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Abstract

Graphene has a wide range of applications in electronics, electrical, engineering and
sensor manufacturing industries and has also increased the mechanical performance of
composite material. However, achieving proper interfacial bonding between graphene as
reinforcement and matrix-like aluminum is a challenging task. Lower wettability and
reaction product formation at the site of active carbon atoms makes the task difficult to
achieve desired properties from graphene reinforced composites. Functionalized
graphene, such as graphene oxide (GO) and reduced graphene oxide (rGO), has improved
wettability and lowered the risk of aluminum carbide formation, resulting in a composite
having higher strength than that of pure graphene reinforced composites. However,
despite the improved performance of functionalized graphene (in this example, GO and
rGO), there remains a scarcity of literature on the subject. As a result, the research focuses
on synthesising and characterising functionalized graphene and analysing its

effectiveness in strengthening aluminum metal matrix composite material.

Nitrogen-doped graphene, sulphur doped, and antimony doped graphene were
synthesized via the ball milling technique. Melamine, sulphur and antimony to be used as
a source of doping material were mixed with graphite in definite proportion and milled
for 72 hours at 300 rpm to get nitrogen, sulphur and antimony doped graphene,
respectively. Functionalized graphene is characterised by XPS, XRD, HRTEM, FESEM and
RAMAN spectroscopic analytical techniques. The characterization of composite has
revealed that graphene synthesized is multi-layered graphene having 6 to 10 layer
thickness and has a flakier structure. Raman spectroscopy has shown that nitrogen-
doped graphene has large D-band peaks, illustrating higher disorder in graphitic
structure. In contrast, sulphur and antimony doped graphene have a lower Ip/I¢ ratio.
XPS and EDX spectrum of sulphur doped graphene have shown the presence of nitrogen
and sulphur, illustrating that nitrogen may have been absorbed from the environment,

creating sulphur-nitrogen co-doped graphene (S-NDG).

NDG/Al, S-NDG/Al and ADG/AI composite were synthesized by mixing 0.05, 0.1, 0.2 and
0.5 wt.% of reinforcement in aluminium matrix via powder metallurgy technique. The
powder was cold compacted at 450 MPa, sintered at 600° C under an argon gas

environment and extruded at 350° C to get a 10 mm diameter cylindrical specimen. After

iv



the detailed experimental characterization of sulfur, nitrogen, and antimony doped
graphene, sulfur doping improved wettability while increasing strength by 118.81%.
Nitrogen and antimony doping have increased strength by 124.05% and 134.37%,
respectively, compared to pure aluminum samples. Doped graphene also possesses
lubricating capabilities, which has increased wear performance by 71% with just 0.5

wt.% NDG.
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CHAPTER 1: Introduction

1.1. Composites
Composites are the macro or nano-physical amalgamation of distinct materials to achieve
superior material. Hence, the knowledge of the distinct materials is, therefore very much
required to fabricate the composites material. This material exhibits two or more phases
in which one acts as a primary load carrying component. The softer phase matrix has
specific mechanical and physical properties, whereas stronger reinforcement carries the
principal amount of load applied to the material. Composites may be classified into
various types, depending on the reinforcement and matrix material used, as illustrated in
Figure 1-1. Matrix and the reinforcements together decide the performance of the
composite, which is further dependent upon the morphology, particle interface, bonding
between the materials and distribution of the reinforcement!. The advantages of the
composites material, which may be micro, nano, polymer or metal matrix composites, are
their high strength, lightweight and improved mechanical or electronic properties. For
instance, Boeing 787 (Dreamliner family) used the maximum amount of composites
material in their prime structure and airframe than any other commercial aeroplane. So,
the structure offered 20% savings in weight compared to the conventional design?. Apart
from the use of composites in the secondary structure of the aeroplane, the use of
composite material in the primary structural frames such as wings has drastically
increased. The scatter plot in Figure 1-2 shows the percentage use of the composite
material in various aircraft on a time scale. The graph shows that with increasing time,

the use of composite has increased on fighter planes and commercial aircrafts3-¢.

In today’s era, materials play an important role in emerging technologies for their
unique and better performances, such as biomedical implants, new sensitive and
miniaturized sensors, electronics for making diodes or solar cells, aerospace industries,
etc. So, composite materials have better properties than the parent material and are
better options as they have enhanced properties which can be further increased as per

the need.
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Figure 1-2: Percentage of aircraft mass built by composites material.

For a reinforcing material, the following key properties greatly influence the role of

nanoparticles in the metal matrix composites such as:

e Reinforcements must have good properties (mechanical, thermal or electrical)

e It must have a high surface area and aspect ratio.

e It must be strongly bonded to matrix material after inclusions.



e It must be homogeneously dispersed within matrix material and should not
agglomerate.

e [t should be economical.

Composite material utilizing reinforcements such as graphene, carbon nanotube (CNT),
and carbon fibres have extraordinary properties and are of great use, attracting
researchers worldwide. Graphene metal matrix nanocomposites (GMMNC) could be a
favourable candidate for the next generation of nanocomposites. However, the greatest
challenge in developing graphene-based composites is to fabricate material having
graphene dispersed with undamaged intrinsic structures. Figure 1-3, sums up the process

involved in synthesising metal matrix nanocomposites.
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Figure 1-3: Overview of the synthesis of metal matrix nanocomposites.
1.2. A brief introduction to different carbonaceous reinforcement
1.2.1. Carbon nanotubes
In 1991, lijima? discovered carbon nanotubes (CNT). Figure 1-4 (a) shows the structure
of CNT, which consists of rolled cylindrical graphite sheets (graphene) having a diameter
of the order of a nanometre. Figure 4 (b) shows the total number of publications on CNT

published yearly. The material has attracted great interest in research due to its
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exceptional properties and ability to develop an essential class of new material used in
engineering applications. The superior lubricating nature of CNT can be used as self-
lubricating composites. The properties can increase efficiency, reliability, comfort of
operation and safety of vehicles8. The composite material was based on ultra-high
molecular weight polyethylene (UHMWPE), which was reinforced with multiple wall
carbon nanotube (MWCNT). It was observed that with the addition of 1% of MWCNT, the
ultimate strength has increased up to 4 times and yield strength by 40% in comparison
with neat UHMWPET?®. The properties attained were due to the matrix's significant load
transferability to the nanotubes, and the uni-axial alignment of nanotubes in the direction
of load applied. However, the difficulty in the preparation of CNT-based composites is the

same as that of GNP’s based composites.

Bakshi et al.10 investigated the mechanical and wear properties of CNT reinforced
Al-Si composite coatings. Nanoindentation studies showed an increase in elastic modulus
by 19% and 39% and yield strength by 17.5% and 27% with 5 wt. % and 10 w.% CNT.
The fabrication of carbon nanotube/aluminium (CNT/Al) composites follows two steps.
The first step is for the dispersion of CNT into the metal matrix for uniform distribution
of the reinforcement, which can be attained by high energy ball milling1112, in-situ growth
method?3, friction stirring!41> and solution coating®. The second step is to consolidate
pre-mixed powder into bulk material which may be done by drop-casting!¢, spraying!”.18,
liquid pressing!?, sintering??, forging and extrusion?1. In an experiment with CNT having
a concentration ranging from 0% to 6%, it was observed that composites with 2 wt. % of
CNT gives higher yield and tensile strength than other concentrations?2. The decrease in
strength with high CNT content was because of the increase in the agglomeration of CNT,
which starts functioning as a defect. Kim et al.23 investigated the effect of milling time on
the structure of CNT particles. The results have shown that as the milling time was
increased to one hour, the length of CNT shortens to 1.2 microns from 5 microns. The
problem of agglomeration of reinforcements was solved by a 3 D hybrid structure formed
by a bridge of adjacent graphene nano platelets (GNP) with long flexible CNT, thus
resulting in an increased contact area. Jiang et al.2% used the flake powder method to
fabricate Al/CNT composite. The method replaces spherical powder with its nanoflakes
which were surface modified by polyvinyl alcohol hydrosol. The method achieved high

CNT compatibility with aluminium particles, forming strong ductile composites.
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Figure 1-4: (a) Single, double and multiwall CNT, (b) Number of publications on Carbon
nanotube (CNT) since 2009 (Source: web of knowledge).

1.2.2. Woven carbon fibres.
Carbon fibres (CF) were commercially available in the later 19th century by Edison and
were built by carbonizing thin bamboo shoots and cotton fibres. Later they were
manufactured in bulk by heating polyacrylonitrile in the air at 200-250 °C and in the inert
gas atmosphere at 1200 °C. This process removed Hz2, Oz and Nz, leaving a chain of carbon
atoms called CF. CF can be used in various forms, such as bundle, woven and knitted
fabrics25. The high fatigue resistance of CF reinforced composites is due to its high
stiffness, allowing it for extremely efficient crack bridging and enchased lower crack

growth rate?6.

Deka et al.2’, in their recent study, has crafted CuO nanoparticles on the woven
carbon fibre (WCF) mat. Further, GO-assisted composites were developed with a
vacuum-assisted resign transfer module with unsaturated polystyrene as a matrix. Like
other carbonaceous materials, the wetting of CF with molten aluminum and the formation
of AlsCs is the major problem associated with CF-reinforced aluminum matrix
composites. The wetting ability of CF or other carbon material can be improved when the
temperature of 1273 K is achieved. However, CF starts reacting with molten aluminum

matrix at this temperature, creating an interfacial reaction product.

Moreover, many research articles have been published to improve CF's wetting
ability with the Al matrix and are important in respect of this article. Daoud et al.28 used
the high-pressure gas infiltration method to fabricate CF/Al-matrix composites with high
compactness. The application of pressure forces the metal to surround the fibre and

improve its wetting ability. Improvement in wettability can be achieved by coating CF
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with unreactive elements. Yang et al.2? used copper coating on WCF using the
electroplating methodology. Copper do not react with CF even at elevated temperature,
thus prevents the interfacial reaction. The formation of aluminium carbide (AlsC3) is
often accompanied by fibre degradation and deterioration of mechanical properties,
leading to the earlier failure of the composite material. Abiding et al.3° worked upon the
coating of CF with titanium nitride by using the chemical vapour deposition technique.
The coating of 30 nm to 35 nm of titanium nitride (TiN) improves the oxidation resistance
of CF. The TiN deposition also improves the wetting ability and acts as a protective
coating, provided the contact time with the Al-alloy melt is not too long. Zhang et al.31
studied the semisolid-rolling and annealing process for Ni-coated WCF composite. The
result showed that at the temperature of 930 K, molten metal could not escape from the
roller, and sufficient infiltration was achieved. The use of nickel as a coating material
reacts with the molten Al metal upon initiation of casting. Since the fibre is at a much
lower temperature than the melting temperature of the matrix, the reaction product Al3Ni

and molten metal attached to the fibre solidify instantly.

Apart from this, adding magnesium into the composite positively influences the
reduction of brittle phase Al4Cs formation. Since magnesium and carbon have the highest
negative enthalpy, so higher the negative mixing enthalpy more firmly the reaction
occurs. Hence magnesium element is easily drawn into the carbon fibre, inhibiting the
direct contact of Al with CF, thus reducing the formation of Al4+C332. Alhashmy et al.33
compared liquid infiltration squeeze casting and laminate squeeze casting method
(Figure 1-5). It was found that laminate squeeze casting reduces the infiltration distance
to half the fibre thickness and solves most of the problems, such as premature cooling
and pressure drop, thus improving wetting ability, composites homogeneity and

properties.

1.2.3. Graphene nanoplatelets
Graphene-based composites have recently gained their place in aerospace, marine,
automotive, electronic packaging and thermal management industries. Graphene has a
broad spectrum of extraordinary properties, i.e. high electron mobility of over 2 x 105 cm?
V-1 51 at electron densities of 2 x 1011 cm?, the high thermal conductivity of 5 x 103Wm-1

K1, impermeable to gas34, ballistic transport of electrons3>, absorbs 2% of the white light,



has Young’s modulus of 1TPa and tensile strength of 100 GPa3¢. These are individual

layers of sp2 - hybridized carbon atoms arranged in two-dimensional lattices.
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Figure 1-5: (a) Liquid infiltration squeeze casting (b) Laminate squeeze casting.

As shown in Figure 1-6(a), graphene is one atomic thickness sheet of carbon having
numerous properties such as high strength and stiffness, most stretchable and thermally
conductive material ever known with exceptional lower density and higher specific
area®’. The young’s modulus by various molecular dynamics simulations along the
graphene plane is recorded as 1.8 TPa, compared with the diamond as 1.2 TPa, steel as
200 GPa, and copper as 100 GPa. The advantage of graphene and CNT is that they are half
the density of aluminum metal and have a tensile strength of about 20 times that of high
strength alloys such as annealed steel with the strength of 700 MPa3839, The advantage of
graphene over CNT and graphite is its high specific surface area, leading to a higher area
for interaction and high-stress transfer4?. Graphene does attract attention more than
CNTs due to its three distinct features. 1) 2 D flat geometry (Crack deflecting properties),
2) high aspect ratio which allows for its interaction from both sides of the face, and 3)
unique surface texture which allows it to interact with the matrix material mechanically.

Graphene has been an excellent filler material when used as thermal interfacial material.
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The strong coupling of graphene within the metal matrix increases the thermal
conductivity of the composite material up to 2300%%4*. Figure 1-6(b) shows a rise in the
level of research on graphene-based composites since graphene was exfoliated from
graphite in 2004. Several articles were published in metal matrix composites and have
increased from 11 in 2009 to 2723 in 2018. A similar trend can be noticed for the polymer

matrix, which has increased from 37 to 2959 in the same period (source:

www.webofknowledge.com).
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Figure 1-6: (a) Graphene nanosheet, (b) The number of publications in graphene-based
composites since the year 2009 (source: web of knowledge).

1.3. Introduction to graphene-based MMC
Since 1920, Metal matrix composite (MMC) have been widely studied in various fields of
science (refer Figure 1-7) because of their high technological, structural and functional
application in automobile and aerospace industries#2. The insufficient interaction
between the reinforcement and matrix interface can create fragile components. Hence, it
becomes an essential factor in governing the overall performance of the composites
material4344, Graphene oxide (GO) has hydroxyl and epoxide functional groups and
carboxyl and carbonyl groups. So in polymer matrix composites, this group acts as a
strong interfacial agent that reacts with the epoxy group of the resin in polymer to form
strong composite materials. GO is soluble in many organic solvents and water; hence, it

becomes more comfortable to handle and disperse in matrices.

The primary difficulty with GNP’s is that the weak Van der Waals force between

the layer of GNP makes the material difficult to be dispersed within the matrix material*>.



Ball milling or planetary ball milling is a widely used technique for dispersion of graphene
particles within a matrix material. However, due to the strong impact force, the graphene
morphology is often damaged, which creates the sight for interfacial reactions and
reduces the strengthening effect of graphene?346-48, However, other dispersion processes
such as friction stir processing can be an excellent alternative4?. In metal matrix
composites, the lighter matrix material such as aluminum and magnesium having
carbonaceous fillers are the point of attraction for current research. The demand is to
create composites having low weight and strength comparable to that of other monolithic
materials#950, Metal matrix composites are widely used in structural applications such as
aerospace, marine, automobile and construction engineering. However, ceramic matrix
composites have occupied their space in higher-temperature electronics parts,

lightweight hypersonic engines etc>™.
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Figure 1-7: Number of publications on graphene-based MMC at various fields (2009-
2019, source: web of knowledge)

1.4. Applications

1.4.1. Overview of applications of GNP /metal matrix composites
The MMC reinforced with GNP has found its place in various fields of application. So,
depending upon the type of matrix material and the final use of composites formed, Table

1-1 provides a glimpse of the utility of GNP reinforcement in different matrix materials.



Table 1-1: Overview for applications of GNP/Metal matrix composites.1422,59-61,25,52-58

1. Graphene/Al Light weight high strength composites material for aerospace
applications.
2. Graphene/Cu High strength, high conductivity material for electronic and
other devices.
Graphene/Mg Light weight high performance composites.
4. Graphene/Au Bio-sensing applications.
Graphene/Ag High performance catalyst and removal of mercury from
aqueous solution.
6. Graphene/Zn0O Modified lithium storage capability and photo catalytic
degradation and filtered removal of RhB dye.
7. Graphene/Fe;0, Increase in performance of lithium ion battery. Enhancement
in electromagnetic absorption properties.
8. Graphene/Al/Sn/  High strength Nano filter adhesion.
Mg
9. Graphene/Al/Pd/  Fuel cell.
Pt
10.  Graphene-Hybrid Arsenic filtration, hybrid materials
composites

1.4.2. Application of graphene
1.4.2.1. Electrical applications of graphene

Due to its attractive electrical and mechanical properties, different research has been
focused on its practical applications. The mechanical, chemical and electrical
characteristics of graphene can be preserved even to the atomic level of a few benzene
rings. Graphene is a good material to deal with molecular scale electronics®263. For
example, graphene can be employed as a semiconducting layer in barristor¢465, FET
(field-effect transistors)®®, and integrated circuits when the density and type of carriers
in the SLG p-n junction are changed. The graphene barristor is a triode with a gate-
controlled Schottky barrier and a 105 on/off ratio. Graphene can also be used as
capacitors®’ and sensors®8. Furthermore, the electron flow can become a focal point when
the carrier density on the n- and p-sides of a single graphene p-n junction is made equal.

Graphene is also used to synthesize electronic lenses®°.

With whispering-gallery-mode as inspiration Zhao et al.”? created a resonator to

form electronic waves by building a circular p-n junction in the graphene. Due to the
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vertical graphene heterostructure, a field-effect tunnelling transistor device was
proposed’l. This device takes advantage of graphene's low density, allowing a tiny change
in Vgtoresultin a large rise in the value of Er. Apart from the use of graphene in electronic
devices, it can be used in photonics and optoelectronics devices which combines the
optical and electronic properties’2. Because of its low sheet resistance and excellent
transparency, graphene is used as a transparent conductor in most optoelectronic
devices. In inorganic’3, organic’4, and dye-sensitized solar cells, graphene-based
transparent conducting sheets are employed as window electrodes and hole transport
layers. The work function of graphene is 4.5 eV, comparable to that of indium tin oxide
(ITO). Many attempts have been made to employ graphene, which will eventually replace
ITO7576, in light-emitting devices and touch displays. Graphene can absorb a wide range
of wavelengths, from ultraviolet to terahertz. As a result, a graphene photodetector will
have a wider spectral range. Graphene functions as a transparent conductor because of
its low sheet resistance and high transparency in most of its optoelectronic devices.
Minimal heat loss to the substrate and low heat capacity per unit area is the minimum
conditions for effective thermoacoustic sound generation’’. Monolayer graphene can
meet the conditions with a minimum thickness of 0.335 nm?78. Graphene-based sound
generators are capable of generating sound beyond the audible range’°. The combination
of attractive mechanical and thermal properties does suggest that graphene is a suitable
material for fabricating thermophones®?. Tian et al.8! were first to show that graphene-
based thermophones are efficiently capable of producing audible and ultrasound sound

frequencies through the thermoacoustic effect.

Good electrical and mechanical properties are obtained with laser-reduced
graphene. Hence, electrochemical capacitors can have graphene as electrode material
that exhibits higher energy and power density with remarkable cyclic stabilities8283,
Double-layered capacitors (DLC) may have electrodes of a vertically oriented graphene
nanosheet which provides decreased electronic resistance, excellent time constants for
resistor-capacitor, and outstanding performance AC line-filtering. MEGO (microwave
exfoliated graphene oxide) is a continuous 3D network with nanoscale pores that is
produced by potassium hydroxide activation. Its design aids super capacitors which

breaks the barrier of low energy storage density and increased series resistance.
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1.4.2.2. Graphene resonator
Graphene resonators are the ultimate limit for 2D nanoscale resonators because of their
one atomic thickness84. Graphene-based resonators could be used as charge sensors for
weak or ultra-low measurements8> and precision measurements of mass86. Whereas
single-molecule mass detections are possible with nano electromechanical systems
(NEMS) resonant sensors, graphene-based resonators have the potential for detecting a

single atomic mass®’.

1.4.2.3. Graphene coating and lubrication
A coating of graphene can do protection of nano-electronic devices. Graphene, because of
its 0.34 nm of thickness, can form a thin layer of transparent protective layer8889 having
ideal transmittance of 97.7%°99°1, Chen et al.?2 has shown that graphene film grown by
CVD can protect the surface of Cu and Cu-Ni alloys from oxidation in the air even after
heating it to a temperature of 200°C for up to 4 hrs. Due to its exceptionally low coefficient
of friction, graphene coating is the best choice for solid lubrication and for wear/scratch-
resistant coatings. A few layers of graphene are used as a solid lubricant for tribo-pairs
consisting of stainless steel surfaces. The coefficient of friction (COF) achieved is six times
lower if graphene is used. Berman et al.?3 has shown that graphene-nano-diamonds are
capable of showing super macroscopic lubricity than diamond-like carbon (DLC), and the

resulting COF is as low as 0.004 in a dry environment.

1.4.2.4. Pressure sensor
Smith et al.?# has manufactured a pressure sensor by suspending chemical vapour
deposition (CVD) graphene on a 1.5 mm deep rectangular cavity etched with reactive-ion
etching (RIE) technique. Dolleman et al.> used a few-layer graphene membrane as a
squeeze-film pressure sensor. The device shows a strong pressure dependency on
membrane resonant frequency, with a frequency shift of 4 MHz measured with no
hysteresis between 8 and 1000 Mbar and the device's measured responsivity of 9000

MHz/ mbar.

1.4.2.5. Aerospace applications
Graphene along with aluminum matrix has great applications in aerospace industries.
Modern aircraft utilizes more than 20 wt.% of aircraft mass as aluminum metal and
around 50 wt.% of aircraft mass with composite material (laminate or carbon-carbon

sandwich structure etc.). The utilization of strengthening reinforcements can further
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decrease the aircraft mass by avoiding conventional materials. However, this field needs

to be searched for better load transferability and high-strength materials.

1.4.2.6. Other applications
Resonant sensors- A graphene resonator with a uniform gap can be fabricated by
transferring graphene onto a substrate material and then etching the oxide using a
buffered hydrofluoric acid solution®¢. Unlike conventional resonators, graphene has a 2D
structure, and a large surface area with a high surface-to-volume ratio, which makes its
interaction with external masses more convenient®’. Graphene resonators have high

operating frequencies, making them more likely to be used in sensing applications84.

