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Synopsis

The unusual tribological and corrosion inhibiting properties of graphene have been
revealed by nano-scale experimental and theoretical studies. The ever-increasing
demand in utilising these extraordinary properties calls for production of graphene-
based coatings with high uniformity and in large area. This research was aimed at
exploring different surface engineering techniques towards cost-effective and scalable
fabrication of such coatings on metallic surfaces.

Graphene oxide (GO) was employed as the coating precursor, and various
coating routes were investigated in the project to produce coatings mostly on 316L
stainless steel. Self-assembly and electrophoretic deposition (EPD) were employed to
produce single- and multi-layer GO coatings with thickness values ranging from 1 nm
to hundreds of nm, whilst electroplating and electro-brush plating were used to deposit
nickel-GO composite coatings on the steel substrates. The chemical compositions and
microstructures of the resultant coatings were characterised. The tribological
behaviours of the coatings in reciprocating sliding contacts were studied and their
corrosion performance evaluated. Particularly, the mechanical properties and thermal
stability of the Ni-GO composite coatings were investigated using nanoindentation.

The results have showed that both EPD and self-assembly are capable of
depositing thin and uniform GO coatings onto steel. The EPD technique exhibited
advantages such as good control of coating thickness and in-situ reduction of GO. The
tribological and corrosion tests have showed promising properties of the GO coatings
in terms of a much lower friction coefficient, 30-times smaller corrosion current density

and a 9-time higher corrosion impedance compared to the bare steel. However, the



EPD coatings were prone to damage due to interlayer shear and the weak coating
adhesion to the steel substrate. It was found that specific surface topography helped
retain the GO coatings. Alternatively, pre-modification of the steel surface with a self-
assembled monolayer of silane can also enhance the bonding of the GO sheets to the
steel surface, thus improving the wear performance of the ultra-thin GO coating in
terms of a 10-fold reduction in wear and increased coating durability by 20 times.

Ni-GO composite coatings were produced successfully by conventional
electroplating. A grain refinement effect due to GO incorporation has been confirmed
by XRD. The hardness and elastic modulus of the nickel matrixes were improved up
to 42% and 7.5%, respectively. Unfortunately, the corrosion resistance was worsened,
mainly due to the adverse GO agglomerations within the deposit.

In contrast, the electro-brush plated Ni-GO nano-composite coatings exhibited
significantly improved compactness and homogeneity. A similar grain refinement and
improvement in the elastic properties yet an 8% reduction in plasticity were observed.
More importantly, the GO-containing nano-composite coatings exhibited enhanced
thermal stability, in terms of a better retention of the hardness and elastic properties
after annealing up to 600 °C. Meanwhile, the Ni-GO composite coatings showed 37%
lower friction and 88% lower wear compared to neat nickel coating. The corrosion
performance was also upgraded in terms of a 70% reduction in corrosion current and
a 5-time increase in total corrosion impedance. The findings indicate that electro-brush
plating is a very promising technique to produce novel nano-composite coatings.

Based on the experimental results, the potential mechanisms involved in grain
refinement, greatly increased mechanical properties, effectively enhanced tribological

and corrosion performance and significantly improved thermal stability are discussed.
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Figure 5.4-17 Coefficient of friction (COF) evolution of neat Ni, NG and NGr coatings sliding against an
alumina ball under a normal load of 3 N. Nitrogen flow was applied intermittently during a
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CHAPTER 1 INTRODUCTION

Graphene is a young yet very attractive carbon material owing to its extraordinary
properties. Its unusual electronic properties have made it the centre of post-silicon era
research [1, 2]. The high aspect ratio and strong sp? C-C bonds of graphene make it
not only the thinnest and ultralight material, but also the strongest material ever
discovered to date [3]. The light transmittance of monolayer graphene can be as high
as 97.7% [1], making graphene a promising candidate material for various electronic
and optoelectronic applications such as field emission transistors [4], transparent and
flexible electrodes/films [5, 6], window materials for solar cells [7] and gas/chemical
sensors [8].

Recently, there has been an increasing research interest in the tribology of
graphene [9, 10]. Nano- and microscopic studies have demonstrated that graphene
can show extraordinary lubricity, even superior to bulk graphite [11]. Importantly,
graphene has a thickness of merely 0.34 nm, rendering it probably the thinnest solid
lubricant ever. However, in the literature there is just a limited number of reports on
graphene-based surface coatings for combating friction and wear at macro scale [12,
13]. This is mainly due to the difficulties in obtaining such coatings continuously on a
large area. Nonetheless, graphene films of 100 metres long and premium quality have
been produced by chemical vapour deposition (CVD) [14]. However, due to the strict
selection criteria and thus very limited choices for the substrate material [15], the
growth of such graphene films on arbitrary substrates has yet to be effectively realised.

Meanwhile, the cost of CVD-graphene is still too high for scalable applications. In



addition, the graphene surface coatings made via transfer of CVD-graphene [11] or
other solvent evaporation methods [6, 16, 17] usually show inadequate bonding to
common engineering materials surfaces [18].

Furthermore, it has also been demonstrated that graphene is theoretically
impermeable to all molecules and ions, suggesting it an ideal corrosion barrier [19].
This unusual feature has been stimulating a vast number of studies exploring the use
of graphene-related materials as protective coatings. Notwithstanding the fact that
CVD-graphene has shown great potential as an effective inhibitor against both ambient
oxidation [20] and wet corrosion [21], the same challenges as mentioned in the
preceding paragraph remain. The combination of established protective coatings and
graphene-related materials has resulted in a series of anti-corrosion composite
coatings, especially those of polymeric matrixes that are suitable for cheap and mass
production [22-24] and readily applicable on common metallic surfaces [25, 26].
However, graphene-metal composite coatings have yet to be widely studied, due to
the lack of techniques for generating well-bonded, compact and homogeneous
coatings.

Therefore, the overall aim of this PhD project was to explore different methods
towards cost-effective and scalable fabrication of graphene-based coatings on metallic
surfaces, and to optimise the coating process for enhanced performance at macro
scale. The specific research objectives were:

e To fabricate surface coatings based on chemically derived graphene (graphene
oxide) via wet-chemistry routes on steel.
e To develop advanced methods for deposition of graphene-based coatings of

high homogeneity, good coverage and in large area.



To fully characterise the chemical composition and microstructure of the
coatings using various techniques, thus understanding the advantages and
disadvantages of the different fabrication techniques employed.

To investigate the mechanical properties of the coatings and the tribological
behaviour in a macro-scale context for better understandings towards the
different strengthening and wear mechanisms.

To evaluate the anti-corrosion performance of the coatings electrochemically

and contribute to the interpretation of the protection mechanisms.

As a quick overview, the following chapters of the thesis are outlined below:
Chapter 2 provides a survey of the literature starting from the discovery,
structure and basic properties of graphene, to an introduction of the established
methods for graphene and graphene-based coatings, followed by a review of
the studies concerning graphene in the field of surface engineering, in particular
tribology and corrosion.

Chapter 3 describes all the experimental procedures for sample preparation
and coating fabrication. Details of the microstructure and property
characterisation techniques are also given.

Chapter 4 is the first half of the whole results and discussion, covering four
chronological topics which are GO synthesis, electrophoretic deposition and
self-assembly of GO coatings, and electroplating of Ni-GO composite coatings.
Chapter 5 is the second half of the results and discussion which focuses on the
novel fabrication of Ni-GO composite coatings by electro-brush plating. It covers

the general characterisation and the promising mechanical, tribological,



corrosion properties and enhanced thermal stability of the obtained coatings.
e Chapter 6 concludes the key findings and implications throughout the project.

e Chapter 7 gives recommendations for scientific future work.



CHAPTER 2 LITERATURE REVIEW

2.1 History and development of graphene research

Graphene is a one-atom-thick, honeycomb-like sheet of sp2-hybridised carbon atoms.
2D graphene is the building block for many other carbon structures such as 0D
fullerene, 1D carbon nanotube (CNT) and 3D graphite, as illustrated in Figure 2.1. This
new member of the carbon materials family was first prepared in laboratory by Geim,

Novoselov and co-workers in 2004 by developing a “Scotch-tape” method [27].

@
Figure 2.1 Schematic of 2D graphene, 0D fullerene, 1D CNT and graphite [28].

Actually, before their “ground-breaking experiments” [29] the theoretical research
on graphene had taken place for decades [30-32]. However, for a long period graphene
was thought to be a not real but “academic” material [33]. It was believed that 2D
crystals could not exist independently due to thermal fluctuations which should
deteriorate the long-range order and make the 2D structure highly unstable [28, 34-
36]. Nevertheless, in the hope of obtaining 2D graphene, various attempts were made

by researchers over the years, via either top-down or bottom-up methods [37-43]. The



term “graphene” was originally coined by Boehm et al. in 1986 when referring to a
single carbon layer of graphite intercalation compounds (GICs) [44]. Although the
efforts never stopped, it was not until 2004 that pristine, monolayer graphene of high
quality was prepared in a laboratory. Since then the unique structure and properties of
graphene have been intensively investigated, with a huge number of breakthroughs

published.

2.2 Structure and properties of graphene

2.2.1 Atomic structure of graphene

zZigzag edge

Figure 2.2 (a) Honeycomb lattice of graphene in real space. A and B represent the
two types of nonequivalent carbon atoms. The basic vectors of the unit cell are set
as a1 and az2. (b) the corresponding reciprocal lattice with basic vectors b1 and b2

and its first Brillouin zone (grey marked) [45].

Figure 2.2a is an atomic model of the graphene crystal. The honeycomb-like lattice
consists of two sets of non-equivalent carbon atoms A and B. The corresponding
reciprocal lattice of graphene is shown in Figure 2.2b. In graphene carbon atoms are
sp?-hybridised, which means for each carbon atom, three of the four exterior electrons
couple with those of the nearest carbon atoms, forming three in-plane o-bonds with
included angles of 120°, thus resulting in the planar hexagonal lattice of graphene. The

carbon atoms are separated by a lattice constant of 1.42 A (0.142 nm). Within the



lattice the C-C bonding energy of 615 kJ/mol is even stronger than that of sp3-
hybridised diamond (345 kJ/mol) [45], which gives rise to graphene’s extraordinary
mechanical properties. The remaining fourth exterior electron occupies an orbital
perpendicular to the basal plane, and interacts with neighbouring counterparts, forming
so-called delocalised 1-bonds. Unlike strong o-bonds, these 11 electrons are bonded
much weakly and of high freedom, resulting in most of the electronic properties of
graphene.

The conflict between the theoretical prediction and the successful laboratory
discovery of 2D graphene is mediated by the fact that most of the reported graphenes
are not standing alone, but either supported by [27] or grown epitaxially on [43] proper
3D substrates. With the benefit of supporting substrates, the thermal fluctuations within
the graphene structure are suppressed and thus crystal defects are limited
substantially. In the case of free standing graphene, both experimental observation [46]
and theoretical simulation [47] have proved that suspended graphene membranes are
actually not perfectly flat but with lots of intrinsic ripples of 5-20 nm laterally and 1 nm
in the third dimension, as illustrated in Figure 2.3. These localised out-of-plane
deformations, although much smaller than the sample size, help to resist thermal

fluctuations and maintain long-range order.

Figure 2.3 Schematic of intrinsic ripples in graphene [46].



2.2.2 Electronic properties

As depicted in the reciprocal lattice (Figure 2.2b [45]), the Brillouin zone of graphene
is hexagonal with several high symmetry points I, M, K and K". The two boundary
points K and K" are known as Dirac points. By using a tight-bonding approach, the
band structure of single-layer graphene can be described as in Figure 2.4 [48]. The
neighbouring 1 electron orbitals overlap, and the valence (1 electron occupied) and

conductance bands (vacancies) meet exactly at Dirac points.

Figure 2.4 Band structure of graphene. Inset: enlarged view of the energy
dispersion near one of the Dirac points where the valence and conductance bands
meet [48].

This unique band structure configuration determines that graphene is a zero-gap
semiconductor (i.e. charge carriers can be modulated between electrons and holes
continuously) [28]. Graphene exhibits a super high charge carrier mobility up to
100,000 cm?V-'s™" at room temperature and should not be affected much by high
charge carrier densities or chemical doping [28, 45]. For comparison, some
semiconductors such as InSb can achieve a room temperature carrier mobility of
77,000 cm?V-'s!, but that is obtained from bulk materials without chemical doping,

which is commonly employed to modulate the band gap (for logical applications in



semiconductor industry) or electrical activity (for electrochemical applications such as
supercapacitors and batteries). Moreover, half-integer quantum Hall effect (QHE) can
be observed in single layer graphene at room temperature, and the conductivity of
graphene will in no circumstance fall below a minimum threshold of e%h [49, 50].
Based on these unusual properties, graphene is believed to have a huge potential
in the post silicon era. Indeed, the majority of graphene research interest has been
intensively focused on electronic applications such as high frequency (THz) transistors
(For reference, the best high frequency Si transistor available now can perform at 330

GHz [1]) and logic transistors.

2.2.3 Mechanical properties

Figure 2.5 An artist impression of an elephant standing on a pencil, supported
merely by a graphene sheet [51].

Graphene is often cited as the strongest material ever, outperforming structural steel
by some 200 times [52]. Another vivid statement is that graphene is mechanically so
strong that “It would take an elephant, balanced on a pencil, to break through a sheet

of graphene the thickness of Saran wrap (cling film)” [52], as depicted in Figure 2.5 an
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artist impression of the magical scene [51]. These statements on media were actually
based on experimental studies including one by a group of researchers at Columbia
University [3]. They produced circular wells on a silicon wafer before the single-layer
graphene was mechanically deposited on the substrate surface. The mechanical
properties of the suspended graphene monolayer were then tested by atomic force
microscopy (AFM) nanoindentation, as illustrated in Figure 2.6. Their experimental
results suggest that graphene should have a Young’s modulus E as high as 1.0
terapascals (TPa), assuming the effective thickness of graphene as 0.335 nm. From
the same samples, they obtained an intrinsic strength gint of 130 gigapascals (GPa),
with a corresponding fracture strain of 25%, which suggests graphene is not only
extremely strong but also highly stretchable. In comparison to graphene, carbon steel
usually exhibits a Young’s modulus of some 200 GPa and an intrinsic strength of 400

MPa.

'

1um 1.50m

Figure 2.6 Schematic of nanoindentation on suspended graphene membrane using
an AFM tip [3].

Nonetheless, it has been reported [53] that the mechanical properties of
graphene depends much on the type and degree of defects. Among all the defect forms,
for instance, whilst sp3-type defects do not degrade graphene’s strength even at high
defect densities, vacancy-type defects result in a significant drop in mechanical

properties. Therefore, quality control of graphene, especially when employing large-

10



area graphene, is of particular importance in order to maintain graphene’s
extraordinary mechanical properties. For graphene-based composites, for the same
reason, it is also highly desired to enhance the bonding and interactions between

graphene fillers and the matrix [2].

2.2.4 Chemical properties

As mentioned earlier, graphene is a lattice of carbon atoms and has a compact yet
very concise crystal structure. Therefore, despite its surprising electronic properties,
pristine graphene is chemically inert, like graphite which is actually stacked graphene
layers. Graphene, as well as graphite, is commonly seen as a hydrophobic material,
although recently some authors have pointed out that the wettability of graphene
should be affected by the ambient environment (i.e. contaminations and hydrocarbon
species that could be adsorbed onto graphene surface) [54, 55], or the liquid-graphene
and liquid-substrate interactions [56]. On the other hand, graphene has been reported
to be impermeable to almost any molecules and ions [19, 57, 58], which suggests that
graphene can act as a superior barrier against corrosive species and oxygen diffusion
(the related applications will be reviewed later in Section 2.5.2).

Functionalisation of graphene provides a box of tools for promoting the chemical
reactivity and exploring graphene’s potential in chemistry such as electronic bandgap
modulation [59-61], electrochemical catalysts [62-64], bio-sensors [8, 65] and
biomedicine [66, 67]. Graphene can be functionalised via either non-covalent or
covalent routes [68]. The former is achieved by simply van der Waals forces or 1r- 11
stacking between the graphene plane and external aromatic molecules (see Figure
2.7a, where pyrene butanoic acid succidymidyl ester (PBASE) molecules are absorbed

on graphene [61]), whilst the latter is based on the breaking of sp2-bonds in graphene
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and the grafting of external functional groups, as illustrated in Figure 2.7b [45]. As their
interaction mechanisms differ, the non-covalent functionalisation has little impact on
the 1 conjugated structure of graphene, and thus the intrinsic electronic and
mechanical properties can be retained furthest; in contrast, covalent functionalisation
always means a sp? to sp? transition, thus usually resulting in the formation of graphene

derivatives, as to be reviewed in the following section.

Figure 2.7 Schematic of (a) non-covalent functionalization and -1 stacking
interactions [61] and (b) covalent functionalization. In (b) Grey atoms are carbon

and white atoms are hydrogen [45].

2.2.5 Graphene derivatives and their properties

2.2.5.1 Graphene oxide and reduced graphene oxide
Among various derivatives of graphene, graphene oxide (GO) and its reduced form

rGO are the most intensively studied, due to their cost-effective and scalable

12



processing.

Figure 2.8 Structural model of GO, indicating the presence of oxygen functional

groups either on plane or at the edges [69].

A few structural models of GO were proposed by various authors over the past
decades [70], and the most recent model is the one suggested by Lerf, Klinowski and
co-workers [71]. In this model, graphene is decorated with oxygen-containing
functional groups such as hydroxyl (-OH) and epoxide (-O-) groups which are located
mainly on the basal plane, and carboxylic (-COOH) and carbonyl groups which are
located at the edges, as illustrated in Figure 2.8 [69]. GO has a typical carbon to oxygen
atomic ratio (C/O ratio) of 4:1 to 2:1 [72, 73], and an expanded layer thickness around
1 nm [74] due to the presence of oxygen groups and other sp® defects. Accordingly,
the original properties of graphene, such as electrical conductivity and mechanical
strength usually degrade considerably. To restore the pristine structure and properties
(electronic properties in particular), graphene oxide can be either reduced via various
routes to form rGO (Section 2.3.6), or functionalised further to enable numerous

applications other than electronics [75, 76].

2.2.5.2 Other derivatives from doping

Graphene can also be modified by other elements including but not limited to hydrogen,
fluorine and nitrogen. Similar to the formation of GO, these doping processes also
break the C-C sp?-bonds in order to graft the doping atoms to the lattice or replace

carbon atoms by the doping atoms [59]. Hydrogen doped and fluorine doped
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graphenes are so called graphane and fluorographene, respectively. Among all these

derivatives, nitrogen-doped graphene is of most interest, for its great potential in

graphene electronics, sensors and electrochemical reaction catalysts [60, 62-64, 77].

2.2.5.1 Summary of material definitions

To clarify the differences between graphite, graphene and related derivatives that are

covered in this thesis, the recommended definition for each material [78] is listed below:

Graphite is one of the many allotropes of carbon. It consists of individual carbon
layers stacking in sequences of so-called Bernal (ABAB..., hexagonal) or
rhombohedral (ABC...). The layers are bonded via weak van der Waals forces,
with an interlayer spacing of ~3.35 A (0.335 nm).

Graphene is a single-atom-thick sheet of hexagonally arranged, sp?-bonded
carbon atoms that is not an integral part of a carbon material, but is freely
suspended or adhered on a foreign substrate.

Few-layer graphene is a 2D sheet-like material consisting of a small number

(2-5) of well-defined, countable, stacked graphene layers.

Graphene oxide (GO) is chemically modified graphene prepared by oxidation

and exfoliation that is accompanied by extensive oxidative modification of the
basal plane.

Reduced graphene oxide (rGO) is graphene oxide that has been reductively

processed by chemical, thermal or other possible methods to reduce its oxygen

content.

Graphite oxide is a bulk solid made by oxidation of graphite through processes

that functionalise the basal planes and increase the interlayer spacing. Graphite

oxide can be exfoliated in solution to form graphene oxide.
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2.3 Methods for obtaining graphene
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Figure 2.9 The main methods available for graphene. The diagram compares their
quality and price, respectively [1].

2.3.1 Mechanical exfoliation
It is by mechanical exfoliation (or so-called “Scotch-tape” method) that graphene was
first realized in laboratory in 2004 [27]. The idea is to repeatedly peel highly oriented
pyrolytic graphite (HOPG) using scotch tape to thin down the graphite layer gradually.
By repeating the operation carefully, some single-layer graphene can be found in the
debris. This is a simple and effective way to produce graphene of high quality and few
defects. The first astonishing discoveries [3, 27, 49, 50, 79] were all based on
graphenes made by this method. Today there are still groups of researchers using
mechanically exfoliated graphene for nano-fabrication of electronic devices [80, 81].
However, the yield by this route is very low and it is difficult to separate single or few
layers from the resulting debris. Therefore, it is a premium choice for laboratory
research but not for mass production. Figure 2.9 is a comparison of different methods

for graphene synthesis, taking their quality and price for mass production into
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consideration [1].

2.3.2 Liquid exfoliation
A cost-effective and potentially scalable way to isolate graphene from graphite is via
exfoliation in solvents. To cleave bulk graphite, the van der Waals forces that hold
graphene layers together in the graphite structure must be overcome. A minimum input
energy of 2 eV/nm? [82] is required, and this can be fulfiled by ways such as
ultrasonication. After exfoliation, it is also essential that the solvent can prevent the
graphene sheets from restacking.

The research group led by Jonathan Coleman at Trinity College Dublin stands
out in this field due to their significant and continuous contribution to this technique [83-
89]. In 2008, they reported that a suspension of graphene (<5 layers) with a
concentration up to 0.01 mg ml' could be obtained in “good solvents” such as N-
methylpyrrolidone (NMP) [85]. Based on quantitative analysis they also predicted that
any solvent with a surface tension of 40-50 mJ/m? is desirable, as the surface energies
of such solvents match that of graphene [85]. The group then further improved the
resulting concentration in the same organic solvent NMP [87], investigated the
exfoliation in water and the effect of various surfactants [86], and expanded their
research to other 2D materials successfully [84].

Liquid exfoliation gives graphene with few defects and highly compatible with
many liquid-phase processing, like polymer composites. While it is worth noting that
due to the high boiling points of some organic solvents, it is a challenge to purify and

transfer the graphene for some applications. Moreover, toxicity could be another issue.
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2.3.3 Chemical vapour deposition (CVD)

Apart from mechanical exfoliation and liquid exfoliation which isolate graphene in a
top-down fashion, there are a few bottom-up graphene synthesis choices, including
chemical vapour deposition (CVD) [11, 90, 91].

In a typical process, carbon sources, such as methane the most commonly used
[92], are fed into the reaction chamber at elevated temperature (usually 1000 °C)
where a catalyst substrate (e.g. a Cu foil) is located. The carbon feedstock is then
catalytically decomposed and carbon atoms adsorbed on the substrate surface to form
graphene.

While many transition metals other than Cu, such as Ni, Co, Ru, Ir, Pt and Pd can
also catalyse the graphene synthesis [11, 15], copper is superior due to the much lower
carbon solubility of copper and thus a better control of the graphene layer number (one
to few-layer for Ni vs. nearly 100% monolayer for Cu) [15, 92]. Other factors that affect
the synthesis process considerably include feedstock compositions, flow rate,
exposure time, cooling rate, etc. [15], indicating the complexity of this synthesis route.

Notwithstanding, CVD has been the most popular route for preparing large-area,
high-quality graphene (for instance, 30-inch [93] and 100-m-long [14] graphene film by
roll-to-roll production, as illustrated in Figure 2.10, have been reported), and thus is
regarded as the most promising route for graphene’s commercialisation [1].

The main challenges remaining for CVD graphene include how to improve the
transfer process onto arbitrary surfaces [94], how to get a better control to the graphene
grain size and orientation (most CVD grown graphenes are polycrystalline) and
eventually realize single graphene synthesis [1], as well as lowering down its energy

consumption and cost [95].
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Figure 2.10 Schematic of continuous roll-to-roll production of graphene. (a) CVD

synthesis of graphene on Cu foil roll. (b) Gravure coating of epoxy resin onto PET

film and sandwich bonding with graphene/Cu foil. (c) Spray etching of the Cu foil.
(d) The resulting PET/epoxy/graphene film roll ready for use [14].

2.3.4 Epitaxial growth on SiC

Another bottom-up method for graphene synthesis is epitaxial growth on silicon carbide
(SiC) [43, 96]. As SiC is a carbon source as it literally should be, instead of relying on
external carbon feedstock, this technique is based on controlled sublimation of Si from
the compound surface, thus eventually leaving a graphitic layer, namely graphene. The
SiC here serves as both the carbon source and targeting substrate, which means there
is no need for metallic catalysts. On the other hand, SiC is a widely used material in
high-power electronics [1], and can be tailored with patterns by means of lithography,

making this route a versatile, transfer-free alternative to CVD graphene synthesis.
Graphene can grow on both the (0001) (i.e. Si-terminated) and (0001) (C-

terminated) faces of SiC. Those grown on the C-terminated face are usually multi-layer

with inhomogeneous layer numbers due to the relatively high activity of that face.
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Besides the layers tend to have a high density of rotational disorder [96]. In contrast,
the Si-terminated face exhibits advantages as it allows homogenous graphene growth
and easier control of the layer number. The main drawback for (0001) face growth,
however, is that the Si-terminated surface usually features terraces where the
graphene nucleation occurs. Thus, the graphene film, although uniform, just follows
the topography of the substrate. Figure 2.11 is a comparison of the SiC substrate
before and after graphene growth, in which some steps can be clearly seen [97].

Like the CVD route, epitaxial growth of graphene could receive more attention if
the synthesis temperature (also around 1000 °C) can be reduced and the reaction

conditions further optimised.

/’ it / 4

Figure 2.11 AFM images of (a) initial surface of 6H-SiC(0001) substrate and (b)
graphene grown on the SiC substrate formed by annealing in Ar environment
(900 mbar, 1650 °C) [97].

2.3.5 Bottom-up molecular assembly

Various chemical routes can be used to obtain graphene products out of molecules.
The molecules, normally in forms of polycyclic aromatic hydrocarbon, serve as the
building bricks for graphene and usually the synthesis is implemented via solution-
based approaches. The small monomer precursors are brought together to form linear

polyphenylenes, then to larger aromatic hydrocarbon structures via coupling reactions
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under selected conditions. However, due to the reduced solubility of large polycyclic
products, this method is not suitable for large-area synthesis of graphene, but feasible
for the quick and controllable production of high quality graphene nano-ribbons, T-
shape or Y-shape graphene nano quantum dots. For instance, Yang et al. reported the
use of 1,4-diiodo-2,3,5,6-tetraphenylbenzene for the synthesis of graphene
nanoribbons. After reacting with 4-bromophenylboronic acid to form a
hexaphenylbenzene intermediate product, and twofold lithiation with n-butyllithium and
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2dixaborolane, the obtained monomers were
subject to polymerisation and cyclo-dehydrogenation reactions to form graphene-like

nanoribbons. The schematic of this process is shown in Figure 2.12.

