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Synopsis

Nano-scale experimental and theoretical studies have shown the excellent tribological and
corrosion-resistant properties of graphene. As interest in using these unique properties grows,
there is an ever-increasing demand for producing thick and large area graphene-based coatings
with strong bonding to the substrate and high load bearing capacity for real industrial
applications. However, there has been limited research on metal-based graphene-reinforced
composites in surface engineering. This study was focused on using electro-brush plating (EBP)
technique to create cost-effective and scalable Cu-based composite coatings on metallic

substrates, with relatively inexpensive graphene oxide (GO) as the reinforcement.

In this research, graphene oxide (GO) was utilised as the coating precursor, with the EBP
method employed to apply the GO/Cu composites coatings on 316 stainless steel and brass
substrates. Comprehensive processing studies and systematic characterisation of the coatings
were conducted to explore the optimal EBP parameters and to demonstrate the feasibility of
producing dense, uniform, and strongly bonded GO/Cu composite coatings using the advanced

EBP technology.

Low friction and high wear resistance are essential properties for sliding bearings. In this
research, advanced GO/Cu nanocomposite coatings were developed using the brush plating
method to enhance the tribological performance of brass-based materials for sliding bearing
application. To this end, a series of brush plating experiments were conducted under varying
voltages and GO concentrations. The tribological behaviour of the GO/Cu composite coatings

was evaluated using dry ball-on-plane tribological tests. The experimental results demonstrated



that GO was successfully incorporated throughout the composite coating layer. The GO/Cu
composite coatings significantly reduced friction and increased wear resistance of brass by two
orders of magnitude, primarily due to the self-lubricating properties of the GO within the
coatings. The experimental results have also shown that the GO-Cu composite coating can also
enhance the electrochemical corrosion properties. It is thus anticipated that the novel GO/Cu

coatings developed from this research could also have good corrosion-wear properties.

The development of novel self-lubricating and corrosion-resistant coatings great potential for
sliding bearing and other tribological applications. The systematic investigation into the
underlying mechanisms by which graphene oxide (GO) is effectively incorporated into copper
coatings and improvements in tribological performance and enhanced corrosion resistance have

also advanced scientific understanding.
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Chapter 1 Introduction

Graphene has attracted great attention of researchers during the past two to three decades, owing
to its remarkable properties. and its outstanding electronic properties have positioned graphene
research into the centre of the post-silicon era [1,2]. Moreover, graphene possesses great light
transmittance and monolayer graphene (pristine graphene 97.7% [2]) and multilayered
graphene also possesses light transmittance [3]. Additionally, graphene is of great mechanical
strength owing to its strong sp? hybridised carbon-carbon (C-C) bonds, which makes graphene
the thinnest and strongest material [4]. On top of those extraordinary properties, graphene was
developed different types of applications for optoelectronic and electronic without further
strengthening requirements, such as wafer-scale photonic devices [5], field-effect transistors

[6,7] and solar cell electron transport layer [8].

Despite the significant attention it has received in these fields, relatively little research has been
conducted to explore its potential in enhancing the tribological properties of materials,
specifically in reducing friction and wear in tribological systems such as bearings. Notably,
studies have demonstrated that graphene can exhibit lubricity comparable to bulk graphite on a
microscale [9]. This finding has prompted investigations into using few-layer graphene as a
self-lubricating coating for engineering materials. However, challenges such as low interface
adhesive strength and thinness of the coating have limited the load bearing capacity and

durability of graphene coatings for industrial applications.

Brass is one of the most commonly used lead-free alloys for the manufacturing of sliding

bearings [10,11]; however, it possesses moderate tribological properties. Consequently, there is



growing interest in the development of self-lubricating components with enhanced wear
resistance, which could offer a more sustainable and efficient solution for tribological

applications.

Research has been conducted on improving the solid lubricant properties and wear resistance
of copper (Cu) nanoparticles [12—14] primarily by incorporating Cu particles into oil-based
lubricants or combining them with graphene oxide (GO) particles through mechanical bonding.
Limited layer thickness and relatively weak bonding to the substrate have hindered their
application, especially in demanding tribological applications [15,16]. Therefore, how to
produce a self-lubricant coating on brass with sufficient layer thickness and strong bonding to
the substrate presents both a technological and scientific challenge, which formed the theme of

this research.

As graphene oxide (GO) possesses great hydrophilicity, it can be dissolved into aqueous-based
electrolyte solutions. Moreover, their electronegative property in aqueous enables its movement
within an electric field. Hence, applying GO-based coatings by electrochemical deposition
techniques is possible in principle [17]. There are mainly two electro-deposition techniques to
produce GO containing coatings, which are electro-plating deposition (EPD) [18] and electro-

brush plating (EBP) [19].

The conventional electro-plating deposition (EPD) technique produces GO/metal composite
coating by deposition of positively charged metal ions (such as Ni ions in Ni plating) together
with GO to the substrate (cathode) [19]. The bonding introduced by the electric field is stronger
than the graphene coatings produced by solution-flow or CVD transferring methods. However,

the agglomeration of GO particles in aqueous solutions such as CuSO4 solution significantly



reduce the uniformity of GO in the GO/metal composite coating with aggregated GO particles
mainly enriched in the surface. This problem could be addressed by EBP mainly because the
continuous brush movement can improve the uniformity of the GO suspension in Ni plating

solution as reported in [20].

However, no work has been reported on the development of graphene/copper nanocomposite
coating using electro-brush plating (EBP). Therefore, the current research was directed at
developing novel GO/Cu composite coatings by electro-brush plating technique with low
friction and high wear resistance for potential sliding bearing applications. To this end, a series
of EBP processes were conducted to study the effects of the processing parameters and GO
concentration in plating solution; the coating microstructure was characterised and their
tribological properties were evaluated to advance scientific understanding and for the
optimisation of the EBP processing conditions for optimal GO/Cu coatings for potential brass

sliding bearing applications.

Therefore, the aim of this PhD project was to develop novel GO/Cu composite coatings with
low friction, high wear resistance and good corrosion performance through investigating the
optimal parameters of EBP technology for the cost-effective and scalable production of GO/Cu
composite coatings for potential sliding bearing applications. The specific research objectives

of this PhD project were as follows:

1. To assess the feasibility of developing GO/Cu nanocomposite coatings on metal
substrates using electro-brush plating.
2. To characterise the Cu/Go coatings produced using a range of material research methods

including the phase structure, microstructure and chemical compositions.



3. To evaluate the mechanical and tribological properties of the coatings, with particular

emphasis on their tribological behaviour at the macro scale, to gain insights into how
GO can enhance the tribo-performance of the GO/Cu composite coatings.
To investigate the corrosion behaviour of the GO/Cu composite coatings and study the

mechanisms by which GO contributes to improved corrosion properties.

A brief overview of the following chapters is stated below:

Chapter 2 provides a comprehensive literature review, beginning with an overview of
the brief history, structure, and key properties of graphene. It then explores various
techniques for producing graphene-based coatings followed by examining the
functional applications of graphene, particularly in enhancing tribological performance
and corrosion resistance.

Chapter 3 details the production and characterisation of the GO/Cu coatings, covering
the preparation and fabrication of the coatings. It also describes the characterisation
techniques used to analyse the specimens.

Chapter 4 presents the results of the study, focusing on the GO/Cu composite coatings
produced by electro-brush plating. This chapter reports the surface morphology,
chemical composition, microstructure and layer-structure of the coatings, and their
mechanical, tribological and corrosion properties.

Chapter 5 is devoted to the discussion of the results reported, with a primary focus on
analysing the tribological and corrosion behaviour of the GO/Cu composite coating and
the mechanisms involved to advance scientific understanding. It also covers the
identification of the optimal parameters for achieving the best performance.

Chapter 6 concludes the thesis by summarising the key findings and proposes

promising areas for future scientific investigation.



Chapter 2 Literature Review

2.1 The History of Graphene Research

Graphene is typically recognised as a single layer of carbon atoms arranged in a honeycomb
lattice. This atomic structure could be considered as a single layer of graphite. For many years,
graphite, composed of laminated structure, has been utilised in pencils. People might
accidentally produce graphene, though no one has reported it. Despite this, little attention was
given to the single-layer hexagonal structure within graphite until twenty centuries. There were

chances for the earlier discovery of graphene before 2004 [21].

Theoretical research was first conducted in 1947 with firmly packed hexagonal structures stuck
together on a strictly flat surface, as illustrated in Figure 2.1.1a [22,23]. This model predicted
hyperthermal fluctuations, suggesting that graphene could not exist due to the instability of its
two-dimensional (2D) crystalline structure [23-26]. Despite this theoretical prediction, the
experimental research of two-dimensional (2D) materials has never been interrupted. Interest
in few-layered graphite began in the 1960s, driven by the pioneering experimental work of
Boehm et al. [27-29]. In 1986, Boehm and his colleagues introduced the term "graphene" to
describe a single carbon layer within graphite intercalation compounds (GICs) [30,31].
Research into graphene oxide (GO) and GICs dates back to around 1840 [32,33]. It was
discovered that ultrathin graphite lamellae could be produced from graphene oxide through a
reduction reaction in an alkaline suspension. Those GICs materials could be denoted as a few

layers of graphene in nowadays research.



Figure 2.1.1 Two versions of theorical stimulation of graphene: (a) the model with long range order
and (b) the improved model [25].

After several years of exploration, high-quality graphene was first exfoliated using “scotch
tape” by Novoselov et al. in 2004 [34,2]. The improved theoretical research on the structure of
graphene, as depicted in Figure 2.1.1b, was conducted in 2007 [25,35]. This structure would be
further discussed at the next session. This foundational single-layer structure serves as a
precursor to other significant carbon allotropes, facilitating transformations into zero-
dimensional (0D) fullerenes, one-dimensional (1D) carbon nanotubes, three-dimensional (3D)
graphite and diamond, as shown in Figure 2.1.2 [23,36,37]. Over the years, numerous
researchers have explored the production of not only graphene itself but also its related
allotropes. These efforts have led to breakthroughs in the unique properties of this 2D material

across various fields.



Figure 2.1.2 Various carbon allotropes derived from graphene honeycomb structure [37].

2.2 The Structure and Basic Properties of Graphene

2.2.1 The Formation of Graphene Structure

It could be illustrated in the periodic table that the ground-state electronic configuration of
carbon is 15%2s?2p«'2py'2p,° and the exited-state would be 1s?2s?2p«'2py!2p,!, as shown in
Figure 2.2.1a and b [38]. The exited 2s', 2px!, 2py' and 2p,' belong to the valence shell which
could perform new bonds with hybridisation, showing in three types sp (linear), sp* (trigonal
planar) and sp? (Tetrahedral) hybridisation. The honeycomb structure of graphene is performed
by sp? hybridisation, as shown in the Figure 2.2.1c. It could be seen that there are three
neighbour carbon atoms sharing their sp? electrons with angle of 120° [38]. Figure 2.2.1d
illustrates the graphene crystal unit cell or triangular sublattice fixed with 2.46 A (0.246 nm)
lattice constant [39,40]. The denoted A and B are from the two different sublattice [39,41]. The
sp? hybrids, shown in Figure 2.2.1e, exhibit two neighboured carbon atoms combined with sp?

hybridised (2s', 2px!, 2py') orbitals forming sigma (o) bond (~ 1.42 A), while 2p, orbitals



combined to form the pi (7) bond.
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Figure 2.2.1 Schematic of carbon structure: (a) energy level of carbon outer electrons in normal state;
(b) exited state of carbon electron energy level; (c) sp2 hybrids formation; (d) graphene lattice
showing A and B belong to different sublattice; (e) showing the sp2 hybridisation from the bonding
[40].

It is interesting that this sp? hybridised ¢ bond presents shorter distance than the C-C bond
within the diamond with sp> hybridisation, which is also proved of stronger strength (615 kJ/mol)
than diamond (345 kJ/mol) by experiment [4,42,43]. Owing to this strong ¢ bond, graphene
could be utilised in mechanical applications. As a type of 2D material, graphene would be able
to provide mechanical enhancement with ultra-thin thickness. The remaining 2p. orbitals,
occupying the orbital perpendicular to basal plane, form © bond with significantly lower binding
energy than the above mentioned ¢ bond [42]. This lead to the easy shearing of graphite
lamellae, which explains why the physical exfoliation of graphene from graphite is possible.
Moreover, owing to the high freedom of this m bond, the graphene possesses different types of

electronic properties.



zigzag

Figure 2.2.2 (a) Schematic of graphene edge orientation [39] and (b) Scanning Tunnelling Microscopy
(STM) image of graphene the blue arrow denoted as armchair and yellow is zigzag orientation [44].

As mentioned before, the A and B sublattice could also be seen on the graphene hexagonal
lattice. Owing to some better performance compared to the basal plane, the edge of graphene
lattice is interesting to study. There are two types of edge zigzag and armchair, as depicted in
Figure 2.2.2a. It is interesting to note that the chemical reactivity at the edge of graphene would
be twice than that on basal plane, as proved by spectroscopic test [45]. The edges of graphene
lattice would be more important when studying such chemical reactions as oxidation and doping
other elements. It was discovered that the breaking of graphene would tend to occur at the grain
boundary thus creating the edge mentioned above through mechanical exfoliation [46—49]. The
preferred tearing orientations of graphene sheet are illustrated in Figure 2.2.2b under applied
mechanical force. Hence, the graphene under mechanical usage needs more attention to the

edge and it would be further discussed later.



2.2.2 Mechanical Properties

Figure 2.2.3 An art work of inspiring from the stiffness of graphene, it could not be torn even four
elephants dragged at the corners with defect which is remained the strongest material [50].

Despite the presence of defects, graphene remains the strongest material known, with a
thickness of only one atom [2,50]. Its mechanical strength is attributed to its sp?> hybridised
chemical bonds, which are stronger than those found in diamond. Pristine graphene exhibits a
very high elasticity as it possesses as high as approximately 1.0 x 10°> GPa of Young’s modulus
(E) and 130 GPa of intrinsic strength on defect-free single layer graphene [51,52], which are
200 times stronger than that of structural steels [53]. However, the pristine graphene without
defect would only exist in small area. Consequently, graphene in most applications would be
combined with different graphene grains, as illustrated in Figure 2.2.3. It is noteworthy that the
graphene with many grain boundaries remains very strong, which indicates that the grain
boundary of graphene also possesses great strength [50]. The intrinsic strength has been tested
around 100 GPa, which is still quite close to that of pristine defect-free graphene (130 GPa)

[54,55].
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Figure 2.2.4 Schematic of nanoindentation test applied on defective graphene atomic force microscopy
(AFM) [55].

In addition to the grain boundaries, graphene sheets may also exhibit sp>-type and vacancy-type
defects, both of which can impact mechanical strength. It was discovered that the atomic force
microscopy (AFM) could be utilised to detect the intrinsic strength of graphene on silicon-based
holder, as demonstrated in Figure 2.2.4. Figure 2.2.4 shows schematic of nanoindentation test
applied on defective graphene atomic force microscopy (AFM) [55]. Sp*-type defects result in
a minor reduction in strength compared to defect-free pristine graphene, with a decrease of
approximately 14% [55]. In contrast, vacancy-type defects lead to a significant decrease in
strength. Hence, in order to optimise mechanical strength, it is important to focus on
minimising vacancy defects during the development of graphene-related high-strength
materials, particularly on a large scale. For composite applications, it is essential to ensure
strong adhesion between the graphene reinforcement and the matrix to fully utilise the

exceptional mechanical properties of graphene [56].

One-atom-thick graphene is recognised as a 2D structure; however, even two-atom-thick
graphene retains its classification as a 2D material. A few-layer graphene, which includes

structures with two to ten layers, is also considered graphene [57]. This type of a few-layer
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graphene demonstrates excellent lubricity, similar to that of graphite, which is widely known
for its use as a solid-state lubricant [58]. Consequently, integrating few-layer graphene into
material systems can significantly enhance their tribological properties. Additionally, graphene
exhibits remarkable impermeability to almost all molecules, including hydrogen. This property
makes graphene an ideal passivation film, capable of preventing the penetration of corrosive

agents into the materials it is applied to, thereby mitigating potential corrosion damage [59].

2.2.3 Electronic Properties

As illustrated in Figure 2.2.5, graphene's Brillouin zone is hexagonal and includes several high
symmetry points: I, M, K, and K'. The boundary points K and K' are referred to as Dirac points.
Utilising a tight-binding approach, the band structure of single-layer graphene is demonstrated
in Figure 2.2.5 [39]. Here, the n electron orbitals of neighbouring atoms overlap, causing the
valence (7 electron occupied) and conduction (vacant) bands to intersect precisely at the Dirac

points.

Figure 2.2.5 Brillouin zone of graphene and denoted symmetry points [39].
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The conductance bands of neighboured atoms meet at the Dirac point, as the orbital of
neighboured 7 electrons overlapped, for monolayer graphene. Hence, monolayer graphene
could be used as zero band gap semiconductor [46]. Moreover, graphene possesses extremely
high mobility of charge carrier (up to 100,000 cm?V-!s) which could be used in producing
supercapacitors [21,42,60]. For comparison, certain semiconductors like InSb can reach a room
temperature carrier mobility of 78,000 cm?V-!s™!| achieved using bulk materials without
chemical doping [61]. Doping is typically used to modulate the band gap for logic applications
in the semiconductor industry or to enhance electrical activity for electrochemical applications
such as supercapacitors and batteries. Additionally, single-layer graphene exhibits the half-
integer quantum Hall effect (QHE) at room temperature, and its conductivity never drops below
the minimum threshold of e*h [39,62,63]. With unique electronic properties, graphene could

be used in electronic applications.
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2.2.4 Chemical Properties

As mentioned in Section 2.2.1, graphene is densely compacted hexagonal lattice forming
honeycomb structure with a large surface-volume ratio and low mass density [64]. Although
graphene possesses excellent electronic properties, the chemical property would be alike to
graphite which is near inert. It is interesting that graphene also possesses high hydrophobicity
comparable to graphite, and the water wettability would also be influenced by the ambient
environments (i.e. temperature, absorbent hydrocarbon species and contaminations on graphene
surface) [65-67]. As previously discussed the p, orbitals are combined with relatively weaker
bond which is approachable to reunite with other elements such as carbon [68], such as
hydrogen (H) [69], nitrogen (N) [70—72] and boron (B) [73]. Defect-free graphene is considered
as impermeable to all the liquids and gas [74-76]. Hydrogen is an exception, as it can be
absorbed on the ripples of graphene and dissolved on the other side of the graphene membrane
[77]. Due to its impermeability, graphene can serve as a superior barrier to prevent the
penetration of corrosive species and oxygen gas. A more detailed discussion on this topic will

be provided in the corrosion section.
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Graphene or its derivatives

Noncovalent functionalised graphene

&, & (A): molecules which can form covalent bonds with
graphene, such as polyethylene glycol and isocyanate

# (B): molecules which can form noncovalent bonds with
graphene, such as polyvinylpyrrolidone and polyvinyl alcohol

Figure 2.2.6 Schematics of graphene functionalisation [78].

Functionalising graphene opens up a wide array of possibilities for enhancing its chemical
reactivity and exploring its potential in various chemical applications, such as advancing
biomedicine [79-81], creating biosensors [82—84], developing electrochemical catalysts [85—
87] and modulating electronic bandgaps [88,89]. Graphene can be functionalised through either
non-covalent or covalent methods, as demonstrated in Figure 2.2.6 [78,90]. Non-covalent
functionalization is typically achieved through van der Waals forces or n-n stacking interactions
between the graphene surface and external aromatic molecules [90]. Non-covalent
functionalization minimally affects the n-conjugated structure of graphene, thereby preserving
its intrinsic electronic and mechanical properties to the greatest extent. In contrast, covalent
functionalization involves the transition from sp? to sp* hybridisation, often resulting in the

creation of graphene derivatives, which will be discussed in detail in the next section.
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2.2.5 Derivatives of Graphene and Their Properties

2.2.5.1 Graphene oxide and reduced graphene oxide
Graphene oxide (GO) and reduced graphene oxide (rGO) are the most commonly studied
derivatives of graphene, as demonstrated in Figure 2.2.7. There are well-established methods

for cost-effective manufacturing of GO and rGO in both laboratory and industry.

e W

Graphene Graphene Oxide (GO) Reduced Graphene Oxide (rGO)

Figure 2.2.7 The process of converting graphene to graphene oxide (GO) and then to reduced graphene
oxide (rGO). [91].

Broadly speaking, GO is a type of unique material with one single molecular layer of graphite
structure combined with several different types of oxygen-containing groups including
hydroxyl (-OH), epoxide (C-O-C), carbonyl (C=0) and carboxyl (COOH) groups (Figure 2.2.8)
[92]. These functional groups tend to lose their proton within water, so that they will present as
electrical negative in aqueous solutions. With those functional groups, GO will exhibit electrical
negative within an aqueous solution. Hence, these GO particles will expel each other in water,
which leads to great dispersibility. Owing to this great dispersibility, graphene oxide could be
introduced into solutions such as plating solution for electronic plating applications. As
graphene does not possess such functional groups, GO is superior to graphene in this kind of
application. Comparing to graphene, however, these oxygen-containing functional groups and

other sp? on GO are structural defects. The mechanical properties of graphene oxide are inferior
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to graphene but still superior to many other materials.

Reduced graphene oxide (rGO) is produced by removing the oxygen-containing groups from
GO via reduction reaction using various methods. However, even if all the oxygen bonding is
removed, defects within graphene honeycomb structure remain. Accordingly, the excellent

properties of graphene could not be fully recovered.
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Figure 2.2.8 Spectrum of an exampled FTIR result for single layer of graphene oxide [13].
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2.2.5.2 Other doping derivatives

Graphene can be modified with various elements, such as hydrogen, fluorine, and nitrogen.
Like the formation of GO, these doping processes disrupt the C-C sp? bonds to incorporate the
doping atoms into the lattice or replace carbon atoms. There are two types of graphene doping
which are water vapour induced p-type and ammonia caused n-type doping [93]. Hydrogen-
doped and fluorine-doped graphene are known as graphene and fluorographene, respectively
[94]. Nitrogen-doped graphene, as p-type doping, is particularly noteworthy due to its
significant potential in applications such as graphene-based sensors, electronics, and

electrochemical reaction catalysts [95,96].

2.3 Substrate Materials

2.3.1 Stainless Steel

The use of stainless steel started in the World War I, after Harry Brearley’s discovery of the first
commercial useful stainless steel (containing 12.5 wt.% of chromium) [97]. According to the
microstructure, stainless steel could be broadly divided into four groups which are austenitic,
ferrite, martensitic and duplex stainless steels. As mentioned before, chromium (Cr) is essential
for all stainless steel, which can continuously produce a dense passivation film to protect the

substrate from corrosive hazard in aqueous environments.

As for austenitic stainless steels, it is FCC structured and non-magnetic materials with great
toughness though relatively lower hardness than martensitic steels. Moreover, austenitic
stainless steels present better corrosive resistance than other types of stainless steels [98].
Therefore, austenitic stainless steels require less maintenance which presents high commercial

values in crucial corrosive environments.
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2.3.1.1 300 Series Austenitic Stainless Steels

Austenitic stainless steels with chromium (Cr) and nickel (Ni) as main additions are identified
as 300 series stainless steels [99]. 304 stainless steel has a composition of 18 wt.% of Cr and 8
wt.% of Ni, which is a conventional type of 300 series stainless steels [100]. Other austenitic
stainless steels have different additions to further increase their corrosion properties. For
example, 321 stainless steel contains titanium constituent to prevent the formation of carbides,
thus slightly improving corrosive resistance [100]. 316 and 316L stainless steels are the second

commonly used form of austenitic stainless steels.

2.3.1.2 316 Stainless Steel

Aforementioned all 300 series austenitic stainless steels possess great corrosive resistance,
ductility, high temperature strength, high weldability and great impact resistance [99]. Those
are common advantages of 316 stainless steels, and further advantages will be discussed in the
next paragraph. 316 stainless steels has better weldability than other 300 series, as no annealing
process is required to weld thin sections, as depicted in Figure 2.3.1. Compared with other types
of stainless steels, 316 austenitic stainless steel contains about 3% Mo, which gives it better
corrosive resistance (especially pitting corrosion resistance) than other types in 300 series. 316
stainless steel presents great corrosive resistance in many corrosive circumstances and a range
of atmospheric environments; however, it is still subjects to pitting corrosion in warm chloride
(Cl) environments. As chloride ions (CI) deplete chromium oxide (CrO>) films when contact

with the stainless-steel surface.

Those outstanding properties, especially their excellent corrosive resistance, lead to their
applications in transportation, medical, chemical and architectural industrial sectors to produce

specific parts, such as chemical containers, medical devices, threaded fasteners and boats
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fittings. However, like other types of stainless steels, 316 stainless steels also present poor
tribological properties mainly due to its low hardness and high plasticity. As almost practical
used parts are required to have some wear resistance, these poor properties hindered their
applications in many industrial fields, such as bearings and other tribological parts. Graphene
is one of the most efficient materials to improve the surface tribological properties, which will

be discussed later in Section 2.5.

20



. Ni-Cr-Fe
Superferritic
stainless steels alloys
{
\ Add Ni for comrosion AddS /;efor
Add Cr, Mo resistance in high temp > 0f 3
\ environments machinability
N\
O
(=) N 7 ool
\ £y Add Cr and Ni ncrease Cr
AddNp+Ta  femic for stength and lower Ni for
10 reduce axsdabon higher strength
AddTi Add Cu, Ti. Al
to reduce 304 (18.8) lower Ni for
N Fe18t020Cr |~—— iy
sensitisation precipitation

Superaustenitic
stainless steels

Figure 2.3.1 The stainless-steel family showing with their compositions and related properties [101].

2.3.2 Copper and Its Alloys for Bearings

It is known that copper-based sliding bearings are commonly used in many industrial fields,
such as gas turbines, large size electric motors, crankshaft bearings used in diesel and petrol
engines. In normal stable service, sliding bearing are used under hydrodynamic lubrication or
electrohydrodynamic lubrication conditions with a hydrodynamic film separating the tribo-

pairs thus reducing friction and avoid wear. However, direct contact between the tribo-pair will
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occur at the start or stop when the hydrodynamic film is not thick enough to separate the tribo-

pairs.

With various additives, copper and its alloys could be improved on the wear resistance to meet
different demands from applications [102]. There are different catalogues of copper-based
sliding bearing materials such as low phosphor bronze, brass and leaded bronze. Due to
enhancement on machinability with small addition, lead is used in almost all sliding bearing
materials [103]. Concerning of environmental and health issues, invention of lead-free copper-
based bearings with adequate wear resistance is important to meet the need of environmentally
friendly world. Clearly, new solutions should be developed to enhance the wear resistance of
Cu-based bearing materials without adding lead. To this end, graphite [104,105] and/or
graphene nanosheet [106,107] is used to reinforce copper matrix through powder metallurgy to

form composites with improved tribological property.

As for a bearing, the whole part should be relatively stiff to ensure their serving life, and its
surface needs good tribological property or even self-lubricity. Those two requirements could
be satisfied cost-effectively by surface engineering. Therefore, surface engineering is a more
cost-effective solution to improve tribological properties of working surface, comparing to the

bulk powder metallurgy approach [108,109].

As mentioned before, copper has been widely used for sliding bearing and hence it is important
to use it as the matrix of coating systems. Moreover, the lubricating ability of few-layer
graphene could also be used to enhance the lubricity of the material. Additionally, graphene has
been demonstrated for its excellent performance as passivation film with chemical inertness to

both liquid solutions and oxidising gases [59]. Therefore, a composite coating system could be
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introduced to improve tribological property for bearing application.

2.4 Techniques for Producing Graphene Based Coatings

Solution flow-based approaches include several different coating techniques [110], such as
vacuum filtration [111], spray coating [112], spin coating [113,114] and dip coating [110].
These techniques are facile to be carried out with low cost and high efficiency. However, these
graphene coatings are applied to the substrate surface by physical approaches. Hence, there are
only physical bonding between the graphene coating and the substrate so that the adhesive
strength of these coating systems is much weaker than the coating systems with chemical
bonding. Therefore, the mechanical and tribological properties of such coatings are too poor to
be used for tribological applications. The main purpose of this section is to review the graphene-

based coatings with a certain level of bonding for mechanical and tribological applications.