Nanogenerators- Using the piezoelectric transduction property of graphene membrane,
Wang et al.?8 designed a nano-generator by fabricating a hole (approx. 3 mm) on the
substrate having a reactive ion etching and graphene deposition, which was prepared

through exfoliation and mechanical cleaving.

Piezoelectric actuator- Rodrigues et al.?° demonstrated the piezoelectric properties of
graphene. It utilizes the SiO2 calibration grating that has parallel rectangular grooves of

1317 4+ 10 nm heights, with a periodicity of 1500 + 10 nm as a substrate.

Ultrafiltration medium- Several theoreticall%0 and experimental works have shown that
nano-sized porosity in a graphene membrane does allow one element to pass through it,
therefore performing as an ultrafiltration medium 191, Filtration made by GO-membrane
has potential application as barriers to liquid and solid which can efficiently separate the
solid particle from the liquid. Graphene membrane has application in the water and gas

separation filtration.

Desalination. Cohen-Tanugi et al.192, for the first time, has shown the desalination
application of graphene using an MD simulation. The process utilized hydroxylated or
hydrogenated nanoporous graphene membrane in the reverse osmosis process. Apart
from current polyamide-based filters, water flow through graphene is easier and faster
because of its thickness and large pressure withstanding abilities. Thus, desalination
through graphene nanopores is potentially faster and more energy-efficient than any

other process with high cost-efficiency03.

Application Summary-The field of metal matrix reinforced composites is still a promising

area of research. Powder metallurgy and roll forming techniques used in aluminum

13



matrix composites have built their base, but the research is still focused on the
compatibility of graphene with liquid aluminum. The use of graphene in various other
metal matrices has shown that the field is still open to creating new material with higher
hardness, yield strength, and thermal and electrical conductivity. Food and
pharmaceutical industries can apply graphene coating to keep away the water and
oxygen for its longer life. Li-ion battery capacity and life cycle can be increased by using
the graphene in its electrode (Al and Cu) for high charge transfer. It can be used in
combination with a dielectric material to get high-performance batteries. Chemical
industries have adopted the use of graphene as catalysts or solvents for its better
performance. The high-performance adhesive is being made by using graphene to get
properties better than with the other material available. The growth of metal oxides on
the graphene particles has attracted interest in various sensors for their faster response.
Lastly, graphene is a low-cost, high properties material that has opened new ways for
discovering various smart material, which is of higher reliability, low cost and high

performance.

1.5. Problem definition
After a comprehensive literature survey following problems have been identified in the

synthesis of aluminum metal matrix composites:

¢ Quality and non-uniformity in the dispersion of graphene in metal matrix: Non-
uniformity in the distribution of reinforcements creates composites with weak
mechanical strength. Carbonaceous reinforcement agglomerates easily due to weak
van der Waal force and affect the tensile strength of composite material.

o Effect of alignment, volume fraction, aspect ratio and clustering of graphene in the
metal matrix: It is evident from the literature (discussed in the next chapter) that the
volume fraction of graphene plays a vital role in the strengthening of composite
material. The strength of composite first increases and then decreases with an
increase in reinforcement percentage. The decrease is due to the clustering of
graphene, limiting the maximum achievable strength of composite material.

¢ Non-wettability and aluminum metal matrix attachment to 2D structured graphene:
Non-wettability refers to the ability of reinforcement to maintain contact with the

matrix. Graphene has wettability issues with aluminium matrix, hindering the load
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transfer between reinforcement and matrix. Non-wettability also leads to premature
crack formation and propagation within the composite structure.

¢ Non-wettability leads to improper interfacial bonding and weak inherent properties.

e The reaction between aluminum and graphene at elevated temperature leads to the
formation of Al4C3: Aluminium reacts with activated carbon present in the graphene
structure and forms a brittle phase of aluminium carbide. Al4«Cs has lower strength as
compared to matrix and reinforcements. Hence when it is present in composite, it

causes voids and cracks formation and causes site for premature failure.

Being an excellent reinforcement, graphene lags behind its ability to enhance the
performance of aluminum metal matrix composite. The issue of non-uniformity in
dispersion and graphene agglomeration was addressed earlier by many researchers
using the ball milling technique. However, non-wettability and formation of Al4Cs are still
needed to be addressed. As mentioned in the literature, the reaction between graphene
and aluminum matrix is based on defects formed during graphene synthesis or its
processing. Therefore, care must be taken with a suitable interfacial product that can
enhance wettability and minimize the possibility of carbide formation. The use of
functionalized graphene could be one of the techniques to minimize defects and improve

the wettability of reinforcement.

Most of the work reported on functionalized graphene is on energy storage,
electronic industries and solar cells. However, there is very little or no literature (apart
from GO and rGO) available on the utilization of functionalized graphene towards

aluminum matrix, and it needs to be addressed.

1.6. Aim of existing project
The present research focuses on synthesizing functionalized graphene using a high
energy ball milling technique and further investigating its effect on aluminum matrix to
achieve high-performance composite material. To accomplish the above-mentioned

objectives, task list is defined in Figure 1-8.
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TASK 1 ‘ TASK 2 |

Fabrication of
functionalized graphene » Characterization of
using ball milling functionalized graphene
technique

.

TASK 4 | l TASK 3

=L
™,

[ Fabrication aluminium
‘ metal matrix composite
using functionalized
graphene as
reinforcement

Characterization of
composite material

Figure 1-8: Task list

1.7. Organization of the report
Chapter 1: The first chapter of the thesis sums up the fundamental features of the research
work and the merits of metal matrix composite and carbonaceous reinforcement—the

chapter identifies applications of metal matrix composites and graphene in various field.

Chapter 2: The second chapter is the detailed literature survey on graphene synthesis and
the merits and demerits of the processes involved. The literature elaborates the effect of
graphene on various metal matrix composites and the strengthening mechanism

involved for its effective load transfer.

Chapter 3: To accomplish the aim of thesis, functionalized graphene was synthesized via
ball milling technique, it is very necessary to take account of the energy released during
ball milling process at various milling speeds. The chapter gives an analytical approach
for the release in energy at various milling speed so that graphene synthesized has lower
structural defects and the process generates low heat via friction and collision at

prolonged milling time.

Chapter 4: The fourth chapter sums up the methodology involved in synthesizing
graphene and aluminum metal matrix composite via high energy ball milling and power

metallurgy technique, respectively.
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Chapter 5: The fifth chapter synthesizes nitrogen-doped graphene via high energy ball
milling technique and analyses its strengthening effect on aluminum metal matrix
composite. Synthesized graphene was characterized in detail using different
characterization techniques. The composite synthesized has a different percentage of
nitrogen doped graphene (NDG) and was characterized using different mechanical

characterization techniques.

Chapter 6: The synthesis of sulfur-nitrogen co-doped graphene (S-NDG) and its
strengthening effect on aluminum metal matrix composite is presented in this chapter.
Sulfur doped graphene and S-NDG/Al composite were characterized by various

techniques and detailed in the chapter.

Chapter 7: The synthesis of antimony doped graphene (ADG) and its effect on the
mechanical performance of composite material is detailed in this chapter. Various
techniques were used to characterize graphene composite material with varying ADG

concentrations.

Chapter 8: This chapter includes the conclusions from the current work and identifies the

future scope of the research.
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CHAPTER 2: Literature review

Some essential information about metal matrix composites, graphene synthesis and
functionalization techniques is reviewed to get graphene and its relevant composites
with the best mechanical and interfacial properties. The literature presents the prior
work done in the areas, namely, different metal matrix composites. The effect of
functionalized graphene and reinforcement percentage on mechanical, chemical and

thermal characteristics will be discussed.

2.1. Graphene: Preparation, processing and dispersion techniques
Most of the research work done so far has not been able to use graphene in its purest
state, i.e. pristine graphene, mainly because of its limited yield from the preparation point
of view. Moreover, because of its carbon-carbon, sp2 hybridized double bond graphene
can be easily functionalized to produce GO, rGO, Nitrogen-doped graphenel% and
carboxylic doped graphenel% etc. These materials are commonly available and even
showcase similar properties to that of graphene. From Figure 2-1, it is evident that there
are several ways to produce single or few-layer graphene, such as by mechanical
cleavagel0¢, epitaxial growth in high vacuum chamberl%7, graphitization of SiC in
atmospheric pressure, oxidation of graphite to produce graphite oxidel98109 chemical
vapour deposition (CVD) using catalyst transition metall10111 and liquid phase
exfoliation techniques!!2. Among those methods, low cost and high-quality materials are

only obtained from the direct liquid phase exfoliation techniques.

Preparation techniques for graphene

Mechanical Epitaxial growth Chemical Chemical vapour Other approach
cleavage approach deposition
| | |
AFM Tips Sonochemical Under water plasma
approach techniques
| | |
Adhesive tape Reduction of Electro chemical
graphene oxide processing

Figure 2-1: Synthesis of graphene by different techniques.

According to the literature, various processing and dispersion techniques are available
for the dispersion and processing of graphene in metal matrix composites. In fact, due to

similarities between GNP and CNT, various techniques adopted for the dispersion of CNTs
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can be utilized to disperse GNPs. The common problem in mixing GNP is similar to that
of CNT. The parallel tubes' energy interaction potentials are 500 eV/mm for single-wall
CNT and 2 eV/nm? for graphene platelets113114 and is the probable reason for
agglomeration. In the prevention of agglomeration, high energy is required to overcome
the surface energy of graphene. However, the presence of clustering leads to the
formation of cracks, pinholes and pores, leading to the premature failure of composites
material. So, the interaction energy potential and the van der Waals forces must be
neutralized before the graphene distribution. For this purpose, several technologies have
been introduced and are being discussed in the article. However, the most significant
demerits of those processes are that most of the processes are complicated and
uneconomical for industrial applications. The Ball milling and ultra-sonication technique
have recently emerged as the most efficient and powerful techniques for mixing GNPs

into the matrix material.

2.1.1. Preparation methods
2.1.1.1. The solution made preparation techniques:
Dispersion and chemical exfoliation are some of the few techniques for the exfoliation of
graphite to produce graphene. For this, the particles are dispersed in an appropriate
solvent with a suitable concentration and remain dispersed for a reasonable period of
time. Two main approaches are utilised to overcome the strong van der Waals force of 2
eV/nm? on the graphene surface. First, sonication of graphite in the solvent system and
second, chemical functionalization or treatment of graphite to weaken its interlayer
interactions!1>. However, there are a couple of problems associated with the utilization
of graphene. The first is the lack of scalable synthetic routes to produce graphene
required for industrial applications, and the second concern is the poor colloidal stability
of graphene in most solvents*8. In the recent era, graphene production through graphite
has been popularized by a sonication assisted liquid-phase exfoliation (LPE)11¢ in the
presence of organic solvents!1?, ionic liquids!!® and aqueous surfactant solution. The
aqueous solution approach provides an advantage over toxic and expensive solvents. At
the same time, the presence of surfactant and stabilizer molecules in dispersion
minimises the free surface energy by non-covalent functionalization of graphene, which

prevents the aggregation of graphene sheets11°.
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Another approach for exfoliation and dispersion of graphene is the sonochemical
liquid-phase exfoliation techniquel?0, The process uses ultrasonication, shear
exfoliation!?? and micro fluidization122 techniques. The mechanism behind
sonochemistry is the periodic compression and expansion of bubbles, which creates
subsequent high and low-pressure regions inside the solution, as shown in Figure 2-2 (a-
e). The activation of sonochemistry is marked by a shift in pressure that occurs before
the development, expansion, and collapse of the sonic bubble. Dissolved air molecules
disperse at the lower pressure cycle to create a bubble. Thus, the higher external pressure
compresses the bubbles and inner matter violently. This bubble growth and compression
process continues until the bubble bursts. As seen in Figure 2-2, the exploding bubbles
create shock waves that accelerate undissolved solute and impurity particles to a speed
of several hundred metres per second!23, and at this speed, collision causes a profound
structural alteration that may be employed for a variety of applications. In addition to
fragmentation, the process is widely used in the exfoliation of layered material to produce
2D counterpart!?4. The production methods are generally characterized by dispersions
with wide flake size distributions (nm- few mm) and low yielding, typically in the range
of 1 to 5%. Liquid phase exfoliation techniques typically produce dispersion with low
intrinsic graphene concentrations (~0.1 g/litre). Hence, centrifugation and re-dispersion
are often required to produce graphene with industrially acceptable concentrations i.e.

of (=1 g/litre).

Surfacial Region:- Secondary
sonochemistry region: Chemical
reaction occurring outside in
liquid phase.
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Figure 2-2: Acoustic representation of shock wave formation and different dominant
inside the bubble125126,
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Lei et al.127 used the LPE technique to prepare thin Fluorographene nanosheets by
interacting raw graphite fluoride (GrF) particles with N, N-dimethyl formamide
molecules, followed by a short-time microwave treatment. As per AFM results, the
thickness of the prepared fluorographene nanosheets ranges from ~ (1 to 4 nm). The
resultant high-quality fluorographene nanosheets exhibit excellent thermal stability and
remarkable lubrication behaviour in oil. The route for improving the LPE process is the
utilization of different additives and the solvent for graphite dispersion. Xu et al.128 used

naphthalene as a molecular wedge for improving the yield of LPE.

An impressive dispersion with concentrations of 0.15 g/L was obtained by this
method. Hadi et al.12? used magnetic Fe304 nanoparticles as “additive wedge” to facilitate
the improvement and delamination of graphite layers. The experiment showed strong
shear forces resulting from the collision of Fe304 particles with graphite particles, having
intense ultrasonic waves. This, led to enhanced exfoliation of graphite particles to GNP.
Another route for graphene exfoliation is the electrochemical and underwater plasma
technique or pulsed underwater dischargel30. The electrochemical process utilizes the
intercalation of ions and electrochemical reactions from electrolytes for exfoliation. It
offers a whole branch of electrochemistry to be applied for the exfoliation and
functionalization of the graphite electrodes. The type of graphene materials to be
produced depends greatly on the applied voltage and the electrolyte used, i.e. organic salt
solution!3l, inorganic salt solutions32? etc. The disadvantage of this route is that most
graphite electrodes come either as single or in continuous pieces. However, the chemical
exfoliation occurs on outer layers, peeling the electrode layer by layer. In reality, the
exfoliation and the ions exchange co-occur at all the graphite edges in contact with the
electrolyte. Hence, it results in the production of few-layer graphene or multilayer
graphite chunks133. Electrohydraulic shockwaves attain the exfoliation of graphite in an
underwater plasma electric discharges process. These shockwaves are formed due to the
rapid formation and collapse of vapour bubbles which contain evaporated water and

carbon particles134. The process is mainly excited through a high voltage pulse of 15 kV.

However, the main disadvantage is that the shockwaves generated can erode the
particle surface, thus producing much flaky debris. Segundo et al.135 produced graphene
nanosheets through underwater electrical discharge having two mediums, i.e. water and

isopropyl alcohol/water solvents. The result has shown that most of the GNPs produced
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were with less than 10 layers. Figure 2-3 shows that samples exfoliated in isopropyl

alcohol and water solution became smaller than those treated with only water.

Challenges: Exfoliation of graphite to obtain pure graphene requires overcoming van der
Waals interactions between graphite layers. The hurdle can be removed by two
approaches: chemical functionalization and sonication of graphite in the presence of
solvents136, However, the technique has some ill effects because it has been observed that
excessive sonication needed to break un-functionalized GNP may destroy the GNP sheet.
Despite its modified processing, GO is an insulating material, and even after the chemical
exfoliation, the electronic properties are quite different from the pristine GNP137,
Moreover, the use of acidic solvents complicates the process and leaves behind a

problematic process for removing the functionalized link of the graphene chain.

LEI 10.0kV X1,000 WD 15.0mm 10um

@ (b)

Figure 2-3: a) Graphene exfoliated in isopropyl alcohol and water solution and b)
Graphene exfoliated in pure water solution35,

2.1.1.2. Preparation by chemical vapour deposition method:
Chemical vapour deposition (CVD) (Figure 2-4, low-pressure CVD) is one of the most
promising yet flexible and commonly used methods for the growth of graphitic or
graphitic thin films. The process can produce large-area graphene sheets and chemically
turned 2D materials, for example, substitutionally doped graphene38, 13C graphenel3?
and hexagonal boron nitride films!4%.141 etc. Johansson et al. successfully generated few-
layer graphite in the early 1990s through this technique42. CVD has been widely used to
synthesise graphene. It is a relatively low-cost and straightforward method to produce

graphene of impressive size (i.e. 30 inches) and can be easily transferred to other
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substrates!43, However, the large-scale synthetic graphene film produced is generally
polycrystalline, consisting of various single-crystalline grains separated by grain

boundaries144145,

Flowmeters

Vacuum
Furnace gauge
H2 @ Pump
Substrate —
CHa

LN2 Trap

Figure 2-4: Diagram of Low-pressure CVD system for graphene synthesis146,

For graphene production on metal substrates, two growth methods have been
observed: 1) Carbon surface precipitation to make graphite, and 2) carbon surface
adsorption. The metal surface is exposed to methane during the process, particularly
12CH4. Methane is initially degraded on the metal substrate to produce CHx radicals
(carbon-free radicals) due to the catalytic activity of the metal surfacel4’. When the
metal's carbon solubility is high, carbon atoms diffuse into the bulk of the metal until they
reach their limit at the temperature of exposure or other concentrations established.
Regardless of the gas precursor's dosing order, all 12C and 13C atoms dissolve and mix into
the metal, and when the carbon in metal (such as Ni or Cu) achieves super saturation at
a specific temperature, an equilibrium monolayer graphite, or graphene phase is formed
on the surface. With further cooling of the metal, more dissolved carbon atoms precipitate
out of metals to form multi-layered graphene, depending upon the carbon concentration
and the cooling rate. In the case when the solubility of carbon percentage in the metal is
very low (for Cu), the surface-adsorption growth technique dominates, where 12C and 13C
are spatially separated across the Cu surface following the introduction of the two carbon

isotopes as a function of time146,

Challenges: Few challenges are associated with graphene synthesis by the CVD method.
The atomic details for graphene growth are still under investigation, and a higher growth
rate for single-crystal graphene is still unachieved. The maximum size achieved for single-

crystal graphene is limited to a few centimetres, basically due to its slower growth rate.
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The single-layer graphene still has various defects such as vacancies, wrinkling,
impurities, cracks, and holes produced during the transfer process. Another big challenge
for this process is controlling the stacking order and layer number for graphene growth.
The growth of graphene on the target substrate is preferred (as dielectric), which
eliminates the transfer process of film, avoiding various defects but degrades the quality
of graphene produced. At the same time, more study and research is needed to improve

GNP's quality to meet the present-day technological demand.

2.1.1.3. Preparation by reducing graphene oxide:
Graphene oxide (GO) is made up of pseudo-2D carbon layers, which is frequently made
by oxidising graphite flakes. The initial motivation for GO reduction is to mass-produce
graphene. Even in its disordered state, reduced graphene oxide (rGO) is proven to be a
potentially beneficial material for catalytic properties48149 and energy storagel50.151,
Efficient reduction of GO into high-quality graphene should substantially enhance
performance. Graphene is an excellent electrical conductor, while GO is insulating.
Therefore, to restore some of graphene's favourable electrical, mechanical and thermal
properties, GO is commonly reduced by thermal annealing or chemical reducing

agents152153,

2.1.1.4. Chemical reduction:
The current process for graphene production is the bottom-up and top-down approaches,
of which both are viable options. The bottom-up approach seeks to build graphene sheets
from scratch, i.e. starting with simple carbon molecules such as ethanol and methane. The
top-down approach is based upon the fundamental idea of layer by layer extraction of

graphene from graphite. Both methods provide graphene of good quality and yield154.

To produce rGO from GO on a large scale, chemical reduction or oxidation is an
efficient and most productive technique. The procedure starts with the immersion of GO
in a selected reducing agent at a particular temperature range for a particular period. The
process removes a functional group such as OH and COOH. Figure 2-5 (a) and (b) depicts
the chemical structure of GO and rGO. The transition of GO to graphene is frequently
shown empirically by a change in the colour of the reaction mixture, i.e. from brown for
GO to black for graphene and a rise in hydrophobicity aggregation. The restoration of p-
conjugation may be verified by changes between GO and rGO in UV-Visible spectra, XPS

(X-ray photoelectron spectroscopy) data and electrical conductivity. According to
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Huckel’s rule, the redshift of UV adsorption peaks suggests the extension of m-m
conjugation. The appearance of the - satellite peak in XPS can be a good indication?>>.
The efficacy of a specific reduction process is frequently shown by a drop in elemental
oxygen concentration and an increase in the current conductivity of the graphene

materiall56. Table 2-1 shows the types of reagents used for graphene oxide reduction.

@ (b)

Figure 2-5: (a) Chemical structure of graphene oxide (b) Chemical structure of reduced
graphene oxidel>.