Figure 2.12 Schematic of graphene nanoribbon synthesis [98].

The main drawback of this synthesis route for its development is the high cost
(even higher than CVD methods) and the low yield of this method. As mentioned above,
the synthesis of large-area graphene via this route is not practical. The chemical
process is usually complex and thus cannot be easily adapted for large-scale

applications.
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2.3.6 Reduction of graphene oxide
Probably the cheapest way for mass production of graphene, reduction of graphene
oxide (GO) is now widely adapted by researchers in different fields.

Basically, this method consists of three steps, which are the oxidation of graphite,
the exfoliation of graphite oxide and the reduction of graphene oxide, successively.
During the first stage the graphite layered structure is intercalated and expanded by
oxidative ions and molecules, resulting in the formation of so-called graphite oxide.
After exfoliation, graphene oxide, which has been introduced in Section 2.2.5.1, is
obtained. The graphene oxide can then be used readily, or reduced by various ways

before final use (see Sections 2.3.6.2 - 2.3.6.4).

2.3.6.1 Methods for graphene oxide

The story of graphene oxide can date back to more than a century ago (far earlier than
the boom of graphene!), when graphite structure and graphite intercalation compounds
(GICs) were attracting the interest of chemists [37, 99]. The first well-known graphite
intercalation method was reported by Brodie in 1895 [100], which was slightly improved
by Staudenmaier 40 years later [101]. These two methods are still being used today
for GO or rGO synthesis, while the main stream method, is the one invented later by
Hummers and Offeman in 1958 [102] as well as its modified versions [103-106].

As per the Hummers method, a mixture of concentrated sulphuric acid and
potassium permanganate is used to intercalate and oxidise graphite. The reaction
could last for 30 min [102] up to 12 hours [103], varying from method to method. The
functioning oxidant during this period is believed to be dimanganese heptoxide (Mn207),

formed as described below [70]:

KMnO, + 3 H,SO,—» K* +Mn0O3 + H;0" + 3 HSO; (2.3-1)
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MnO3 + Mn0O; » Mn,0, (2.3-2)
At the end of oxidation, the resulting product (i.e. graphite oxide) is subject to an
exfoliation process powered by ultrasonication, during which graphite oxide is split into

individual layers, i.e. graphene oxide.
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Figure 2.13 Schematic of the intercalation and oxidation process of graphite in the

presence of concentrated sulfuric acid and potassium permanganate [107].

A detailed study [107] has suggested that the formation of graphene oxide
contains three stages, namely the conversion of graphite into graphite intercalation
compound (GIC), the conversion of GIC into pristine graphite oxide (oxidised graphite)
and finally the conversion of pristine graphite oxide into graphene oxide upon exposure
to a proper solvent under ultrasonication. The process is shown in Figure 2.13.

Owing to the presence of the polar functional groups (Figure 2.8), GO sheets can
disperse well in water and some organic solvents, as demonstrated in Figure 2.14 [108].
However, the functional groups disrupt the conjugated structure of graphene, having a
huge impact on the properties of graphene, especially electronic properties. Hence,

reduction of graphene oxide is often necessary.
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Figure 2.14 Graphene oxide dispersed in water and 13 organic solvents [108].
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2.3.6.2 Chemical reduction

Hydrazine (N2H4) [72] was one of the earliest reported agents for GO reduction. The
reduction was fulfilled by adding hydrazine hydrate into a graphene oxide suspension
and maintaining at 100 °C for 24 h. The C/O ratio of the reduced material increased
remarkably to 10.3 from 2.7, indicating a considerable removal of the oxygen groups
in GO. As a side effect, however, the rGO sheets agglomerated and precipitated out
[72]. As the rGO sheets became less hydrophilic and restacked together, it is difficult
to re-disperse them anyway [74]. Although measures can be taken to stabilize rGO
sheets, such as adding a stabilising polymer before reduction [72], adding ammonia
[109] or KOH [104] to the reduction formula or using anhydrous hydrazine (chemically
pure without water) [110], the highly toxic hydrazine should not be the first choice for
the sake of health and environment. Alternatively, there are a number of other
chemicals that have been accepted as effective reducing agents, such as sodium
borohydride (NaBHa4) [111], hydroiodic acid (HI) [112], L-ascorbic acid (Vitamin C) [113],
etc. The last mentioned is of particular interest because it is very gentle to humans and
totally green (and Vitamin C was invented here at UoB, winning a Nobel Prize for the
author and the University [114]). A comprehensive summary and comparison of the

reductants is available in ref. [115].

2.3.6.3 Thermal reduction
GO can be reduced via thermal-shock at elevated temperature in vacuum, inert (Ar) or
reducing (e.g. H2) atmospheres. It has been demonstrated that upon heating GO

undergoes a significant mass loss at 200-250 °C, due to the decomposition of oxygen

functional groups [74]. Below 100 °C or above 250 °C only slight mass loss occurs due
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to the evaporation of adsorbed water [74]. However, to build up the pressure between
graphene oxide layers rapidly and finally exfoliate them, a heating rate of 2000 °C/min
and a holding temperature above 1000 °C are usually required [116]. As a protection,
the annealing is conducted in vacuum [16], inert gases such as argon [116] or reducing
atmosphere [7]. Although thermal reduction has been reported to yield graphene with
high electrical conductivity [116], the main drawback is the high energy consumption,
and thermal reduction is not suitable for substrates with low melting points such as

polymers [73].

2.3.6.4 Electrochemical reduction

The electrochemical reduction of GO is non-destructive, quick, clean and energy-
saving. The reduction mechanism is simply by electron exchange between the GO and
the counter electrode [73], which means there is no need for strong chemical, high
temperature or bulky vacuum instruments — usually a normal electrochemical cell will
do, at room temperature. This method is particularly favourable for the reduction of GO
coatings, because once a GO coating is fabricated onto the targeting substrate (Si
wafer, ITO glass, PET film, metallic surfaces, etc.), it can be reduced in-situ [117-119].
By this way, the re-dispersion issue for rGO is avoided.

The electrochemical process could be programmed to be either a cyclic
voltammetry or at a fixed voltage (DC). In the case of cyclic voltammetry, taking the
work by Wang et al. [119] for instance, the GO coated electrode and the counter
electrodes were immersed in 0.5 M NaCl solution and subject to a scanning range from
0.7 to -1.1 V with a scan rate of 50 mV s-'. On the other hand, Peng et al. [118] reported
the reduction of their solid GO film at a fixed voltage of -1.1 V in 0.5 M NaNOs3 solution.

In both cases, the electrochemically reduced GO exhibited comparable [118] or even
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outperforming [119] electrochemical activity as chemically reduced GO.

2.4 Methods to obtain graphene-based coatings

2.4.1 Transfer of CVD-grown graphene thin films
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Figure 2.15 A summary of several versions of the wet transfer of CVD-grown

graphene [120].

As CVD-grown graphene keeps building up its market share [15, 90], it is critical to

develop and optimise techniques for the transfer of CVD graphene onto arbitrary

substrates for downstream applications [1, 94]. The most important transfer approach

to date is via wet chemical transfer, employing an intermediate carrier material, usually

polymethyl methacrylate (PMMA) [92]. Figure 2.15 is an illustration of the transfer

process [120]. The typical procedures are: (i) coating a layer of PMMA on top of the

graphene grown on Cu substrate; (ii) etching away the Cu substrate using chemical
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solutions such as FeCls; (iii) rinsing the PMMA coated graphene with deionised (DlI)
water and transferring to the targeting substrate; (iv) removal of the PMMA top layer in
organic solvents such as acetone; (v) drying and annealing the graphene coating to
remove the chemical residues; (vi) transfer completed. Based on this protocol, a
number of modifications have been practised, including direct transfer using
isopropanol (IPA) droplets [121]; substitution of fragile PMMA with firm polymers like
PET film, based on which the roll-to-roll transfer of 100-m-long graphene has been
reported [14]; electrochemically bubbling delamination and transfer [122], etc.
Unfortunately, defects are inevitably introduced into the graphene thin film during
the transfer operation and thus the coating integrity suffers. This problem can lead to

the loss of a lot of properties, such as anti-friction [11] and anti-corrosion [123].

2.4.2 Self-assembly monolayer & multilayer
GO or rGO coatings can be fabricated from a GO suspension conveniently by
techniques such as spin coating [16], spray coating [17], dip coating [105], Langmuir-
Blodgett assembly [6, 124] and vacuum filtration [5]. However, the adhesion of these
coatings is usually weak as the GO or rGO sheets are just physically covering the
substrate surface. This is acceptable for electronic applications, while for the
applications that require a good bonding to the substrate (for example, anti-friction or
anti-corrosion applications), the interaction between the coating and the substrate must
be enhanced.

To this end, the graphene-based coating, appearing as either a single form or part
of a multi-layer system, can be fabricated through self-assembly techniques. Self-
assembly is a process in which molecules array themselves regularly, without external

guidance, onto the surface of solids (or liquids), and bind to the surface via the
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interlinking of the chemical head-groups of both [125]. Since the head-groups of the
molecules usually have a high affinity for the surface, the assembly process keeps
going until the surface is fully occupied. Due to its nano-scale nature (typically 1-3 nm,
depending on the molecule size), self-assembly is widely used for studies in

nanoscience and nanotechnology [125].
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Figure 2.16 Schematic of the self-assembly of APTES-GO thin film

on silicon wafer [126].

Ou and co-workers used an intermediate layer (also self-assembled) of (3-
Aminopropyl)triethoxysilane (APTES) as the bonding layer beneath the GO topcoat,
and investigated the tribological performance of the coatings [126]. Figure 2.16 depicts
the self-assembly of APTES-GO thin film on a silicon wafer. The resulting sample
exhibited a prolonged anti-wear life in contrast to the silicon substrate coated only with
GO or rGO, which was attributed to the enhanced bonding by the APTES layer. The
group then expanded the use of APTES to various sandwich coating structures [127-
129], on other substrates such as titanium alloys [130, 131] and further found that other

agents such as polydopamine (PDA) [132] and polyethyleneimine (PEI) [133] could
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also promote the adhesion of the graphene-based coating. However, to our knowledge
there is no report yet about such use on such common metallic materials as steel. The
changes in the chemistry status of the assembled coating was not addressed, too.
Moreover, the normal loads used in the documented studies were mainly in the order

of mN, which is not compatible with macro-scale applications.

2.4.3 Electrophoretic deposition (EPD)

There has been a call for techniques towards large-scale production of graphene-
based functional coatings and graphene-based composites. A facile, applicable
technique should be able to fabricate graphene-related materials homogeneously and

cost-effectively. Electrophoretic deposition (EPD) could be such a candidate.

2.4.3.1 Fundamentals of EPD
EPD is a colloidal process in which charged particles move towards and deposit onto
the oppositely charged electrode in the presence of an electric field [134]. The wet
deposit is then subject to drying or sintering to obtain a dense coating. Through this
method it is possible to deposit particles of various sizes (nano- or micro-range) and of
almost all types of materials, including but not limited to metals, ceramics, polymers,
glasses [135] and carbon nanotubes (CNTs) [136], as long as a stable suspension of
the working particles is available.

Though literally similar, the main differences between electroplating and
electrophoretic deposition are:

a. In electroplating, the charge carriers and moving species are the ions in the
electrolyte, for example, the Ni?* ions in nickel plating; while in EPD, it is mostly the

solid particles not the free ions that dominate the deposition.
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b. In EPD a liquid medium of low conductivity is favourable, as the suspending
particles and ions are competing species. In contrast, an electrolyte of high ion
concentration and conductivity is likely to lead to a successful electrodeposition;

c. Although an aqueous suspension can be used for EPD, usually organic liquid
media are preferred. This is because during a water-based EPD process water
electrolysis and Joule heating (heat accumulation near the electrodes) could occur
[135] as a side effect of the low conductivity of the electrolyte. On the contrary, for

electrodeposition water-based electrolytes are commonly used.
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Figure 2.17 The electric double-layer developed surrounding a charged particle in a

suspension. The zeta-potential describes the potential at the shear plane [135].

Some important factors that influence a EPD process are: the electrophoretic
mobility of the particles, the conductivities of the suspension and substrate, the applied
voltage, etc. The mobility in turn depends linearly on the zeta-potential of the particle

(¢) in a given colloidal system (in terms of the permittivity and viscosity of the solvent
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[134]). Zeta-potential is closely related to the electric double-layer established around
a charged particle as illustrated in Figure 2.17 [135]. It describes the potential
difference from the shear plane (the boundary between the liquid moving with the
particle and the liquid that does not) far to the bulk fluid [135]. It determines the
repulsion strength between particles and the moving direction (if the particles are
positively charged, they migrate to and deposit on the cathode). In general, a higher
zeta potential means a greater suspension stability and particle mobility. It has been
reported that the absolute value of the zeta potential should be no less than 30 mV to
prevent the particles from coagulation or flocculation [137].

Upon charged particles reach the electrode, several mechanisms for the
deposition have been suggested [134], such as particle flocculation near the electrode,
particle charge neutralisation, electrochemical particle coagulation and electric double-
layer distortion and thinning. A common view is that the deposition depends much on
the loss of short-range order, i.e. the drop of the suspension stability and
electrophoretic mobility near of the electrode. The charged particles get reduced zeta-
potential near the electrode, suppressed by either local ions or surrounding counterpart
particles or contact with the oppositely charged electrode, and thus the particles tend
to accumulate and coagulate, and finally deposit on the electrode.

Based on the understandings above, some advantages and disadvantages of
EPD can be drawn. The advantages include:

o Cost-effective and easy equipment;
e Less safety concerns. Room-temperature deposition possible and few
chemicals are required;

e Controllable deposition (kinetics, coating thickness, etc. [138]);

31



e Possibility to coat substrates with complex shapes (e.g. metal foams [139]);

e Co-deposition of wide range of materials such as particles [140] and metals
[141].

The disadvantages are:

e A conductive substrate is required, although deposition on non-conductive
surface has been reported [142];

o Side effects such as water electrolysis for aqueous EPD and the melting of
metallic anodes.

e For some applications (such as EPD of ceramics) sintering is necessary.

2.4.3.2 EPD of graphene-based materials

Recently, EPD of graphene-based materials for various applications has attracted an
increasing amount of interest [4, 137, 142-149]. In most of these reports, GO rather
than defect-free graphene was involved in the EPD. This is because in the presence
of polar liquid such as water, the deprotonation of the carboxylic groups on GO sheets
(see Equation 2.4-1 below) makes GO sheets readily negatively charged, resulting in
a highly stable suspension even without any additives, which is ideal for EPD use.

RCOOH - RCOO~ + H* (2.4-1)

Several studies have used aqueous suspensions of GO for EPD, taking
advantage of GO’s good dispersity in water. The applied voltages in these cases were
in the range of a few [138, 149, 150] to tens of volts [148]. While some others reported
the EPD of graphene-based coatings from organic suspensions, such as isopropanol
[4], ethanol [140, 151] and N,N’-dimethylformamide (DMF) [152]. The applied voltage
for organic EPD could be as high as 160 V [4], since the gas evolution and Joule

heating in aqueous systems can be eliminated owing to the much higher

32



decomposition potential and low electrical conductivity of the organic solvent.

2.4.4 Electro brush plating
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Figure 2.18 A typical electro brush plating set-up. In this example a Ni-P coating is

deposited on a CrMo steel substrate using a plating pen [153].

Electro brush plating (EBP) has been an important way for the processing of composite
coatings and received interest from both industry and nano-tech researchers due to its
easy operation, high deposition rate and compatibility [154, 155]. It is an extensively
practised technique for component repairing and strengthening [154, 155].

Electro brush plating is conceptually a derivative of conventional electroplating,
in which an electric field is applied between two electrodes in an electrolyte (for
example, a solution of nickel salts for nickel plating) and the coating is usually obtained
at the cathode (the target article). The main difference is that in electroplating the two
electrodes remain static [156-158]; while in electro brush plating the pen-like anode is
wrapped with an absorbent material that can hold the plating solution. During the
plating process the operator brushes the anode pen against the workpiece surface

evenly at a proper speed. While the power supply is constantly on, the current flow is
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triggered and the deposition obtained only when the anode pen is in contact with the
workpiece [154]. Figure 2.18 is a schematic of a brush plating set-up for a Ni-P coating
[153]. It is clearly an advantage of EBP that the deposition is highly target-oriented and
thus saving electric power as well as the plating solution.

A promising application for EBP is its use for nano-composite coatings. A wide
range of particles, such as alumina (Al203) [155], silicon carbide (SiC) [159], zirconia
(ZrO2) [160], molybdenum disulphide (MoS2) [161], nano Cu and carbon particles [162]
can be added into the plating solution and incorporated into the deposit. Composites
containing carbon nanotubes (CNTs) can also be deposited by EBP [163]. Compared
to conventional electro co-deposition, composite coatings by EBP benefit from its
compactness and good adhesion [164]. Besides, the fact that the anode pen moves
against the target surface means that the particles can be “pushed” into the deposit
physically in addition to the electrolytic driving force, thus boosting the particle loading.
While there have been a few reports on the electrodeposition of graphene-based
composites [165-170], no report has yet been published on the use of EBP for the

fabrication of such composites.

2.5 Surface engineering with graphene-based materials

2.5.1 Tribological applications

2.5.1.1 Nano/micro-scale tribology of graphene

(a) Frictional behaviour of pristine graphene

One of the earliest studies in this field was reported by Lee et al. in 2009 [171], in which
the frictional behaviour of mechanically exfoliated graphene with varying layer numbers

was investigated using AFM and FFM (friction force microscope) techniques. It was
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found that the frictional force decreased monotonically as the number of graphene
layers increased and eventually reached that of bulk graphite [171]. Similar results
were reported by Filleter et al. [172], who found that for graphene grown epitaxially on

SiC, the friction of monolayer was twice that of bilayer.

(b
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Figure 2.19 (a) Schematic of puckering effect of a graphene sheet under an AFM

tip and (b) the layer dependence of friction based on FEM simulation [173].

Earlier TEM observation has revealed that to achieve thermal stability graphene
monolayer is not perfectly flat but has intrinsic ripples [46]. Thus a “rippling-rug”
mechanism was proposed [171, 173]: the out-of-plane ripples and puckering increase
the contact area between the tip and the graphene sheet (Figure 2.19), thus increasing
the friction. Further experiments [174] and finite element modelling (FEM) [173] also
demonstrated that this rippling-rug or puckering effect is more evident for monolayer
graphene which is weakly bonded to the substrate or freely suspended; the effect will
be suppressed if graphene is strongly bonded to the substrate or the graphene sheet
is thick and stiff. This out-of-plane deformation mechanism has been supported by
molecular dynamics (MD) simulations [175, 176]. In addition, Filleter et al. [172, 177]
concluded from angle-resolved-photoemission spectroscopy (ARPES) results that the
friction difference between mono- and bi-layer graphene could arise from their different

energy dissipation behaviour.
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It was reported by Li et al. [174] that the trend of decreasing friction force with
respect to graphene thickness was absent in the case of mica substrate, where the
graphene is strongly adhered to the mica sheet. This is mainly because the surface of
freshly cleaved mica is atomically flat and graphene always follows the contour of the
underlying substrate [178]. The suppression of out-of-plane deformation reduces the
friction. This is echoed by Cho et al. [179] who investigated the friction of graphene on
various substrates. They found that on atomically flat substrates, such as h-BN and
bulk-like graphene, the friction was not only as low as that of bulk graphite but also
independent of the number of graphene layers. Marchetto et al. [180] investigated the
friction and wear of single layer graphene epitaxially grown on SiC at microscale using
multi-asperity FFM fitted with Ruby sphere tips. A super low initial friction coefficient of
0.02 was found, and the value evolved to be 0.08 after a hundred cycles of
reciprocating sliding. The remarkable lubricating behaviour was attributed to the hard
SiC substrate and strong interface bonding that prevented the out-of-plane deformation,
thus reducing the contact area, which in turn reduced the friction.

Transferring a graphene film from the mother substrate to another leads to
deformation and defects in the graphene layer, which will usually increase the friction.
For example, the friction coefficient of graphene films grown on Ni foil by CVD was
0.03 [11]; however, after being transferred on to a silicon dioxide substrate the friction
coefficient raised up to 0.12, close to that of bulk graphite (Figure 2.20). The reason
for this increase was mainly contributed to the inadequate adhesion between the
transferred graphene film and the foreign substrate, and partially due to the
contaminations and wrinkles caused during the transfer.

It follows from the above review that graphene can show very low friction if it is
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firmly bonded on the substrate. Therefore, for potentially tribological applications it is

essential to secure the bonding of a graphene coating to the substrate.

50

1.0

[} S|O‘; - (a) 0.9 ] (b)
sgd *® Cu-grown GriSiO;
" . E c 0.8+
= & Ni-grown Gr/SiO; S o
E 404 ¥ Ni-grown Gr {as-grown) ¥ 2 70
o 0.6
8 ) 5
= 304 - 0.5
£ { =
5 5 0.4
5 2] i 3 E 0.3
= 10 - E ] { O 0.24
"R ?E I 017
0 al I‘a. e + k] * ki 0.0
0 10 20 30 40 50 60 7O 80 Sio Cu-grown  Ni-grown Mi-grown Gr
Load (mN) : GriSi0;  Gr/Si0;  (as grown)
Samples

Figure 2.20 (a) Friction force as a function of load and (b) coefficient of friction for

graphene samples. Gr: graphene [11].

(b) Frictional behaviour of functionalised graphene

As graphene products always contain defects, deformations and functional
groups in the graphene lattice, the reported tribological characteristics of graphene are
usually far from the theoretically expected values. For instance, it has been reported
by Shin et al. [181] that the friction of both mechanically exfoliated and epitaxially-
grown graphene increased after oxygen plasma treatment. The defects induced by ion
bombardment increased the polarity of graphene surface and the attractive van der
Waals forces between the AFM tip and graphene layer, thus resulting in an increase of
friction. In the tribological simulations by Bonelli et al. [182], graphene with a larger
flake size exhibited lower friction, even superlubricity, compared with smaller flakes.
This is because the edges of the graphene flakes can be treated as structural defects,
so larger graphene flakes tend to have less such defects due to their higher area-to-
edge ratios. Similar influence of defects on the friction of graphene has also been

reported by Won et al. [183].
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Figure 2.21 Friction as a function of normal load for pristine (black) and fluorinated
(red) graphenes and their AFM friction images. A clear stick-slip motion is demon-
strated on pristine graphene. Contour maps of the tip-sample potential energy for

the two samples are provided [184].

Ko, Kwon and co-workers [185, 186] investigated the nano-tribological behaviour
of fluorinated, hydrogenated and oxidised graphenes by FFM measurements and
density functional theory (DFT) calculations. They found that the nanoscale friction
increased by 2, 6 and 7 times for hydrogenated, fluorinated and oxidised graphenes,
respectively, compared to pristine graphene. Several friction and wear mechanisms for
functionalised graphene have also been reported [184, 187-189]. Li et al. [184]
concluded from their experiments and simulations on fluorinated graphene that the
dramatic friction increase is due to increased energy corrugation, as demonstrated in
Figure 2.21, which is probably caused by the strong local charge concentrated at
fluorine sites. Fessler and co-workers [187] observed a similar increase of friction for
hydrogenated graphene on SiO2 substrate using FFM. Berman et al. [188] conducted
nano-tribological tests on multilayer graphene and graphene oxide using AFM. It was
shown that the quality of multilayer graphene plays an important role in the friction
reduction. High-purity graphene grown by CVD showed significantly lower friction than

highly oriented pyrolytic graphite (HOPG) and oxidised graphene.
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In a report by Peng and co-workers [189], mechanically exfoliated multilayer
graphene (MEMG), multilayer graphene oxide (MGO) and multilayer reduced
graphene oxide (MRGO) were deposited on SiO2 substrates and their nanotribological
properties were investigated by AFM in ambient conditions. All three types of graphene
layers exhibited reduced friction with respect to bare SiO2 substrates. The friction value
is reduced in the order of MEMG, MRGO and MGO. The MEMG holds the lowest
friction coefficient due to its perfect planar lattice and hydrophobic nature. In contrast,
the oxygen functional groups lead to a hydrophilic surface, especially for MGO, thus
increasing the friction. More recent work by Chen and Filleter [190] has further
confirmed that when applied as solid lubricants between a sliding contact, few layer
graphene and GO can reduce friction by about 6 and 2 times, respectively, compared
to the unlubricated contact. In addition, the wear of GO decreased with increasing C/O
ratio and it is possible to achieve graphene-like tribological properties by tailoring the
structure of GO.

It is worth noting that in some published studies the friction of bulk graphite was
shown to be lower than that of graphene (< 5 layers) [171, 173, 174, 179, 191], whilst
in contrary some other authors reported a higher friction for bulk graphite [11, 172, 177,
180, 181, 188]. This difference can be attributed to the effect of various graphite
sources and testing environments, the quality and purity of graphene [188] and the

bonding between the graphene and the substrate [11].

2.5.1.2 Macro-scale tribology of graphene-based materials
While the nano/micro scale studies (those normally done using AFM and/or tribometers
with a small load of less than 1000 nN) have provided many insights towards the

tribology of graphene, it is essential to investigate the tribology of graphene and
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graphene-based materials at macro scale using conventional reciprocating or
unidirectional sliding tribometers to provide more relevant information for real
applications. Generally, the macro-scale friction and wear properties of graphene have
been studied in forms of graphene-based coatings, graphene-reinforced composites
and graphene-based lubricant additives (which is not reviewed due to the irrelevance
to this project).

(a) Graphene-based surface coatings

Berman et al. from Argonne National Laboratory in the USA pioneered the
attempts at using graphene as a solid lubricating coating on metallic substrates [12,
13, 192-194]. In their work [12, 13], solution-processed graphene (SPG) prepared by
chemical exfoliation of graphene was dispersed in ethanol and then spread on highly
polished surfaces of 440C stainless steel. After evaporating the ethanol in dry nitrogen,
a graphene coating of 2-3 layers was formed on the steel surface. The graphene
coating was non-continuous with merely 25% coverage, while exhibiting excellent
lubricity (coefficient of friction 0.15-0.20) regardless of humid or dry nitrogen
environments. The wear rates were reduced by 4 and 2 orders of magnitude in humid
air and dry nitrogen, respectively. This is in contrast to graphite, which lubricates well
in humid environment but is much less effective in dry environment [192].