2.4.1 Chemical Vapour Deposition (CVD)

2.4.1.1 Fundamental of CVD

As the market share of CVD-grown graphene expands [115,116], it becomes increasingly
important to develop and refine methods for transferring CVD graphene films onto a variety of
substrates for subsequent applications [117,118]. This is mainly because CVD graphene
coatings can be generated only on some substrate materials, including silicon wafers, nickel,
and copper. Accordingly, recent advancements in this field encompass methods such as solution
flow techniques and the transfer of CVD-synthesised graphene films onto the surface

engineering materials.
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Figure 2.4.1 Schematic of microwave plasma CVD fabricating large-scale graphene films [119].

Conventional chemical vapour deposition (CVD) and plasma-enhanced chemical vapour
deposition (PECVD) are widely used for producing monolayer or multilayer graphene films
[120]. Recent studies have demonstrated that large-scale graphene films can be fabricated on
copper or nickel substrates with dimensions of 294-297 mm or A4 size, using microwave
plasma CVD, as depicted in Figure 2.4.1 [119,120]. A significant advantage of CVD techniques
is their ability to produce graphene films with minimal molecular defects. As a result, graphene
coatings created through CVD exhibit significantly lower gas and liquid permeability and
higher light transmittance compared to those produced by other chemical methods. However, it
is important to highlight that the CVD method is currently limited to depositing graphene

coatings on Si, nickel or copper substrates.
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2.4.1.2 CVD Graphene transferring techniques
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Figure 2.4.2 Procedures of wet CVD transferring using polymethyl methacrylate (PMMA) [121].

To utilise graphene as coating, it is important to expand the substrate materials from only Cu,
Ni and Si wafer. It requires graphene transferring from where it was grown to the new substrate
material through certain adhesive methods. The most commonly used method for this transfer
1s wet chemical transfer, which typically involves an intermediate carrier material such as
polymethyl methacrylate (PMMA) [117,122,123]. Figure 2.4.2 depicts this transfer process

[121], and the typical steps are:

1) Applying a PMMA layer on the graphene grown on a Cu substrate.

2) Etching with chemical etchant like acidic FeCls to remove the Cu substrate.

3) Rinsing to remove the retained etchant with deionised (DI) water on PMMA -coated
graphene and then it was transferred to the target substrate.

4) Removing the PMMA layer using organic solvents such as acetone.

5) Eliminating chemical residues with drying and annealing on the graphene coating.

6) Completing the transfer.
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Several variations of this procedure have been investigated, including the direct transfer using
isopropanol (IPA) droplets [124,125], substituting fragile PMMA with more robust polymers
like PET film, allowing for the roll-to-roll transfer of graphene over 100 meters in length [126],

and methods such as electrochemical bubbling delamination and transfer [127,128], etc.

However, the transfer process often introduces defects into the graphene thin film, which
compromises the integrity of the coating. These defects can result in the degradation of several
important properties, such as the relatively great friction [129] and corrosion resistance [130].
In addition, the bonding between the transferred graphene film and the substrate is extremely
weak. Consequently, the tribological properties of the graphene coatings produced by this
technique are rather poor, especially under the tangential forces generated by sliding. High
tribological performance is crucial for developing high-quality sliding bearing surfaces, and
thus this technique is unsuitable for such applications. Moreover, CVD graphene coatings are
too thin for long-term use in sliding bearings. To address these issues, composite coatings that

combine a metal matrix with graphene reinforcement could be a viable solution.

2.4.2 Electrophoretic Deposition (EPD)

There is a growing demand for techniques that enable large-scale production of graphene-based
functional coatings and composites. An effective and practical approach should allow for the
homogeneous and cost-efficient fabrication of graphene-related materials. Electrophoretic

deposition (EPD) presents a promising solution in this regard.

EPD is a colloidal process where charged particles are driven by an electric field to move
towards and deposit onto an electrode with the opposite charge [131]. After deposition, the wet

layer is dried or sintered to create a dense coating. This technique enables the deposition of
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particles of various sizes, ranging from nano to micro scales, and can be applied to nearly all
material types, including ceramics, polymers, metals, glasses [132,133], and carbon nanotubes

(CNTs) [133,134], provided that a stable suspension of the particles is maintained.

Although they may look similar, the key differences between electrophoretic and electroplating

deposition are as follows:

a. In EPD, a liquid medium with low conductivity is preferred because the suspended particles
and ions compete with each other during the process. Conversely, successful electroplating

typically requires an electrolyte with a high ion concentration and conductivity.

b. In electroplating, the charge carriers are ions in the electrolyte, such as Ni** ions in nickel
plating, which move towards the electrode to form the coating. On the other hand, in EPD, the
deposition is primarily governed by the movement of solid particles, rather than free ions,

within the solution.

c. Although aqueous suspensions can be utilised in EPD, organic liquid media are generally
favoured. This is due to the potential for water electrolysis and Joule heating (heat accumulation
near the electrodes) during the EPD process, which can arise from the low conductivity of the
electrolyte [132]. In contrast, water-based electrolytes are commonly employed in

electrodeposition processes.
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Figure 2.4.3 The schematic of formation of electric double layer from negatively charged particle in a
suspension [135].

To utilise EPD in certain applications, there would be some important factors: the conductivities
of both the suspension and the substrate, the particle electrophoretic mobility and the voltage
applied to. Electrophoretic mobility is directly related to the zeta potential () of the particles
within a given colloidal system, which is dependent on the permittivity and viscosity of the
solvent [136]. The zeta potential is closely linked to the electric double-layer that forms around
a charged particle, as depicted in Figure 2.4.3 [135]. It represents the potential difference
between the slipping plane (the boundary where the liquid moves with the particle) and the bulk

fluid [135]. This potential determines both the strength of repulsion between particles and their
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direction of movement, and positively charged particles, for instance, will migrate towards and
deposit on the cathode. Generally, a higher zeta potential indicates greater suspension stability
and increased particle mobility. Research suggests that to prevent coagulation or flocculation

of the particles, the absolute value of the zeta potential should be at least 30 mV [137].

When charged particles reach the electrode, several deposition mechanisms have been proposed
[138], including particle flocculation near the electrode, particle charge neutralisation,
electrochemical particle coagulation, and the distortion and thinning of the electric double-layer.
A widely accepted view is that deposition largely depends on the loss of short-range order,
meaning a decrease in suspension stability and electrophoretic mobility near the electrode. As
particles approach the electrode, their zeta potential is reduced, suppressed by either local ions,
neighbouring particles, or direct contact with the oppositely charged electrode. This reduction

leads to the particles coagulating, accumulating and ultimately depositing onto the electrode.

To sum up, several strength and limitations of EPD could be identified. The advantages could

be demonstrated below:

1) The coating could be easily controlled with changing the applied field [139].

2) Approachable for composite coating production by co-deposition process with different
types of metal [131,140] and particles [141,142].

3) Managed to be applied onto complex structures, such as porous structures and mesh.

4) Relatively approachable equipment and cost-effective.

5) Safety selection. Ambient temperature and non-strong acid desired.
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The disadvantages:

1) Limited the substrate material from electric conductive and non-resolvable to aqueous
solutions, though non-conducting materials could be utilised in some situations [143].

2) Electrolytic decomposition of water in aqueous electrophoretic deposition, where the
electric power would be waste.

3) It might require further procedure after EPD, such as sintering to dense the coating.

4) Anodes could be dissolved under electrochemical reactions.

5) Agglomeration of graphene in some cases is difficult to prevent [144].

2.4.3 Electro Brush Plating (EBP)

2.4.3.1 Principle of EBP

Electro brush plating (EBP) has emerged as a significant method for fabricating composite
coatings and has attracted considerable attention from both industry professionals and
nanotechnology researchers due to its simplicity, rapid deposition rate, and broad compatibility
[145-147]. EBP is also named as selective electroplating because of its flexibility for plating
selected areas rather than coating the whole surfaces by conventional tank electroplating. Hence,

this technique is widely utilised for elective coating, component repair and remanufacturing

[145-147].
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Figure 2.4.4 Schematic of electronic brush plating (EPB) [148].

Electro brush plating is a refined derivation of conventional electroplating, characterised by the
establishment of an electric field between two electrodes submerged in an electrolyte solution
(e.g. a copper salt solution for copper plating). In both techniques, the coating typically forms
at the cathode, which is the target object. The primary difference between these methods lies in
the mobility of the electrodes: while traditional electroplating involves stationary electrodes
immersed in a tank containing the electrolyte for plating [149-152]. EBP (as depicted in Figure
2.4.4) [148], like electroplating, also requires two electrodes with one of the electrodes as the
plating pen wrapped with absorbent cloth that holds the plating solution. During the electro
brush plating process, the operator manually guides the anode pen across the surface of the
workpiece at a consistent speed. Deposition occurs only when the anode pen contacts the
workpiece, with the power supply remaining continuously active [145]. Coating is plated with
continuous movement of the plating pen on sample surface, under certain parameters. There are
electrical chemical reactions of positive ions during the plating process, such as plating of Cu
or Ni to certain substrate. A GO containing composite coating can be produced by the EBP
treatment [153,154]. One of the significant advantages of electro brush plating is its ability to
achieve targeted deposition, thereby conserving both electrical energy and plating solution. In
addition, the mechanical movement of the pen can help to address the issues of aggregation of

nano particles during conventional electroplating thus ensure even distribution of nano
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reinforcements (such as GO) within the composite coatings.

2.4.3.2 Applications of EBP

Owing to the super close electric electrode distance working, the Electro Brush Plating (EBP)
shows significant potential for creating nano-composite coatings. A range of particles, such as
zirconia (ZrOz) [155], silicon carbide (SiC) [156], tungsten carbide (WC) [157,158],
molybdenum disulfide (MoS>) [159], alumina (Al>O3) [160,161], as well as nano nickel and
carbon particles [162], can be introduced into the plating solution and subsequently embedded
within the deposit. Additionally, EBP is capable of depositing composites that contain carbon
nanotubes (CNTs) [163]. Compared to traditional electro co-deposition methods, EBP offers
advantages such as producing more compact coatings with enhanced adhesion [164].
Furthermore, the movement of the anode pen across the substrate surface allows particles to be
physically "pushed" into the deposit, in addition to the electrolytic deposition process, thereby
increasing particle incorporation. While there have been some studies on the electrodeposition
of graphene-based composites [165-170], the limited application of EBP for the fabrication of

these composites has been explored [171-174].

Recent researchers based on GO/Ni composite coating produced by this technique shows better
adhesive strength and uniformity than EPD method [175]. The GO/Ni composite coating
presents higher adhesive strength than coatings produced by EPD technique, owing to the
chemical bonding between Ni and steel substrate produced by the plating process. Moreover,
the continuous brush plating process resulted in relatively high uniformity of the GO suspension
in plating solution. However, except for our recent paper, there is no other published work on
developing Cu/GO composite coating with desirable tribological property (low friction and

high wear resistance) for sliding bearing application using the EBP technique.
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2.4.4 GO Reduction Techniques

There are mainly two catalogues of electrochemical deposition techniques to produce GO
coatings, which are electro-phoretic deposition (EPD) [176,177] and electro-brush plating (EBP)

[178].

Conventional EPD technique produces GO coating by deposition of positively charged GO to
the substrate (cathode) [108]. There are researches introducing other particles to produce
composite deposition coating, such as introducing nano-copper particle [176,177] and silver
nano-particles [179]. This is a facile technique, and the deposition of GO and other
nanoparticles is controllable. Furthermore, the bonding introduced by the electric field is
stronger than the graphene coatings produced by solution-flow or CVD transferring methods.
However, the agglomeration of GO particles in aqueous solutions such as CuSO4 solution will
significantly influences the uniformity of GO or GO composite coating. This problem has

resulted in relatively poor mechanical and chemical performance of those coatings.

2.4.5 Reduction of Graphene Oxide

Among the various applications of graphene and graphene-enhanced composite materials, one
of the most cost-effective approaches is the utilisation of graphene oxide (GO). As graphene
oxide (GO) possesses great hydrophilicity, it can be dissolved into aqueous-based electrolyte
solutions. Moreover, their electronegative property presents in aqueous enable its movement
obeying certain direction within an electric field. Hence, applying GO coatings by

electrochemical deposition techniques is applicable [110].

Reduced graphene oxide (rGO) has become widely recognised as a primary resource for

producing graphene suitable for laboratory applications. The reduction of GO generally
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involves three key steps: graphite oxidation, then exfoliating of graphite oxide and subsequent
reducing of graphene oxide. In the initial stage, oxidative ions and molecules intercalate and
expand the graphite's layered structure, leading to the formation of graphite oxide. Through
exfoliation, graphene oxide can be produced by overcoming the weakened van der Waals forces,
which has resulted from the increased interlayer distance in the expanded graphite structure.
With various reduction methods, reduced graphene oxide is generated before utilised in their

applications with better properties than the GO.

2.4.5.1 Chemical reduction of GO

Hydrazine (N2H4) was among the first reduction agents reported for the reduction of graphene
oxides (GO), which is broadly used owing to the efficiency of the reduction degree of GO [180].
The reduction procedure would occur with certain concentrations suspended into the solution
containing graphene oxide under a temperature 80-100°C for 3-24 hours [180,181]. The carbon-
to-oxygen (C/O) ratio of GO could be increased by about 3 times to 5 times, depending on the

parameters applied [181,182].

Hydrazine is highly effective at removing oxygen; however, its use as a reduction agent has
limitations. Specifically, it can lead to the agglomeration and precipitation of reduced graphene
oxide (rGO) sheets from the solution [180,181]. Furthermore, in order to improve the C/O ratio,
other chemicals should be introduced to reduce the influence of hydrate in the hydrazine, such
as potassium hydroxide (KOH) [183], incorporating ammonia [184] or adding a polymer before
reaction [181]. Although hydrazine is highly effective in reducing GO components, its major
drawback is its high toxicity, which presents serious risks to both researchers and environmental

sustainability.
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Alternatively, other chemicals like L-ascorbic acid (Vitamin C) [185], hydroiodic acid (HI)
[186], and sodium borohydride (NaBH4) [187], are recognised as effective reducing agents.

Vitamin C is particularly noteworthy due to its human safety and environmental friendliness.

2.4.5.2 Thermal reducing GO

Graphene oxide (GO) can be reduced through a thermal shock process involving high
temperatures in environments such as vacuum, inert gases (like argon), or reducing gases (such
as hydrogen). Studies indicate that GO experiences significant mass loss in the temperature
range of 200°C to 250°C due to the breakdown of its oxygen-containing groups [181]. At
temperatures below 100°C or above 250°C, only minimal mass loss is observed, primarily
attributed to the evaporation of water molecules adsorbed on the GO [181]. For effective
exfoliation of GO layers, it is generally necessary to heat at a rate of 2000°C/min and maintain
temperatures above 1000°C [188,189]. The annealing process is usually performed under
vacuum, with inert gases, or in vacuum. Although thermal reduction can produce reduced
graphene with high electrical conductivity, it has the disadvantage of high energy requirements

and is not suitable for substrates with low melting points, such as polymers.
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2.4.5.3 Electrochemical reduction
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Figure 2.4.5 Fabrication of rGO composite with only one-step of electrochemical reaction [190].

The GO electrochemical reduction presents a highly efficient, non-destructive and eco-friendly
approach. This method is characterised by its rapid processing, cleanliness, and low energy
requirements. It operates via electron transfer between GO and a counter electrode, eliminating
the need for aggressive chemicals, elevated temperatures, or complex vacuum apparatus;
typically, a standard electrochemical cell at ambient temperature is adequate. This technique is
particularly beneficial for the in-situ reduction of GO coatings applied to substrates such as ITO
glass, PET films, metallic surfaces and silicon wafers [191-194], thereby avoiding issues

related to the re-dispersion of reduced graphene oxide (rGO).

Electrochemical reduction can be performed using either cyclic voltammetry (CV) or constant
voltage (DC) methods. For example, Lee et al. [195] employed cyclic voltammetry (depicted
in Figure 2.4.5), immersing GO-coated electrodes and counter electrodes in a 0.8 mM HAuCl4
solution and conducting a scan at a scan rate of 10 mV/s between 1.5 and -1.0 V. Alternatively,
Peng et al. [196] documented the reduction of solid GO films at a constant voltage of -1.1 V in

a 0.5 M NaNOs solution. In both cases, the resulting electrochemically reduced GO displayed
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electrochemical activity that was comparable to, or even surpassed, that of chemically reduced
GO. However, it should be pointed out that it is difficult, if not impossible, to reduce GO within

composite coatings on relatively large components.

2.5 Graphene-related Materials for Surface Protection

2.5.1 Tribological Applications of Graphene

2.5.1.1 Tribological property of graphene on nano-scale

In an earlier study conducted by Lee et al. in 2009 [197], the frictional behaviour of
mechanically exfoliated graphene with varying layer numbers was systematically examined
using friction force microscopy (FFM) and atomic force microscopy (AFM) techniques. The
study revealed a steady decrease in frictional force with an increasing number of graphene

layers, ultimately approaching the frictional characteristics of bulk graphite [197].

A: AFM tip
B: Graphene

C: Substrate

Figure 2.5.1 Schematic of nano-scale friction test under AFM Si tip [198].

Earlier TEM observations have shown that graphene monolayers, which exhibit intrinsic ripples,

are not perfectly flat, due to their thermal stability [35]. This led to the proposal of the "rippling-
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rug" mechanism [199,200], where the increased contact area between the tip and the graphene
sheet, caused by out-of-plane ripples (Figure 2.5.1), results in higher friction. However, the
effect diminishes significantly when the graphene is strongly adhered to the substrate or when
the sheet is thicker and more rigid. Marchetto et al. [201] conducted a microscale investigation
into the friction and wear properties of single-layer graphene epitaxially grown on silicon
carbide (SiC), utilizing a multi-asperity FFM equipped with Ruby sphere tips. Their study
revealed an exceptionally low initial friction coefficient of 0.02, which increased to 0.08 after
100 cycles of reciprocating sliding. This outstanding lubricating performance was attributed to
the rigid SiC substrate and the strong interface bonding, which inhibited out-of-plane

deformation, thereby reducing the contact area and consequently lowering the friction.
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2.5.1.2 Tribological properties of GO derives of graphene

Due to the presence of defects, deformations, and functional groups within the graphene lattice,
the tribological properties of graphene products often differ significantly from the theoretically
predicted values. Peng and colleagues [202] have studied the nanotribological properties of
multilayer reduced graphene oxide (MRGO), multilayer graphene oxide (MGO) and
mechanically exfoliated multilayer graphene (MEMG) after being deposited on SiO» substrates.
The investigation, conducted using AFM under ambient conditions, demonstrated that all three
types of graphene layers exhibited lower friction compared to bare SiO; substrates. The friction
values increased in the following order: MEMG, MRGO, and MGO. MEMG displayed the
lowest friction coefficient, attributed to its perfectly planar lattice and hydrophobic nature. In
contrast, the presence of oxygen functional groups on MGO resulted in a hydrophilic surface,
leading to increased friction. The wear of graphene oxide (GO) decreases as the C/O ratio
increases, suggesting that by tailoring the structure of GO, it is possible to achieve tribological

properties similar to those of graphene.

It is important to note that some studies have shown bulk graphite exhibits lower friction than
graphene with fewer than five layers [197,203,204]. Conversely, other researchers have
reported higher friction for that bulk graphite [205-207]. Such seemingly contradicting results
are most probably due to the fact that tribological tests can be influenced by various factors,
including the purity and quality of graphite and graphene [208]. Besides, the variance in
tribological testing conditions and the adhesive strength between graphene and its substrate

could also influence the results [198].
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2.5.1.3 Tribological properties of graphene-based materials in macro-scale

Although the above nano/micro-scale studies, typically conducted using AFM or tribometers
with loads under 1000 nN, have significantly advanced our understanding of graphene’s
tribological properties, it is crucial to also examine graphene and graphene-based materials on
a macro scale under a relatively high load more relevant to engineering applications. This
involves using reciprocating or unidirectional sliding tribometers to gain insights more
applicable to practical applications. Research into the macro-scale friction and wear of graphene
has focused on graphene-based coatings, graphene/GO-reinforced composite coatings, and
graphene-based lubricant additives. However, the latter is beyond the scope of this project. For
large-scale applications of graphene-based materials, two primary approaches are considered in
this review: the use of large-area graphene sheets on specific substrates and the development of
graphene-enhanced composite materials. As discussed in Section 0, chemical vapor deposition
(CVD) is the most widely employed method for producing graphene sheets at large scale.
However, the weak adhesion between the transferred graphene and the substrate materials
excludes its application in macro-scale under relatively high load. Consequently, it will focus
on graphene/GO-based composite materials, which would offer more desired performance for

real engineering applications.

There is growing interest among researchers in graphene-based materials reinforced composites
to overcome the challenge of weak bonding in graphene coatings on large material surfaces
(such as biomaterials), and researchers have developed graphene/GO-based composite coatings

and investigated their tribological properties [209-216].

Graphene and its derivatives have demonstrated exceptional tribological performance in

polymer, ceramics and metal-based composites. For the polymer composite, Roy et al. [213]
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demonstrated that GO reinforcement into polyimide (PI) would not only enhance the
tribological and mechanical properties but also improve the thermal stability of the composite.
The improvement was attributed to the oxygen functional groups in GO, which facilitate a
strong interface with the PI matrix. The high aspect ratio and intrinsic strength of GO sheets
further reinforced the composites. Likewise, Thangavel and colleagues [214] investigated the
tribological and structural properties of poly (vinylidene fluoride) (PVDF) nanocomposite thin
films reinforced with GO. They evaluated the tribological behaviour of these coatings using a
reciprocating tribometer with a stainless-steel counter ball under a 10 mN load. GO, and the
addition of the second phase into the polymer coating was found to reduce both friction and
wear of the PVDF. However, beyond an optimal GO content, both the friction coefficient and
wear rate began to increase. Other types of polymers have also been studied as matrices for
GO-reinforced lubricant materials, including the polyvinyl alcohol (PVA) [217], polyaniline

(PANI) [218] and epoxy [219] composites.

Prashantha Kumar et al. [220] developed an aluminium (Al) 6061 metal-graphene composite
using microwave sintering, with graphene uniformly dispersed in the alloy through ultrasonic
assistance. The aluminium alloy, composed of 2-10 um particles, was reinforced with 0.2-0.4
wt% graphene. This addition significantly reduced the friction coefficient from approximately
0.40 to 0.25 as the applied load increased from 50 to 150 N, as shown in Figure 2.5.2. The
improved tribological performance is likely attributed to the presence of graphene clusters,

which reduce friction through a self-lubricating mechanism.
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Figure 2.5.2 The friction coefficient change under different loads and graphene fractions in GO/Al
composite materials [216].

Graphene oxide (GO) appears to be a more suitable option than pristine graphene for reinforcing
bulk composites, largely because its oxygen groups improve interaction with the composite
matrix. Additionally, GO's lower cost and greater availability make it an attractive choice.
However, the majority of studies on GO composites [221-227] have primarily examined their

mechanical properties, with limited attention given to their tribological performance.

Filizzola et al. [228] investigated the production of graphene oxide (GO) reinforced epoxy resin
composite coatings on stainless steel substrates. Their findings revealed that the addition of just
0.5% GO significantly improved both the wear resistance and Young’s modulus of the
composite. The GO composite was observed to follow a transfer layer mechanism, contributing
to the enhanced wear resistance [229,230]. However, as the concentration of GO increased, a
slight rise in friction was reported, similar to what has been observed in CNT/UHMWPE
composites [231]. Despite this minor increase in friction, the GO/epoxy composites

demonstrated a notable improvement in wear resistance [232]. Nevertheless, research on metal-
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graphene composites remains limited, highlighting the need for further studies focused on the
fabrication and evaluation of the mechanical and tribological properties of graphene-reinforced

metallic composites [146].

2.5.2 Impermeability and Corrosion Barrier

Although only one atom thick, theoretical defect-free graphene membranes can be considered
perfect non-permeable materials [233]. As mentioned in Section 2.2.1, the compact hexagonal
carbon lattice, with a mere 0.142 nm distance between C-C bonds, is the primary reason for this
exceptional impermeability. The geometric pores of a pristine graphene lattice would be 0.246
nm in diameter if only the nuclei are considered. When accounting for the van der Waals (vdW)
radius of carbon atoms (0.11 nm), this diameter further reduces to just 0.064 nm. Interestingly,
hydrogen gas molecules, the smallest gas molecules, measure 0.074 nm, which is larger than
the pores of pristine graphene. Additionally, the basal plane of graphene repels foreign atoms
and molecules while remaining transparent to electrons [234]. Consequently, graphene has the
potential to develop the thinnest corrosion barriers [235] and selective permeable membranes
[77]. Pristine graphene has also proved impermeability by experiments [77,234]. GO as one of

the most important graphene derivatives, has reported also possesses impermeability [236].

2.6 Summary of Literature Review

In this chapter, the history of graphene research is reviewed in Section 2.1, followed by the
unique properties of graphene related to the structure of graphene review before (Section 2.2).
Graphene oxide (GO) and reduced graphene oxide (rGO) hold significant promise for various
engineering applications, particularly where exceptional electronic properties are not critical,

due to their cost-effective synthesis and scalability for mass production.
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In Section 2.3, the advantages and limitations of various substrate materials are examined,
laying the groundwork for the introduction of specific coating techniques aimed at enhancing
their characteristics and properties. Section 2.4 explores potential methods for manufacturing
graphene-based coatings. While graphene coatings produced via the transfer of CVD films or
solution-flow methods (Section 2.4.1) exhibit great physical properties, their mechanical
applications are hindered by insufficient adhesive strength. On the other hand, GO coatings
deposited through EPD demonstrate slightly enhanced adhesion to the substrate but are limited
by their thickness and low load bearing capacity. The EBP technique (Section 2.4.3) emerges
as a more promising approach, offering both increased adhesive strength, thickness and load
bearing capacity. There is limited research focused on metal graphene composite coating using
EBP technique and no work has been reported by other researchers on the development of

GO/copper composite4 coatings.

The main applications of graphene would be located in tribological and corrosion resistance
which is review in Section 2.5. Although graphene possesses extraordinary tribological
properties in both nano and macro scale, the low adherent strength of transferred graphene
coating is not suitable for tribological applications such as copper-based sliding beatings. Hence,
this PhD research project was directed at developing novel GO/Cu composite coatings using
the highly flexible and cost-effective brush electroplating technique for Cu-based sliding

bearing applications.
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Chapter 3 Experimental

3.1 Substrate Materials

Two types of substrate materials, 316 stainless steel and brass, were used in this study. 316
austenitic stainless-steel sheets with a thickness of 2.5mm were used as the substrate material
mainly for coating development and process optimisation. The nominal chemical composition
provided by the material supplier and the composition measured by EDX in this study are
shown in Table 3.1.1 below. It can be seen that except for carbon, all other elements are within
the range of the nominal composition. However, the measured carbon content is higher than its
nominal value. This is mainly due to the large measurement error of EDX for light elements
and partially due to potential contamination of the sample and the SEM chamber. 316 stainless-
steel samples were cut from the sheets into 30 x 60 x 2.5 mm with an alumina cutting wheel
and then wet ground from grit 120 to grit 1200 with silicon carbide grinding paper. Prior to
electro-brush plating, samples were cleaned with soapy water then acetone in an ultrasonic

cleaner (200 W, Ultrawave U2500H) and dried by hot air.

Grade CZ121M brass rod purchased from RS Components Ltd was used as the substrate
material for the coatings mainly for property evaluation and the nominal chemical composition
provided by the supplier is shown in Table 3.1.2. The received brass rods of 21 mm in diameter
were cut to 5 mm in thickness using alumina blades with Struers Accutom-5 machine. Those
discs were ground to grit 1200 with SiC paper, then immersed into the acetone for ultrasonic
cleaning for 15 minutes and finally dried with hot air before applying coatings in order to

remove grease and contaminations that would hinder the electrical conductivity for brush
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plating and reduce the bonding between the coating and the substrate.

Table 3.1.1 Chemical compositions of the 316 stainless steel substrate: nominal values and EDX

measurements.
Elements Fe C Cr Ni Mo Mn Si P S
wt.%
. balance <0.03 16-18.5 10-14 2-3 <2 <1 <0.045 <0.03
(nominal)
wt.% balance 0.88#0. 17.48#0.1 10.03#0.1 21403 129401 0.38#.0 0.03#.0 0.0240.0
(EDX) 23 7 9 4 2 5 3 1

Table 3.1.2 Nominal and measured chemical composition of brass substrate material.