Challenges: The use of acidic oxidants in the presence of water produces large-scaled
graphene nanosheets. However, the method suffers many drawbacks, i.e. the utilization
of a much tricky preparation method, complicated acid/H20 removal technique, and low
quality of product synthesized. Moreover, the involvement of various oxygen-containing
groups (such as carboxyl, hydroxyl and epoxy groups) on acid-oxidized GNP’s makes
subsequent functionalization uncontrollable and complicated>8159, The method may
cause depletion in the properties of graphene, such as lower conductivity, poor

mechanical and thermal stability and structural defects10.
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Table 2_1: Llst Of reagent used for GO reduction161,162,171—177,163—170'178—186’187,188,197,198,189—

196
Reducing agents Conductivity Doping Conditions
Lithium Aluminium hydride - - THE12h, 66°C
(LiAlH,)
Hydrohalicacid
HI-TFA - - 40h, -10°C
HBr 2.3x 102 Br doped 24h,110°C
HBr-KOtBu - - THE, 0.5h, 66°C
Borohydride
NaBH, 17 - 1h, 80°C
45 - RT, 2h
82 - 1h, 80°C
NaBH(OAc), - - MeOH, 2h, 70°C
NH;BH; 19 300 B/N doped 12h, 80°C
20300 B/N doped THE, 12h, 66°C
Sulphur- contained
Thiourea dioxide-NaOH - - EtOH/H,0, 1h,90°C
Thiourea dioxide-NH; 290 - 1h, RT
Ethanethiol-AlCl, - - 5h, 70°C
Lawesson reagent 4760 S doped Toluene, 24h, 110°C
Nitrogen-contained
Hydroxylamine - N-doped 30h, 80°C
Hydroxylamine-NH; 1122 - 1h, 90°C
Hydrazine 2420 N-doped 24h, 100°C
1700 N-doped DMF/H,0,12h, 80°C
Ethylenediamine 220 N-doped DME, 8h, 80°C
Urea/NH, 43 Adsorbed 30h, 95°C
Polyamido amine - Covalent 1h, 90°C
Oxygen-contained
Ethanol 1.8x10% - 4-5 days, 100°C
Methanol 3.2x10* - 4-5 days, 100°C
Benzyl alcohol 4600 - 4-5 days, 100°C
Glucose/NH, - Adsorbed 1h, 95°C
Dextran/NH; 1.1 Adsorbed 3h, 95°C
Isopropyl alcohol 1019 - 4-5 days, 100°C
Metallic- acids
Fe/HCL 2300 Fe-Doped 6h, RT
Zn/H,S0, 3416 - 2h, RT
Al/HCL 2100 - 30min, RT
Al foil/HCL 12530 - 20min, RT
Mg/HCL 10 - 5 min, RT
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2.1.1.5. Thermal annealing:
In this method, the graphene oxide is reduced under high temperatures, typically around
1000°C. The water molecule and oxygen functional group evaporate at this temperature,
reducing graphene oxide as a by-product. The effectiveness of this process can be
calculated by the magnitude of the carbon/ oxygen (C/O) ratio present in the graphene.
Renteria et al.19? analysed the annealing of freestanding graphene at a temperature of
1000°C. Due to the formation of the air pocket, there was a decrease in cross-plane
thermal conductivity. However, the in-plane thermal conductivity (k) increased
significantly from 2.94 W m-1 K-1 for the GO film to 61.8 W m-1 K- for the rGO film. Tian
et al.200 ysed a rapid thermal annealing technique without using any protective
environment to synthesize exfoliated graphene. The result showed that in the
temperature range of 450°C to 550°C, the yield was 50%. At 600°C the C/O ratio was

increased from 7.3 to 25.9 while using a two-step annealing process2%0.

Challenges: The important challenge behind the thermal annealing route is that it is not
possible to remove the oxygen functional groups entirely despite various efforts. Hence,
the reduced form of GO, i.e. (rGO), remains a highly disorganized material with relatively
poor crystallinity and mobility with properties far inferior to graphene obtained by CVD

techniquel55.201,

2.1.2. Processing techniques
The harsh processing conditions, such as high pressure and temperature, make
carbonaceous material into the metal matrix more tricky than expected. The achievement
of homogenous dispersion, the attainment of high strength interfacial bonding, and the
maintenance of structural stability are the primary challenges for developing
MMNCs202203 . The harsh processing conditions affect the structural integrity of
carbonaceous material, which results in the chemical reaction between the materials
occurring readily. In reality, caution must be exercised while fabricating metal matrix
composites, i.e. avoiding overheating in the melting of aluminum or aluminum alloys,

which can create Al4+C3 (aluminum carbide).

The wetting ability of molten metal’s on the solid surface of reinforcement plays a
crucial role in processing composites to get the desired product. The wetting is related to
the contact between a solid surface and liquid material, characterising a liquid's capacity

to spread across a solid surface. The extent of a liquid's wetting ability is determined by
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the rule of thermodynamics, which seeks to minimise the liquid droplet's surface free
energy. The surface energy (surface tension) of liquid droplets on a solid surface can be

expressed by the equation: -

Ysv = Vst + Vi COS @

Hence, contact angle ¢ can be expressed by,

Ysv — Vst

cos @ =
Yw

Where, y,,, ¥ and y;, is the surface tension of solid-vapour, solid-liquid and liquid-
vapour respectively?%4. Now, contact angle ¢ has greater significance since at contact
angle less than 90° the droplet wets the solid surface and at angle greater than 90° it does

not wet the surface.

In general, the graphite has poor wettability onto the Al and Mg surface with the
angle ranging from 140 to 160° (Figure 2-6)205206, The technique applied for
carbonaceous material reinforced metal matrix nano-composites is powder metallurgical
process, thermal spraying, electrochemical deposition process207 and liquid
metallurgy?28. Each process can be classified into laser deposition, metal infiltration, and
liquid metal stirrer processing for liquid metallurgy. The powder metallurgy process
includes spark plasma sintering, cold compacting and sintering etc., to prepare the
composite material. Thermal spraying includes plasma spraying and oxy-fuel spraying at
high speed. Some other processing techniques are molecular level mixing2%° and friction

stir processing?10.
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Orifice

Graphite substrate

Figure 2-6: (a) The non-wetting condition of liquid Al-droplet on the graphite surface,
and (b) Schematic diagram of a liquid metal droplet onto the solid surface20s.

2.1.2.1. Spark plasma sintering:
The spark plasma sintering method (SPS), schematically illustrated in Figure 2-7,
involves high pressure and temperature along with the pulsating current during the
sintering process. The process leads to the formation of plasma with the help of micro
discharge evolving from the impurities present on the particle surface?!l. The plasma
enhances the heat transfer effect and produces a stronger bond by effectively cleansing
the impurities present on particles. SPS techniques have many advantages over other
processes, such as: quick sintering time, inhabiting the grain growth, producing the high-
density product, and promoting better bonding between the composite phases. The
technique has a novel application of achieving the microstructural integrity of the
material by successfully closing the cracks and annealing the defects in the material. Due
to compressive stress and restriction of further expansion, cracks are brought close to

each other and are further bonded together by the energy of SPS technique?!2. The SPS
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technique has successfully synthesised aluminum oxide and silicon nitride matrix213

composites.

Inam et al.214 investigated the effects of the SPS processing technique on the structural
stability of graphene. The method used a dense Al203 sample with 3% graphene
reinforcement that was treated at a dwell temperature of 1250°-1450°C and a pressure
of 10-70 MPa. The initial GNP powder has high D- and G-peaks indicating significant
defects present in the powder sample. Whereas, after the sintering process, depending
on the dwell duration and temperature employed, the Ip/Ic ratio changed. The decrease
in the ratio indicates minor damage when a high sintering time was utilized in
combination with a higher temperature of 1450°C. The sample sintered with a low dwell
time of less than 20 minutes uses the pressure of 50-70 MPa, whereas the samples
sintered at 60 min dwell time use a pressure of 10 MPa. Sample sintered at lower
temperature and dwell time shows the lower temperature for oxidation, indicating a high
amorphous carbon?15, At the same time, the sample sintered for higher dwell time shows

higher electrical conductivity indicating high content for crystalline carbon.
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Figure 2-7: Schematic diagram of spark plasma sintering machine?211.

2.1.2.2. Hot isostatic pressing:
Hot isostatic pressing (HIP) is the second most widely used technique for synthesising

graphene metal matrix composites. The high pressure involved in the technique enables
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complete densification of the composite material. The process utilizes metallic or ceramic
powder to be fully densified by applying high uni-axial or isostatic pressure with
temperature216, The structural stability of GNP under SPS and HIP was similar when
compared by Inam et al.214. GNP's graphitisation was observed in the SPS technique when
the sintering time was increased. However, the oxidation temperature and electrical
conductivity were found similar when the sample was sintered under similar conditions.
By employing the SPS process and sintering period of 10-20 minutes, the samples
achieved complete densification with low oxidation start temperature and
minimal electrical conductivity. There is less research available on HIP, and the study

indicates that grain refinement was absent when this technique was utilized.

2.1.2.3. Thermal spray forming:
The thermal spraying technique involves the injection of powder particles from the spray
gun to a hot jet in which they are heated and projected towards the substrate to get a
surface coating. The coating layer is built by dropping the hot metal droplet on the cooler
substrate and then flattening the droplet with final solidification. Thermal spray
formation is subcategorized into plasma spray forming, oxyfuel high-velocity spray
forming (OHVF), flame spray forming, an electric arc spray forming technique. However,
plasma spray forming and OHVF are the most common method used for nanocomposite

coating 10217,

In plasma spray forming, arc is formed between the tungsten and copper nozzle
being cathode and anode, respectively. A high-temperature plasma jet is formed when
inert gas is pumped through the spark. The carrier gas feeds the material to be coated
through the plasma jet, where it melts and propels the material at a stream velocity of
400-800 m/s218, This technique is referred to as atmospheric induction plasma
spraying?19. Low pressure is established at the chamber (with a vacuum or inert gas
atmosphere) containing plasma guns and components to prevent the molten coating
droplet from oxidising. The process can be called low-pressure plasma spraying or

vacuum plasma spraying?20,

Challenges with spray forming: The main problem arising from the spray forming process
for developing MMC using carbonaceous material is the high processing temperature,
leading to structural damage to the CNT/GNP reinforcement. Poyato et al.221 reported the

conversion of CNT into disordered graphite and carbon-nano onion at 1550°C. This
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structural damage to the reinforcement can degrade the thermal and electrical
properties. To overcome this problem, a cold spray or kinetic spray technique is used, in
which the composite mixture is accelerated at a lower temperature to a high velocity of
500 to 1200 m/s. When a particle collides, its kinetic energy is transformed into plastic
deformation energy. This energy ensures the excellent bonding of particles on the surface
and reduces the effect of oxidation, melting, and grain coarsening effect to its

minimum?222,

2.1.2.4. Metallurgical processing
The fabrication of carbonaceous material reinforced through metallurgical processing
techniques is subdivided into hot rolling, hot extrusion, mechanical alloying, and solid-
state friction-stir processing. As stated earlier, the significant difficulties in fabricating
composites are the harsh environmental conditions implemented to consolidate metals.
During this technique, the immediate attention is the survival of nano- carbonaceous

material under harsh conditions.

2.1.2.5. Hot rolling:
A combination of ball milling and hot-rolling techniques was recently used to incorporate
GNPs into the metal matrix during the MMNC/GNP composites fabrication. Saboori et
al.223 studied the microstructure and thermal conductivity of AlI-GNP sample by powder
metallurgy and hot rolling process. The consolidation of the powder mixture was done
through a duo roll-milling machine at speed of 5 RPM. As shown in Figure 2-8, the powder
was first manually pressed inside the steel can and was further hot-rolled at 600 °C. The
comparison result of both processes revealed that in hot-rolled samples, the thermal
conductivity observed was relatively lower than that for the press sintered sample. The
result was likely due to the sample's high porosity level produced by the hot rolling

technique.

Moreover, one of the faults that might emerge as a result of the plastic deformation
that occurs during the hot rolling process is micro void growth, as shown in Figure 2-8(d),
it can cause density reduction in Al-GNP composites. The microvoids are eliminated by
grain orientation during hot rolling at the Al-Al interface. However, the voids present at
the Al-GNP interface are not readily removed due to GNP-GNP agglomeration; instead,
get entrapped inside the agglomeration. Shin et al.224 effectively fabricated the Al/GNP

composite by dispersing using ultra-sonication, ball milling, and hot-rolling techniques.
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The result has shown that the composite produced with 0.7 vol.% GNP has a tensile
strength of 700 MPa, which was 2-times higher than monolithic aluminum and had a
maximum elongation of 4% before failure. The reason given was the higher surface area
of few layer graphene (FLG), which effectively blocked the dislocation movement

producing the deformation band in the composites.
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Figure 2-8: (a) Dimension of container used for consolidation, (b) & (c) sample before
and after rolling process, (d) SEM image of the sample after rolling showing Al/Al and
Al/GNP interface?223.

2.1.2.6. Hot extrusion:
Hot extrusion is a hot working process in which material is forced to flow through a
shaped opening in a die. Since it is a hot working process hence, it inhibits work
hardening. The biggest problem with graphene is the formation of carbide, and this
carbide affects the strength of composites as its forms a brittle phase and does not

effectively transfer load. Due to the less wetting ability of GNP with the aluminium grains,
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the defects at the GNP/AI interface, such as microvoids, get elongated and produce the
sight for micro-cracks to occur in future. It's worth noting that extrusion causes the billet
to be in compressive and shear stress. Since no tensile force is generated, significant

deformation is achievable 225,

Yang et al.226 used a new process to yield well-dispersed MWCNT with good
interfacial bonding within an aluminum matrix. The procedure begins with creating
Co/Al catalysts by sonicating Co(NO3)2.6H20 molecules with Al powder soaked in
ethanol. The resulting mixture was heated in the oven at 60°C to evaporate the ethanol,
then dried for 6 hours at 80°C. In a hydrogen atmosphere, the dried mixture was heated
at 250° Cand 450°C, respectively. The technique produced a homogeneous coating of Co-
particles on the surface of aluminum powder. MWCNTSs were made by injecting a flowing
mixture of Cz2Hz/argon into a reactor at 600°C with a Co/Al catalyst. The composite
manufacturing starts with ball milling of prepared 2.5 wt % MWCNT /Al powder for 90
minutes at 500 RPM, followed by sintering and hot extrusion. Figure 2-9(a) shows the
interfacial bonding between the Al and MWCNT, and Figure 2-9(b) illustrates that
composite powder milled for 90 min has higher strength than those milled for 30 min.
Rashad et al.22? studied the mechanical properties of Al/GNP composite fabricated
through cold compacting, sintering and hot extrusion. The extruded composites showed
an increment in hardness by 11.8%, yield strength by 14.7%, and ultimate tensile by

11.1% strength compared to the pure aluminium sample.
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Figure 2-9: (a) HRTEM image of synthesized composites, and (b) Stress-strain diagram
for composites milled for 90 min and 30 min, respectively?22°6,

2.1.2.7. Solid-state friction-stir processing:
The friction stir processing technique (FSP) is the same approach used as in the friction
stir welding process, where the non-consumable rotary tool is used to stir the material
mechanically. A tool containing a shoulder and a pin provides frictional heating and
mechanical mixing in the area covered by the tool. The process accompanies localised
heat generation in the tool work zone, which partially heats and softens the material228,
During this technique, a hole or groove is first machined on the material's surface. The
groove works as a reservoir, keeping them from being swept away from the surface by
the operation of quickly rotating tools. The process results in a severely plastically
deformed or stir zone and leads to microstructural refinement and homogenization,
resulting in extremely fine grains with nanoparticles inserted on the grooves. The
transverse motion of the tool and its rotary action intermingles within the material to
produce composite material. The schematic diagram of FSP is shown in Figure 2-10,

where GO/water colloidal solution is used as reinforcement.

FSP has been developed in the broader field, covering micro-forming,
superplasticity, cast modification, channelling, and powder processing?2°. FSP has a
‘nugget’ region where homogenization and microstructure refinement occurs. During the

process, the temperature near the nugget region reaches up to 400-480°C230. For
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nanocomposites, the nugget region is where the carbonaceous material would be placed
in the sample, as shown in Figure 2-11. Since there are large deformation and strain in
the material, a significant amount of mixing would occur. So, it is assumed that powder
incorporated in this process would disperse thoroughly in the nugget?31. Despite intense
plastic deformation, the solid-state FSP enables the attainment of large ductility in the
product, which is because of dynamic recovery triggered by the generated frictional heat.
The process consumes less time and money than that compared with powder
metallurgy>l. The good interfacial bonding and strength between the GNP/AI interface

are due to dislocation movement restriction and load-bearing ability of graphene#0.232,

FSP, as compared with other metallurgical processing techniques such as
extrusion and hot rolling, is not significant in the improvement of strength because the
alignment of grains and nanoparticles do not occur efficiently. It is rather unsuitable for
fabricating thick metal matrix components as the technique is effective only near the

surface, which is in contact with the tool.

GO/water colloid
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Figure 2-10: (a) Schematic of MMNC fabricated by FSP using GO/Water colloid?28,
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Figure 2-11: (a) Schematic showing the area affected by FSP pin, and(b) Top-view for
the prepared composite sample22°,

2.1.3. Recent dispersion methods and challenges
Various processing techniques have been developed to disperse carbon nanofiller into
the metal matrix nanocomposites. The challenges such as structural damages to the
nanofillers during the mixing/consolidation process and matrix reaction product at
elevated temperatures hinder the research advances due to the sp? hybridized carbon
atom on graphite's (001) plane. However, the interfacial reaction of metal with carbon
nano reinforcements can occur via end and side contacts resulting in metal carbide
formations. Though, it is well known that metal carbide formation depends mainly upon
the Gibbs-free energy of metal carbide. Metals like magnesium and nickel have positive
Gibbs energy, showing unwillingness for the carbide formation, whereas, titanium has
negative Gibbs energy and is prone to carbide formation. Likewise, aluminum, silicon etc.,
are prone to carbide formation when exposed to carbon nanofillers. Aluminum and
copper are the most widely used matrix material for synthesising nanocomposites
because of their exceptional thermal and electrical conductivity and ability to use them
in aerospace industries. Hence, proper dispersion either in solid or liquid state methods

is essential for the better properties of the composite.
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2.1.3.1. Solid-State dispersion technique by high energy ball milling process.
Powder metallurgy, along with ultra-sonication to a great extent, has achieved the
uniform dispersion of carbonaceous material along with the good mechanical
properties233 of synthesized composites. Mechanical alloying is one of the extensively
used solid-state dispersion techniques to prepare metal alloys and MMCs because of its
higher effectiveness and simplicity. The process involves the milling or refining of
different powders with varying compositions and sizes for making alloys using a milling
medium. The ball milling process implicates cyclic cold welding, re-fracture and re-
welding of metallic powders involved resulting in grain refinement, work hardening?34
and strengthening of composites/alloys to be synthesized?35. The modification of the
milling environment, milling time and milling methods has the most significant impact on
the microstructure of composite/alloy produced to a greater end?36237. Generally,
dispersion is divided into three stages during ball milling of carbon fillers and metal
powder. First, nano-reinforcements are distributed among spherical metal matrix
powders. Second, CNT/GNP is dispersed on the surface of flake-shape metal powders by
the micro-forge mechanism!!, and then finally trapped into the lamellar-structured

powder, getting dispersed powder material.

Bastwros et al.238 successfully showed the effect of GNP dispersion by the ball
milling technique. The work revealed that 10 min and 30 min ball milling times were
insufficient to disperse the graphene particles into the Al6061 metal matrix uniformly.
The increase in strength achieved was about 47% and 34% higher when milling time of
60 min and 90 min was used. Yu et al.23” showed an increase in tensile and electrical
properties of about 22.5% and 17.4%, respectively, while using 0.3 wt% of GNP with 3
hrs of ball milling time. However, an extensive milling time of 4 hrs has resulted in the
generation of a large quantity of Al4sC3 phase and a decrease in the diameter of GNP

resulting in an adverse effect on tensile properties.

2.1.3.2. Wet dispersion technique
This technique involves mixing GNP/CNT and metal matrix in an appropriate solvent
followed by stirring and ultrasonication23°. Ultrasonication involves sound waves to
excite the powder particles, which form cavitation in the liquid solution to get uniform
mixing. Sonication bath and tip sonicator are the two most commonly used devices for

ultrasonication. Unlike the ball milling technique, particle size reduction and
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contamination issues are absent in this method. As the uniform dispersion of GNP in the
solution is attained, the matrix material is added to the dispersed solution to get the
required composite composition. To achieve a homogenous solution, the composite

mixture solution is ultrasonicated/stirred for a short time.

2.1.3.3. Colloidal processing
Colloidal processing is the method for generating matrix suspension by using the
technique of colloidal chemistry. The technique is used to make a GNP-ceramic24? mixture
by combining colloidal suspension of GNP and matrix powder. A similar solvent is usually
preferred for mixing both materials to get a uniform medium for dispersion. The colloidal
solution prepared is mixed slowly with the help of a magnetic stirrer, followed by
ultrasonication to get uniformly distributed GNP in the matrix medium. Moreover,
colloidal processing requires the modification of the surface for both graphene and the
matrix material. The surface modification can be achieved either by functionalizing
reinforcement (GNP/CNT) or by utilizing a surfactant that generates opposite charges on
the mixtures. The modification, which generally involves building the opposite electric
charges between the matrix particles and reinforcement, is commonly known as
heterocoagulation. The heterocoagulation route is a very efficient technique for having

well-dispersed CNT reinforced ceramic composites241,

Arvanitelis et al.242 investigated the 1.0 wt% carbon nanotube (CNT) in SiO2
matrix composites using surfactant-assisted colloidal processing employing acid-treated
CNTs and colloidal silica. Five systems were created by using a combination of cations
and anions surfactants. The technique was to coat the CNTs with silica particles and
create homogenously dispersed CNT-ceramic composites. Grigoriev et al.243 studied the
effect of graphene reinforcement on Al203 and SiC ceramic matrix composites. The
composite with a small quantity of graphene, i.e. 0.5 vol.%, exhibited the highest flexural
strength of (904 + 56) MPa and fracture toughness of 10.6 + 0.3 MPa with good

dispersion of GNP in the composite by colloidal solution route.

2.1.3.4. Sol-gel processing
This method is used for making silica nanocomposites. The Sol-gel route is another
method for producing GNP-glass or ceramic composites. The methods initiate with the
synthesis of a precursor, which undergoes condensation to generate a green body with

uniformly dispersed graphene. In this process, a stable dissolution of well-dispersed
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graphene is formed in which tetramethyl orthosilicate is added. The suspension is then
sonicated to get a thoroughly dispersed solution. A catalyst (acidic water) is added to
initiate condensation, which initiates the hydrolysis process, and composite gels are

produced?244,

The sol-gel methodology is used to synthesise GNP reinforced composite having
applications in solar cell electrode24>, Li-ion batteries?46, sensorsZ4’, microwave
absorption?48 and catalysts24° etc. For example, Zeng et al.2>0 employed the method to
prepare SiO2 coated GO composite to be used in electrochemical sensing of dopamine.
The sol-gel process has the benefit of producing a transparent and mechanically stable
film or other substantial material. Since it uses liquid precursors, it is easy to handle and

utilized for making doping material.

2.2. Functionalization by ball milling technique
The functionalization of graphene nanoplatelets using a ball milling machine is a new
technique that is being developed nowadays. Recently, it has been shown that solid-phase
processing and the mechanical activation through the milling procedure can help
synthesize different quantities of short and functionalized carbonaceous materialZ51, Ball
milling is used to make a solution of carbonaceous material by forming a complex solution
between CNT/GNP and various other substrates252, The results have proven that the
mechanical activation of CNT/GNP is a promising technique for the modification or
functionalization of the carbonaceous material2>3. Noncovalent interaction,
substitutional heteroatom doping of graphene, covalent C-C coupling, and hybridization
with nanoparticles are a few techniques for graphene functionalization2>4. Due to the high
repulsive interactions between the edge carboxylate groups, edge-carboxylate graphite
(ECG) may be generated by ball-milling graphite powder (solid-state) in the presence of
dry ice. In polar solvents (e.g. water), the resulting ECG can be further exfoliated into few-

layer nanosheets, resulting in improved dispensability in various solvents235.