The reports by Berman and co-workers seem to be the only publications that
employed graphene as a solid lubricant at a macro scale. This is partially due to the
difficulty in obtaining such coatings continuously on a large area, but more likely due
to the weak adhesion of graphene-based coatings to most engineering materials
surfaces [18].

Liang et al. [148] fabricated a graphene oxide film directly on silicon wafer using

40



EPD. The results of tribological tests showed that the friction coefficient and wear rate
of the GO coated silicon wafer were reduced by 6 and 24 times, respectively, indicating
the potential of GO as a solid lubricant for micro/nanoelectromechanical systems
(MEMS/NEMS). However, the normal load used in this work was only 400 mN and
further studies under higher loads should be conducted to evaluate the durability,
adhesion and load bearing capacity of the EPD deposited GO coating.

As reviewed in Section 2.5.1.1, the adhesion of the graphene-based coating to
the substrate can have a major influence on its tribological performance. Engineering
material surfaces cannot be as flat and smooth as mica and h-BN. Therefore, either
the graphene source or the target substrate needs to be engineered to enhance the
adhesion between them, and more efforts are still needed to improve the reliability and
durability of graphene-based coatings.

(b) Graphene-based composites

To address the technological challenge of relatively weak bonding of graphene
coatings on large areas of materials surfaces (such as biomaterials), graphene-based
composite coatings have been developed and their tribological properties explored
[195-201].

Thangavel et al. [198] reported the structural and tribological properties of GO
reinforced poly(vinylidene fluoride) (PVDF) nanocomposite thin films. The tribological
properties of the composite coatings were evaluated using a reciprocating tribometer
with a stainless steel counter ball under a load of 10 mN. The addition of GO in the
polymer coating reduced the friction and wear of PVDF. As expected, an optimal GO
content was observed, above which point both the friction coefficient and wear rate

increased with GO content (Figure 2.22 [198]). Likewise, Min et al. [199] found that the
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incorporation of GO into polyimide (Pl) not only improved the mechanical and
tribological properties but also enhanced the thermal stability of the composite. The
effect of GO was believed to stem from the oxygen functional groups in GO which can
help form a strong interface with the Pl matrix. The composites are toughened by GO
sheets due to their intrinsic strength and high aspect ratio. Similarly, Song et al. [200]
reported that as a nano-filler for poly(ether ether ketone) (PEEK), GO was superior to
multiwall carbon nanotube (MWCNT) in terms of the ability of reducing friction,

extending wear life and improving the Young’s modulus and tensile strength.
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Figure 2.22 Friction coefficients and wear rates of the PVDF-FGO thin films with
different GO content [198].

Apart from graphene/polymer composite coatings, Li et al. [201] were able to
fabricate graphene nano-sheets (GNs) reinforced zirconia ceramic coatings on Ti-6Al-
4V substrates by plasma spraying. To enhance the adhesion a Ni-Cr bonding layer was
applied. It was found that an addition of 1 wt% GNs reduced the wear rate by ~50%,
and the friction coefficient was reduced from 0.27 to 0.19 when the normal load
increased from 10 to 100 N. The improvement by GNs, especially under high load can

be attributed to the formation of a continuous GN-reinforced transfer layer which
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effectively prevents the substrate from further damage, as demonstrated in Figure 2.23.
However, compared with GNs, graphite was less effective since the transfer layer was

discontinuous.
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Before - .. Graphite
wear - cIL:?_:ters
GNs-reinforced No obvious Discontinuous
transfer Ia\rer transfer layer transfer film

After
wear
Figure 2.23 Schematic of the formation of the transfer layer during wear test [201].

It seems that GO instead of pristine graphene can be the first choice as
reinforcements for bulk composites, due to the oxygen groups in GO that can enhance
the interactions with the composite matrix and due to the relatively low cost and wide
availability. However, most of these studies [140, 202-209] have focused on the
mechanical characteristics of the composites, and their tribological properties were
rarely addressed.

Tai et al. [210] prepared GO/ultrahigh molecular weight polyethylene (UHMWPE)
composites by hot pressing. It was found that both the hardness and wear resistance
of the GO reinforced composites increased with the GO content up to 1.0 wt%. A
transfer layer mechanism was proposed to explain the wear reduction, which agrees
with other reports [201, 211-213]. However, the friction increased slightly with
increasing GO loading, consistent with reported phenomenon with CNT/UHMWPE

composites [210]. Similar friction increase was also reported by Shen et al. [214, 215]
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in their studies on GO/epoxy composites. The infusion of GO was found to increase
the friction yet to reduce the wear significantly. Kandanur et al. [216] reported the
suppression of wear in GO reinforced polytetrafluoroethylene (PTFE) composites
under a high normal load of 50 N. The wear rate was reduced by 10-fold with only 0.32
wt% GO fillers, and dramatically by 4000-fold with 10 wt% of GO platelets. Graphite
reinforced PTFE, on the other hand, showed 10-30 times higher wear rate than in the
GO case, indicating the huge advantage of graphene as a lubricating nano-filler. These
documented studies were all targeted at polymeric graphene-containing composites.
Unfortunately, however, few reports on metal-graphene composites were found.
Therefore, it is worth exploring the fabrication and the corresponding mechanical and

tribological properties of metallic composites reinforced by graphene-related materials.
2.5.2 Corrosion applications

2.5.2.1 Impermeability of graphene
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Figure 2.24 (a) Molecule structure and (b) the geometric schematic of
graphene [19].

Graphene’s unique 2D structure gives rise to some unique properties, including its

impermeability. Graphene, although only one-atom-thick, can block all molecules
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including helium the smallest from passing through, given that it is free of defect [57].
This is mainly due to graphene’s compact carbon lattice. Figure 2.24 is a schematic of
graphene’s molecular structure [19]. As the C-C bond length in graphene is 0.142 nm,
taking only the nuclei into calculation, the geometric pores in the honeycomb lattice
would have a diameter of 0.246 nm. Further considering the van der Waals (vdw)
radius of carbon atoms (0.11 nm), the pore size would reduce further to 0.064 nm, as
indicated in Figure 2.24b. This pore size is even smaller than those of the smallest gas
molecules such as helium (0.28 nm = 2 x 0.14 nm (vdw atomic radius)) and hydrogen
(0.314 nm = 0.074 nm (H-H bond length) + 2 x 0.12 nm (vdw atomic radius)). For
comparison, the van der Waals diameters of chloride ion (CI-) and fluoride ion (F-), two
common corrosive species are 0.35 nm and 0.29 nm, respectively. In addition, the
overlapping Tr-electron cloud in the vicinity of graphene’s basal plane renders a
repelling field to foreign atoms and molecules, while remaining transparent to electrons
[19]. These characteristics imply that graphene can be the world’s thinnest separation
membrane [57] and corrosion barrier [217].

Despite the excellent barrier properties of pristine graphene, proved both
experimentally [57, 218] and theoretically [219-221], the processing of graphene may
influence the impermeability to some extent. Graphene grown by CVD often contains
defects that allow helium to pass through [221]; Nair et al. observed that a membrane
of GO (sub-micrometre thick) is completely impermeable to all tested molecules
including helium, but allows quick penetration of water, which can be attributed to the
capillary effect between 2D GO laminates [222]. As the GO laminates usually contain
a high level of defects and oxygen groups (thus high surface energy and hydrophilic),

water molecules can squeeze through the defective sites and overlapping edges. The
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results of molecular dynamics simulation by some other authors agree with this
observation, suggesting that water molecules in the bulk of GO laminates tend to
aggregate into the oxidised sections, leading to a further opening of the compact GO
laminates [219]. This drawback can be compensated by reducing the GO membrane
thermally or using chemicals such as hydroiodic (HI) acid and vitamin C (VC) [58]. After
reduction, no permeation of water, Cl- ions and even hydrofluoric (HF) acid can be
detected. This is also applicable for GO thin coatings more than 100 nm thick on top
of PET films, glass, Cu and Ni substrates [58]. The enhanced barrier effect can be
attributed to the reduction of the interlayer spacing and the recovery of the graphene
structure, i.e. the graphitisation of the GO laminates. Thus, the trick behind the
impermeability variation of graphene-based materials is the structural integrity and

surface chemistry.

2.5.2.2 Single coatings

(a) CVD-grown graphene

The exploration of graphene as a protective coating was initiated just 5 years ago,
when the technique of large-area CVD-graphene came to reality [20, 93]. It has been
reported that CVD-graphene can protect the underlying substrate from air oxidation
[20, 223]. Chen et al. investigated the effect of graphene films on the oxidation
behaviour of the growth substrates by exposing in hot air at elevated temperature and
in hydrogen peroxide [20]. After annealing at 200 °C for 4 h no visible surface change
can be seen on the graphene coated metals. X-ray photoelectron spectroscopy (XPS)
results showed pronounced oxidation peaks from bare Cu and Cu/Ni foils,
corresponding to CuO and Cu(OH):2 for Cu, and NiO and Ni(OH)z for Ni, respectively,

which were all absent for the graphene-coated foils. In addition, Raman spectra
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suggested that the graphene retained its Raman features in the oxidising atmosphere.
Thus, the great protection effect of graphene can be attributed to not only its
impermeability but also its chemical resistance [20].

Furthermore, some samples were immersed into a hydrogen peroxide (H202)
aqueous solution (30%) for a short time. Once again, much fewer oxidising attacks
were found at the graphene-coated side where the copper penny coin is still shiny; in
contrast, the uncoated side appeared black after the etching, indicating severe
corrosion. In another report, Nilsson et al. [223] showed that a single layer of graphene
grown on a Pt(100) surface by CVD effectively suppress the reconstruction of the
Pt(100) under Oz pressures up to 10 mbar, and CO pressures up to 10 mbar. The
density functional theory (DFT) calculations also demonstrated that graphene can keep
its basal plane intact under extremely harsh conditions such as 2000 K hot atomic
hydrogen.

CVD-grown graphene can also protect the metallic substrate from wet corrosion
effectively [21, 123, 224-230]. Prasai et al. investigated the corrosion behaviour of
copper foils after graphene growth in 0.1 M Na2SOs solution via a set of
electrochemical techniques including cyclic voltammetry (CV), polarisation and
electrochemical impedance spectroscopy (EIS) [21]. The CV measurements of the
graphene coated copper did not show strong redox peaks that were present for the
bare copper, indicating graphene’s low affinity to oxygen and remarkable barrier effect
for ion diffusions. The graphene coated sample showed just minor corrosion at some
isolated spots, rather than an entire damage for the bare copper. It was then inferred
that corrosion only occurred through the cracks in the graphene film. The following

polarisation measurements demonstrated dramatic reduction of the corrosion rates (7
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times for graphene-coated copper and 20 times for graphene-coated nickel), indicating
an extraordinary protection offered by the as-grown graphene films. EIS analysis and
electrical equivalent circuit (EEC) models suggested that corrosion initiated at the
defective sites in the graphene and developed from these sites to larger area
underneath [21].

Kirkland et al. reported the corrosion performance (in 0.1 M NaCl) of graphene
grown on both copper and nickel by CVD and suggested different protection
mechanisms for graphene-covered nickel and copper [224]. Graphene appeared as a
barrier to the anodic reaction of the underlying Ni substrate, i.e. the oxidation of metal

Ni — Ni** +2¢~; while the Cu was protected cathodically, i.e. suppressing the cathodic

reaction O,+2H,0+4e” —40H . Raman and co-workers [225] reported their work on

copper with CVD-graphene under similar testing conditions but ended up with results
contrary to Kirkland et al. The corrosion potential of the graphene coated copper turned
to be more positive than the bare copper, together with a nearly two orders of
magnitude reduction towards the corrosion current density. The authors attributed the
variations between the reports to the different processing conditions and graphene
qualities. In another study graphene films were grown on the surface of nickel coated
SUS304 stainless steel [228]. The thin multi-layer graphene coating was found to
protect the stainless steel from pitting or surface passivation after 20 scanning cycles
in 3.5wt% NaCl solution. The graphene coated Ni/steel exhibited only negligible
increase of interfacial contact resistance (ICR) after the polarisation, implying that
graphene could be a promising coating for fuel cell bipolar plates [228]. The use of
graphene as protective coatings in other environments such as the Ni anode of

microbial fuel cells [229] and biological aqueous environments [230] have also been
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explored with encouraging results.

Despite the promising property indicated by the results, many authors also
pointed out that the grain boundaries [20], defects [226, 231] and wrinkles [123] in
CVD-graphene may still allow oxidation and wet corrosion to take place, or even
promote the corrosion underneath [232, 233]. Schriver et al. investigated the oxidation
behaviour of bare and graphene coated copper in both hot air and ambient
environment and found graphene “worse than nothing” [232]. The authors attributed
the poor protection to the loss of graphene’s impermeability over a long time and the
galvanic corrosion promoted by graphene which is electrochemically nobler than Cu
[217, 225]. They also argued that the high conductivity of graphene may help spread
the electrochemical reactions across the surface, thus promoting larger-scale oxidation.
The oxidation promotion effect of graphene here is consistent with the findings by Zhou
et al. [233]. The defects in CVD-graphene can also lead to a reduced barrier effect.
The anti-corrosion property of graphene could be enhanced if the defects in graphene
are passivated, as demonstrated by Hsieh et al. using atomic layer deposition [226].

(b) GO and rGO

Recently GO and rGO were being studied as protective coating materials due to
their cost-effective and scalable synthesis. Importantly, GO can be dispersed in many
colloidal systems and readily used for the following coating fabrication process, making
them more promising for anti-corrosion applications. GO coatings can be fabricated
via methods such as spin coating [234], rod coating [235] and electrophoretic
deposition (EPD) [145]. The results suggests that GO and rGO could be as effective
as CVD-grown graphene for corrosion inhibition [21, 225], as long as the coating is

compact [145], intact and strongly adhered to the substrate [234, 235].
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2.5.2.3 Composite coatings

The rise of graphene-based composites as protective coatings is because pure
graphene coatings, either grown by CVD or made from GO and rGO, are vulnerable
and can be easily removed by scratches, heating or simply liquid erosion. On the other
hand, it is difficult to rule out the defects in such graphene coatings completely, thus
resulting in the loss of impermeability, as already mentioned before. Therefore, the
incorporation of graphene-based materials in a composite could be more practical and
reliable for real anti-corrosion applications.

Graphene-based materials such as GO in particular, have been incorporated into
polymers [22-26, 150, 236-244], inorganic/ceramic materials [140, 245, 246] as well as
metallic matrices [167, 170] to form composites for corrosion protection.

(a) Polymer composites

Anti-corrosion graphene-polymer composites emerged only two or three years
ago [238, 240, 241]. GO was intensively involved in the relevant studies (nearly 9 out
of 10), because the oxygen-containing functional groups in the GO structure renders
GO sheets highly stable in many solvents [108], making it compatible with many liquid-
phase polymer processing.

A wide range of polymer matrixes have been reported, such as poly(styrene
sulfonate) (PSS) [238], polystyrene (PS) [242], poly(hexamethylene diisocyanate) (HDI)
[239], polyisocyanate (crosslinked with hydroxyl functional acrylic adhesive) (PIHA)
[240, 241], polyester (PE) resin [150], alkyd resin [25], epoxy resin [24, 26, 244],
polyurethane (PU) [23], polyvinyl butyral (PVB) [22, 243], to name a few. GO sheets
were mixed with the polymer (or corresponding monomers) in water [238-241, 244] or

organic solvents such as NMP, tetrahydrofuran (THF) [242], methanol [22, 243], N,N-
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dimethylformamide (DMF) [23] or resin bases [24-26]. In order to get a homogenous
composite, measures such as vigorous stirring [24 3], ultrasonication [24, 239, 241, 242,
244], ball milling [25, 26] and shear mixing [23] were taken. Upon the completion of the
composite mixture, coatings can be fabricated easily by spin coating [238], dip coating
[22, 243], bar coating [23, 242], spraying [24], etc. In addition, some electrochemical
methods such as electrochemical electrodeposition [239], electrophoretic deposition
[240, 241] have been adapted for the fabrication of graphene-polymer composite
coatings, which allows one-pot fabrication [241], uniform deposition as well as good
control to the coating thickness [150, 241]. The resulting GO-polymer composites are
usually well attached to metallic substrates such as steel and copper due to the good
compatibility of the polymer to the metal surface [25, 26]. And some polymers can
naturally have strong bonding with graphene [238]. Nevertheless, the interactions
between GO sheets and the polymer matrix need to be enhanced to secure the barrier
effect of graphene as well as a good mechanical strength. This can be done by
chemically promoting the crosslinking between GO sheets and the polymer matrix. For
example, GO can be functionalised with other molecules such as polyisocyanate (PI)
[23], p-phenylenediamine (PPDA) [242, 244] and even ceramic particles like alumina
(Al203) [24].

(b) Inorganic/ceramic composites

Compared with the large amount of studies on graphene-polymer composites,
there are fewer studies so far on graphene-inorganic composite coatings, such as
graphene-hydroxyapatite (HA) composites. Li et al. reported their work on the
fabrication and characterisation of GO/HA nanocomposite coatings [140, 246]. In their

study the coatings were fabricated on titanium substrates from a co-suspension of GO
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and HA nano-particles by electrophoretic deposition (EPD). TEM observation
confirmed a uniform distribution of HA particles on GO sheets, and SEM images show
dense morphology and much less cracks for the GO reinforced HA coating. Apart from
the strengthened mechanical properties, the GO containing coatings showed improved
corrosion resistance in simulated body fluid (SBF), and superior in-vitro
biocompatibility (~95% cell viability for 2wt% GO). In a very recent report, Jankovi¢ et
al. prepared similar GO/HA composite coatings and evaluated their bio-activity as well
as the corrosion behaviour in simulated body fluid [245]. The hardness, elastic modulus
and thermal stability were all found increased, and an apatite layer was freshly formed
in SBF, indicating the good biocompatibility of the composite coating. The GO/HA
composite coatings demonstrated an improved corrosion resistance as confirmed by

EIS measurements, although no antibacterial activity observed.

2.6 Summary

In this chapter, the development of graphene and related research is briefly reviewed
(Section 2.1), followed by an introduction of the structure and main unusual properties
of graphene (Section 2.2) and methods for obtaining graphene (Section 2.3).
Graphene oxide (GO) and reduced graphene oxide (rGO) stand a good chance in
many engineering applications (where super electronic properties are not essential)
due to their low-cost synthesis and potential for mass production.

Moreover, although CVD-graphene usually exhibits better performance in
laboratory, GO and related materials facilitate convenient fabrication of graphene-
based coatings in large area via various wet-chemistry routes (Section 2.4). Among
the reviewed coating fabrication methods, self-assembly has been reported to enhance

the bonding of graphene-based coatings to silicon wafer and titanium for nano- and
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micro-tribological applications. However, no work has been done about the use of such
a bonding layer on other common metallic surfaces like steel. Electrophoretic
deposition (EPD) is capable for quick and controllable deposition of graphene-based
coatings from a simple aqueous suspension. On the other hand, as an advanced
electrodeposition technique, electro-brush plating (EBP) has multiple advantages for
the fabrication of nano-composite coatings, in particular the easy operation and the
coating homogeneity. There is no report yet in the literature exploring the use of EBP
for graphene-based coatings, which is worth investigating.

Being the main scope of this project, the tribological applications and anti-
corrosion applications of graphene-based materials are reviewed in Section 2.5. The
attractive tribological properties of graphene are highlighted by both nano- to
microscale and macroscale studies. Nevertheless, the importance of integrity and
adequate bonding of the graphene-based coatings is emphasised by many reports. To
crack the bonding issue, graphene-based composite coatings rather than pure
graphene coatings (formed of solely graphene and/or its derivatives) can be adapted.
The documented studies on graphene-polymer composite coatings showed
encouraging improvements in both mechanical and tribological performance. However,
few reports on metal-graphene composites were found.

The impermeability of graphene is then reviewed prior to the corrosion
applications of graphene and related materials, as it is believed to be the root of
graphene’s extraordinary anti-corrosion properties. Indeed, according to the earliest
studies on CVD-grown graphene and GO/rGO coatings, impressive physical barrier
effect against oxidation and wet corrosion was observed. However, similar issues such

as defects and coating adhesion remain. Graphene-polymer and graphene-inorganic
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composite coatings have shown their potential for long-lasting corrosion protection.

Unfortunately, those studies on graphene-metal composite coatings are rare.
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CHAPTER 3 EXPERIMENTAL

3.1 Substrate materials

In this study, the main material used for substrates is type 316L austenitic stainless
steel. 3-mm-thick stainless steel plate was sectioned into 20 x 30 mm? coupons using
a Struers Accutom-5 cutting machine. The coupons were then wet ground from grit 200
up to 2500 using silicon carbide grinding paper. After rinsing and washing with soapy
water, the samples were further degreased in acetone for 10 minutes with the
assistance of ultrasonication. The cleaned samples were blow dried and used
immediately unless otherwise mentioned.

Some of the samples were further polished on an automatic metallographic
polisher when a lower surface roughness is required, for example, the mounted
samples for cross-section observations under microscope. In these cases, 6 ym and
1 um diamond pastes were used successively to get a mirror finish. The polished

samples were then cleaned the same way as instructed above.

3.2 Graphene oxide synthesis

Graphite oxide was prepared based on a modified Hummers’ method [103]. Typically,
1 g graphite powder (Alfa Aesar, -325 mesh natural flakes) was mixed with 6 g
potassium permanganate (KMnOa4), then subject to chemical reactions with a blend of
chilled concentrated sulphuric acid (H2SO4, 120 mL) and phosphoric acid (HsPOa4, 13.5
mL) under rigorous stirring for 12 h at 50 °C. The mixture was then left cooling down
overnight to room temperature. To terminate the reactions, the resultant chocolate-

coloured slurry was poured carefully onto ice (made from 150 ml deionised water),
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followed by the addition of 30 wt% hydrogen peroxide (H202) solution under continuous
stirring until the mixture turned bright yellow in colour (for the doses described here 3-
5 mL H20:2 solution is required).

After left to stand for a few hours, the supernatant was discarded and the solids,
i.e. graphite oxide, were collected and washed repeatedly with 10 wt% hydrochloric
acid (HCI) solution. For each wash, the solid material and the acid were mixed well and
subject to centrifugation (6000 rpm for 10 min) with the supernatant being decanted
away. This process was repeated (usually 10-15 times) until sulphate radical can no
longer be detected from the supernatant using diluted barium chloride (BaClz) solution.
In order to remove acid residues after these washes, the remaining solid was washed
with copious absolute ethanol in a similar way as described above, until the pH of the
supernatant increased to 6-7. The obtained material was dried thoroughly in hot air.

The graphite oxide after the washing procedures described above is clean
enough for most purposes in this study. In just a few cases, dialysis was involved as
an enhanced purifying process. Dialysis bags were home-made by dispensing 10 ml
collodion solution (4-8 % in ethanol/diethyl ether) in an Erlenmeyer flask, followed by
tilting and rotating until a full coverage of collodion on the interior of the flask was
obtained. After 1 h the solvent evaporated and the dialysis bag was peeled off with
extra care. The dialysis bag was filled with graphite oxide slurry and immersed in
distilled water which was replaced regularly, until the pH of the surrounding water
increased to approximately 7 and no SO4% can be detected by BaCl..

Graphite oxide can be exfoliated into individual graphene oxide (GO) layers in
many polar solvents including water under ultrasonication, and readily used for the

following coating process. To obtain a 1 mg/mL GO aqueous suspension, for instance,
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100 mg of the dried product was dispersed in 100 ml deionised water under continuous
ultrasonication (200 W, Ultrawave U2500H) for 2-3 h. The suspension was centrifuged
at 1000 rpm for 30 min with the precipitates (mostly heavy and un-exfoliated graphite

oxide) being discarded.

3.3 Coating fabrication

3.3.1 Self-assembly thin film

Prior to thin film fabrication, target substrates (316L stainless steel) were first cleaned
in acetone and then treated in a Piranha solution (7:3 v/v mixture of concentrated
H2SO4 and 30 wt% H202 solution) at 80 °C for 30 min to modify the surface with
hydroxyl (-OH) groups. Extra care must be taken here as the Piranha solution is highly
corrosive. After rinsing with deionised water and blow drying, the specimens were kept
in a 3 vol% (3-Aminopropyl)triethoxysilane (APTES) solution in ethanol-water (5:1 v/v)
at room temperature for 30 min. The obtained samples were then rinsed and dried
thoroughly.

The self-assembly of GO coating was done by keeping the APTES-treated steel
substrates into the GO suspension at 60 °C for 12 h. After that, the samples were
rinsed and ultrasonicated to remove excessive GO sheets floating on the surface. This
type of samples was named 316L-A-GO. For comparison, the same immersion

process was applied to untreated stainless steel (hamely 316L-GO).

3.3.2 Electrophoretic deposition (EPD)
A purpose-built electrophoretic deposition cell was used, as shown in Figure 3.1. Briefly,
two stainless steel plates facing each other with a separation of 20 mm served as the

working and counter electrodes, respectively. The electrodes were immersed into a 1
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mg/mL GO aqueous suspension. The anode of the DC power supply was connected
to the working electrode while the cathode to the counter electrode. Electrophoretic
deposition was performed in constant voltage mode with a voltage level ranging from
1-10 V. After a specific deposition time (for example 2 minutes), the two electrodes
were withdrawn from the suspension slowly while keeping the power on. The DC power
was then cut off and the coated sample was dried in 80°C hot air for 1 h. For EPD in
water without any additives, one should expect GO coatings formed on the anode, i.e.

the working electrode.

Figure 3.1 (a) Schematic of electrophoretic deposition of graphene [147] and (b-d)

home-made deposition fixtures for (b) one- and (c) four-anode deposition.
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3.3.3 Electro-plating

A three-electrode system similar to the electrophoretic deposition fixture was used in
the electroplating of pure Ni and Ni-GO composite coatings. Briefly, a piece of nickel
plate was placed in the middle of the deposition cell as the anode. Two 316L stainless
steel coupons with dimensions of 20 x 30 mm? were placed in symmetry in the cell.
The deposition area was approximately 20 x 20 mm? for each sample and the
separation between the nickel anode and the stainless steel cathode was fixed at 25
mm. The deposition process was controlled by a DC power supply working in constant-
current mode. A PTFE-coated magnetic stirrer on the bottom of the deposition cell was
powered during the deposition to provide agitation to the plating solution. The
deposition cell was kept in a thermostatic water bath in order to maintain the deposition
temperature.