Elements Zn Cu Pb
0,
Wt'./o balance 57-59 <0.1
(nominal)
wt.% 57.58+
(EDX) balance 029 1.0140.14

3.2 Graphene Oxide Material

Graphite flakes (Alfa Aesar, -325 mesh, 99.8%) were oxidised using a modified Hummer’s
method [237,238], and subsequently exfoliated through ultrasonication. In this procedure, 1.0
g of graphite flakes was combined with 6.0 g of potassium permanganate (KMnO4). This
mixture was then gradually introduced into a solution consisting of 120 mL of concentrated
sulfuric acid (H2SO4) and 13 mL of phosphoric acid (H3POs) in a 9:1 ratio. To ensure controlled
conditions, the reaction was carried out in a water bath maintained at 50°C, with continuous
stirring for 12 hours. The reaction vessel was then left to cool to room temperature overnight.
To conclude the oxidation process, the mixture was placed in an ice-water bath, and 3 mL of

30% hydrogen peroxide (H202) was carefully added to the reaction.
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The production of graphene oxide (GO) from graphite is a critical step in the process of creating
graphene oxide coatings. Photographs were taken at various stages of the Hummer’s oxidation
process to document the changes in the reaction mixture, as illustrated in Figure 3.2.1. Initially,
at the start of the oxidative reaction (Figure 3.2.1a, stage 1), the mixture appeared dark green.
As the reaction progressed to stage 2 (Figure 3.2.1b), the liquid turned a chocolate brown colour.
By stage 3 (Figure 3.2.1c¢), the mixture had changed to dark yellow. After the removal of excess
KMnOys, the resulting liquid became light yellow, as depicted in Figure 3.2.1d. Upon completion

of the oxidation process, graphite oxide was formed within the reaction mixture.

The mixture was first filtered using filter paper, and the solid material collected on the filter
was carefully separated. This solid residue was then subjected to repeated washing with 30%
hydrochloric acid (HCI) using a centrifuge, with each wash cycle repeated 15-20 times. During
each cycle, the sample was centrifuged at 5000 rpm for 10-15 minutes to efficiently remove
SO4* ions. After centrifugation, the supernatant was discarded, leaving a slurry at the bottom
of the tube. The complete removal of SO4>" was verified by the absence of a precipitate upon

the addition of barium chloride (BaCl) to the supernatant.

Following this, the residue underwent approximately 20 washes with ethanol, again using the
centrifuge under the same conditions. After the washing steps, the slurry was dried and then re-
dispersed in deionised water in beakers. The graphite oxide was then exfoliated using an
ultrasonic bath (200 W, Ultrawave U2500H) for 2-3 hours. This process helped break down the
graphite oxide into finer layers. The resulting suspension was then centrifuged at 1000 rpm to

separate the exfoliated material.
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Figure 3.2.1 Images taken during reactions: (a) stage 1 of oxidation reaction; (b) stage 2 of oxidation
reaction; (c) stage 3 of oxidation reaction; (d) after removed retained KMnOj.

As reported in the literature [239,240], starting with 1 g of graphite powder typically yields
about 1.3 g of graphene oxide, with the extra 0.3 g resulting from the incorporation of oxygen-
containing functional groups during oxidation. Through the ultrasonic exfoliation process, it
was possible to obtain graphene oxide sheets ranging from monolayers to a few layers thick,

using a 150 W ultrasonic device for approximately 2-3 hours [20]. This careful procedure
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ensures the production of high-quality graphene oxide, which is crucial for further applications.

Soluble graphene oxide powder supplied by Sigma Aldrich, Co., Ltd was also used in this
research. 0.020 g GO powder was dispersed in 100 mL Cu acid brush plating solution then the
mixture was suspended for 1 hour in ultrasonic bath (Ultrawave U2500H, 200 W) before plating

[241].

3.3 Production of Composite Coating

Cu and GO/Cu coatings were generated by brush plating technique on 316 stainless steel and
brass substrates. Brush plating process on 316 stainless steel was carried out with nano brush
plating unit (NBP-100) developed by the Surface Engineering Research Institute, CMES, China
(as depicted in Figure 3.3.1). The brush plating process consists of four main steps: electro-

cleaning, electro-activating, nickel-strike and Cu or GO/Cu coating processes.

The 316 stainless steel substrates were securely fastened to the purposely fabricated working
table, as illustrated in Figure 3.3.2a. The design of this working table ensures that all specimens
are clamped under uniform conditions, thereby enhancing experimental repeatability and
reliability. During the brush plating process, the stainless-steel rectangular plate is positioned
at the upper left corner, as depicted in Figure 3.3.2b. To prevent substrate movement, four white
bars are placed, each with a height of 2.5 mm # 0.1 mm, ensuring consistent alignment with the
substrate. Additionally, a clip on the opposite side further stabilizes the substrate. This setup
allows for the production of samples under consistent conditions, ensuring the reproducibility

of the experimental results.
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Figure 3.3.1 Image of electro-brush plating equipment.

Although the samples were grinded and cleaned and dried before electric brush plating, some
oxides impurities might remain on the surface to be brush plated. Electrical cleaning process
was used to remove surface impurities which cannot be removed by physical method. A
passivation film normally formed on stainless steel surfaces, which leads to poor bonding
strength of coating when it is applied directly by brush plating. Hence, electro-activating is
applied to activate the surface by removing the passivation film and roughen substrate surface
to increase the coating bonding strength. However, such electro-activating might be not enough
for stainless steel substrate due to high electrochemical activity of chromium (Cr) and iron (Fe)
within stainless steel. The most common used method is so-called ultra-thin nickel strike with
special nickel electric plating solution (SIFCO Applied Surface Concepts (ASC)., Ltd). With
this certain solution, an ultra-thin layer of special nickel layer would be produced. This Ni layer
has relatively strong adhesive strength to stainless steel which would act as glue to bond
stainless steel substrate and GO/Cu or Cu layer together strongly. At final plating step, GO of

0.2 g/L concentration would be blended into CuSO4 plating solution with pure CuSO4 solution
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plated samples as control group. After each step of the plating procedure, the sample surfaces
were rinsed under running water to remove any remaining plating solution, followed by rinsing
with deionised water for 1 minute and dried using hot wind. The detailed parameters and

process are summarised in Table 3.3.1.

(b)

Figure 3.3.2 (a) 3D design model for the working table holding stainless steel specimens and (b)

working picture.
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Table 3.3.1 Electronic brush plating procedures for applying Cu coating and GO/Cu composite
coatings on 316 stainless steel.

No. Operation Solution Voltage/V Time/min
1 Electrical clean Cleaning solution 12 1
2 Electrical activate Activating solution 12 2
3 Nickel strike Special nickel solution 15 3
4 Final plating Cu or GO/Cu solution 4,6 and 8 30

Likewise, brush plating was also carried out with pulse brush plating unit provided by SPA
Plating Co., Ltd. This unit could provide better finish than the previously stated unit. The brush
plating experiments were employed to produce Cu and GO/Cu coatings on brass substrate, the
process is demonstrated in Table 3.3.2. The plating process included three steps: active-cleaning,
nickel strike and final copper-based plating. The active-clean and Cu plating solution were
obtained from SPA Plating Co., Ltd. Nickel strike plating solution was supplied by SIFCO
Applied Surface Concepts (ASC)., Ltd. For those solutions contains GO suspensions, the
GO/Cu solutions were also ultrasonicated for more than 1 h within a water bath under a
temperature of 40-50 °C. After each step, specimens were cleaned with running water for around

60 seconds and dried with hot wind.
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Table 3.3.2 Brush plating process for applying Cu coating and GO/Cu composite coating on brass.

No. Operation Solution Voltage/V Time/min
1 Active-cleaning Active-cleaning solution 7 3
2 Nickel strike Special nickel solution 7 3
4 Final plating Cu or GO/Cu solution 2-6 30

3.4 General Characterisation

3.4.1 Raman Spectroscopy

A Renishaw inVia Reflex Raman spectroscope (Figure 3.4.1) was employed to obtain Raman
spectra of graphite, GO powder, and GO/Cu coatings. The graphite and GO powders were
placed on flat microscope slides measuring 76 x 26 mm with a thickness of 1.0 to 1.2 mm,
provided by Thermo Scientific, Ltd. The GO/Cu coating samples were also placed on the same

type of microscope slides and then positioned in the Raman chamber.

To locate the focus on the desired area for acquisition, a "20x" objective microscope was used,
and the Raman scanning was performed at the centre of the field of view. Raman spectra were
obtained using a 488 nm wavelength laser source, covering the range from 1000 to 3500 cm™!
to capture spectra of graphene, and from 100 to 900 cm™* to gather information on copper oxides.
The laser power was set to 50% of the 35 W laser source, with an exposure time of 10 seconds

and three accumulations for each scan.

Data processing, including baseline removal, data smoothing, and noise reduction, was
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conducted using WIRE software (version 4.2) developed by Renishaw. The Raman peaks were

identified by referencing data from the literature.

Figure 3.4.1 Photo of the Raman spectroscopy used for graphene oxide and copper oxides
measurement.

3.4.2 X-ray Diffraction (XRD)

The phase identification of the GO composite coating and the pure Cu control group on 316
stainless-steel substrates were carried out using Bruker D8 Advance x-ray diffractometer.
Copper radiation tube was used to produce K, resource (A = 1.5405 A). The XRD tests were
performed from 40° to 100° of 2 theta position with 0.01°/s of steps. The phase structures of the
GO composite coating and the pure Cu control group on brass substrates were investigated with

Proto AXRD diffractometer (Figure 3.4.2). A copper line focus x-ray tube was used to produce
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K, resource (A = 1.540593 A) with 1.0 mm width of slits output to the sample. The input power
was setting up at 30.0 kV and 20 mA. The XRD tests were performed from 20° to 100° of 2
theta position also with 0.01°/s scanning speed with 0.5 second of dwell time and 1/2 of snap.
To index the peaks, identify the phases and calculate the crystalline size, the PANalytical X Pert

Highscore Plus software was utilised.

The crystalline size was calculated from the Scherrer’s equation D = kA/f cos 6, where the D
represents the crystalline size from the direction perpendicular to coating surface, the A is
wavelength of X-ray resource (1.541864 A), the 0 is the Bragg’s angle and the B is the full width
at half maximum (FWHM) of the chosen peak [242]. The B could be influenced by the machine
error resulting in FWHM expansion, and one of the methods to address this is to use the

cadmium (Cd) standard sample to correct the FWHM expansion.

~

:

Figure 3.4.2 Photo of the Proto AXRD diffractometer utilised for pure Cu control group and GO/Cu
composite coating surface.
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3.4.3 Fourier Transform Infrared (FTIR) Spectroscopy

To study the graphite and graphene oxide powder, the ThermoFisher Scientific Nicolet 870
near-infrared spectrometer (UK) was employed. 2mg of sample powder to be measured was
blended into 200 mg of potassium bromide (KBr) (= 99%, Sigma Aldrich, Co., Ltd).
Compressed discs of 13 mm in diameter (Specac 3000, UK) were utilised to acquire FTIR
spectra under transmission mode within the wavelength range of 4000 to 500 cm™, which is of

4 cm! resolution.

3.4.4 Surface Roughness Measurement

Ambios XP-200 stylus profilometer (tip radius 2 pm) was employed to measure the surface
roughness and wear track profiles. For the roughness measurements, the stylus with a diamond
tip scanned with a speed of 0.1 mm/s under a load of 8§ mg for 10 mm in length. For the wear
track measurement, the stylus scanned at a speed of 0.1 mm/s with 8mg of load in 1-2 mm
length. All the measurements were repeated for at least three times and the average value was

reported.

3.4.5 Scanning Electron Spectroscopy (SEM)

The feasibility study of GO/Cu composite coatings was conducted using a Philips XL-30 field
emission scanning electron microscope (FESEM) to investigate surface morphology, layer
structure, and the presence of graphene oxide within the coating. Images related to GO were
captured under an accelerating voltage of 15 kV to prevent damage to the GO, while other
images were taken at 20 kV. Additionally, a Joel 7000 field emission scanning electron
microscope (FESEM) was used to analyse samples of brush-plated coatings on brass substrates
at an accelerating voltage of 15 kV. This analysis aimed to reveal the presence of graphene

oxide on the surface and within the layer structure of the GO/Cu composite coatings, as well as
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the sample surfaces after wear and corrosion tests. An Apreo 2S HiVac scanning electron
microscope (SEM) was utilised to obtain images of the surface morphology of typical worn

tracks and their counterparts.

3.4.6 Energy Dispersive X-ray Spectroscopy (EDX)

For the Philips XL-30 FESEM, the INCA Energy system (Oxford Instruments) was used to
obtain Energy Dispersive X-ray Spectroscopy (EDX) results. The in-situ elemental analysis
was conducted within a few microns from the surface, with a spatial resolution of approximately
1-2 um. The working distance, electron beam spot size, and other parameters were optimized
to meet the specific requirements of the EDX analysis. Depending on the sample and type of
analysis, different modes such as point, line-scan, and mapping were employed. For the Joel
7000 SEM, EDX (Oxford Instruments, Ultim Max 40) was utilised to detect the presence of
graphene oxide on the surface and within the coating, as well as to observe elemental changes
after wear and corrosion tests. Point EDX analyses were performed at the same accelerating
voltage (15 kV) used for imaging, with each point analysed for 3 minutes. For corrosion tests,
typical mappings were performed with a dwell time of 100 ps (0.1 ms) and a processing time
of 1 second, resulting in a total scan time of approximately 5 minutes. Stack-layered EDX
mappings were generated to reveal the elements on corrosion tested surfaces. Colour-chemical
EDX on the Apreo 2S HiVac SEM was also employed to obtain colour mapping results of worn

surfaces, worn counterparts, typical sample morphologies, crater bottoms, and layer structures.
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3.4.7 Glow Discharge Optical Emission Spectroscopy (GDOES)

A glow-discharge optical emission spectrometer (GDOES, GDA Spectruma Analytic GmbH
650) was employed to measure and analyse the elemental depth profiles of brush-plated samples.
The GDOES was also utilised to create craters with depths ranging from approximately 8 to 15
microns in the coating structures. These craters facilitated subsequent investigations of the
newly exposed surfaces using Scanning Electron Microscopy (SEM) and Energy Dispersive X-
ray Spectroscopy (EDX). During the Ar+ ion sputtering process, Cu and GO exhibited different
sputtering rates, allowing GO sheets to preferentially remain at the bottom of the sputtering
craters. The GDOES measurements were conducted with an excitation potential of 1000 V and
a current of approximately 12 mA, producing craters with a diameter of 2.5 mm. These
measurements were also used to determine the layer thickness of the coatings. To verify crater

depth, a surface profilometer (Ambios XP-200) was employed following the GDOES analysis.

3.5 Mechanical and Tribological Property Assessments

3.5.1 Micro-hardness

Micro-hardness measurements were conducted using a Mitutoyo MVK-H1 micro-hardness
tester, equipped with a Vickers indenter. The applied loads ranged from 10 to 1000 g. Prior to
each set of measurements, the instrument was calibrated using a standard reference material
(EP9716400, 757.3 HMV3) to ensure accuracy. In this study, a load of 10 g was specifically
chosen to maintain the indentation depth within 1/10th of the coating thickness. To ensure data
reliability, each sample underwent a minimum of five indentations, with each indentation

spaced more than three Vickers diagonal lengths apart.
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3.5.2 Tribological tests

The reciprocating tribological tests of the substrate brass, Cu and GO/Cu coatings were
conducted against $8 mm 316 stainless steel balls (purchased from Spheric-Trafalgar Ltd,.) to
evaluate the friction and wear performance under controlled conditions. The surface of samples
was ultrasonicated (Ultrawave U2500H, 200 W) for at least 30 minutes before rinsed with
deionised water, so that friction coefficient results could be more reliable. Those tests were
performed under room temperature (around 18°C), around 47% humidity (MT-903, ATP Ltd.,)
with a ball-on-plane tribometer (TE79 multi-axis, Phoenix Tribology Ltd., UK). The tests were
carried out under 5N load at a speed of 5 mm/s under 0.5 Hz of frequency. Each test lasted for
30 minutes. Before the tribological test, the steel balls were cleaned with ultrasonic bath in
soapy water and then with acetone to remove organic pollutants. The counterpart was replaced
after each test, and new surface on counterpart was used in repeating tests (at least 3 times), to

obtain relative reliable tribological data.

The samples were removed from the holder and further examined by a Surfcorder SE1700
profilometer to evaluate the wear performance of the coating samples and the uncoated brass.
2D worn ar along wear tracks were scanned no less than three positions (middle and two sides)
and calculated. Then the worn area was multiplied by the wear track length of 5 mm to work
out the wear volume loss. The worn track morphology, debris and worn surface were then

examined by SEM and EDX.
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3.6 Corrosion Property Evaluation

3.6.1 Preparation of Samples and Equipment

Samples of brass control group and with GO/Cu composite coatings were cleaned with soapy
water under ultrasonic (Ultrawave U2500H, 200 W) for at least 30 minutes to remove grease
on both sides, then under running water for around 2 minutes, and in deionised water for around
30 seconds before dried with hot air. As both sides would be connected to the test circuit, any
impurities on the back of specimen were removed to ensure electric conductivity. All the
glassware was also washed with soapy water, flushed under deionised water, and dried with hot
wind, including beakers, glass rod, graduate cylinder (500.0 mL), volumetric flask (1000.00

mL) and standard funnel.

In this study, the corrosion tests were conducted in 3.5 wt.% of sodium chloride (NaCl) solution
under ambient temperature (20 °C). To prepare a 1000.00 mL solution, 35.00 g of NaCl powder
(99.5% Sigma-Ardrich, Co. Ltd,.) was measured and pre-mixed with approximately 800 mL of
deionised water in the beaker and filtered through analytical filter paper. The solution was
transferred to volumetric flask through previous used filter paper on standard funnel and add

deionised water to the curve of volumetric flask.

To perform corrosion tests, a Gamry Interface 100 instrument was employed. The accuracy of
the instrument was relied on the regular signal calibration and 3-mintutes warm-up prior to
every session. Figure 3.6.1 exhibits the configuration of the corrosion tester, which consisted
of a counter electrode of platinum coated rod (¢6 mm), an Ag/AgCl reference electrode (Gamry
Instruments) immersed in 3M of NaCl solution (99.5% Sigma-Ardrich, Co. Ltd,.) and samples

fastened on the sample holder connected to the working electrode. The counter electrode, and
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reference electrodes and reaction container were cleaned with running water and deionised water

and rinsed with the 3.5 wt.% of NaCl solution before corrosion tests.

Figure 3.6.1 Electrochemical working station configuration.

3.6.2 Preformation of Open Circuit Potential (OCP)

Open circuit potential (OCP) measurements were performed as the initial stage of the
electrochemical tests. In the absence of an external electric field, the potential difference
between the reference electrode (Ag/AgCl electrode in this study) and the surface of the sample
is defined as the OCP. The OCP values were continuously recorded for a fixed duration of 60
minutes. These OCP measurements were used to allow the sample surface to familiarise to the
corrosion environment and to ensure the stability of the electrochemical interface for

subsequent measurements.
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3.6.3 Potentiodynamic Polarisation Test

Within the test sequence, the subsequent measurements started immediately when the
previously stated OCP finished. From -0.5 to +1.5 V (versus the OCP), the potentiodynamic
polarisation tests were carried out under 1 mV/s of scanning rate on the area (0.503 cm?, round
surface) immersed in 3.5 wt. % of NaCl electrolyte, to reveal both the cathodic and anodic
polarisation of measured samples. Once the polarisation tests were finished, the external electric
field was removed, and the sample was removed from the sample holder. The removed sample
was flushed under tap water for at least 1 minute and rinsed with deionised water before dried
with hot wind. The repeatability was ensured by at least two repeat measurements. The obtained
potentiodynamic polarisation curves were analysed by the software provided also by Gamry
Instruments (Echem Analyst) to perform Tafel fit to determine the corrosion potential (Ecorr)

and corrosion current density (Icorr).

3.7 Summary of Experimental

In this research, the fabrication and characterisation of copper-based self-lubricating and anti-
corrosion coatings were systematically investigated. The experimental work began with the
preparation of the raw substrate materials and graphene oxide (GO) precursors, providing the
base for producing GO/Cu nanocomposite coatings (Sections 3.1 and 3.2). Then, an advanced
fabrication process was developed using the brush plating technique to determine the optimal

parameters for coating synthesis (Section 3.3).

Advanced characterisation techniques were employed to examine the microstructure of the
coatings, providing insights into grain size distribution and the influence of processing

parameters on the layered structures (Section 3.4). The mechanical properties, including wear
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resistance and hardness, were evaluated using dedicated experimental methods (Section 3.5),
while corrosion performance was assessed by electrochemical testing (Section 3.6). This
experimental work provided a solid basis for the comprehensive understanding of the
microstructures, material properties and the potential industrial applications of GO/Cu

composite coatings.
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Chapter 4 Results

4.1 Raw Materials

4.1.1 Graphene Oxide Produced

Acc.V SpotMagn Det WD |————— 2um
10.0kv 30 10000x SE 9.8

Figure 4.1.1 SEM image of graphene oxide produced by Hummer’s method on silicon carbide (SiC)
wafer.

In this study, two types of graphene oxide were employed as reinforcing phases in copper
coatings, one synthesised using the Hummer's method, and the other obtained from industrial
sources, as mentioned in the Experimental section. The essential properties of graphene oxide
prior to its incorporation into the composite coating via electro-brush plating are elaborately
discussed. Figure 4.1.1 illustrates the graphene oxide produced under modified Hummer’s

method with ripples and transparent to electrons.

Figure 4.1.2 exhibits a comparison of Raman spectra for graphite powder and graphene oxide
flakes using 488 nm laser resource, as carbon molecules are sensitive to this wavelength of laser.

The spectrum of graphite powder is shown by the red curve at the bottom of Figure 4.1.2. The
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strongest Raman peaks around 1580 cm™ is the G band, and the second strongest band is around
2700 cm™! which is the 2D band. These two bands are the most representative bands for graphite.
G band is there because of intrinsic bonding stretching of sp>-hybridised carbon atoms. A weak
D band is also shown in the Raman spectrum of graphite at around 1360 cm™!, which is caused

by defects and structural disorders in graphite.

The spectrum of graphene oxide depicted by dark curve at the top of Figure 4.1.2, and the fitting
curves (Figure 4.1.3) and analysed results (Table 4.1.1) are also shown below. A narrow peak
with a relatively high intensity at around 1596.74 cm™ is denoted as G band and a band of
comparable intensity at around 1355.49 cm™ is the D band. There are two broad bands with a
lower intensity at around 2685.37 cm™! (2D band) and 2932.78 cm™ (G+D band). The D to G
intensity ratio (In/Ig) of graphene oxide was calculated by the fitted data listed at Table 4.1.1,
which is 0.79. This relatively high Ip/Ig ratio results from the relatively high ratio of sp’ carbon

defects within the graphene oxide molecules.

Comparing the spectrum of graphite with that of the graphene oxide, the position of G or 2D
bands is almost the same, whereas blue-shifting (right-shifting) occurred to the G band from

1580 cm™! (graphite) to 1597 cm! (graphene oxide).
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Figure 4.1.2 Raman spectrum of graphite powder and graphene oxide flakes.
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Figure 4.1.3 Raman spectrum and its fitted curves for graphene oxide flakes.
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Table 4.1.1 Data of Raman pattern fitting of graphene oxide particle.

Fitted peaks Height Centre FWHM
D peak 61911.69 1355.49 1354.06
G peak 78481.93 1596.74 1.39
2D peak 20517.68 2685.37 1.20

D+G peak 24210.17 2932.78 1.16

Figure 4.1.4 depicts the spectra of graphite powder and graphene oxide particles. As shown
with red curve, the spectrum of graphene oxide is shown with contribution of hydroxyl (C-OH),
carboxyl (COOH), epoxide (C-O-C) and ketonic species (C=0). The broadest band with high
percentage of absorption (3382.12 cm™) is attributed to the stretching of hydroxyl (C-OH)
group contributed by water, and oxidized graphene. And other two absorption bands located at
1054.27 cm™ and 1732.59 cm'! are also denoted as C-OH group, especially the vibration of C-
OH at 1732.59 cm™! band is from carboxy (COOH) group. The band at 853.55 cm™ is assigned
due to bending motion and asymmetric stretching (1223.61 cm™') of epoxide (C-O-C). As for

band at 1621.71 cm’!, it is due to vibration of carbonyl (C=0) [243].
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Figure 4.1.4 Comparison on FTIR spectra for graphite and graphene oxide.

As shown with the dark curve, there are many noise peaks with large absorption peaks. The
possible reason for this phenomenon is that infrared cannot penetrate through the Gr/KBr
transparent tablets [244]. As discussed before, graphene presents high light permeability so that
it is easy for those infrared light travelling through to obtain usable information. However,
graphite, as black substance, nearly all the light travelling through would be absorbed so that
those intense absorption peaks are caused by graphite powder within KBr. To obtain usable
FTIR spectrum, graphite powder could be produced to thin film on certain substrate, like silicon
(Si) wafer. Then, this film can be tested under Attenuated Total Reflection - Fourier Transform

Infrared Spectroscopy (ATR-FTIR).
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4.2 GO/Cu Coatings on Stainless Steel 316 Substrate

With utilising the graphene oxide produced by Hummer’s method stated before, the
investigating of GO/Cu composite coating with certain voltage range is conducted. The
feasibility of graphene oxide sheets blend into copper composite coating was investigated with
316 stainless steel substrates. The electro brush plating voltage range is expected to reveal the
performance of GO/Cu composite coating by general characterisations. Hence, the voltages

range could be discovered to improve the tribological properties could be ensured.

4.2.1 Influence of GO and Plating Voltages on GO/Cu Coatings

(@) (b)

10 mm

Figure 4.2.1 Pictures of post brush plating surface for (a) the Cu6 specimen and (b) the GO/Cu4-0.2,
GO/Cu6-0.2 and GO/Cu8-0.2 specimens.

Figure 4.2.1 demonstrates the pictures of post brush plating procedure coating surfaces of pure
Cu and GO/Cu samples with 0.2 g/L of GO concentration. Under 6 volts of potential, the pure
copper coating on SUS 316 with special nickel interlayer was carried out, as shown in Figure
4.2.1a. This pure Cu coating sample presents relatively less uniform colour compared to

samples with graphene oxide addition (Figure 4.2.1b). With 4 volts with brush plating, the
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colour is the nearest to the colour of pure Cu control specimen, shown at the bottom of the
Figure 4.2.1b. The GO/Cu6-0.2 demonstrates darker colour while GO/Cu8-0.2 exhibits red

matte finish.

Figure 4.2.2b depicts the surface morphology of the GO/Cu coating obtained through brush
plating at 4 volts, showing densely arranged fine spherical particles. Similarly, fine particles are
distributed on the surface of the GO/Cu6 sample (Figure 4.2.2¢), with some small dark areas or
defects in the coating. A porous coating is shown on the surface of GO/Cu8 sample (as shown

in Figure 4.2.2d). It exhibits many holes larger than 10 um in diameter, and this porous structure

might also extend into the main body of the coating.

As depicted in Figure 4.2.2, there are one pure Cu coated sample surface morphology, shown
in Figure 4.2.2a, and three types of surface morphology for GO/Cu sample surface with GO
within the coating structure, shown at Figure 4.2.2b, ¢ and d. GO/Cu sample brush plated under
4 Volts shows small cauliflower structure and there are areas remain relatively flat and
featureless morphology. Under 6 Volts of brush plating, relatively uniformly spread cauliflower
like structure was shown at Figure 4.2.2¢. In Figure 4.2.2d, the cauliflower structure expanded,
and some porous area shown because of expansion, for GO/Cu8-0.2 samples. Comparing with
pure Cu sample surface, samples contain GO within their coating shows different sizes of
cauliflower structures. With uplifting voltage of brush plating, the featured cauliflower structure
of brush plating is easier detected even under relatively low magnification. The Figure 4.2.2¢
and f illustrate the surface morphology under 15,000 magnification of Cu6 and GO/Cu4-0.2
samples. The pure copper coating deposited under 6V sample (Figure 4.2.2¢) depicts quite
standard cauliflower like structure which could be seen on those brush plated sample surface

[245]. Figure 4.2.2f depicts the surface morphology with 15,000 magnification of GO/Cu4-0.2
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coating revealed the graphene oxides at the surface denoted by red arrow. The graphene oxide

is surrounded by the grain boundaries of the Cu grains.

