were used with AMCs to improve mechanical properties of base metal
[51,52]. Various manufacturing techniques such as stir mixing [53], ball milling
[15,54], stir casting and compocasting [55] were used to produce Al2O3 particle
reinforced AMCs. It can be noted from reported results in literature that the
usage of stir casting methods resulted in severe agglomeration of Al203
nanoparticles with contact angles of nearly 100° between Al and Al20s
particles, whereas poor wetting between Al and nano reinforcement was noted
which led to floating of particles on liquid metal surfaces [56]. The ball milling
techniques used for fabrication of AMCs reinforced with Al2Os particles
resulted in better dispersion and reduced agglomeration, but the high energies
used in ball milling resulted in structural damage of nano reinforcement and
induced defects [54]. Even though compocasting methods provided better

distribution of reinforcement into the matrix, controlling process parameters

8



and chemical reactions between matrix and reinforcement proved to be difficult
[55]. Hence, there is a need to develop a fabrication technique that provide
both homogenous distribution of reinforcement into the matrix and enhance

the bonding between reinforcement and matrix.

2.2 Manufacturing techniques of aluminium matrix composites
(AMCs)

MMCs can be fabricated through different fabrication routes i.e., solid state
processing, liquid state processing and semi-solid processing and the
classification is shown in Figure 2.1. The selection of fabrication techniques
depends on the phase of matrix and reinforcement materials and applicability
of the end composite. For instance, solid-phase processes are used to
improve mechanical properties and to reduce the segregation effects. Liquid-
phase processes are used to produce parts with difficult shapes with low
manufacturing costs, however this process suffers with lack of control on
process parameters and chemical reactions between matrix and
reinforcement. The semi-solid process offers the advantage of reduced
segregation but includes high processing costs of end products. There are
different processing techniques reported in literature to produce AMCs that
includes powder metallurgy, high energy ball milling, friction stir processing
and ultrasonic casting. These processes used to produce AMCs can effect the
microstructure of composite, grain growth and porosity levels and hence
variation in properties of end product can be observed. This establishes the

necessity to control microstructure under various processing conditions.

Powder metallurgical techniques offer control over the homogeneity of
mixtures and will aid to produce near net shapes and can avoid segregation
and agglomeration of the nano reinforcement particles to the maximum extent
if provided with better mixing parameters. Tang et al. [57] have demonstrated
the use of ball milling to mix Al matrix and silicon carbide particle (SiCp)
reinforcement and it can be noted that the tensile strength of SiCp/Al material
improved than the monolithic Al samples and better dispersion of SiCp
reinforcement in Al matrix was noted. Kang et al. [58] have used mechanical
alloying process to produce SiCp reinforced Al composites using different

volume percentage of SiCp. It was observed that the tensile yield strength of
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composite was increased until the application of critical load and then

decreased, which was due to the agglomeration of SiCp at grain boundaries.

Fabrication techniques of MMC

Solid phase Liquid phase Semi solid phase
processing processing processing
Stir casting
Diffusion
bondin
g Vortex
bonding
Powder
metallurgy Liquid metal
infiltration
Spray

decomposition

Figure 2.1: Classification of production techniques of metal matrix
composites (MMCs).

Liquid-phase fabrication techniques involve stirring of particles into melts,
which provides perfect bonding between the matrix and reinforcement.
However, the liquid-based processing of SiCp/Al composites study conducted
by researchers have reported that high percentage of brittleness in composites
due to difference in thermal expansion coefficients between SiCp and Al and
poor wettability [59]. Mandal et al. [60] have reported the formation of
undesired reactions between the SiCp and Al in SiCp/Al composites and heat
treatment process resulted in formation of aluminium carbide (AlsC3). The
production of SiCp reinforced A356 Al alloy using ultrasonication assisted
casting process was reported by Yang et al. [61], noted an effective distribution

of SiCp into the matrix through cavitation in the liquid metals and hence

10



improving yield strength by 50%. However, this process is not suiTable for
nanoparticle reinforcements due to high chances of clustering of particles at

high volume percentage of nano reinforcement.

Semi-solid processing techniques have caught the attention of many
researchers as it provides better dispersions for nano reinforcements in
MMCs, especially in AMCs [62]. Curle et al. [63] have reported the production
of SiCp micro sized reinforced Al composites through semi-solid processing, it
was reported that the wear resistance of composite was increased by the order
of 72%. Jiang et al. [64] have reported the effect of nano sized SiCp
reinforcement on Al matrix in SiCp/Al composites produced by using
rheocasting process. The tensile properties of the produced composites were
enhanced with increase in stirring times. However, the tensile properties
started diminishing above 1vol% of SiCp reinforcement, this was attributed to

the agglomeration.

The manufacturing of MMCs especially AMCs face critical challenges of
achieving uniform distribution of nanoparticles into the matrix and
agglomeration of nanoparticles which is attributed to high surface to volume
ratios. These two hurdles deteriorate mechanical properties especially ductility
and fracture toughness of end composite. The main parameters that effects
the agglomeration are: stirring time, temperature of stirring, type of
reinforcement and amount of reinforcement. Liquid phase fabrication offers
advantage of better matrix and reinforcement bonding in comparison to
powder metallurgy. However, this process suffers from lack of wettability and
uniform distribution unlike powder metallurgy. It is therefore essential to obtain
more insight on microstructural changes due to nano reinforcement addition to
produce high performance AMCs for different applications. Hence, the interest
of current research is to combine liquid-based powder preparation and powder

metallurgical fabrication of composites.

2.3 Graphene

Professor Andre Giem and Professor Kostya Novoselov at the University of
Manchester successfully isolated the 2D graphene sheets [65], which
GLVDSSURYHG WKH DVVXPSWLRQV WKDW ' PDWHULDC
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which is an integral part of large 3D structures. It can also be noted that the
invented 2D materials did not violate the Peierls rule [66], which states that the
thermal fluctuations in 2D crystals would destroy the crystalline order in a long
range [67].

2.3.1 Morphology of graphene

Graphene is a monolayer of carbon atoms arranged in 2D honey comb
structure [68]. It can be considered as a basic allotrope of carbon to
extract/form other allotropes, shown in Figure 2.2 [65]. For instance, graphene
VKHHW FDQ EH ZUDSSHG DURXQG WR IRUP
particular dimensions in which it displays translational symmetry unlike a sheet
or tube) or rolled to form 1D carbon nanotubes (CNTS) or can be stacked with
number of layers to form 3D graphite. The SP? hybridised C-C bond length of
graphene is in the order of 0.412nm, when the graphene layers are stalked
together, the interplanar spacing will be 0.335nm [68]. The unit cell of single

layer graphene sheets (SLGs) consists of two atoms in it and consequently

WKHUH ZLOO EH IRXU DWRPV LQ ELOD\HU FHOO

IXOOF

,Q J

ERQGY DQG & EBQOQWHKHER@GY DUH H[WUHPHO\ VW
filed P RUELWDO & ERQG DUH UHVSRQVLEOH IRU HO
graphene layers LQWHUDFWLRQV 7KH VFKHPDWLF UHSUHYV

bonds in graphene is shown in Figure 2.3 [69]. However, the transmission
electron microscopy (TEM) analysis of SLG suspensions done by Meyer et al.
[68] have revealed that the SLG sheets are not completely flat and exhibit
intrinsic static microscopic roughening which is called ripple. The ripples on
suspended SLGs significantly effect electrical properties [70], it can be noted
that the larger the ripples (73nm) are, the lower electrical conductivity will be
[71]. Apart from these ripples, graphene can have defects like vacancies,
adsorbed impurities, cracks, adatoms (atoms lying on the crystal surface) etc
[72].
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Figure 2.2: Graphene wrapped into fullerenes, nano tubes and graphite [65].
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2.3.2 Properties of graphene

Mechanical properties

In any practical applications, an external application of stress and unwanted
strain will effect the performance and durability of the product. It was
anticipated that the graphene can outperform the CNTs with high strength and

13



stiffness. Lee et al. [73] have used atomic force microscopy (AFM) to measure

HODVWLF SURSHUWLHYV RI PRQROD\HU JUDSKHQH DQ
1+0.1TPa and intrinsic strength of 130£10GPa. Tsoukleri et al. [74] have used
Raman spectroscopy to measure the strain by applying compression and
tension loads on SLG and reported a strain of 1.3% and 0.7% in tension and
compression respectively. Lee et al. [75] have reported the use of AFM to
PHDVXUH <RXQJYfV PRGXOXV DQG VWUHQJWK
modulus of 1.02TPa,1.04TPa and 0.98TPa and fracture strength of 130GPa,

R

126GPa and 101GPa respectively for mono layer, bi-layer and tri-layer
graphene respectively. Raman spectroscopy can be used to measure the
compressive and tensile strains in graphene sheets by measuring the change
in G and 2D peaks with applied stress. Ni et al. [76] have mentioned that it is
possible to tune the band gap by introducing a controlled strain, as the strain
may change electric band structure. Cristina et al. [77] have reported that the
successful production of chemically modified graphene by reducing graphene
oxide with hydrogen plasma, Young's modulus of 0.25TPa was noted from the
results. Table 2.1 gives the overview of mechanical properties of graphene and
its derivatives, it can be noted from the Table that increase in number of
graphene nano sheet layers leads to the reduction in properties.
Table 2.1: Mechanical properties of graphene and its derivatives in

comparison with conventional metals.

<RXQJ Tensile Fracture
Material modulus | strength | toughness | Reference
(MPa) (MPa) (MPa %)
Graphene (mono layer) 106 1.3x10° 4-5 [75,78]
Reduced graphene 5 3 i [77]
oxide (rGO) 2.5x10 0.9x10 2.8-3
Graphene nano sheets
: . 0.98x106-| 1.26x10°- [75]
(GNS-bl-Igyer/trl- 0.76x10° 1.01x105 3.8-3.2
layer/multi layers)
. 6.83x10% 79
Aluminum S oxiof | 130-195 27.5-30 [79]
Stainless steel (Grade | 19x104- [80]
304) 20.3x104 | 510-620 119-228
4
Copper 1112%’;11%4 210-390 | 40-100 [81]
Titanium 116x10* 220 84-107 [82]
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Electrical properties

Pristine graphene or monolayer graphene is an efficient zero-gap
semiconductor known to mankind. The charge carriers in graphene behave as
Dirac fermions (massless relativistic particles) and these behave abnormally
compared to electrons when subjected to magnetic field [83], this was even
REVHUYHG DW URRP WHPSHUDWXUHYVY 7KH ORZ
lattice leads to high quality of single layer graphene sheets which is the main
reason behind the high electrical conductivity of monolayer graphene sheets.
The electrons in graphene behave as particles of light that do not scatter, which
makes graphene a good conductor of electricity. Interfacial phonons [84],
substrate ripples [68] and surface charge traps [85] are the factors that affect
the conductivity of graphene sheets. Bolotin et al. [86] have demonstrated the
minimum scattering using monolayer graphene layer in a suspended condition
and demonstrated the effect of impurities on the surface of graphene sheets. A
bipolar electrical field effect is another important characteristic of monolayer
graphene sheets, this means by applying a gate voltage the charge carriers
can be tuned between electrons and holes [65]. The major hurdle for graphene
in practical applications is its zero-energy gap, for eg: field effect transistor,
which needs on/off switch. Recent research in graphene have reported the
modification of graphene band structure by constraining graphene in
nanoribbons [87 #89] and graphene in quantum dots [90] and by biasing bi-layer
graphene [91,92]. Evaldsson et al. [93] have reported the variation of the width
of ribbons and disorders in the edges of both zigzag and armchair nanoribbons,
this observation was supported by both experimental results and theoretical
explanations.