To remove the oxide scale developed on the substrate surface and thus improve
the coherence of the nickel coating to the substrate, after being cleaned and degreased,
the stainless steel was submerged in a 10 wt% H2SO4 solution at 50 °C for 30 seconds
as an activation process. The substrate was then rinsed, dried and used for deposition
immediately.

The nickel plating solution was prepared according to the classical Watts bath
recipe which consists of NiSO4-6H20 (250 g/L), NiCl2:6H20 (40 g/L) and H3BOs (30
g/L) with a typical pH value of 3.5-4.5 which was adjusted using diluted H2SO4 and
NaOH solution. All the chemicals used were analytical-grade pure and dissolved in
deionised water followed by sieving through analytical filter paper in order to remove
insoluble impurities. The temperature of the electrolyte was carefully selected from the

range of 40-60 °C and kept constant during deposition. A current density of 4 A/dm?
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was used.

Nickel-graphene oxide composite plating bath was prepared by adding 4 mg/mL
GO suspension dropwise into the original Watts plating solution under continuous
ultrasonication (200 W) while shaking the container to minimise agglomeration. For
100 mL nickel solution, 5 mL of the GO suspension would result in a GO concentration
of approximately 0.2 g/L in the final plating solution, considering that the 5 mL addition
does not increase the total volume much. After GO addition the plating bath was
subject to further ultrasonication for at least 1 h prior to use. The GO concentrations in

the final nickel plating bath varied from 0.2 up to 1.5 g/mL.

3.3.4 Brush-plating

Figure 3.2 Digital photo of the electro-brush plating equipment.
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The electro-brush plating of nickel and nickel-GO nano-composite coatings was
performed using a nano brush plating unit (NBP-100) developed by the Surface
Engineering Research Institute, CMES, China (Figure 3.2). It is basically a DC power
pack yet with specially designed controllers which enable precise output of voltage and
current, enhanced overload protection and one-click switch of the electrode polarities.

There are two poles (positive and negative) leading out of the power pack, with
one of which being connected to the brush and the other attached to the workpiece.
The brush is a graphite rod wrapped with absorbent material (cotton cloth). When
plating the brush carrying plating electrolyte wipes against the target surface gently

and continuously. In this study, the speed of brush motion was kept at 10 cm/s.

Table 3.3-1 Operation procedures for electro-brush plating of Ni and

Ni-GO composite coatings

No. Operation Connection Voltage Time
Brush (+)
1 Electro-cleaning 10V 1 min
Sample (-)
Brush (-)
2 Electro-activation 10V 2 min
Sample (+)
Pre-plating Brush (+) 18V 5s
3
(acid nickel) Sample (-) 12V 2 min
Working coating Brush (+) 18V 5s
4
(ductile nickel + GO) Sample (-) 14V 30 min

The plating solutions used in this work were commercially available (Sifco ASC),
including electro-cleaning solution, electro-activation solution, acid nickel solution and

ductile nickel solution. For Ni-GO nano-composite coatings, the composite plating
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solution was prepared by adding GO suspension into the original ductile nickel solution,
a process equivalent to the one described in Section 3.3.3. The GO concentrations in
the final nickel plating bath varied from 0.5 up to 4 g/mL.

By following the plating procedures detailed in Table 3.3-1 and brushing these
solutions in succession onto the article, nickel coatings of 10 - 15 um were obtained
after a deposition time of 30 minutes. Note that after each step in Table 3.3-1 the

sample was rinsed and dried as described before.

3.4 General characterisation

3.4.1 X-ray diffraction (XRD)

The crystallisation status of the synthesised GO and the phase structures of the
coatings were analysed by XRD using a Bruker D8 Advance x-ray diffractometer
working with Cu-Kq radiation (A = 0.154 nm). PANalytical X'Pert Highscore Plus
software was used for the analysis of the acquired XRD patterns, such as peak

indexing, d-spacing calculating, phase determination as well as grain size estimation.

3.4.2 Raman spectroscopy

Raman spectra of GO and GO-containing coatings were recorded using a confocal
Raman microscope (Renishaw inVia Reflex, laser wavelength 488 nm). The target
sample was focused under a 20X objective microscope and the laser power was limited
at 10% out of the 35 W in order to minimise the damage to the sample. An exposure
time of 10 seconds per scan and six accumulations per sample were taken. A WiRE

software (version 4.2) by Renishaw was used for the data processing.
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3.4.3 X-ray photon spectroscopy (XPS)

XPS was employed to investigate the elemental and chemical states of GO and GO-
containing samples within an extremely small depth (less than 10 nm) beneath the
surface. XPS spectra were collected on a Thermo Scientific ESCALAB 250Xi facility.
Full-range spectra as well as detailed C1s spectra were recorded in order to understand
the bonding status and the oxidation/reduction degree of the GO.

XPS samples were cut to sizes of less than 10x10 mm? in lateral and 3 mm in
height to fit in the instrument. Considering that carbon is the most interested
information in this study, the sample surfaces were etched with argon ions for 1 minute
prior to each measurement in order to remove the surface contaminations, especially

external carbon species.

3.4.4 Atomic force microscopy (AFM)
AFM is known for its extremely high spatial resolution and thus widely used in
nanotechnology. Unlike other common microscopes such as optical and electron
microscopes which can only provide 2D images, one can obtain the 3D topography of
a surface. The morphology of graphene oxide sheets and self-assembled GO thin
coatings were characterised by an AFM (NanoWizard Ill, JPK Instruments) in tapping
mode. A silicon cantilever of 125 um in length, with a resonant frequency 300 kHz and
a spring constant 40 N/m was used in this work. The scan rate was 0.5-1 Hz.

GO samples were prepared by simply putting a droplet of diluted (nearly
colourless) GO-ethanol suspension on a silicon wafer and then blow drying. Highly
polished silicon wafer (surface roughness ~1 nm) was chosen as the background

material due to its atomically high degree of flatness.
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3.4.5 Zeta-potential

Zeta potential, as briefly introduced in Literature Review, indicates the stability and
electrophoretic mobility of the particles in a suspension and thus is one of the
fundamental parameters for an EPD process. The zeta potential of GO was measured
using a Zetasizer Nano system (Malvern Instruments). GO was dispersed in ultra-pure
deionised water by ultrasonication with gradient concentrations of 0.25, 0.33, 0.5 and
1.0 mg/mL. At least six measurements were taken for each GO concentration in order

to obtain a good average.

3.4.6 Scanning electron microscopy (SEM)

A Philips XL-30 field emission scanning electron microscopy (FESEM) was used
throughout this study for the observation of surface morphology, fractography as well
as wear tracks. In most cases the accelerating voltage was fixed at 10 kV. Samples to
be examined were attached to the holder using sticky carbon or copper tape and a
nano gold sputter (coating rate 10 - 12 nm every 3 min) was used to improve the
electron conductivity.

cross-section samples were cut from the bulk on a Struers Accutom-5 cutting
machine before being mounted in conductive Bakelite stubs using an Opal 400
mounting press. The grinding, polishing and cleaning procedures were the same as
described before.

Where a coating fracture was required, the sample was hand-sawed from the
back side (uncoated side) until a very thin skin of material (with the coating) was left
before complete separation. The sample was then soaked in liquid nitrogen (personal
protective measures taken) for about 3 minutes and bent immediately using pliers to

fracture the sample from the notch.
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3.4.7 Energy dispersive x-ray spectroscopy (EDX)

The SEM employed is also fitted with an EDX instrument (INCA Energy, Oxford
instruments) which was used to in-situ analyse the elemental information near the
sample surface with a spatial resolution of approximately 1-2 um. The accelerating
voltage, electron beam spot size and working distance were adjusted to optimal prior
to EDX requisitions. Both pointing and mapping requisition modes were involved as

per the sample type and analysis requirements.

3.4.8 Transmission electron microscopy (TEM)
TEM observations were performed on a JEOL 2100 TEM equipped with a LaBe filament
working at 200 kV. Electron diffraction (ED) was also conducted on site.

Graphene oxide TEM samples were prepared by putting a small droplet of diluted
(close to colourless) GO-ethanol suspension on a TEM support grid (with lacey carbon
film) and then drying in ambient environment. Due to the nano-scale thickness of GO

sheets, the sample made in this way can be readily used for TEM observation.

3.4.9 Roughness

Surface roughness and wear track profiles were measured using an Ambios XP-200
stylus profilometer (Figure 3.3). For a 2D measurement the stylus with a diamond tip
scans against the sample surface at a speed of 0.05-0.1 mm/s under a slight load of
1-5 mg. The height profile along the scanning direction was recorded and the surface
roughness was given afterwards. 3D topography profiles were obtained by
programming multiple parallel 2D scans with a fixed separation between every two.
For example, for a 0.5x0.5 mm? square scanning, a 0.5-mm-long 2D scan and 100

repetitions separated by gaps of 0.005 mm were programmed. The instrument then
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ran the scans one by one automatically and ended up with a 3D topography image of

the selected area with the assistance of the integrated software.

Figure 3.3 Digital photo of the 3D profilometer used for surface roughness

measurements and wear track mapping.

3.5 Mechanical property assessment

3.5.1 Micro-hardness

Micro-hardness measurements were conducted using a Mitutoyo MVK-H1micro-
hardness tester fitted with a Vickers indenter (Figure 3.4). A load range of 10-1000 g
was available and a standard sample brick (EP9716400, 757.3 HMVo.3) was used for
calibration prior to every session. The measurement was taken in accordance with the
standard ASTM E92-16. In this study a load of either 50 g or 100 g was used, while for
some thinner coating samples lighter loads were chosen in order to ensure the

indentation depth within 1/10 of the coating thickness. At least six repeats were taken
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on each sample, with a separation of no less than three Vickers diagonal length

between every two.

Figure 3.4 Vickers hardness tester in the Surface Engineering lab.

3.5.2 Nano-indentation

A NanoTest Vantage instrument (Micro Materials Ltd.) fitted with a Berkovich tip was
employed for nanoindentation studies (Figure 3.5). The indenter approached to the
sample with an initial contact load of 0.02 mN and a maximum load of 10 mN. Both
loading and unloading time were set as 30 seconds, with a dwell time of 5 seconds at
the maximum load. An extra dwell time of 60 seconds during the unloading period was
taken for the purpose of thermal drift correction. At least 10 indents were performed on
each sample, with a separation of at least 10 um in between. The samples were all
polished (down to 1 um diamond paste) under gentle force before nanoindentation.

After testing, the indents were checked using an in-situ optical microscope and SEM.
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The raw data was analysed with the built-in software by Micro Materials Ltd. The
hardness and Young’s moduli were calculated from the loading-unloading curves

based on a power law fit developed by Oliver and Pharr [247].

microscgpes
-

Figure 3.5 (a) Nanoindentation equipment in the Surface Engineering lab and (b)

close look of the indentation configuration.

3.5.3 Tribological testing
Reciprocating tribological tests were carried out at room temperature on a ball-on-plate
tribometer (TE79 multi-axis, Phoenix Tribology Ltd., UK). The samples were glued on
a horizontal plane, sliding back and forth against a ¢8mm ball at a speed of 5 mm/s
with a frequency of 1 Hz. Two counter ball materials, including 316 stainless steel and
alumina, were used throughout this study. Figure 3.6 shows the digital photos of the
tribometer. The normal loads and sliding cycle number varied, depending on the
sample material and wear conditions. Friction forces during the sliding were recorded
and the coefficient of friction (COF) was obtained by dividing the friction force with the
normal force.

After the reciprocating tribological test, the samples were removed from the

holder and examined by means of a profilometer. With regards to the profilometer, the
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wear tracks were measured at no less than 3 different positions (left, middle and right)
of each wear track. The wear loss volume was determined by taking the mean value
of the three (or more) wear scar areas and then multiplying by the length of the wear

track. The morphology of the worn surface was examined by means of SEM and EDX.

(b)
Figure 3.6 (a) TE79 multi-axis tribometer and (b) enlarged view of

the working table.
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3.6 Corrosion property assessment

3.6.1 Sample and equipment preparation

Samples coated with GO only or Ni-GO composite were cleaned with extra care under
running tap water and deionised water in succession, and then blow dried in air. Any
marks or contaminations on the back side of the samples were cleaned in order to
secure electric conductivity. All the glassware involved in the corrosion tests, such as
the corrosion cell, beakers, triangle funnel, volumetric flask and measuring tubes were
washed with soapy water, flushed thoroughly under running water, and then rinsed with
deionised water and blow dried.

The corrosion environment in this study was 3.5wt.% sodium chloride (NaCl)
aqueous solution at room temperature unless otherwise specified. Typically, to make
1000 g solution, 35 g NaCl was mixed with 965 mL water at room temperature under
continuous stirring. The solution was then filtered through analytical filter paper before
use.

All corrosion tests were performed on a Gamry Interface 1000 potentiostat. The
instrument was subject to signal calibration regularly and warmed-up for 3 minutes
before every session. A three-electrode configuration was adapted with a platinum
coated rod ($6mm) used as the counter electrode, and a saturated calomel electrode
(SCE, Gamry Instruments) as the reference. Before testing, the counter and reference
electrodes were cleaned with running water and deionised water, and then dried
carefully using soft tissue. They were cleaned and dried the same way for storage after

testing. Figure 3.7 displays the configuration of the corrosion experiments.
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Figure 3.7 Electrochemical measurement equipment.

3.6.2 Open circuit potential

Open circuit potential (OCP) refers to the difference between the electrical potentials
of the sample and the reference electrode (i.e. SCE in this study) that are detached
from a circuit without external load. OCP measurements were always performed first
in order to familiarise the sample with the corrosion environment and establish a stable
electrochemical interface before any further measurements. For all tests the OCP was

recorded continuously over a period of 60 minutes.

3.6.3 Potentiodynamic polarisation

The polarisation test started immediately the OCP measurement finished, scanning
from -0.2 to +1.0 V (versus the finishing OCP level) at a scan rate of 1 mV/s, during
which both cathodic and anodic polarisation measurements were performed. Once the
polarisation measurement finished, the sample was removed from the corrosion cell
and rinsed using deionised water and dried. At least three measurements were taken

for each sample to ensure the reproducibility.
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The data obtained was analysed using a built-in software (Echem Analyst, Gamry
Instruments). The corrosion potential (Ecorr) and corrosion current density (/cor) Were

determined by applying Tafel fit to the polarisation curve.

3.6.4 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is an electrochemical technique widely
used in coating research in terms of the anti-corrosion properties and the coating
degrading process in a specific electrolyte. EIS measurements were performed using
the same Gamry Interface 1000 potentiostat and three-electrode connection in 3.5 wt.%
NaCl solution at room temperature. A platinum rod and an SCE electrode were used
as the counter and reference electrodes, respectively, as described before. The sample
area exposed to the solution was 0.503 cm?2. OCP was monitored for an hour before
EIS measurement, which commenced at the finishing OCP with a sinusoidal voltage
amplitude of 10 mV. The impedance was measured over a voltage wave frequency
range of 0.01 Hz -100k Hz. At least three measurements were taken for each sample
to ensure the reproducibility.

The data obtained were analysed using the built-in software (Echem Analyst,
Gamry Instruments). The Bode and Nyquist plots were produced individually and

equivalent circuit models were established using a built-in fitting module.

72



CHAPTER 4 RESULTS AND DISCUSSION: PART |

- Pure GO and electroplated Ni-GO composite coatings

As stated in Chapters 1 and 2, one of the major issues for realising the technological
and economic potential of graphene in engineering and manufacturing fields is the
difficulties in obtaining graphene products in large area. Chemically derived graphene
oxide (GO) could be a promising solution as it facilitates low-cost and scalable
production of graphene and graphene-based composite coatings via diverse chemical
routes.

This chapter presents the first part of the results and discussion portfolio, covering
GO synthesis, GO single coatings by electrophoretic deposition and by self-assembly,
and Ni-GO composite coatings by electroplating. The morphology and microstructures
of the GO synthesised from the research are first reported in Section 4.1; the
morphology, microstructures, layer structure, chemical bonding, and tribological and
corrosion behaviour of the GO and the GO-based coatings are reported in Sections
4.2-4 4. The experimental results are finally interpreted and discussed in Section 4.5

to advance scientific understanding.

4.1 GO synthesis

4.1.1 Synthesis process
Figure 4.1-1 is the schematic of the processing route for graphene oxide (GO)

synthesis in this project. Briefly, the synthesis of GO was a wet chemical route, which
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Figure 4.1-1 Schematic of the graphene oxide synthesis process.
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Figure 4.1-2 Snapshots of (a-c) different stages during the Hummers’ process
(graphite oxidation) and (d) close view of partially oxidised graphite.
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was based on the expansion of the layered structure of graphite, followed by
ultrasonication-assisted exfoliation into individual carbon sheets. As the oxidation of
graphite (the most critical part of the synthesis process) went on, the colour of the
reacting mixture changed from dark green (Figure 4.1-2a) to chocolate brown (Figure
4.1-2b). At the end of the reactions hydrogen peroxide (H202) solution was added and
the slurry turns bright yellow (Figure 4.1-2c), which is characteristic of a complete
oxidation. As the graphite structure is oxidised and with an expanded interlayer spacing,
the obtained solids are so-called graphite oxide. In case of an incomplete oxidation
process, the slurry showed graphite particles with dark core and light edge, as can be
seen in Figure 4.1-2d. Usually a successful synthesis can lead to an output of ~1.3 g
dried graphite oxide powder for every 1 g graphite. The extra 0.3 g is mainly due to the
oxygen functional groups on the carbon plane, as depicted in Figure 4.1-1.

As the graphite structure has been expanded considerably by intercalation and
oxidation, single-layer and few-layer (<5 layers) GO can be obtained easily via a period
of ultrasonication. Depending on the power of the ultrasonic bath (150 W in this lab),

usually 1-2 hours is sufficient to get a clear aqueous dispersion of GO.

4.1.2 Morphology, phase and structure

Figure 4.1-3 shows the morphology of the raw material graphite, as-synthesised
graphite oxide and graphene oxide. The nominal lateral size of the natural graphite
flakes used in this project was no more than 45 ym, and the actual sizes observed
were in the range of 5-20 ym, as shown in Figure 4.1-3a. The corresponding graphite
oxide sheets exhibited similar lateral dimensions but reduced thickness. The graphite
architecture was expanded so effectively that many graphite oxide sheets of identical

shape were obtained. Wrinkles were also found on graphite oxide sheets, which is
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Figure 4.1-3 Micrographs of (a-b) graphite powder, (c-d) graphite oxide and (e-f)
graphene oxide (GO) in low (left) and high (right) magnifications.

indicative of weakened interlayer bonding (Figure 4.1-3d). The different nomenclatures
for graphite oxide and graphene oxide are mainly due to their different thickness.

Usually graphene oxide (<5 layers for few-layer GO, and <10 layers for multi-layer GO)
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is too thin to resolve using a normal SEM configuration; however, silk-like translucent
GO sheets full of wrinkles can be observed under high contrast (Figure 4.1-3e). Figure
4.1-3f is a topography survey of the obtained GO sheets by AFM. The GO sheets
exhibited similar contrast against the background (a silicon wafer), indicative of a
uniform thickness. The inserted height profile revealed a thickness of approximately 1
nm for a sheet. It is known that each individual layer in graphite is 0.34 nm [45]. The
thickness of graphene, however, is usually measured to be larger than 0.34 nm due to
out-of-plane deformation. A layer of graphene oxide could be even thicker due to the
presence of oxygen function groups. Therefore, the measured 1 nm thickness by AFM

corresponds to one single graphene oxide layer, which has been well-accepted [74].
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Figure 4.1-4 XRD patterns of graphite and graphite oxide.

Figure 4.1-4 is the XRD patterns obtained from the graphite flakes and the

graphite oxide (dried powder). Graphite is characterised by a prominent sharp peak
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around 26.23° (20) arising from the diffraction of (002) plane, which indicates an
interlayer spacing of 0.34 nm according to Bragg’'s law. The peak at 54.39° is the
secondary diffraction of the (002) plane, or referred to the diffraction of the imaginary
plane (004) of graphite. There are several other weak peaks detected, such as these
at 42.2° and 44.33°, which correspond to the (100) and (101) planes, respectively. In
comparison, graphite oxide shows a dominant crystalline peak at 10.26°, which
suggests an interlayer space of 0.86 nm. The expanded spacing effectively reduces
the n-n bonding and van de Waals forces and hence facilities easy detachment of
individual layers, which is in agreement with the SEM observation on the graphite oxide
(Figure 4.1-3d). The additional small peak around 20° is consistent with the
observations by some others [103, 112, 248] and is likely due to those solid products
remaining a higher graphitic degree after the oxidation.

It is very difficult to acquire an XRD pattern for graphene oxide since it is an
extremely thin 2D crystal. Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) are effective in characterising graphene oxide. Figure 4.1-
5 presents the morphology of a GO sheet and the corresponding ED patterns. It is
clear that the GO sheet is very flexible, bending, rumpling and twisting freely on the
lacey support film. Figure 4.1-5b shows the diffraction patterns from zone A in Figure
4.1-5a. The inner circle of six diffraction spots represent the (1010) planes of graphene
with a lattice spacing of 0.213 nm, whilst the outer circle of diffraction spots correspond
to the (1120) planes with a smaller lattice spacing of 0.123 nm [45]. The second set of
diffraction pattern, as indicated in the plot, was a result of the incommensurate
(rotational) stacking of an extra GO monolayer on the existing GO layer. Therefore, the

zone A in Figure 4.1-5a was likely formed of two randomly stacked monolayer GO.
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However, complicated diffraction patterns could be obtained from a higher number of

stacked GO monolayers, as evidenced in Figure 4.1-5c, which was originated from

cey support film

zone B in Figure 4.1-5a.
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Figure 4.1-5 TEM image (a) and corresponding selected area diffraction patterns

from zone A, a bilayer graphene oxide (b) and from Zone B, a 6-layer GO (c).
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Figure 4.1-6 Raman spectra of graphite, graphite oxide and graphene oxide.

Raman spectra of graphite, graphite oxide and graphene oxide (GO) were
collected using 488 nm laser excitation and compared in Figure 4.1-6. A laser
wavelength of 488 nm was chosen since carbon materials are more sensitive to shorter
wavelengths. Graphite showed a prominent peak around 1580 cm-!, namely G band,
and a broad 2D band around 2700 cm-! which is the second most prominent Raman
feature of graphite. The G band arises from intrinsic bond stretching of sp2-hybridised
carbon atoms. Another peak around 1355 cm™', the D band, is also detectable for
graphite. Usually the D mode is forbidden, but it is allowed in presence of structural
disorders and defects in graphite (or graphene). The intensity ratio of the D to G (/p/lg)
is therefore usually used as an indicator of the disorder degree in graphene. As
displayed in Figure 4.1-6, graphite oxide and graphene oxide also showed D and G
modes. The D band for both sits around the same position as graphite but is
significantly more intense. The position of G band, however, was blue-shifted from

1580 cm-' for graphite to 1590 cm-' for graphite oxide and graphene oxide. The Ip/lc

81



values for graphite oxide and graphene oxide are 0.71 and 0.73, respectively. The

slightly increased Ip/lg ratio for GO could be due to the increased defect number after

ultrasonic exfoliation.
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Figure 4.1-7 XPS survey and C1s spectra of graphene oxide.

Figure 4.1-7 shows the XPS survey (a) and the detailed C1s (b) spectra of the

synthesised GO. An oxygen peak of high intensity was detected, and the spectrum
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suggested a carbon to oxygen ratio of 5:3 (at. %), indicating a high oxidation degree
of the GO product. The Gauss fitting of the C1s spectra revealed three prominent
peaks, as shown in Figure 4.1-7b. The C-C 284.4 eV peak represents the sp?
hybridised carbon, while the C-O 286.5 eV and C=0 288.1 eV peaks indicate the
presence of multiple types of oxygen functional groups on the GO. The XPS spectra
of graphite and graphite oxide were not recorded due to the limited access to the XPS

facilities.

4.1.3 Dried powder and dispersions

(a) GO slurry (b) GO paper

-

'/ ff —

(c) GO powder (d) GO suspension

Figure 4.1-8 Different forms of GO products.
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Figure 4.1-8 demonstrates varying forms of GO products resulted from the synthesis
process as reported in Chapter 3. The GO slurry shown in Figure 4.1-8a was prepared
by repeatedly washing the solids after graphite oxidation and exfoliation using absolute
ethanol. After vacuuming the slurry through a 0.22 ym micro-pore filter paper, a flexible
GO film can be obtained, as shown in Figure 4.1-8b, which is the so-called GO paper
in the literature. Alternatively, the slurry can be dried straight forward and then ground
to get GO powder as shown in Figure 4.1-8c. Note that each flake of the powder as
seen is actually not associated with one single GO sheet, but many microscopic GO
sheets agglomerated together. It is a favoured way for the storage of GO, and a GO
aqueous suspension can be easily prepared from a small mass of the GO powder, as
shown in Figure 4.1-8d.

Zeta potential is an important parameter of a particle-containing suspension
which characterises the stability and electrical mobility of the particles. As GO aqueous
suspensions were widely involved in the coating deposition afterwards in this project,
the zeta potentials of GO suspensions with different GO content were measured and
the results are shown in Figure 4.1-9. Note that usually a GO suspension shows a
negative zeta potential as GO sheets are negatively charged in most polar solvents
due to the electrolysis of the carboxyl groups (R-COOH to R-COO-) on GO. From the
plots, it is clear that the absolute value of the zeta potential decreased slightly as the
GO concentration was reduced. The suspension with 1 mg/ml GO exhibited a zeta
potential of -61.7 mV, while the 0.33 mg/ml suspension showed -50.87 mV.
Nevertheless, the zeta potential values of the four suspensions were all well-above the
-30 mV threshold, which is considered to be the critical level for a stable suspension

[135]. It was also found that the tested GO suspensions were very stable, with hardly
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seen precipitates even after 6 months of standing. Thus, the zeta potential over time

was not recorded.
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Figure 4.1-9 Zeta potentials of GO aqueous suspensions of varying concentrations.
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4.2 Electrophoretic deposition of GO coatings

As already introduced in Chapter 2 the literature review, electrophoretic deposition
(EPD) is a versatile and promising method for nano-particle coatings in terms of the
easy procedure, simple equipment, controllable deposition kinetics and coating
thickness, etc. EPD was hence employed in the first place in this research to produce
GO coatings on stainless steel surface with a deposition area of about 4 cm? and a 1

mg/ml GO aqueous suspension.