Figure 4.2.3 summarises the surface roughness of the 316 stainless steel substrate and brush
plated samples. It shows that the 316 stainless steel substrate and the Cu6 sample surfaces have
comparable roughness. Compared with the surface of Cu6, the surface of the three GO/Cu
composite plated samples are much rougher. Figure 4.2.2b-d show an increase in surface
roughness of the GO/Cu composite plated samples with increasing plating potential (from 4V
to 8V), which corresponds well with the roughness results. There is an abrupt increase in
roughness for the GO/Cu8 sample surface, compared with the other two GO/Cu composite

plated samples.
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Figure 4.2.2 Surface morphology on GO/Cu plated samples: (a) Cu-6; (b) GO/Cu4-0.2; (c) GO/Cu6-
0.2; (d) GO/Cu8-0.2; (e) higher magnification of Cu6 sample and (f) GO discovered under higher
magnification for GO/Cu4-0.2.
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Figure 4.2.3 Surface roughness on grinded stainless steel and plated samples.

4.2.2 Cross-sectional Layer Structure for Cu6 and GO/Cu Sample Coatings

The cross-sectional SEM images in Figure 4.2.4 exhibit the coating layer structure produced by
electro-brush plating. Figure 4.2.4a depicts the layer structure of Cu-6V sample and the coating
thickness measured from the cross-sectional view is about 29.5 um. Consistent with the top
view shown in Figure 4.2.2a, the coating is one-layered and almost featureless. The GO/Cu

composite coatings plated under 4 and 6 V are also one-layered (Figure 4.2.4b and c¢).

The GO/Cu composite coatings plated under 4 and 6 V are also one-layered, as shown in Figure
4.2.4b and c. The GO/Cu-4 sample surface (Figure 4.2.4b) is almost defect free with a thickness
of about 12.5 um. The thickness of the GO/Cu-6 coating is increased to about 54.3 um and as
shown in Figure 4.2.4c, there are some places near the surface region with laminate porous

structure. The layer structure of the GO/Cu-8 coating could be divided into three parts: a highly
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porous structure (about 16.0 um in thickness) at the surface region followed by a low porous
structure (about 30.1 um in thickness) and finished by a very thin layer (about 1.9 um in

thickness) without obvious defects.

As described in Section 3, a thin Ni layer was plated on the substrate before starting the GO/Cu
plating. Hence, a thin nickel layer is expected between the top copper-rich layer and the
substrate. However, there is no visible boundary shown in Figure 4.2.4a to c. As it is only the
cobalt (Co) in between the Fe and Ni layer in the periodic table of the elements. Hence, their
atomic nucleus charges and electron arrangement are similar, so that they would show in similar
brightness under SEM. The GO/Cu composite coating is structured with a Ni interlayer on 316
stainless steels, as illustrated in Figure 4.2.4d. The Ni interlayer, with a thickness of just 1.3 um,
is employed to enhance the bonding strength between the substrate and the composite coating.
Corrosion occurred relatively severe on the coating structure, the coating is composed with Cu
and graphene which would perform relatively severe cell reaction within the acidic etchant.
Moreover, the stainless steel would be performed as cathode within the cell reaction which
could be protected from oxidation reaction. However, the relatively severe corrosion would lead
to chance to reveal the graphene oxide within the Cu plating coating structure on the cross-

sectional view, as shown in the Figure 4.2.5.
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Figure 4.2.4 Cross-sectional images show coating structure of copper plated and GO/Cu composite
plated samples: (a) Cu6-0.2; (b) GO/Cu4-0.2; (c) GO/Cu6-0.2; (d) GO/Cu8-0.2.

It is opportunity to investigate the graphene oxide structure at the cross-sectional direction. For
GO/Cu4-0.2 sample, there is abrupt structure shown on Figure 4.2.5a which might be Cu plating
structure protected by graphene oxide during etching. The detailed view of SEM image (Figure
4.2.5b) revealed the existence of GO sheets covered the Cu grains. The Cu grains illustrate
relatively round structure with smooth boundary while the GO sheets are of lager size and sharp
edge with different angles. Besides, the Cu grains exhibit relatively small size which less than
1 um. Relative to GO/Cu4-0.2, structural pure graphene oxide structure was found on the etched
GO/Cu6-0.2 sample, as shown in Figure 4.2.5c. As the GO/Cu6-0.2 depicts relatively less dense
structure at the outmost region (Figure 4.2.4c¢), so the Cu structure could be depleted relatively

completely. Figure 4.2.4c¢ illustrates representative area of the etched area at the outermost area,
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with remaining Cu structure shown at the bottom of this SEM image. The structure of graphene
oxide structure could be noticed at Figure 4.2.5d, the featured ripple structure of graphene is
shown. Moreover, the graphene oxide sheets are entangled, twisted, and stacked layer-by-layer
at this cross-sectional view with some porous areas. Those areas could be areas of Cu metal
structure dissolved within the etchant. As under this etchant, the austenite structure of SUS 316
could be revealed. Hence, it is possible that the Cu at the outmost area could be depleted and
remained some graphene oxides. Graphene oxides could be found on GO/Cu8-0.2 for both
outermost area (Figure 4.2.5¢) and the area near to the Ni interlayer (Figure 4.2.5f). Similarly,
there is porous structure of those attached graphene oxides sheets which could be seen on the
as-polished SEM images shown in Figure 4.2.4d. The detailed SEM image of Cu6 sample is
used to compare with the sample with graphene oxides, show in Figure 4.2.5g. Even under

50,000 of magnitude, no graphene oxides sheets are shown.
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Figure 4.2.5 SEM images from cross-sectional view to discover the graphene oxides distribution: (a)

general view of etched GO/Cu4-0.2 and (b) GO structure; (¢) GO found with Cu plating structure and

(d) detailed view of GO on GO/Cu6-0.2; (¢) GO structure at the outermost area and (f) the bottom of
coating structure of GO/Cu8-0.2.
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Figure 4.2.5 (continued) (g) detailed view of etched Cu6 control group.

4.2.3 Composition Depth Profile of GO/Cu Sample

Figure 4.2.6 illustrates the compositional profile of elements on the sputtered surface as a
function of time during Ar* plasma sputtering. The left most part represents the GO/Cu particle
composite coating area. It shows that the most majority of the coating consists of Cu, and it also
shows the composition of oxygen and carbon. In this graph, the concentration of carbon and
oxygen is one type of evidence of GO continuing existence within the GO/Cu composite coating
system. Then, the Ni interlayer shows on the second part of the graph, which is relatively thin
interlayer for stainless-steel substrate. The last part of the graph is from the substrate stainless-

steel 316, and it is mainly composed of iron (Fe), nickel (Ni).

As mentioned at Experiment part, GDOES could analyse the excited atoms and ions layer by
layer when the solid material was sputtered out by the argon plasma (Ar"). So, if the test was
stopped at the middle of a coating layer, it would exposure the coating structure feature on this
new sputtered surface. Within this composite, Cu and GO as two different types of materials
would show different sputtered speed, so it would be possible to reveal the GO inside the
coating on this new surface. This surface was produced at new spot and this sputtering time was

around 20 seconds. The surface SEM images were shown on Figure 4.2.7. It shows the crater
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produced by Ar" plasma at Figure 4.2.7a, it could be seen at the middle of the circle that there
are several dot-like structure. As mentioned before, the dot-like structures observed under SEM
may result from the differing behaviours of Cu and GO during argon plasma sputtering. GO is
possibly found around those dots, either on those dots or at the boundary of those dots. GO
alike structure was found on Figure 4.2.7b, which shows semi-transparent features and
relatively soft comparing with Cu grains. GO shows ripples structure under SEM as one of its

features according to previous researches [246].
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Figure 4.2.6 Glow discharge optical emission spectroscopy of GO/Cu4-SS316 sample.
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Figure 4.2.7 SEM images on argon produced crater bottom surface: (a) general observation of crater
created around 20 seconds; (b) one special abrupt observed graphene like structure; (c) graphene
oxides with ripples feature shown.
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The remaining GO on the sputtered surface is possibly because part of this GO flake was twisted
and enveloped Cu grains (Shown in Figure 4.2.7d), as the production process of this coating is
co-depositing of Cu grains and GO flakes. During Ar" plasma sputtering process, GO acted as
bounce, reflecting the plasma without loss of Cu or GO. Due to some area of GO remaining in
the solid coating, so GO could still be seen even on the sputtered surface without reduction.
The presence of these abrupt structures on the plasma created surface strongly indicates that

GO was successfully incorporated into this composite coating system.

Table 4.2.1 EDX of GO like structure elements composition charts.

Spectra Weight constituents (wt%)
code C O Cu
S1 36.88 7.36 55.76
S2 0 0 100

At Figure 4.2.7¢c, the EDX point scanning on Spectrum 1 (S1) and Spectrum 2 (S2) shows the
weight constituents of elements detected by X-ray. The EDX results were carried out with
AutoID mode, carbon (C), oxygen (O) and copper (Cu) weight constituents are depicted at
Table 4.2.1. It is quite interesting to note that only 100% of Cu was detected at this spot, whereas
36.88% of C and 7.36% of O are exhibited at S1. This is one of most significant evidence to
see and proof the GO like structure at Figure 4.2.7a is the GO within certain depth of GO/Cu

composite coating structure.

4.2.4 Raman Results on GO/Cu Composite Coatings

Raman spectra of GO/Cu composite coatings and pure Cu coatings with a few microns of spatial
resolution are shown in Figure 4.2.8. Among those three spectra there are two strong bands at

around 1350 cm™ and 1600 cm™'. Band around 1600 cm™ is denoted as G band which shows
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intrinsic structure of sp>-hybridised carbon atoms. In that case, the GO could be proved as
blended into GO/Cu composite coating system from the outermost surface region. As the laser
of Raman could detect the existence of GO at few microns from the surface. Structural defects
and disorder in carbon honeycomb structure led to increase intensity of D band (around 1350
cm'). Hence, the level of graphene disorder can be indicated by the intensity ratio of D to G

band (In/Ic).

The Ip/lg ratios for GO/Cu4, GO/Cu6 and GO/Cu8 are 0.45, 0.82 and 4.52, respectively. The
Ip/IG ratio of graphene oxide as calculated before is 0.79, which is slightly lower than that of
GO/Cu6, whereas the ratio of GO/Cu8 is much higher than graphene oxide. It is interesting to
note that the Ip/Ig ratio of GO/Cu4 is even much lower than that of graphene oxide. One possible
reason for this phenomenon is that GO may have been partially reduced to rGO by the constant

negative potential provided by cathode during the brush plating [247,248].
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Figure 4.2.8 Comparing Raman spectra among GO/Cu plated under different working potentials.
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4.2.5 Comparison of Surface Layer Phase Compositions

Figure 4.2.9a presents the standard copper XRD pattern test from ICSD (PDF 00-004-0836)
and XRD patterns of GO/Cu composite plated samples. For standard copper, their (111) plane
peak is near 43.298° (20) with an interplanar spacing of 0.209 nm. Moreover, other peaks of
those three XRD patterns can also fit well with standard copper XRD pattern. Therefore, those

peaks are denoted as copper peaks.

Comparing the three XRD peaks of plated samples, the width of XRD peaks is broader with
lower electro-brush plating potential as shown in Figure 4.2.9b. As samples with smaller grain
size show broader XRD peaks, this implies that the lower plating potential would have produced
the coating with finer grain size. For GO/Cu plated samples, there are several small peaks
between 40° and 65°. XRD pattern of GO/Cu6 has been used as example to show detailed phase
indexing, and Ni peaks of (111) and (200) along with Cu2O peaks of (200) and (220) are
identified (Figure 4.2.10). The Cu20 could also be detected by Raman spectroscopy, and this

would be discussed later at the friction test part.
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Figure 4.2.9 XRD patterns for GO/Cu composite plated sample surface and standard XRD peaks for
pure copper.
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Figure 4.2.10 XRD pattern of GO/Cu6 with detailed phase indexing.

4.2.6 Surface Micro-hardness

Figure 4.2.11 shows the measured surface hardness of the pure copper and GO/Cu composite
plated specimens. The micro-hardness of the neat-copper plated specimen is 192.0 HVo1,
which has been improved after adding GO constituent into the coating system by electro-brush
plating. It is interesting that the micro-hardness of the specimen surfaces decreased with
increasing the plating potential from 4 to 8 volts. Especially, the micro-hardness decreased to
207.1 HVo01 for GO/Cu8. The reduced hardness should be related to the relatively highly

porous structure observed in Figure 4.2.4d.
It has been reported that addition of graphene or graphene oxide onto copper sample surface

can increase the micro-hardness to about 210 HV, which is corresponded well with

aforementioned micro-hardness [249].
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Figure 4.2.11 Comparing of micro-hardness for neat copper plated and GO/Cu composite plated
specimens on their near surface region.
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4.3 GO/Cu Coatings on Brass Substrate: Material Characteristics

In previous session, it is feasible to apply the GO/Cu composite coating on stainless steel 316
(SUS 316). Within the relatively large range of brush plating potential, the sample brush plating
under 4 volts presents relatively better performance on the general characterisation. To
investigate the application of GO/Cu composite coating on brass substrates, experiments were
carried out with brush plating potentials as variant, regarding 4 volts as reference. The pure Cu
control group was introduced to reveal the improvement with GO addition within the composite
coating structure. Additionally, the influence of GO concentration would also be exhibited in

this session. The optimal potential is expected to be discovered by general characterisations.

4.3.1 Brass Substrate GO/Cu Composite Coating System

Cu and GO/Cu on brass were produced by the brush plating method. The brush plating process
was carried out with the MF Rectifier MK II (SPA Plating Co., Ltd.). It includes three main
steps: active-cleaning, nickel-strike, and Cu or GO/Cu coating processes. The active-cleaning
process was used to remove oxides on the brass surface. As for the nickel strike process, it is to
improve the adhesive strength between the brass substrate and the coating layer. Between every
step, the sample surface was put under running water to remove any remaining plating solution
and rinsed with deionized water for 1 minute and dried with hot wind. The specific parameters

and processes are outlined in detail in Table 4.3.1.
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Table 4.3.1 Electric brush plating procedures for applying Cu coating and GO/Cu composite coatings

on brass.
No. Operation Solution Voltage/V Time/min
Electrical
1 Active-cleaning solution 7 3
active-clean
2 Nickel strike Special nickel solution 7 3
3 Final plating Cu or GO/Cu solution 2,34,5and 6 30

4.3.2 Surface Morphology of Copper Control Group on Brass Substrate

| 7Vimin ¢ OB " 2V 30min |

Ni strike

Cu plating g

As-activated
brass surface Ni strike

Surface after Cu2-1 30min

Figure 4.3.1 Surface changing with the brush plating procedure for pure Cu2 sample.

Figure 4.3.1 demonstrates the surface changing with the electric brush plating procedure. The
brass substrate in yellow was grinded into #1200, then the activate procedure was introduced
to remove the surface impurities and grease. The nickel (Ni) strike process is performed for 3
minutes, and the finish of this process is illustrated silver shade and mirror-like surface reduced
visible grinding curves. After 30 minutes of brush plating under 2 volts, it exhibits with yellow

tinted with red colour without depletion on mirror like finish.
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To discover more information about the influence of GO on GO/Cu coatings under different
brush plating voltages, a control group for each plating voltage was carried out and studied.
Figure 4.3.2 shows how plating voltages influence the surface microstructure without the
addition of GO. At lower plating voltages (2 volts and 3 volts), the surface morphology is
relatively featureless except for the remaining grinding marks on Cu2 (Figure 4.3.2a). This
might be due to the ultra-thin plating layer on the Cu2 samples, which is discussed later in the

layer thickness section.

On Cu3 (Figure 4.3.2b), no notable defects were observed, resulting in a surface that is
relatively featureless. The surface of the Cu4 sample (Figure 4.3.2¢) still shows a morphology
between featureless and cauliflower-like structures [245], with slightly more dark spots than
those observed on the Cu3 surface, though they are not easily noticeable. Cu5 (Figure 4.3.2d)
shows a more notable columnar structure with some granular structures. As for Cu6 (Figure
4.3.2e), it mainly consists of a cauliflower-like structure with some remaining granular

structures at the boundaries.

As mentioned before, the cauliflower-like structure is one of the features of the brush-plated
coating microstructure. This structure can be observed when the brush plating voltage is
increased to 4 volts. The columnar structure exhibits a cauliflower-like morphology on the
surface. With the increase in plating voltage, the growth rate of the columnar crystals also
increases. Hence, this characteristic structure becomes more and more prominent and can be
easily observed under SEM. Notably, the columnar boundaries become increasingly distinct

with higher plating voltages, as shown in Figure 4.3.2¢, d and e.
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Figure 4.3.2 Surface microstructure for Cu coating samples: (a) Cu2-Brass; (b) Cu3-Brass; (c) Cu4-
Brass; (d) Cu5-Brass and (e) Cu6-Brass.
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4.3.3 Surface Morphology of GO/Cu Composite Coating with 0.2 g/L of GO

As depicted in Figure 4.3.3, it shows the surface morphology of GO/Cu composite coatings
under different plating voltages with 0.2 g/L of GO concentration when brush plating. In Figure
4.3.3a, the surface microstructure of GO/Cu2 shows several grinding marks that could be seen,
and some deeper colour shown around some of the grinding marks which are wider than the
grinding marks themselves. These surface features could indicate an ultra-thin coating layer as
mentioned at Cu2. Moreover, this layer might even be thinner than the Cu2 layers as sharp and
small grinding curves could be seen on the surface. The grinding curves could also be seen on
the GO/Cu3 sample surface (at Figure 4.3.3b), while the grinding curves are buried under
several white dots like structures. Before certain thicknesses were grown on the substrate, new
plating materials tended to accumulate at grinding curves. Then with more coatings growing,

the surface could have a smooth and featureless finish.

As for the remaining three coatings plated under higher voltages, the surface cauliflower
structure could also be noticed, which is the same as their pure Cu control group. While some
differences could be noticed, the density of cauliflower structures is notably reduced compared
with that of pure Cu coatings. As shown in Figure 4.3.3c, there are some relatively featureless
areas that trap some cauliflower-like structure. To compare with its pure Cu control group, the
Cu control group has a relatively continuous structure. This phenomenon could also be seen in
GO/Cu coating samples plated under 5 and 6 volts. The size of the cauliflower structure is larger
than that of the pure Cu control group at GO/Cu5 and 6 (Figure 4.3.3d and ¢) on brass. Figure
4.3.3f shows the line scan results of carbon elements on one of the cauliflower structures. From
the results, the carbon constituents on the top area (with dark dots) are higher than other areas.
This result is a great proof of the existence of graphene oxides at the outmost area GO/Cu

coatings on cauliflower-like structure. The reason why this area can detect notable carbon
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constituents would be discussed with micro-hardness data.

It is interesting to note that in the middle of the cauliflower-like structure, dark dots could be
noticed, and the size of the cauliflower is bigger than that of their pure Cu control group. Those
areas with darker colour might indicate an area accumulation of graphene oxides. As carbon is
one of the light elements, there will be interference when detecting the existence of carbon,
especially when carbon additives are not in a certain amount. So, the carbon existence would
be shown at later Raman Spectroscopy results, which is one of the most professional detection

methods for carbon elements.
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Figure 4.3.3 Surface morphology of GO/Cu composite coatings with 0.2 g/L of GO on the brass
substrate: (a) GO/Cu2-Brass; (b) GO/Cu3-Brass; (¢) GO/Cu4-Brass; (d) GO/Cu5-Brass, (¢) GO/Cub6-
Brass and (f) GO/Cu5-Brass EDX line scan on one of the cauliflower-like structure with dark area on

the top and results.
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4.3.4 Graphene Oxides at Surface Morphology under SEM and EDX

As depicted in Figure 4.3.4a, clear and featured graphene structure is shown on the surface
morphology of GO/Cu3-Brass sample surface. It is easy to identify such featured graphene
structure on the surface of GO/Cu3 because the surface morphology is featureless, making any
distinct differences readily detectable. The EDX results (Figure 4.3.4b) was carried out with
AutolD mode, only carbon and copper could be found at the area of Spectrum 1, even no oxygen
was detected. On the Spectrum 2 area is the comparing group, only copper could be detected
under AutoID mode. This is a great example of GO Found on the surface of GO/Cu sample
coatings, as it was X-ray which is used during an EDX process, and it could penetrate several
microns when detecting elements constituents. This is proof GO added on the surface of GO/Cu
sample surface. That is because the SEM would work under certain sub-atmospheric pressure,
impurities have less chance to be sticked on the sample surface. This GO detected under SEM

is likely to be GO combined on the surface of the newly brush plated surface.

At Figure 4.3.4c, the upper position on SEM image shows the featured cauliflower like structure
and the lower part of the SEM image shows the featured GO-like structure. Spectrum 5 located
at the upper cauliflower like structure part and its EDX results show only pure Cu peaks was
observed at the graph, exhibited at Figure 4.3.4d. A region with a GO-like structure was selected
and analysed using X-ray detection, and relatively notable carbon and oxygen were found on
the EDX graph results. These indicate that the GO like structure found in Figure 4.3.4b is GO
brush plated on the coating surface. Those two representative examples show the existence of
the GO on the outermost area of the GO/Cu composite coating. The further proofs of GO

existence would be discussed later.
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Figure 4.3.4 Graphene oxides found with SEM and EDX results: (a) SEM image for GO/Cu3-Brass
and (b) two graphs of EDX results by AutoIlD mode; (¢) SEM image for GO/Cu4-Brass and (d) graphs
of Spectrum 5 and 6.

As mentioned before, the GO could be possible exposed on the surface around the top of
cauliflower-like structures. Figure 4.3.5a depicts the colour-chemi images which show carbon
rich area with red colour and those areas are mainly located at the middle area of cauliflower-
like structure. Those carbon rich areas could also be found around the boundaries of cauliflower
structures. This just means that the GO would be easier to expose at those areas as those areas
are of relatively lower microhardness, so that those areas might to be of porous structure and
X-ray information from those area would be of easier to be accumulated. At Figure 4.3.5b, the

edge of the cauliflower like structure shows little depletion, GO could be detected as red area.
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This is great proof of GO existence at near surface area of GO/Cu composite coatings.
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Figure 4.3.5 Carbon and copper with colour-chemi SEM images for GO/Cu5-Brass samples: (a) red
shows carbon rich areas; (b) red and yellow show carbon and copper rich areas.

4.3.5 Surface Morphology of GO/Cu4 and GO/CuS Samples

Experiments were conducted on GO/Cu composite coatings to determine the influence of
varying GO concentrations. Sample coatings plated under 4 and 5 volts were selected for this
study. When compared with GO/Cu samples prepared with 0.2 g/L. GO under 4 volts (Figure
4.3.3¢c), it was observed that additional GO tends to inhibit the growth of the cauliflower-like
structure. Notably, the GO/Cu4-0.4 sample (Figure 4.3.6a) does not exhibit the characteristic
cauliflower-like structure, and a laminated feature can even be observed on the surface view.
This suggests that this sample may have better friction resistance than other coatings. The
surface of the GO/Cu4-0.6 coating (Figure 4.3.6¢) is relatively flat compared to GO/Cu4-0.4,
and there are areas with darker shaded dots. However, the laminated structure is not as
prominent as in GO/Cu4-0.4. Only the surface of the GO/Cu4-0.8 sample exhibits a
cauliflower-like structure (Figure 4.3.6e), but these structures are trapped within granular
structures. When comparing the size of the cauliflower structures, those in GO/Cu4-0.8 are

smaller than those in the GO/Cu4-0.2 sample coatings.
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Figure 4.3.6b, d, and f demonstrate that the surface morphology is influenced by GO
concentrations when plated under 5 volts. A cauliflower structure can be observed on coatings
conducted under 5 volts. Figure 4.3.6b presents GO/Cu5-0.4, where the cauliflower structure is
smaller than that in GO/Cu5-0.2, while the granular area is larger than in GO/Cu5-0.2. As the
GO concentration increases to 0.6 g/L (Figure 4.3.6d), the cauliflower structure slightly enlarges,
and the granular area mildly reduces. When the GO concentration rises to 0.8 g/L, the
cauliflower structure fills most of the area, but its size is smaller than that of the 0.2 g/L sample
(Figure 4.3.3d). With an increase in GO concentrations from 0.4 g/L to 0.8 g/L, the granular
structure shrinks in size and the cauliflower structure slightly grows, but these structures are

smaller than those on the GO/Cu5-0.2 sample surface.
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Figure 4.3.6 Surface morphology of GO/Cu4 and 5 samples deposited with 0.4, 0.6 and 0.8 g/L. GO
concentrations: (a) GO/Cu4-0.4; (b) GO/Cu5-0.4; (¢c) GO/Cu4-0.6; (d) GO/Cu5-0.6; () GO/Cu4-0.8
and (f) GO/Cu5-0.8.
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4.3.6 Roughness Comparison between Cu and GO/Cu Samples Coating Surfaces

At Figure 4.3.7a, the average roughness (Ra) of grinded brass substrate material is 0.16 um
before brush plating. The pure Cu control groups are of lower surface roughness compared to
that of GO/Cu composite samples. This is the same trend showed at surface morphology SEM
images (Figure 4.3.2). With rising of brush plating voltages, the roughness of pure Cu control
group is gradually increased from 0.10 pm to 0.31 um. The roughness of Cu2 (0.10 um, Ra),
Cu3 (0.11 pm, Ra) and Cu4 (0.15 um, Ra) is smaller than grinded substrate brass which could
be seen as nearly featureless SEM morphology. Cu5 (0.23 um, Ra) and Cu6 (0.31 um, Ra)
shows obvious cauliflower structure under SEM and the surface roughness is larger than brass.
GO/Cu samples are of greater average roughness than grinded brass. And it also shows a rising
trend with increase of brush plating voltages. While GO/Cu5-Brass (0.78 um, Ra) shows
greatest roughness even than GO/Cu6-Brass (0.39 um, Ra). This trend could also be seen at
Figure 4.3.3. GO/Cu2-Brass and GO/Cu3-Brass shows comparable roughness to grinded
substrate brass material, which are 0.16 um and 0.15 pum respectively. Notably cauliflower
structure was shown from brush plating voltage increased to 4 volts, so that the roughness of

GO/Cu4-Brass (0.33 um, Ra) is approximately two times higher than that under 3 volts.