Due to the advantage of scalability to electronics, epitaxial graphene has
gained a lot of interest in recent years. There was a mixed opinion among
researchers about the bandgap opening in epitaxial graphene, zero band gap
on graphene layers was reported by Pen et al. [94] whereas 0.26eV was
reported by Kim et al. [89]. An innovative method of growing epitaxial graphene
on SiC substrate was developed by Deheer et al. [95]. It was reported that the
mobility of graphene grown on Si-terminated face is less than that of the
graphene grown on carbon-terminated face. This is due to the difference in

structures and this can also be gated. They have also reported the reduction in
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energy gap with an increase in thickness and it can be zero if the number of
layers exceeds 4-5. This matches well with observations reported by Peng et
al. [78], in which energy gap was 0.26eV for mono layer graphene 0.14eV for
the triple layer.

Reina et al. [91] have used CVD to synthesise graphene layers on Ni substrate
and reported a huge variation in filed effect mobility of 100-2000cm?/Vs due to
ineffective modulated resulted from the non-homogenous thickness of
graphene films. Kim et al. [96] have synthesised graphene layers through CVD
technique on Ni and transferred it to SiO2 substrate and the charge mobility
was measured as 3700cm?/Vs which confirm the existence of mono layer
graphene. Even though Ni is the most used metallic substrate to grow graphene
[74,92,97,98] of high quality, this suffers a drawback of solubility of carbon-
nickel and deposition of multi layers at grain boundaries. Copper was used as
an alternative to Ni to overcome the difficulty of high solubility. It was reported
that the graphene layer is grown on copper foil through CVD shown a mobility
of 4050cm?/Vs [92] and a mobility of ~3000cm?/Vs [97] by depositing graphene
film on a large wafer of the copper substrate. The existence of difficulties in the
synthesis of mono layer graphene sheets leads to the research related to the
production of bi-layer and FLG. Novoselov et al. [99] reported that bi-layer
graphene is almost gapless and remains metallic at neutrality points and charge
particles are similar to that of the massless Dirac fermions but possess a finite
mass and are called as massive Dirac fermions. Castro et al. [100] have
reported a possibility of using bi-layer graphene as a tunable energy band gap
semiconductor for energy applications through tuning the band gap by applying
a magnetic field and it can be tuned up to 0.2eV.

Numerous efforts have been made so far to reduce GO effectively in order
remove oxygenated functional groups which incorporate the high electrical
UHVLVWDQFH O VTXDUH W FDQ DOVR EH QRWHG W
reduction can partially restore the electrical conductivity but introduces the
structural defects that degrade the electrical properties when compared to
pristine graphene. Gomez et al. [101] have measured the mobility and
conductivity of rGO as 2-200cm?/Vs and 0.05-2S/cm respectively. Li et al. [102]
have reported the production of GNS and 72S/m of electrical conductivity at

room temperature was noted from the observations, however the conductivity
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of the GNS obtained was not promising compared to monolayer graphene. The
recent results published by researchers from Graphenea Spain, have reported
that the electrical conductivity of rGO reached to a value of 666.7S/m for a film
of 20nm thickness [98]. Table 2.2 gives the overview of electrical properties of
graphene and its derivatives from the most recent studies. It can be noted from
the Table that the electrical conductivity of the rGO can be partially restored
after the reduction process, which is only to 1% of the conductivity of pristine

graphene, this was due to the disruption to the band structure of graphene.

Table 2.2: Electrical properties of graphene and its derivatives in comparison

with conventional metals.

. Electron
Electrical charge Ener a
Material conductivity b'? 9\3; 9ap | Reference
(S/m) mobility (eV)
(cm?/Vs)
Graphene (mono 8 15,000- [100]
layer) 10 200,000 0.26
Reduced graphene i Tunable gap [98,101]
oxide (rGO) 666.7 17-2000 1+ 35.0.78
Graphene nano
sheets (GNS-bi- 72 5-200 0.42 [102,103]
layer/tri-layer/multi
layers)
Aluminum 3.74x107 | 5600-7000 | 0.31-0.32 [79]
Stainless steel 1.30x1068- [80]
(Grade 304) 1.52x100 | 2000-6000 032
Copper 6.0x107 | 5900-7400 0.30 [81]
Titanium 6.2-6.8x105| 2000-2700 | 0.33-0.35 [82]

Thermal properties

Graphene finds most of its applications in the field of electronics as it is the best
conductor of electricity known so far, thermal management is one of the major
issues that needs to be addressed while working with the electrical devices.
During the operation of the electronic devices considerable amount of heat can
be generated and dissipated. It is well known that the allotropes of carbon, i.e.
graphite, diamond and CNTs possess high thermal conductivity due to the
strong C-C covalent bonding. Until the arrival of graphene, single walled CNTs
(SWCNT) and multi-walled CNTs (MWCNT) were well known for having the
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highest conductivities of 3500W/mK and 3000W/mK respectively [104 £07].
Blandin et al. [108] have reported that the thermal conductivity of monolayer
graphene sheet as 5000W/mK using confocal micro-Raman spectroscopy.
Ghosh et al. [109] have reported the use of confocal Raman spectroscopy to
measure the conductivity of suspended graphene flakes for thermal
management applications and thermal conductivity of 4100-4800W/mK at room
temperature was noted. Seol et al. [110] have measured the thermal
conductivity of single layer graphene sheet grown on SiO2 support and reported
conductivity of 600W/mK. There was a speculation among the researchers that
the thermal conductivity of graphene was over estimated and lee et al. [111]
have reported the conductivity as 1200-2700W/mK and bi layer graphene as
600-500W/mK [112]. It can be noted that the electrical conductivity of graphene
is affected by defect edge scattering and isotropic doping. The thermal
properties of graphene and its derivatives are summarised in Table 2.3. It can
be noted from the Table that the thermal properties of the graphene decreases
with increase in graphene layers and thermal conductivity of the rGO is less

than the multilayer graphene.

Table 2.3: Thermal properties of graphene and its derivatives in comparison

with conventional metals.

Material Therm?\}v c;%nlg)uctivity References
Graphene 1200-2700 [111]
Reduced graphene oxide (rGO) 30-250 [111]
(f)(?phene_flano shee?s (GNS- 600-500 [112]

i-layer/tri-layer/multi layers)

Aluminium 237 [79]
Stainless steel (Grade 304) 14-17 [80]
Copper 147-370 [81]
Titanium 17-21.9 [82]

Other properties
Nair et al. [113] have reported that the SLG sheets absorbs nearly 2.3% of the
incident light with <0.1% of reflectance. The combination of optical, mechanical

18



and electrical properties makes graphene ideal material for flexible electronics
[114]. Graphene also possess theoretical surface area of 2600m?/g and
experimentally measured surface area of 270-1550m?/g [115], which benefits
in improving matrix-graphene interactions in graphene based composites

production.

2.3.3 Synthesis of graphene

There are two different approaches to produce graphene. One approach is
top-down in which graphite will break down to graphene with application of
external forces and another approach is bottom-up which includes building

graphene from molecular level.

Mechanical e xfoliation (ME) of graphene

Mechanical exfoliation was the initial technique used to synthesise graphene,
this method was first developed in lab by Professor Giem and Professor
Novoselov [116]. The piece of bulk graphite is repeatedly peeled using
scotch™tape by overcoming the vanderwalls forces between the layers and
hence reduction of thickness of graphene layers, schematic is shown in Figure
2.4. Even though this process facilitates the production of bulk amount of GO
monolayer, Raman spectroscopy have shown that the existence of structural
defects [117]. These effects can negatively affect the electrical conductivity
due to the disruption of electronic structure. Jayasena et al. [118] have
reported cleaving of graphite using oscillator-aided ultra-sharp single crystal
edge to produce FLG, and the flakes obtained are of >100 Fn lateral dimension
and few tens of nm thickness. Chen et al. [119] have reported the use of three
roll mills to produce SLG and FLG by exfoliating graphene using poly vinyl
chloride (PVC), in which PVC acted as an adhesive during the peeling process.
However, the temperatures upto 500°C were required to remove the residual
PVC and dioctyl phthalate that were used during the synthesis, this

complicates the whole process.
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Figure 2.4: Schematic representation of sequential steps followed to exfoliate

graphene layers using the scotch tape method.

Liquid phase exfoliation (LPE) graphene

The exfoliation process in LPE technique can be done either by using solvents
or surfactant/stabilizer in agueous media. The process involves following
steps, dispersion, exfoliation and purification. The efficiency of degree of
exfoliation can be estimated by analysing the number of graphene flake, i.e.,
analysing the results from FTIR, Raman spectroscopy and AFM, out of them
Raman spectroscopy is the most commonly used technique. LPE methods are
performed at room temperatures and does not involve any strong oxidants;

pristine graphene with edge defects can be obtained [120 #122].

Liquid immersion will result in successful exfoliation, as this will aid to
overcome the Van der waal attraction by reducing interfacial tension between
JUDSKHQH DQG VROYHQW KHQFH EHW®3#134].JUDSK
Generally used solvents for graphene are 1-methyl 2-pyrrolidinome (NMP),
ortho-dicholoro benzene and N-dimethyllformamide (DMF) [125], the selection
is done mainly based on surface tensions and contact angle measurements.
Blake et al. [126] have reported the production of SLG and FLG in DMF at
around 3hrs of sonication followed by centrifugation at around 1300rpm to
obtain sTable dispersions. The sonication time highly effects the dispersion
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and quantity of graphene, for instance 0.01mg/ml of graphene was obtained at
around 30mins sonication followed by centrifugation at 500rpm for 90mins
[127], whereas 1.2mg/ml of graphene was obtained at 460hrs of sonication
[128] in NMP. Khan et al. [129] have used the vacuum filtered graphene films
and dispersed them in fresh NMP and sonicated for 460hrs, obtained
graphene concentrations of ~63mg/ml with average flake length of 1um and
are of 3-4layers thick. It can also be noted from this research work that the
decrease in centrifugation speed will result in increase in thickness [130]. It
FDQ DOVR EH QRWHG IURP .KDQYfV JURXSa ddRUN WK
GHVWUXFWLYH SURFHVVY DQG GRHVQIYW LQWURGXFH
[128 £130]. However, Skaltsas et al. [131] and Bracamonte et al. [132] have
reported the existence of basal plane (surface) defects as a result of sonication
WKDW ZLOO HIIHFW WKH JUDSKHQHYV DSSOLFDELOL'
investigating induced defects in graphene and graphene-based composites
during sonication. Bourlinos et al. [133] reported the use of per fluorinated
aromatic solvents like penrafluorobenzonitrile, pentaflouropyridine and
hexaflurobenzene to LPE graphene from graphite, out of which
pentaflurobenzonitrile proved to be effective, i.e. producing graphene of

0.1mg/ml at sonication time of 1hr.