4.2.1 Deposition kinetics and coating morphology
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Figure 4.2-1 Electric current density as function of deposition time during EPD using

voltages of 2-10 V. GO concentration 1 mg/ml in suspension for all runs.

In order to investigate the kinetics of the deposition process, tests were performed at
varying voltages 2-10 V in the same deposition cell and the current density over

deposition time was monitored and recorded in Figure 4.2-1. Overall, the deposition
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current density decreased quickly in the first tens of seconds due to the fact that GO is
less conductive than the steel substrate. Afterwards the current levelled off, indicating
steady growth of the GO coating on the steel surface. At a deposition voltage of 10V,
the electric current exhibited fierce fluctuations. Simultaneously, many bubbles were
observed at both the anode and the cathode due to the electrolysis of water.

(a) 3V | ) ——

Sy o

substrate

coating

Lk o .
AccV SpotMagn Det WD j————— 50gm A SpotMagn  Det WD o ——— e —— 10 by
150kV 30 1000x SE 100 BOQW 30 B000x  SE 7.7

Figure 4.2-2 GO coatings deposited at (a) 3 V for 4 min and (b) 10 V for 4 min.

As the applied voltage was reduced, the current fluctuation was inhibited and the
curve became smooth. At deposition voltages above 6 V, gas was formed at the
electrodes in a considerable amount. For EPD at 2-4 V, however, bubble evolution was
mitigated substantially, which is indicative of a stable deposition. Figure 4.2-2
compares the coatings obtained at 3 V and 10 V for the same deposition time of 4 min.
It is clear that 10 V led to a much thicker (~7 um) but relatively loose deposit, most
likely due to the unstable current distribution and bubble evolution. The coating
deposited at 3 V was uniform and smooth, conforming to the substrate topography well.

The voltage was then fixed at 3 V and the deposition time was modulated in order
to obtain coatings with different thicknesses. Figure 4.2-3 plots of the coating thickness
as a function of the deposition time. It can be found that the thickness of the resultant

GO coating increased proportionally with the deposition time. For instance, EPD for 15

87



seconds resulted a coating thickness of around 30 nm, which increased to around 63
nm after 60-second deposition, and nearly 200 nm after deposition for 4 min. The EPD
process showed the potential for preparing a GO coating of more than half a micron

(430 nm for 10 min in Figure 4.2-3).
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Figure 4.2-3 The thickness and surface roughness of GO coatings by EPD as

function of deposition time with a fixed operation voltage of 3 V.

However, surface irregularities were formed and the coating became
inhomogeneous for a deposition time longer than 10 min, as also reflected by the large
deviation of the coating thickness value at 10 min. Assuming that the coating density
is constant across the thickness, the experimental data (red points) showed good
agreement with the prediction (blue line) by Hamaker’s law [134] through the following

equation:

W(t) = ffjf ‘u-E-A-Cdt (4.2-1)
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where W is the weight gain during deposition, f is the efficiency factor of the EPD
process, u is the electrophoretic mobility of the particles which is proportional to the
zeta-potential of those particles, E is the electrical field strength, A is the electrode
surface area, C is the particle concentration in the suspension, and t is the deposition
time.

The roughness of the coated steel surface (Figure 4.2-3) was initially comparable
to that (~4 nm) of the polished bare steel within a deposition time of 2 min, indicating
compact deposition of the 2D GO sheets. After EPD for 4 min the coating roughness
doubled. After deposition for 10 min the roughness built up to ~25 nm.

Figure 4.2-4 shows the evolution of the surface morphology of GO coatings
fabricated on steel surface by EPD at 3 V with the deposition time. For a short
deposition time up to 60 s, the coating was so thin that the polishing tracks left on the
substrate were seen through. The coating followed the contour of the substrate well
with a small number of wrinkles as marked in Figure 4.2-4a. Figure 4.2-4b shows a
scratched GO coating, from which it is clear that the coating was uniform in thickness.
For a deposition time longer than 120 s, as mentioned above, the number of such
irregularities as wrinkles and agglomerations increased.

Raman and XPS spectra of the GO coating by EPD were shown in Figure 4.2-5.
As annotated in Figure 4.2-5a, the EPD-GO coating exhibited an Ip/lg ratio of 0.84,
which is larger than that (0.73) of the as-synthesised GO. XPS survey spectra (Figure
4.2-5b) indicated a dramatically reduced C/O ratio (12:1, atomic percentage) compared
to that (C/O=5:3) of as-synthesised GO. The detailed XPS C1s spectra (Figure 4.2-5
c-d) revealed a strong suppression to the -COOH and —C=0 peaks, suggesting a

significantly reduced oxygen content in the GO coating (thus forming rGO) due to the
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reduction effect of EPD process.
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Figure 4.2-4 Morphology of GO coatings by EPD at 3 V after varying deposition time
of 5-600 seconds.
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Figure 4.2-5(continued) XPS C1s spectra of as-prepared GO (c) and
EPD-GO coating (d).
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4.2.2 Tribological behaviour
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Figure 4.2-6 Coefficient of friction during low cycle (a) and high cycle (b) frictional

tests for GO coating on a ground 316L stainless steel surface.
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Figure 4.2-6(continued) Coefficient of friction for GO coating on an acid-treated steel

substrate (c) and micrographs of as-ground (d) and acid-pickled (e) substrates.

The frictional behaviour of the GO coating fabricated on 316L stainless steel by EPD
(3 V, 2 min as described above) was investigated on a reciprocating ball-on-plate
tribometer. A 316 stainless steel ball with a diameter of 8 mm (¢8) was used as the
counter material, sliding against the sample surface with a speed of 5 mm/s and

frequency of 1 Hz, under a normal load of 2 N (initial Herts contact stress ~650 MPa).
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Figure 4.2-6a shows the coefficient of friction (COF) of the GO-coated steel and bare
316L steel reciprocating against a 316 ball during the first 20 cycles. The bare 316L
stainless steel surface exhibited a COF of 0.4 after the running-in period, while the GO-
coated stainless steel surface showed a steady-state COF of ~0.1, indicating the great
lubricity of the GO coating. However, as the test continued the COF curve showed an
‘unexpected’ sudden increase to ~0.4 (equal to bare steel COF), implying the damage
to the GO coating by the slider (Figure 4.2-6b). The COF peak was then smoothed
down, probably due to partially recovery of the lubricating coating by the slider when it
reciprocated and brought some coating fragments back to the sliding contact. The
failure-recovery cycle re-occurred periodically during the reciprocating sliding,
indicating an unstable lubricating effect.

It is believed that the weak bonding between the GO coating and the metallic
surface was responsible for the early failure of the lubricating coating. To this end, the
same stainless steel but slightly etched by a diluted acid solution (10 wt% H2S04) was
used as the substrate for the GO coating. As a result, the coating showed a prolonged
life of about 800 cycles (Figure 4.2-6¢). SEM observation showed that the acid-pickled
steel surface was characterised by small yet dense cavities (Figure 4.2-6 d-e). The
results above came along with an idea that specific surface topography may be able
to promote the bonding and retention of the GO coating to the substrate, thus
contributing to the improved anti-friction life of the coating.

To this end, stainless steel substrates with artificial dimples, produced by a nano-
second laser based in the School of Mechanical Engineering, University of Birmingham,
were coated with EPD-GO coatings and tested. Figures 4.2-7 demonstrates the

morphology of three patterned 316L surfaces with the dimple diameter of 30 ym, 50
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pm and 70 pym, respectively. The dimple/surface ratio was fixed at 15% for all the three
patterns. Figure 4.2-7c shows the details of a dimple. The laser parameters were tuned

carefully so that the influence on the original surface flatness was minimised.
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Figure 4.2-7 Surface patterns produced on 316L stainless steel by laser with dimple
diameters of (a) 30 um, (b-c) 50 ym and (d) 70 ym.
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Figure 4.2-8 Coefficient of friction of GO coatings on laser patterned steel surfaces

with different dimple sizes.

Figure 4.2-8 shows the COF of the three patterned and GO-coated samples. No
sudden increase of the COF occurred. Overall the sample with 70 um dimples
exhibited the best retention of the GO coating, although its starting COF was higher
than the other two samples. However, from the results it is clear that when coated with
the same EPD-GO the steady-state COF (~0.2) of the patterned samples were higher
than that (0.15) of un-patterned samples as shown in Figure 4.2-6. This is probably
due to the additional resistance (hence friction) caused by the re-cast material particles

along the rim of the dimples induced by laser patterning.

4.2.3 Corrosion behaviour
The corrosion performance of GO-coated 316L stainless steel was evaluated by
means of potentiodynamic polarisation and electrochemical impedance spectroscopy

(EIS) in a 3.5 wt% NaCl solution. Figure 4.2-9a shows the open circuit potential (OCP)
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curves of the bare steel and GO-coated steel. After left stabilising for 1 h, the bare steel

samples exhibited OCPs of around -140 mV (vs. SCE), while the GO-coated steels

exhibited significantly uplifted OCPs of around +290 mV. Figure 4.2-9b shows the

polarisation curves.
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Figure 4.2-9 (a) Open circuit potential (OCP) and (b) polarisation curves of bare steel

and GO coated steels. The 2’ and ‘4’ in the legend of (b) indicate a deposition time of

2 min and 4 min, respectively.
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Table 4.2-1 Tafel fit parameters for polarisation curves of bare steel
and EPD-GO steels

Sample Ecorr lcorr
(mV) (x10° Alcm?)
Bare steel (a) -149 251
Bare steel (b) -146 368
EPD-GO2 (c) +198 10.4
EPD-GO2 (d) +199 10.2
EPD-GO2 (e) +188 9.45
EPD-GO4 (f) +299 117

Tafel fitting to each curve was performed and the results are summarised in Table
4.2-1. A clear knee point around 400 mV was present on the anodic polarisation curve
of the bare steel, due to pitting of the stainless steel. The steel with EPD-GO2
(produced by EPD at 3 V for 2 min) exhibited a positive corrosion potential (Ecor) of
around +200 mV. The Ecor was positively shifted remarkably by 350 mV compared to
the bare steel (-150 mV vs. SCE), indicating a much less tendency to corrosion in
presence of the GO coating. Meanwhile, the corrosion current density (/cor) of EPD-
GO2 was about 10x10-° A/cm?, which is 30 times smaller than that (~300%10° A/cm?)
of the bare steel. More importantly, no pitting occurred on the GO-coated stainless
steel, implying the excellent corrosion barrier effect of GO. As shown in Figure 4.2-9b,
EPD-GO4 (produced by EPD at 3 V for 4 min) exhibited even more positive Ecorr (+299
mV vs. SCE). This improvement could be attributed to the increased thickness of EPD-
GO4 compared to EPD-GO2, thus promoting the physical barrier effect. However, it is
worth noting that the corrosion current of EPD-GO4 (117x10-° A/cm?) is clearly higher
than that of EPD-GO2 when tested below 0.8 V (vs. SCE). It may be related to the

increased coating surface roughness and inhomogeneity for a longer deposition time
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(Figures 4.2-3 & 4.2-4).
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Figure 4.2-10 EIS Bode (a) and Nyquist (b) plots of bare steel and GO coated steels

in 3.5wt% NaCl solution. The inserted plot in (b) is the equivalent circuit model

for the coating system.
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Electrochemical impedance spectroscopy (EIS) measurements were also
performed in order to elucidate the corrosion protection mechanism for the GO coating.
A small sinusoidal electrical signal (10 mV, 10m — 100k Hz) about the open circuit
potential was applied to the sample whose electrochemical response to the excitation
at different frequencies was recorded and analysed. Figure 4.2-10a is the Bode plots
where the absolute values of the impedance (|Z|) and phase angles are plotted as a
function of excitation frequency. At the lowest frequencies, the impedance moduli |Z]
of EPD-GO2 and EPD-GO4 were both half an order of magnitude higher than that of
the bare steel, indicating higher corrosion resistance. Figure 4.2-10b shows the
corresponding Nyquist plots where the impedance at each frequency is plotted
according to its real (resistive) and imaginary (capacitive) components. The data points
close the origin were recorded at the highest frequencies, while the points at the far
end were recorded at the lowest frequencies. Basically, a larger impedance semi-circle
usually means a higher corrosion resistance. In the Nyquist plots, the two GO-coated
samples exhibited much larger impedance arcs, indicating significantly improved
corrosion resistance. EPD-GO4 was found to possess higher impedance than EPD-
GO2, due to its increased thickness. Due to the limited measurement frequency range,
the full semicircles were not observed.

Curve fitting to the EIS data points was conducted using an equivalent circuit
model as illustrated in Figure 4.2-10b. The model is widely adapted by corrosion
scientists in simulating coatings with internal defects and/or under developing
corrosion attack. Rs is the resistance of the electrolyte solution, Rc is the coating
resistance, and CPE_. is the capacitance of the coating. CPE is short for constant phase

element, which is a circuit element with a constant phase shift over the frequency, and
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was employed in this work to model an imperfect capacitor, whose impedance is

expressed as:

1
CPE-(Jw)™

Zepp(w) = (4.2-2)

where n is the phase shift index (n=1 for an ideal capacitor). An extra pair of double
layer capacitance (CPEqs) and interfacial charge transfer resistance (Rc) were
introduced in order to simulate the situation where the electrolyte penetrates into the
coating and forms a new electric double layer at the liquid/metal interface. The fitting
lines are shown in Figure 4.2-10 and the fitting parameters are summarised in Table
4.2-2. Compared with the bare steel, EPD-GO2 and EPD-GO4 behaved less
capacitive but more resistive. The overall polarisation resistance (R: + Rct) for the two

GO-coated samples were 977 kQ-cm? and 1895 kQ-cm?, which are 5 and 9 times

higher than that (199 kQ-cm?) of the bare steel, respectively.

Table 4.2-2 Equivalent circuit fit parameters for the EIS samples

Sample RS RC CPEC n Rct CPEd| Ny
(Q-cm?)  (kQ-cm?) (uS:s"cm?) ' (kQ:cm?) (uS-s"-cm?)

Bare steel 21.87 9.96 44.8 0.910 189 23.5 0.767

EPD-GO2 14.78 34.9 19.4 0.909 942 6.09 0.651

EPD-GO4 15.55 14.5 15.6 0.920 1880 5.76 0.621

Figure 4.2-11 shows the corrosion morphology of the samples after the
polarisation tests. Catastrophic corrosion was found on the bare steel, with pitting holes
of nearly 500 ym in diameter. In sharp contrast, the GO-coated steel showed no
appreciable change after polarisation. Higher magnification image (Figure 4.2-11d)

confirmed the presence of the GO coating after corrosion.
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Figure 4.2-11 Morphology of (a-b) uncoated 316L stainless steel and (c-d) GO-coated

316L stainless steel after polarisation corrosion in 3.5wt% NaCl solution.

4.3 Self-assembly of GO thin films

Graphene can show extraordinary lubricity even superior to bulk graphite and is
probably the thinnest solid lubricant ever. However, in the literature there are just a
limited number of reports on graphene-based surface coatings for combating friction
and wear at a macro scale. This is partially due to the difficulty in obtaining such
coatings continuously on a large area, but as already demonstrated in Section 4.2, it
is more likely due to the weak adhesion of graphene-based coatings to most
engineering materials surfaces.

(3-Aminopropyltriethoxysilane (APTES) is a coupling agent widely used in the
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surface modification of inorganic and polymeric materials. In this section, the
tribological behaviour and durability of the graphene oxide (GO) coatings fabricated on
APTES modified stainless steel surfaces by self-assembly as instructed in Chapter 3

are reported and the effect of APTES treatment is discussed.

4.3.1 Coating morphology and structure

5nm
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g 10 2nd layer
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(d) APTES-GO 16.3°£0.4°

WM~ —
Figure 4.3-1 (a) AFM image of the self-assembled APTES-GO coating and (b)
histogram of the thickness across the area. (c-d) snapshots of the water contact

angle tests on APTES and APTES-GO, respectively.
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The GO coating self-assembled on an APTES-treated steel substrate (316L-A) was
named as 316L-A-GO. For comparison, a dummy self-assembly was performed on an
untreated stainless steel (i.e. 316L-GO). Figure 4.3-1a is an AFM image of the obtained
APTES-GO coating (i.e. 316L-A-GO). It features a GO coverage rate of more than 90%
with a small number of gaps between some GO sheets. The similar contrast across
the surface is indicative of relatively uniform coating thickness. The widespread white
dots are likely short-range agglomerations of APTES molecules, which is consistent
with the observations by other researchers on self-assembled monolayer (SAM) [249,
250].

Figure 4.3-1b is the height histogram across the AFM examined area. The
substrate level is assigned as -2.5 nm with the majority of the surface heights falling at
0 nm, indicating that the APTES-GO coating has an average thickness of 2-2.5 nm.
Considering that the thickness of an APTES layer usually measures 1-1.5 nm [250],
the GO top coat here likely has a thickness of ~1 nm, which corresponds to one single
layer GO. Likewise, the shoulder peak around 1 nm in the histogram represents the
second GO layer stacking on the top, in a small fraction though. Compared to the water

contact angle (WCA) of ~46° for the APTES layer (Figure 4.3-1c), the WCA decreased
to ~16° with an additional self-assembled GO layer (Figure 4.3-1d), due to the
hydrophilic oxygen groups in GO.

4.3.2 Tribological behaviour

Reciprocating sliding friction and wear tests were conducted under a load of 1 N
(equivalent Hertz contact pressure ~530 MPa, contact area diameter 60 um). Four

types of samples, namely bare 316L, 316L-A (APTES-treated 316L), 316L-A-GO (GO

coated 316L-A) and 316L-GO (GO coated 316L), were tested. The coefficient of friction
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(COF) for each sample over the sliding cycles is shown in Figure 4.3-2. The COF for
316L-A fluctuated wildly in the running-in period and levelled off at 0.35 after 500 cycles,
which is slightly below that (~0.45) of bare 316L. It is clear that the APTES layer alone
offered little lubricating effect. 316L-GO initially benefited from graphene’s lubricity as
evidenced by the very low initial COF of 0.12 for the first 100 cycles. However, the COF
then rose suddenly (as demonstrated in the enlarged view inserted in Figure 4.3-2)
and eventually increased all the way up to 0.4, which is very close to that of bare 316L
stainless steel, implying that the GO coating might have been removed completely

away from the sliding contact, and it was actually steel vs. steel afterwards.
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Figure 4.3-2 Coefficient of friction curves of samples against a stainless steel ball in

air under a load of 1 N and the enlarged view of the first 200 cycles (inserted plot).

In comparison, with an additional APTES layer beneath the GO coating, 316L-A-
GO exhibited substantially reduced friction and improved wear life. The COF was as

low as 0.1 during early cycles, similar to 316L-GO. After that, no sudden increase of
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friction but a slight rise to 0.12-0.13 took place, and the low-friction regime was
extended remarkably from 100 to some 2000 cycles under the same testing conditions.
The friction then underwent mild turbulence before functionally failure of the coating

around the 2500 cycle.
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Figure 4.3-3 Wear coefficient of each sample measured after 1000 cycles sliding
against the stainless steel counterball and the cross-sectional profiles of the

corresponding wear tracks (inserted plot).

Figure 4.3-3 compares the wear coefficient values and the corresponding wear
tracks after 1000 cycles (inset plot). As expected, 316L-A exhibited the highest wear
coefficient (488 x10 mm3N-'m-), with a broad track (around 600 pm) comprising of
deep furrows and build-ups, suggesting that severe material deformation and adhesive
wear occurred. 316L-GO showed moderate wear coefficient (56.2 x106 mm3N-'m-")
and wear track, which is in line with its friction history, suggesting a limited protection
provided by a GO coating alone. In contrast, a dramatic wear reduction of one order of
magnitude (4.9 x10° mm3N-'m-") was seen on 316L-A-GO. Accordingly, the wear track

of this sample is negligible, indicating the excellent anti-wear performance of the
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coating system.
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Figure 4.3-4 (a) Raman spectra of as-coated (A-GO and GO) and worn (the rest)
surfaces after a given number (viz. 1000, 2700, 600) of sliding cycles. (b) enlarged

view of the G and 2D modes in the Raman spectra.
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Raman spectroscopy is an efficient tool in determining structure changes and/or
disorder formations in carbon materials. Raman spectra of 316L-A-GO and 316L-GO,
both before and after specific numbers of sliding cycles, were recorded and showed in
Figure 4.3-4. The spectra of the as-coated surfaces feature three bands around 1350,
1600 and 2680 cm™'. The G band around 1600 cm™ is characteristic of the sp?-
hybridised structure of graphene, arising from the intrinsic bond stretching of sp?
carbon atoms. The D band around 1350 cm™' is related to structural disorders, i.e.
oxygen functional groups or doping species [77] on the graphene basal plane. The
intensity ratio of the D to G bands (/p/lg) is therefore usually used as an indicator of the
disorder degree in graphene. The calculated Ip/lg ratio for the A-GO coating is 0.92,
which is significantly smaller than that (1.24) of the GO coating.

Moreover, it is worth noting that the G band of 316L-GO coating downshifted by
7 cm™ and the 2D band upshifted by 18 cm™' compared to 316L-A-GO, as shown in
Figure 4.3-4b the zoomed-in views. According to the literature [251], these peak shifts
suggest that the graphene layer number of 316L-GO is likely larger than that of 316L-
A-GO. However, the bands of 316L-GO shrank to minimum after 600 sliding cycles,
indicating severe destruction, if not a complete removal of that coating. In contrast,
316L-A-GO kept substantially the same Raman features even after 1000 cycles sliding.
Also importantly, no position change of the G and 2D bands was detected (Figure 4.3-
4b), indicating a good structure integrity. Even after 2700 cycles when the friction has
risen high to ~0.4, the D and G peaks can still be seen in the Raman spectrum. The
results of Raman analysis are in good agreement with the frictional tests and support

the idea that APTES is effective in enhancing the bonding of the GO coating.
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316L-A-GO

Figure 4.3-5 SEM images of the worn surfaces after 1000 cycle frictional tests.
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Figures 4.3-5 displays the SEM morphology of the worn surfaces after 1000
tribological test cycles. The worn 316L-A surface showed rather high roughness and
galling (Figures 4.3-5 a-b) due to adhesive wear at the steel-steel interface, which is in
line with the measured wear track profile (see Figure 4.3-3). The widespread debris
with sizes of around 1 um in the wear track suggests that three-body abrasive wear
may also have occurred. In comparison, 316L-GO showed a smoother wear track, but
the shallow yet regularly arrayed grooves along the sliding direction are still indicative

of limited protection by the GO coating (Figure 4.3-5c). Some fragments of the GO
coating are visible inside the wear track as evidenced in Figure 4.3-5d. In contrast,
316L-A-GO exhibited negligible material loss after the wear test (Figure 4.3-5e). No
coating debris or galling was observed, except for a minor degree of material
deformation (Figure 4.3-5f). EDX was performed inside the wear tracks to figure out
the chemical composition differences. Interestingly, the worn 316L-A-GO showed

nearly 20 times less oxygen signal compared to 316L-A (Figure 4.3-6).
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Figure 4.3-6 EDX analysis for the worn surfaces of 316L-A, 316L-GO and
316L-A-GO.
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4.4 Electro-plated nickel-GO composite coatings

In view of the durability issue of graphene-based coatings directly deposited on metallic
surfaces, it is worth trying to incorporate graphene-related materials into well-
established metallic surface coatings and benefit from both. In this section, attempts
were made to produce nickel-graphene oxide composite coatings using conventional
electroplating method. A classical Watts nickel bath was prepared and varying GO
contents were added into the plating bath under vigorous stirring and ultrasonication.
The coatings were fabricated on planar steel surfaces as per the procedures described
in Chapter 3. As summarised in Table 4.4-1, the coatings were coded according to the

GO concentration (mg/ml) in the electrolyte used for the electroplating.

Table 4.4-1 Sample specification and deposition conditions

GO concentration . .
Sample code Deposition conditions
(mg/ml)

Ni 0 NiSO4+-6H20 250 g/l

NiCl2-6H20 40 g/l

ENGO02 0.2

H3sBOs3 30 g/l

pH ~4
ENGO5 0.5

Temperature ~50 °C
ENG15 15 Current 4 A/dm?2

4.4.1 Coating morphology and structure
Figure 4.4-1 shows the SEM morphology of neat Ni (GO-free) coating. The coating
was uniform, formed of compactly spaced pyramidal grains. Figure 4.4-2 shows the

surface morphology of ENG02 sample, the coating with the smallest amount (0.2
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mg/ml) of GO. It did not show significant change in morphology and the surface
roughness is comparable to neat Ni although some discontinuous dark zones were
observed. After zooming in at the dark zone, silk-like GO sheets embedded between
nickel grains were observed, as marked in Figure 4.4-2b. Unfortunately, due to the low
GO content and high aspect ratio of GO, it was unsuccessful in acquiring a distinct

carbon signal from these points by EDS.

(b) ne‘a; Ni
;‘t A

g
=

|

Figure 4.4-1 SEM images of electroplated neat Ni coating.
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(b) ENG022%
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led GO.sheet:

Figure 4.4-2 SEM images of electroplated ENG02 (GO 0.2 mg/ml) coating.

When the GO content in the plating solution increased to 0.5 mg/ml, the resultant
coating ENGO05 appeared different from neat Ni and ENGO02 as evidenced by the
widespread surface irregularities shown in Figure 4.4-3. Bulges and nodules were
formed and distributed randomly across the coating surface. EDS analysis revealed a
composition of 4.4 at% carbon for the normal nickel grains (Spot 1 in Figure 4.4-3b),

while 18 at% carbon for the irregularities (Spot 2 in Figure 4.4-3b). It is very likely that
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Figure 4.4-3 SEM images of electroplated ENG05 (GO 0.5 mg/ml) coating under
different magnifications.
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Figure 4.4-4 SEM images of electroplated ENG15 (GO 1.5 mg/ml) coating under

different magnifications.
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these surface bulges and nodules were induced by the incorporated and probably
agglomerated GO sheets as the flat positions are much less affected by GO addition.
It is also noted that fine-sized nickel spheres were formed on the surface of these
bulges. The higher magnification micrograph (Figure 4.4-3c) showed that these small
spheres were netted and linked by GO sheets as pointed by the arrows.

The change in morphology is more pronounced for ENG15, which was made from
a solution with 1.5 mg/ml GO. As shown in Figure 4.4-4, a larger number of bulges
were formed probably due to a higher degree of GO agglomerations. Indeed, the
significantly increased surface roughness can be felt by fingers when compared with
the other three samples. Small nickel spheres were present on top of these bulges with
increased number (Figure 4.4-4b). It is easy in this case to see the translucent GO
sheets (indicated by yellow arrows in Figure 4.4-4d) existing among these small
crystals. It appears like the GO sheets stimulated or catalysed the growth of new
crystals.