To compare the average roughness of GO/Cu composite sample coatings under different GO
concentrations, the bar chart was carried out at Figure 4.3.7b. The left half side shows the
roughness of GO/Cu4 samples, and the right half part is GO/Cu5 samples of different GO
concentration, ranging from 0.4, 0.6 and 0.8 g/L. It is interesting to note that GO/Cu samples
of 0.4 g/L GO concentration has comparable roughness comparing with samples under 0.2g/L
of GO. GO/Cu4-0.4 is of 0.32 um average roughness as for GO/Cu4-0.2 is 0.33 um. Likely,
GO/Cu5-0.2 has 0.78 um in average roughness and roughness slightly increased to 0.85 pum

with 0.4 g/L GO addition. The roughness of higher GO concentration decreased which could
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be possible. As GO is relatively flat 2D material and metal brush plated metal is of cauliflower-
like structure, it is possible that with adding 2D material flatten the cauliflower structure of Cu.
With 0.6 g/L GO concentration, GO/Cu samples are of comparable roughness with grinded
substrate brass material which are 0.18 pm for GO/Cu4-0.6 and 0.17 um for GO/Cu5-0.6. With
the greatest roughness and relatively high GO concentration, the friction performance might be
the best comparing with other GO/Cu composite samples with different parameters. GO/Cu4-
0.8 (0.24 um, Ra) and GO/Cu5-0.8 (0.23 um, Ra) are of slightly higher roughness comparing
with GO/Cu with 0.6 g/L. The relatively low roughness of 0.6 g/L and 0.8 g/L samples could

be seen under SEM surface morphology images at Figure 4.3.7.
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0.2 g/L GO suspension; (b) GO/Cu samples deposited with 0.4, 0.6 and 0.8 g/L GO suspension.
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4.3.7 Cross-sectional View SEM Images of Pure Cu Control Group

With the acidic ferric chloride (FeCls) etchant etching for around 30-60 seconds, the cross-
sectional surface was shown under SEM. As depicted in Figure 4.3.8a, Cu2-Brass displays its
layer structure from the top pure copper layer, then the nickel interlayer, to the copper-zinc (Cu-
Zn) alloy substrate. The layer thickness of Cu2-Brass is only 2.8 um, which could explain why
Cu2-Brass still shows grinding curves on its surface morphology SEM image. Cu3-Brass, with
a thickness of 8.5 um, only exhibits a laminate structure produced with a layer-by-layer brush
plating process. This can be easily seen in Figure 4.3.8b and could match the featureless surface
morphology shown in Figure 4.3.2b. Cu4-Brass (Figure 4.3.8c) is composed of a laminate
structure and column crystal structure, which can also be seen on surface morphology. The
cauliflower structure also begins to appear on the Cu4-Brass surface. Figure 4.3.8d depicts the
cross-sectional view of Cu5-Brass, which has a thickness of 39.1 um. This abrupt increase in
layer thickness can also be observed in previous experiments, but it results in a reduction of
micro-hardness, which will be discussed later. Compared to Cu5-Brass, the layer thickness of
Cu6-Brass (Figure 4.3.8e) only slightly increases to 44.0 um. All in all, the pure Cu control
group layer thickness rises with an increase in brush plating voltages. The cauliflower structure
is column crystal shown at the cross-sectional view. At Figure 4.3.8f, the line scan of Cu4 shows
the elements constituent near the interlayer Ni, the red curve shows Cu percentage, green curve
shows Ni percentage and orange curve shows Zn percentage. There are three parts shown in the
SEM image of line scan which are indicated in red a, b and c. The coating area a is composed
of Cu and small constituents of Zn was detected, this might be because Zn transferred under
FeCls etchant. The area b is Ni interlayer and then the line scan shows nearly no element around

the gap. The brass substrate area ¢ shows Cu and Zn constituents on this area.
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Figure 4.3.8 Cross-sectional view for pure Cu control group to investigate how the voltage would
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4.3.8 Cross-sectional SEM Images of GO/Cu Composite Coating (0.2 g/L. GO)

The cross-sectional view of GO/Cu2-Brass, shown in Figure 4.3.9a, reveals only a nickel layer
approximately 2 pum thick and etched martensitic Cu-Zn (brass) crystals. From surface
morphology SEM image of GO/Cu2-Brass as shown in Figure 4.3.3a, it shows clear thin
grinding curves. From those two results, GO/Cu composite coating with 2 volts could only
produce layer much thinner than 1 um. As the limitation of layer thickness on some
characterisation techniques, some of the results would not include results from this sample

coating.

The layer thickness of GO/Cu composite coatings plated with 0.2 g/L shows an increasing trend
with higher brush plating voltages, although the rate of increase varies. As shown in Figure
4.3.9b, the layer thickness of GO/Cu3-Brass is 3.0 pm, which is thinner than its control group
(8.45 um). For GO/Cu4-Brass (Figure 4.3.9¢), the layer thickness is 19.4 pm, which is also
thinner than that of its Cu control group. Additionally, columnar crystalline structures begin to
appear under a brush plating voltage of 4 volts. These columnar structures exhibit a laminar
pattern, and graphene-like features can also be observed in these areas, which will be discussed

later.

The layer thickness increases significantly when the plating voltage is raised from 4 volts (19.4
um) to 5 volts (Figure 4.3.9d, 36.6 um), compared to the Cu control group. GO/Cu6-Brass
(Figure 4.3.9¢) further shows a slight increase in thickness to 41.3 um compared to Cu6-Brass.
Interestingly, the layer thickness of GO/Cu composite coatings is generally smaller than that of
the pure Cu control group, except for GO/Cu4-Brass, whose layer is thicker than Cu4-Brass.
The top of the columnar crystals exhibits an abrupt structure, corresponding to the inner features

of the cauliflower-like morphology observed in the cross-sectional view.
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Figure 4.3.10 Comparison of layer thickness for pure Cu control group and GO/Cu-Brass samples.

It 1s shown in Figure 4.3.10 that the layer thickness influence of GO addition within the Cu
based coating structure. Generally, it is notable that the growth of layer thickness would be
impeded by the graphene oxide addition. While the layer thickness of GO/Cu4-Brass is slightly
larger than that of Cu4-Brass. Under relatively low brush plating potential as 2 and 3 volts, the
limited current density was applied to the sample surface. The additional GO suspension into
the Cu plating solution could result in a significant reduction of growth in plating coating
structure under 2 and 3 volts. The influence of GO suspension shows relatively smaller

reduction under 5 and 6 volts.
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4.3.9 Cross-sectional View of GO/Cu4-5 Samples with 0.4, 0.6 and 0.8 g/L. GO

With increasing of GO concentrations, the GO/Cu4 sample coating thickness is gradually rising.
The layer thickness of GO/Cu4-Brass (Figure 4.3.9¢) is 19.2 um and GO/Cu4-0.4 is 21.6 um,
which is slightly higher than that of GO/Cu4-Brass. Layer thicknesses of GO/Cu4-0.6 (Figure
4.3.11¢c) and GO/Cu4-0.8 (Figure 4.3.11¢) are 20.7 um and 22.4 um respectively. The column
structure of those two samples is not as notable as those of GO/Cu4-Brass, which shows similar
trends as roughness results. There are still notable several laminate structures shown at Figure
4.3.11c and e. As acidic FeCls would not result in corrodes on Ni interlayer, the area without
corrosion is the Ni interlayer where the edge might corrode into crack. This could be caused by

cell reactions occurred at this line on the brass substrate side.

Figure 4.3.12 exhibits the layer thickness of GO/Cu4 and GO/Cu5 samples under 0.2, 0.4, 0.6
and 0.8 g/L of GO concentrations. It is interesting to note that the GO concentrations show
limited influence on the layer thickness for both GO/Cu4 samples. Although the GO/Cu4
samples illustrate fluctuation with uprising GO addition, the difference of the layer thickness is
around only 2 um. As for the GO/Cu5 samples, the layer thickness is notably decreased from
36.6 um to 28.9 pum, with the GO concentration of 0.2 g/L increase to 0.4 g/L. While the
differences in layer thickness are less than 2 um as the GO concentration increases gradually
from 0.4 g/L to 0.6 g/L and then to 0.8 g/L—measuring 28.9 pum, 27.8 um, and 27.4 um,
respectively—this indicates that higher GO concentrations beyond 0.4 g/L have a diminishing

effect on reducing the layer thickness of the GO/Cu5 samples.
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Figure 4.3.11 SEM images of cross-sectional view of GO/Cu4 and 5 samples deposited with 0.4, 0.6
and 0.8 g/L GO concentrations: (a) GO/Cu4-0.4; (b) GO/Cu5-0.4; (c) GO/Cu4-0.6; (d) GO/Cu5-0.6;
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Figure 4.3.12 Comparing the layer thickness with GO differential GO concentrations under 4 volts and
5 volts.

The influence of GO concentration shows opposite trend on the GO/Cu5 samples. With rising
on the GO concentration, the layer thickness decreased mildly. Similar situation also happened
when the brush plating voltage were increased over 5 or 6 volts, the layer thickness shows
decrease and voids and vacance increased. Compared with GO/Cu4-Brass sample (Figure

4.3.9¢), less abrupt structure is shown on the outmost surface area and the laminate structures

spread more uniformly.
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4.3.10 Microhardness Comparing with Sample with and without GO Addition

In Figure 4.3.13a, the orange vertical bars denote data to the pure copper control group, while
the blue vertical bars depict the GO/Cu composite material coating. The hardness of the brass
substrate is indicated by the grey vertical bars, which is registering at 143.5 HV.01. After the
deposition of a special nickel intermediate layer, the hardness increases to 386 HV.01. The pure
copper control group exhibits a nearly linear increase in hardness with the rising of electro-
brush plating voltage from 192.6 HV¢.01 for Cu3 to 281.0 HVo.01 for Cu6. However, Cu2 and
GO/Cu2-Brass showed no detectable hardness, so there shows no data of those two samples in
Figure 4.3.13a. Cu4 sample coating is of 222.0 HVo.01 in hardness and Cu5 is of 260 HVo.01.
Likewise, the GO/Cu composite coating, with 0.2 g/LL GO concentration, also demonstrates
general increase in hardness with rising voltage from 213.0 HV¢.01 for GO/Cu3-Brass to 306.0
HVoo1 for GO/Cu6-Brass. Whereas, in the case of the GO/Cu5-Brass sample, a notable
reduction in hardness is observed with only 212.3 HVy.01 which is comparable to the hardness
of GO/Cu3-Brass. Those Cu control groups are of relatively smaller standard error compared
with that of GO/Cu composite samples. This might be due to the GO addition causing the

increase in cauliflower structures.

To investigate the impact of graphene oxide (GO) concentration on hardness, the analysis
presented in Figure 4.3.13b was conducted. The gray vertical bars present the corresponding
pure copper control group of 4 volts (222 HVo.01) and 5 volts (260 HVy.01), the GO addition
makes the microhardness elevate slightly. As the relatively big errors and comparable hardness
results among different parameters, so that the bar chart includes all hardness results are
presented from two replicates. GO/Cu4-0.4-1 and 2 present relatively high microhardness
(276.1 and 280.4 HVo.01). GO/Cu5-0.4-1 and 2 depict higher microhardness compared to that

of GO/Cu4-0.4 samples, which are 291.0 and 294.3 HVy.01. After adding GO to 0.6g/L, the
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microhardness decreased to 270.2 and 272.5 HV0.01 for GO/Cu4-0.6 and 285.5 and 282.6
HVo.01 for GO/Cu5-0.6 samples. The hardness for GO/Cu4-0.8-1 and 2 slightly declined to
266.8 and 270.0 HV.01, compared with GO/Cu4-0.6 samples. As for GO/Cu5-0.8-1 and 2, the
hardness of them is increased compared to GO/Cu4-0.8 to 286.7 and 276.4 HV.01. Comparing
the hardness of samples with the same graphene oxide (GO) concentration, the overall trend
indicates that the hardness of the 4V sample is slightly lower than that of the 5V sample.
Although the addition of GO results in higher hardness compared to samples without GO, there

is a gradual decline in sample hardness as the GO concentration increases.
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4.3.11 Raman Spectroscopy to Reveal GO on Outmost Coating Region

At Figure 4.3.14a, the graph illustrates the GO featured D and G peaks finding on specific
locations on the GO/Cu sample surface. GO/Cu3-Brass exhibits D and G characteristic peaks,
like the GO/Cu4-Brass sample. Those two Raman spectra present less notable D and G peaks,
possibly due to limited exposure of GO to the air so it presents less signal captured by Raman
detector. To investigate individually, the Raman spectra are notable. The D and G peaks for
GO/Cu3 depict left shift (or blue shift), and the rest three spectra show similar D and G positions.
As mentioned at SEM images session, the cauliflower like structure was shown with the plating
voltage increasing to 4 volts. It is interesting to note that the intensity of D and G peaks can be
easily identified in the Raman spectra of GO/Cu5-Brass and GO/Cu6-Brass samples. Moreover,
2D and D+G peaks could also be depicted on the Raman spectra. To reveal the GO, function
within the composite coating, the Ip/lg ratio is important. As mentioned before, the Ip/Ig ratio
of GO power dissolved in the coating is tested as 0.79. Although the GO signal of GO/Cu3-
Brass and GO/Cu4-Brass samples is relatively lower than the other two, the Ip/Ig ratio of them
are 0.72 and 0.68 respectively. The Ip/Ig ratio is smaller than that of GO powder which might
present better electrical property and tribological property. While the GO/Cu5-Brass presents
0.85 in Ip/Ig ratio which is slightly higher than GO powder. As for GO/Cu6-Brass, it depicts
1.06 Ip/Ig ratio which presents higher D peaks. With the Raman spectra, the GO/Cu4-Brass
shows the best results which is only 0.68 and GO/Cu5-Brass also shows relatively great results.
So, Raman spectra are one of the reasons the 4 and 5 volts were chosen in the test and further

GO concentration parameter was discovered with those two volts.
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Figure 4.3.14 Raman spectroscopy for GO/Cu composite coating on Brass substrate deposited with
different GO concentrations: (a) 0.2 g/L. GO concentration and (b) 0.4 g/L GO concentration.
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Figure 4.3.14b illustrates the Raman spectra of GO/Cu samples under 0.4 g/L of GO
concentration with 4 and 5 volts of plating voltages. The Raman intensity could represent how
the GO would influence the tribology results, as it presents the influence of GO on the surface
region with limited penetration of laser resource of Raman. The intensity of GO/Cu4-0.4 D and
G peaks is notably higher than that of GO/Cu5-0.4. Moreover, the 2D and D+G peaks could
also be found at spectra of GO/Cu4-0.4. Hence, the tribological presentation of GO/Cu4-0.4
might be greater than that of GO/Cu5-0.4. Whereas the Ip/lg ratio of them depicts opposite
performance, the Ip/lg ratio of GO/Cu4-0.4 and GO/Cu5-0.4 are 1.16 and 0.87 respectively.
The Ip/Ic ratio of GO/Cu4-0.2 is only 0.68, the tribological performance would be discussed in

later session.

4.3.12 X-ray Diffraction (XRD) Comparisons on Different Coatings

In Figure 4.3.15a, the pure copper control group consisting of Cu2 to Cu6 exhibits distinct
patterns under identical scanning conditions. With different voltages, pure Cu control group
coatings exhibit no position changes which could represent no lattice change along with the
voltage difference. It is interesting to note that the XRD patterns of Cu2 exhibits relatively
higher intensity Cuo.64Zno36 peaks (shown with red lines) along with relatively lower intensity
Cu peaks (shown with red dashed lines). The intensity of Cuo.64Zno 36 1s declined with rising of
brush plating voltages comprising 2, 3 and 4 volts. Cu (111) Cu (200) and (222) are the three
Cu peaks could be found on Cu2 sample. As mentioned before, the layer thickness of CuS and
Cub6 is 39.1 um and 41.0 um respectively, only pure Cu peaks could be found on its XRD and
the Cu (111), Cu (200), Cu (220), Cu (311) and Cu (222) is denoted on the Figure 4.3.15a.
Among those pure Cu XRD patterns, the peaks of brass (or Cug.c4Zno36), Nickel (Ni) and pure
copper (Cu) are denoted with their directions. In Cu2, Cu3, and Cu4 sample coatings,

Cuo.6sZno3s can be found and denoted on different positions at (111), (222), and (200).
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Additionally, the interlayer Ni also could be detected and denoted as Niso (111) and Niso (022)
on Cu2 to Cu4 sample surfaces. As mentioned before at SEM images of CS view for Cu4, the
average thickness of Cu4 is 13.3 um. As Cuo.4Zno 36 1s substrate beneath pure copper, so that

X-ray could be penetrated over 13.3 um for those Cu plated coatings.

As mentioned at Experimental part, using the Scherrer’s equation, the crystalline size from the
perpendicular direction of surface coating could be calculated out. Using the f (or FWHM)
from Cu peaks exhibited on the patterns, the crystalline size of Cu in average were calculated
with their standard errors. It is interesting to note that the calculated crystalline size of Cu in
Cu3 is only 15 nm with 2 nm of standard error. And the crystalline size of Cu4, Cu5 and Cu6

exhibit gradual rising which are 17+1 nm, 1942 nm and 21+2 nm, respectively. This is closely

related to the increase of plating voltages.
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Figure 4.3.15 XRD patterns from coating surface of (a) Cu control group and (b) GO/Cu-Brass
materials.

117



Figure 4.3.15b exhibits the XRD patterns of GO/Cu samples on brass substrate with 0.2 g/L of
GO concentrations. To compare with Cu control group, the Cuo.64Zno.36 peaks (shown with red
lines) and Ni peaks only depict on the GO/Cu2-Brass and GO/Cu3-Brass which denoted as Ni4.o
(111) and Ni40 (022). There only shows Cu peaks (shown with red dashed lines) on the GO/Cu4-
Brass, GO/Cu5-Brass and GO/Cu6-Brass. The layer thickness of GO/Cu4-Brass is 19.2 um, so
that it is possible that the XRD from perpendicular angle could be penetrate through 13.3 um
of Cu coating but 19.2 pm of GO/Cu composite coating. The brush plating voltages also show
no influence in the XRD peak positions for GO/Cu composite coating materials. As for the
crystallite size calculation from perpendicular direction of coating surface, the GO/Cu3-Brass

shows the smallest crystallite size which is only 10+3 nm. Whereas crystallite size of GO/Cu3-

Brass is slightly larger than that of Cu3’s. For GO/Cu4-Brass, GO/Cu5-Brass and GO/Cu6-
Brass samples, the crystallite size of them exhibits comparable calculation results which are 14

+1 nm, 16+1 nm and 15+ 1 nm, respectively.
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Figure 4.3.16 Detailed XRD patterns of GO/Cu samples at lower positions.

The Figure 4.3.16 illustrates the XRD patterns of GO/Cu samples with 40-45 in 2 theta position.
As mentioned before, the XRD analysis enclosed the presence of Cuo.¢4Zno.s6 (111) and Ni (111)
on the GO/Cu2-Brass and GO/Cu3-Brass samples. While the remaining samples only exhibit
the Cu (111) peak within the previous state range. Notably, the Cu (111) peak from GO/Cu2-
Brass sample demonstrate relatively broader width among those samples shown in the Figure
4.3.16. The Cu (111) peak of GO/Cu3-Brass depicts narrower comparing with that of GO/Cu2-
Brass. It is interesting to note that the Cu (111) peaks in the GO/Cu4-Brass, GO/Cu5-Brass and
GO/Cub specimens are almost coincide, demonstrating weaker and narrower peaks than the

other two specimens.
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Figure 4.3.17 GDOES results of carbon concentrations for samples deposited with different GO
additions: (a) 0.2 g/L; (b) 0.4 g/L; (c) 0.6 g/L and (d) 0.8 g/L.

4.3.13 GDOES Results of Carbon Concentration

Figure 4.3.17a exhibits the comparison of the carbon (C) weight concentrations under different
brush plating voltages with 0.2 g/l of GO concentrations. There is no carbon component
contained in the brass substrate, so that the depth of carbon content could represent the depth
of GO/Cu coating with 0.2 g/L of GO concentrations. The depth or layer thickness is uprising
with increase of brush plating voltages which depicts similar the layer thickness increasing

trend shown in SEM images result at 4.3.6. The depth of GO/Cu2-Brass sample is only less
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than 2 um and the mass concentration could be better not to use in this circumstance, as there
are few microns of not applicable data on GDOES result. It only depicts around 1% of carbon
constituents in the GO/Cu3-Brass coating, but the existence of carbon is continuous in its
coating structure. It is interesting to note that the carbon composition of GO/Cu4-Brass is
slightly higher than other samples which is around 9%. The carbon composition of GO/CuS5-
Brass is slightly lower than that of GO/Cu6-Brass which are approximately 5% and 7%

respectively.

Figure 4.3.17b-d shows carbon composition profile contained within GO/Cu4 and 5 sample
coatings with comprising 0.4 g/L to 0.8 g/L of GO concentrations. Similar to GO/Cu4-Brass
and GO/Cu5-Brass (shown in Figure 4.3.17b), the GO/Cu5-0.4 exhibits slightly lower C
content than that of GO/Cu4-0.4, with respective values at around 8% and 12%. On the same
time, the carbon mass concentration profile of GO/Cu4-0.4 is relatively fluctuated, compared
with that of GO/Cu5-0.4. With 0.6 g/L of GO solution (shown at Figure 4.3.17c¢), the carbon
composition of samples plated under 4 volts is generally larger than that of samples plated under
5 volts which are 11% and 8% respectively. As for GO/Cu4-0.8 and GO/Cu5-0.8, their carbon

concentrations of them are approximately the same, at around 8%.
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4.4 Tribological Properties

4.4.1 Tribological Comparison of Pure Cu and GO/Cu-Brass Samples

4.4.1.1 The Friction Coefficient for Pure Cu and GO/Cu-Brass Coatings

As depicted in Figure 4.4.1a and b, the friction coefficient (COF) changes with tribo-test cycles
are depicted for Cu control group and grinded brass under ambient atmospheric conditions
using a dry sliding mode. For Cu4, 5 and 6 samples, with increasing of sliding cycles, the
friction coefticient increased from around 0.1 to a relatively stable platform. In the initial around
100 cycles (Figure 4.4.1a), Cu6 shows the fastest COF increasing which is comparable to
grinded brass and stabled on the relatively highest platform. The increase speed of Cu4 and Cu5
is similar to each other, while the Cu6 shows faster increasing, at the initial 100 cycles. Brass
exhibits abrupt increase and then stabilises at a COF approximately 0.28 for the rest of the test
cycles. As shown in Figure 4.4.1c and d, the COF of non-plated brass material is 0.28 which is
smaller than the plated samples probably due to the increased roughness of the Cu and GO/Cu
brush plated surfaces (Figure 4.3.7a). The Cu brush plating samples exhibits different
behaviours. And the COF of those pure Cu plating samples climbed to relatively stable levels
ranging from 0.4 to 0.6 within the 2000 cycles (Figure 4.4.1b). It is relatively clear that the COF

of Cu samples gradually increased with the increasing of brush plating voltage from 4 to 6 volts.
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Figure 4.4.1 (a-b) Friction coefficient curves comparing among grinded brass and pure Cu control
group: (a) within initial 100 cycles and (b) 2000 cycles.
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Figure 4.1.1 (continued) Friction coefficient curves comparing within: (c) 100 cycles and (d) 2000
cycles for grinded brass and GO/Cu-Brass samples.
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As limited coating thickness of GO/Cu2 and 3-Brass as mentioned before, the tribology tests
were carried on GO/Cu4-Brass, GO/Cu5-Brass and GO/Cu6-Brass coated surfaces (exhibited
at Figure 4.4.1c and d). Comparing to the GO/Cu samples, the increase of friction coefficient
(COF) of grinded brass is relatively greater, at the initial around 100 cycles (Figure 4.4.1c).
Whereas the COF of GO/Cu samples gradually stabled at a higher COF range than that of the
grinded brass. The addition of graphene oxide (GO) changed the relationship between the
friction coefficient and the brush plating voltage, which is different from the trend indicated in
the pure Cu control group. As mentioned before, the COF of pure Cu control group exhibits an
uprising trend with increasing of the brush plating voltage (Figure 4.4.1b). If the GO/Cu
composite coating samples demonstrate similar trend of Cu control group, the GO/Cu4 might
show the lowest COF. However, GO/Cu4-Brass presents the highest COF (Figure 4.4.1d)
among the GO/Cu composite coating samples with 0.2 g/L of GO concentration, which is
approximately 0.6. It is interesting to note that the COF for GO/Cu5 and GO/Cu6 were
comparable to each other and lower than that of GO/Cu4. And the GO/Cu5 shows slightly lower
average COF than that of GO/Cu6. The GO/Cu5 might be the optimised voltage in GO/Cu

composite coating.
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Figure 4.4.2 The influence of GO addition on the friction coefficient: (a) plated under 4 volts; (b)
plated under 5 volts; (c¢) plated under 6 volts and (d) summarised friction coefficient results.

At Figure 4.4.2a to c, it presents the comparison of friction coefficient (COF) among the pure
Cu coating and GO/Cu composite coating where the black curves represent the COF of pure
Cu and red curves represent that of GO/Cu composite coating samples. The COF of GO/Cu4 is
higher than that of Cu4 (Figure 4.4.2a), this might be due to the increase of surface roughness
after GO addition. The COF of GO/CuS5 is smaller than that of Cu5 (Figure 4.4.2b). Similarly,
the COF of GO/Cu6 is smaller than that of Cu6 (Figure 4.4.2¢). As exhibited at Figure 4.4.2d,
the bar chart shows the average COF analysed results. The blue bars depict the Cu coating COF
results, and the yellow bars depict the GO/Cu composite coating COF results. The COF of

GO/Cu4 is the highest among those Cu and GO/Cu samples which is 0.59. It is significant to
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note that the COF of GO/Cu5 (0.45) and GO/Cu6 (0.55) is lower than the corresponding Cu5
(0.50) and Cu6 (0.55) respectively even if the surface of the GO/Cu5 and GO/Cu6 is rougher
than Cu5 and Cu6 counterparts. Therefore, it can be deduced that the addition of GO can

effectively reduce the COF of Cu.

4.4.1.2 The Wear of Cu and GO/Cu Coating Samples

As report at section 4.4.1, although the friction coefficient of brass is the smallest, its wear is
significantly larger than Cu or GO/Cu coated samples (Figure 4.4.3a). As Cu nano-particles are
able to be used as anti-friction particles, it is possible that the Cu particles produced by wearing
test on the brass reduced the friction by consuming itself [16,250,251]. At Figure 4.4.3b to c,
the black curves exhibit the 2D worn tracks of Cu4, Cu5 and Cu6, and the GO/Cu4 to 5 2D
worn tracks are shown with red curves. As shown in Figure 4.4.3b, the Cu4 wear track shows
clear and relatively deep galling tracks comparing with GO/Cu4’s. As for GO/Cu5 and Cu5
(Figure 4.4.3¢), the 2D wear tracks are comparable while the galling curves of Cu5 is relatively
more notable than GO enhanced GO/CuS5. The comparison of the wear track profiles of Cu6
and GO/Cu6 in Figure 4.4.3d shows the influence of GO. The wear area of Cu6 is higher than
that on GO/Cu6. Moreover, it shows deep galling on the 2D worn track scanning of Cu6 which
is with the similar to that of entire worn track of Cu6. In contrast, there is no such galling on
GO/Cub6 composite coating. With adding of GO, the galling on the worn track was successfully

prevented.
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Figure 4.4.3 (a) 2D scan comparison of worn track on brass, Cu control group and GO/Cu sample
under 0.2 g/L of GO; comparing of Cu coating and GO/Cu coating samples: (b) Cu4 and GO/Cu4-
Brass; (¢) Cu5 and GO/Cu5-Brass and (d) Cu6 and GO/Cu6-Brass.

To quantify the wear volume, Figure 4.4.4 was carried out to exhibit the numeric results of wear
volume in the bar chart. In this graph, the wear volume of the pure Cu control group is
represented by orange bars as for GO/Cu samples are by blue bars. The wear volume of brass
is 712.10 x 10* mm?® which is larger by two orders of magnitude than other samples with Cu
based coatings. As compared with the pure Cu control group, all the three GO containing
samples showed reduced wear. The wear volume of GO/Cu6 (4.21 x10™* mm?) is slightly bigger
than that of GO/Cu4 (3.20 x10™* mm?). And the GO/Cu5 has the smallest wear volume which

is only 2.30 x10* mm>. Among the GO/Cu coated samples, the 5V plated samples showed the
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smallest wear volume and the relatively low COF. Therefore, 5V is the optimal voltage for the

improvement of tribological performance under 0.2 g/L of GO concentration.
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Figure 4.4.4 The comparison of wear volume among brass, pure Cu control group and GO/Cu
composite coatings.
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4.4.1.3 SEM and Elements Analysis of Wear Tracks of Cu and GO/Cu Coatings

The SEM images of wear tracks for Cu5-Brass and GO/Cu5-Brass samples were obtained under
100 magnifications, as exhibited in Figure 4.4.5a and b. Cu5-Brass and GO/Cu5 were dry-
sliding under 5N load with 2000 cycles using 316 stainless steel as the counter ball. The wear
track of Cu5-Brass shows a relatively obvious wear track with a certain width compared to that
of GO/Cu5-Brass. In addition, the worn debris of Cu5-Brass is more than that on the wear track
of GO/Cu5-Brass. Post tribo-test, a painting brush was used to remove the debris of Cu5-Brass
as the sample surface produced a relatively large amount of debris. However, it was found that
and the debris near the wear track is compacted onto the samples surface which could not be
brushed out post-test with the painting brush, on the total view of wear track (Figure 4.4.5a).
Moreover, there are two notable spots in the middle of the Cu5-Brass wear track that indicate
adhesive wear on the pure Cu control group. While there is no obvious adhesive wear and
relatively less notable abrasive grooves on the GO/Cu5-Brass, this might be due to the addition
of GO, which reduced the adhesive strength and, as a solid lubricant, also reduced the formation

of debris.