[t was recently reported that dry ball milling graphite in an N2 environment results
in adequate direct nitrogen fixation at the boundaries of graphene nanoplatelets.
Although N2 is typically considered an inert diatomic gas, it may easily react with active
carbon species produced by the mechanochemical breaking of graphitic C-C bonds. A
thermodynamically favourable process, aromatization drives GNP's direct edge nitrogen

fixation utilising N2 gas256. Xu et al.27 have used a simple ball milling technique for eco-
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friendly synthesis of GNP’s functionalized with sulfur to get S-GNP for highly efficient
lithium-sulfur batteries (LSB) cathode material. LSBs based on the S/GNP cathode
material were synthesized by adding 30 wt. % of graphite and the rest of sulfur. Figure
2-12 (a) shows the schematic representation of S-GNP produced, and Figure 2-12 (b) &
(c) shows the deposited sulfur particle on the surface of GNP. The material synthesized
was able to show a high initial reversible capacity and was due to the excellent
electrochemical performance formed by the 3D sandwich structure of the material

formed.

2.3. Graphene reinforced composites

2.3.1. Graphene reinforced aluminum matrix composites
The melting and boiling points of pure aluminum (Al) are 660.4 °C and 2400 °C,
respectively. It has an atomic weight of 26.98 and an atomic number of 13. It has a density
of 2.7 g/cm3. It is the third most prevalent metal in the earth's crust and is a lightweight,
ductile metal with a density of about one-third that of iron. Pure aluminum is an excellent
heat and electrical conductor and is easy to weld. Aluminum's properties make it the best
option for its application in the industrial and aerospace industries2>8. The reduced
weight combined with higher mechanical properties such as high strength, stiffness and
elastic modulus can make it suitable to fulfil its need in modern aerospace and automobile
industries. However, the lower mechanical properties of pure aluminum do restrict its
use. Aluminum-based metal matrix nano (MMNC) composites are the most commonly
used MMNC in automobile and aerospace applications. Reinforcement, generally non-
metallic or ceramics such as SiC, Alz03, C, B, B4C, BN etc., can be mixed efficiently and

easily in molten aluminum?.

Table 2-2 is a brief overview of graphene reinforced aluminum matrix composites
with different graphene percentages as reinforcement. Boostani et al.259, in their study,
encapsulated graphene sheets into silicon carbide (SiC) particles by the ball milling
process. The process prevented the agglomeration phenomenon during the solidification

of composites, leading to a lower defect on the interface.
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Figure 2-12: (a) Schematic representation of S-GNP’s preparation, (b) & (c) The
deposition of ~10 nm sulfur particles/amorphous sulfur into the GNP multi-layered
structure?2s7,

Baig et al.2%0 dispersed graphene in aluminum by colloidal processing, which
combines sonication and surfactant dispersion. In his experiment, the performance of
two types of surfactants, i.e. anionic-sodium didecylbenzene sulfonate (SDBS) and
nonionic polymeric, ethyl cellulose (EC), was analysed. The results showed that
integrating surfactant-assisted GNPs considerably enhanced Al nanocomposites'
characteristics compared to pure Al. The EC based Al composite has 31% higher
hardness, and a 98% lower wear rate, at 0.5 wt.% GNPs260, Prabhakaran et al.261 used
laser shock peening technique?262 to modify the surface texture and microstructure of 0.4
wt.% graphene aluminum metal matrix composite. The addition of graphene improved
the ultimate tensile strength by 42% whereas laser shock peening contributes to a 10%

enhancement in the strength.
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Table 2-2: Overview of graphene reinforced aluminum matrix composites4246.268-

273,47,54,238,263-267

Year Reinforcement Processing Strategy Mechanical Properties and merits/demerits
Ball milli t 10, 30, 60,90 . .
1 wt% few layers _a milinga . Strength increases for composites and was 47% and
min. Pre compacting and hot . R
graphene . 34% for 60 min and 90 min milling
compacting
GO-water collidal L . . thermal conductivity 171.698 W m'! K, tensile strength
. friction stir processing .
solution 191.9 MPa, elongation 28%
0.25. 0.50 and 1.0 High energy ball mill Spex |good mechanical bonding, lack of GNP clusters, presence
2014 | \;vtlo/ GNP ""| 8000M (1,3 and 5hmilling | ofaluminum carbide detected, higher hardness value
’ time), compacting obtained at 2h sintering
0.15 and 0.5 wt% [Ball Milling at 75RPM for 12h,|Yield strength increases from 214 MPa to 319 MPa at 0.5
GNP Hot isostatic pressing wt%
1% Mg, 1% Al, Semi powder metallur yield strength 161 MPa, tensile strength 236 MPa,
0.18% Sn P & fracture strain 16.7%
V- Blender at 17 RPM f
0.5,1.0,1.5 and en _er a or Increase in ultimate yield & strength at 1 wt. %
2.0 wt% GNP 24h+ attritor at 180 RPM for raphene, strong, clean interface was developed
' 2h and hot extrusion grap ’ & p
Mg- 0.5-1.5 Al, 162 MPa Yield St th, 195 MPa tensile st th, 3.7 9
2015 g Semi powder metallurgy ate reng a' ensfiestreng %
graphene fracture strain
Powd tall d hot
Al + graphene owder m(:‘oalllirl:;gy ancho 262 MPa Yield Strength and 13 % Fracture Strain
Cold compacting and Increase in strength with respect to pure Al was 32%
RGO, GNS . L p g and 43% respectively for the 0.3 wt.% rGO-Al and 0.15
sintering in inert atmosphere .
wt.% GNS-Al composites
2016 GNP illing wi - i
reinforcement ball milling with smaller 1.0 wt.% GNP, both the yield strength and ultimate
) . . . . N
AIS083 matrix collision energy, sintering tensile strength are enhanced by 50%
GO reinforcement| Metallic plasma sprayed Hardness, adhesion strength and wear resistance by
in Ni-Al matrix coating 49%, 18%, and 14%, respectively.
GNP 3 Vol%, Al o . . Yield strength improved by 300%, Hardness.increased
. friction stir processing, by 53%, some Al,C; phase may form at the interfaces
Mg alloy matrix . . .
due to solid state chemical reactions
Surface nano composites, Five times increase in surface hardness was achieved,;
GNP Electrical resistance heating | hardening effect due to graphene impregnation is more
and application of localized | prominent in the subsurface region at a depth of 1-200
pressure pm.
2017
GNP/AI
com os'{e less Spark plasma sinterin Hardness increased by 21.4% with 1wt. % GNP. Yield and
1te, s .
P parkp & tensile increased by 84.5% and 54.8% with 1 wt. % GNP.
than 5 wt.% GNP
multilayer High directionality of heat conduction obtained, thermal
graphene (O_— 10) Spark plasma sintering conductivity 80 W m~1 K~ for the in-plane direction and
vol.%, Aluminum nearly half for through plane. More than 5% graphene
nitride ceramic has high electrical conductivity
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Cano-crespo et al.?2’4 compared the behaviour of GO and CNT reinforced
composites prepared by spark plasma sintering process. As a result, GO reinforced
composites were systematically more creep resistant than carbon fibre reinforced
composites. Since grain sliding?’> controls creep, the grain mobility in graphene
reinforced composites was substantially lower than that of the same quantity in

nanofibre reinforced composites.

Apart from the role of graphene in increasing the mechanical behaviour of
composites, graphene is used in self-lubricating composite to reduce wear and frictional
coefficient values. A similar experiment was performed on the tribological performance
of Al6061-graphene reinforced metal matrix composites with different speed, load, and
graphene content values, as shown in Figure 2-13. On increasing the graphene content,
wear loss and frictional coefficient value decreases and reaches an optimum value of 0.4
and 0.6% by forming a solid lubricant layer between the wearing surfaces276¢. Many
researchers have proposed a different approach for the manufacturing of composites. All
of the techniques are centred on the homogeneous amalgamation of graphene and
eliminating the formation of aluminum carbide. Prabhakaran et al. used Graphene
nanoflakes in combination with aluminum oxide as reinforcement in the aluminum alloy
as matrix material. It was observed that densification increased during microwave
sintering?’’7 due to the increase in the diffusion rate and is found to be directly
proportional to the sintering temperature. The flake morphology of graphene obstructs
the particle movement during loading, leading to narrowing the distance between them
and thus increasing the hardness and density. In the study of the addition of GNS in glass
fibre reinforced polyamide-6 composites containing aluminum hypophosphite (AHP), it
was found that AHP has successfully reduced the flammability while improving the
thermal stability of the composites. In contrast, GNP improved the mechanical properties

and mitigated the dipping phenomenon by improving the melt viscosity of composites278.
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Figure 2-13: (a) Wear loss, and (b) Coefficient of friction as load function?27°.

2.3.2. Graphene reinforced magnesium matrix composite
Magnesium (Mg) is the eighth-most abundant and lightest metal on the earth crust,
having a density of 1.74 g/cm3. Magnesium alloys and their composites can decrease the
component weight by 35% to 75% compared to aluminum and iron-based materials, thus
improving the fuel efficiency?80.281, However, due to its low strength, ductility and wear-
resistant properties, it is not much used in structural applications when in the purest
form. However, when Mg is used with other materials, it synthesises material with

properties much greater than monolithic magnesium.

Table 2-3 gives a brief overview of graphene reinforced magnesium matrix
composites with different graphene percentages as reinforcement. Mg-GNP
259282composites were successfully manufactured by ultrasonic processing and solid-

state stirring, slurry mixing, ball milling and SPS technique, etc>!. Khodabakhsh et al.270
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used the friction stir processing method to disperse and fabricate composite using
glassfiber reinforced plastic (GRP) in Al-Mg alloy matrix. The resultant composite has a
hardness of 84HV and an improvement of 300% in yield strength. The attained properties
were due to the large coefficient of thermal expansion and the mismatch strengthening
mechanism influenced by graphene's large surface area. Mg-graphene nanocomposites
processed by powder metallurgy can achieve relative density up to 97-99%. The report
of carbide formation for Al-GNP composites has been reported in the past, whereas in the
case of Mg-GNP composite, there is no report of carbide formation till now. The inclusion
of magnesium in the Al-Mg-GNP composite can hinder carbide formation, whereas this
topic of research is still to be studied deeply. As shown in Figure 2-14, Mg-GNP
composites exhibit greater yield strength, ultimate tensile strength, and ductility than
pure Mg. More ductility was due to the less porous structure of composite than that of

pure Mg. Pure Mg is brittle because of its limited-slip systems in magnesium crystal>+.
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Figure 2-14: Ambient temperature tensile test for Mg-matrix composites at various
reinforcement concentrations283284,

Rashad et al.283 studied the influence of CNT/GNP as reinforcement on the
mechanical performance of Mg-matrix composites. The results have shown that with the
same amount of GNP or CNT or GNP + CNT, CNT has more strengthening effect than GNP,
whereas CNT + GNP has more ductility (Figure 22).
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Table 2-3: Overview of graphene reinforced magnesium matrix composites>4283293-

300,285-292
Year Reinforcement Processing Strategy Mechanical Properties and merits/demerits
Graphene contentas Yield and tensile strength increases from
0.18,0.36,0.54 % in semi powder metallurgy [160MPa and 240 MPa for 0.18% GNP to 226 MPa
2014 Mg-1%Cu matrix and 260 MPa for 0.54 % GNP respectively
Mg-1Al- Powder metallurgy with | Composite reinforced with hybrid CNP+CNT has
0.6 wt.%(CNTs + GNP ) . : . o
5) extrusion higher failure strain than that of individual.
Graphene 0'3 wt% of sintering, cor.npacting, young’s modulus 13.8 GPa, elongation 16.9 %
5-15nm thickness extrusion
2015 Tensile fracture strain of AZ31 magnesium alloy
GNP and CNT High end ball milling, Hot composite was increased by +49.6 % with
sintering and extrusion 0.3wt.% GNP compared to -8.3% regression for
0.3 wt.% CNT
RGO Powder metallurgy Hardnc?ss improved b'y 64 HV, 0.3 wt% of R-GO
depicts low corrosion rate of 3.57 x 10~7
Hardness and wear behavior increases with
GNP (0.1,0.25 & 0.5 , graphene content, best wear performance was at
2017 )% semi powder metallurgy 0.5 wt% GNP with 10N load, agglomeration
becomes dominant beyond 0.5 wt% GNP
7 wt % MgO@GR, which contained 12.3 wt % GR,
Casting method, chemical the thermal conductivity increased by 76%,
MgO coated graphene o . . L
precipitation method composite exhibits good thermal conductivity
and electrical insulation performance.
Micro hardness increases of 0.5 wt%
nickel coated GNP Vacuum hot-press (GNPs+Ni)/AZ31 compared to AZ31 and
(Mg-3 Al-1Zn-0.5 sintering process, hot 0.5 wt% GNPs/AZ31 are 34.71% and 8.2%
GNPs)wt.% extrusion. respectively. With nickel improves interfacial
binding,
Less addition of GNP results in better dispersion
2018 (0.05&0.10) wt.% | Facile meltstirring and hot | and ultra-high strengthening efficiency of 1550
GNP extrusion processes. i9s obtained. With only 0.05% of GNP modifies
yield strength by 62% and 79% for 0.10% GNP.
CVD of carbon in form Electrical percolation threshold for the
of Few layer ) . FLG/MgO nanocomposites is below 0.56 vol%.
Spark plasma sintering ) ) )
graphene(FLG) on Strong increase in strength and micro hardness
MGO powder grain was observed.
Has applied
GNP in AZ91D thixomolding process for the | UTS, elongation, hardness and Porosity were
magnesium alloy first time to prepare 38.4%, 85.7%, 29.9%, and 33.3% higher than
matrix. graphene-reinforced pure AZ91D.
nanocomposite
2019

GNPs (0.1 and
0.6 wt%) in AZ80
matrix

Rheo-casting followed by hot
extrusion

Studied the effect of GNP contentin
microstructural and mechanical properties. The
tensile and compressive yield strength was
enhanced by50% and 37%.
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Kavimani et al.3%1 prepared composite by linear electrodeposition technique by
using RGO/SiC deposition on Mg surface to investigate the corrosion behaviour of
composite prepared. The corrosion result obtained from the test of electrochemical
measurements in two different aqueous electrolytes of NaCl and Na2S04 revealed a sharp
decrease in corrosion rate for RGO/SiC composite coating. Rashad et al.392 studied the
corrosion behaviour of Mg/ GNP composite in NaCl solution. Experimental results
showed that GNP's presence in different matrices decreases the corrosion resistance of

the composite.

2.3.3. Graphene reinforced iron matrix composites
Iron is one of the essential materials in manufacturing industries because of its strength,
magnetic properties, formability, and ease of casting. Though the introduction of
graphene is very recent in research and its use in manufacturing sectors, the inclusion of
graphene in iron or iron oxide matrix is still reported very little. Table 2-4 gives a brief
overview of graphene reinforced iron-matrix composites having varying graphene

percentages.

Lin et al.303 investigated the synthesis of graphene oxide reinforced iron
matrix composites processed through a laser-guided sintering technique. The composite
obtained had a microhardness increased by 93.5% more than the base material. Further
investigation revailed that the increase in hardness value was due to the formation of
cementite. Cementite is a brittle phase and has 6.67% carbon and 93.33% of iron which
can harm the properties of composites. Graphene oxide composite is used excessively in
electronics industries as supercapacitors with high cyclic stability. Though
pseudocapacitive material has high theoretical capacitance, its use is limited to low cyclic
stability. Hence, using this type of Fe203/GO composites overcomes the defect and

provides high cyclic stable and thus super composites304.

2.3.4. Graphene in copper matrix composites
Pure copper has various applications in an electromagnet, vacuum tubes, heat sinks,
welding electrodes, semiconductors, and magnetrons in the microwave. However, it
suffers low structural application. Copper matrix composites have excellent properties
and have vast applications in bearings, heat spreaders, and a wide range of instruments
requiring a lower thermal expansion coefficient and higher electrical and thermal

conductivity39>. The mechanical and physical characteristics of graphene in the copper
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matrix are considerably affected by its uniform dispersibility. However, the non-uniform

distribution may affect the desired properties306-308,

Table 2-4: An overview of graphene reinforced iron-oxide matrix composites.303309-313

Mechanical Properties and

Year Reinforcement Processing Strate
& &y merits/demerits

Material has superior electro
chemical performance i.e. high
discharge capacity and good capacity

one-pot pyrolysis process
N-doped graphene. of a Fe based metal organic

framework . o
2014 retention needed for Li-ion battery.

Surface micro-hardness was
2 wt% GO Laser sintering increased by 93.5% by laser
sintering of 2 wt.% GO.

The micro hardness value got
composite coating with . ] increased upto 581.0HV and elastic

graphene concentration of technique on stainless steel modulus of 213.3 GPa which was

2016 3gL? substrate 14.9% of the substrate.

Maximum induction (B,) of 2.39 T

Spark plasma sintering | and 18 % increase in hardness value

Ni/Fe)/Graphene-
(Ni/Fe)/Graphene electro-deposition

0.5, 1 and 2 vol% of GNP

d CNT on FeCo all
an onretoatoy was observed in the 1 vol% GNP.
5 wt.% of equal mixture of . The thermal conductivity increased
) ) .| Current activated pressure , ) )
2017 graphene in ferrimagnetic ] o by 2.6 times without decrease in
) . assisted densification. i L
iron oxide saturation magnetization
Ni-Fe-Graphene composite 1 g L' graphene concentration, Ni-
coatings was developed Fe/Graphene composites coating
with graphene Electro deposition process exhibit the greatest hardness of
concentration 0.05g 912.6 HV and good wear resistance
L1to3gL! (friction coefficient of 0.1990).
2018
Graphene refined the microstructure
Steel based welding promoting the fine acicular ferrite
surface were coated with Welding of steel plates formation. Strength and ductility
graphene suspension. improved and hardnesss was found

unchanged.

284,314.

Table 2-5 gives a brief overview of graphene reinforced copper matrix composites with
various graphene percentages as reinforcement. Gao et al. 284 prepared Gr/Cu composites
with different graphene content by an electrostatic self-assembling process. Figure 2-15
illustrates that the negatively charged GO and positively charged Cu powder were
prepared by coating it with hexadecyl trimethyl ammonium bromide and the powder
methodology process. Figure 2-16(a) shows the bonding between GNP and copper
matrix. A high strength bonding and good wettability can be seen in the Cu/GNP

composites compared with the case of Al/GNP composites. Zhang et al.314 studied two
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different reinforcements, i.e. GNP and rGO, in the Cu matrix through a molecular-level
mixing process (MLM). From Figure 2-16(b), the strength of the GNP/Cu composite first
increases with an increase in GNP and then decreases with a further increase in GNP.
Whereas, in the rGO/Cu composite, the strength of material continually increases with an
increase in rGO content from 0.05 to 1%. Better interfacial bonding and good structural
integrity were the reason for composite to exhibit higher yield strength below 0.5 vol.%,
whereas when the concentration increases beyond 0.5 vol. %, the GNP aggregation was
predominant, which was not observed in the case of rGO. The aggregation results in high
porosity by restricting metal matrix flow into GNP. The porosity causes stress

concentration and ultimately decreases the strength of composite material.

Modified GO
Hummer

. . Powder

Graphite Powder . | ' i

. metallurgy
ﬁ § GNP/Cu composite
CTAB treat;ent &

H L3 il

CTAB-Cu

GO-Copper Powder
Gs

Copper Powder

Figure 2-15: Graphical representation for GNP/Cu composites
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Table 2-5: Overview of graphene reinforced Copper matrix composites>3235322,323314-321

Year

Reinforcement

Processing strategy

Mechanical properties and merits/Demerits

3,5,8 and 12 vol%

ball milling (1200 rpm for
3h), hot pressing & sintering

GNP content, defect density increases with

yield strength and young's modulus
increases by 114% and 37% with 8 vol.%

milling

2014

0.5 and 1 vol%

ultrasonication and dry
milling at 400 rpm at 4 h

increase in UTS and YS at 1 vol.% GNP,
introduction of defects due to milling

GO Concentration 0.5

g L1 electrolyte

Pulse reverse
electrodeposition

Hardness 2.5 GPa, Elastic modulus 137 GPa

0.8 vol% Ni-GPL

Solution , Sonication and SPS

Tensile Strength 245MPa, elongation 9%

1 and 2 wt% b

all mill for 5h, hot pressing

effective dispersion at 1 wt.% and 50 %
increase in hardness with 2 vol.% GNP

2015

1, 2 wt%

ball milling and uniaxial hot

pressing

62 HV, electrical resistivity 10 -8 ohm- meter

modulus 104 GPa, 2 wt.% 2-4 nm hardness

0.3 wt % single layer
RGO

hot pressing, GO fill in
brick-and-mortar’

Yield strength 233 MPa, Tensile strength
218MPa, modulus 109 GPa

RGO/Cu composite
coating was done

electrodeposition with
[Cu"EDTA]?~ and GO sheet
solutions

which is 35%-40% and 10-18 times of pure

Tribological tests with 0.27 wt. % RGO has
low COF (0.24-0.26) and specific wear rate

copper

2017

Sandwich model i.e.
single copper film in
two graphene layers
(1Cu@2GNR),
(2Cu@3GNR),
(3Cu@4GNR),
(4Cu@5GNR)

confined to graphene layers

solidification of two-
dimensional liquid copper

using molecular dynamics
simulations

2Cu@3GNR composites obtain the largest
Young's modulus, tensile strength and
fracture strength among all the models
except fracture strain and 1Cu@2GNR has
the largest fracture strain

Graphene Nano Sheet
(GNS)

powder metallurgy

technique, at high pressure
of 1 GPa and high

temperature of 750 °C

290 MPa, 280 MPa at 2 wt.% and 1 wt.%
addition of GNS which is 10 % more than
pure copper

CNT 0.2,5, 10 SWCNT
and 5, 10 MWCNT

High energy milling and SPS

technique

Yield strength has increased by 2 to 3 times.
MWCNT composite has lower hardness than
SWCNT composite.