Figure 4.4-5 compares the fractography of neat Ni, ENG05 and ENG15 coatings.
The fractures were prepared by chilling the thin samples in liquid nitrogen and then
breaking by hammer. As demonstrated in Figures 4.4-5a&b, the neat Ni exhibited a
columnar cross-sectional microstructure which is typically seen in electroplated nickel.
For ENGO5 (Figure 4.4-5c) the columnar feature disappeared and the coating was
much denser than the neat Ni. Edges of GO sheets were clearly visible from the cross
section, as marked by the yellow arrows. Figure 4.4-5d shows an exposed GO sheet
within the cross section of ENGO5. It is believed that such flexible nano sheets changed
the microstructure of the nickel matrix. ENG15 showed a fracture comparable to

ENGOS5 (Figure 4.4-5e). However, the GO content was so high that the fracture was
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characterised by a high density of hanging and twisted 2D GO sheets (Figure 4.4-5f).
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Figure 4.4-5 Fractography of electroplated (a-b) neat Ni, (c-d) ENGO05 and

(e-f) ENG15 coatings under different magnifications.
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Figure 4.4-6 XRD patterns of electroplated neat Ni, ENG05 and ENG15 coatings.

The XRD patterns of neat Ni, ENGO05 and ENG15 are presented in Figure 4.4-6.
All the three samples showed a prominent peak around 45°, which corresponds to the
(111) crystallographic planes of nickel. Two other peaks, around 53° and 77°, arose for
(200) and (220) diffractions, respectively. It was found that the diffraction peaks were
broadened after GO was introduced into the matrixes, implying a potential grain size
reduction. To quantify the change in crystallisation, the crystallite size for each sample

was estimated using Scherrer equation as below:

B = KA  180°
Lcos® T

(4.4-1)

where (3 is the full width half maximum (FWHM) of the diffraction peak in 20 degree, K
is Scherrer constant (0.94 used here), A is the wavelength of Cu-Kq radiation (0.154

nm), 8 is the diffraction angle, and L is the crystallite size in nm. The (111) peak was
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used for the calculation and the results are summarised in Table 4.4-2. The neat Ni
coating exhibited a crystallite size of 28 nm. In comparison, ENG05 and ENG15
exhibited a reduced crystallite size of 25 and 20 nm, respectively, indicating a clear

grain refinement by GO.

Table 4.4-2 Estimated crystallite size for electroplated neat Ni, ENG05 and ENG15

coatings.
(111) peak position ~ FWHM Grain size
Sample
(206/°) (20/°) (nm)
Ni 45.30 0.32 28
ENGO05 45.20 0.36 25
ENG15 45.18 0.45 20

4.4.2 Mechanical properties

Nanoindentation tests were performed on neat Ni, ENG05 and ENG15 coatings using
a maximum load of 10 mN. The instrumental details can be found in Chapter 3. In light
of the high surface roughness of Ni-GO composite coatings due to the presence of
bulges, the indentation measurements were made on polished coating cross-sections
(Figure 4.4-7b). The typical loading-displacement curve for each sample is shown in
Figure 4.4-7a. The peak and final indentation depth for the neat Ni coating were 350
nm and 285 nm, respectively. These values were reduced by about 85 nm and 60 nm
respectively for ENGO05. The penetration maximum was reduced a little further for

ENG15 due to its higher hardness.
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Figure 4.4-7 (a) Typical nanoindentation load-displacement curves of electroplated
neat Ni, ENG05 and ENG15 coatings. (b) Snapshot of the indents across the

coating thickness.
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The nanoindentation hardness (H) and reduced modulus (E;) were calculated
using the Oliver-Pharr method [247] and the results are summarised in Table 4.4-3.
The hardness of the neat Ni coating was measured as 3.58+0.24 GPa. This was
improved by 36% for ENGO05 (4.88+0.26 GPa) and 42% for ENG15 (5.07+0.47 GPa).
The reduced moduli for both GO-containing coatings were also promoted to
214.62+13.49 GPa and 216.98+15.77 GPa, which are 6.4% and 7.5% higher than that
(201.78+26.50 GPa) of the neat Ni. The results above indicate clear improvements in

mechanical properties for Ni-GO composite coatings.

Table 4.4-3 Nanoindentation results of electroplated neat Ni, ENG05 and ENG15

coatings.
Hardness Reduced modulus
Sample
(GPa) (GPa)
Ni 3.58+0.24 201.78+26.50
ENGO05 4.88+0.26 214.62+13.49
ENG15 5.07+0.47 216.98+15.77

4.4.3 Tribological behaviour

The frictional behaviour of neat Ni, ENG05 and ENG15 was investigated on a
reciprocating ball-on-plate tribometer. An alumina ball with a diameter of 8 mm (¢8)
was used as the counterpart, sliding against the sample surface with a speed of 5 mm/s
and frequency of 1 Hz, under a normal load of 1 N. Before testing, the coatings were
ground with 2500 grit grinding paper to smooth the surface irregularities and reach
comparable roughness for the sliding contact. Figure 4.4-8 plots the COF of each

sample over sliding cycles. The COF of the neat Ni climbed slowly during its first 600
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cycles and reached a plateau at ~0.45. The COF for ENGO05 was reduced slightly to
~0.40 owing to the GO addition. Likewise, a further reduction of the steady-state COF
to ~0.3 was found on ENG15. It is worth noting, however, the COF curve of ENG15

fluctuated to a large extent during the initial 400 cycles before reaching its stable stage.

0.8

0.6
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Coefficient of friction

0 | 260 : 460 | 660 I 860 . 10|00 I 1200
Cycle
Figure 4.4-8 Coefficient of friction curves for electroplated neat Ni, ENGO05 and

ENG15 coatings sliding against an alumina ball in air under a load of 1 N.
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Figure 4.4-9 SEM images of the wear track on the neat Ni coating under (a) low and

(b) high magnifications.
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Figure 4.4-10 SEM images of the wear track on ENG15 surface under different

magnifications.
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Figure 4.4-9 shows SEM images of the worn neat Ni coating surface. Cracks and
spallation were formed mostly around the centre of the wear scar, likely due to fatigue
after repeatedly contact pressure (~530 MPa according to the Hertz contact theory).
Adhesive wear was not found as an alumina ball which exhibits less affinity to metals
was used. Nevertheless, grooves along the sliding direction were also present within
the track due to abrasion. Unlike the neat Ni, fewer cracks were generated on ENG15
(Figure 4.4-10a). This could be attributed to the lubricating effect by the exposed GO
sheets, as evidenced in Figures 4.4-10(b-c). The GO sheets incorporated in the nickel
matrix were unearthed as the slider pushed the adjacent materials away, thus coming

into contact with the slider directly and reducing the shear resistance.

4.4.4 Corrosion behaviour
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Figure 4.4-11 Polarisation curves of neat Ni and ENGO02 in 3.5wt% NaCl solution.
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The corrosion behaviour of neat Ni and GO containing ENG02 coatings were studied
by potentiodynamic polarisation. The samples were tested in a 3.5wt% NaCl aqueous
solution and the electrochemical signals monitored as described previously. Figure 4.4-
11 demonstrates the polarisation curves of the neat Ni and ENG02 samples. The neat
Ni coating exhibited a corrosion potential Ecorr Of -157 mV (vs. SCE) and a corrosion
current leorr of 459%x10° A/cm?. It was unexpected that the GO-containing coating
ENGO02 showed a more negative Ecor (202 mV vs. SCE), which is indicative of lower
corrosion resistance. In the meantime, the corrosion current of ENG02 was essentially

the same as the neat Ni, suggesting little suppression to the corrosion rate.

untested

agn  Det WD ————xi 200 m
= 5E

e

Figure 4.4-12 Morphology of ENGO02 after the polarisation corrosion test. (c-d) show
the details of severely corroded cavities.
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The corroded surface of ENGO02 was inspected under SEM and shown in Figure
4.4-12. As seen in Figure 4.4-12a a large number of corroded cavities were formed
within the tested area. By comparing with the untested ENGO2 it is clear that the
corroded zones were mostly those rich in GO agglomerations, as already
demonstrated in Figure 4.4-2. SEM images with a high magnification (Figures 4.4-12c-
d) confirmed that the corroded cavities were explicitly associated with GO sheets. In
these places, translucent GO sheets were clearly visible as the surrounding nickel has
been removed by corrosion. It seems that the incorporated GO sheets promoted the
localised corrosion of the nickel matrix. As the GO sheets formed agglomerations in
the nickel matrix, the corrosion was non-homogeneous, as seen in Figures 4.4-12a-b.
For this reason, ENG05 and ENG15 were not tested as GO agglomerated even worse

in these two coatings (refer to Figures 4.4-3 and 4.4-4).

4.5 Discussion

4.5.1 Coating deposition

4.5.1.1 EPD

As mentioned in the Literature review as well as Section 4.1, GO sheets get
deprotonated in many polar solvents (including water) and thus exhibit a negative zeta
potential. The 1 mg/ml GO suspension used for EPD in this project showed a zeta
potential of -61.7 mV (Figure 4.1-9), which provides enough particle stability and
electrophoretic mobility for an EPD process. Driven by the electric field, the negatively
charged GO sheets swim to the anode. The mechanism for deposit formation at the

electrode during EPD is usually associated with particle charge neutralisation and
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flocculation near the electrode. Specifically for the EPD of GO, it has been suggested
that the water electrolysis near the anode is essential for the whole process, as

described below by Equations 4.5-1 to 4.5-3 [137, 145]:

Anode  2H,0 — 4H* +4e™ + 0, 1 (4.5-1)
RCOO~ + H* - RCOOH (4.5-2)
Cathode 2H,0 + 2e~ > 20H™ + H, 1 (4.5-3)

Upon arriving at the anode, the negatively charged GO sheets (RCOO-) were re-
protonated, leading to the reduction of electrostatic repulsion between GO sheets, thus
enabling the aggregation and deposition of GO sheets at the anode.

With regards to the electric current over the EPD process as shown in Figure 4.2-
1, it is found that the current densities corresponding to all the voltages decreased
quickly at the beginning of the EPD process. This is due to the formation of an
insulating [252] GO layer on the anode which reduced its conductivity. Despite the fact
that the deposited GO sheets had been simultaneously reduced to rGO (as will be
discussed below), the conductivity of the deposit was still much less than the substrate
(stainless steel), thus leading to the current drops. Also noticeable in Figure 4.2-1 is
the current fluctuation during the EPD at 10 V. The unstable current density is very
likely caused by water electrolysis as described above by Equations 4.5-1 and 4.5-3.
The gas bubbles affected the normal deposition by agitating the electrolyte near the
electrodes, thus causing turbulences to the electric field and the particle flow. It is also
worth noting that the working voltage of 10 V is well beyond the normal electric potential
of the stainless steel electrode, therefore facilitating dissolution of the anode and
migration of metallic ions towards the suspension. These adverse factors led to the

unstable electric current and relatively loose deposit, as shown in Figure 4.2-2b.
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The voltage was then fixed at 3 V in the rest experiments in view of the inhibited
gas evolution, smooth deposition process (Figure 4.2-1) as well as the uniform and
compact deposit (Figure 4.2-2a). The deposition rate of the EPD process is then
complied with the Hamaker’s law (Equation 4.2-1), as proved by the data fitting in
Figure 4.2-3. The coating thickness increased almost linearly with deposition time, and
the fitting curve could be helpful in determining such a proper deposition time for a GO
coating with a desirable thickness. As demonstrated in Figure 4.2-3, this EPD
configuration produced a GO coating of half a micron for a deposition time of 10 min,
and has the potential for thicker (a few microns) GO coatings. However, it is also clear
in Figure 4.2-4 that after a prolonged deposition time (more than 4 min) the surface
roughness of the resultant coating increased considerably, as wrinkles were formed on
the coatings (Figure 4.2-4 d-f). This can be attributed to the accumulated coagulation
of the GO suspension in the vicinity of the substrate during EPD. But more likely, it is
due to the evaporation of trapped water in between the lamellar structure of the GO
coating during the drying process after deposition [253]. This wrinkle formation is
unfortunately inevitable for GO coatings from colloids as long as the solvent
evaporation is part of the coating drying/curing process. Nevertheless, the GO wrinkles
could be beneficial for some specific applications, such as electrochemical sensors
and catalysts [152].

Another interesting phenomenon is the in-situ reduction of GO during the EPD
process as shown by Raman and XPS (Figure 4.2-5). The slightly increased Ip/lg ratio
for EPD-GO is in agreement with the literature on rGO and likely due to the changes
in the sp?-conjugated graphene-like domains which are higher in number but smaller

in average size [73]. Quantitatively, XPS analysis revealed a significantly increased
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C/O ratio (12:1 vs. 5:3), indicating a strong reduction of the oxygen content. The
reduction effect (in terms of the C/O ratio) was comparable to, if no better than, the
rGO chemically reduced by hydrazine [74] or HI [112]. The C1s spectra also confirmed
that most of the oxygen functional groups on EPD-GO have been removed. The
simultaneous reduction of GO during EPD was also reported by An et, al. [143] and
Diba et, al. [138]. However, in the former case the EPD voltage was as high as 10 V,
and in the latter case the reduction effect was barely found at lower voltages until 20
V. In sharp contrast, the transformation from GO to rGO in this study was fulfilled at a
much lower voltage of 3 V. The experimental results of this work show that EPD is an
effective, environment-friendly and simple method for the simultaneous deposition and

reduction of GO.

4.5.1.2 Self-assembly

Self-assembly of GO coating on steel surface
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Figure 4.5-1 Schematic of the self-assembly of single-layer GO coating on 316L

stainless steel.

Figure 4.5-1 is the schematic for the self-assembly process. It is believed that after the
hydroxylation treatment the steel surface is functionalised with hydroxyl groups (-OH).
During the self-assembly process APTES molecules and GO sheets assemble

themselves in succession via condensation reactions between the hydroxyl groups (-
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OH) on steel surface and the alkoxy groups (-O-R) on APTES, and between the amino
head groups (-NH2) of APTES and the oxygen groups (mainly -COOH) of GO. The
assembly process stops when the amino sites are fully occupied, much like paving a
floor with mosaic tiles. The redundant GO sheets are hence just floating on the top and
can be easily removed by running water, leaving a GO coating of mainly one single
layer, as observed by AFM in Figure 4.3-1. On the other hand, obviously, the GO sheets
on the 316L-GO sample were just lying randomly on the surface, with no effective
chemical bond or only weak van der Waals forces to the substrate.

The establishment of covalent bonds in between the GO-APTES-steel sandwich
structure was proved by the improved tribological performance and durability of the
resultant coating (Section 4.3.2). It has been reported that APTES can improve the
bonding between graphene and silicon wafer [126]. It was also reported to modify a
titanium alloy surface before a graphene coating for nano/micro tribological application
[131]. However, to our knowledge there is no report yet about such use on such
common metallic materials as steel. The results have shown by example that chemical
surface modification could improve the service life of graphene-based coatings on
metallic substrates. The macro-scale application, ultra-thin nano structure and very
simple preparation procedures of this self-assembled GO coating could be of interest
for many fields.

The main limitation of this self-assembly method is its low fabrication efficiency.
For instance, usually an immersion time of more than 10 hours is necessary for well-
established bonds between APTES molecules and the functional groups of GO (see
Figure 4.5-1). According to the results reported in Section 4.3.2, a 15-hour immersion

of the APTES-treated substrate in GO suspension improved the coating durability from
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100 cycles to about 2500 cycles. While tribological tests showed that a one-hour self-
assembly ended up with a quick failure (<100 sliding cycles) of the GO lubricating

coating.

4.5.1.2 Composite electroplating
Figures 4.4-1 to 4.4-4 show the morphology of the nickel coatings without and with
increasing content (0.2, 0.5 and 1.5 mg/ml) of GO reinforcement. The successful
incorporation of GO has been visually proven by the embedment of semi-transparent
GO layers within the nickel matrix (Figure 4.4-2b). It is the thin nature and high flexibility
of GO that enabled the co-existence of GO sheets between the compact nickel crystals,
and ensured that the incoming GO sheets can follow the contour of the nickel deposit
and fit themselves into places as small as the grain boundaries.

The reasons for the formation of the surface bulges at higher GO loads (0.5 and
1.5 mg/ml) are two-fold. On one hand, it could be attributed to the agglomeration of
GO sheets. As mentioned before, GO sheets naturally deprotonate and thus carry
negative charges in water. It has been demonstrated that as nickel cations (Ni?*) were
dropwise added into a GO suspension, the Zeta potential of the GO sheets decreased
quickly from -61.70 mV to -4.79 mV, which means a much lower electrophoretic
mobility (Table 4.5-1). In a plating solution rich in Ni?*, the negative charges of GO can
be readily neutralised, thus resulting in flocculation of metallic Ni-GO or Ni(OH)2-GO
[141]. These agglomerations are then driven into the deposit by the electric field. On
the other hand, as shown in Figures 4.4-3 and 4.4-4, the newly formed nickel clusters
preferably settled on GO sheets. In Figure 4.4-4 the tendency is clear that the
deposited GO sheets promoted the nickel nucleation on them. In other words, the GO

sheets served as scaffolds for the nickel ions to attach, nucleate and grow on. The GO
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agglomerations in the plating solution, however, led to inhomogeneous GO
reinforcement in the final deposit, as evidenced by EDS (Figure 4.4-3 and Section

4.4.1),

Table 4.5-1 Zeta potential of GO suspension and GO/Ni plating solutions

Ni2* addition in Zeta potential  Particle mobility Conductivity

GO suspension (mV) (um-cm/Vs) (mS/cm)
0 -61.70 -4.71 0.53

20 mg/ml -12.95 -1.02 31.43
40 mg/mi -8.72 -0.66 34.86
50 mg/ml -4.79 -0.38 42 1

Nonetheless, the incorporation of GO sheets influenced the normal crystallisation
of the nickel matrix substantially, as the fractography showed in Figure 4.4-5.
Meanwhile, the average crystallite size was found reduced effectively from 28 nm for
the neat Ni coating to 20 nm for ENG15 (Figure 4.4-6). The disturbance to the normal
crystal growth and grain refinement effect was also reported and the mechanisms
proposed for Ni-Al203, Ni-SiC [158] and Ni-CNT [254] composites. It is likely that the
GO sheets catalysed more nickel crystallite sites, while wrapping and intersecting the
growing nickel grains, thus leading to a smaller crystallite size and a disordered
microstructure. As a consequence, the hardness and elastic modulus of the Ni-GO

composite coatings were improved (Figure 4.4-7 and Table 4.4-3).
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4.5.2 Tribological performance

4.5.2.1 Effect of substrate topography

The frictional tests on the GO coated 316L stainless steel by EPD (Figure 4.2-6)
revealed a COF of 0.08-0.10, which is even lower than the values (COF 0.15-0.20)
reported by Berman et, al. on the steel spin-coated with graphene sheets [13]. However,
the frictional behaviour was unstable due to the early failure of the GO coating. As an
inert carbonaceous material, graphene and its derivatives normally shows inadequate
chemical compatibility with most engineering materials surfaces, making the coating
fragile and vulnerable once in contact with moving parts [18]. Exceptionally, graphene
grown by chemical vapour deposition can adhere to the nickel substrate strongly and
exhibit a super low coefficient of friction (COF) of 0.03. However, the friction increased
considerably after the graphene was transferred onto a silica substrate, as defects
were formed and thus the coating integrity suffered [11].

The results in this work demonstrated that acid pickling, as an approach to modify
the surface topography of the substrate, improved the durability of the EPD-GO coating
on its surface (Figures 4.2-6 c-d). It is well known that a substrate with properly
configured surface texture can not only retain solid lubricants [255, 256] but also trap
wear debris and thus reduce the abrasion induced by the particles [257]. The trials on
laser patterned steel demonstrated the potential of such artificial surface textures in
improving the service life of GO surface coatings as solid lubricant (Figure 4.2-8).
Unfortunately, the performance was obviously not the optimal and there are many
influential factors to be studied in details, such as the pattern depth, pattern density
(the ratio of patterned area to the whole area) and the groove or dimple width (in

relationship to the diameter of Hertz contact area).
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To verify this effect, similar experiments were performed on grey cast iron, which
is known for the imbedded graphite of various shapes in its matrix. The cast iron
samples (G3500) were etched in dilute acid as for the 316L stainless steel. The etched
cast iron (G3500-E) was then coated with GO by EPD at 3 V for 2 min., Figure 4.5-2
displays the COF curves for G3500-GO, G3500-E-GO and the uncoated substrates
against a 316 stainless steel ball (¢8 mm) under a normal load of 2 N. Without GO
coating, the samples (G3500 and G3500-E) experienced high friction. Although for the
etched substrate there were a large number of graphite strips exposed on surface, as
shown in Figures 4.5-3(a-b), the sliding was barely lubricated by the exposed graphite.

The wear scars on the as-ground and etched substrates were also very similar.
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Figure 4.5-2 Coefficient of friction for (a) as-ground, (c) etched G3500 cast iron and
(b, d) the corresponding GO-coated samples during reciprocating tribological tests

under a normal load of 2 N. E: etched.
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Figure 4.5-3 SEM image (a) and corresponding 3D height profile (b) of the etched
grey iron (G3500-E).
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Figure 4.5-3(continued) worn surfaces of (c) G3500-GO and (d-e) G3500-E-GO.
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The COF for both G3500-GO and G3500-E-GO were much lower than that of the
uncoated samples and kept essentially the same values (~ 0.15) for the first 1500
cycles, as shown in Figure 4.5-2. After that, however, the COF of the G3500-GO
increased rapidly to about 0.35; in contrast, the G3500-E-GO stayed in the low-friction
regime throughout the 3000-cycle test, suggesting that the wear life of the same GO
coating was prolonged when coated on the etched substrate.

From the SEM images of the worn coatings, it is clear that the GO coating on the
untreated substrate was removed completely from the whole contact area (Figure 4.5-
3c); while in contrast, the GO coating on the etched cast iron still covered the entire
sliding path, despite of the cracks induced by the reciprocating contact (Figure 4.5-3d).

This enhanced retention of the GO coating can be attributed to the exposed
graphite strips after etching which prevented the GO solid lubricant from being
removed by sliding, as evidenced in Figure 4.5-3e. This proposed mechanism is also
in line with the geometric mapping of the etched surface by a 3D profilometer, as shown
in Figure 4.5-3b (to correlate the SEM image and the 3D topography, the mapping was
carried out exactly at the same place as marked in Figure 4.5-3a). According to the 3D
image as well as the cross-section height profile, it is clear that the graphite strips were
sticking out due to the etching of the matrix. By virtue of the inert chemistry of graphite,
the iron surrounding the graphite strips in the cast iron was preferably etched away,
thus creating trenches for GO solid lubricant to stay in (Figures 4.5-3 a-b). During
sliding, such trenches not only protected the GO coating from being sheared away, but
also settled GO and metal debris from the wear, thus resulting in an improved anti-
wear life of the GO coating. The investigations on etched 316L stainless steel and

etched cast iron here are two examples showing that a proper surface roughness and
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topography can work well together with graphene coatings and exhibit long-lasting

tribological properties.

4.5.2.2 Effect of chemical bonding

With an APTES intermediate layer, the tribological performance of the top GO coating
was improved effectively in terms of very low friction (COF ~0.1, Figure 4.3-2), 10-fold
reduction in wear (Figure 4.3-3) and increased coating durability by some 20 times.
The improvements can be mainly attributed to the enhanced coating bonding via the
silane layer. During the self-assembly process, covalent bonds were established
between the top GO coating and the steel substrate. The APTES interlayer therefore
acts as a chain that locks the steel surface and the GO sheets together. The large
reduction in Io/lg ratio of the Raman spectrum for 316L-A-GO compared to the as-
synthesised GO could be attributed to the condensation reactions between APTES
molecules and GO sheets, which led to a reduction of the oxygen group concentration
in GO and thus a recovery of its sp? conjugated structure [253, 258]. As a consequence
of the enhanced connection, the GO Raman features were still retained after 2700
cycles tribological test (Figure 4.3-4), indicating a longer service life of the GO solid
lubricant coating in the presence of APTES.

The dramatic drop in oxygen on the worn 316L-A-GO compared with 316L-A
(Figure 4.3-6) is very likely due to the lubricating effect of the GO coating that reduces
the friction and hence energy dissipation. As it is known, the flash temperature resulted
from frictional heat at real contacted asperities can be up to hundreds of degrees high
[259]. In ambient environment, these hot-spots can readily result in oxidation. In this
study, the GO coating reduced the friction force so greatly that the transient heat

generation was effectively inhibited; furthermore, the excellent thermal conductivity
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along the lamellar graphene structure [260] could minimise the heat accumulation. It is
also possible that graphene oxide, a derivative of graphene which has been reported
to be impermeable to even the smallest molecules [19], blocked external oxygen from
contacting the underlying steel, thus hindering the oxidation process. However, this

feature was degraded for 316L-GO due to lack of bonding.

4.5.3 Corrosion performance

4.5.3.1 Physical barrier effect of GO

As presented in Section 4.2.3, the EPD-GO coatings showed excellent corrosion
resistance in terms of much more positive corrosion potentials and significantly
depressed corrosion current densities (Figure 4.2-9). In particular, the corrosion current
of the EPD-GO coatings developed smoothly throughout the anodic polarisation period,
denoting a complete inhibition of pitting on the stainless steel substrate (Figure 4.2-11).
These changes are most likely due to the corrosion barrier effect of GO.

As already introduced in the literature review (Section 2.5.2.1), the carbon lattice
of graphene (oxide) is so dense that the permeation of even the smallest molecules is
not allowed [19]. The chloride irons (CI) in the corrosive electrolyte, which is the main
reason for the pitting of stainless steel, were blocked by the GO coating from going
inside, thus largely reducing the chances for corrosion. Although GO contains a high
level of structural defects and oxygen functional groups which can make the surface
of GO hydrophilic, a thickness of ~100 nm (EPD-GO2) was able to separate the
substrate from the electrolyte effectively. The barrier effect built up as the coating
thickness increased (~200 nm, EPD-GO4). The value of R:+Rq, which can be regarded

as the ability of electrolyte repelling, was doubled for EPD-GO4, as shown by the EIS
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measurements (Figure 4.2-10 and Table 4.2-2).

Moreover, according to the XPS analysis (Figure 4.2-5), the GO sheets in the
EPD coating have been simultaneously reduced to rGO. The hydrophilicity of the
deposited coatings was not quantitatively measured, but it is known that rGO behaves
on the hydrophobic side due to its lowered oxidation degree, and hence less

permeation of water and ions can be expected [58].