Figure 4.4.5¢ shows the worn 316 stainless steel counter ball of Cu5-Brass and its closer view
of the colour-chemical image (Figure 4.4.5d) indicate the distribution of copper (Cu), iron (Fe),
chromium (Cr) and nickel (Ni). There are abrasive grooves in the middle of the worn counter
ball and the debris is exhibited at the edge of the counter ball, shown in Figure 4.4.3c. On the
debris of Cu5-Brass counterpart, it even shows some grooves on the debris, which might
indicate that the debris was compressed and participated in the wear test during the 2000 cycles.
Moreover, there shows some particles, pointed out by green arrow line, with certain size on the
worn counter ball. At the colour-chemical result of Cu5-Brass (shown in Figure 4.4.5d), the

main worn body of counter ball is significantly consisted of Fe along with some Cu was sticked
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on its surface. Besides, one of the particles mentioned previously is Cu particle which is denoted
by yellow arrow. The green coloured spots denoted by green arrows between the abrasive
grooves (Figure 4.4.5d) and debris indicates the existence of oxides. This could be caused by
the oxidation wear occurred during the wear test process and it would be discussed later at worn
surface Raman results. It is interesting to note that as harder material compared to Cu coating,
the Cu was transferred to the stainless-steel counter ball, as shown in Figure 4.4.5d. Hence, it
is possible that Cu was worn under abrasive and adhesive wear as relatively soft tribological
test plane, and certain Cu debris was produced, incorporated into the wear process, and stuck

onto the counter ball.
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Figure 4.4.5 Comparison of SEM and colour-chemical results for wear track and wear counter ball on
GO/Cu5 and Cu5: (a) CuS-Brass wear track; (b) GO/Cu5-Brass wear track; (¢) Cu5-Brass wear
counterpart; (d) colour-chemical image of Cu5-Brass counter ball; (¢) GO/Cu5-Brass wear counter
ball to reveal the carbon component; (f) colour-chemical image of GO/Cu5-Brass counter ball.

132



Figure 4.4.5¢ exhibits the colour-chemical image on the worn counterpart of GO/Cu5-Brass,
showing the SEM image along with carbon contribution (shown in red colour denoted by purple
arrows) on this area. As demonstrated at Figure 4.4.5f, the carbon rich areas or GO transferred
example areas were pointed out by purple arrows. The GO found on the debris is quite
reasonable as GO as light matters could be easily transported to the two edges of the worn track
on both counter ball and wear track. The remaining GO on the abrasive grooves could be one
piece of evidence to reveal the GO performed as solid lubricant during the wear test of GO/Cu
composite samples. To compare with the worn counter ball of Cu5-Brass, the surface is not
showing as large particles as found on Cu5-Brass counter ball. The addition of GO within the
coating might be reduced the formation of Cu based debris, on both numeric and particle size.
The debris on worn counter ball of GO/Cu5-Brass shows relatively looser structure and abrasive
grooves could not be seen, compared with that of Cu5-Brass. Full elements colour-chemical
scan of on the red rectangular area of Figure 4.4.5¢ for GO/Cu5-Brass sample is exhibited at
Figure 4.4.5d. Similarly, there also are Fe with abrasive grooves in blue and Cu debris along
with Cu transferred at the middle of worn counter ball, as the worn counter ball of Cu5-Brass.
The presence of GO, marked in red, was clearly observed on the worn surface of the GO/Cu5-

Brass counter ball, in contrast to its absence or minimal presence on the Cu5-Brass counter ball.

The wear tracks of CuS-Brass are exhibited at Figure 4.4.6a and b showing the general view
and detailed view of the wear track. There is vast debris surrounding the wear tack of CuS5-
Brass (Figure 4.4.6a), the width of the debris area is almost the same as the width of wear track
itself. Moreover, there is severe adhesive wear shown on this side of the wear track of relatively
large in size which is one third of the width for the wear track and over 500 um of length. In
addition to the adhsive wear found at Figure 4.4.5a, adhesive wear is severer than that on

GO/Cu5-Brass. Under higher magnification (shown in Figure 4.4.6b), more wear mechanisms
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could be revealed. There are areas of galling exhbited on both the uppper side and the bottom
side of the image. In the meantime, the area of plastic deformation is indicated at the upper side.
It is interesting that there is an area at the middle region of this image, there are plenty of cracks
mostly perpendicular to the sliding direction. They are most likely to be fatigue cracks caused
by the cyclic work of 2000 cycles of wear test. To conclude, the pure Cu coating without GO

as lubricant presents relatively severe gallings occurred.

As shown in the Figure 4.4.6c, one of the two sides of the wear track for GO/Cu5-Brass is
shown in this image which exhibits the wear and debris at the left hand side along with the
unworn coating surface at the right hand side. The orange coloured region represents the Cu
element rich region and the yellow coloured region is for oxygen (O) rich region, as for the blue
region is for the C rich region. Might due to relatively low magnification and finite size of GO,
there is not notable blue region that could be seen on the Figure 4.4.6c. The right hand side of
this image is the unworn surface region which is in orange colour shows relatively greater Cu
compositions. And the left hand side is of yellow colour, these is one piece of eveidence shows
oxidant wear occurred during this 2000 cycles of wear test. In addition, there still are abrasive
grooves depicted on the debris and also relatively loose strucuture of wear debris. Those debris
is compressed by the cyclic wear of 316 stainless steel counter ball, and take part in the wear

Pprocess.

134



-
-

SEI X50 WD 9.9mm  100pm

t —— -.T.
Plastic
deformation

Galling

Fatigue
cracks

Figure 4.4.6 (a-b) SEM images of worn track of Cu5-Brass plated coating under 316 stainless steel
counter ball in air under 5N load.
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Figure 4.4.6 (continued) (c-f) Colour-chemical images for the GO/Cu5-Brass sliding against 316
stainless steel counter ball under 5N loads: (c) general view on wear track edge, (d) site 1, (e) site 2
and (f) site 3.

At Site 1 in wear track of GO/Cu5-Brass (Shown in Figure 4.4.6d), this image shows some
representative mechanism influenced the wear process within the wear track region. The carbon
distribution could be seen with red colour using colour-chemical function. It is not quite easy
to notice that there are several parallel abrasive grooves at the sliding direction in this image.
Delamination on the worn surface could be noticed, which might be developed to adhesive wear
if the wear test was continued. The Cu transferred to its counter ball could be expained as the
delamination process and other relatively smaller adhesive wear occurred on GO/Cu5-Brass
than that on the worn Cu5-Brass. It could be noted that finite cracks initiate and slightly
propagate perpendicular to the sliding direction under 12,000 of magnification. With cyclic

wear test under certain loads, fatigue cracks could grow along perpendicular direction to the
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sliding direction [252]. The initiate of this finite crack could due to the delamination process
produced several “notches” on the wear interface, then finite crack initiate through the edge of

delamination [253,254].

Worn GO area could be note at Figure 4.4.6d as red coloured spots, there are two relatively
representative spots denoted as “Worn GO 17 and “Worn GO 2”. The “Worn GO 1” spot is near
to end of the finite crack as mentioned above, which is possibly stopped the propagating of the
crack, at the perpandicular direction. This is an area accumulated several GO spots, this could
be caused by accumulated of Cu fine particles accumulation in this area. As shown in the Figure
4.4.6¢, this is Site 2 area accumulated with Cu fine particles and GO exhibited with red colour.
The “Worn GO 2” spot shows the GO (red coloured) on the abrasive grooves, where GO could
significantly reduce the wear and friction coeffient. The carbon scan on Figure 4.4.6f (site 3)
presents the carbon found (red in colour) at the abrasive groove region on worn counter ball of
GO/Cu5-Brass which is the carbon could be involved in the wear test as solid lubricant. This
image provides relatively detailed view on GO on the abrasive grooves compared with Figure
4.4.6d. Some of the particles are covered with red colour and some of the particles are not.
Those particles exhibit as red colour indicated the GO rich region and those GO would reduce
deep galling as discussed at last session. As the GO concentration in the brush plating solution
increases, it is possible that the red-colored particles, or GO, will also increase. Consequently,
the tribological properties may improve compared to the GO/Cu composite coating with a 0.2

g/L GO concentration [255].
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Figure 4.4.7 SEM images and EDX mapping results on worn surface of GO/Cu5-Brass sample.

Although GO could be seen under colour-chemical SEM images, there is not more effective
proof that could directly show the GO after wear test. As shown in previous images, GO could
be found combined relatively well within the cauliflower like structure. Hence, the GO-like
structure found at the Figure 4.4.7a is of highly possibility that is caused by wear process. This
image was taken at the relatively loose debris region. Around the GO-like area, there are many
particle debris and flake debris. Those particles are relatively small which is around 2 to 3 um
in diameter and those flakes could possibly be worn GO flakes from the worn track. At Figure
4.4.7b, the area of GO-like structure shown lower Cu composition which shape could roughly
match the edge of GO-like structure. Although it would not be accurate if quantify light

elements like C and O, clear region of C rich and O rich region reveal the GO-like structure is
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consisted of C and O. In this way, this GO-like structure is GO flake found at debris region

This is another proof to the GO operating as solid lubricant in the wear test process.
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Figure 4.4.8 EDX results in 3D bar chart for the on the wear track of Cu and GO/Cu5: (a) Cu5-wear
track; (b) Cu5-EDX; (c) GO/CuS-wear track and (d) GO/Cu5-EDX.

Figure 4.4.8 demonstrates the EDX quantitative results on worn surface of Cu5 and GO/Cu5
coatings on certain areas with their 3D bar chart. At Figure 4.4.8a, the Spectra 2 and 4 are on
the place of adhesive wear as for Spectrum 3 is located on the abrasive wear area. The 3D
quantified Energy Dispersive X-ray Spectroscopy (EDX) of Cu5-Brass and GO/Cu5-Brass are

shown respectively at Figure 4.4.8b and d. The horizontal axis represents the three different
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spectra, while the vertical axis lists the elements detected, which are iron (Fe), oxygen (O),
carbon (C), and copper (Cu). As for the depth axis show the composition in atomic percentage
with numbers shown on top. At Spectra 2-4 (shown in Figure 4.4.8b), the carbon composition
is of 7.58 at%, 5.18 at% and 12.62 at%, respectively. As shown in Figure 4.4.6¢c, the wear track
region is of relatively high O composition. The oxygen composition is also necessary to
investigate the oxides production after wear test. There are 17.43 at%, 19.48 at% and 11.82 at%
of O composition for Spectra 2-4 of worn Cu5-Brass. As the counter ball is stainless steel, so
Fe composition is to determine whether Fe could be transferred on to wear track or not. Only

finite percentage of Fe was detected on the Cu5-Brass which is less than 0.3 at%.

As shown in Figure 4.4.8c, this is the image shows the general view of GO/Cu5-Brass wear
track. Although there seems to be galling area, it is relatively smaller than that on Cu5-Brass
shown before. Spectrum 1 is located around the middle of the wear track of Go/Cu5-Brass,
Spectrum 2 is on the unworn surface and Spectrum 3 is on the wear debris area at one side of
the wear track. The carbon composition of worn Cu5-Brass is utilised to compare with the
carbon composition of worn GO/Cu5-Brass at Figure 4.4.8d, so that the carbon composition is
influenced by GO addition could be noticed. It is interesting that the carbon compositions on
those Spectra 1-3 of worn GO/Cu5-Brass are 11.87 at%, 25.77 at% and 27.78 at% which could
be noticed these are generally larger than that of worn Cu5-Brass. Increasing on carbon
composition indicates that the GO is performed a role in the wear test on GO/Cu composite
coatings. As for the oxygen composition, the Spectrum 1 exhibits the highest composition
compared with the other two spectra which is 14.09 at%. There are only 3.00 at% and 4.99 at%
of 0% for Spectra 2 and 3 which are the on unworn and debris. Hence, there is oxidative wear
occurred on the wear tracks of GO/Cu5-Brass and Cu5-Brass. Spectrum 1 on worn GO/CuS5-

Brass (middle row on x axis) exhibits the lowest carbon composition with 11.87 at%. It is
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possible as the abrasive wear along the sliding direction might sweep away the particles
contains GO, and remaining GO might be too small to be detected under relatively low
magnification. To conclude, the GO addition might reduce the oxidative wear, and it was

performed as solid lubricant during wear test.

Under optical images, Cu oxidation could be directly noticed by the colour changes on wear
tracks. Two nearby sites of worn GO/Cu5-Brass are taken both optical images and Raman
spectra. The Cu5-p1(shown in Figure 4.4.9a) was taken at relatively middle of the wear track,
it could be noted that the significant part of the site is with green colour under the yellow bulb
placed in the Raman chamber. Those green coloured area might indicate the existence of Cu
oxides this would be discussed by Raman spectroscopy results. As for the area in black colour,
it could be caused by two possible reasons. Firstly, the Copper (II) oxide (or CuO) is of black
colour. Secondly, the cracks or galling could also present in this colour. The CuO could be
discovered by Raman spectroscopy, cracks would be clearer under SEM as discussed before.
At the edge of worn surface for Cu5-p2 (Figure 4.4.9b), it presents much brighter yellow colour
compared to the area in the middle and the green area could also be seen. Galling occurred at
the edge of green coloured area, as the original bright yellow colour of Cu is revealed after
galling. In between the green zone and unworn surface, the abrasive groove on this area is in
relatively darker colour than the fresh galling area. This might be because the Cu (I) oxide (or

Cu20) is in red colour which makes the bright yellow turn darker.
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Figure 4.4.9 Raman spectroscopy of worn tracks of Cu5-Brass and GO/Cu5-Brass and their optical
images: (a) Cu5-p1, (b) Cu5-p2, (¢) GO/Cu5-pl and (d) Raman spectroscopy of pointed out position.

The GO/Cu5-p1 is at the middle of the worn GO/Cu5-Brass (shown in Figure 4.4.9¢), it depicts
abrasive groove over yellow colour and some areas of black colour. Those areas could be
resulted by cupric oxides or GO flakes. Compared to Cu5-p1 and 2, GO/Cu5-p1 is of less colour
which could indicate less Cu oxides on the GO/Cu worn coatings and less severe the oxidation
reaction occurred. The answer to this question shown in the Raman shift result seen in Figure
4.4.9d. The red dots, shown in Figure 4.4.9a-c, are the area taken the Raman tests. The black
curve and red curve are the Raman spectra on green area and yellow area on worn Cu5-Brass.
According to other research, the Raman peak at around 273.5 cm-1 could be denoted as featured
peak for cupric oxide (CuO), which is oxidised severer than cuprous oxide (CuxO) [256]. And

Raman peaks around 529.9 and 638.4 cm-1 could be indicated as Cu20. Hence, the green
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coloured area on Cu5-p1 (black curve) has not only CuO but also Cu,0, and darker yellow area
on Cu5-p2 only shows Cu,O although is of the highest intensity. It is significant to note that the
intensity of Cu oxide Raman spectra is the smallest for the GO/Cu5-p1, comparing with the
Cu5-p1 and Cu5-p2. The GO addition is of high possible that has weakened the oxidative wear.
Besides, it only shows the Cu,O featured peaks. All in all, the GO/Cu5-Brass presents less
intensity in Cu oxide and Cu only oxidised to CuxO, as for Cu5 samples, the intensity of Cu

oxides is relatively greater and both CuO and Cu20 could be found on its surface.

4.4.2 Comparison of the GO/Cu Samples under Different GO Concentrations

4.4.2.1 Friction Coefficient of GO/Cu Samples with Different GO concentrations

The COF influenced by GO concentrations under 4 and 5 volts is demonstrated at Figure
4.4.10a and b. At those two graphs, the black curves represent the 0.2g/L of GO/Cu4 and 5, the
0.4 g/L, 0.6 g/L and 0.8 g/L are utilised the red, blue, and purple colours, respectively. Under 4
volts of brush plating, the COF changes with GO concentrations is shown in Figure 4.4.10a.
Those COF curves of GO/Cu4 series samples are initiate from 0.1 and increased with different
speed then stabled at certain area. The increase of COF for GO/Cu4-0.8 is the fastest comparing
to other GO concentrations, at the first approximately 200 cycles. The next fastest is the
GO/Cu4-Brass sample with 0.2 g/L. of GO, while the slowest two are the GO/Cu4-0.4 and
GO/Cu4-0.6 samples, which exhibit a similar rate of increase. With rising of GO concentrations
from 0.2 g/L, the COF values of GO/Cu4-0.4 to 0.8 are significantly reduced to around 0.25.
The COF values of GO/Cu4-0.4, GO/Cu4-0.6 and GO/Cu4-0.8 are stabled at comparable

locations comparing with each other.

As for COF of GO/CuS5 series coatings (Figure 4.4.10b), the influence of different GO additions

is of different COF performance. Those COF are also grown from 0.1 then to stable platform.
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The COF growth during the first 200 cycles for GO/Cu5-Brass, GO/Cu5-0.6, and GO/Cu5-0.8
is comparable, whereas the COF growth for GO/Cu5-0.4 is noticeably smaller. Similar to
GO/Cu4-Brass, GO/Cu5-Brass shows the highest COF compared to samples with other GO
concentrations. It is interesting to note that the GO/Cu5-0.4 possessed the smallest COF. The
friction performance of GO/Cu5-0.4 is relatively better than other concentrations under 5 volts
of brush plating. The COF of GO/Cu-0.8 is slightly greater than that of GO/Cu5-0.4, and the
COF of GO/Cu-0.6 is greater than that of GO/Cu5-0.8. As the Micro-hardness of GO/Cu4 and
GO/Cu5 samples of different GO concentrations is comparable to each other, the GO

performance during friction coefficient tests might be the main reason for those samples.

Figure 4.4.10c depicts the numeric friction coefficient of GO/Cu4 and GO/Cu5 under different
GO concentrations respectively with blue and orange colour of bars. The COF of GO/Cu5-
Brass (0.2 g/L GO) is 0.47 which is larger than those with higher GO concentrations, as shown
in Figure 4.4.10c. Although the COF of GO/Cu5-0.6 is 0.39, which is higher than the values for
0.4 g/L and 0.8 g/L GO concentrations (0.26 and 0.31, respectively), it is significantly lower
than that of GO/Cu5-Brass. The COF of GO/Cu4-Brass is 0.59 which is the largest COF in
GO/Cu4 series of samples. The other GO/Cu4 samples with 0.4 g/L, 0.6 g/L and 0.8 g/L of GO

concentrations are of COF at 0.26, 0.29 and 0.28, respectively.
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Figure 4.4.10 The friction coefficient comparing among the GO/Cu4 and GO/Cu5 samples deposited
with different GO concentrations including 0.2, 0.4, 0.6 and 0.8 g/L: (a) GO/Cu4 samples and (b)
GO/Cu5 samples under different GO concentrations; (¢) COF for GO/Cu4 and 5 samples.
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4.4.2.2 The Wear of GO/Cu Samples with Diverse GO Concentrations

The GO/Cu samples brush plating under 4 volts is illustrated in the Figure 4.4.11a showing the
2D wear tracks. GO/Cu4-0.2 and 0.4 illustrate comparable wear at their 2D scans. Although the
friction of GO/Cu4-0.4 is notably reduced (Figure 4.4.10a), the wear did not improve
significantly. It is interesting to note an abrupt feature on one side of the 2D wear scar, indicating
debris from the worn GO/Cu4-0.6 surface, which may contain GO and contribute to improved
frictional properties. The GO/Cu5-0.8 demonstrates relatively higher debris height than the
others wear debris, this might be due to the debris produced by the wear process is more likely
to accumulated at the sides rather than involved in the wear test. As the wear track scan of
GO/Cu5-0.8 shown a sharp galling track compared to GO/Cu4-0.4 samples (Figure 4.4.11c),
this area might be the start area for wear afterwards. GO/Cu4-0.6 demonstrates the deepest wear
scar at this 2D scan, besides the COF of it is also slightly higher than samples of 0.4 and 0.8
g/L GO concentrations. As mentioned before, the COF of GO/Cu4 samples is relatively similar,
then the wear tracks discussed before are also of comparable wear scars shown in cross-

sectional scan.
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Figure 4.4.11 Comparison of 2D wear scar scans for (a) GO/Cu4 and (b) GO/Cu5 samples deposited
with 0.2-0.8 g/L of GO concentrations using profilometer along with (c¢) comparing GO/Cu4-0.4 and
0.8.
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For GO/Cu5 samples with different GO concentrations, their 2D wear scars scans are presented
in the Figure 4.4.11b. It is interesting that the 2D wear scar of GO/Cu5-0.6 is notably wider and
deeper than the others. Moreover, galling-like structures caused by adhesive wear can be
observed, which might be attributed to the relatively higher COF compared to the other GO/Cu
samples. For the other GO/Cu5 samples, they exhibited much smaller wear scars than the
GO/Cu5-0.6. The wear scar of GO/Cu5-0.8 is slightly larger than that of GO/Cu5-0.4.
Additionally, GO/Cu5-0.4 exhibited areas that are slightly higher above the average height of
the sample surface. Those area could be GO related or Cu oxides related which would be
discussed later. The 2D wear scars scanned for GO/Cu5-Brass and GO/Cu5-0.8 exhibit

comparable results, although the COF for GO/CuS5-0.8 presents an improvement by comparison.

12

Wear volume (mm®x104)

Figure 4.4.12 Bar chart of wear volume for GO/Cu4 and 5 samples deposited with different GO
concentrations.

The wear volume is calculated and exhibited with bars at the Figure 4.4.12, the blue bars present
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the wear volume of GO/Cu4 samples and orange bars are for the GO/Cu5 samples with different
GO concentrations. GO/Cu4-0.4 and GO/Cu5-0.4 are of better wear resistance than other GO
concentrations. GO/Cu4-0.4 exhibits a wear volume of 2.44 x 10* mm?®, while GO/Cu5-0.4
shows a slightly higher value of 2.38 x 10 mm?. It is observed that the highest wear volumes
in GO/Cu4-0.6 and GO/Cu5-0.6 are caused by the detection of deep galling in their 2D wear
scan, measuring 7.69 x 10* mm? and 9.57 x 10 mm?® respectively. With relatively higher GO
concentration than other parameters, the GO/Cu4-0.8 is not of the smallest wear volume
possessed 4.11x 10 mm? which is slightly larger than that of GO/Cu4-0.4. This might be due
to the galling shown in previous 2D wear scars of GO/Cu4-0.8. The wear volume of GO/Cu
with a concentration of 0.8 g/L is quite interesting as the wear volume is relatively small than

GO/Cu samples under 0.6 g/L of GO and higher than the samples of 0.4 g/L of GO.

4.4.2.3 SEM and Elements Analysis of Worn GO/Cu Samples

As shown in Figure 4.4.13, the optical image of worn counter ball for GO/Cu4 and 5 samples
with 0.4 to 0.6 g/L of GO concentrations are exhibited with circled their wear elliptical shape
area with red colour. Those images were taken just after the wear test, so the debris condition
could be used to discover the debris accumulated on their related counter ball. GO/Cu samples
with same GO concentration are essentially similar debris conditions on optical images. There
are relatively small districts of debris agglomeration near to wear area of counter ball for
GO/Cu4-0.4 (Figure 4.4.13a) and GO/Cu5-0.4 (Figure 4.4.13b). As for the debris on GO/Cu4-
0.6 and GO/Cu5-0.6 worn counter ball, relatively larger districts of debris agglomeration also
are exhibited around the edges of worn surface, compared to samples with 0.4 g/L of GO. The
worn counter ball surface of GO/Cu4-0.8 and GO/Cu5-0.8 is relatively neat comparing with
other concentrations, only dot like debris could be found on their worn surface. The debris

colour is black under optical microscopy, this might be due to the oxidative wear and the colour
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of GO.

It could be note that the GO/Cu of 0.6 GO concentration possessed not only the largest COF
and the largest worn surface area on counter ball at Figure 4.4.13c and d. It could be noted that
the worn counter ball for GO/Cu4-0.8 exhibits the relatively smaller worn area compared to
that of GO/Cu4-0.4. While the worn counter ball area of GO/Cu5-0.8 illustrates slightly larger
worn area on its counter ball. The numeric ellipse area was calculated by A = ma * b and the

unit is transferred from pm? to mm?, exhibited in Figure 4.4.14.

Those blue bars represent the wear surface area on counter ball for GO/Cu4 samples and orange
bars are that of GO/Cu5 samples. The worn areas on counter ball for 0.6 g/L are relatively the
largest which are 4.84 x 102 mm? for GO/Cu4-0.6 and 5.25 x 102 mm? for GO/Cu5-0.6. The
2D wear track area of those two samples are also the largest as discussed in previous section.
Relatively severe wear occurred on both the coating and counter ball sides on GO/Cu samples
with 0.6 g/L of GO concentration. Wear area on worn counter ball for GO/Cu4-0.4 is 3.95 x 10
2 mm? while that for GO/Cu5-0.8 is 2.33 x 10> mm?>. As stated before, the wear surface on
GO/Cu4-0.8 was just showing depletion on the cauliflower like structure. The surface
conditions on wear counter ball explain the reason why the 2D wear tracks of GO/Cu-0.8 is
higher than the surface of unworn coating. As shown in orange bars, the wear surface area on
counter ball of GO/Cu5-0.4 is 2.87 x 102 mm? and that of GO/Cu5-0.8 is 3.74 x 10 mm?
which is slightly larger area than that on GO/Cu5-0.4. The COF of GO/Cu5-0.4 is also smaller

than that of GO/Cu5-0.8.
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Figure 4.4.13 Optical images of worn counter ball for GO/Cu4 and GO/Cu5 samples deposited with
0.4-0.8 g/L GO concentrations: (a) GO/Cu4-0.4, (b) GO/Cu5-0.4, (c) GO/Cu4-0.6, (d) GO/Cu5-0.6,
(e) GO/Cu4-0.8 and (f) GO/Cu5-0.8.
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Figure 4.4.14 Wear area estimated on counter ball by ellipse area calculated.

The SEM images providing an overview of the wear tracks for GO/Cu4 and GO/Cu5 samples
at GO concentrations ranging from 0.2 to 0.8 g/L are presented in Figure 4.4.15a to h. To
compare the wear track of GO/Cu4-Brass and GO/Cu5-Brass, GO/Cu4-Brass demonstrates
more material transferring on the surface. SEM images of wear tracks on GO/Cu samples under
0.4 - 0.8 g/L of GO concentrations were taken under same magnifications. As the length of
those wear tracks are fixed at 5 mm, the width of those wear tracks could be used to reveal some

results.

GO/Cu4-0.4 possessed (Figure 4.4.15¢) relatively better friction and wear properties, according
to previous sections. The width of the GO/Cu4-0.4 is thinner than GO/Cu4-0.6 and 0.8 (shown
in Figure 4.4.15¢ and g). It is interesting that the darker area at the SEM of worn GO/Cu4-0.4
could be GO involved in the cyclic wear process. The GO induced in the wear tests might be
the reason to the great tribological performance. The EDX results for this wear track would be

discussed later. As for GO/Cu5-0.6 (Figure 4.4.15f), it is significant that its width is the largest,
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which may explain the greater wear area observed on the wear counter ball. The wear tracks of
GO/Cu5-0.4 and GO/Cu5-0.8 demonstrate a comparable width on their wear tracks, the
GO/Cu5-0.4 is slightly wider than the other. It could be noted that the GO/Cu4 samples are
more likely to suffer from adhesive wear than the GO/Cu5 series of samples. As mentioned at
microhardness part, the hardness of GO/Cu5 samples possessed relatively higher hardness than

the GO/Cu4 samples.