2018

Cu-ZnO/RGO
nanocomposite photo
catalyst

microwave-assisted
hydrothermal method

due to copper and RGO doping leads to
enhanced visible light absorption and
reduced electron-hole
recombination

mesoporous SiO,,
10% Cu,0-graphene
composite

self-assembly method by
using silica precursor, Cu,0-
graphene content, Plutonic
P123, and calcination at 550
°C

Mesoporous structure of the silica
nanoparticles plays a significant role in
increasing the photo degradation effect,

combination of TEOS and 10% Cu,0-
graphene (M10) composite is much more
effective.
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2.3.5. Other graphene metal matrix composites
Graphene with different metals is vastly used in various other research fields to enhance
their performances. For example, manufacturing of superconductors, photocatalysts in
the advanced oxidation process, batteries electrode etc. Zhu et al.324 made ZnO coated
with graphene using the solvothermal method. The resulting composite has a large
surface area, enhanced light harvesting in the visible region, better separation efficiency,
and a fast transfer rate of photo-generated carriers. Various other graphene-based MMCs
are GNP/Ni composites, GNP/Au composites, GNP/Pt composites, GNP/Pb composites,

GNP/Cd composites and graphene-TiO2 composites>5325-329,

Alexander et al.330 synthesised GNP-reinforced boron carbide-based composites
using a hot pressing technique. The composite showed improved fracture toughness by
5.41 4+ 0.55 MPa m1/2with 10 vol% GNP. Mu et al.331 have used the spark plasma sintering
technique combined with the hot rolling process to prepare Ti-matrix composite with low
graphene content. The composite formed exhibited an ultimate tensile strength of 887
MPa along the rolling direction, 54.2% higher than that of pure titanium. Nieto et al.332
has fabricated GNP reinforced tantalum carbide composite by SPS technique. The
inclusion of GNP improved the fracture toughness by 99% through toughening
mechanism, i.e. GNP bending, sheet sliding, crack bridging and crack deflection. Rashad
et al.333 reinforced magnesium with copper/GNP hybrid particles. Compared to

monolithic Mg, the results showed enhanced strength and failure strain.

2.4. Strengthening methods in metal matrix composites
Alarge quantity of research has been done to improve the mechanical properties of metal
by the intervention of nanofiller reinforcements. As a result, it's crucial to understand
how reinforced metals improve the strength of a composite. Filler reinforced metal
composites have two purposes: (i) primary stress-bearing material and (ii) plastic
deformation or dislocation intervening material in the matrix26¢. Strengthening is
influenced by various parameters, some of which are directly connected to the type of
nanofillers used, and others are temperature, pressure and the conditions in which GNP’s
is processed334335, One of the main reasons for the variations is that the carbon
nanofillers react differently depending on the conditions, such as ball milling time, ball-
particle ratio, etc. To evaluate strengthening effect, the possible strengthening

mechanism for the GNP-MMCs are: (i) grain refinement strengthening?35, (ii) orowan
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strengthening>1.283,336-338 (jii) efficiency of load/stress transfer from matrix to GNPs339-
341 and (iv) dislocation strengthening?24314342343 Table 2-6 represents various
mechanisms and equations for strengthening to evaluate metal matrix composites

strength. Other strengthening mechanisms reported in the literature are as follows344:

e load transfer mechanism;

e dislocation interference mechanism (Orowan strengthening);

e mismatch in thermal, elastic, or geometric moduli between the metal matrix and the
reinforcements;

e grain refinement strengthening;

e dispersion strengthening;

e reaction carbide transition layer strengthening;

e Strengthening by clustering reinforcements.

e Precipitation hardening strengthening.

Hence, the predicted combined strength of nanocomposites (combined yield

strength) could be calculated as follows:

Oyc (Overall) = AO-load + Oym + A0-0rowan + AO-Thermal +Modulus CTE T AO-GEO CTE

Where o, and o,,,, represents yield strength for both nanocomposites and matrix.

To effectively enhance strength by Orowan looping and strain hardening, GNPs
should be uniformly distributed in grain interiors rather than at the grain boundary. As
shown in Figure 2-17 (a-d), the uniformly and densely distributed GNP in the grain

interior efficiently hinders the path of dislocations?3.
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Figure 2-17: (a) & (b) HRTEM micrographs of the 1% HRDSR Cu composite showing
nano-sized MLG particles in grain interiors (c) & (d) TEM micrographs of the 1% ESR
Cu composites?23.
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Table 2-6: Strengthening mechanism and its governing equation for MMC strength
evaluation54265351-354,296,314,345-350

Strengthening Equation/Model

S.No. mechanism used Equation expression/GNP
1. Geometric -
. 8
mismatch AGyeo= aGh f»8y
bd,

Vf(S+4)

2.  Loadtransfer Shearlag model o, = Gm[ aun (1 _ vf)](generalised)

oL = i ”Zm (Yield strength)

0. = 0 (1 + pV) (modified shear lag)

3. Dislocation Orowan effect dy
heni 0.13Gb. lnﬁ
strengthening (Orowan equation Oorowan = —
for different
shape) A(Spherical shape) = d; [(0.523/ﬁ,)1/3 — 1]

A(flake shape) = d; [(0.785/pfv)1/3 - 1]

: 1

4, Grain Hall-Petch o, = 0, + Kd 7 (d= grain size)

refinement equation

i 6
> Thermaland — Taylor equation pEM = 22 ¢ (Dislocation density by elastic
elastic mdy
mismatch module mismatch)
strengthening. cTE _ AAaATvy

= bdp(l_vp)(Dislocation Density by

Thermal Modulus mismatch)

ogm+cte = V3BGh( pEM + ./ pCTE
(Combined effect)

2.4.1. Load transfer mechanism
Metal matrix composites are strengthened by load transmission from soft metal matrix
to hard and stiff reinforcement particles. As proposed by Nardone and Prewo3%5, a
modified shear lag model is often used to forecast the role in strengthening. The shear

stress created at the interface is used to transmit the load from the matrix to the
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reinforcement. As a result, the carbonaceous material's stiffness may be directly
exploited. High aspect ratio reinforcements are advantageous in this model, but aspect
ratios larger than 100 offer no substantial benefit. Aspect ratios of carbonaceous material
play an essential role in this model. Interfacial shear stress transmission requires wetting
of reinforcement, which is anticipated to be a key challenge for Al/GNP/CNT composites.
CNT has a surface tension of less than 200 mN/m3%¢, while Al has 865 mN/m. Hence, there
is quite a difference in the values. Fortunately, K2ZrFs is commonly used to manufacture
carbon fibre composites to increase bonding between graphite and aluminum. Due to the

structural similarity between GNP/CNT, K2ZrFs can likely act as the wetting agent357.

The equation calculating the Young’s modulus (Ec) of the composites is given as :-

tanh(ns)
=A. - )4+ (1-AE, —------=--- 2
Ec AEf<1 o) >+(1 AE,, (2
Where,
1
2
2E,,
n =

1

Ef is the young’s modulus for reinforcement and E;;, is the young’s modulus for matrix

material. A is the volume fraction for reinforcements, “s” is its aspect ratio and y,, is the

Poisson's ratio.

2.4.2. Orowan strengthening
Orowan mechanism consists of the interaction between nano-particles and dislocation.
The particle of the non-sharable reinforcement pins the crossing dislocation and forms
Orowan loops, which truly are dislocations that bend around the particles3>8. This
bending of the dislocations between the reinforcements produces back stress, preventing
further dislocation migration, resulting in increased yield stress. In aluminum alloys
reinforced by fine precipitates, the Orowan looping process is critical because the
reinforcement particles in metal matrix composites are often coarse and have a high
particle spacing, so the strengthening method has limited impact. Since CNT/GNP are

very fine particles, i.e., fewer nanometres they can effectively strengthen the aluminum
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matrix. Moreover, because of the high strength of carbonaceous particles, the shearing of

those particles is of little concern3°, Refer Table 2-6 for the Orowan equation.

Incremental shear strength for CNT/metal matrix composites can be expressed

as357:

1

K.ubA2 ~  —-m-mmmmm-- 3)
AT = —/—r
2r

r.In—
rO

Where “r” is the radius of carbon nanotube reinforcement, constant “K” = 0.093 for edge
dislocation and K = 0.14 for screw dislocation. “ro” is the core radius, “b” is Burgers

vector, and “p” is the modulus of rigidity of matrix.

2.4.3. Thermal mismatch
During material cooling and straining, geometrically necessary dislocations (GND) are
formed, resulting in a mismatch in coefficient of thermal expansion (CTE) and in elastic
modulus (EM) between the two materials. The equation for GND due to CTE and EM is
shown in Table 2-6. Where A is a geometric constant, “Aa” is the change in CTE and “AT” is

the variance between test and heat treatment temperatures and “” is a constant.

The negative coefficient of thermal expansion of graphene is 10-6 K=1360, which is
the same as graphite. Commercially available aluminum, has a coefficient of thermal
expansion of 23.6 X 106 K-1361, As a result, there is considerable variance in CTE value
in Al/GNP composites. The prismatic punch of dislocations at the interface would arise
from this discrepancy, causing the matrix material to work harden. The density of
dislocations produced would improve strength and is purely determined by the

reinforcement surface area.

2.4.4. Hall-Petch strengthening mechanism
The grain size strongly influences material strength because the grain boundaries can
resist the dislocation movement. The impediment is caused by the dislocations and
inability to move on a continuous slip plane due to the difference in orientation of nearby
grains and the severe lattice disorder present in the area3>8. In metal matrix composites,
the particles critically influence the ultimate grain size. They interact with grain borders

and serve as pinpoints for slowing or arresting the development of grains. Table 2-6
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shows the hall-Petch equation where “k” is the strengthening coefficient and “d” is grain

size.

2.5. The conclusion from the literature survey

2.5.1. Current issues:

e Non-uniformity in the distribution of graphene: Non-uniformity in the distribution of
reinforcements creates composites with weak mechanical strength..

o The agglomeration of graphene particles due to weak van-der Walls forces of
attraction within layers: Carbonaceous reinforcement agglomerates easily due to
weak van der Waal force of attraction and affect the tensile strength of composite
material

e Non-feasibility of the casting process due to lower density of GNP: Graphene has
density much lower than that of molten aluminium. Lower density, agglomeration
tendency and reaction between graphene and aluminium at elevated temperature
makes casting process a non-feasible process for the synthesis of graphene aluminium
matrix composite.

o Non-wettability of GNP in case of aluminum matrix composites. Non-wettability
refers to the ability of reinforcement to maintain contact with the matrix. Graphene
has wettability issues with aluminium matrix, hindering the load transfer between
reinforcement and matrix . Non-wettability also leads to premature crack formation
and propagation within the composite structure

e Fase in the formation and propagation of cracks and voids due to non-wettability of
graphene with aluminium.

e Formation of carbide at a temperature above 500°C in the aluminum matrix: Damage
produced in the graphene structure during its synthesis and processing creates
activated carbon or unbounded carbon atoms. These activated carbon atoms easily

reacts with aluminium forming aluminium carbide.

2.5.2. Scope
e The need for rectification of defects at the microscopic level, i.e. at the area of
interaction of graphene with the metal matrix, is to be studied because most of the
work done is towards the strength enhancement of the composite.
e The work on the development of metal matrix composites using nanofillers as

reinforcement material is still in its earlier stage. It has excellent potential to produce
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smart material with exclusive new thermo-physical properties having vast
applications.

e GNP interacts with the matrix material in various ways. In MMNC reinforced with
GNP, the orowan strengthening mechanism is only suited on the metal GNP interface.
The amount of grain boundary and grain size significantly affects the boundary of
grain interaction in GNP/ceramic matrix composites. Research has shown us that in
the case of ceramic matrix composites, nano-sized grains provide an additional
degree of freedom for GNPs. Hence, further study on optimal grain size needs to be
done.

e Functionalized graphene such as GO and rGO has increased interfacial properties and

needs further investigation with other functionalization groups.

2.6. Objectives

¢ Functionalized graphene, such as GO and rGO, has been preferable for metal matrix
composites. The topic will be explored further by employing different dopants in
graphene.

e Ball milling is the most appropriate technique for large-scale manufacturing of
functionalized graphene without using hazardous chemicals. Hence the impact of
sulfur, nitrogen, and antimony doping on aluminum metal matrix composites would
be investigated.

e To evaluate the effectiveness of the ball milling method. Doped graphene will be
analyzed in detail.

e The impact of functionalized graphene on the mechanical characteristics of an

aluminum matrix composite will be assessed.

As noted in the chapter, the ball milling technique is used to fabric functionalized
graphene and further utilized as a reinforcing material. The next chapter will
mathematically formulate the optimum speed required for graphene synthesis to reduce

friction and heat losses.
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CHAPTER 3: Analytical approach for high energy milling process

3.1. Introduction
The chapter reports the mathematical formulation for energy released at the different
rotational speeds of planetary ball mills using the different diameters of balls. It was
observed that large diameter balls release more energy than smaller balls. However,
when balls with different diameters were combined, the energy released was much larger
than balls of individual size. The solid-state ball milling technique can successfully
exfoliate the graphite into a multilayer graphene. At the same time, it introduces doping
atoms on the edge of graphene sheets. From the literature, it is observed that milling time
plays a crucial role in exfoliation and reduction of particles size. Hence longer the time
greater would be heat generated due to friction. Further in the upcoming chapter, the
particle size of 48 h milled graphene is double that of 72 h milled sample. Therefore, the
chapter aims to achieve maximum energy transfer at the minimum possible speed using

balls of similar or different diameters.

3.2. Motivation and approach

Graphene is a 2-dimensional, sp2-hybridized carbon having a thickness of a single
carbon atom arrayed in a honeycomb structure. It is currently the most studied and
researched material because of its extraordinary strength, stiffness and conductivity for
heat and electricity. The wondering properties of graphene make it suitable for varieties
of applications such as energy storage, energy conservation36? fuel cell, lithium-ion
batteries363 and solar cell, and lightweight-high strength nanocomposites364. Initially, the
production of large-area graphene with the minor defect was achieved by layer by layer
graphite “peel off” method3¢>. However, the technique was not suitable for mass
production due to the number of ways invented. In this regard, several innovative
methods have been developed for effective, low-cost and large-scale production of this
material such as mechanical exfoliation3¢®, reduction of graphene oxide3¢7, chemical
vapour deposition (CVD) and approaches such as electrochemical, in-situ and electrical
discharge process!05. The graphene produced by these techniques differs in functional
group and defects initially created by the mechanical peel-off method. For example,
graphene exfoliation can be achieved by oxidation of graphite followed by reduction
reaction to getting reduced graphene!>2, Whereas oxygen present in reduced graphene

oxide is not entirely removed, limiting its utility in some essential applications.
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Many scholars have previously published their findings and hypotheses in the ball
milling area. In recent decades, attempts to simulate the ball mill process have been made.
Burgio et al.368 built the foundations of a mathematical model for calculating the ball's
impact velocity and the energy transmitted to the powder. Padella presented the findings
of studies in which the energy transfer was carefully regulated to generate either an
intermetallic compound or an amorphous phase in the Pd-Si system369. The present work
is based on the mathematical calculation of energy released during ball milling. The work
aims to achieve maximum energy to peel of graphene layers at the minimum speed

possible.

3.3. Mathematical formulations

The kinetic energy of a grinding ball can be expressed as follows370:

1 2
Eb =5 MpVyp

2 (1)

Where; m, is the average mass of the grinding ball and Vb, is the velocity of the ball. The

velocity of ball ‘Vv’ can be calculated as3¢8:

1

2 2
2 2 dy, Wjar
((,l)pRp) + (,l)]‘ar <R]'ar —? 1-— Z(D_p

Where; wp and wjar is the angular velocity of ball mill plate and jar respectively, db is the

Vp =

average diameter of grinding ball, Rp and Rjar is the radius of ball mill plate and inside
radius of jar respectively. For Retsch PM100 planetary ball mill, the ratio of wjar and wp is

-2’ 371 Hence velocity ‘vb’ becomes:

Vp = kb Wp Rp

(2)

Where;

N| =

2
R.
_ jar
ky = 1+20<Rp>

Therefore, putting values of eq. 2 into Eq. 1;
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1 2
Eb = E mb(kbwap)

(3)

The energy released from the K.E. of grinding ball in one collision event is derived from

equation:

1 2
Eb = Ka_ mb(kbwap)
2 4)

Ka, is the energy release ratio in the collision of wet ball milling. Where ‘Ka=0’ for perfectly

elastic collision and ‘Ka=1" for the perfectly inelastic collision [19].

Hence, total energy dissipated per ball can be calculated by:

ABp = Kempop™Rp™ - 1 e /hit) (5)

Where;

Ke = 2K k2
C 2 a™b

Considering the degree of filling of the vial's [20] the Eq. 5 becomes:

AEb* = (Pb-AEb (6)

@p, can be calculated by:

Np
N b,total

¢p = (1 —n$) where,n, =

The value of ¢,, for 1/3rd of the filled jar is ‘1’ whereas, for 2/3rd of the filled jar is 0.667

The cracking energy [17,19] used to fracture the materials which is released and

transferred from the energy AE,,.
Etransfered = B Kcmb(*‘)pZsz 7)

Here, 5 is ‘0’ for zero percent of energy release and ‘1’ for 100 % energy released.

The total cracking energy per second is related to overall collision frequency [21,22].

Hence overall collision frequency is expressed as:
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e L@ =o)L

fy, = ;
b 2T (8)

K is the parameter related to the time required to dissipate the energy E cracking in the

collision. Putting the value for speed ratio for PM 100 we get;

4.5
fb = E (J)p

)

If the jar is filled at lower levels, the reciprocal hindering of ‘Nv’ number of balls is

negligible, and the overall collision frequency is considered as:

¢ 4.5 N
f =5 Wp.-Np

2 P (10)
But if the jar is filled to total capacity the reciprocating hindering coefficient of Ny balls
‘@p’ is to be considered. Therefore, total K.E. transferred from the K.E. of all balls on the

material in grinding time ‘t’ is given by:
Etotal = AE.Npfp.t (11)

E = K SRZN,—. t

mpw .
total clipWpRpiNp 21 (1 )
HOWGVGI‘, the total energy is transferred from the collision of two dissimilar balls, i.e.

bigger and smaller balls. Applying conservation of momentum;

302 4.5
Etotal = Kc(’l)pRpr%- (mp1Npp + mp, Npo). t (13)

Here mp1 and mp2 is the mass of different sized balls, and Nb1 and Nu2 is the number of

balls used.

3.4. Mathematical calculation: The energy supplied during ball milling
Assuming perfectly inelastic collision and 100% energy is transferred during the collision

of balls. For PM100 planetary ball milling machine (Figure 3-1, Table 3-1)
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0.15 mm

1.15 mm

4.46 mm

Figure 3-1: Schematic representation of milling balls during the ball milling process.

Table 3-1: Summarized input parameters to calculate the total energy

w, at 200 RPM w, at 300 RPM w, at 350 RPM w, at 400 RPM
20.94 rad/s 31.41 rad/s 36.65 rad/s 41.88 rad/s

R, =70.5mm, R, =37 mm
K,=1
K, = 2.5512
Hence, K. =3.254

3.4.1. Kinetic energy transfer from a collision of similar balls and dissimilar balls
Assuming that the smaller and medium-sized balls have fully surrounded the large-sized
balls. The total K.E. (E total, o) transferred from the collision of balls with avg. size of 4.46

mm, 1.15 mm and 0.15 mm is represented in Figure 3-2.

According to equations 9 and 10, the total energy transferred by the ball is directly
proportional to the ball's mass. Hence, larger diameter balls (of the same material) will
have a high mass and consecutively transfer more considerable energy. From Figure 3-2,
the amount of energy released during the interaction of larger and smaller balls is greater
than that released by the collision of similar balls. The amount of energy transferred
during the collision of 4.46 mm and 1.15 mm balls is highest at the same rotation speed.
The energy transferred by the collision of smaller 0.15 mm balls is minimal. With the
increase in the number of smaller balls, friction force dominates, and higher heat is

generated between the grinding balls, decreasing the amount of energy released.
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Figure 3-2: Graphical representation of total energy transferred using three different
types of ball

As observed in Figure 27, when different balls are employed instead of balls of the same
diameter, the slope of the curve increases with an increase in rotating speed. So by using
dissimilar balls, the same amount of energy can be obtained at a lower speed than using

similar balls at a higher speed of rotation.
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3.5. Experimental characterization of zirconium balls
Figure 3-3 depicts the optical microscopic image of crack and fractured surface in larger
ball zirconium oxide ball during the milling operation. The high impact force created
during the collision of dissimilar balls with the jar's surface rotating at 350 rpm initiates
fracture in the surface of beads. Due to prolonged milling time, these cracks propagate
fracture into the surface of beads, which further results in breaking the balls into two
parts. The cracks observed in Figure 3-3(a) was found after 48 h of milling time. Whereas
fully broken beads were found after 72 h of milling time. As observed in Figure 3-2, the
energy transferred during the collision of dissimilar balls, i.e. 4.46 mm and 1.15 mm,
increases with increasing speed (higher slope), and at a high rotational speed, it causes a
fracture in the zirconium balls. However, no fracture was observed while milling at lower

speed and larger balls.

Figure 3-3: (a) Crack propagation in 4.46 mm ball and (b) Fracture surface of the ball.
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3.6. Conclusion
The mathematical formulation for energy released at different rotation speeds for
planetary ball milling has successfully shown that high rotational speed releases more
energy for larger balls, whereas combining larger and smaller balls releases much higher
energy than individual ones. Visual analysis of balls after the milling process has shown
that high energy milling creates more shear fracture than the low energy milling process.
Hence, a lower milling speed with a combination of balls would be more economical and

reduce impurities created by ball erosion.
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CHAPTER 4: Synthesis of nitrogen-doped graphene and its
strengthening effect on aluminum metal matrix composite

4.1. Introduction
The mechanochemical process of solid-state dry ball milling of graphite with melamine
was used to synthesise nitrogen-doped graphene nanosheets (NDG). XRD, XPS, FESEM,
HRTEM, and Raman spectroscopy were used to analyse the produced NDG and was
further utilised as reinforcing material in metal matrix composite. NDG was employed as
a reinforcing material for the first time to improve wettability, minimise the likelihood of
aluminum carbide formation, and boost strength through strong interfacial bonding.
With merely 0.2 wt. % NDG, the ultimate tensile and compressive yield strengths of
Al/NDG composites is enhanced by 124.05 % and 66.94 %, respectively. When the results
were compared with graphene/Al composite, it was discovered that the tensile strength
of the NDG/AIl composite was 71.87 % higher than 0.5 wt.% graphene/Al composite. The
development of strong interfacial bonding was confirmed by XRD of NDG/Al composite,
which displayed a low-intensity peak of aluminum nitride (AIN) responsible for the
increase in strength. The lubricating property of NDG is illustrated by the wear test of
composite, which was found to be better at greater NDG concentration. Since NDG
eliminates the difficulty connected with graphene and provides a special strengthening
effect even at low weight percentages of reinforcement, doped graphene could be a

breakthrough in the field of low weight-high strength composites.