4.5.3.2 Importance of coating integrity and homogeneity

The results in Section 4.2.3 have demonstrated that a GO coating with a sub-micron
thickness fabricated via EPD can inhibit the pitting corrosion of 316L stainless steel
effectively. However, it must be emphasised that the excellent corrosion performance
requires the GO coating to be intact and compact. In the case of a damaged GO
coating, the electrolyte can reach the substrate easily and thus cause corrosion as if

there was no any GO coating.

1E-01
& E
£ 1E-03-
[ &) 3
< 3 pitting
~  1E-054 : .
2 : defective coating \
@
€ 1E-07]
T ] intact coating
= 1E-09 -
£
S E
O 1E1]
1E13 }+——,

00 02 04 06 08 10 1.2
Potential (V vs. SCE)
Figure 4.5-4 Polarisation curves of a 316L steel with an intact GO coating and the

same material with a damaged GO coating.
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For instance, Figure 4.5-4 displays the polarisation curve of a defective GO
coating by the same EPD process. It is clear that not only the corrosion potential (Ecorr)
negatively shifted by 50 mV and the corrosion current density (/cor) raised up by nearly
one order of magnitude, but pitting also occurred as with the bare stainless steel
(Figure 4.2-9b).

The failure of the protective GO coating in Figure 4.5-4 was mainly due to the
destruction of the GO coating at the sealing contact, as demonstrated in Figure 4.5-5.
The corrosion samples in this project were mounted at the bottom of the electrolyte
container, pressing against the round testing window. The flexible GO coating can get
torn, scratched and detached at these contact positions (Figures 4.5-5 a-e) during
sample loading, or due to the penetration of water and corrosive ions through the
overlapping edges and defects of GO sheets. Once reaching the substrate, the
electrolyte undermined the GO coating and pushed the corrosion frontier inwards the
tested area over time (Figure 4.5-5f). Gradually, the metallic substrate surface was
corroded away and the GO coating collapsed due to no support. Figure 4.5-5g shows
a fragment of the GO coating hanging at the edge of a corrosion pit. Figure 4.5-5h
clearly shows the situation where the GO coating was damaged and corrosion has
been initiated under the GO coating. Based on the discussion above, it is important to
keep the integrity of the GO coating and ideally avoid physical impact on the coating
for reliable anti-corrosion performance.

The electroplated Ni-GO composite coatings in Section 4.4 were developed in
the hope of addressing the bonding and durability issues of the EPD and self-
assembled GO coatings. However, the polarisation results suggested an even worse

corrosion performance for the composite coatings compared with the neat Ni coating
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(Figure 4.4-11). The morphology of corroded Ni-GO composite coating (ENG02)
showed in Figure 4.4-12 might be a result of promoted galvanic corrosion of the nickel
matrix. GO, as a carbon-based material, is chemically nobler than nickel. Therefore, in
a corrosive environment galvanic corrosion cells can be formed between the GO
sheets and the surrounding nickel matrix. As a consequence, the nickel would be
preferably corroded. This corrosion promotion effect of GO has also been reported by
others [22]. In this work the corrosion was even more pronounced due to the
inhomogeneity of the Ni-GO composite coatings. The GO sheets agglomerated in the
metal matrix. Where a coating defect was present and electrolyte diffuses through the
defect, the corrosion current was concentrated around the GO agglomerations, thus

facilitating more localised galvanic corrosion.
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Figure 4.5-5 (a-b) GO coating damaged at the sealing contact.
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Figure 4.5-5(continued) Intergranular corrosion (c-d) and severe corrosion pits (e-f)
after removal of GO coating at the sealing contact. (g-h) show corrosion propagating
underneath damaged GO coatings.
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CHAPTER 5 RESULTS AND DISCUSSION: PART I

- Electro-brush plated nickel-GO composite coatings

This chapter presents the results and discussion for the development of Ni-GO nano-
composite coatings by electro-brush plating. The morphology and microstructures of
the brush-plated nano-composite coatings are reported first in Section 5.1, which is
followed by their mechanical properties (Section 5.2), corrosion behaviour (Section
5.3), tribological properties (Section 5.4) and thermal stability (Section 5.5). Finally, the
experimental results are analysed and discussed for the advancement of scientific

understanding (Section 5.6).

5.1 Coating morphology and structure

Figure 5.1-1 AFM image of the obtained graphene oxide (GO) and the height profile
(black curve) of a GO sheet.
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Figure 5.1-1 shows the morphology of the obtained GO sheets under AFM. The similar
contrast between the planar sheets and the background (a silicon wafer) indicates a
uniform thickness of the exfoliated GO sheets. The height profile across an individual
GO sheet revealed a thickness of approximately 1 nm, suggesting that the GO sheets

are single-layer.

Table 5.1-1 The four plating solutions and the corresponding coatings

by electro brush plating

GO content in solution
(mg/ml)
Sample code Ni NGO05 NG20 NG40

0 0.5 20 4.0

Four coatings, i.e. Ni, NG05, NG20 and NG40 were prepared by brush plating
under the same plating conditions named according to the GO content in the solution
for the electro-brush plating (Table 5.1-1). The coating morphologies are compared in
Figures 5.1-2 a-d. There is a clear trend that the surface roughness of the resulting
coatings increased with the increasing GO load. The GO-free Ni coating (Figure 5.1-
2a) appeared to be compact and smooth, with few bumps and pin holes. The addition
of 0.5 mg/ml GO into the plating solution resulted in the formation of nodules on the
NGO5 coating surface, together with some areas of clusters as circled in Figure 5.1-
2b. As the GO concentration increased to 2.0 mg/ml, the nodules observed on coating
NG20 (Figure 5.1-2c) became finer in size but higher in density. A further increase of
the GO concentration to 4.0 mg/ml led to large surface fluctuation with a dense yet
uniform distribution of agglomerations in the NG40 coating, as demonstrated in Figure
5.1-2d. The change in topography is believed to be caused by the introduction of GO.

Figure 5.1-2e is a typical enlarged view of the Ni-GO composite coatings that was
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observed at some defect sites as pointed out in Figure 5.1-2c. The nickel clusters were

all netted by ubiquitous translucent thin membranes, which is characteristic of

graphene and graphene oxide sheets under SEM [238, 261].
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Figure 5.1-2 Morphologies of (a) neat Ni and (b-e) Ni-GO composite coatings. (f)

compares the Raman spectra of GO sheets and two Ni-GO composite coatings.

Raman spectra of the original GO sheets and three Ni-GO composite coatings
NGO05, NG20 and NG40, were recorded and shown in Figure 5.1-2f. All the spectra

display two bands around 1355 and 1580 cm-', which are characteristic of many
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carbonaceous materials. The G band at 1600 cm™ represents the intrinsic sp?-
conjugated structure of graphene, while the D band around 1350 cm! rose in the
presence of structural defects and disorders in the carbon skeleton. The peak shifts of
the G and D bands relative to the standard values as mentioned above could be
ascribed as the results of the residual stress within the composite matrixes, which will
be discussed in more details in Section 5.6. The intensity ratio of D band to G band
(Io/lg) is therefore usually used as an indicator of the disorder degree in graphene. The
calculated /Ip/lg ratios for NG05, NG20 and NG40 are 0.86, 0.88 and 0.84, respectively,
which are both higher than that (0.71) of the original GO. This increase in the Ip/lg ratio
for the Ni-GO composite coatings is a reflection of the increased disorder degree as
mentioned above. This could be attributed to the distortion of the GO sheets among
the nickel grains, and more likely the absorption or chemical bonding of nickel ions
during the coating formation that could have introduced more defects and reduced the
average size of the sp? domains in the graphene structure [141].

To evidence the incorporation of GO into the Ni-GO composite coatings
developed, cross-sectional fractures of both neat nickel coating and a Ni-GO
composite coating were prepared and compared in Figure 5.1-3. Without any GO
addition to the brush plating solution, the cross-section of the resulted coating
appeared to be layer-structured (Figure 5.1-3a), which is consistent with the
observations on such brush-plated coatings in the literature [155, 262]. This Ni coating
showed a thickness of approximately 6 um after plating for 30 min. In comparison, the
Ni-GO composite coating (Figure 5.1-3b) exhibited prominent turbulence in the layered
structure. This is likely due to the GO sheets that wrapped and intersected the nickel

clusters and thus disturbed the normal crystallisation process. It should also be noted
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that with the same working voltage and operation time the thickness of the Ni-GO
composite coating measured to be about 4 um, around 1/3 thinner than that of the neat
Ni coating. Figures 5.1-3 c-d provide details of the fractography of the composite
coating. Note that the cross-section was subject to mild argon plasma milling before
SEM in order to enhance the presentation. It can be seen clearly that the thin semi-
transparent sheets (GO) were embedded between nickel crystals (or vice versa) and
conformed the contours of the nickel clusters well.

EDS analysis was performed on the cross-section of each coating with the
representative result being demonstrated in Figure 5.1-3e-f. Compared with the neat
Ni coating, a relatively higher content of carbon (5.37 vs 2.15, wt.%) was detected from
the Ni-GO coating. The microscopical observation and elemental analysis confirm that
GO sheets not only exist near the surface, but have also been incorporated into the
bulk matrix of the coating successfully.

The XRD patterns of neat Ni and Ni-GO composite coatings (NG05, NG20 and
NG40) are presented in Figure 5.1-4. All three patterns exhibit a prominent peak
around 44° and another peak at ~51.5° which correspond to the (111) and (200)
crystallographic planes of nickel, respectively. As shown in the plot, the (111) peak was
broadened and the (200) peak attenuated as GO was introduced into the matrixes,
implying a possible grain size reduction promoted by the incorporated GO. To this end,
the average crystallite sizes of the coatings were estimated using Scherrer equation

as below:

B = ka_ 180° (5.1-1)

" Lcos@ b4

where  is the full width half maxima (FWHM) of the (111) diffraction in 20 degree, K is

Scherrer constant (0.94 used here), A is the wavelength of Cu-Kq radiation (0.154 nm),
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6 is the diffraction angle, and L is the crystallite size in nm. In light of possible
instrumental broadening and microstrain in the matrixes, the calculated values were
normalised and compared in Table 5.1-2. In particular, the average grain size for NG40

was about 40% smaller than the neat Ni coating, suggesting a significant refinement.
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Figure 5.1-3 Cross-sectional SEM images of (a) neat Ni coating and (b-d) Ni-GO
composite coatings and EDS spectra from (e) the neat Ni and (f) Ni-GO coating,

respectively.
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Figure 5.1-4 XRD patterns of neat Ni, NG05, NG20 and NG40 coatings.

Table 5.1-2 Calculated crystallite size for electro-brush plated neat Ni, NG05, NG20
and NG40 coatings
(111) FWHM grain size approx.

(degree) (normalised)
Ni 1.1917 1
NGO05 1.2327 0.97
NG20 1.3273 0.90
NG40 1.9879 0.60

5.2 Mechanical properties

Nanoindentation tests were carried out on both neat Ni and Ni-GO composite coatings
(NGO05, NG20 and NG40) at a fixed peak load of 10 mN. To minimise the influence of

the coating thickness and surface roughness, the measurements were performed on
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the polished cross-sections. Typical loading-unloading curves for each sample are
presented in Figure 5.2-1. The Ni-GO composite coatings showed shallower
indentation depths than that of the neat Ni at both the maximum and final stages,
indicating their improved indentation resistance. As the GO content (concentration in
the plating solution) increased from 0 to 2.0 mg/ml, the maximum indentation depth
was reduced by ~25 nm, due to the improved hardness. This enhancement is likely
related to the grain size reduction after the addition of GO nano sheets, as well as the
inherent high mechanical properties of GO. However, NG40 exhibited a ‘softening’
effect compared with the other two composite coatings. This phenomenon may be the
result of fine yet defective microstructure of NG40. Nonetheless, it is worth noting that

the hardness of NG40 was still higher than that of the neat Ni coating.
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Figure 5.2-1 Typical load-displacement curves of the nanoindentation tests at a fixed
peak load of 10 mN on (a) neat Ni, (b) NGO05, (c) NG20 and (d) NG40 coatings.
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The nanoindentation hardness and reduced modulus (E;) were calculated from
the loading-displacement curves based on the Oliver-Pharr fit [247]. The results are
summarised in Table 5.2-1. The hardness and reduced modulus of the nano-composite
coatings were improved by up to 0.9 GPa and 20 GPa respectively with GO addition
until NG40 where a drop in both hardness and elastic modulus was observed. The
unexpected drop in the NG40 case indicates that a too high GO concentration in the
plating solution might have led to degraded mechanical properties of the resulting

composite coating.

Table 5.2-1 Nanoindentation results for electro-brush plated neat Ni, NG05, NG20
and NG40 coatings

Nano-hardness
Sample

Reduced modulus

Plasticity index

(GPa) (GPa)
Ni 7.75+0.84 184.52+8.08 0.716+0.036
NGO05 8.57+0.63 178.63+7.52 0.687+0.018
NG20 8.65+0.41 206.38+14.82 0.704+0.015
NG40 7.90+0.34 146.90+5.30 0.659+0.012

Plasticity index (Pl) is a parameter usually used to evaluate the elastic-plastic
response of a material to external applied forces. In nanoindentation, the PI of the
tested material can be characterised by the area included in the load-displacement

curve (non-reversible plastic work) using the following equation:

__A1-Ay
v = A

1

(5.2-1)

where y is the plasticity index, A7 and A are the areas under the loading curve (total
work) and unloading curve (elastic work), respectively. The calculated Pl values for

each sample are listed in Table 5.2-1. Interestingly, all the three GO-containing
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coatings exhibited lower plasticity than the GO-free nickel coating, including NG40
which showed the highest reduction of ~8% towards the plasticity index. This is in line
with the observation in Figure 5.2-1 that all the Ni-GO composite coatings left a smaller
final indentation depth, regardless of the increased peak depth in the NG40 case.
More interestingly, nanoindentation study has revealed that GO improved the
thermal stability of the Ni-GO composite coatings effectively. The GO-containing nickel
coating exhibited less degradation in mechanical strength when annealed at elevated

temperatures. The detailed investigation and results are documented in Section 5.5.

5.3 Corrosion behaviour
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Figure 5.3-1 Polarisation curves of (a) neat Ni, (b) NG05, (c) NG20 and (d) NG40

coatings in a 3.5wt.% NaCl solution.
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The corrosion behaviour of the brush-plated Ni-GO nano-composite coatings (NGO05,
NG20 and NG40) as well as the neat Ni coating was investigated by means of
polarisation and EIS measurements in a 3.5 wt.% NaCl solution. Figure 5.3-1 shows
the polarisation curves after an OCP measurement for 1 h. In comparison to the neat
Ni coating, both NG20 and NG40 demonstrated a clear positive shift of the corrosion
potential (Ecorr), revealing a less corrosion tendency. NG05 showed marginal shift in

Ecor, likely due to the small amount of GO incorporation.

Table 5.3-1 Tafel fit parameters for the polarisation curves of electro-brush plated
neat Ni, NG05, NG20 and NG40 coatings

OCP Ecorr lcorr Corrosion rate

Sample vy mV)  (x109A/cm?)  (x10° mpy)
neatNi 232  -269 309 131.4
NGO5 230 -247 357 163.3
NG20 433 179 131 55.8
NG40 158 -204 92.4 39.3

The results of Tafel fit to the polarisation curves (Table 5.3-1) also suggest that in
the presence of GO fillers the corrosion current densities (/corr) Of NG20 and NG40
decreased remarkably by approximately 60% and 70%, respectively. Accordingly, the
corrosion rate was suppressed down to 55.8 x10-3 mpy (NG20) and 39.3 x10-3 mpy
(NG40) from the 131.4 %103 mpy for the GO-free coating. NG20 demonstrated a
passive characteristic within a wide range of the anodic polarisation period (from Ecorr
to ~0 V vs. SCE), indicating an enhanced impermeability owing to the GO sheets. A
breakdown point at ~0 V was met, after which the polarisation current built up quickly

to a high level equal to the neat Ni, suggesting that the GO components lost their power
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in preventing the corrosive electrolyte from penetrating through the coating. NG40
resembled NG20 roughly in terms of the polarisation curve shape, whilst exhibiting a
slightly more negative corrosion potential and higher current densities in the anodic
polarisation section, indicating a smaller polarisation resistance. The turbulences of the
anodic polarisation currents occurred on some of the tested samples and could be
related to solvent penetration through the localised defects within the nickel matrixes.
The Tafel fitting suggests no reduction of the corrosion rate for NG05 (163.3 x10-3 mpy).

To elucidate the corrosion protection mechanism for each type of coating,
electrochemical impedance spectroscopy (EIS) measurements were carried out on
neat Ni, NG05, NG20 and NG40. In EIS, a small sinusoidal electrical signal (10 mV,
10m — 100k Hz in this work) about the open circuit potential is applied to the sample
surface and the electrochemical response to the excitation at different frequencies is
recorded and analysed [263]. Figure 5.3-2a is the Bode plot in which the absolute
values of the impedance (|Z|) and the phase angle are plotted as the function of
excitation frequency. At the highest frequencies the |Z| magnitude plots are flat,
revealing primarily the resistance of the electrolyte solution (Rs). At intermediate
frequencies, the capacitive response from the coating system (C.) predominates,
which is characterised by diagonal lines in the |Z| magnitude plots and the largest
phase angles. As the frequency is further lowered, the coating resistance R (or
interfacial charge transfer resistance Rc) tends to dominate the total impedance,
depicted by flattened |Z| curves as resistors are independent of frequency. It is revealed
in Figure 5.3-2a that the impedance moduli |Z| of NG20 and NG40 at the lowest
frequency were both significantly higher than that of the neat Ni, which is a sign of

higher corrosion resistance. The |Z]| plots of NG05 and NG40 largely resembled that of
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NG20, until around the lowest frequency end when the impedance moduli headed

down to some extent.
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Figure 5.3-2 (a) Bode and (b) Nyquist plots for different samples in a 3.5wt.% NaCl
solution and the equivalent circuit model proposed for the coating system (inset of b).
The dots and the solid lines in (b) illustrate the original impedance data and the fitted

curves, respectively.

157



Figure 5.3-2b displays the corresponding Nyquist plots for the tested samples, in
which the impedance at each frequency is located according to its real (resistive) and
imaginary (capacitive) components. NG05 showed a dataset similar to that of neat Ni.
NG20 and NG40 coatings showed remarkably larger semi-circular arc compared with
the neat Ni coating. In general, a larger impedance arc is the result of a higher
polarisation (or electron charge transfer) resistance, and much likely a reflection of a
greater corrosion resistance. It is also worth noting that the NG40 exhibited an unusual
impedance loop at low frequencies (the far end of the impedance arc). This loop is
related to an inductive behaviour rather than capacitive, which could be ascribed to the
corrosion and dissolution of the metallic surface and the adsorption of the intermediate
species [264].

In order to quantify the interpretation of the EIS spectra, electrical equivalent
circuit models of the three corrosion systems were attempted. The adapted model and
corresponding fitting curves (solid lines) are illustrated in Figure 5.3-2b and the refined
fit parameters for each coating sample summarised in Table 5.3-2. A constant phase
element (CPE) is a circuit element with a constant phase shift over the frequency, and
was employed in this work to model an imperfect capacitor, whose impedance is

expressed as:

1
CPE-(Jw)™

Zepp(w) = (5.3-1)

where n is the phase shift index (n=1 for an ideal capacitor). Rs, Rc and CPEc¢ (Cc¢)
were employed as previously described. An additional pair of double layer capacitance
(CPEg) and charge transfer resistance (Rct) were introduced in order to simulate the
situation where the electrolyte penetrates into the coating and forms a new electric

double layer at the liquid/metal interface. It is revealed in Table 5.3-2 that the R for the
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neat Ni coating was just 6.8 kQ2:cm?, while NG20 and NG40 exhibited a dramatically
increased R. of 519 kQ2:cm? and 371 kQ-cm?, respectively, indicative of a much greater
resistance to the corrosion environment. Furthermore, their higher R¢t and CPEgy
values suggest that the two coatings were less permeable owing to the presence of
GO sheets, thus exposing less active area to the corrosive electrolyte, and thus
corrosion was less likely. Similar increase in R¢t was also reported by Park et al. [150]
and Zhou et al. [166]. The overall polarisation resistance (Rc + Rc) increases in the

order of Ni (118 kQ-cm?) < NG05 (133 kQ-cm?) < NG40 (548 kQ-cm?) < NG20 (678

kQ-cm?).

Table 5.3-2 Equivalent circuit fit parameters for the EIS samples

Sample Rs Rc CPEC n Rct CPEd| n2
(Q-cm?) (kQ:cm?) (uS-s"-cm?) ! (kQ-cm?)  (uS-s"-cm?)

Ni 47.0 6.8 38.9 0.908 112 9.6 0.658

NGO05 51.0 19.2 7.3 1 114 13.3 0.829

NG20 48.1 519 19.7 0.948 159 106 1

NG40 514 371 16.8 0.949 177 37.2 0.998

5.4 Tribological behaviour

5.4.1 Surface roughness and hardness

The samples involved in this chapter and their corresponding surface roughness are
listed in Table 5.4-1. It is clear that the surface roughness of the obtained composite
coatings increased with the increasing GO load in the plating solution. The nickel-
graphite composite coating (NGr40) showed a much higher surface roughness (~234
nm) than the nickel-GO composite coatings (132 nm for NG40). Figure 5.4-1 compares

the microhardness of the samples. The original nickel deposit exhibited a hardness of
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Hv 500, which is comparable to the values reported for electro-brush plated nickel
coatings [153, 160]. The hardness was improved gradually as GO was introduced into

the plating solution, with a peak value of Hy 680+57 for NG20, which is 31% higher
than that (Hv 524+38) of the neat (GO-free) nickel coating. NG40 exhibited a less
improved hardness (Hv 609+37), likely due to more structural defects. In comparison,

the Ni-graphite composite coating NGr40 showed a hardness of Hv 574 +20.
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Figure 5.4-1 Microhardness of the brush-plated coatings.

Table 5.4-1 Specification and surface roughness of samples

Material GO/graphite load Surface roughness

(mg/ml) (Ra, nm)
Ni 0 42.2+10.3
NGO05 0.5 54.8+17.7
NG20 2.0 86.8+16.1
NG40 4.0 131.7£17.0
NGr40 4.0 234.8+22.9 (as-made)

71.3+£5.9 (polished)
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5.4.2 Sliding against a chromium steel ball in air
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Figure 5.4-2 (a) Coefficient of friction (COF) for neat Ni, NG40 and NGr40 coatings
over 1000 cycle reciprocating sliding in air against a chromium bearing steel ball
under a load of 1 N (G: graphene oxide; Gr: graphite). (b) COF distribution of Ni,

NGO05, NG20, NG40 and NGr40.
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Figure 5.4-3 3D and the corresponding cross-sectional height profiles of the worn (a-b) neat Ni and (c-d) NG05. The blue and

red cursors in the plots indicate the edges of the wear track.
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Reciprocating tribological tests were performed on a ball-on-plate tribometer with a
chromium bearing steel counter ball under a normal load of 1 N. The coefficient of
friction (COF, u) curves for neat Ni, NG40 and NGr40 over sliding cycles were
demonstrated in Figure 5.4-2a. The COF of the GO-free coating reached a plateau
around 0.7 after a short running-in period. NG40 exhibited a substantially lower steady-
state u of ~0.45, indicating effectively suppressed friction benefited from GO. With a
comparable particle load as NG40, NGr40 showed a marginally reduced u, levelling at
~0.65. Its prolonged running-in period can be attributed to its high surface roughness

which increased the time required for stabilising the contact.

Table 5.4-2 Static Hertz stress and contact width for the ball-on-plate frictional tests

using different ball materials

Load Maximum Hertz Contact width

Ball (N) stress (Mm)
(MPa)

1 540 59
Chrome bearing

3 779 86
steel

5 924 102

1 631 55
a-Alumina 3 910 79

5 1079 94

Figure 5.4-2b is the box plots of the steady-state COF for each sample. The upper
and lower borders of a box indicate the 75% and the 25% limits of the data set, while
the two ends of the whiskers represent the 95% and the 5% limits, respectively. As
shown in the chart, all the four composite coatings showed reduced friction compared
to the neat nickel coating (v ~0.72). With the smallest amount of GO incorporation,

NGO5 showed slightly reduced COF (~0.6). NG20 exhibited the lowest friction against
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the chromium steel ball (v down to ~0.25). However, note that its coefficient of friction
fluctuated in a wide range, due to its unstable friction conditions. NG40, as already
demonstrated in Figure 5.4-2a, was able to show a stable low u of around 0.45. It is
also worth noting that the three nickel-GO coatings outperformed the nickel-graphite
coating.

Figure 5.4-3 demonstrates the 3D and the corresponding cross-sectional height
profiles of the wear tracks. The neat Ni coating (Figure 5.4-3a&b) showed the widest
(310 um) and deepest (2 um) wear scar, with heavy furrows and push-ups on the
bottom, denoting severe sliding adhesive wear. NG05 (Figure 5.4-3c&d) ended up with
a wear scar of slightly reduced width (250 um) and depth (~1.2 um). There was no
appreciable difference in the worn depth for NG20, but the edges of the wear track
were less rigid (Figure 5.4-3e&f), indicating a reduced wear loss. As the GO content
further increased, a smooth and shallow (0.3 ym in depth and 60 pym in width) wear
scar was found on NG40 (Figure 5.4-3g&h), indicative of a significant reduction in wear.
This is in sharp contrast to the brush-plated nickel-graphite composite coating NGr40
(Figure 5.4-3i&j), whose wear loss was much larger than that of NG40. The

dimensionless wear coefficient was calculated using the following equation:

k=~ (5.4-1)

F-s
where Vis the volume of material loss, F is the applied normal load, s is the total sliding
distance, k is the dimensionless wear coefficient in mm3N-'m-'. The wear volume was
obtained by multiplying the cross-section area and the length of the wear track. The
cross-section area was determined by averaging three measurements at different
positions of a wear track. The values of the wear coefficient for each sample are

summarised in Figure 5.4-4. Compared with the neat Ni coating, the wear coefficients
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for NG05 and NG20 were reduced by 51.5 % and 58.0 %, respectively. NG40 showed
a wear coefficient of 52.7x10° mm3N-'m-', nearly 9 times less than that (448.4x106
mm3N-'m-') of neat Ni. NGr40 was also able to achieve reduced wear (121.2x10-6

mm3N-"m-") but still twice higher compared to NG40.
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Figure 5.4-4 Wear coefficient for neat Ni, NG05, NG20, NG40 and NGr40 measured

after 1000-cycle sliding in air against a bearing steel ball under a normal load of 1 N.