Use of surfactants like polymers can be effective in exfoliating graphite in
agueous solvents. The use of surfactant will minimise the aggregation of
graphene sheets through electrostatic repulsion. Lotya et al. [134] reported the
exfoliation of graphite in sodium decyl benzenesulfonate (SDBS), ~0.05mg/ml
of dispersion was obtained at sonication time of 30mins and centrifugation at
500rpm for 90mins. The use of sodium collate surfactant in aqueous media for
graphite exfoliation was demonstrated by Hersam et al. [135], graphene
concentrations of nearly 0.09mg/ml were obtained and the obtained
suspensions have thickness of <5 layers. The polymer surfactants like IGEPAL
C0-890, Tween 20, Tween 80 and Brij 700 etc., are also used for exfoliation
[136]. The use of polyvinylpyrrolidone (PVP) as surfactant to exfoliate graphite
into graphene in organic solvents such as NMP have yielded graphene
concentrations of 0.4-0.74mg/ml at sonication time of 1hr followed by

centrifugation at 5000rpm for 4hrs [137]. Adamson et al. [138] have reported
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the production of high graphene concentrations of 50mg/ml using co-solvent
system of 1:1 mixture of hexafluoro benzene and benzene. The graphene
obtained from these methods can be easily transformed into powders by using

cooling by evaporation.

Electro chemical exfoliation

The electrochemical methods include utilizing electric current to facilitate the
structural expansion of graphite in liquid electrolytes [139]. This method
involves production of graphite intercalation compounds (GIC) through
intercalation of anion or cations from electrolyte by applying potential to
HOHFWURGHY DQG WKHQ H[IROLDWLRQ Rl *, &V LQW
exfoliation through cation intercalate shows lower degree of chemical
focalisation which facilitates to preserve pristine nature of graphene [140].
Parvez et al. [141] have reported anodic exfoliation of graphite to form
graphene in organic solvents i.e., in sodium sulphate, graphene sheets of low
density (C/O of 17.2) and approximately 1-3 layers thickness were obtained.
The anodic exfoliation mostly results in partially oxidised or chemically
functionalised graphene, which is not suiTable for some practical applications.
Cooper et al. [142] have reported the cathodic exfoliation of highly oriented
pyrolytic graphite (HOPE) in tetra alkylammonium salts to form FLG of
approximately 2-5 layers, no functionalization and negligible oxide groups

were noted.

Chemical vapour deposition (CVD)

This is one of the most investigated bottom-up technique to produce SLGs and
FLGs on large scale. This method involves decomposition of carbon feed stock
by applying heat and then rearrangement of atoms to form sp? carbons, this
process will take place in presence of catalyst [143]. Chemical vapour
deposition (CVD) is one of the most promising techniques to produce
monolayers of graphene sheets on a large scale. Somani et al. [144] have
successfully produced FLGs through CVD, by using camphor as the precursor
on Ni. This has opened a new path to researchers to address controlling the
number of layers, and to control the thickness on various metal substrates
[92,97,145 £148]. Bae et al. [114] have reported the synthesis of 0.76m wide
graphene films through CVD. The process includes adhesion and etching
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followed by transfer of layers to the substrate. The schematic representation
of the sequential steps followed during the process is shown in Figure 2.5
[114]. Itis also noted that the produced graphene films have shown half-integer
Quantum Hall effect which indicates the high-quality graphene monolayers. It
can be noted that the graphene layers synthesised by this method possess a
potential to replace commercially available transparent electrodes. The
possibility of substitutional doping by the introduction of other gases, e.g. NH3
during growth, is one interesting feature of the CVD approach [146]. Qu et al.
[149] have demonstrated the application of nitrogen doped graphene for the
reduction of oxygen in fuel cells and it can be noted from the results that
graphene electrodes displayed catalytic current of ~3 times higher than that of
the Pt/C electrode. It can also be noted that N-graphene electrode facilitates
long-term stability and Poisson's effect over the Pt/C electrode during oxygen
reduction in alkaline electrolytic solutions. The potential application of
graphene in lithium-ion batteries has also been reported, as this has a noTable
reverse discharge potential (~2 times of pristine graphene) due to surface
defects induced by nitrogen doping [150]. Graphene can also be synthesized
at low temperatures than the thermal CVD process of 1000°C, by a technique
known as plasma enhanced chemical vapor deposition (PECVD). This
technique was first developed in 2004 using a gas mixture of 5-100% CHa in
H2 at a power of 900W, at substrate temperature of 680°C to produce mono
and few-layer graphene sheets [151,152]. The major advantage of the PECVD
technique is a lower deposition time of ~5mins and a lower growth temperature
compared to the conventional CVD process. Researchers have reported a
method of producing graphene using ultra high vacuum (UHV) annealing of
SiC which proved to be beneficial in the semiconductor industry due to the
advantage of obtaining the products on the surface of SiC [69,95,153]. The
mechanism of UHV annealing of SiC involves heating the SiC substrate under
UHV, to sublimate the silicon atoms from the substrate, this leads to the re-
arrangement of graphene layers with surface carbon atoms. The annealing
time strongly influences the thickness of the obtained graphene layers.
Tedesco et al. [154] and Emstev et al. [155] have reported the production of
few-layer graphene (FLG) sheets with improved thickness and homogeneity at

higher temperatures, ~400°C above the UHV temperature.
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Figure 2.5: Sequential steps followed during film transfer of graphene films

produced via CVD approach [114].

Even though the results obtained have in terms of homogeneity are promising,
the challenging aspects of using this method for industrial applications is the
control over the thickness of graphene layers and the epitaxial growth patterns
of different SiC polar face. This method also lacks in addressing the existence
of interface layer in between graphene, substrate and its effect on properties
of the product. A similar technique can be applied to grow graphene layers on
metallic substrates. Porga et al. [156] and Sutler et al. [157] have reported the
synthesis of epitaxial graphene sheets on ruthenium (Ru) crystals under UHV.
A strong bonding of the first layer of graphene sheets with Ru substrate was
reported. Whereas the second layer did not interact with the substrate and
demonstrated a similar electronic structure as that of the freestanding

graphene (monolayer graphene).

2.4 Graphene oxide (GO)

2.4.1 Morphology of GO

Graphene oxide is one of the most popular derivatives of graphene which is
easy to synthesise and is hydrophilic nature unlike pristine graphene which is
hydrophobic. The determination of GO structure is difficult as it is a non-
stoichiometric compound. The GO structure proposed by Dreyer et al. [158]
consists of epoxy and hydroxyl groups on sp® hybridized carbon in the basal
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plane and carboxyl groups on sp? hybridized carbon. This leads to the
hydrophilic nature of GO and can be easily exfoliated in agueous solutions.
GO is a monolayer material produced from exfoliation of graphite and have
similar chemical properties as that of graphite oxide. It can also be noted that
the existence of hydroxyl and epoxy functional groups disrupts the electronic

structure and GO behaves as an insulating material with irreversible defects.

2.4.2 Production of GO

The chemical conversion of graphene into GO is a promising economical
alternative [101,159,160]. One of the popular methods of producing GO is
using Hummers method [161], this method involved oxidizing graphite using
oxidants like H2SO4, HNO3s and HMnOa4. The GO films produced are thicker
than the pristine graphene sheets of 0.34nm thickness due to the displacement
of sp® hybridized atoms. The produced GO is negatively charged, which
facilitates the stability of GO in water and certain organic solvents without use
of surfactants [162].

2.4.3 Reduction of GO to reduced graphene oxide (rGO)

The chemical reduction of GO sheets can be performed in the presence of
different reducing agents, including hydrazine [101,117,163 #165], sodium
borohydride [166 #168], hydroquinone [169] and ascorbic acid [170]. Out of all
the reducing agents hydrazine hydride was referred as the best reducing agent
to produce very thin graphene sheets and it does not react with water. During
the reduction process, the oxygen atoms can be removed, which results in less
hydrophilic nature of GO sheets [117,171]. The molecular structures of GO
during oxidation and reduction of GO using hydrazine are shown in Figure 2.6
[160]. It can also be noted that the rGO can tend to agglomerate due to the
hydrophobic nature until and unless stabilized by the selected surfactants.
NaBa is another reducing agent that effectively reduces the GO [166] and it is
also reported that NaBa4 is more effective than hydrazine but the problem with
NaBulies in its slow hydrolization by water. McAllister et al. [172] have reported
the production of rGO using NaB4 and the comparison of rGO obtained by two
different reducing agents hydrazine and NaB4 was also reported. It can be

noted from their results that rGO obtained by using NaBs has low sheet

UHVLVWDQFH RI N VTXDUH FRPSDUHG WR WKDW
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K\GUD]LQH RI N VTXDUH +LJK & 2 UDWLR RI
produced using NaBa4, which was high compared to that of the rGO produced
using hydrazine which was in the order of 6.2:1. Out of all the chemical
reduction processes, reduction by hydrogen proved to be effective with C:O
ratio of 10.8-14.9:1.

Graphite

Figure 2.6: Oxidation of graphite to GO and reduction to rGO [160].

Thermal reduction is another way of reducing GO that involves the removal of
oxide functional groups by heat treatment. Allister et al. [173] have reported the
removal of oxide functional groups with CO and CO: as by-products by heating
GO to 1050°C in the presence of inert atmosphere. During thermal reduction
process, the rapid heating results in decomposition of oxide functional groups
attached to the carbon planes and decompose into gases creating a huge
pressure between the stacked layers (~40MPa of pressure will be generated at
300°C and only 2.5MPa of pressure is required to separate two stacked
platelets). It was reported from the AFM study that the thermal reduction can

result in ~80% of single layer rGO, whereas 30% of mass can be lost due to
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the removal of oxide functionalities which leaves vacancies and structural
defects that may affect the mechanical and electrical properties of the produced
rGO and the production of rGO at low temperatures is proposed by Dubin et al.
[174]. This involves production of rGO dispersion at 200°C in organic solvents
like N-methyl-2-pyrrolidinone (NMP).