4.2. Motivation, objective and approach
Research on metal matrix composite material (MMCM) has a long tradition. Numerous
studies on the synthesis of MMCM have used a variety of reinforcements to improve
performance. The homogeneous distribution of reinforcement and inappropriate
interfacial bonding are the primary issues with the synthesis of MMCM372373,
Carbonaceous reinforcement such as carbon nanotubes, graphene or any functionalized
graphene (GO, RGO etc.) tends to agglomerate and have a devastating effect on the
properties of composite material374. The use of a high-energy ball milling technology aids
in the distribution of reinforcement in a uniform manner. However, the graphene
structure is significantly tampered with during the milling process, resulting in edge
defects that act as active sites for forming reaction products with part of the matrix

material. Aluminum, for example, interacts with graphene at high temperatures to

68



generate aluminum carbide (Al4C3)375376, which is usually an ill-posed problem in the
case of ultimate desired composite material properties374 There are numerous strategies
for addressing these challenges; however, one strategy to solving this problem is to have
a correct interfacial product that does not harm the desired properties but rather

improves composite material properties.

Nitrogen doping in graphene377.378 has found great application in the storage,
semiconductor and electronics industries. Liu et al. 372 employed a high-energy ball
milling approach to make nitrogen-doped graphene (NDG) application in Lithium-ion
batteries by milling urea and graphite at 290 RPM. Chen et al. 38% milled graphite powder
at 750 RPM for 48 hours to produce boron-nitrogen-co-doped graphene in high-
performance supercapacitor electrodes. After characterising the material, Chen
discovered that graphene possesses an active carbon site, which reacts with nitrogen in

the air to produce nitrogen-graphene carbon material.

Among other carbonaceous reinforcement, nitrogen-doped graphene (NDG) is
never used as a reinforcement material. While sintering the composite at high
temperatures, nitrogen present at the interstitial site of NDP may react with the
aluminum to generate aluminum nitride (AIN)381 as the interfacial product, thus reducing
the odds of AlsCs formation. Compared with most ceramics, AIN has high thermal
conductivity, minimal thermal expansion, and superior thermal shock resistance 382.
Compared to Al20s3, it is significantly more wettable than aluminum and can improve the
modulus, strength, hardness, wear resistance, and refractory nature of aluminum alloy383.
As a result of these benefits, it is a particularly valuable interfacial product that will

improve graphene's mechanical behaviour and wettability with an aluminum matrix.

The current study examines the synthesis and characterization of NDG and
aluminum metal matrix composite material (AMMCM) with different percentages of NDG
as reinforcement. High-resolution transmission electron microscopy (HRTEM), X-ray
diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and
field emission scanning electron microscopy (FESEM) was used to analyse NDG.
Fabricated AMMCM was mechanically characterised using tensile, compressive and wear
testing methods and the fractured surface after destructive test was characterised using
the FESEM technique. Every mechanical test followed ASTM guidelines and was repeated

three times on three different samples to ensure consistent results
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4.3. Experimental Methods

4.3.1. Material selection
Melamine (C3H6N6, 99 % pure) and graphite (100 mesh, 98 % pure) were obtained from
Mumbai-based research lab fine chem industries. Sisco research laboratories Pvt. Ltd.
(SRL), Maharashtra, India, provided the aluminum metal powder (325 mesh, 99% pure).
Synco Industries Limited has provided zirconium oxide beads (average sizes of 1.15 mm
and 4.28 mm). All of the items used in the study are readily available and of commercial

analytical grade, and they were used without further purification.

4.3.2. Synthesis of Nitrogen-Doped graphene (NDG)
Initially, a predetermined amount of commercial graphite and melamine powder was
placed in a tungsten carbide (WC) jar containing two different sizes of zirconium balls
(average dia.: 4.46 mm and 1.15mm). The jar was sealed and fixed on the planetary ball-
milling machine (retsch PM100) and was agitated at 300 RPM for 72 hours. The
mathematical calculations referred from the previously published article were used to
determine the ball milling speed and diameter of the balll%4. A small amount of powder
was collected after every 24-hour interval for characterization. The resulting material
was rinsed multiple times in a warm water bath to dissolve any unreacted melamine and
remove it from the solution. The resulting powder was ultra-sonicated for 15 minutes
before being dried overnight in a vacuum oven to produce graphene powder designated

as NDG.

4.3.3. Synthesis of NDG reinforced metal matrix composite material
Aluminum powder (matrix material) was mixed with 0.1, 0.2, and 0.5 % NDG and milled
in a planetary ball mill for 60 minutes at 200 rpm with a ball to powder ratio of 10:1 to
obtain a uniformly distributed mixture 384385 The mixture was cold compacted at 450
MPa and hot sintered at 600°C in a tube furnace using an argon gas environment to get
NDG reinforced metal matrix composite. The prepared composite sample was further hot

extruded at 450°C (two-step extrusion) to get a 10 mm dia. cylindrical specimen.

4.4. Results and discussion
The synthesis of NDG via high energy solid-state ball milling technique using graphite and
melamine is schematically illustrated in Figure 4-1. During the ball milling process,
graphite particles are crushed and exfoliated into smaller, thin-layered particles
generating carbon-free radicals at the edge. The nitrogen present in melamine molecules
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tends to absorb and disperse on the graphite surface while interacting with carbon-free
radicals to form carbon and nitrogen bond. The process weakens the Van der Walls force

present between the layers producing nitrogen-doped graphene nanosheets.

Zirconium balls \
Shearforceon
\.. w , graphite
o AL N m._ PyridinicN

Fracture GraphiticN

Figure 4-1: Nitrogen-doped graphene by solid-state ball-milling of graphite with

melamine.

4.4.1. Physico-chemical characterization of N-doped graphene
Figure 4-2(a) represents the field emission scanning electron microscopy (FESEM) image
of graphite powder before ball milling, with the average particle size distribution of tens
of microns. The large shear force exerted by zirconium balls shows a significant reduction
in particle size distribution from Figure 4-2(a) & (b). The tangential force exerted by the
spherical balls, layer by layer, peels the graphite particle into a thin sheet of multi-layered
graphene. The conversion of large chunks of graphite particles into thin sheets of multi-
layered graphene is shown in Figure 4-2(c). The micrograph illustrates the successful
exfoliation of graphene particles due to bonding between nitrogen and carbon which
eventually weakens Van der Waal'’s force of attraction between the layers. Figure 4-3
shows the average particle size distribution of NDG milled for 48h and 72h, respectively.
The average hydrodynamic diameter for 72h milled sample is 394.2 nm, and for 48h
milled sample is 601.5 nm. A significant reduction in particle size is observed in the 48h
of milling time whereas, the reduction in particle size was less significant after 48h of

milling time.
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Figure 4-2: FESEM image for, (a) Graphite powder before milling, (b) &(c) N-doped
graphene at different magnification.
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Figure 4-3: Particle size distribution for 48h and 72h-milled sample.
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The HRTEM image of a single exfoliated NDG particle is given in Figure 4-4(a). The
graphene particle exhibited adequate transparency and no evidence of graphite
aggregation, with a flawlessly crystalline nature and unambiguous hexagonal structure,
as confirmed by the SAED pattern in Figure 4-5. The NDG, due to edge hydrogen bonding
and formation of hydrogen bonding between -NH groups, tends to overlap and self-
assemble, which can be spotted in the image. As shown in Figure 4-4(b) & (¢), the particle
under higher magnification is a multi-layered graphene with a thickness of 6 to 10 layers.
The estimated distance between the lattice fringes was d= 0.21nm, 0.25 nm and 0.34 nm.
The lattice fringe distance matched well with the in-plane lattice spacing (d100=0.213
nm), in-plane lattice constant (di12= 0.246 nm) and base plane lattice spacing (dooz =
0.33 nm) of graphite structure. The hexagonal structure diffraction spots in the electron
diffraction pattern of the graphene sheet (Figure 4-5) confirm the threefold symmetrical
arrangement of carbon atoms. Despite integrating nitrogen-heteroatoms in hexagonal

organised carbon networks, the graphene sheet has a well-ordered crystalline nature 386,

X-ray photoelectron spectroscopy (XPS) is a proficient and most commonly used
technique to confirm the nature of bonding between nitrogen and the carbon atom in
graphene. The XPS comprehensive survey scan of NDG has shown the presence of carbon
(C1s ~ 284 eV), nitrogen (N1s ~ 400 eV) and Oxygen (0O1s ~ 533 eV) peaks, as shown in
Figure 4-6. The XPS spectra of C1s core level, as shown in Figure 4-7(b), can be fitted into
five peaks: the prominent peak at 284.8 eV corresponding to sp? C— sp? C bond, peak at
284.3 attributes to C=C bond, peak at 288.10 eV corresponds to C=0 bond, and two peaks
at 286.00 and 286.80 corresponding to sp? C—N bond and C=N bond respectively. The
deconvoluted XPS N1s spectra of NDG are shown in Figure 4-7(a). The XPS spectra of N1s
core level can be divided into three peaks: The prominent peak at 400.15 eV corresponds
to pyrrolic-N, peak at 401.2 eV corresponding to graphitic-N, and peak at 398.46 eV

represents pyridinic-N nitrogen functionalities.

The structural evolutions and phase analysis of milled powder were examined
through XRD (X-ray diffraction) tests using Rigaku-Smartlab XRD machine having X-ray
source of 3 kiloWatt, Cu Ka X-Ray radiation. The evaluated XRD data were recorded in
the range of 5 to 85 degrees with a step size of 0.02 degrees and a scan speed of 4 degrees

per min. The data were analysed with PANalytical X'Pert Highscore software.
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Figure 4-4: HRTEM image of N-doped graphene at (a) Lower magnification, (b) & (c)
Higher magnification illustrating the number of layers of graphene and edge defects.

Figure 4-8 represents the XRD pattern of prepared samples; the XRD pattern of N-doped
graphene has a strong peak at 26.175° for 72- hour milled sample and at 26.596° for 48-
hour milled sample, which verifies the characteristics of crystalline graphite (002) plane.
For 24 hour milled sample, multiple peaks and peak spread were not observed, as seen

in 48 and 72-hour samples. The reason is that, during the first few milling hours, most
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milling energy was dissipated in overcoming the van der Waal's force of attraction and

peeling of graphitic layers. Due to the less availability of activated carbon atoms, the

doping of graphite with nitrogen atoms was low.

——1 5.00 1/nm

Figure 4-5: SAED diffraction of NDG.
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Figure 4-6: XPS survey scan for NDG.

Due to the incorporation of nitrogen atoms, the peak intensity at 17.73°, 14.94° and
21.69° for 48-hour samples and 17.66°, 21.64° and 14.87° for 72-hour samples is
attributed to a nitrogen-carbon bond (ref. JCPDS card no. 96-210-3205). In addition to
XRD patterns, the FWHM (full-width at half-maximum) of graphene diffraction peaks at
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the (002) plane exhibits remarkable broadening from 0.067° to 0.087° for 48 to 72-hour
samples. The phenomenon is often exhibited by the broadening of FWHM and can be

linked to a decrease in average crystallite size3%7.
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Figure 4-7: XPS high-resolution spectra of Nitrogen, (a) Carbon and (b) Oxygen.
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Figure 4-8: XRD of nitrogen-doped graphene milled for 24h, 48h and 72h, respectively.
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The Raman Spectroscopy was performed on a "HORIBA scientific LabRAM HR-UV-Open
machine" with a range of 300 to 3000 cm! and a 532 nm laser excitation wavelength.
Carbon material shows its fingerprint under Raman spectroscopy by D, G and 2D peaks.
The G and 2D peaks of pure exfoliated graphene are at 1580 cm! and 2710 cml,
respectively, with the absence of a D-band. Graphene exfoliated through high energy ball
milling technique shows D-band peaks around 1350 cm-1. [t is attributed to the vibration
of carbon atoms with dangling bonds in disordered graphitic planes and defects in
pentagonal and hexagonal graphitic structure388389, Figure 4-9 represents the Raman
spectroscopy of the as-prepared sample. The spectrum of prepared graphene shows a D-
band around 1367 cm-1, G band at 1610 cm! and 2D band peaks at 2710 cm1. The G band
peaks occur due to the E2g vibration, reflecting the structural intensity of SP2-hybridized
carbon atoms. This can be seen in every sp2 bond in graphitic carbon atoms. The Ip/Ic
ratio of NDG of NDG in a 72-hour milling sample is 1.24; however, the increase in Ip/Ig
value, as shown in Figure 4-9, could be due to more flaws in NDG due to higher nitrogen
content 390, For 24-hour and 72-hour milled samples, since the D-band intensity depends
on the number of rings of hexagonal carbon atoms. The shift in the D-band peak was
observed towards a lower wavelength and was due to the increase in disorder with

increase in milling time and increase in doping percentage for graphene samples.3°1
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Figure 4-9: Raman spectroscopy of nitrogen-doped graphene milled for 24h, 48h and
72h, respectively.
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4.4.2. Mechanical Properties
The tensile, compressive, and wear test were used to investigate the mechanical
properties of Al/NDG composite. Figure 4-10(a-b) illustrate the tensile and compressive
stress-strain curves of Al/NDG nanocomposites with various NDG weight fractions.
Figure 4-10 summarises the mechanical properties of the Al/NDG composite post tensile
and compression tests. When NDG was added to an aluminum matrix, the composites
strength increased significantly compared to a pure aluminum sample. The ultimate
tensile and yield strength were increased by 67.56% and 51.57% for 0.1 wt. % NDG, and
124.05% and 85.82 wt.% for 0.2 wt. %NDG, however, with reinforcement of 0.5 wt.%, the
composite's ultimate tensile and yield strength was found to be 152 MPa and 109.9 MPa,
which is much lower than 0.1 wt. % and 0.2 wt. % NDG/AIl composite. The tensile strength
of NDG reinforced composite as compared to pure graphene reinforced MMCM
(Graphene was purchased from M/s ACS material, 2-10nm thickness) and composite
with NDG having higher melamine content (1:10, graphite: melamine ) is shown in Figure
4-11(a). In contrast with 0.5 wt.% graphene/Al composite, the ultimate tensile and yield
strength were improved by 71.87% and 84.30% for 0.2 wt.% NDG and 28.50% and
50.34% for 0.1 wt.% NDG. The decrease in strength of 0.5 wt. % NDG/AIl composite was
more dominant when composite was synthesized from NDG having a higher percentage

of nitrogen doping (graphite: melamine ratio of 1:10).

From Figure 4-10 (b), the compressive yield strength of NDG reinforced MMCM
was found to be 126 MPa, 178 MPa, 202 MPa, and 148 MPa, respectively, while the
ultimate compressive strength was found to be 627 MPa, 1226.76 MPa, 1247.33 MPa, and
985.96 MPa for 0.05, 0.1, 0.2, and 0.5 wt. % NDG reinforcements. For all weight
percentages of NDG, compressive strength was substantially higher than compressive
strength for pure aluminum. As evident from the literature discussed in chapter 2, the
strength of composite increases when the reinforcement restricts the movement of
dislocation. Hence, the weight percentage of NDG was increased from 0.05 to 0.5 wt. %, a
finite increase in the ultimate strength of composite could be observed, however, from
0.2 to 0.5 wt. % of NDG, there is a decrease in the composite's ultimate and yield

compressive strength.
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The increase in NDG/Al MMCM's strength compared to pure aluminum and
graphene/Al MMCM at lower NDG concentration is due to its better interfacial properties,
homogenous distribution of NDG and no active carbon sites on graphene structure for
aluminum carbide (AlsC3) formation. The presence of pyrrolic, pyridinic, and graphitic
nitrogen (refer to Fig. 35) at various interstitial locations of NDG has slowed the
formation of the Al4C3 phase and accelerated the formation of the graphene - AIN -
aluminum matrix interface. AIN has an elastic modulus of 310 GPa at 1090°C 3°2 and has
good wettability with aluminum metal3?3, so better interfacial properties are primarily
responsible for the better mechanical performance of NDG reinforced Aluminum MMCM.
The decrease in strength at higher reinforcement content (0.5 wt. %) can be attributed
to the porosity formed due to the reaction between carbon and nitrogen at high sintering
temperatures and brittleness induced within composite at higher NDG wt.% The
phenomenon creates fracture at Al/NDG interface when loaded during mechanical
testing. The reaction between carbon and nitrogen produces a gaseous product, resulting
in the formation of voids between the grains394, as evidenced by the subsequent decrease

in compressive strength at 0.5 wt. % NDG concentration.

The increase and decrease in strength and ductility of composite with an
increasing weight percentage of reinforcement could be explained as follows: From
Figure 4-11 (a), it can be observed that tensile strength increases from 0.05 wt. % to 0.2
wt. % and then decreases after further addition of NDG, i.e. 0.5 wt. % NDG. After analysing
the effect of doping percentage on composite strength, it was observed that composite
strength further decreased at the same weight percentage when NDG with higher doping
percentage was utilized. From Figure 4-13(section 4.4.3), it was observed that brittleness
increases with an increase in NDG wt. %. Hence, it could be concluded that the inclusion
of nitrogen as a doping element induces brittleness in composite, especially when the
weight percentage of reinforcement is higher. However, when the reinforcement
percentage was kept low, ductility within the composite was preserved and effective load
transfer from matrix to reinforcement could be observed. Hence, till 0.2 wt. % of NDG
effective load transfer mechanism due to the inclusion of NDG was dominant. When NDG
weight percentage was increased, brittleness within the composite was dominant, and a

drastic decrease in strength was observed.
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Figure 4-10: (a) Tensile strength for pure Al, 0.05, 0.1, 0.2, 0.5 wt. % of NDG and 0.5
wt.% GNP and (b) Compressive stress-strain curve for NDG/Al composite.

80



300

N
w1
(=}

nNo
(=3
o

STRESS (MPa)
= =
(=] w1
(=] o

ul
[=]
1

—UTS/Mpa —TYS

o

0.5wt% 0.1wt% 02wt% 0.5wt% PureAl
NDG NDG NDG GNP

STRAIN (MPa)
@

1400 250
1300 A
1200 -
~1100 A
& 1000 A
900 -
800 -
700 -
600 -

500 A --UCS —=CYS
400

- 200

Pa

- 150

- 100

STRESS (
STRESS (MPa)

- 50

Pure Al 0.05 wt.% 0.1wt.% 0.2wt.% 0.5wt.%
NDG NDG NDG NDG
STRAIN (MPa)

(b)

Figure 4-11: Mechanical properties of composites post, (a) Tensile and (b) Compressive
test.

The pin on disc method was utilized to conduct the wear test, which was used to
determine the wear rate and coefficient of friction (COF) for the Al/NDG composite
material. The test was carried out in compliance with ASTM G99 specifications. The
testing medium was a DUCOM wear & friction monitor machine with a die-steel disc
having a Ra value of 0.23 microns and a normal load of 10 N. The wear test results for
Al/NDG composites with different reinforcement percentages are shown Figure 4-12. [t
is evidenced from the literature that COF of graphene reinforced composite is effectively
reduced through the incorporation of GNP due to its self-lubricating effects395. As shown
in Figure 4-12(a), The coefficient of friction (COF) of NDG/AIl composites decreased
dramatically with increasing NDG content, such that there was a 45 % drop in COF when
NDG was raised from 0.1 wt. % to 0.5 wt. %. Figure 4-12(b) depicts the wear vs time
graph for the NDG/Al composite material. The proportion of NDG content significantly
impacts composite material wear performance, with a 25 % reduction in wear rate when
NDG was increased from 0.1 to 0.2 wt. %, and a 71 % reduction when the aluminum

matrix was reinforced with 0.5 wt. % NDG. The decrease in COF and wear rate suggest
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that NDG has restored its self-lubricating characteristics and have effectively bonded

with the aluminum matrix material.
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Figure 4-12: (a) Coefficient of friction (COF) and (b) Wear rate of NDG/Al composite
material having different NDG concentrations

4.4.3. Characterization of composite material
The surface morphology of tensile fractured surfaces for NDG/Al composite materials
with various reinforcement compositions is shown in Figure 4-13. FESEM images of the
fracture surface after tensile testing with NDG weight fractions of 0.1 wt. %, 0.2 wt. %,

and 0.5 wt. % is shown in Figure 4-13(a-c), as the weight fraction of NDG increased from
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0.1 to 0.5 wt. %, the image clearly shows that the brittleness of the composite
predominates over the ductile fracture. The creation of the ceramic interface at the
aluminum-NDG grain junction at a higher sintering temperature is linked to the loss of
composite ductility. The peak of carbon and oxygen caused by aluminum oxide and NDG
is visible in the EDX plot of the fractured surface and is shown in Figure 4-14. Compared
to the pure aluminum sample, the presence of graphene at the shattered surface must

have restricted grain slippage and resulted in better composite strength.
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Figure 4-13: FESEM image of fractured surface after tensile test having NDG
concentration of (a) 0.1 wt.%, (b) 0.2wt.%, (c) 0.5 wt.% respectively.

83



Spectrum 1
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CK 9.35 18.12
OK 5.89 8.56
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Figure 4-14: EDX image of the Al/NDG composite material.

The XRD plot for AI/NDG composite is shown in Figure 4-15. Peaks at 38.448 0, 44.6913°,
65.025°, 78.175° and 82.365° correspond to aluminum and match well with JCPD card
number 96-431-3218. A trace of aluminum nitride was found having a low-intensity Peak
at 35.603° (JCPD card number 96-101-0515), indicating the formation of aluminum
nitride interface at NDG/AI junction. The presence of AIN has increased the wettability
and strength of composite (even more significant than Al/GNP composite; refer 42(a)).
A peak at 66.97° corresponds to aluminum oxide (JCPD card number 96-100-0060). The
nitrogen, carbon, and oxygen compound has a peak at 11.87¢ revealing the NDG linkage

(JCPD card number 96-151-9682). The low-intensity peak at 35.6036 indicates that the
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aluminum nitride-aluminum-graphene interface was well-formed, resulting in improved

composite strength even at a low reinforcement weight percentage.
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Figure 4-15: XRD of Al/NDG metal matrix composite showing peaks for ALN and Al20s.