As discussed before, the wear performance of GO/Cu5-0.6 seems the worst and the GO/Cu4-
0.4 exhibits the relatively great wear performance than other samples. Hence, the EDX of those
two samples is demonstrated at Figure 4.4.16, to find out some reason to explain those
phenomena. The S1 and S3 rectangular areas are on wear track of GO/Cu5-0.6 (Figure 4.4.16a)
which are on abrasive groove and abrasive like area, respectively. As for S2, EDX was operated
at certain distance to the wear track. It is interesting to note that the carbon (C) composition of
S2 is larger than S1 and S2 on GO/Cu5-0.6, as shown in Figure 4.4.16b. Hence, the unworn
area possessed higher carbon concentration then the areas on the wear track on GO/Cu5-0.6.
The lack participation of GO within the 2000 cycles of wear test may have resulted in severe
dry sliding lack of lubrication. Then, it results in the increase of friction and wear rate of
GO/Cu5-0.6. Besides, the oxygen (O) composition of S2 is only 2.51 at% which is much
smaller than that on S1 and S3 (23.04 at% and 23.44 at%, respectively). Both S1 and S2 detected

the existence of iron (Fe) with 0.57 at% and 0.41 at%, while no Fe was detected on S2.
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Figure 4.4.15(a-f) Comparisons for wear tracks of GO/Cu4 and 5 samples deposited with different GO
concentrations of 0.2, 0.4, 0.6 and 0.8 g/L: (a) GO/Cu4-0.2, (b) GO/Cu5-0.2, (c) GO/Cu4-0.4, (d)
GO/Cu5-0.4, (e) GO/Cu4-0.6 and (f) GO/Cu5-0.6.
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Figure 4.4.16 SEM after EDX tests for (a) worn GO/Cu5-0.6 and (b) its EDX results; (¢) GO/Cu4-0.4
SEM image denoted spectra and (d) its EDX 3D bar charts.
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As shown in the Figure 4.4.16c¢, there are 4 spectra exhibited on the SEM image showing the
spots tested by EDX. The S1 and S2 spots are located on the black coloured structure exhibiting
on the wear track. S3 and S4 are utilised as control group to compare with the area of GO, S3
is within the wear track on abrasive groove and S4 is near to the wear track without notable
debris. Their EDX results of GO/Cu4-0.4 were summarised with 3D bar chart, as shown in
Figure 4.4.16d. The S4 of GO/Cu4-0.4 represents the unworn coating surface and could be used
to compare with the wear track areas. There are 97.33 at% of Cu and only 2.67 at% of O detected
on S4, so that the O composition over S4’s would be due to oxidative reaction during the wear
process and carbon composition could be GO on the wear track. The S3 of GO/Cu4-0.4 is used
to compare with the area which possess those black colour area, there are also only of Cu and

O constituents with 72.14 at% and 27.86 at% composition, respectively.

It is notably that the S1 and S2 are of extremely high atomic percentage of C which are 35.64 %
and 78.51 % in atomic composition. While the S3 and S4 demonstrate no carbon composition
by AutoID mode of EDX. Hence, those black areas on worn GO/Cu4-0.4 would contain GO
with different compositions. The S1 and S2 is also possess O composition under EDX test, with
16.82 at% and 13.05 at% respectively. It is quite interesting that the GO/Cu4-0.4 is of less GO
within its coating, compared to GO/Cu5-0.6, but the GO participate more while dry sliding test

under air. Then, the wear performance of GO/Cu4-0.4 is much better than GO/Cu5-0.6.

As discussed at the EDX results, the carbon composition on wear track of GO/Cu4-0.4 is
relatively larger than that of GO/Cu5-0.6. To prove those area high in carbon composition is the
GO flakes, Raman spectroscopy would be much reliable than EDX. Depicted in Figure 4.4.17a
is optical images taken before Raman tests, as denoted with red squares are three spectra (S1,

S2 and S3) that were subjected to Raman spectroscopy. S1 and S2 are on the flake-like structure
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and S3 is on one of the black coloured areas. Compared to the Raman photos taken with
GO/Cu5-Brass, the images of GO/Cu4-0.4 is relatively brighter than the GO/Cu5-Brass
samples. Moreover, the red, black, or green coloured of Cu oxides is not shown on its wear
track, both on Figure 4.4.17a and c. Besides, galling could not be found on Raman optical
images of GO/Cu4-0.4. Those indicate relatively less loss of materials after wear tests on
GO/Cu4-0.4. Several Raman spectra were conducted on worn GO/Cu4-0.4 (Figure 4.4.17b),
those spectra all present relatively obvious D and G peaks which represent the existence of GO
at S1 to S3 shown in Figure 4.4.17a. The S1 and S3 present relatively higher intensity in D and
G peaks, while relatively low intensity of D and G peaks is found on S2. S1 and S3 are at the
inner area of wear track while the S3 is on the outer area of wear track. This might indicate that
the GO more likely remains within the wear track rather than repelled to the unworn areas. To
compare the GO on wear track to lower GO concentrations, the Raman spectrum of GO/Cu4-
Brass is illustrated at the bottom of the Figure 4.4.17b. It was found on the wear debris on worn
GO/Cu4-0.4 surface while no such peaks could be found on the wear tracks of this specimen.

The reason for better COF on GO/Cu4-0.4 than that on GO/Cu4-Brass could be revealed.
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Figure 4.4.17 Raman spectroscopy on different areas of wear surface of GO/Cu4-0.4 to reveal the GO
and oxides: (a) GO/Cu4-0.4 worn area with possible graphene spots and (b) the Raman spectra of
spectra 1 to 3; (¢) GO/Cu4-0.4 worn area with possible oxides and (d) its Raman spectrum

Figure 4.4.17c¢ presents optical microscope images corresponding to the Raman data for copper
oxides identification, so that the oxidative wear could be noticed. In this depiction, the wear
track exhibits a notably brighter colour compared to the unworn area, indicative of the degree
of oxidative wear resulting from the wear process. Raman spectrum as depicted in Figure
4.4.17d, reveals peaks at 121.3 cm™!, 146.4 cm™ and 625.0 cm™. The 625.0 cm™ could be
characterised to CuxO. The absence of another characteristic peak of CuxO suggests only a
relatively mild oxidation occurred at the red square point on the wear track of GO/Cu4-0.4. The
darker area on the Figure 4.4.17c was because it is of smaller magnification, so it was involved

the unworn area showing relatively general view of worn surface on GO/Cu4-0.4. The irregular
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edges of the wear track could indicate the debris near the wear track which is also with bright

yellow colour. The oxidation of this sample would be less severe than that on GO/Cu5-Brass.

4.5 Electrochemical Corrosion Properties

To explore the electrochemical corrosion behaviour, a series of potentiodynamic polarisation
experiments were carried out with the bare brass and GO/Cu composite coating samples with
different GO concentrations. As mentioned in Section 4.3 and 4.4, the GO/Cu samples produced
with 4 and 5 volts possess superior general and tribological properties. Hence, these two brush
plating potentials were selected for assessing corrosion resistance. The experiments were
conducted on the GO/Cu4 and GO/CuS series of samples to investigate the effects of different

GO concentrations (0.2, 0.4, 0.6 and 0.8 g/L) on their corrosion properties.

4.5.1 Potentiodynamic Polarisation of GO/Cu and Brass at Varying GO

The corrosion performance of GO/Cu coatings was evaluated by potentiodynamic polarisation
in an inhibitor of simulated seawater (3.5 wt.% NaCl). Figure 4.5.1 demonstrates the exampled
repeat tests of GO/Cu samples under 0.4 g/L of GO concentration. It is interesting to note that
the repeatability of the polarisation curve for GO/Cu4-0.6 is excellent from the beginning of
corrosion potential to the passivation time and the corrosion current density at the final stage of
corrosion. The repeatability of GO/Cu5-0.6 is also great, except for around 0.03V of difference
in the corrosion start potential. With GO sheets addition within the laminate Cu coating
structure, the uniformity of the coating surface under electrochemical corrosion evaluation is

excellent.

Figure 4.5.2 exhibits the polarisation curve comparisons between GO/Cu samples and bare
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brass after an OCP test for 1 h. With an uprising of potential from -1.0 V, the brass sample starts
corrosion at the lowest potential compared to samples with GO/Cu coatings. With continuous
increase potential at the anodic polarisation area, the corrosion illustrates the metastable stage
[257,258]. After that stage, the corrosion becomes severer with rising potential. Then, it shows
slight passivation, and the current density remains relatively stable with increase of potential.
To compare the bare brass, the corrosion potential of GO/Cu coating samples possesses a clear
positive shift. Hence, the GO/Cu composite coatings have significant improvement on the

corrosion potential.
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Figure 4.5.1 Potentiodynamic polarisation curves for (a) GO/Cu4-0.6 and (b) GO/Cu5-0.6 samples
showing the repeatability.

The potentiodynamic polarisation curves of GO/Cu4 series samples compared with the brass
are shown in Figure 4.5.2a. With the uprising of GO concentration, the corrosion potential of
GO/Cu4 samples generally depicts an increased tendency. While GO/Cu4-0.4 exhibits a slightly
more positive shift than GO/Cu4-0.6. The GO/Cu4-0.2 corrodes earliest compared with other
GO/Cu4 samples, and the corrosion potential of GO/Cu4-0.8 depicts the largest corrosion
potential. As mentioned in Section 4.2.2 and Section 4.3.3, with GO addition, the coating

structure of GO/Cu samples tends to perform a porous structure. The porous structure would
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reduce corrosion resistance. It could be noticed that the GO/Cu4 samples show passivation
around the 0-0.2 V region and the current density dropped lower than that of brass samples. The
corrosion status generally stabled after the potential increased to 0.5 V. Under higher current

density, it leads to severe corrosion.

As for the GO/Cu5 samples (Figure 4.5.2b), the start corrosion potentials of GO/Cu5 samples
also present much higher than that of substrate brass. To compare the GO/Cu4 samples, the
GO/Cu5 samples presents certain regulations with GO concentration change. The potential of
corrosion start of GO/Cu5 series presents an uprising tendency with the increase of GO
concentrations. While corrosion start potential of GO/Cu5-0.6 is just a slightly more positive
shift than that of GO/Cu5-0.4. To explore the regulation of corrosion potential and current
density, Tafel fitting was carried out by the Origins software and the results showing at the Table

4.5.1.
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Figure 4.5.2 The comparisons of potentiodynamic polarisation curves for samples deposited with
various GO concentrations in (a) GO/Cu4 and (b) GO/Cu5 series versus brass substrate.
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Table 4.5.1 Tafel fitting data from potentiodynamic polarisation curves of bare brass, GO/Cu4 and
GO/Cu5 samples of different GO concentrations.

Ecorr Icorr
Samples
V) (nA/cm™)

Brass -5%107! 18.9
GO/Cu4-0.2 -3.38x10°! 4.55

GO/Cu-0.2
GO/Cu5-0.2 -2.81x10°! 3.89
GO/Cu4-0.4 -2.53x10°! 2.84

GO/Cu-0.4
GO/Cu5-0.4 -2.04x10! 2.46
GO/Cu4-0.6 -2.71x10! 2.52

GO/Cu-0.6
GO/Cu5-0.6 -2.10x10! 2.13
GO/Cu4-0.8 -2.11x10°! 2.41

GO/Cu-0.8
GO/Cu5-0.8 -1.67x10"! 1.07

The corrosion potential (Ecorr) of brass is -5.0 x10! volts (V), which is lower than all the GO/Cu
samples. Among the GO/Cu series, the GO/Cu4-0.2 sample has a corrosion potential of -3.38
x107! V, indicating it is of the lowest corrosion potential. The corrosion potentials of GO/Cu4-
0.4 (-2.53 x10! V) and GO/Cu4-0.6 (-2.71x10"! V) are near to each other which is both larger
than that of GO/Cu4-0.2. The largest corrosion potential of GO/Cu4 samples is -2.11x107! V
which possess best corrosion potential in corrosion prevention. The GO/Cu5 samples also
present an uprising tendency with increase of GO concentrations, from -2.81x107! V for
GO/Cu5-0.2 to -1.67x107! V for GO/Cu5-0.8. The GO/Cu5-0.4 (-2.04x10"! V) and GO/Cu5-
0.6 (-2.10x10"! V) samples possess similar corrosion potential. It is interesting to note that the
GO/Cu5-0.8 possesses the highest corrosion potential (-1.67x10™! V) which exhibits the best

corrosion potential among presented parameters.

The corrosion current density (Icorr) of the substrate brass is 18.9 pA, which is an order of

magnitude higher than that of both the GO/Cu4 and GO/Cu5 series samples. Among GO/Cu4
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and GO/CuS5 series, the GO/Cu4-0.2 possesses the highest corrosion current density of 4.55
pA/cm?. The Lo of GO/Cu4 samples demonstrates descending trend with increase of GO,
from 4.55 pA/cm? for GO/Cu4-0.2 to 2.41 pA/em™? for GO/Cu4-0.8 samples. The Icor of
GO/Cu4-0.4 (2.84 pA/ecm) is slightly larger than that of GO/Cu4-0.6 (2.53 pA/cm). The Leor
of GO/Cu5 series also decrease with increase of GO concentrations, from 3.89 pA/cm? for
GO/Cu5-0.2 to 1.07 pA/ecm for GO/Cu5-0.8. The Icorr of GO/Cu5-0.4 (2.46 pA/cm™) is also
slightly larger than the GO/Cu-0.6’s (2.13 pA/cm2). The Lo optimal is also from GO/Cu5-0.8

likewise to the optimal Ecorr.

4.5.2 The SEM and Elements Analysis on Corroded Sample Surface

4.5.2.1 Corroded substrate material brass

As the substrate, the brass is evaluated to discover whether the GO/Cu coating is improved, the
SEM images of corroded brass are shown in Figure 4.5.3. The general view of the corroded
brass as depicted in Figure 4.5.3a, it presents the corroded brass surface at the left region and
uncorroded at the right. The brass was ground with 1200 grit before the corrosion test, as
illustrated on the right; however, no grinding marks are present on the corroded surface. At the
boundary, some pits are visible, as indicated by the yellow arrows, which were caused by
crevice corrosion. Figure 4.5.3b demonstrates the corroded surface from the relatively middle
region of corrosion. It presents quite severe galvanic corrosion between zinc and copper which
could not reveal the original grindings, as well as pits at the granular boundaries. Moreover, it
exhibits severe crevice corrosion at the boundary, as there are several pits illustrates on both

sides.
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SEI 15.0kV WD 10.3mm

Figure 4.5.3 The corroded surface of bare brass: (a) the edge of corrosion and (b) a detailed view of
the corrosion region.

There are pits-like areas around the grain boundaries of brass on the corroded surface of the
brass. Figure 4.5.4a demonstrates one of the SEM examples found at the grain boundaries. After
Cu EDX mapping (Figure 4.5.4b) carried out by X-ray, it exhibits an area of low mapping signal
at the pit-like area. As a high-frequency radiated signal, characteristic X-ray is likely to be
trapped rather than captured by the sensor, especially in the pitting corrosion area. Hence, this
is pitting found on the corroded surface. It is interesting to note that there is oxygen (O) (Figure
4.5.4c) and carbon-rich (C-rich) (Figure 4.5.4d) areas at the edge of the pit. It could indicate the
existence of the corrosion products. There are two possible types of corrosion products for Cu
with 3.5 wt.% of NaCl solution inhibitor which is copper hydroxide chloride (Cu(OH)Cl) and
basic copper carbonate (Cux(OH)2CO3). Without the chloride (Cl) element revealed by the EDX,

Cuz(OH)2CO:s 1s possibly produced after the corrosion test.

As illustrated in Figure 4.5.4e, the remaining zinc with low composition was exhibited at the
area near to the copper peaks. This is might due to the dezincification of brass, caused by the
dissolving of zinc under this lower electrochemical activity of copper than zinc [259-262]. To

conclude, pitting corrosion, galvanic corrosion and dezincification could be noticed on the
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corroded brass surface.

Cu Lal,2

15.0kV X5.000 WD 10.1mm

O rich

Figure 4.5.4 EDX mappings on (a) the corroded brass surface with (b) Cu, (c) O and (d) C elements
and (e) elements summarised results.
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4.5.2.2 Corroded surface on the GO/Cu composite coating surface

The corrosion behaviour of the GO/Cu4 series with varying GO concentrations is illustrated in
Figure 4.5.5. Figure 4.5.5a, c, e, and g display the extent of corrosion at the test boundaries.
Specifically, the sample GO/Cu4-0.2 (Figure 4.5.5a) experienced significant crevice corrosion
at the boundaries with a GO concentration of 0.2 g/L. In contrast, the corroded surface of the
GO/Cu4-0.4 sample (Figure 4.5.5c) shows substantial deviations from the uncorroded surface,
highlighting the impact of increased GO concentration. However, the surfaces of samples
GO/Cu4-0.6 and GO/Cu4-0.8 (Figure 4.5.5¢ and g, respectively) exhibit less pronounced
changes post-corrosion, indicating a possible mitigation of corrosion with higher GO

concentrations.

Figure 4.5.5b, d, f, and h depict the influence of GO concentrations on the GO/Cu4 series
samples. It is significant that the corroded surface of GO/Cu4-0.2 (Figure 4.5.5b) depicts quite
severe uniform corrosion, compared to other samples. Moreover, relatively great amounts of
pits could be found on this surface. The corroded surface of the GO/Cu4-0.4 sample also
possesses some pits, as shown in Figure 4.5.5d. In the meantime, uniform corrosion could also
be seen on this corroded sample, where some of the areas have been corroded down with a
certain depth. The uniform corrosion of GO/Cu4-0.6 (Figure 4.5.5f) is relatively less severe
than that of GO/Cu4-0.4, and there are no obvious pits exhibiting on the corroded surface. It is
interesting to note that intergranular corrosion is illustrated on the GO/Cu4-0.8 corroded surface
along with uniform corrosion, as depicted in Figure 4.5.5h. The GO/Cu4-0.6 depicts the best

corrosion resistance among the GO/Cu4 samples under SEM.
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Figure 4.5.5(a-f) The SEM images of corroded surfaces for GO/Cu4 series of samples: (a, b) GO/Cu4-
0.2; (c, d) GO/Cu4-0.4; and (e, f) GO/Cu4-0.6.
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Figure 4.5.5 (continued) (g-h) corroded surfaces of GO/Cu4-0.8 sample.

Similar to the GO/Cu4 samples, the GO/Cu5 series also demonstrates varying corrosion
performance at different GO concentrations, as depicted in Figure 4.5.6. Examination of the
corroded surfaces (Figure 4.5.6a, ¢, e, and g) reveals the presence of crevice corrosion at the
edges, alongside pitting corrosion. With increasing concentrations of GO, there is a noticeable
reduction in the number of pits. The most pronounced crevice corrosion occurs in the GO/Cu5-
0.4 sample, which corresponds to the highest corrosion current density observed during the final

stages of corrosion, as illustrated in Figure 4.5.2b.
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Figure 4.5.6(a-f) The SEM images of corroded surface for GO/Cu5 series of samples: (a, b) GO/Cu5-
0.2; (c, d) GO/Cu5-0.4; and (e, f) GO/Cu5-0.6.
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Figure 4.5.6 (continued) (g-h) Corroded surface of GO/Cu5-0.8 sample.

Figure 4.5.6b, d, f and h illustrate the corroded surface at “500%” magnifications, revealing the
impact of GO concentrations on those GO/Cu5 samples. It could be seen on the corroded
GO/Cu5-0.2 surface (Figure 4.5.6b) that relatively severe pitting corrosion was occurred,
leading to several cavities and pitting areas are arranged as dot-line formation. It is possible that
the pitting occurred along the grinding direction. Meanwhile, relatively severe uniform
corrosion also happened which reveals the boundary of Cu crystal. Similarly, severe uniform
corrosion could also be noticed on the corroded GO/Cu5-0.4 surface (Figure 4.5.6d) which also
revealed the grain boundary of Cu. And pitting corrosion also occurred as form of several pits
without cavity. The GO/Cu5-0.6 sample demonstrates pit-like area with certain numbers, as
depicted in Figure 4.5.6f, figuring out under higher magnification that the corrosion was
stopped by the graphene oxide sheet beneath the corroded area, preventing the potential pitting
penetration. And the uniform corrosion of GO/Cu5-0.6 is relatively less severe than the former
two samples. Pitting corrosion was also not found under 500 magnifications on the corroded
GO/Cu5-0.8, as shown in Figure 4.5.6h. The uniform corrosion is severer than that GO/Cu5-
0.6, intergranular corrosion might occur on the grain boundaries which would be further

discussed at the Discussions session.
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It is clear that with increasing of GO concentrations, the number of pits areas are also gradually
reduced. Both GO/Cu5-0.6 and GO/Cu5-0.8 samples exhibit no pitting, moreover, the GO/Cu5-
0.6 presents better corrosion surface. Therefore, GO/Cu5-0.6 is considered the optimal

parameters for corrosion prevention application.

4.5.2.3 Corrosion Products of GO/Cu sample

It presents a typical example from GO/Cu4-0.4 sample in Figure 4.5.7 revealing the corrosion
products on GO/Cu samples. This corrosion test makes some GO sheets exposure to air as seen
in the carbon composition shown in Figure 4.5.7d. Figure 4.5.7a exhibits corrosion products at
the boundary of corroded and uncorroded area. This area is consistent with relatively higher
level of oxygen (O) and chloride (Cl), as respectively shown in Figure 4.5.7c and e. As
mentioned in Section 4.5.2.1, copper hydroxide chloride (Cu(OH)CI) and basic copper
carbonate (Cu2(OH)2CO3) are two possible corrosion products after corrosion test with 3.5 wt.%

of NaCl. It is more likely that Cu(OH)Cl is produced at the spot of crevice corrosion.
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Figure 4.5.7 EDX mapping on corroded GO/Cu4-0.4 sample showing the (a) SEM image and mapping
with (b) Cu, (¢) O, (d) C and (e) Cl elements.
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4.6 Summary of Results

The major experimental results are presented in this chapter in order of the microstructure
development, tribological property improvements and electrochemical performance
enhancement. GO reinforcement components were produced with required chemical
performance (Section 4.1). Microstructural analysis (Sections 4.2 and 4.3) confirmed the
uniform dispersion of GO within the copper matrix, resulting in significant grain refinement
and enhanced layer uniformity. Furthermore, the optimisation of brush plating parameters led
to the development of the GO/Cu coatings with superior tribological performance (Section 4.4),
as evidenced by a reduced coefficient of friction and minimal wear under dry sliding conditions.
These findings underpin the potential of the fabricated GO/Cu coatings for industrial

applications requiring refined microstructure and good tribological performance.

Corrosion studies (Section 4.5) also indicated that the GO/Cu coatings provided significantly
improved resistance to pitting and crevice corrosion in sodium chloride (NaCl) environments,
compared to uncoated substrates. These findings clearly indicate that the aims and objectives

of the research have been achieved.
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Chapter 5 Discussion

5.1 Incorporation of Graphene Oxide into Copper Based Coating

5.1.1 Comparison of GO Incorporation Mechanisms in Bath and Brush Plating

As mentioned in the Literature Review section, comparing with conventional bath plating,
brush plating could facilitate the incorporation of GO into metal matrix to form homogeneous

composites due to the repeated brush movement during the brush plating process.

During conventional bath plating, the free energy of reaction between electrodes would decide
the GO/Cu coating on certain metallic substrates, and here 316 stainless steel substrate and iron
anode are used as example for discussion. As reported in Chapter 4, some functional groups
were identified by FTIR (Figure 4.1.4) on the surface of graphene oxides (GO) particles, and
the important component was found to be the carboxyl specie (COOH) as hydrophilic structure
within GO structures [263]. It is widely reported that the GO sheets could be dissolved in polar
solvent due to the hydrophilic oxidised functional group on the honeycomb structure of GO,
especially the COOH group as mentioned before [264]. Within aqueous acidic electrolyte,
COOH would be dissociate into COO™ and H'. Then the GO would be deposited to the substate
by electrophoretic mobility. Possible electro-chemical reactions under acidic conditions were

observed on both electrodes are as follows [265,266]:
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Anode Fe = Fe?* + 2e~ (5.1.1)

2RCO0™ + 2H* = 2RCOOH (5.12)
Cathode Cu?* + 2e~ = Cu (5.1.3)
2H* +2¢™ = Hy(g) (5.1.4)

With the anode reaction Equation 5.1.2, it could be seen that the negatively charged GO (RCOO")
sheet was re-protonated and the repulsion between GO sheets were reduced, thus leading to
deposition and aggregation of GO sheets at the anode. With co-deposition of Cu and GO, there

would be risk of aggregation of GO sheets within and/or on the surface of the composite coating.

As described in Chapter 3 Experimental, nickel strike was conducted before final coating, the
structure of the coating system formed on the 316 stainless steel should consist of a nickel strike
(or nickel special) interlayer underneath the GO/Cu composite coating layer, as shown in Figure
5.1.1. The Ni strike interlayer is induced for enhancing the adhesion strength of Cu based
coating on 316 stainless steels. This is because the stainless steel surface can develop a thin,
dense and self-healing passivation oxides layer (Cr203), and as metal oxide, it will reduce the
electrical conductivity on reaction surface [267,268]. With this Ni interlayer, the following Cu
brush plating would be under better electrical conductivity. The “pill oft” of Cu would not occur,
compared to the Cu coating plating without Ni trike. Moreover, the key constituents of Ni strike
electrolyte solution are nickel ion (Ni?") and chloride ion (CI°). The chloride ion would deplete
the passivation film on the stainless steel, so that the Cu could be then brush plated on top of

this Ni interlayer [1].
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Figure 5.1.1 Electro-chemical reaction schematics on the conventional GO/Cu co-plating process with
Ni interlayer.

In principle, the electrode reactions of conventional bath plating and brush plating should be
the same as the electrochemical conditions are quate similar. The brush plating would normally
be conducted by saturated plating solution compared to conventional bath plating. A graphene
oxide sheet readily exhibits negative charges in polar solvents like water. Hence, it is likely that
the copper cation would attract the [GO], and both of them could be plated on the substrate
layer-by-layer. Therefore, the GO could be brush-plated along with Cu to produce homogenous

GO/Cu composite coating.

The brush plating is performed with only very small gap between the anode -the wrap sobbed
with plating solution and the cathode- the substrate. Moreover, apart from the electric force, the
brush plating is performed with a certain force and continuous relative movement on the brush
plating surface. Comparing with conventional electro-plating, the relatively close distance
between the cathode and anode would lead to less distance for the Cu and GO ions migration
from the plating solution to the cathode. The movement of the brush during the brush plating

process applies mechanical force, which facilitates the separation and alignment of GO sheets

177



as Cu is plated onto the cathode surface.

5.1.2 Successfully GO Introduction into Cu Coating on 316 Stainless Steel

In the current study, graphene oxide (GO) enhanced copper composite coating in nano scale
was produced by electro brush plating on stainless steel with Ni strike interlayer. The GO was
identified in the surface layer by Raman spectroscopy (Figure 4.2.8 and Figure 4.3.14), SEM
and EDX (Figure 4.2.7 and Figure 4.3.4). Besides, the successful incorporated graphene oxide
throughout the GO/Cu composite coating has been proved by GDOES depth profiling as
indicated by the continuous existence of carbon throughout the coating (Figure 4.2.6 and Figure
4.3.17). This is further evidenced by direct observation of GO by SEM assisted by EDX at the
bottom of plasma sputtered crater produced by GDOES at around 15 pm distance to the
outermost surface of GO/Cu composite coating, as demonstrated in Figure 4.2.5 and Figure

4.2.6.

GO, as carbon-based matters, possesses a relatively high flexibility which would allow the GO
sheets to fit into the particle boundaries of copper (Figure 4.2.5d). The GO sheets found at the
GDOES crater under SEM were covered and trapped into the Cu grains. Hence, some area of
GO remained in the solid composite coating on the crated surface even after plasma sputtering.
As there are loads of abrupt structures on the created surface, this is one of the best pieces of

evidence of successful GO incorporation into this composite coating system.

It is interesting to note that the GO sheets exposed out of the surface seem to possess several
layers of GO sheets, as depicted in Figure 4.2.7c. The observations under SEM revealed that
more than one layer of GO sheets was exhibited on the crater produced by argon cation (Ar")

plasma collision. It could be observed that the GO sheets were entangled and twisted together
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before they were sputtered off by the argon cation (Ar") plasma. It might be possible that the
GO would form in the plating process as 3D networks with the nucleation, growth, and
combination of copper grains. Moreover, the GO sheets found on several layers on the Cu
laminate structure might suggest that the GO sheets are not just blended in some laminate of

this layer-by-layer structure but could be found within each layer.