It is important to control the exfoliation behaviour of GO and rGO which helps
in widening their potential applications and this can be achieved using surface
functionalization of GO. There are two mechanisms in surface functionalization
they are: covalent functionalization and non-covalent functionalization. If the
oxygen functional groups on GO surfaces that includes carboxylic acid groups
at the edge of the epoxy/hydroxyl groups on the basal plane are used to
change the surface functionality of GO then it is called covalent
functionalization. The carboxylic acid groups should be activated to use them
on GO to stabilize other molecules and the activation can be done either by
using thionyl chloride [175], 1-ethyl-3-carbodimide [176] and N- dicyclohexyl
carbodiimide [176] 7KH ZHIOWN L QQWHUDFWLRQV EHWZHHQ WK
molecules can be used to functionalize GO in non-covalent functionalization.
The conjugated polymers and aromatic compounds can be used to stabilise
the rGO resulted from reduction reaction, can be used in the production of
composite materials. The conjugated and aromatic polymers used are
sulfonated polyaniline [177], conjugated poly electrolyte [178], porphyrin [179]
and cellulose derivatives [180]. The summary of advantages and
disadvantages of various synthesis techniques used to produce mono and

multi-layer graphene is given in Table 2.4.
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Table 2.4: Summary of advantages and disadvantages of graphene synthesis techniques.

Technique

Advantages

Disadvantages

Exfoliation

XThis is a relatively simple and low budget technique of
producing graphene sheets.
XThis process can produce pristine graphene.

xGraphene sheets produced by this process will be of
several sizes, irregular shapes and orientations, this will
limit the applicability.

XThis process has less relevance to the commercial high-
end applications.

Chemical XThis process facilitates the large-scale production of| XThe transfer process often effects the integrity and
vapour graphene to the size of substrate. performance of produced graphene.
deposition | x Mono layer and bi-layer graphene sheets can be| XTransfer process enhances the formation of wrinkles,
(CVD) obtained. impurities and structural defects.
Hess costly process as the cost per unit area of| xSelection of substrate effects the process cost.
graphene produced will be limited to the size of the
substrate.
Organic x Product obtained by this method can be substituted| XSize of the sheets produced from this process is limited
synthesis with aliphatic chains to modify the solubility. due to the reduction of solubility.
xncrease in unwanted side reactions will lead to difficulties
in dispersion preservation.
XThe cost incurred in characterising the products of
chemical reactions is high.
Chemical | xNearly 80% of single layer rGO sheets can be obtained| x The formation of functional groups during the oxidation
derivation by this process. process leads to the irreversible effects to the band

of graphene

XThis is the most affordable technique to produce
graphene.

structures and reduces the electrical conductivity.
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2.5 AMCs reinforced with graphene nano sheets (GNS/AI)

Utilizing GNS as reinforcement for Al matrix is the effective alternative to
improve the properties of base material, Al. J Liu et al. [29] have reported the
production of GNS/AlI composites using powder metallurgical technique at
various weight percentage (wt%) of GNS addition. It can be noted from their
results that the stirring time during the powder preparation of GNS in Al matrix
highly effected the properties of the composite. The hardness increased with
increase in wt% of GNS reinforcement, for instance the highest increase of
43% in hardness over monolithic Al was noted at 0.15wt% GNS/Al compared
to 0.07wt% and 1wt%. Gang li et al. [181] have successfully fabricated GNS/AI
composites using high energy ball milling followed by hot pressing. The effect
of wt% of GNS addition on microstructural and tensile propertied of Al matrix
were investigated, the ultimate tensile strength (UTS) of GNS/AI composites
reduced with increase in wt% of GNS addition, shown in Figure 2.7(a) due to
the formation of aluminium carbide (Al4Cs3) at interfaces and dislocations are
also found near interfaces, shown in Figure 2.7(b). Shin et al. [20] have also
reported the formation of Al4Cs at the interfaces which restricted the stress
transfer in GNS/AI composites. It can also be noted from the results that with
increase in testing temperature, the dislocation moment was reduced and led
to the severe softening of matrix, and hence reduced the yield strength of the

composite.
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Figure 2.7: (a) Effect of GNS content on UTS and Yield strength of GNS/AI
composites and (b) TEM image of 0.25wt% GNS/Al composite showing

dislocations and carbide formation [181].

Bratolucci et al. [182] noted that the hardness and UTS of the 0.1%GNS/AI
composites that were extruded at 50T, 12.5mm/sec were reduced compared
to pristine Al samples which was due to the formation of Al4C3 at the working
temperature of 550°C, carbide formation was evident in XRD analysis of

samples, shown in Figure 2.8.
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Figure 2.8: XRD pattern of pure Al, 1wt% multi-walled nanotubes (MWNT)/Al
composites and 0.1wt% of GNS/Al composites [182].

To provide better bonding in between GNS reinforcement, Al matrix and to
obtain better density 1.5wt% of Sn was added to GNS/AI mixture [18], both
hardness and compressive strength (CS) of the composite were increased by
17.5% and 5.16% respectively, and no AlsCs was observed. The particle
morphology was shown in Figure 2.9. This paper also reported the effect of
gas atomization and mechanical milling processes on the GNS/AI composite.
For instance, gas atomization proved to be effective for strength enhancement
and mechanical milling proved to effective to increase hardness of GNS/AI
composite. GNS have the unique benefit of reducing the agglomeration of
metal oxide, more investigation is needed to explore the effect of GNS addition
to the metal matrices and efficient ways to avoid the formation of Al4Cs. In this
aspect, the use of powder metallurgical routes proved to be effective for the
uniform distribution [183].
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Figure 2.9: SEM images showing particle morphologies of 1wt% FLG/AI

composites (a) gas atomized and (b) mechanically milled [18].

2.6 AMCs reinforced with graphene nano particles (GNP/AI)

The density difference between the nano particle and the matrix is the main
reason behind the agglomeration during liquid holding or casting. Nanoparticle
reinforcement is employed on the Al matrices to enhance the capacity to
withstand high temperatures and pressures [50]. However, non-homogeneous
dispersion and poor interface bonding are the major concerns while using the
conventional methods to produce GNP/AI composites [2,184]. Perez et al. [22]
have fabricated 1wt% of GNP/AI composites, cold compacted at 950MPa
followed by sintering at 500°C for 5hrs of ball milled powders, in which 138%
of increase in hardness compared to monolithic Al is observed. The effect of
process parameters such as milling time and sintering time on the properties
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of GNP/AI were also recorded, the increase in milling time increases the
hardness of the composites. Whereas, reduction in hardness values by 13%
were noted for the 1wt% of GNP/AI composites produced by cold compaction
at 200MPa followed by hot compaction at 525°C and 500MPa [185], reduction
in properties was mainly due to the non-homogenous dispersion of GNPs in
Al matrix that led to the agglomeration. Lathief et al. [23] have fabricated 2wt%
GNP/AI composites using wet mixed powder in acetone, followed by cold
compaction and sintering. The Vickers hardness and compressive strength
were increased by 67% and 21% respectively. Another work published by the
same research group reported an increase in 34% in hardness and 22% in CS
of GNP/Al composites [24] by reducing wt% of GNP from 5wt% to 3wt%, which
implies to that under the similar working conditions, tendency of agglomeration
varies with variation in wt% of GNPs content and plays a key role in altering
the mechanical properties of the GNP/AI composites. Rashad et al. [186] have
reported the production of 0.3wt% of GNP/AI composites through powder
metallurgy in which the GNP/AI was mixed in acetone for 1hr. The powders
were then cold compacted at 170MPa and hot extruded at 470°C followed by
sintering at 600°C for 6hrs. The produced composite samples shown an
increase of 11.8% in hardness, 11.1% in UTS and decrease of 7.8% in CS.
The increase in properties was due to the efficient load transfer between the
soft matrix and reinforcement, Orowan looping. The reduction in CS was due
to the buckling nature of reinforcement (when the load was applied, the
graphene flakes buckles, bent at angle of 45° as the GNPs were parallel to the
extension direction). Whereas Guvbuz et al. [187] have reported that the
hardness of the GNP/AI composite reduced with increase in wt% of GNP
reinforcement from 0.1wt% ( 9.67%) to 0.5wt% ( ; 21.41% HV). This was due
to the restriction of settlement of particles and non-uniform distribution of GNPs
in Al matrix that weakens the contact area between the particles and hence
increases the porosity and reduces hardness, the SEM images of GNP/AI
composites were shown in Figure 2.10. It can be noted from the Figure that
the increase in sintering time has increased the grain size and hence altered

the properties of the GNP/Al composite.
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Figure 2.10: SEM images of 0.1wt% GNP/AI composites sintered at 630°C at
various sintering times, (a) 120mins and (b) 300mins [183].

Khan et al. [188] have fabricated 5wt% GNP/AI composited through semi-
powder metallurgy in which ball milled GNP/AI powders were cold compacted
at 125MPa followed by sintering at 600°C for 6hrs. A huge increase in CS of
433% and only 35% increase in hardness were recorded, increase in CS is
due to alignment of GNPs perpendicular to the direction of applied load, hence
reduction in buckling and increase in hardness was due to the uniform
dispersion of GNPs, shown in Figure 2.11. Li et al. [26] have made an attempt
to improve the distribution of GNP in Al matrix and hence improve mechanical
properties of the GNP/AI composites by using ball milling and cold drawing.
The reported results for 0.4wt% GNP/AI composites have shown an increase
RI LQ <RXQJTV PRGXOXV DQG LQ 876
FRPSRVLWHY KDYH VKRZQ LQFUHDVH LQ

decrease in UTS, the increase in properties of 0.4wt% is attributed to the
strong interfacial bonding whereas, the UTS of 2wt% of GNP was reduced due
to the increased agglomeration tendency. Yang et al. [189] have reported the
fabrication of GNP/AI composites by using pressure infiltration technique in
which extrusion enhanced grain refinement, the yield strength of 0.54wt% of
GNP/AIl composite was increased from 116% to 228% after extrusion whereas
tensile strength was increased from 45% to 93% after extrusion, this was due

to the strengthening effect of GNPs after extrusion.
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3wt% GNP-Alg

Figure 2.11: Particle morphologies of ball milled composite powder samples
(a)-(b) 1wt% GNP/AI, (c)-(d) 3wt% GNP/AI and (e)-(f) 5 wt% GNP/AI; red
arrows represents the existence of GNPs [188].
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2.7 AMCs reinforced with reduced graphene oxide (rGO/Al)

Reduction of GO to rGO has caught the attention of many researchers in
scientific community due to the provision of using easily producible GO and
reducing it to retain the properties as pristine graphene. Z Li et al. [27] have
successfully fabricated 0.3wt% rGO/Al composites through hot pressing at
600MPa and 530°& QRWHG DQ LQFUHDVH RI DQG

and hardness respectively. The increase in properties was noted due to the
preliminary reduction of GO to restore graphene properties and the ionic bonds
formed due to the electrostatic absorption of GO on Al surface which led to the
interfacial bonding of rGO and Al. For the same wt% of GNP/AI composites
(0.3wt%) and with same solvent (ethanol) as Li et al. [27], Wang et al. [28]
have recorded nearly 62% of increase in UTS, this was due to the use of
advanced fabrication technique i.e., hot extrusion of composite at 440°C

followed by sintering at 580°C for 2hrs. However, the increase noted was only

LQ <

RI JUDSKHQHYY SRWHQWLDO WKLV ZDV GXH WR WK

rGO that led to the weak interfacial bonding between rGO nano sheets and Al
and lack of optimisation of process parameters. Similar effect was observed
by Jing et al. [190] while fabricating rGO/Al composites by using powder
metallurgical route, only 32% of increase in hardness was recorded.
Asgharzadeh et al. [18] have made an attempt to investigate the effect of
stirring mechanisms i.e., gas atomisation (GA) and mechanical milling (MM) to
obtain well dispersed FLrGO/Al and FLG/AI powders for the production of
composites. The comparison of hardness and compressive strength of the
FLrGO/Al and FLG/Al composites with respect to the mixing processes was
shown in Figure 2.12. It can be noted that the MM process of mixing powders
proved to be effective for FLG/Al composites for improved properties whereas,

GA process of mixing powders was effective for rGO/Al composites.
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Figure 2.12: Compressive strength and micro hardness of gas atomized,

mechanically milled Al, FLrGO and FLG samples after sintering [18].