4.5. Conclusion
In summary, a high-energy ball milling approach was used to fabricate nitrogen-doped
graphene (NDG) successfully and was further used as reinforcement for the synthesis
of NDG/AIl metal matrix composite. Various characterization techniques characterized
the synthesized NDG and NDG/Al composite. XPS spectral nitrogen peaks in the
synthesized NDG were at 400.15 eV, 401.2 eV, and 398.46 eV, respectively, reflecting
pyrrolic-N, graphitic-N, and pyridinic-N functionalities. After experimenting with varying
reinforcement percentages, it was discovered that the composite's strength was
significantly higher than that of pure aluminum and graphene/Al sample. The wear
properties of graphene were enhanced by adding NDG, and it was observed to rise with
increasing NDG concentration, which implies that NDG reinforcement has lubrication
properties. The better interfacial bonding and creation of a robust NDG/AIN /Al interface
were primarily responsible for the increased strength of the NDG/Al composite. AIN has
a higher wettability with aluminum, and its presence at the contact prevents Al4C3
production. However, creating a gaseous carbon-nitrogen product at higher sintering
temperatures while utilising a substantial amount of NDG has reduced the strength of the

composite.
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CHAPTER 5: Synthesis of ball-milled edge-functionalized sulfur-
nitrogen co-doped graphene: their influence on aluminum metal
matrix composite

5.1. Introduction
Sulfur-nitrogen co-doped graphene (S-NDG) is prepared via solid-state ball milling of
graphite and sulfur at 300 RPM. The prepared SDG was studied using XRD, XPS, Raman,
EDAX, HRTEM and FESEM characterization techniques before being employed as
reinforcement in an aluminum matrix to composites. The presence of nitrogen was
discovered in the XPS and EDAX spectra of synthesised graphene, implying that nitrogen
was absorbed from the atmosphere to produce sulfur-nitrogen co-doped graphene.
According to elemental analysis, the nitrogen and sulfur contents were 4.7 and 2.1 atomic
percentage, respectively. S-NDG has demonstrated exceptional mechanical performance
by boosting tensile strength by 118.81% with just 0.5 wt.% reinforcement and 66.52%
for 0.05 wt.% of S-NDG. The total strain before fracture improved when the
reinforcement concentration was increased, indicating excellent wettability and stronger

interfacial bonding of S-NDG with the aluminum matrix.

5.2. Motivation, objective and approach
The exceptional properties of graphene and its peculiar structure of one atomic thickness
sp? hybridised carbon network has attracted considerable interest and have greatly
improved the performances of modern appliances such as energy storage3®s,
healthcare3??, electrochemical sensing3°8 and electronic industries3?? to that of modern
composite materials#0, The functionalisation of graphene#%! can impart the possibility of
further enhancing graphene properties for specific industrial purposes. Various methods
to functionalized graphene are covalent C-C coupling#92, non-covalent m-1 interaction403,
hybridisation with nanoparticles¥0* and substitutional heteroatom doping of
graphene5. To enlarge the graphene family, heteroatom doping*% is a promising
technique to tailor graphene with improved electromagnetic, physicochemical, chemical,

mechanical, optical and structural properties.
The graphene's covalent functionalisation is a powerful tool for synthesising
doped graphene nanoplatelets, but it can significantly destroy the m-m conjugate

structure. The non-covalent functionalisation of graphene based on m-m stacking of
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aromatic carbon atoms or van der Walls force of attraction can produce physically
functionalized graphene with a largely preserved graphitic nature. Ball milling is one of
the standard techniques primarily used in powder production industries and has proven
to be a simple and efficient method to produce edge-functionalized graphene%7. Recently,
sulfur-doped graphene has shown several interesting electronic properties#98409 and has
become an exciting research topic in the electronic and energy storage industries.
However, sulfur-doped graphene has never been used as a reinforcement material in
metal matrix composite.

The potential achievable improvement in the properties of metal matrix
composite, such as improved strength, higher elastic modulus, better wear resistance,
higher thermal and electrical conductivity etc., has made graphene a desirable material
in aerospace and automobile industries. Aluminum-based metal matrix composites are
most commonly used in automobile and aerospace applications, generally reinforced
with metallic, non-metallic and ceramic reinforcements. Incorporating graphene into the
aluminum matrix has attracted the focus of many active researchers. However, its low
wettability, agglomeration tendency and formation of aluminum carbide (Al4Cs) is still a
primary challenge#10. Bustamante et al. 411 have shown the formation of Al4C3 in the
synthesis of CNT/Al composite. The carbide formation depended on the composite
material's processing temperature (above 500°C). Al4Cs is energetically the most
favourable stoichiometry during the processing of composite and is potentially harmful
to the mechanical properties of the composite. However, a highly stable defect-free
graphitic plane on graphene or CNT do not react with aluminum even at very high
temperature#12, Carbide formation is predominantly promoted at the defect site within
graphene and is most commonly formed during the ball milling process. Functionalized
graphene with suitable dopant can eventually solve many problems associated with
graphene, such as (1) stabilise graphene by adding itself at the location of edge defect*13,
(2) improving wettability with aluminum by forming proper interfacial product#1# and
(3) enhancing other properties of graphene to get high-performance composite
material374. The use of functionalized graphene is strictly limited in composite material,
and it must be utilized to get high strength, high-performance modern composite
materials.

We have recently incorporated nitrogen atoms into the graphite material to get

nitrogen-doped graphene via dry high energy ball-milling technique using melamine as a
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doping material. The graphene obtained has Pyrrolic-N, pyridinic-N and graphitic-N,
functional groups attached at the interstitial sites of the carbon atom. In the current work,
we have investigated the synthesis of nitrogen-sulfur co-doped graphene by ball-milling
technique and the strengthening effect of sulfur-doped graphene when used as
reinforcement in aluminum metal matrix composite. The work aims to enhance
composite material performance by creating the proper interfacial product. Since sulfur
has more electron affinity than carbon and aluminum, hence the formation of aluminum

carbide would be less.
5.3. Experimental

5.3.1. Material Selection
Graphite (100 mesh, 98% pure) is purchased from research lab fine chem industries,
Mumbai. The sulfur powder was purchased from finar chemicals, Gujarat. Aluminum
metal powder (325 mesh, 99% pure) was purchased from Sisco research laboratories
Pvt. Ltd., Maharashtra. Carbon disulphide (99% pure) was purchased from Loba Chemie
PVT. Ltd., Maharashtra. Zirconium oxide beads (having an average size of 1.15mm and
4.46mm) were purchased from synco industries limited, Rajasthan. All products used in
this study are commercially available and of commercial analytical grade, which was
utilised without further purification.

5.3.2. Preparation of Sulfur-doped graphene
Graphite powder, weighing 5 grams, was mixed with sulfur powder in the ratio of 1:5 and
was poured into the tungsten carbide (WC) jar of 250 ml capacity. To achieve the
maximum energy transfer (refer, 194) jar was filled with zirconium beads of size 4.46 mm
and 1.15 mm up to 2/3rd of the jar volume. The jar was sealed airtight and dry milled in
the Retsch planetary ball-milling machine at 300 RPM for 72 hours. After every 24 hours,
a small quantity of samples was collected for analytical purposes. The collected sample
was washed with carbon disulphide several times in the centrifuge to remove extra
unreacted sulfur present in the mixture. The prepared sample was dispersed and dried
to get sulfur-doped graphene.

5.3.3. Preparation of metal matrix composite material
Aluminum powder (matrix material) was mixed with 0.05 wt. %, 0.1 wt. %, 0.2 wt. % and
0.5 wt. % of sulfur-doped graphene, the mixture was milled for 60 min in a planetary ball

milling machine to get the uniformly mixed mixture. Four samples obtained were cold
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compacted at 450 MPa and hot sintered at 600°C in a tube furnace using an argon gas
environment to get a sulfur-doped graphene metal matrix composite. The prepared
composite sample (25mm diameter) was further hot extruded at 450°C to get a 10mm
diameter sample. The composite sample with four different reinforcement
concentrations was mechanically tested and repeated to check the repeatability of the

results.

5.4. Result and discussion
Schematics for the synthesis of nitrogen-sulfur co-doped graphene via dry ball milling
technique is represented in Figure 5-1. During the ball milling process, the strong shear
force generated between high speed rotating balls crushes and exfoliates the graphite
particle creating mechanochemical fracture of graphitic C-C bond resulting in smaller and
thin layered particles, generating carbon-free radicals. The broken edge of graphitic
framework or active carbon free radicals leads to the spontaneous incorporation of
functional group/sulfur heteroatoms with subsequent generation/exfoliation of
graphene nanoplatelets. Typically, graphene material synthesised by high energy ball-

milling technique possesses a particle size fewer than 1 pm.

Graphite :

Sulphur
1:5
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Sulphur doped graphene

Planetary ball

300RPM

Figure 5-1: Schematic diagram for the synthesis of sulfur-nitrogen co-doped graphene.
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5.4.1. Physicochemical characterization of sulfur-doped graphene
Figure 5-2 shows the FESEM image of nitrogen-sulfur co-doped graphene (SDG). The
mechanism behind graphene synthesis through high energy ball milling technique is the
sizeable tangential shear force exerted by zirconium balls, significantly layer by layer
peels of the graphite particle into thin sheets of multi-layered graphene. The conversion
of large-sized graphite particles into a thin sheet of multi-layered graphene is shown in
Figure 5-2. During the milling process, graphite particles are crushed into smaller, thin
layered particles generating carbon-free radicals. The sulfur particle tends to absorb and
disperse on the graphite surface while interacting with carbon-free radicals to form a
carbon and sulfur bond. Figure 5-2(c) shows the fractured surface of graphite particle
milled for 24 hours. The S-NDG particle synthesised through the ball milling technique
exhibits a co-deposition of sulfur nanoparticles on the surface of the graphene sheet, as
marked by the red arrow in Figure 5-2(b). The sulfur nanoparticle was found to be
deposited all over the surface of S-NDG sheets (marked with a white arrow), and its size
was observed in the range of 15 to 25 nm, indicating a robust molecular bonding between
the sulfur and graphene sheets. The EDAX spectrum of synthesised S-NDG milled for 72
hours is shown in Figure 5-3. A strong EDAX peak confirms the presence of co-deposited
sulfur particles on the surface of S-NDG sheets. However, along with the presence of
carbon and sulfur in the EDAX spectrum, a low-intensity nitrogen peak was observed,
suggesting that nitrogen present in the air has interacted with the carbon-free radicals
producing S, N co-doped graphene. The presence of nitrogen is acceptable because it will
not allow any vacant sites to react to active carbon and aluminum at an elevated
temperature during the synthesis of composite material, thus producing strong

interfacial bonding.

X-ray photoelectron spectroscopy (XPS) is a powerful and most commonly used
technique to evaluate the nature of bonding between carbon, sulfur and nitrogen (since
nitrogen were present in the EDAX spectrum) atoms in graphene. The XPS
comprehensive survey scan illustrated in Figure 5-4 shows the presence of carbon at 284
eV, sulfur at 163.80 eV, nitrogen at 399.5 eV and oxygen at 532 eV. Figure 5-5(a)
represents XPS spectra of C1s core level having the main peak at 284.50 eV corresponds
to sp2-hybridized C-C bond. The sample produced a small peak at 287.6 eV and 288.9 eV
corresponding to carbonyls (C=0) and carboxylate (0-C=0) bonds. The Cl1s spectrum
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can be fitted with small intensity peaks at 286.0 eV, 286.7 eV, and 285.2 eV corresponding
to C-N, C=N, and C-S bonding.

Figure 5-2: FESEM image of sulfur-nitrogen co-doped graphene (a) Milled for 72h, (b)
sulfur nanoparticles deposited on all over the graphene sheet, (c) Fractured graphite
surface after 24h milling.
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Figure 5-3: EDAX spectrum of sulfur-nitrogen co-doped graphene showing S, C, O and N
peaks.
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The deconvoluted XPS N1s spectra of SDG is shown in Figure 5-5(b).The high-resolution
N1s spectra can be decomposed into three different peaks, which are assigned to
pyridinic-N (398.7 eV), Pyrrolic-N (400.15 eV) and graphitic-N (401.2 eV). This result
suggests that S or N atoms are a covalently bonded graphene network. The high-
resolution S 2p XPS spectra, as shown in Figure 5-5(c) , corresponding to the peak at
163.8 eV and 168.4 eV can be attributed to C-S-C and C-SO2 bond, respectively, SP2 peaks
at 165 eV (S 2pi1/2) and 163.8 eV (S P3/2) can also be attributed C-S/S-S bonding.
According to the analysis, the sulfur content of SDG was 2.1 atomic %, and nitrogen was
4.7 atomic %. The XPS spectrum reveals that nitrogen and sulfur are structurally

integrated into an extended carbon network.
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Figure 5-4: XPS high-resolution XPS survey scan of S-NDG

The HRTEM image of exfoliated S-NDG particle is illustrated in Figure 5-6 . The low
magnification HRTEM image, as shown in Figure 5-6(a), shows the presence of sulfur
particles at various locations and is found to be uniformly distributed along the graphene
surface, which was confirmed by TEM bright-field surface mapping and is illustrated in
Figure 5-7(d). The graphene formed has proper transparency and no evidence of graphite
agglomeration with a perfectly polycrystalline nature, as confirmed by the SAED pattern
in Figure 5-6(b). The particle under higher magnification is multi-layered graphene with
a thickness of 7 layers (average) and inner layer spacing of 0.32 nm. The surface mapping

of S-NDG with oxygen, carbon and sulfur on S-NDG surface is shown in Figure 5-7.
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Figure 5-5: : High-resolution XPS spectra of sulfur-nitrogen co-doped graphene (SDG)
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Figure 5-6: HRTEM image of sulfur-nitrogen co-doped graphene of (a) lower

magnification (b) Higher magnification image with SAED diffraction.
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© (d)

Figure 5-7: (a) STEM image at lower magnification with, (b) TEM surface mapping of
oxygen, (c) Carbon and (d) Sulfur.

Raman spectroscopy of S-NDG milled for 24h and 72h is illustrated in Figure 5-8. The
analysis was conducted using “HORIBA scientific LabRAM HR-UV-open, France” with a
range of 300 to 3000 cm! and wavelength of 532 nm. Carbonaceous material shows its
fingerprint under this technique by D, 2D and G peaks. Pristine graphene shows G and 2D
peaks at 1580 cm ! and 2710 cm! without a D peak. The G-band peak occurs due to E2g
vibration and reflects the structural integrity of SP2-hybridised carbon atom and is
observed in every SP2 bonded graphitic carbon atom. Most of the graphene exfoliated
through high energy ball milling technique shows D-band peaks at 1350 cm! and is
attributed to the vibration of carbon atoms with dangling bonds in the disordered
graphitic plane and the presence of defects in the pentagonal and hexagonal graphitic
structure. The Raman spectroscopy of the prepared sample shows D-band, G-band and
2D band peaks at 1350 cm1, 1582 cm-! and 2694 cm-! for the 24-hour milled sample and
1334 cm1,1566 cm'! and 2682 cm-1 for 72-hour milled sample. The shift in Raman peaks

towards lower wavenumber for extended milling time is because of an increase in bond
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length caused by adding heteroatoms at interstitial sites of graphitic structure4!s. The
Ip/Ic ratio of the 24h milled sample was found to be 0.96, and for the 72h milled sample
was observed to be 0.88, corresponding to the lattice size of 20.03 nm and 21.85 nm,
respectively. The presence of a near symmetrical 2D band and a high-intensity G band
suggests the successful exfoliation of graphite down to fewer layers of graphene. At the
same time, a lower Ip/Ic ratio indicates lower structural defects*16. The drop in Ip/Ic ratio
from 24h milled to 72h milled sample is due to the formation of some nano-sized S-NDG
particles during the extended milling time and could be responsible for less disordered

structure in the milled graphite3?1.
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Figure 5-8: Raman spectroscopy of pure graphite and S-NDG milled for 24h and 72
hours.

5.4.2. Mechanical Characterization of Al/S-NDG composite
Mechanical properties of S-NDG reinforced MMCM is studied with the help of tensile and
compression test, respectively. The test specimen was fabricated using ASTM standards,
having a gauge diameter of 6 mm and a gauge length of 30 mm for the tensile test and an
L/D ratio of 2 for the compressive test. Figure 5-9 illustrates the tensile and compressive
stress-strain curve for Al/S-NDG composite with various S-NDG weight fractions. The
tensile stress at maximum force and tensile stress at yield for a composite having 0.05 wt.
% S-NDG was found to be 179.32 MPa and 109.89 MPa, respectively and for 0.5 wt. % S-
NDG was found to be 256.71 MPa and 195.37 MPa, respectively. Al/S-NDG composite,

even with a tiny percentage of S-NDG (0.05 wt. %), significantly improves the tensile
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strength by 66.52% and with 0.5 wt. % S-NDG, the percentage increase in tensile strength

was 118.81%, compared to pure aluminum (standard value).

The composite material based on carbonaceous reinforcements often suffers
certain demerits, i.e. non-wettability of carbonaceous reinforcement with aluminum
matrix leading to the porosity within grains and development of brittle phase Al4Cs at
higher sintering temperature. The phenomenon decreases strength at a higher
reinforcement weight percentage and often decreases the total strain percentage at the
breakpoint 417-420, The inclusion of reinforcement generally hinders the movement of
dislocation when strained, increases yield strength, and decreases ductility. Tensile strain
before fracture decreases from 0.05 wt. % to 0.2 wt. % S-NDG and is evident in every
particle reinforced composites. The decrease in the strain at failure with increasing
reinforcement is because reinforcement generally hinders dislocation movement when
strained, thus improving strength and baring the further movement of grains. Due to this
phenomenon yield and ultimate strength of Al/S-NDG composite increase and strain
decreases. However, the fall in the strain at failure in S-NDG/AIl composite is less than
NDG/Al composite even in the case of 0.5 wt. % S-NDG suggesting better wettability of S-
NDG. The compressive stress-strain curve for Al/S-NDG composite with various S-NDG
weight percentages is illustrated in Figure 5-9(b). The compressive strength value for
0.05, 0.1, 0.2 and 0.5 wt. % S-NDG and was found to vary between 596.53 MPa to 738.20
MPa. However, the compressive strength of pure aluminum is 554.16 MPa. The increase

in compressive strength was 33.21% for 0.5 wt. % and 7.64 % for 0.05 wt. % S-NDG.

Figure 5-10 shows the FESEM image of the fractured surface for the tensile
specimen. From the nature of the stress-strain graph, it is evident that the composite
exhibits ductile behaviour. The fractographic study of the composite after a tensile
fracture, as shown in Figure 5-10 has a ductile failure. Ductile failure shows the presence
of voids#21422  cleavage (Riser)#23 and dimples at the fractured surface424. When ductile
failure occurs by mechanical instability of the test specimen, the fracture surface exhibits
partial or total slanging, resulting in shear failure and is evidenced by rivers on failure
parts#25, The surface under higher magnification has shown that failure has started
initially along the grain boundaries by forming small voids under higher loading
conditions. As the load increases, the void elongates, resulting in the removal of grain and

the formation of risers and dimples. Risers or cleavage preferentially occurs over the
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dense atomic plane#26. In most composite materials, dimples or larger voids sometimes
occur at reinforcement particles where the bond strength is weaker than the bonding
between matrix materials. A thin sheet of graphene pullover is also marked in the image.
The EDAX spectrum of the fractured surface Figure 5-11 shows the presence of carbon

uniformly mixed along with the composite matrix material.
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Figure 5-9: Stress-strain graphs of the composite after (a) Tensile test and (b)
Compressive test.
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Figure 5-11: EDX spectrum of S-NDG fractured surface

5.5. Conclusion
In summary, a high energy ball milling technique is used to fabricate sulfur-nitrogen co-
doped graphene (S-NDG) successfully. The S-NDG was further used as a reinforcement
material to synthesise Al/S-NDG composite material. The XPS analysis of graphene has
shown that synthesised graphene has 2.1 atomic % of sulfur and 4.7 atomic % of nitrogen,
indicating nitrogen was absorbed from the air, forming sulfur-nitrogen co-doped
graphene. The graphene synthesised through the ball milling technique is multi-layered
graphene and was confirmed by a high-resolution HRTEM image. The composite was
fabricated using different percentages of S-NDG and has shown a 118.81% increase in
tensile strength with 0.5 wt.% S-NDG as compared with the pure Al sample. At a higher

S-NDG weight %, the composite has increased value of total strain before fracture which
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suggests increased wettability, regained ductility, and robust bonding with the aluminum
matrix. S-NDG as reinforcement has eliminated the demerits of non-wettability and

aluminum carbide formation present in pristine graphene aluminum composites.
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CHAPTER 6: Synthesis of ball-milled edge-functionalized
Antimony-doped graphene and its influence on aluminum metal
matrix composite

6.1. Introduction
Antimony doped graphene (ADG) is synthesized via high energy solid-state ball milling
technique by milling graphite and antimony powder at 300 RPM. The synthesized ADG
was analysed using XPS, Raman, EDX, HRTEM and FESEM techniques and was further
employed as reinforcing material in aluminum metal matrix composite. XPS spectrum of
ADG has shown that antimony has Sb3+ and Sb5* oxidation states present on the graphitic
structure. Raman spectroscopy of ADG after 72h of milling has illustrated a sharp G-band
peak with increasing In/Ic ratio resulting from an increase in disorder by adding larger
Sb atoms to the graphitic structure. The composite tensile test has shown a remarkable

increase in strength with increasing ADG concentration.

6.2. Motivation, objective and approach
Graphene is a two dimensional, sp? hybridised, honeycomb structured carbon-based
material having impressive properties that include large surface area, the high electron
mobility of 2 x 105 cm? V-1 s1 at electron densities of 2 x 1011 cm?2, high thermal
conductivity of 5 x 103Wm-1 K1, young’s modulus of 1TPa and tensile strength of 100 GPa.
The impressive properties of graphene have various literature available on different
fields of application such as solar cells, resonators, pressure sensors and fuel cells. There
have been various reports on functionalized graphene with different heteroatoms as
doping material such as sulfur, nitrogen, selenium, boron etc. The doping of heteroatoms
provides some exceptional abilities to graphene. It can be achieved by many different
approaches, such as chemical vapour deposition and graphite oxides, but the process is
complex and non-economical. Ball milling has proven to be the most economical, mass

production and efficient process for the functionalisation of graphene.

The mechanochemical approach to synthesise edge-functionalized graphene has
various advantages over other processes. One of the essential advantages is the minimal
damage on the graphitic basal plane induced by the kinetic energy of milling balls. The
grinding balls travelling at high speed deliver kinetic energy to graphitic layers that are

large enough to unzip carbon C-C bonds. The unzipping of graphitic bonds generates

100



carbon-free radicals that are active enough to start a corresponding reaction. The process

thus includes unzipping, edge functionalisation, and delamination simultaneously.