According to the literature, it is feasible that GO can be reduced by electrochemical methods to
form reduced graphene oxide (rGO). It could reduce GO under an applied negative potential
field [270,271], by linear sweep voltammetry (LSV) or cyclic voltammetry (CV) [272-275], or
by electrophoretic deposition [276,277] as well as electroplating [278,279]. In this study on
stainless steel, 4, 6 and 8 volts were inducted. The reduction of GO was identified by Raman
spectroscopy on 4 volts composite coating surface, as shown in Figure 4.2.7, evidenced by
reduced Ip/Ig ratio from 0.79 to 0.45. This is because with increased voltages, the reduction of
GO is not as significant as the coating plated under 4 volts. For example, it has been reported
that the applied potential on cathode of 0 to -0.5 V would initiate the reduction reaction of
hydroxyl groups (OH), the potential between -1.0 V and -1.4 V would induce complete reduce
of carboxyl groups to carbonyl groups and the final reduction would occurred under -1.6 V to -
1.8 V [280,281]. However, it should be indicated that the threshold values would vary with
different techniques used, and the results from this study demonstrated that the 4 volts resulted
in reduction of GO to rGO. With relatively low potential, the GO is possibly reduced and

applied onto the cathode stainless steel substrate.
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5.1.3 The Influence of Graphene Oxide Concentration

As reported in Figure 4.2.1, featureless grey shades are exhibited in the SEM images of the pure
copper control group while the GO/Cu composite coating samples present darker areas which

could be caused by the incorporation of graphene oxide.

It can be seen from the calculated XRD results that the crystallite size of the brush plated
coatings is influenced by the brush plating voltages and graphene oxide addition, as depicted in
Figure 5.1.2. It is noted that compared with the crystallite size of the pure Cu coating the GO
addition can reduce the crystallite size of the brush plated coatings. It is also interesting to note
that whist for the pure Cu coating, the crystallite size increased monotonically with the plating
voltage, the crystallite size of the GO/Cu coatings increased firstly when increasing the plating
voltage from 3 to 5 V and then marginally decreased or flattened out when further increasing

plating voltage to 6 V.

It is known from physical metallurgy theory and formation of crystalline materials that the final
the crystalline size depends both on nucleation and growth, and the nucleation and crystalline
growth processes are competitive interplay [282]. Therefore, the reduction of the crystalline
size should be related to the effect of GO as well as the plating voltages on the nucleation and

growth of the coatings.
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Figure 5.1.2 3D bar charts showing the effects of GO addition and brush plating voltage on the
crystalline size calculated from XRD results.

The reasons for reduction in size could be attributed to three possible reasons: the nucleation
promotion effect GO, the pinning effect of GO as physical barrier for the growth of Cu grains
and the electrochemical effect of GO during brush plating. In the context of electrochemical
deposition processes, nucleation and crystal growth are competitive processes. Specifically, a
higher nucleation rate tends to result in smaller crystal formations [282-285]. Additionally,
scanning electron microscopy (SEM) has provided further insights (as shown in Figure 5.1.3b),
showing that Cu grains formed on the GO sheets. While the pure Cu coating control group
shows no such Cu grain (Figure 5.1.3a). The GO sheet intersects the clusters of copper, and the
intersection disrupts the normal growth of copper crystals and serves as a nucleation sites for
the formation of new grains [286-288]. SEM observations revealed GO sheets covered on and

embed in the clusters of copper, which is effectively hindered the growth of Cu crystal (Figure
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5.1.3b). Hence, the concentration of GO sheets within the brush plating solution would also
affect the microstructure of the plated coatings [289]. With higher GO concentration, Cu grain
is refined under similar magnification as shown in Figure 5.1.3b and ¢ because the existence of
GO sheet on the plated layer would reduce the plating speed for the next layer because of the
reduced electric conductivity required for the brush plating. Most probably, all these effects

collectively have led to the observed refinement in grain size of the plated coatings.

Refinement of grain size is one of the mechanisms for material hardening, and hence the
incorporation of GO led to increased microhardness (Figure 4.3.13). This is because GO sheets
entangled with Cu grains would result in hindered movement of dislocations when they
intersect those GO entangled grains. Accordingly, the coating structure and hardness are
improved by the incorporation of GO phase. However, it should be pointed out that the hardness
of the coatings could be influenced by some other variants; the addition of too much GO would

also hinder the improvement of hardness due to the formation of a porous microstructure.
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Figure 5.1.3 Surfaces of two different coating showing (a) Pure Cu coating surface, (b) GO/Cu coating
with lower GO and (c) GO/Cu sample with higher GO.

5.2 Improved Tribological Properties

Tribological properties in terms of coefficient of friction (COF) and wear resistance are very
important for the performance and life of Cu-based sliding bearings. Therefore, in this study,
the tribological performance the GO enhanced copper composite coating obtained by electric
brush plating was evaluated using a tribometer sliding against a stainless-steel ball in air. In the
meantime, the corresponding pure copper control groups were also tested for a comparison. In
this section, the effects of brush plating voltages and the GO concentrations on the tribological

performance of the GO/Cu coatings are discussed.
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5.2.1 The GO Impact on Friction Coefficient

As reported in Section 4.4, the GO/Cu composite coating developed from this research
exhibited a lower coefficient of friction (COF) as compared to that for their pure Cu
counterparts, as illustrated in Figure 4.4.10. With an increase in GO concentration, there is a
notable reduction in the COF, especially when compared with the GO/Cu samples containing
0.2 g/L (GO4-Brass and GOS5-Brass). The COF can decrease to as low as 0.26 (GO/Cu4-0.4
and GO/Cu5-0.4), in contrast to the Cu control group where the COF values are 0.45 for Cu4
and 0.5 for Cu5, nearly half that of the pure Cu samples. However, the brass substrate, an alloy
of copper (Cu) and zinc (Zn) with lead (Pb) additives, demonstrates a superior COF compared
to both the Cu and GO/Cu samples. This may be attributed to the addition of Pb, which, despite
reducing the COF, is toxic to both animals and humans [290]. Furthermore, the wear resistance
of brass is significantly inferior to that of GO/Cu coating samples, a topic that will be discussed

in the next section (Section 5.2.2).

In the GO/Cu composite coating system, the effects of GO on the COF are concentration
dependent. While GO confers the self-lubricating properties of the coating, it also influences
the structural characteristics and surface roughness of the coating itself. As previously discussed,
too much increase in GO concentration would lead to the formation of a porous structure of the
coating, as depicted in Figure 4.2.4. This structural change contributed to a reduction in surface
hardness, an increase in surface roughness, and then an increases in the COF [291-293].
Consequently, the addition of GO impacts the coating in two significant ways: it not only
confers the self-lubricating properties but also affects the surface hardness and roughness of the
copper coatings. As more GO is added, the coating becomes increasingly lubricious, although
this is accompanied by a mild decrease in surface hardness (Figure 4.3.13). Hence, the best

COF is not present at the highest GO concentrations in this study. The GO/Cu4-0.4 sample
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presents the lowest COF. This could be owing to the exposure of GO on the surface of this
sample, as the peaks on Raman spectra for GO/Cu4-0.4 are larger than that for GO/Cu4-0.2

(Figure 5.2.1).
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Figure 5.2.1 Raman spectroscopy on the worn track of GO/Cu4-0.4 and wear debris of GO/Cu4-0.2.

5.2.2 The Improvement of Wear

As has been reported in Section 4.4, the GO-incorporated GO/Cu samples have shown
significantly improved wear resistance by 2 orders of magnitude as compared with that for the
brass samples (Figure 4.4.3). Firstly, this strong improvement in the wear behaviour could be
associated with the different character of plastic deformation for Cu and brass. It was reported
that plastic deformation of Cu during wear is localised in thin surface layers about a few microns,
while it is close to 20 um for brass [294]. As evidenced in Figure 5.2.2a, the worn surface of
brass is characterised by severe plastic deformation, which is attributed to the low stacking
faults energy (14mJ/m?) of the brass [295], and such severe plastic deformation led to the
formation of thick and large wear particles, accompanied with sticking and re-adhering, and

therefore to a high wear rate.
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On the other hand, for the GO/Cu coatings, very shallow abrasive grooves were observed with
no perceptible adhesive wear resistance features (Figure 5.2.2b). It is the thinner plastic
deformation layer of the Cu than brass, combined with the nano-crystalline structure and
increased harness of the Cu coatings might have contributed to the significantly improved wear
resistance of the coating samples. During the sliding, when the plastic deformation concentrated
within the surface layer, deformation hardening could occur within the deformed thin layer and
the nanocrystalline structure served abnormal dislocation and twin originates, which made the
hardening effect further and provided low wear [296]. This assumption is supported by the
research of Meshs [296], who found that the friction of Cu is accompanied with a localised
deformation at thin surface. This resulted in the formation of a nano-crystalline structure with

an improved surface hardness and provided low wear of Cu samples.
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(2)

(b)

Figure 5.2.2 Typical wear tracks of brass and coating samples: (a) Brass (in insertion, EDX mapping
showing brass transferred to the count-part stainless steel ball surface); (b) coating GO/Cu5. Sliding
direction is shown by arrows.

Comparing the wear properties of the coating samples, the GO embedded (0.2-0.4 g/L.) GO/Cu
samples performed better wear resistance than the Cu coating samples (Figure 4.4.12) up to the
extent of 2 times. This improvement could be attributed to the GO sheets introduced. Firstly,
GO films can act as a lubricant film to partially separate the counterparts contact at the
tribological testing zone and to decrease the occurrence of the adhesive wear. This is evidenced
by the higher carbon content of GO/Cu5 sample than Cu5 sample in both the wear track and
the wear debris areas (Figure 5.2.3a-c). This is further supported by the lower COF of most
GO/Cu coatings than the corresponding Cu samples (Figure 4.4.2d and Figure 4.4.10c).
Secondly, embedded GO sheets changed oxidation behaviour, or oxidative wear of the coatings
during sliding. Surface morphology images coupled with chemical element analysis, as shown

in Figure 5.2.3a-c, indicated lower oxygen content detected from the GO/Cu5 sample than from
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the Cu5 sample, both in the wear track and in the debris areas. Raman analysis confirmed the
formation of cupric oxide CuO and cuprous oxide CuxO [297] both in the wear track and in the
debris areas of the Cu coating samples. In contrast, only low intensity peaks of cuprous oxide
Cu,0 were detected for the GO/Cu5 sample (Figure 5.2.3d). This reduced oxidation behaviour
of GO/Cu sample is believed to be resulted from GO films, which reduced the coefficient of
friction and thus reduced the friction heat on the surface. Less oxides within the wear debris

further reduced the wear loss of the GO/Cu samples.
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Figure 5.2.3 SEM images of wear tracks from (a) Cu5 and (b) GO/Cu5 samples. (c) EDX composition
(carbon and oxygen only) analysis from wear tracks (denoted as 1, 2 in (a), (b)) and wear debris
(denoted as 3, 4 in (a), (b)), and Raman spectra from wear tracks of Cu and GO/Cu5 samples.
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5.2.3 Optimal Brush Plating Conditions for Wear Resistant Coatings

Wear performance refers to a material's ability to resist wear, which includes resistance to
surface damage, abrasion, and the loss of material due to friction during use. It is clear from
Chapter 4 that the wear performance of Cu and GO/Cu coatings produced by brush plating well

performed on the brass material.

It is clear from Chapter 4 that the wear performance of Cu and GO/Cu coatings produced by
brush plating well outperformed the brass material. For the GO/Cu coatings, their wear
performance is related to the brush plating voltage and the amount of GO additions in the Cu
plating solution. From processing voltage point of view, the 5 V processed coatings plated with
0.2 g/L GO solution possess the lowest wear volume loss (Figure4.4.4). When GO/Cu coatings
are produced under this optimal processing voltage of 5 V, the wear performance of the coatings
is related to the GO quantity in the coatings. A low quantity (0.2-0.4g/L) of GO addition to Cu
coatings can enhance their wear performance. Further increase of the GO to above 0.4g/1 in Cu
solution leads to reduced wear resistance (Figure 4.4.12). This may be related to the quality of
the coatings. As the GO sheets are embedded within the lamellar layers (Figure 5.2.4), when
too many GO films are introduced, the bounding between the GO films is loosely connected,
which will reduce the integrity of the coatings, resulting in severe wear loss. To sum up, for the
best wear resistant Cu coatings, the optimum brush plating conditions are at 5V with GO

addition at the concentration of 0.2-0.4g/L in the plating solution.
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Figure 5.2.4 Typical SEM images of (a) well-developed columnar structures of GO/Cu samples
showing (b) GO within the lamellar layers.

5.2.4 Wear Mechanisms

As discussed in Chapter 2, few-layers graphene (Gr) and graphene oxide (GO) are reported as
having self-lubricate properties, owing to the laminate honeycomb structure with Lorentz force
[298-302]. It has been reported that graphene addition to steel [298] and Ni [146] can reduce
their friction and e wear. This study has demonstrated that the addition of a small amount of
graphene oxide to Cu can improve the tribological properties of Cu-based coatings and potential

friction and wear reduction mechanisms are discussed in this section.

As evidenced in Figure 5.2.5, GO sheets were embedded in copper oxide particles produced by
the sliding of 316 stainless steel counter ball. These GO sheets could act as a friction-reducing
shield due to their self-lubricate properties, thus minimizing the friction between the 316
stainless steel counter ball and the coating surface. In addition, the GO induced effective friction
reduction (Figure 4.4.10) would simultaneously lower the local temperature of the asperities on
the wear track because of the reduced friction-induced heat. Consequently, the oxidation of Cu
is reduced in the GO/Cu samples, as indicated by the Raman spectra taken from the worn Cu5
and GO/Cu5 samples (Figure 5.2.3d). The spectra revealed that only cuprous oxide (Cu20) is

produced on the worn GO/Cu5 samples, whilst cupric oxide (CuO) was identified from the
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worn Cu5 track surface.

Figure 5.2.5 The graphene oxide performed as lubricants on the middle of the wear track on GO/Cu5-
0.2.

Based on the discuss above, the wear mechanisms for pour Cu coating and GO enhanced CU
composite coating are proposed schematically in Figure 5.2.6. As shown in Figure 5.2.6a, the
Cu coating consists of laminated Cu layers, typical feature of brush plated coatings. The sliding
of the austenitic stainless ball will introduce huge amount of frictional heat and as illustrated in
Figure 5.2.6b due to the high flash temperature at the asperities in real contact with the
counterpart ball the pure Cu control group samples would suffer aggressive oxidation to form
a CuO surface film. Irregular CuO particles would be formed (Figure 5.2.6¢) as the wear test
continues. Those particles would perform as abrasives, to cut into the wear track through the

laminar structured Cu forming severe three-body abrasive wear (Figure 5.2.6a).
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Figure 5.2.6 Schematics of wear mechanisms on (a-c) pure Cu coating and (d-f) GO enhanced Cu
composite coating.
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On the other hand, the GO sheets within the GO/Cu composite coating are mostly entangled
and twisted within the laminated Cu coating (Figure 5.2.6d). As revealed by Raman study,
Cu20 was formed in the wear track in GO/Cu sample and the formation of a ¢ Cu2O film
(Figure 5.2.6e) would benefit the friction and wear by reducing the metal-metal direct contact
[303,304]. With continuing sliding, the previously mentioned GO shielding for the outmost area,
along with the thickening of CuxO layer (Figure 5.2.6f) can protect the surface of GO/CU
sample from wear. This is supported by the observation of the wear track where a black tribo-
layer was formed (Figure 4.4.15). Hence, the friction and wear of GO/Cu composite coatings

can be significantly reduced as compared with pure Cu coating.

5.3 Corrosion Protection

As reported in Section 4.5, the GO/Cu composite coatings present better corrosion resistance
than brass substrate. This would benefit from the excellent impermeability of graphene and
graphene oxide on their perpendicular direction [305-307]. As proved before, the GO sheets
are mainly arranged along the laminar structure of Cu. Hence, the GO sheets in Cu matrix could

be beneficial for corrosion protection of Cu-based materials.

5.3.1 GO concentrations Impact on Corrosion Behaviour

As shown in Section 4.5, the GO/Cu coatings present outstanding corrosion protection
properties in terms of much more positive corrosion potentials and decreased corrosion current
densities (Table 4.5.1), compared with bare brass. In contrast, t severe pitting corrosion and
galvanic corrosion occurred to brass surface in 3.5 wt.% of NaCl solution, as depicted in Figure
5.3.1a as evidenced by several pits and larger corrosion holes possibly penetrated into the

subsurface. The etching-like finish of galvanic corrosion is mainly due to the cell reactions

193



between Cu and Zn components during the corrosion test [308].

As schematically shown in Figure 5.2.6, the GO/Cu composite coatings consist of individual
small GO sheets, the influences of small GO sheets on corrosion would differ from continuous
GO film. The GO/Cu composite coatings developed from this research can still exhibit localised
corrosion, penetrating into certain areas to specific depths because the surface does not fully
cover with a continuous GO film. GO sheets oriented perpendicular to the direction of corrosion
could prevent or retard further penetration of the NaCl solution, thereby hindering the
progression of corrosion in the GO/Cu coating due to the well-documented impermeability of

graphene.

For instance, the GO/Cu5-0.4 sample does not exhibit pits; instead, a protective film prevents
the penetration of the corrosion inhibitor, as shown in Figure 5.3.1b. The GO sheets are
observed (as indicated by the red arrows) due to the characteristic GO featured ripple structure
whereas severe localised corrosion at the edge of GO sheets occurred. The GO concentration
would impact the corrosion resistance. Firstly, the lack of sufficient amount of GO component
cannot ultimately protect the coating from pitting. Therefore, the corrosion protection would
initially increase with GO concentration. Then, the largest addition of GO does not necessarily
provide the best corrosion protect, as evidenced by small pitting shown in Figure 5.3.1c. This
is probably because layer-by-layer stacking of GO sheets can lead to a lack of adhesive strength
in the coating structure, resulting in the formation of porous structures. The remaining corrosion
inhibitor would penetrate through those pores. Specifically, pores near the edges of GO sheets

can create a Cu/graphene galvanic cell, leading to severe localised corrosion.
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Figure 5.3.1 Corrosion situation of (a) brass substrate, (b) GO/Cu composite coating of GO/Cu5-0.4
and (c) GO/Cu5-0.8 sample.
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5.3.2 Influence of Brush Plating Voltage on Corrosion

As mentioned above, the GO/Cu samples with a GO concentration of 0.6 g/L exhibit the greatest
corrosion prevention ability, as observed under SEM. Therefore, this concentration is selected
to discuss the influence of brush plating voltage on the corrosion resistance between the
GO/Cu4 and GO/CuS5 samples (Figure 5.3.2a). It is evident from the potentiodynamic curves
that the GO/Cu5 sample is positioned at a slightly higher potential and demonstrates a
significantly lower current density, approximately one order of magnitude smaller. Furthermore,
the corrosion potential of GO/Cu5-0.6 is slightly higher, and its corrosion current density is
lower compared to GO/Cu4-0.6. Notably, the current density of GO/Cu5-0.6 remains lower at

the final stage of corrosion, indicating better corrosion resistance.
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Figure 5.3.2 (a) Potentiodynamic polarisation curves of GO/Cu samples deposited with 0.6 g/L. GO
concentrations and corroded surface of (b) GO/Cu4-0.6 and (¢) GO/Cu5-0.6.
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Figure 5.3.2b and c illustrate the sample surface of GO/Cu4-0.6 and GO/Cu5-0.6 after corrosion
tests. GO sheets are indicated in red arrows at the middle of those two SEM images, which is
further proved by carbon rich region indicated in green at the right corner of Figure 4.3.2b for
GO/Cu4-0.6. It is possible that the GO sheets exposed by corrosion process would have
hindered the further corroding of the coating. To compare, the GO sheets exposure of GO/Cu4-
0.6 is much larger than that of GO/Cu5-0.6. Besides, the corrosion surface of GO/Cu4-0.6

seems much severe than that on the corroded GO/Cu5-0.6 surface.

It is evident that the corrosion resistance of the GO/Cu4 and GO/CuS5 samples is significantly
better than that of brass. Within the GO/Cu coatings, their corrosion resistance is influenced by
the brush plating voltage and the GO concentration in the Cu plating solution. Considering the
processing voltage, samples plated at 5 V exhibit higher corrosion potential and lower current
density (Table 4.5.1), as well as less corrosion observed under SEM (Figure 5.3.2). When the
processing voltage is fixed at the optimal level, the corrosion performance varies with GO
concentrations (0.2-0.8 g/L). The GO/Cu5-0.8 sample shows the highest corrosion potential and
the lowest current density, indicating optimal performance. However, GO/Cu5-0.6
demonstrates the lowest current density at the final stage of corrosion. Additionally, SEM
images (shown in the Results section) indicate that the best results are achieved with 0.6 g/L
GO. This may be related to the porous surface structure produced when excessive GO sheets
are introduced. The weaker connections between GO sheets, compared to Cu bonds, can create
voids and vacancies. These voids may lead to severe localized corrosion in the composite
coating. Overall, the optimal brush plating condition for corrosion resistance is achieved with

the GO/Cu5-0.6 sample.
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5.3.3 Corrosion Mechanisms for GO/Cu Composite Coating

Based on discussion mentioned above, different corrosion mechanisms for brass and graphene
oxide sample are proposed as schematically shown in Figure 5.3.3. Owing to the extreme thin
nature of GO, GO sheets could be fitted within the laminar of layered Cu. The alignment of GO
sheets could confer corrosion protection. In addition to previously stated GO impermeability, it

is possible that GO could be helpful for surface corrosion prevention.

Figure 5.3.3a depicts the schematic of corrosion of brass. As described in Chapter 3, the brass
is consisted of Cu, Zn and small amount of Pb. When immersing the brass into solution
contained CI', Zn would be dissolved into inhibitor. Hence, there would be oxidation reaction
occurring near the Cu component and OH would be produced. Hence, there would be Cu®*,
Zn**, CI" and OH" that participated in the corrosion product produced during corrosion.
According to the EDX mapping results of corrosion products (Figure 4.5.4), it is highly possible
that copper hydroxide chloride (Cu(OH)CI) was produced. The depletion of Zn would leave a

hole where Zn had once existed, and pitting would initiate from those areas (Figure 5.3.3a).
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Figure 5.3.3 Schematics of the corrosion mechanism for (a) brass and (b) GO/Cu composite coating.

The GO sheets, acting as an impermeable component, tend to align parallel with the Cu layers
(Figure 5.3.3b). On the surface of the GO/Cu composite coating, only the pure Cu component
is susceptible to uniform corrosion. With relatively small amounts of GO sheets, the corrosion
solution can still penetrate through and continue corroding if it does not encounter with GO
sheets at the outermost region (Figure 5.3.4a), leading to potential pitting. However, with the
addition of GO, the likelihood of pitting decreases due to the protective barrier provided by the
GO sheets. Hence, it seems reasonable to assume that the more GO added, the less the pitting
to occur. Nevertheless, there is an optimal amount of GO that can be beneficial. Indeed,
excessive GO can lead to the formation of a porous structure (Figure 5.3.4b), which can also
facilitate pitting through these porous regions. Therefore, while the addition of GO can enhance

corrosion resistance, the amount of GO must be carefully controlled to avoid compromising the
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integrity of the composite coating.

EDS Layered Image 1

EDS Layered Image 1
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Figure 5.3.4 Corroded surface of GO/Cu samples with colour-chem image with (a) 0.2 g/L and (b) 0.8
g/L of GO.

5.4 Summary of Discussion

In this chapter, the synthesis of the main findings related to the fabrication, performance, and
potential mechanisms of GO reinforcement in tribological, and corrosion performance are
discussed to advance scientific understanding. The preparation of coatings, the possible
electrochemical reactions and the reasons that led to the successful incorporation of GO into
the composite system were discussed first (Section 5.1). This is followed by the discussion of
improved tribological properties in terms of the impact of GO on COF and wear reduction
mainly due to GO promoted self-lubrication mechanisms (Section 5.2). Additionally, the

mechanism of corrosion protection for GO/Cu composite coatings is also explored (Section 5.3).
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

In this study, a cost-effective and scalable GO-based composite coating system has been
successfully developed using the electro-brush plating (EBP) technique on stainless steel and
brass substrates. Comprehensive microstructural characterisation and analysis of properties was
conducted using a wide range of materials research methods. The mechanical, tribological and
corrosion properties of the GO/Cu composite coatings were evaluated; and the mechanisms
involved have been investigated. The key findings derived from the results and discussion are

summarised as follows:
Part I — Feasibility and Fabrication of GO/Cu Composite Coatings

1. Tt is feasible to introduce GO into copper to develop novel GO/Cu composite coatings
using cost-effective and highly flexible electro-brush plating (EBP) technique on both

316 stainless steel and brass substrates.
Part II — Microstructure and Mechanical Properties

2. Graphene oxide (GO) can be uniformly incorporated into the copper matrix, forming
the GO/Cu composite coating. The electro-brush plating (EBP) technique has been
proved effective in producing thick and compact coatings, with the ability to adjust the
GO content through varying ratios of additions.

3. The presence of graphene oxide (GO) on the outermost surface and at various depths
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within the GO/Cu coating was confirmed through a range of characterisation techniques,
which provided insights into the surface structure, internal composition, and distribution
of graphene within the coating.

4. The average crystalline size of the nano-scaled copper matrix was reduced under most
of the applied parameters. This refinement of the copper matrix resulted in enhanced
mechanical strength, attributed to the grain refinement and the pinning effects by the
graphene sheets.

5. The fabrication of GO/Cu coatings with consistent and reliable thickness as well as
relatively strong bonding to the substrate can be achieved by optimising the deposition
parameters. For practical applications, the thickness of high-quality GO/Cu composite

coatings can exceed 19.2 um.

Part III — Enhanced Tribological Properties

6. The GO/Cu composite coatings produced under 5V (GO/Cu5) and 6V (GO/Cu6) can
improve the friction property of copper mainly due to the self-lubricating of the GO
added into the coatings. The wear of GO/Cu coatings can effectively reduce by two
orders of magnitude as compared with brass.

7. The GO concentrations ranging from 0.2 g/L to 0.8 g/L led to variations in both the layer
thickness and porosity of the coatings. Among these concentrations, 0.4 g/L. and 0.6 g/L
demonstrated more favourable structural characteristics, providing an optimal balance
between coating thickness and quality.

8. The incorporation of GO reinforcements altered the wear mechanism from plasticity-
dominated severe adhesive wear and galling to oxidation-dominated mild wear. Hence,

the novel GO/Cu coatings are possibly utilised as self-lubricating and wear resistant
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coatings for tribological applications.

Part IV — Improved Corrosion Performance

9.

10.

The GO/Cu composite coating significantly enhanced the corrosion resistance of the
brass substrate, resulting in a reduction of corrosion current by over 90% and an
improvement in corrosion potential by approximately 60%.

The incorporation of graphene forms a discontinuous impermeable membrane within
the GO/Cu composite coating, effectively repelling corrosive solutions from penetrating
the main body of the coating. However, as the GO fraction increases, the coating
becomes less dense, and the resulting porosity can lead to pitting in these areas. The
GO/Cu5-0.6 composition demonstrated the optimal corrosion resistance, striking a
balance between the protective graphene membrane and the porosity induced by higher

graphene content.
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6.2 Proposed Future Work

This study has successfully established the feasibility of fabricating GO/Cu coatings on metallic
surfaces through cost-effective EBP technique. Additionally, the research has provided
important insights into how graphene enhances material properties, including its role in
strengthening and improving tribological properties and corrosion resistance. The GO/Cu
composite coating produced by the EBP technique is optimised by tailored brush plating
voltages and GO concentrations. Building on the findings and insights gained from these results,

the following two areas are proposed for further investigation:

Evaluation of further potential applications:

In this study, the tribological and corrosion properties of the GO/Cu composite coating have
been investigated. However, beyond these tribological applications discussed, the GO/Cu
composite coatings are expected to have significant potential in electrochemical applications,
including high-voltage power transmission and electric-thermal applications. Further
exploration of these areas could realise the full potential for wider applicability of the GO/Cu

coatings developed.

Further exploration on ceramic reinforced component of GO composite coating systems:

In this study, the feasibility of the brush plating technique has been demonstrated for the
deposition of electrically conductive and semi-conductive components onto electrically
conductive substrates. Graphene oxide (GO) was explored as a reinforcement in this process,
and further investigations could extend to other semi-conductive reinforcements. For instance,

ceramics such as AlbO3 [309], which can be produced via electrochemical oxidation reactions,
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show potential for co-deposition with GO. Exploring the synergistic effects of such
combinations on the mechanical, chemical and tribological performance of the composites

coatings would be a valuable avenue for future research.
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