2.8 Summary

The review of morphology, mechanical, electrical and thermal properties of
graphene and its derivatives is presented in this chapter. The processing
techniques and properties of AMCs reinforced with graphene and its
derivatives are also given, which shows the potential of graphene as a
reinforcement filler to increase strength, hardness, electrical and thermal

conductivities of AMCs.
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CHAPTER 3

CRITICAL REVIEW AND GAP IN LITERATURE

The summary of processing parameters and techniques used to produce
graphene derivatives reinforced AMCs and their properties with respect to the
variation in process parameters is shown in Table 3.1. Having discussed the
available research work in this chapter, the summary of critical reviews is
provided below together with the gaps and questions that are to be filled and

answered.

3.1 Critical reviews

X A variety of techniques used to produce graphene and its derivatives
are reported, out of which CVD is the most preferable technique for the
mass production of large and high-quality monolayer graphene, while
for the fabrication of GO/rGO in large quantities, the chemical
conversion of graphene from graphite is more suitable.

x Conventional techniques such as powder metallurgy assisted by ball
milling, hot rolling and friction stir processing are used to produce
graphene reinforced AMCs showing promising improvement in
properties. However, at some processing parameters (those are
detailed in Table 2.5), the compressive strength, hardness, UTS and
yield strength of the AMCs reinforced by graphene and its derivatives
are reduced. This is mainly attributed to the formation of aluminium
carbide (Al4Cs) and inefficient reduction of GO.

x The use of surfactants, binders and purity of the raw materials has
contributed to the detoriation in properties of the graphene reinforced
AMCs.

x Two major characterisation techniques namely XRD and micro Raman
are used to characterise the graphene reinforced AMCs. XRD is used
to analyse the phase crystallinity, identification of phases and existence
of Al4sCs. Micro Raman is used to analyse the occurrence of defects,
investigate the existence of graphene and number of layers of

graphene.
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x Negligible amount of research work is reported on the modelling and
simulation of graphene reinforced AMCs and predicting the effect of
existence of number of graphene layers and percentage of
reinforcement distribution on Al particles on mechanical properties of
the AMCs.

x The model developed and presented in current study is relatively new
and not yet has been analysed by other researchers and the effect of
orientation of the graphene layers on Al particles and their cumulative
effect on mechanical properties of the AMCs is still unknown.

3.2 Gaps and questions that are to be filled and answered:
X K\ *2 ZLWKRXW HLWKHU FKHPLFDO WKHUPDO UH

reinforcement for AMCs?

X How good is liquid infiltration assisted powder metallurgical technique
to produce graphene reinforced AMCs compared to ball milling assisted
powder metallurgical technique?

X How important is the optimisation of process parameters such as
selection of solvent, stirring time and stirring speed on the distribution
of graphene in Al matrix?

x How to control/avoid the formation of aluminium carbide at the sintering
temperatures of 550°C-600°C?

x How does the performance of composite i.e., strength and hardness
vary with the variation in wt% of graphene reinforcement? (The
importance of examination/investigation of agglomeration with variation
in wt% of graphene addition).

x How does the existence of number of graphene layers and orientation
of graphene layers effects the performance of graphene reinforced
AMCs?

X How to incorporate the layers of graphene on to the Al particles and
percentage of distribution graphene reinforced Al particles in the

composite in modelling and simulation of graphene reinforced AMCs.

39



Table 3.1: Summary of processing parameters and mechanical properties of graphene reinforced AMCs.

Base Derivative W1% of Mixing type/ Solvent | Cold compaction/ Sintering Mechanical
material of reinforcement Extrusion/ Hot properties
graphene (%) pressing
Hot pressing at 530°C and 9 "3D
Al [27] Wet/Ethanol for 1hr P 9 9 *3D
600MPa
Hardness
rGO 580°C for
Al [28] (Reduced 03 Wet/Ethanol Hot extruosmn at onrs in N 9 03D
graphene 440°C UTS
: atmosphere
oxide) 600°C for
Wet/Acetone for Cold compaction )
Al [29] 3Nrs 560MPa 4hrs in Ar 9 +9
atmosphere
Wet/Ethanol, 9 *+9
FLIGO Ethanol water for 9
(Few-layer . 600°C for 1hr (100MPa) CS
lhr Cold compaction .
reduced 500MPa in N
graphene Ball milling at atmosphere 9 +9
Al- oxide) 350rpm for 4hrs in 9 03D
1 5Wi% 1 Ar atmosphere - CS —
Sn [18] | GNS/FLG Wet/Ethanol,
(Graphene Ethanol water for 9 03D
P .| 600°C for 1hr CS
nanosheet lhr Cold compaction )
in N
s/ few- — 500MPa
layer Ball milling at _ atmosphere 9 +9
raphene) 350rpm for 4hrs in 9 (100MPa)
grap Ar atmosphere CS
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Base W1% of Mixing type/ Solvent | Cold compaction/ Sintering Mechanical
material reinforcement Extrusion/ Hot properties
(%) pressing
Al20s 2 Wet/Water SPS 1300°C, 50MPa for 3mins 9 03D
[19] FT
. 600°C for
Wet/Acetone for Cold compaction )
Al [29] 0.15 3hrs 560MPa 4hrs in Ar 9 +9
atmosphere
Ball milling at Hot pressing at 610°C for 4hrs (16A?MPa) uTS
Al [181] 0.25 250rpm for 24hrs in P %
Ar atmosphere and 30MPa 9
(112MPa) YS
Ball milling at o 9 03)
Al [20] 0.7 200rpm for 1hr Hot rolled at 500°C UTS
; 03D
Blending using an UTS
acoustic mixer for | Hot pressing at 375°C for 20mins, ; +9
Al [182] 0.1 5min, milled under Extrusion 50Tons, 4:1 ratio and ; 03D
an Ar atmosphere 12.5mm/s YS
for 1hr
Pre-mixed alloy
powders for 30mins Cold .
o pressing at 350MPa,
Al-Si at 180rpm _fqllowed degasifying at 400°C for 2hrs 9 +9
alloy 1 by ball milling of followed by vacuum hot pressin
[191] GNS/alloy powders y P g

for 20hrs at 250rpm
in Ar atmosphere

under 50MPa at 500°C
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Base Derivative W1% of Mixing type/ Solvent | Cold compaction/ Sintering Mechanical
material of reinforcement Extrusion/ Hot properties
graphene (%) pressing
Al [22] Ball milling for 5hrs | Cold compaction 500°C for +9
in Ar atmosphere 950MPa 5hrs
1 Ball milling at Cold compaction 200MPa
Al [185] 500rom forg6hrs followed by hot compaction +9
P 525°C and 500MPa
Cold compaction o +9
Al [23] 3 Wet/Acetone 520MPa for 600°C for 03D
. 6hrs
5mins CS
Wet/Acetone in .
. Cold compaction o +9
Al [24] 5 d'soﬁez%soegratms'?:red 500MPa for 6Oghfsf°r 03D
GNP b 5mins CS
30min
(Graphene
nano Wet/Acetone for 1hr | Cold ti o::g
: et/Acetone for 1hr old compaction o
Al[1ge] | Particles) 0.3 in mechanical | 170MPa and hot GOghfoor uTs
agitator extrusion 470°C 03D
Cs
Wet/Ethanol for 1hr .
0.1- Cold compaction 630°C for HV-
Al [187] 05 and left ground for 600MPa Bhrs
12hrs
HV
+9
Al [188] 5 Ball milling at Cold compaction 600°C for 03D
350rpm for 2hrs 125MPa 6hrs CS
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Base W1% of Mixing type/ Solvent | Cold compaction/ Sintering Mechanical
material reinforcement Extrusion/ Hot properties
(%) pressing
9
Al [26] 0.4 Cold compaction at 200MPa, (76.734.7GPa) E
' Ball milling at ingots preheated at 450°C at (219+10.4MPa)
9 10°C/min for 1hr then extruded at .
200rpm for 5hrs and 1 ) . ; ) UTS
. . mm/min, extrusion ratio of 25:1.
0.5% stearic acid as : 9
The specimens are then heat
control agent treated at 300°C for 10min and (85.5£5.6GPa) E
2 - : :
cold drawing at 100mm/min (137+12.6MPa)
UTS
Preheated pressure infiltrated 9 03D
dies at 730°C, 15MPa of pressure YS
Ball milling at is applied during infiltration for
Al [189] 0.54 100rpm for 1hr 5mins. Hot extruded at 450°C 9 UTS 03D
followed by annealing at 400°C
for 2hrs
Ethanol for 60mins Cold compacted in a uniaxial 9 +9
Al [102] 05 and GNP/Al/Ethanol | steel die at 500 MPa followed by | ; T -
' for 60mins at furnace sintering at 620°C in N2 | >mm3/N-m) Wear
100rpm in agitator atmosphere for 2hrs. rate
GO Ball milling at .
AlMg5 , Heating mold at 500°C for 1.5hrs | 9 03D
[193] (Graphene 1 360rpm for 20hrs in and compacted at 570MPa UTS
oxide) Ar atmosphere

E- <RXQJTV PRGXONKrwate8anh6ile strength, HV- Vickers hardness, CS- Compressive strength, FT- Fracture toughness and
YS- Yield strength
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3.3 Summary

Various derivatives of graphene such as rGO, FLIGO, GNS, GPL, FLG and
GNP are used as reinforcement for AMCs, out of these GNS, rGO and GNP
are the most widely used reinforcements and no research work is reported on
GO without reduction as reinforcement for pure Al matrix composites the best
R1 DXWKRUTTV Tedags@mrti@uedtions mentioned in this chapter have
been addressed and partially answered in results obtained from the
experimental work (in chapter 4) and in the results and discussion (in chapter
5).
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CHAPTER 4

MATERIALS AND METHOD S

This chapter describes the materials used in current research work together
with their corresponding properties. Powder treatment for the synthesis of
composites is given in detail. The experimental conditions used for the
characterisations are described briefly in this chapter. Model setup of
composite model done in ANSYS is mentioned together with the boundary
conditions used.