Metal matrix composite has a vast literature, primarily due to its advantages and
properties. The vast application of low weight and high strength composite has focused
on aluminum and magnesium as matrix materials. Hard ceramic materials such as SiC,
CNT, TiC, Al203 and B4C are introduced as reinforcement to increase strength, stiffness,
thermal conductivity, temperature resistance, and wear resistance properties. However,
using these types of reinforcement has certain disadvantages on microscopic levels, such
as graphene can react with aluminum at elevated temperature to produce Al4+C3 phase
and has less wettability to the aluminum matrix. Different approaches have been made to
overcome the difficulty, such as using a small percentage of magnesium in the matrix
because of its chemical compatibility with graphene and SiC (refer section 1.2.2 & 2.3.2).
The demand for lightweight, high strength material with excellent electrical and thermal
properties has led to the search for new reinforcing materials. Pure graphene as
reinforcement produces carbide with aluminum upon high sintering temperature, thus
decreasing the strength and strain before fracture. Hence measures must be taken to
improve the wettability and limit the formation of carbides at the matrix reinforcement
interface. Doped graphene has proven its utility in vast application areas but has limited
research towards metal matrix composites. Thus, for the first time, with the motive to
increase the wettability and strength of composite and to harness the capability of

graphene, antimony doped graphene (ADG) is used as reinforcement material.

Antimony doped graphene was synthesised using high energy ball milling
technique and characterised by Raman spectroscopy, X-ray Photoemission Spectroscopy
(XPS), Field Emission Scanning Electron Microscope (FESEM), High-Resolution
Transmission Electron Microscope (HRTEM). The fabricated doped graphene was
further utilised as reinforcement material in the aluminum matrix to synthesise Al/ADG
composite material. The mechanical properties of the composite were characterised

using tensile and compressive tests, respectively.

6.3. Experimental Methods
6.3.1. Material

This research selects pure Al-powder (325 mesh, 99 % pure, purchased from Synco

Industries Limited, Rajasthan) as a base matrix material to develop Al/ADG composite.
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Aluminum can produce composites with better strength to weight ratio with good
ductility and hence can find applications in aerospace, mechanical and structural
components. Graphite (100 mesh, 98 % pure, purchased from research lab fine chem
industries, Mumbai) was used to synthesise graphene by mixing Pure antimony powder
in the ratio of 1:5 by weight. After the milling process, concentrated HCI was used as a
solvent to remove excess antimony. Zirconium oxide balls (Synco Industries
Limited, Rajasthan) with an average size of 4.28mm and 1.15mm were used in a tungsten

carbide jar to synthesise doped graphene.

6.3.2. Preparation of functionalized Graphene
Ball milling is a simple yet efficient process to synthesise edge-functionalized graphene
nanoplatelets. In the particular experiment, graphite powder was mixed with antimony
powder (ratio 1:5) in a sealed jar with a capacity of 250 ml having ball to powder ratio of
18:1. The mixture was dry-milled for 72 hours in the planetary ball milling machine at
300 RPM to get ADG powder. The mechanism behind the graphene synthesis is that the
strong shear force produced between the rotating balls creates mechanochemical
fracture of C-C bonds in the graphitic structure and simultaneously cracks the Sb crystals,
generating Sb species and active carbon, respectively. The process incorporates a
functional group at the broken edge of the graphitic framework with the subsequent
exfoliation of graphene nanoplatelets, schematically illustrated in Figure 6-1. Before the
graphene characterization, a careful procedure is to be followed to remove free-standing
antimony. To dissolve excess Sb present in the sample, the powder was dispersed in
concentrated HCl by sonicating it for 30 minutes and centrifuged at 10000 RPM to receive

pure antimony doped graphene.
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Figure 6-1: Schematics for the mechanochemical synthesis of antimony doped
graphene.

Active carbon

6.3.3. Preparation of ADG reinforced metal matrix composite
The composite material was synthesised through the powder metallurgy route by mixing
0.05 wt. %, 0.1 wt.%, 0.2 wt. % and 0.5 wt.% of ADG in the pure aluminum matrix. The
mixture was further poured into the “Retsch PM100” ball milling machine and milled at
150 rpm for another 15 min to get homogeneously mixed powder samples. The processed
powdered sample was poured into stainless steel die having a bore diameter of 20 mm
and is cold compacted at a pressure of 220 MPa to receive the solid cylindrical sample.
The sample was then sintered using a tube furnace at 600 °C for a couple of hours in argon
gas environment to get ADG/Al composite. The composite was further hot extruded at
350 °C and with a pressure of 500 MPa to get a 10 mm diameter composite rod. For the
mechanical characterization of composite, the sample was prepared according to ASTM
standard (B557 standard for tensile and ASTM E9 for compression test) and is illustrated

in Figure 6-2.
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Figure 6-2: Tensile and compressive test specimen

6.4. Result and discussion

6.4.1. Characterization of synthesized ADG
The schematic representation for the synthesis of edge elective antimony doped
graphene is illustrated in Figure 6-1. The field emission scanning electron microscopic
image of ADG is illustrated in Figure 6-3. The graphite particles with a size greater than
200 microns were crushed into ADG with less than 1microns. However, it is well-known
fact that graphene synthesized through the ball milling technique is multi-layered
graphene with a small crystal size. Figure 6-3(a) shows the particle size of ADG after 72
hours of milling time. Milling time always plays a crucial role in synthesizing graphene,
and in this case, the average particle size is less than 1 micron. Figure 6-3(b) is the high-
resolution image of ADG particles, and it clearly illustrates that ball milling has
successfully exfoliated the graphite particle into a thin sheet of graphene. The heavy size
reduction of graphite structure under high milling energy creates de-bonding of carbon
atoms, resulting in carbon-free radicals and Sb species, which further combine to form a

C-Sb bond at the edge of the graphene structure.
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Figure 6-3: FESEM image of; (a) ADG shown average particle size, and (b) Particle under
higher magnification.

The HRTEM image of exfoliated ADG is shown in Figure 6-4. The Sb atoms with a
dark background are visible in the figure. The distance between the fringes of ADG
particles is 0.32 nm which is also the interatomic distance between graphene atoms. The
HRTEM image illustrates that the ball milling technique has successfully exfoliated
graphene with selective doping of Sb atoms along the broken edge of the graphene sheet.
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Figure 6-4: HRTEM image showing (a) Exfoliated ADG particle and (b) High
magnification image of ADG.

The XPS analysis illustrated in Figure 6-5 shows the presence of carbon at 284 eV and
antimony, Sbsds at 529.5 eV and Sbsds at 538 eV, respectively. The atomic percentage of
carbon, oxygen, Sbsds and N was 72.4%, 24.0%, 2.9% and 0.7%, respectively. The
presence of a minimal amount of nitrogen illustrates that the nitrogen trace may be

absorbed from the atmosphere and bonded into the carbon atom.
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Figure 6-5: XPS high-resolution survey scan for ADG.

The high-resolution XPS spectrum for carbon and antimony is illustrated in Figure
6-6. The curves fitting of C1s carbon have peaks of C=0 bond at 289 eV, C-C at 283 eV, C-
O at 284.15 eV and C-Sb at 282.13 eV. For the curve fitting of antimony, the Sbsd peak can
be divided into Sbsds at 539.5 eV and Sbsds at 538 eV. In addition, the Sbsds peak can be
fitted with two separate contributions, i.e. 537.87 eV and 538.92 eV corresponding to
antimony with a Sb3+ and Sb>* oxidation states, respectively. Sb has a sizeable atomic
size, and it may accommodate a more stable structural chemical bond for the most stable
structure. However, the doping of smaller atoms such as nitrogen cannot. Hence, a larger-
sized atom is highly susceptible to the highest oxidation state. Sb>* is the most suitable
form of structure present in ADG structure rather than Sb3+ structural form. The
structure of antimony doped graphene was further analysed using Raman spectroscopy
and is illustrated in Figure 6-7. The carbonaceous material such as graphene or CNT

shows their fingerprint under this characterization technique.
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Figure 6-6: XPS high-resolution spectrum for (a) Carbon and (b) Antimony (Sb).

Pristine graphene has the absence of D-peak with G and 2D peaks at 1580 cm1 and
2710 cm-l, where D-peaks occurs due to the presence of carbon atoms with dangling
bonds in the graphitic structure. D-peaks are observed in every graphene synthesized
through rough methods such as high energy ball milling. G-band peaks reflect the
structural integrity of SP2-hybridized carbon atoms and are due to the E2g vibrating
bonding. The D, G and 2D peaks for 72 h samples were found at 1342 cm -1, 1571 cm-! and
2685.74 cm1, respectively and the Ip/Ic ratio of 24h, 48h, and 72h milled samples are
found to be 0.25, 0.35 and 0.74 respectively. The increase in the ratio was observed due

to the presence of larger Sb bonds attached at the edge of graphene.
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Figure 6-7: Raman spectroscopy of ADG.

6.4.2. Mechanical characterization of Al/ADG composites
The mechanical properties of ADG reinforced composite are studied with the help of
tensile and compressive testing techniques. The test specimen was fabricated using
ASTM standard and is given in Figure 6-2, illustrated earlier in the article. Figure 6-8 (a)
& (b) shows the tensile and compressive test curve for ADG/Al composite material with
0.05 wt. %, 0.1 wt. %. 0.2 wt. % and 0.5 wt. % respectively. The tensile stress at maximum
force for 0.5 wt. %, 0.2 wt.%, 0.1 wt.% and 0.05 wt.% ADG/AIl composite was found to be
274.69 MPa, 212.28 MPa, 226.23 MPa and 221.32 MPa, respectively. The tensile strength
of the composite has increased remarkably with the addition of ADG. The percentage
increase in tensile strength for 0.5 wt. % ADG was found to be 134.7%, and the percentage
increase in tensile strength for 0.05 wt. % ADG is 39.45% as compared with pure AL
However, there was a decrease in total strain before fracture for 0.5 wt. % ADG and
maybe because of increased brittleness within the sample. The increase in tensile
strength for ADG/AIl composite is due to the load transfer mechanism of ADG within
aluminium matrix and better wettability of reinforcement and matrix material.
Compressive strength of composite decreases with increasing ADG % and is because of
increased brittleness within the composite material. The compressive strength of the
composite was found to be much higher than that of the pure Al sample (shown in the

previous chapter)
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Figure 6-8: Stress-strain curve for (a) Tensile test and (b) Compressive test.

6.4.3. Morphological analysis of composite material
The surface morphology of the composite is shown in Figure 6-9. The composite showed
a ductile fracture. Figure 6-9(a) shows the FESEM image after tensile fracture for 0.5 wt.
% ADG/AI composite material. The ductile fracture of composite occurs by mechanical
instability of the test specimen by showing the presence of voids and dimple, marked with
arrow. The image shows many cracks, depicting that the antimony may have reacted and
oxidized at higher sintering temperatures creating pores and decreasing the total strain

before fracture.
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Figure 6-9: FESEM image after tensile fracture for 0.5 wt. % composite material.

Figure 6-10 (a) shows the surface morphology of the ADG/Al composite. The surface
contains pores due to the lower wettability of reinforcement caused due to the reaction
between antimony, aluminum and oxygen, creating antimony trioxide and aluminum
oxide. The reaction at a higher sintering temperature may have decreased the wettability
and is visible by the formation of pores on the composite surface. Figure 6-10(b) is the
EDAX spectroscopy of Al/ADG composite showing the peak of Sb and carbon. The
presence of Sb in EDAX spectrum illustrates that though antimony may have reacted with

aluminum but is still bonded with SDG graphitic structure.
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Figure 6-10: (a) Surface morphology of 0.5 wt. % ADG/Al composite and (b)
Corresponding EDAX.

6.5. Conclusion
This chapter illustrates the strengthening effect of antimony doped graphene (ADG),
when used as reinforcement in aluminium metal matrix composite. ADG was synthesized
using a high energy ball milling technique by milling antimony and graphite for 72 hours
at 300 rpm. The XPS spectroscopy of ADG has shown that antimony has Sb3+ and Sb5+
oxidation states present on the graphitic structure. Raman spectroscopy of the ADG
powder after 24h, 48h and 72h milling time illustrates the sharp G-peak and increasing
I/l ratio because of increasing distortion and the addition of large Sb atoms to the

graphitic plane. The tensile strength of composite increases with increasing ADG
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concentration. The percentage increase in tensile strength for 0.5 wt. % was found to be
134.7%. Total strain before fracture at a higher ADG weight percentage decreases and
would be due to the formation of oxides at higher sintering temperatures creating pores

and thus decreasing the strength of the composite.
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CHAPTER 7: Conclusion and Future Scope

Aluminum has one-third the density of iron and is a ductile and electrically conductive
material. Although the density of aluminum is low, its strength and hardness can be
improved considerably by alloying or adding reinforcements. Aluminum is used widely
in automobile, marine, aerospace, and manufacturing industries. Graphene, a
carbonaceous reinforcement, is used as a reinforcing material for a decade and has
proven to increase strength up to 90% of the strength of pure aluminum with just 0.5 wt.
%. However, due to the pure graphene non-wettability with aluminum and reaction
product formation, the results of strength enhancement are much lower than its actual
capability. Functionalized graphene such as graphene oxide(GO) and reduced graphene
oxide(rGO) have proven to eliminate aluminum carbide formation by attaching oxygen
at activated carbon sites, thus eliminating one of the problems associated with graphene.
However, functionalized graphene has been widely used in the electrical and electronic
industries. Despite its capability, it has shown limited or no attention (other than GO and
rGO) towards its utility in metal matrix composites. A perfect doping material on
graphene structure has lots of capability and can be a better substitute for graphene for
enhancing properties (electrical, thermal or mechanical). So, this chapter summarizes the

thesis's outcome and suggests the area to be further investigated.

7.1. Key conclusions:
7.1.1. Analytical approach to the high energy milling process
The effect of milling energy plays a crucial role in graphite's exfoliation to graphene. The
following conclusion can be drawn from the analytical modelling of high energy milling

process:

e The milling speed of the planetary ball mill plays a vital role in the total energy
released during the process.

e The total energy released for different sized balls shows that large diameter balls
released more energy at the same speed.

e The total energy released for different milling balls illustrates that energy released for
the combination of balls is higher than using individual-sized balls.

e Milling at a higher speed contributes more damage to balls and will add impurities

during graphene synthesis.
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7.1.2. Characterization of NDG and its effect on aluminum matrix composite

7.1.2.1. Characterization of NDG
NDG was synthesized using a high energy ball milling technique by milling graphite and
melamine at 300 RPM for 72hours. The synthesized NDG was characterized using XPS,
XRD, Raman spectroscopy and HRTEM technique. Following conclusions can be drawn

from the experimental study:

e Prolonged milling time has shown a significant reduction in particle size. The average
particle size of the 48-hour milled sample was 601.5 nm, and for the 72-hour milled
sample was 394.2 nm.

e HRTEM image illustrates that graphene obtained is multi-layered graphene with an
average layer thickness of 6 to 10 layers with a lattice spacing of 0.34nm, 0.25nm and
0.21nm.

e XRD of 72 hours milled graphene has a peak at 17.66°, 14.87° and 21.64°, attributing
to the presence of nitrogen-carbon bonding.

e XPS spectroscopy has shown the presence of carbon, nitrogen and oxygen peaks, and
nitrogen from melamine is attached to graphene, forming pyrrolic-N, graphitic-N and
pyridinic-N functionalities.

e Raman spectrum of graphene has a higher D-band peak with increasing Ip/Ic ratio
illustrating high disorder in graphitic plane due to the presence of significant nitrogen

content.

7.1.2.2. Characterization of NDG/Al composites

e Composite's ultimate tensile and yield strength increased by 124.05% and 85.82%,
respectively, with just 0.2 wt. % of NDG.

e Compressive yield strength of NDG/AI composite is 126 MPa, 178 MPa, 202 MPa and
148 MPa with 0.05, 0.1, 0.2 and 0.5 wt. % NDG, respectively.

e The coefficient of friction (COF) of NDG/Al composites decreased dramatically with
increasing NDG content, such that there was a 45% decrease in COF when NDG was
raised from 0.1 wt. % to 0.5 wt.%.

e With increase of NDG from 0.1 to 0.2 wt. % the wear rate decreased by 25%, and there
was a 71% reduction when NDG content was 0.5 wt. %.

e Surface morphology of tensile fractured surface illustrated a decrease in ductility with

increasing NDG wt. %.
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EDX of 0.5. wt.% NDG/AL composite showed a small peak of AIN.

7.1.3. Characterization of S-NDG and its effect in aluminum matrix composite

7.1.3.1. Characterization of S-NDG

S-NDG was synthesized using a high energy ball milling technique by milling graphite and

sulfur powder at 300 rpm for 72 hours. The synthesized S-NDG was characterized using

XPS, XRD, HRTEM and Raman spectroscopy techniques. The following conclusion is

drawn from the experimental investigation of S-NDG:

After prolonged milling time, sulfur particles are deposited all over the graphene
sheets, having sizes of 15 to 25 nm.

EDX spectrum confirmed the presence of sulfur nanoparticles on graphene
nanosheets with a presence of nitrogen peak.

XPS comprehensive survey scan has shown the peaks of carbon, sulfur, nitrogen and
oxygen with atomic % of 86.9%, 2.1%, 4.7% and 6.3%, respectively.

XPS curve fitting for C1s has shown peaks of C=0, 0-C=0, C-N, C=N and C-S bonding.
XPS curve fitting for N1s spectra can be fitted to pyrrolic-N, graphitic-N and pyridinic-
N functionalities.

XPS curve fitting for S2p is fitted with C-S-C, C-SOz, and C-S/S-S bonding.

HRTEM image illustrates the uniform distribution of sulfur particles on the graphene
surface having a perfectly polycrystalline nature.

Raman spectroscopy of 72-hour and 24-hour milled samples has shown a Raman peak
shift towards lower intensity, indicating an increase in bond length caused by adding

heteroatoms.

7.1.3.2. Characterization of S-NDG/Al composites
Tensile stress at maximum force and tensile stress at yield for a composite having 0.05
wt. % S-NDG was found to be 179.32 MPa and 109.89 MPa, respectively and for 0.5
wt. % S-NDG was observed to be 256.71 MPa and 195.37 MPa, respectively.
An increase in total strain value before fracture with higher S-NDG weight per cent is
because of increased wettability of S-NDG with aluminum matrix.
The compressive strength for 0.05 wt. % to 0.5 wt.% S-NDG was found to be between
596.53 MPa to 738.20 MPa, respectively.
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e After tensile failure, the fractographic study of the composites exhibits ductile
behaviour and evidence of graphene pullover from the composite surface.

e EDX spectrum of composite exhibits peaks of aluminum, carbon and oxygen

7.1.4. Characterization of ADG and its effect in aluminum matrix composite
7.1.4.1. Characterization of ADG
ADG was synthesized using a high energy ball milling technique by ball-milling graphite
and antimony powder at 300 RPM for 72 hours. The synthesized ADG was characterized
using FESEM, HRTEM, XPS, and Raman spectroscopy. The following conclusion can be

drawn from the experimental investigation of ADG:

e FESEM image of synthesized ADG illustrates that graphene has an average size of less
than 1 micron.

e HRTEM image of ADG illustrates that the distance between fringes is 0.32 nm and is
the interatomic distance between graphite particles.

e XPS survey scan of ADG has indicated the presence of carbon at 284 eV and antimony
(Sbsds at 529.5 eV and Sbsds at 538 eV).

e Atomic percentage of Carbon, oxygen Sbsds and nitrogen was 72.4%, 24.0%, 2.9% and
0.7% respectively.

e XPS curves fitting of C1s carbon have peaks of C=0 bond at 289 eV, C-C at 283 eV, C-
O at 284.15 eV and C-Sb at 282.13 eV.

e For the curve fitting of antimony, the Sbsd peak can be divided into Sbzds at 529.5 eV
and Sbzds at 538 eV. The Sbsds peak can be fitted with two separate contributions, i.e.
537.87 eV and 538.92 eV corresponding to antimony with an Sb3+ and Sb5+* oxidation
state.

e D, Gand 2D peaks for 72 h samples were found at 1342 cm -1, 1571 cm-! and 2685.74
cm1, respectively.

e The Ip/Ic ratio of 24h, 48h and 72h milled samples are found to be 0.25, 0.35 and 0.74,

respectively.

7.1.4.2. Characterization of ADG/Al composite
e The tensile stress at maximum force for 0.5 wt. %, 0.2 wt. %, 0.1 wt. % and 0.05 wt. %
ADG/Al composite was found to be 274.69 MPa, 212.28 MPa, 226.23 MPa and 221.32
MPa, respectively.
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The compressive strength of composite has shown a similar trend and is much higher
than pure aluminum samples.

Surface morphology of fractured surface and the polished surface has shown the
presence of voids, indicating the decrease in strain before fracture.

The EDX spectrum of composite shows the peak of carbon, oxygen, aluminum and
antimony, illustrating that antimony doping has played an essential role in increasing

the strength of composite at a higher ADG weight percentage.

7.2. Contributions

The major contribution of the work is as follows:

The idea is that strengthening properties of graphene can be harnessed more when
functionalized graphene is used instead of pure graphene. The functionalized
graphenes have better load transfer mechanism, reduces the probability of Al4C3
formation and improves the wettability of graphene with aluminum.

Analytical approach to the ball milling process.

Sulfur-nitrogen co-doped graphene doping has proven to increase wettability (clearly
indicated by the increase in total strain before fracture) at higher weight % of
reinforcement.

Defects in graphene structure (formed during synthesis or probably during the ball
milling process) can be eliminated by doping with a suitable dopant.

Sulfur-nitrogen co-doped graphene nanosheet contains sub nano particles of sulfur
all around its surface and may be the reason for increased wettability.

Small atomic size nitrogen dopant, sulfur dopant and antimony dopant have
contributed much towards strength enhancement and were much more significant
than pure graphene reinforced composites.

Strength can be significantly enhanced if graphene were used as reinforcement with

aluminium with alloying elements (such as magnesium etc.)

7.3. Future Scope

The following work can be investigated for future research:

Functionalized graphene has genuinely shown to be a more effective alternative for

pure graphene and can be investigated for other dopant materials.
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The effect of functionalized graphene is limited to strength enhancement and can be
used for other applications areas.

The controlled utilization of the anisotropic properties will lead towards developing
appliances with directional dependent properties, such as in the heat sink. The use of
anisotropy will lead us to form a gradient structure that will show much increase in

strength and ductility.
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