4.1 Materials and properties

The materials used to produce GO reinforced Al matrix composites include Al
powder, IPA, acetone and GO aqueous dispersion. Al powder with typical
particle size of 35um, 99% pure bought from Good Fellow was used as matrix
and the properties are given in Table 4.1. The solvents Isopropyl alcohol (2-
proponal (IPA)) and acetone of 99.8% and 99.6% purity respectively bought
from fisher scientific were used as solvents to disperse matrix and
reinforcement, properties are shown in Table 4.2. The reinforcement material
l.e., GO aqueous dispersion of 4mg/ml concentration is purchased from
Graphenea, Spain and the corresponding properties were given in Table 4.3.
Whatman filter papers of 11um pore size were used to filter the GO/Al powders

through vacuum filtration.

Table 4.1: Properties of Al at room temperature, source: MSDS, Goodfellow.

Density (g/cm?) 2.70
Melting point (°C) 660
Thermal conductivity (W/mK) 237
Electrical conductivity (S/m) 3.74x107
Hardness (HV) 35-48
Tensile strength (MPa) 130-195
<RXQJYV PRGXOXV 70 x104
3RLVVRQYYV UDWL 0.345
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Table 4.2: Properties of acetone and IPA used in current research, source:
MSDS, Fisher scientific.

Property Acetone IPA
Chemical formula CsHsO CsHsO

Purity (%) 99.6 99.8
Viscosity (mPa.s) 0.32 2.27
Boiling point (°C) 56.0 82.6

Table 4.3: Properties of GO aqueous dispersion used in current research,

source: MSDS, Graphenea.

Density (g/cm?) 1.8
<RXQJTV PRGXOXV 380 - 470
Tensile strength (GPa) 3-33

4.2 Powder treatment by liquid infiltration

As received Al powders were dispersed in solvents acetone and IPA
separately using hot plater magnetic stirrer at room temperature for 15mins.
Three wt% of GO reinforcements i.e., 0.05%, 0.1% and 0.2% were used in
current research work, the mixture calculations are given in Table 4.4 by
assuming that the powder weight of each sample would be 0.5g. The
measured GO dispersion based on calculations is ultra-sonicated for 15mins
to disperse GO particles (as they have high tendency to agglomerate and settle
down). The ultra-sonicated GO is then added slowly drop by drop to the AlI/IPA
and Al/acetone slurries separately and stirred until the uniform dispersions are
obtained. The stirring times vary depending on the wt% of GO used. Once the
desired dispersion is obtained, the dispersion is then vacuum filtered to obtain
GO/Al composite powder. The design of experiment at various processing

conditions that were used in the current research work is given in Table 4.5.
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Table 4.4: Amount of raw materials required to produce GO/AI powder at

different wt% of GO using acetone and IPA as solvents measured using

5digit balance.

wt% of GO Al(g) IPA/acetone (L) GO (ml)
0.05 20.23988 54 2.53125
0.1 20.22975 5.4 5.0625
0.2 20.2095 5.4 10.125

Table 4.5: Design of experiment with varying wt% of GO, compaction

pressure and sintering temperature: total number of specimens: 54(18x3).

Parameters
Sample No Wt% of GO | Compaction pressure Sintering
(MPa) temperature (°C)

1 0.05

2 0.1 500

3 0.2

4 0.05

5 0.1 540 580
6 0.2

7 0.05

8 0.1 580

9 0.2

10 0.05

11 0.1 500

12 0.2

13 0.05

14 0.1 540 600
15 0.2

16 0.05

17 0.1 580

18 0.2

4.3 Fabrication of composites
As received Al powders and GO/AI powders were cold compacted at three
different pressures of 500MPa, 540MPa and 580MPa by using Specac 40T

press. The die surfaces were coated with rhombic boron nitride powder to
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facilitate easy removal of green samples. The powder required for each
compact sample (pellet) has scaled to 0.5g and poured in evacuable pellet
dies of 20mm diameter. The schematic representation of the process is shown
in Figure 4.1. The thickness of the green sample obtained was 0.5mm.

o o
AR
c o Solvent ¢o WW = |
o

[ S

| 6 ¢ W

H )

Al IPA/ 4 mg/ml GO Stirring Vacuum 5.
powder acetone filtration ‘

ﬂz_ﬁé = “ @L(/

Sinteri f ' Dried
Sintered in erln? ?j Compaction GO/AI
GO/AI pellet compacte of powders powders

GO/Al samples

Figure 4.1: Schematic representation of GO/Al powder and composite

preparation.

To obtain the green samples with maximum strength, the load is increased
gradually to the desired value using the customised settings in the press. Once
the desired load value is reached, load is maintained for 15mins followed by
releasing the load at slow release rate. The loading cycle is shown in Figure
4.2.
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Figure 4.2: Loading cycle used in production of GO/AlI composites.

To obtain metallurgical bonding, the green samples were then sintered to
temperatures of 580°C and 600°C in horizontal tube furnace in argon gas

atmosphere, the heating cycle is shown in Figure 4.3.

F 3
g Holding time of 240 mins
L 600 ------------
% Ramp up and ramp down
= Q at a rate of 5°C/min 0
2 580]-----3> 2
o
= Qa_t§ %
%,
25

Time (minutes)

Figure 4.3: Sintering profile used in production of GO/Al composites.

4.4 Characterisation of composites

GOJ/Al composites fabricated by powder metallurgy associated with liquid
infiltration process were used for different types of testing and analysis. Table

4.6 shows the techniques used for characterisation and their expected
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outcomes. The characterisation techniques comprise of morphological study

(SEM and EDXS analysis), XRD analysis, micro Raman analysis, density

measurement, micro hardness and indentation tests. The cross section of the

fracture surfaces after Indentation tests were studied using SEM.

Table 4.6: Characterisation techniques used in current research.

CHARECTERISATION TECHNIQUES

Metallographic/structural/chemical

Physical

Microstructural
analysis
Distribution
of GO and Al
Grain size
analysis.
Chemical
composition
analysis
% of
elemental
composition.

XRD analysis

- ldentification
of phases.
Crystallinity
of matenals.

Micro Raman

analysis

+  Investigation
of number of
GO layers.

= Defectsin
GO.

Density
measurement
+  Measuring
green
density.
IMeasuring
sintered
density.

+  Calculation
of
densification
parameter.

*

Micro Vickers

hardness
Measuring
hardness of
samples.

Ind

» Tangential

entation test
Radial stress
measurement.

stress
measuremeant.

4.4.1 Density measurement

$UFKLPHGHVY SULQFLSOH zZDV XVHG WR FDOFXODWH

of the Al pellets and GO/AI composite pellets. The theoretical mixture densities

were calculated using rule of mixtures given in equation (4.1), using theoretical

densities of aluminium and GO as 2.699 g/cm?® and 2.0 g/cm? respectively.
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where [}, is the mixture density, S.is the weight percentage of Al powder, &,

is the density of Al powder, Sads the weight percentage of GO and &, gis the

density of GO sheets.

The green and sintered densities of the samples were calculated by using
$UFKLPHGHVY SULQFLSOH EDVHG RQ $670 %

given by

where & is the actual density of the sample, &; is the density of distilled water,

S is the weight of sample measured in air and S is the weight of sample

measures in distilled water.
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The percentage densification of the GO/AlI samples during sintering was
calculated by using the following equation.

P& o (4.3)

T L——— Hsrr
eoF &

where 1 is the densification parameter of samples, é4ds the density of sintered
samples, €gis the green density of samples and €y is the theoretical density

of the samples.

4.4.2 Microstructural analysis

Scanning electron microscope (SEM) is one of the advanced equipment to
investigate microstructure and elemental composition of material. SEM is used
when the wavelength becomes limiting factor while using the optical
microscope. SEM uses electron beam instead of photons or light particles, as
electrons have much shorter wavelengths and will give better resolution
(optical microscope has resolution of ~2000A whereas SEM has >100,000x)
when the electron beam is incident on the sample, the interactions will result
in emission of secondary electrons, Auger electrons, backscattered electrons,
x-rays, schematic is shown in Figure 4.4, for a typical analysis the operating

voltage is in between 5-25kV.

Electron beam

Secondary

electrons
Back scattered
electrons

X-rays
AAuger electrons

¥ ;
Sample surface

Figure 4.4: Schematic representation of interactions of electron beam with

surface of the sample.

The Interactions between the electron beam and sample surface can be either
elastic or inelastic. The elastically scattered electrons are known as
backscattering electrons which are used to study the compositions of material

under investigation. The amount of backscattering depends on the mass and
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atomic number of the element being examined whereas in the inelastic
scattering, the electron beam will knock out the electron from the outer shell of
the atoms of the material under investigation, the ejected electrons from atoms
are known as secondary electrons. The secondary electrons usually have low
energies (<50eV) and play a key role in visualization of sample topology. A
high quality image of the sample will be generated with increase in number of
emitted secondary electrons. However, when the electron is removed from the
outer shell, a vacancy will be generated (hole), the next exited electron will try
to fill in the vacancy by losing some energy which will be transferred to the next
available election, which is ejected from atom; this second electron ejected is

Auger electron spectroscopy.

The microstructural observations were performed on monolithic Al powders,
GO/AIl powders, monolithic Al and GO/AI sintered pellets using carl-Zeiss
EVO-L515 SEM. The particle morphologies of the GO/Al powders were
studies by observing the colour changes on the particle, for an instance grey
colour represent Al powder and black colour represents carbon content [29].
The GOJ/AI composite pellets were characterised using SEM, to identify the
porosity levels, the resolution and voltage level were adjusted to obtain better
contrast. Together with this the existence of interfaces at grain boundaries was
investigated by observing SEM image. Grain sizes were measured using the
image analyser interface available i.e., Image J software that works based on
ferrites diameter (distance between two parallel lines that touches the edges
of the grain). This was done by setting the scale on micrograph, thresholding

and subtraction.

4.4.3 EDXS analysis

The excess energy of electron integrated to fill the vacancy created in the inner
shell can exit X-ray instead of Auger electron in some materials. These X-rays
are collected by the EDX spectrometer and will generate elemental analysis,
using the X-ray peak intensities and positions. The schematic representation
of the SEM system with EDX setup is shown in Figure 4.5(a). The samples are
mounted on stage provided at the bottom the top column consists of a
Tungsten filament from which electron beam will be emitted, the electrons

emitted are accelerated further with the help of anodes. Series of magnetic
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lens are used to focus the electron beam; condenser lens will adjust the spot
size and objective lens adjusts the focus. In current work, Carl-Zesis EVO LS-
15 with two column vacum chambers and EDX setup is used for morphology
and elemental composition investigation of the samples, photograph of the

SEM system is shown in Figure 4.5(b).

(a) Elactron gun

Ancda

TN

Condanger lang

Figure 4.5: (a) Schematic representation of main components of SEM and (b)
photograph of SEM with EDX setup.

The chemical compositions of the GO/AI powders and GO/AI sintered pellets

were measured as the detector attached to the SEM collects the composition
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data while the microstructure is being investigated. To ensure the efficient data
collection, the EDXS detector was set at ~14mm of focusing distance. A
sophisticated software associated with the machine identifies the elements on
the sample with respect to intensities.

4.4.4 XRD analysis

X-ray diffractometry is one of the non-destructive tests to investigate the
crystalline structures, phase analysis and grain size measurement. When a
beam of x-rays incident on the sample, the elections will be scattered in
different directions. The wavelength of X-rays and diffraction patterns are
obtained through the periodic arrangement of distance of separation of
scattering centres analogous to the wavelengths. The scattering of waves can
EH HLWKHU HODVWLF RU LQHODVWLF 7KH LQHODVWL
interfere with each other as there is no phase relationship and hence no
crystallographic information. Thus, the 3D lattice of crystalline material
consists of atomic planes (repeated atomic planes) arranged in regular
manner. The condition for the interferences of rays reflected by the atomic
planesis given E\ % UDJJYV ODZ LW LV JLYHQ EHORZ

JiLt@.©EJa (4.4)

Where, n is the order of reflection, is the wavelength of x-ray used for
investigation, LV WKH %UDJdf\s D& ihteHplanar distance of

consecutive atomic planes.

The sche PDWLF UHSUHVHQWDWLRQ RI %UDJJYV GLIIUDF\V
The XRD methods can also be used to investigate the crystallite sizes, this can
be done for the crystallites in the range of 3-100nm as the peak will be too
broad for sizes below 3nm and for the sizes >100nm peak brooding will be too
VPDOO 7KH FU\VWDOOLWH VLIHV DUH GHWHUPLQHG .

bya

S (4.5)
@ T7Kkoa

'KHUH G LV WKH FU\VW D&y @dvelergtyl uged for inve'stiyaid, [

is the Braggs angle is the peak width and K is the Scherr constant.
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K value varies depending on crystal shape, it is 0.8-1.39 for the spherical
particles it is 1. In the current work, Brucker AXS D8 advance diffractometer is
used to investigate the presence of lattice planes using copper K. radiation of
wavelength 1.542A, photograph of the XRD system used in current work is
shown in Figure 4.6(b).

(@)

Figure46 D 6FKHPDWLF R IblkkIDasir§pesem glane of
atoms and (b) photograph of XRD used in current research.

The XRD patterns of the sample were recorded using Bruker D8 XRD system,
;5" FRPPDQGHU VRIWZDUH ZDV XVHG WR LGHQWLI\ WK
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The stage position was adjusted to ensure the signal captivity in between the
source and detector. A Z-scan was used to position the sample for optimal
output. A Z-scan was performed from 0.99 to 1.99, chi-scan from -3 to 3 and
phi-scan from -180° to 180° were performed to fix the position of sample for
further investigations. Once the position is fixed at 20°, scan from 20° to 90° at
scan rate of 5secs/step and increment of 0.1 at each step was performed. The

2 data was plotted against intensity to investigate the presence of phases.

4.4.5 Micro Raman analysis

Raman spectroscopy is one of the advanced characterisation techniques used
for graphene-based materials. It is a vibrational microscopy in which the
molecular vibrations give rise to the energy differences and the intensity of the
peaks depend on presence of number of molecules at vibrational states.
Wherever light incidents on the material surface, some of the light maybe
absorbed, transmitted, reflected or scattered, most of the scattered waves
have the same energy (same frequency) as that if the incident beam, are called
Rayleigh scatter waves (elastic scattering). Minority of the scattered waves
have energies different than the incident beam, this process is called as
Raman scattering (inelastic scattering). The Raman scatterings generates the
information existence of chemical bonds in the molecules, the schematic
representation of energy levels is shown in Figure 4.7(a) [194] and the
photograph of Raman spectroscopic setup is shown in Figure 4.7(b). The
interaction of photons (incident beam) with molecules exists it to a virtual state
and upon relaxation the photon emitted to certain vibration state, having either
Rayleigh scattering, stokes Raman scattering or anti-stokes Raman scattering.
The vibrational information obtained from Raman analysis is specific to the
chemical bonds and symmetry of molecules; hence, this is a powerful tool for
investigation of molecular bonds of a material. The data is typically plotted as
the intensity of scattered light against wavenumber difference between
scattered light and incident light in cm™ (i.e., difference in between incident
photon energy and scattered photon energy (1 meV = 8.065547cm) [195] the

peak spectra positions of spectra were fitted using Lorentzian curve, given as
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U — (4.6)
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S E v: AL
<

Where, w is Raman wavenumber (cm™), we at the centre, lo is maximum

intensity, ¢Sfull width at half maximum of peak.

(@)

Figure 4.7: (a) Schematic representation of energy levels [202] and (b)

photograph of micro Raman spectroscopy setup.

The Raman bands associated with graphene are D-band at ~1350 cm™, G-
band at ~1580 cm™ and 2D band at ~2700 cm-%, in general 2D bands and G-
bands are prominent. The sample was placed on stage in Job in yvon horiba
lab RAM 800 spectrometer equipped with 488 nm argon laser. The laser beam
was focused on surface of sample at 50X working distance objective lens, the
spot size of laser fixed at around 2 Fn. The scattered light was filtered with

notch filters to filter out ray light scattering, and Raman lines were separated.
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The intensity of the collected light was given as a function of its wavelength

(cm) and the peak positions obtained were fitted with Lorentzian curve.

4.4.6 Micro Vickers hardness

Vickers hardness (VH) test is one of the characterisation techniques used to
investigate the micro hardness of the material, i.e., the resistance to the
indentation while working with micro particles. The hardness value is obtained
by measuring the indentation depth or the indentation area. Then schematic
representation of Vickers hardness setup and photograph of Vickers hardness
equipment are shown in the Figure 4.8(a) and (b) respectively. The hardness

of the material is given by,

f(opyYXt e (4.7)
L —5 — t

Where F is the load acting on the materiel under investigation and d is the

8*0

average of the two diagonals di, d2 (shown in Figure 4.8(a)).
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| e— d;

Figure 4.8: (a) Principle of Vickers hardness, (b) photograph of micro Vickers

hardness tester.

The micro hardness properties of GO/Al composite were measured using Leitz
mini load tester at 981mN force using a diamond indenter. The measurements
were recorded at four random locations within the cross section of the sample
being investigated. The tests were performed according to ASTM E384-99

standards, based on which there should be at least three indents gap between
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each indent. The load was applied on to the sample for 20secs and slowly

removed.

4.4.7 Indentation test

The tangential and axial stress developed within a material under application
of load, are measured using indentation to pin testing. The specimen will be
placed on base, load is applied at a fixed loading velocity and the deflection at
the centre is noted. Then schematic representation of indentation tester is

shown in Figure 4.9.

Figure 4.9: Photograph of indentation (puncture) test setup.

The compression test i.e., indentation tests were performed on GO/AI
composite samples using Zwick Roell testing machine, Z005, TI-
FROO5TNA5S0. The samples were placed on stage and the load was applied
on the samples using a pin indenter at a loading velocity of LImm/min and load
of 5kN. Depending on the recorded force during testing the deflection at the
centre of sample, radial and tangential stress were calculated by using the
equations (4.8)-(4.10) [196,197]. The fracture surfaces were characterised

using SEM to observe the mixing quantity and porosity levels.

u24° ) N e (4.8)
UL ——=:UEO;:sFO0;

ve'P

R u2 ~ L E e (4.9)
%L@SEO,H'@C
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u2 35—
égL—télj::sEc“);HKéCE:sFé; (4.10)
Where, y is the deflection in centre, P is the load, R is the radius of circular
disk, t is thickness of disk, E LV <RXQJTV PRXDXWVRQANKE UDWL

radial stress, &is tangential stress, x is the diameter of indenter.

4.5 Modelling of GO/Al composites

4.5.1 Finite element modelling of GO/Al composites

Finite element modelling and analysis was performed to investigate the effect
of GO reinforcement on the Al particles in GO/Al composites. The main
objectives of the FE simulation is to predict the effect of three parameters i.e.,
GO existence in Al matrix, GO layers and percentage of Al particles coated
with GO on the stress distribution of GO/Al composites. Static structural
analysis was used in current modelling work to predict the stress distribution
in GO/AI composites. The number of GO layers were obtained from the micro
Raman investigation done experimentally on GO/Al composites and used to
develop model in-line with the experimental observations. Due to the
complexity of GO/Al composite modelling, at first the Al particles, GO
reinforcement layers and joints connecting particles were designed in Hyper
Mesh™. The model was then imported to ANSYS 16.0 for the addition of
material properties, meshing, boundary conditions and parametric analysis
was carried out. Al particles of 35um size and each GO layer of 0.134nm were
modelled in a cube of 140x140x140 dimensions. For the analysis SOLID 185
element was considered and the corresponding translational (U) and rotational
(ROT) boundary conditions, constraint equations (CE) and force (F) were
applied on the model. The contacts/connections between particles were
simulated using rigid elements, these contact elements were highlighted in
pink colour in Figure 4.10. The contact elements provide bonding strength to
the particles and the load tolerance limit for the contact elements is given as
100%. All degrees of freedom i.e., for both translational and rotational in X, Y
and Z-directions are constrained at 0 at the bottom of the GO/AlI composite
and a compressive static load of 2.5N is applied in Y-direction at the top of the
GO/Al composite. The properties of the materials used in simulation were
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given in Table 4.7 and the FE model of GO/AlI composite with the application

of boundary conditions is shown in Figure 4.10.
Assumptions

In current study, the following assumptions were considered to model GO/Al
composites.

x The GO reinforcement was uniformly distributed on to the Al particles.
X The matrix and reinforcement are isotropic materials.
X No interfacial compounds formed in between GO and Al patrticles.

X The load applied to the GO/Al composite is within the elastic limit.

Table 4. 7: Material properties used in simulation of GO/AlI composites.

Material Young's modulus (MPa) Poisson's ratio (N/A)
Al 7x10% 0.34
GO 33x104 0.14

ELEMENTS

U- Displacement
- Rotational

F-Force

CE-Constrained
equations

Figure 4.10: FE model of GO/AI composite with application of boundary

conditions.
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4.5.2 Mesh convergence of FE model

The FE model used in current research work was tested for convergence at
different element sizes starting from 0.8um to 0.1um (increasing number of
elements). The complexity of the model vs response was recorded, in current
research complexity is the element size (number of elements) and response
of interest was the corresponding stress. Varying the element size in the FE
model varies the stress generated in the composite shown in Figure 4.11. Four
convergence runs were performed on FE models with and without GO layers
reinforced on Al particles. Figure 4.11(a) shows the convergence plot of FE
model without GO layers on Al particles, it can be noted from the plot that at
0.2um of element size the model was converged i.e., the difference in stress
values obtained at 0.2um element size and 0.1um element size is around 1%
which is within the acceptability limit of 5%. The convergence plot of FE model
with Al particles reinforced with 5GO layers is shown in Figure 4.11(b), in which
the difference in stress values obtained at 0.2um element size and 0.1um
element size is around 0.7% which is within the acceptability limit of 5%. It can
be noted that the FE model with and without GO layers is converged at 0.2um

of element size.
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Figure 4.11: Mesh convergence plots of (a) FE model with no layer and (b)
FE model with 5GO layers.

4.5.3 Analytical modelling of GO/Al composites

Rule of mixtures (ROM) is one of the effective, simple and intuitive method of
determining the effective properties of the composites in terms of its
constituents i.e., matrix and reinforcement. Mainly two theories are available

in literature to predict the effective mechanical properties of the composite, one

is Voigt model that uses equal strain assumption and other is Reuss model

that uses equal stress assumption [47]. ROM not only used for finding the

effective properties of composites with uniformly distributed second phase

particles but also for the nanocrystalline materials. The effective stress and
<RXQJYV PRGXOXV RI WKH FRPSRVLWHYV FDQ EH REWD
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(4.13)[198] ,Q FXUUHQW UHVHDUFK ZRUN <RXQJYV PRGXC
analytical modelling due to the lack of literature available for the flow stress

measurements of GO.

&ud B&EREG e (4.11)
A _% B 25 T (412)
e ud .

‘oL BgE:sFB's (4.13)

where, &g ip the effective stress of composite, B is the volume fraction of

particle, &;is the flow stress of particle reinforcement, B is the volume fraction

of matrix, &, is the flow stress of matrix, '¢ LV WKH <RXQJTV PRGX
composite, '3 LV WKH <RXQJYV PRGXOXV RIt,SDiWeFOH U
<RXQJTV PRGXOXV RI BkKkhie volDnie trdcfioD éndis calculated

by the equation (4.14).

B= %x: BER;
Analytical modelling of the GO/AlI composites is done at various volume
fractions of GO reinforcement of 0.05, 0.15, 0.2 and 0.5. The properties used
WR FDOFXODWH WKH <RXQJYfV PRGXOXV RI WKH FRPS
values obtained from the analytical model will be compared with results
obtained from FE modelling of GO/Al composites.

Table 4.8: Properties of materials used in analytical modelling of GO/AI

composites.

<RXQJYV PRGXOXV RI *2 UHL|33x10*
<RXQJYV PRGXOXV RI $0 PDV 7x10*

Volume fraction of GO reinforcement (%) 0.05, 0.15, 0.25, 0.50
Volume fraction of Al matrix (%) 0.95, 0.85, 0.75, 0.50
4.6 Summary

The current chapter presented the materials used to produce GO/AI
composites together with their properties. This chapter also mentioned the

elaborated experimental procedure used to fabricate composites and the
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experimental conditions used for testing. The FE model generation and
boundary conditions employed with a goal of comparing the model against
experimental observations obtained in present research work were given in

detail.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Introduction

In this chapter an overview of results obtained in the current research initiated
from the selection of solvent, vacuum filtration of powders is reported. The
results concerned with density of samples, particle morphologies, crystalline
phase analysis using diffraction patterns, micro Raman analysis, micro
hardness and indentation analysis on monolithic Al samples and GO/AI
composites are also reported. The order of results presented in this chapter is
outlined in Figure 5.1. The results of GO/Al composites obtained were

discussed in comparison with monolithic Al.

As received Al
samples

v

GO/Al composites-
powders and pellets

v

Metallographic study

x Effect of stirring parameters

x Effect of wt% of GO addition

x Effect of sintering temperature
on microstructure

EDXS XRD analysis Micro Raman
spectroscopy analysis
| |
A\ 4
| |
Density Micro hardness Indentation
measurement analysis

A

A

FE modelling of GO/Al composites

v v

Stress distribution in Effect of GO layers on
GO/Al composites stress distribution

Figure 5.1: Outline of order of results discussed in this chapter.
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5.2 Powder treatment

For an efficient fabrication of the GO/Al composite the powder was treated with

different solvents at various stirring times to obtain an optimum powder.

5.2.1 Selection of solvent

The selection of appropriate solvent to disperse GO efficiently is one of the key

aspects in GO/Al composite production. since the mechanical properties of

the final resulting composites depends highly on the dispersion of the GO, as

the dispersion determines the thickness of GO and distribution of GO in Al

matrix. In the current research, two solvents namely, IPA and acetone have

been used to produce GO/AlI composites. Figure 5.2 shows the photographs

of beakers with 1.3wt% GO/AI dispersed in acetone and in IPA respectively

after 8hrs of stirring. It can be observed that once the stirring was stopped the

Al particles were still dispersed in IPA whereas in acetone the particles were
accumulated as a black slurry at the bottom in acetone. Figure 5.3 (a), (b)

shows the leftover solution after filtering out the GO/AI/IPA and GO/Al/acetone

solutions, in which filtered out solution in which IPA was used as solvent was

clear where as solution in which acetone was used as solvent is in dark brown
FRORXU 7KLV LPSOLHV WR WKDW WKH *2 ZDVQYW G
compared to IPA, IPA was choosed as the solvent for the GO/Al composite

produced in current research work. The wet mixing/liquid infiltration process

resulted in better dispersion of GO around the Al particles in GO/Al powders.

This was possible by the selection of appropriate solvent for the dispersion of

GO in Al matrix. As mentioned by Parket al. [199] that the dispersibility of

carbon fillers in organic solvents depend on solubility parameters such as
GLVSHUVLRQ FRKHVLRQ SDUDPHWHU /G SRODULW\
K\GURJHQ ERQGLQJ FRKHVLRQ SDUDPHWHU /K + H Q
value isthe EHWWHU WKH JUDSKHQH GLVSHUVLRQ ZLOO E
/IK RI ,3% WKDQ DFHWRQH OHG WR WKH EHWV
which was evident from Figure 5.2(a)-(b). It was noted that the GO particles in

IPA were stable after 30mins of standby while GO in acetone agglomerate and

settle down at the bottom of the beaker. This was also reflected on
morphologies of the particles. The stirring parameters used for powder

treatment of GO/AlI composites were optimised in such a way that the stirring
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VSHHG ZRQYW H[FHHG WKH WKUHVKROG LQGXFH GHI
might effect end properties of the composite [200,201]. At the lower stirring
speeds and times, the particles will cluster in localised region and particles will
be non-homogeneously distributed at lower stirring speeds. Even though, the
inter-particle distances increased by increase in stirring speed, the clustering
will be prominent at less stirring time [202]. In current research no clustering of
particles were observed at the optimised stirring times, speeds at each wt% of
GO reinforcement, this was inturn reflected on the microstructure of the

composites.

Figure 5.2: Comparison of 1.3wt% of GO dispersion in solvent (a) IPA and (b)

acetone.
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Figure 5.3: Filtered out solution of 1.3 wt% GO/AI (a)lPA as solvent and (b)

acetone as solvent.

5.2.2 Vacuum filtration

The GO/AI/IIPA dispersions were vacuum filtered in fume hood and the
efficiency of stirring parameters was investigated by using visual inspection of
the filter papers, shown in Figure 5.4. There was no evidence of dark brown
colour on the filter papers which implies to that GO particles were residing on
the Al particles and were not filtered out. Similar results were observed even
with the increase in wt% of GO reinforcement i.e., from 0.05wt% to 0.1wt%
and 0.2wt%.

Figure 5.4: Visual inspection of filter papers after vaccum filtration.

The initial results of visual inspection were consolidated in Table 4.1, in which
wt% of GO reinforcement, solvent, stirring time, powder drying conditions and

sintering temperature of the samples, were given as process parameters. At
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the initial stages of experiments, GO of wt% of 0.7% and 1.3% were under
investigation to produce GO/AI composites but it was hard to attain the uniform
dispersions due to the high percentage of agglomerations. To avoid
agglomeration of GO particles, less wt% of GO i.e., 0.05%, 0.1% and 0.2%
were used for further investigation of GO/Al samples. The GO/Al powders
production at the fixed processing conditions using visual inspections were
highlighted in bold and the corresponding reasons for the failure and
consideration of processing conditions were also given in Table 4.1. All the
samples were sintered in horizontal tube furnace in Ar atmosphere for 4hrs of
holding time and each processing condition of the samples was analysed
through visual inspection. The comments about whether the sample passed or
failed were noted via observing the sample condition after sintering i.e., while
taking out the samples from sintering dishes some samples fall apart as

powders and some samples were so delicate that they broke while handling.
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Table 5.1: Summary of results of visual inspection at processing conditions for different wt% of GO reinforcement, solvent, stirring

time, powder drying and sintering temperature.

wit% of St!rrlng Powder Sintering Pass/
GO Solvent time drying temperature Eail Comments
(hr) (°C)
Moisture was observed in powder, need to improve
N F e .
filtration method and drying powders
500 —
0 1 = Sintering temperature was not enough as the samples
Y were so delicate
580 P Samples became hard and stirring time was enough
Moisture was observed in powder, need to improve
N 500 F e .
filtration method and drying powders
Sintering temperature was not enough as the samples
2 500 F .
were so delicate
Stirring time was not enough, dark coloured filtered out
IPA F ;
0.7 solutions were recorded
Y Stirring time was not enough, dark coloured filtered out
4 F .
580 solutions were recorded
6 = Stirring time was not enough, dark coloured filtered out
solutions were recorded
8 P Samples became hard and stirring time was enough
Moisture was observed in powder, need to improve
N F e .
filtration method and drying powders
1.3 4 500 —
v = Sintering temperature was not enough as the samples
were so delicate
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Stirring time was not enough, dark coloured filtered out
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Sintering temperature was not enough as the samples
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Samples became hard and stirring time was enough
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Sintering temperature was not enough as the samples
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580

T
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solutions were recorded

Samples became hard and stirring time was enough

500

T

Sintering temperature was no