The worn surfaces were examined under SEM. Figures 5.4-5a-b present the worn
neat nickel coating. The high roughness and discrete ‘islands’ of material indicate that
major material deformation has happened during wear. A large density of fine wear
debris was present both alongside and inside the wear scar, implying that three-body
abrasive wear could also have taken place. Cutting due to abrasion and fatigue cracks
due to high friction stress were observed (Figure 5.4-5b). EDS analysis showed that
the islands were high in oxygen while the bottom of the wear track showed little oxygen
(Figures 5.4-5c&e). The chemical analysis of the wear debris (Figures 5.4-5d and 5.4-

5f) showed that the larger debris was mainly delamination of the un-oxidised metallic
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coating, whilst the fine particles were mostly oxide. The quantitative results of the EDS
analysis above are summarised in Table 5.4-3. The information above suggests that
the oxidised surface of the neat nickel coating was destructed into debris during the

unlubricated wear. As a result, severe metal-to-metal rubbing occurred.

Acc.Y SpotMagn Det WD p——— 200 um
100kV 30 200x SE 106

. Fatigue cracks '

Figure 5.4-5 (a-b) SEM images of the worn surface of the brush-plated neat Ni

coating sliding against a Cr ball in air under a load of 1 N.
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Figure 5.4-5(continued) (c-d) SEM images and (e-f) the corresponding EDS analysis

of the wear debris on the brush-plated neat Ni coating.

Table 5.4-3 EDS results from the wear track and debris on the neat Ni surface.

Analysis positions as indicated in Figure 5.4-5.

Composition (in at.%)

Spot

Ni Fe @) C
1 45.27 13.24 38.68 2.80
2 81.89 6.81 5.18 6.11
3 67.64 18.79 6.64 6.93
4 64.59 9.47 20.03 5.91
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Figure 5.4-6 (a-b) SEM images and (c-d) EDS mapping analysis of the worn surface

of NGr40 coating after sliding against a Cr ball in air under a load of 1 N.

The worn NGr40 (Figure 5.4-6) resembled the worn neat nickel coating, while
showing more wear debris alongside the wear track likely due to the breakdown of the
bulges on its surface during sliding. Back-scattered electron microscopy (Figure 5.4-
6b) suggested that the discrete lumps and debris present on the worn site were rich in
light elements, which was predominately oxygen, confirmed by EDS mapping (Figures
5.4-6¢&d). The results indicate a discontinuous oxide film remaining on the worn
NGr40, likely due to the insufficient lubricating effect by the graphite fillers, which led

to severe plastic flow at the sliding contact as previously seen on neat nickel coating.
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Figure 5.4-7 Worn surfaces of (a, b) NGO05, (c, d) NG20 and (e, f) NG40 after sliding

against a Cr ball in air under a load of 1 N.

Figure 5.4-7 demonstrates the morphology of the worn NGO5 (a, b), NG20 (c, d)
and NG40 (e, f). The surface of NG05 was rubbed severely, presenting similar features

due to galling and adhesive wear as with the neat Ni. Nonetheless, a larger fraction of
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the surface oxide film was retained. The surface of NG20 was less damaged with fewer
coating deformation and wear debris. The higher magnification micrograph (Figure 5.4-
7d) revealed no cracking and minor scuffing. NG40 exhibited substantially reduced
wear, with a much smaller wear track and no appreciable amount of wear debris
(Figure 5.4-7e). The Enlarged view of the worn site showed a lower roughness
compared with the other samples, and a minor degree of materials flow was observed.

The progressively enhanced wear resistance shown by NG05, NG20 and NG40 is very

likely due to the incorporation of GO.
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Figure 5.4-8 Raman spectra obtained from unworn and worn NG40 surface.

In order to track the structural changes of GO during wear, the worn surface of
NG40 was inspected using Raman spectroscopy. As shown in Figure 5.4-8, a typical
GO spectrum containing a D band around 1350 cm-'and a G band around 1600 cm-"
can be obtained from the unworn surface. After wear, the D and G bands of GO were

still detectable within the wear scar (worn site 2 and 3 in Figure 5.4-7¢), but these
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Raman features diminished to minimum around the centre of the wear scar (worn site

1 in Figure 5.4-7e) where the contact pressure was at its maximum.
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Figure 5.4-9 Coefficient of friction of NG40 composite coating sliding against a Cr

bearing steel ball under varying loads of 1-3 N.

NG40 was further tested under higher loads of 2 and 3 N with otherwise the same
conditions. Figure 5.4-9 plots the corresponding friction curves. Although NG40
exhibited low u averaged at ~0.45 under the load of 1 N, under 2 and 3 N it showed
higher friction (u ~0.65). SEM revealed deep and regularly arrayed grooves
accompanied by scuffing on the worn surface (Figure 5.4-10). The reason for the
increased friction and wear lies in that under a light load of 1 N, the oxide film formed
on the nickel coating surface was able to withstand the normal force and mitigate
friction effectively. In case of heavier loads, however, the normal force was high enough
to penetrate through and plough away the oxide film, thus causing an increase of

friction due to more metallic contact.
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Figure 5.4-10 Worn surface of NG40 after sliding against a Cr ball in air under a load
of 3 N under (a) low and (b) high magnifications.

5.4.3 Sliding against an alumina ball in air

Following the sliding tests against chromium bearing steel, the tribological behaviour
of samples against an alumina (Al203) ball ($8 mm) was also investigated. Figure 5.4-
11a demonstrates the COF curves for Ni, NG40 and NGr40 against the alumina ball
under a load of 3 N. All the samples exhibited lower friction against alumina than
against steel as previously seen, due to less affinity between ceramic and metallic

coating. The COF of neat Ni was the highest among the tested samples and kept
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increasing from 0.4 upwards over cycles, denoting a changing sliding condition. NG40
showed a steady-state COF of 0.35 after a quick running-in process. The COF of the
as-prepared NGr40 was lower than that of NG40 throughout the test, reaching a
steady-state value of 0.3. Note that NGr40 has much higher surface roughness than
NG40 due to the incorporation of bulky graphite flakes, which could be responsible for
the lower friction. For a fair comparison, NGr40 was polished slightly to remove most
of the lumps away and the tested again. As can be seen in Figure 5.4-11a, the polished

NGr40 exhibited COF comparable to NG40.
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Figure 5.4-11 Coefficient of friction of neat Ni, NG40 and NGr40 sliding against an
alumina ball in air under (a) 3 N and (b) 1-3-5 N loads.
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The steady-state COFs for neat Ni, NG40 and NGr40 under varied loads of 1, 3
and 5 N were statistically summarised in Figure 5.4-11b. Unlike the wear against
chromium steel where the COF of NG40 increased with the normal load due to the
penetration and removal of the surface oxide film, when sliding against alumina
counterface the COF of NG40 was barely affected by the increasing load, likely due to

reduced adhesion between metallic nickel and alumina.

s

PRETRERIRRGR

r | § i i | | . i
i g_'.\ilrv:}.{\vi; _Ir_\:\;_«t:’_‘_ o LY I‘*"‘““?‘*’”‘»‘»:{."‘“‘ um‘_‘?:\_., o

I ] T I ] |||'||||||||:||||||||: L
000 oB5 010 015 020 025 030 035 040 045 0K
¥ mm

NGra0

Figure 5.4-12 3D and cross sectional profiles of the worn surfaces of (a, b) neat Ni,
(c, d) NG40 and (e, f) NGr40 after reciprocating against an alumina ball in ambient air

under a load of 3 N.

Figure 5.4-12 demonstrates the topography of the wear tracks on Ni, NG40 and
NGr40 after sliding against the alumina ball under a load of 3 N. The roughness of the
worn site increased clearly for the neat Ni coating. The alumina counter ball pressed

into the coating and caused scratches and build-ups at the centre of the wear scar. For
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NG40, no appreciable material loss but a reduced roughness was found within the
wear track. For NGr40, the wear track was slightly smaller yet irregular, featuring
randomly distributed build-ups. The wear coefficients against the alumina counterface
were compared in Figure 5.4-13. As expected, the wear coefficient for neat Ni coating
was the largest (9x10¢ mm3N-"'m"). It decreased by about 60% for NG40, indicating
the enhanced wear resistance. Although NGr40 exhibited lower y than NG40 (Figure

5.4-11), its wear coefficient was found to be nearly doubled when compared with NG40.
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Figure 5.4-13 Wear coefficient for neat Ni, NG40 and NGr40 sliding in air against an

alumina ball under a normal load of 3 N.

Figures 5.4-14(a-b) present the morphology of the worn neat Ni against the
alumina counterface. It showed a wavy topography after wear due to lack of lubrication.
The enlarged view of the worn site (Figure 5.4-14b) revealed stripe-like plastic
deformations that are perpendicular to the sliding direction. Cracks were found
propagating towards the edges of the deformed material layer, as indicated in Figure

5.4-14b, probably due to the accumulation and release of the shear stress during wear.
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EDS analysis was performed in both the deformed zone (Spot 1 in Figure 5.4-14b) and
un-deformed zone (Spot 2). As demonstrated in Figure 5.4-14d, Spot 1 showed a high
peak for oxygen, while Spot 2 showed mostly nickel and iron (coating composition)
with little oxygen. Fine-sized wear debris was visible alongside and at the ends of the
wear scar (Figure 5.4-14c). EDS spectrum of the wear debris (Figure 5.4-14d, Spot 3)

was very similar to Spot 1, showing a high oxygen content.
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Figure 5.4-14 Worn surface (a, b) and debris (c) of neat Ni after sliding against an
alumina ball in air under a load of 3 N. (d) EDS spectra of the three spots labelled in
the images.
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Figure 5.4-15 Worn surface (a, c-e€) and debris (f) of NG40 after sliding against an

alumina ball in air under a load of 3 N. (b) EDS mapping of oxygen in (a).

Figure 5.4-15 demonstrates the worn surface of NG40. The wear scar appeared
smooth and clear with little cracking found. EDS elemental mapping showed that

oxygen was homogeneously present over the worn area (Figure 5.4-15b). This is in
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contrast with the neat Ni wear test, indicating that a continuous oxide film covering the
entire sliding path was able to establish and retain on NG40. Around the centre of the
wear track, signs of minor material flow along the sliding direction were observed as
shown in Figure 5.4-15c. At places close to the edge of the wear track, translucent
carbon-rich scales were widely seen, as shown in Figure 5.4-15(d, e). They were
therefore very likely lubricant films formed of worn GO sheets, which were also

observed among the wear debris of NG40 (Figure 5.4-15f).
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Figure 5.4-16 Worn surface of NGr40 after sliding against an alumina ball in air under
aload of 3 N.

Figure 5.4-16 displays the morphology of the worn NGr40. It also showed
smoothed wear track compared with neat Ni coating. However, cracks and spallation

were clearly seen on the worn site. The original surface lumps were flattened by the
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slider and the wear debris was accommodated between these surface irregularities
(Figure 5.4-16b), which could have contributed to the lower friction coefficient of NGr40
shown in Figure 5.4-11. Heavy plastic shearing deformations were found close the side

of the wear track, along with cracks and coating fragments (Figure 5.4-16c).

5.4.4 Sliding against an alumina ball in nitrogen-rich atmosphere
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Figure 5.4-17 Coefficient of friction (COF) evolution of neat Ni, NG and NGr coatings

sliding against an alumina ball under a normal load of 3 N. Nitrogen flow was applied

intermittently during a frictional test. The air-nitrogen-air-nitrogen intervals were set to
be 300-300-200-200 in cycle.

In order to study the influence of oxygen and humidity on the tribological behaviour of
the Ni-GO composite coating, tribo-tests were run on NG40, as well as neat Ni and
NGr40 in a nitrogen-rich atmosphere. The same alumina counterpart and a normal
load of 3 N were used as described above. Nitrogen gas purging was applied
intermittently during the 1000-cycle frictional tests. The frictional responses of the

samples to the environment changes during sliding are plotted in Figure 5.4-17. In
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general, all the samples exhibited increased COFs in presence of nitrogen flow, and
the COFs dropped back when the nitrogen purging was off. For NG40 and NGr40, it
was found that the friction under nitrogen flow increased as observed on neat Ni. For
NG40 in particular, the COF showed less fluctuation upon nitrogen purging than with
NGr40.

SEM observations (Figure 5.4-18) revealed the morphology of NG40 and NGr40
after wear in ambient air and in nitrogen flow. The worn NG40 surface showed barely
perceptible difference except for slightly deeper scratches when the environment
changed from open air to nitrogen-rich atmosphere. In contrast, the wear track of
NGr40 exhibited heavier cracking and spallation when the sliding environment
changed. This indicates that the graphite in the composite coating was less effective

in the nitrogen-rich environment, resulting in heavier surface damage and material loss.
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Figure 5.4-18 Worn surfaces of (a, b) NG40 and (c, d) NGr40 after sliding against an alumina ball in air and nitrogen.
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Figure 5.5-1. Morphology of (a-d) neat Ni and (e-h) Ni-GO nano-composite coatings

after annealing in air at the indicated temperatures for 30 min.
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5.5 Thermal stability

5.5.1 Morphology and microstructure after annealing
Neat Ni and Ni-GO (NG20) coatings produced by electro-brush plating as described
before were subject to annealing in air at temperatures varying from 100 to 600 °C to
study their thermal stability, which is very important for application. The heating rate
was fixed at 8°C up to the target temperatures, where a dwell time of 30 min was
applied. The samples were then cooled down in furnace.

Figures 5.5-1 a-d show the micrographs of the neat Ni coating surfaces after heat
treatments. Note that the scratches on the surface were unintentionally from sample
handling, not from the heat treatments. Although the neat Ni coating showed little
change in morphology up to 400°C, major cracking happened during the 600°C
annealing. In contrast, throughout the annealing temperature range the Ni-GO
composite coating (NG, Figure 5.5-1 e-h) exhibited a crack-free topography. The
annealed coatings were smooth and flat, with a small number of localised dark zones,
likely caused by oxidation.

EDS analysis was performed on the surfaces of the annealed coatings and the
results are summarised in Figures 5.5-2 a-b. The four main elements, Ni, Fe, O and C
were plotted as a function of annealing temperature. Note that the nickel plating
solution shipped from the market contains a small fractions of iron (~10 wt%) and a
trace of carbon (likely from additives). As shown in Figure 5.5-2a, after annealing at
400°C increased oxygen and iron contents were detected from the surface due to
oxidation. After annealing at 600°C, the Ni content dropped to minimal within the
penetration depth of EDS (around 2 pym), and the surface was mainly formed of Fe (~

38 at%) and O (~ 58 at%). The surface composition of NG (Figure 5.5-2b) changed in
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a similar way; after annealing at 600°C, the coating surface was also dominated by Fe
(~ 37 at%) and O (~ 60 at%). The ratio of Fe to O for both were around 2:3,
corresponding to the stoichiometry of Fe20s. Indeed, high resolution micrographs of
the two coating surfaces after 600°C annealing revealed similar flake- and needle-like

Fe20s3 crystals (Figures 5.5-2 c-d).
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Figure 5.5-2. EDS analysis results of the surface compositions after annealing in air
at varying temperatures. Note that the ‘0’ means room temperature,

not zero degree (Hereafter).
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Figure 5.5-3. Cross-sectional views and EDS line scans of (a-d) neat Ni and (e-h) NG

coatings after annealing in air at 600°C.

Figure 5.5-3 demonstrates the cross-sectional views of the 600°C annealed neat

Ni and NG coatings and the corresponding EDS line scans. It is clear that a scale layer
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of about 2 ym was formed on the outer surface of each coating. EDS analysis revealed

that the scale layers were mostly iron and oxygen, which is consistent with the surface

EDS analysis (Figure 5.5-2), indicating that the annealed surfaces were dominated by

iron oxide.
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Figure 5.5-4. XRD patterns of (a) neat Ni and (b) NG coatings as-produced and after

heat treatment at 600°C, respectively.
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The XRD patterns of neat Ni and NG coatings, both before and after annealing
(at 600°C), are shown in Figure 5.5-4. Before the heat treatment, both coatings
exhibited a strong yet broad peak around 44° which corresponds to the (111)
crystallographic planes of nickel. Another low-rise peak around 52° was present due
to the (200) plane diffractions of nickel. After annealing, the neat Ni coating (Figure 5.5-
4a) exhibited strongly narrowed (111) and (200) diffraction peaks, implying potential
changes in the crystallisation status of the nickel matrix. In the meantime, peaks for a-
Fe203 phase arose due to the formation of oxide scale on the coating surface. A trace
of diffraction signal for y-phase in the stainless steel substrate was detected due to the
penetration of X-ray. The Ni-GO composite coating (Figure 5.5-4b) showed a similar
XRD pattern in terms of the phase composition. However, the pattern exhibited

relatively less reduction in the width of the nickel diffraction peaks after annealing.

Table 5.5-1. Calculated crystallite size for the neat Ni, and NG coatings before and

after heat treatment at 600°C.

(111) FWHM  grain size approx.

(degree) (nm)
Ni 1.2292 7.3
Ni-annealed 0.2949 304
NG 1.9879 45
NG-annealed 0.6532 13.7

To obtain a quantitative comparison of the crystallisation between the two
samples, the average crystallite sizes for each coating were estimated using Scherrer
equation as described before, and summarised in Table 5.5-1. The grain sizes of the

as-prepared neat Ni and NG coatings were approximately 7.3 nm and 4.5 nm,
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respectively. It is clear that the GO incorporation has induced a grain refinement effect
to the nickel matrix. More interestingly, while after annealing the grain size of the neat
Ni coating increased largely by four times (7.3 nm to 30.4 nm), the annealed NG
coating showed a grain size of only 13.7 nm. It is also worth noting that in the XRD
pattern of the NG composite coating the nickel (111) and (200) diffraction peaks shifted
to the left by approximately 0.6° and 0.7°, respectively, probably due to macroscopic

tensile strain within the composite coating.

5.5.2 Nanoindentation results

Nanoindentation tests were carried out on both the neat Ni and the NG composite
coatings after annealing with a peak load of 10 mN. To minimise the influence of the
coating thickness and the oxide scale on the surface, the measurements were
performed on cross-sections. Figures 5.5-5a and 5.5-5b show typical load-
displacement curves for all the as-deposited and the heat-treated samples. For the as-
deposited neat Ni coating, the penetration depth at the peak load was about 225.2 nm.
It was found that the indentation curves of the annealed neat Ni coating deviated clearly
from that of the as-deposited sample; as the annealing temperature increased, the
maximum indentation depth of the neat Ni coating drifted by -5.8 nm (100 °C), -18.4 nm
(200 °C), +15.5 nm (400 °C) and +9.1 nm (600 °C).

For the NG coatings (Figure 5.5-5b), in comparison, the maximum indentation
depth on the as-deposited sample was 202.1 nm, which is 10% percent less than that
for the as-deposited neat Ni. More importantly, after heat treatments at varying
temperatures the NG coating exhibited similar indentation response, in terms of
essentially the same indentation maxima and marginally differentiated unloading

curves. It was only after annealing at 600 °C that the NG coating showed a slightly
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increased indentation depth (209.1 nm) at the peak stage.
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Figure 5.5-5. Typical load-displacement curves of the nanoindentation tests on (a)
neat Ni and (b) NG composite coatings without annealing and annealed at varying

temperatures (up to 600 degree).
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The nanoindentation hardness (H) and reduced elastic moduli (E/) of the samples
were calculated from the loading-displacement curves based on Oliver-Pharr fit [247] .
The obtained statistics as functions of the annealing temperature are plotted in Figure
5.5-6. The as-deposited neat Ni coating (Figure 5.5-6a) exhibited a hardness of 7.8
GPa and a reduced modulus of 184.5 GPa. The coating experienced considerable
changes in both hardness and elastic modulus with the increasing heat treatment
temperature. After the mild rise in both H and E, at 200 °C, the hardness value
decreased down to 6.1 GPa for the 600 °C annealed samples. The reduced elastic
modulus exhibited a similar trend of change, except at 600 °C where the modulus
increased to 194.5 GPa.

In comparison, the NG coatings (Figure 5.5-6b) exhibited improved mechanical
properties as its hardness and elastic moduli were clearly higher than those of the neat
Ni all round regardless of the heat treatment temperature. The hardness and elastic
modulus of the as-deposited NG coating were measured to be 8.7 GPa and 199.5 GPa,
respectively. The hardness was maintained nearly constant after annealing at 100, 200
and 400 °C, and showed just a mild reduction to 8.2 GPa after annealing at 600 °C. The
H/E, and HS3/E/? ratios for each annealing group are shown in Figures 5.5-6¢c&d.
Compared to the neat Ni coating, the NG composite coating exhibited less reduction
rate in both parameters. For instance, after annealing at 600 °C the H/E and H3/E/?
values of the NG coating decreased by 13.7% and 30.1% respectively from the original,

while for the neat Ni the corresponding percentages were 25.6% and 56.5%.
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5.6 Discussion

5.6.1 The successful incorporation of GO in the nickel matrix

The current study explored the use of electro-brush plating for the fabrication of a
nickel-graphene oxide nano-composite coating. Several characterisation methods,
such as top-view and cross-sectional SEM observation, EDS, Raman as well as XRD
were employed to confirm the successful incorporation of GO sheets which was not
only at the surface but also deep into the nickel matrixes. Due to their flexibility and
high aspect ratio, GO sheets were able to fit in small corners and caves and wrap
nickel clusters of whatever sizes during the coating fabrication, as evidenced in Figure
5.1-2e and Figures 5.1-3 c-d. It is likely that in the final composite matrix the ultrathin
GO sheets were entangled and cross linked with each other and appear as a high-
density 3D network architecture in which nickel grains nucleate, grow and connect.

In addition, due to the hydrolysis of the oxygen functional groups (in particular the
—COOH carboxyl groups) on the GO structure, a GO sheet can readily show negative
charges in water. Thus, it is plausible that nickel cations show a high affinity to GO
sheets and tend to settle down on them. Meanwhile, it has been reported that GO can
be electrochemically reduced (and thus form rGO) at a very small negative potential
[118], via cyclic voltammetry sweeping [117, 265, 266] or during electroplating [165]. In
this study, the voltage applied between the brush (anode) and the substrate (cathode)
during coating fabrication was 14 V. Although the exact value of the potential applied
on the cathode is difficult to monitor due to technical reasons, as a potential of -1 V to
-2 V is enough to initiate the electrochemical reduction of GO [118], it is believed that

the GO sheets in the nickel matrixes might have been reduced.
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Figure 5.6-1 XPS C1s spectra of (a) as-prepared GO and (b) Ni-GO composite coating.
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To this end, XPS analysis of the as-prepared GO and the resultant Ni-GO
composite were performed. Figure 5.6-1 compares the C1s spectra of the two samples.
The Ni-GO composite showed significant attenuated C-O and C=0 peaks compared
to as-prepared GO, indicating a remarkable reduction effect during the coating
deposition. Once nickel ions attach to the surface of rGO sheets they can be instantly
reduced to metallic nickel owing to the electrical conductivity of rGO, which enables
quick electron transfer from the substrate (cathode). In other words, GO incorporation
promoted the nucleation process of nickel ions. This is evidenced in this work by the
observation that fine nickel spheres formed on GO sheets (Figure 5.6-2). It is also
echoed by Zhang et al. [141] who demonstrated the fabrication of Ni ion decorated GO
making use of the chemical activity of GO.

The reduced coating thickness after introducing GO as compared in Figure 5.1-
3 could be two-fold. On one hand, it could be a result of the lower deposition efficiency
from the GO-containing plating solution. As discussed in the preceding paragraph, the
GO sheets were reduced electrochemically at the cathode during deposition, thus
consuming a fraction of the current efficiency and leading to a lower deposition rate for
nickel. On the other hand, it could also be ascribed to the increased viscosity of the
plating solution with increasing GO load due to the very high aspect ratio of GO sheets.
As basically it is a liquid-based deposition technique, the deposition rate would
decrease if the plating solution became thicker. Actually, at a GO concentration of 6
mg/ml, all the attempts to obtain a coating from the plating slurry failed.

There have been a number of reports on the electrodeposition of Ni-graphene
composites and the majority of them are about conventional electroplating [165-170].

In the available reports, a small GO load of 0.05-2 mg/ml was commonly used, while
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the obtained coatings usually showed rough morphology due to the agglomerations of
GO sheets [168-170]. To the best of our awareness, there is no any report yet on the
brush-plating of such nano-composite coatings. One of the largest advantages of brush
plating over conventional electrodeposition techniques is that the former enables
higher nano filler load (up to 4 mg/ml in this work) into the matrix while smoothing the
coating surface owing to the use of an additional mechanical force during the plating
process. As shown in Figure 5.1-2, the electro-brush plated Ni-GO coatings possess
low surface roughness. For comparison, Figure 5.6-3 displays the morphology of a Ni-
GO composite coating by conventional electroplating with a GO load of 0.5 mg/ml.
Around the bulges it showed well-defined crystals, which was pure nickel (GO-free) by
EDS analysis. A large number of carbon-rich bulges formed on the coating surface,

which is consistent with the literature on similar composites [170].

Figure 5.6-2 (a) Surface of a Ni-GO composite coating showing nickel crystalline

spheres grown on GO sheets. (b) Nickel grains intersected by a GO sheet.
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Figure 5.6-3 SEM image showing the high degree of GO agglomeration of the

composite coating by conventional electroplating.

5.6.2 Microstructure — mechanical property relationship

It has been demonstrated by means of XRD that the average crystallite sizes of the
GO-containing composite coatings were smaller, which could be associated with the
nucleation promotion effect of GO as discussed above. In an electrochemical
deposition process the nucleation and crystal growth compete against each other [168],
i.e. the higher the nucleation rate, the smaller the grown crystals could be. Moreover,
it was evidenced by SEM (see Figure 5.6-2b) that GO sheets intersected the nickel
clusters randomly, thus obstructing the normal growth of the nickel crystals and
providing nucleation sites for new grains [254]. Based on the discussion above, the
grain size refinement could be explained.

With regards to mechanical properties, it is well known that grain size refining is

198



among the main ways for the strengthening of a material. Thus, the improved hardness
and Young’s modulus of the Ni-GO composite coating could be associated with the
reduced grain size of the matrix (Table 5.1-2). Moreover, the incorporated graphene
oxide sheets could demonstrate an anchor effect which prevented nickel grains from
sliding, thus enhancing the mechanical properties [254, 267]. Additionally, the intrinsic
mechanical strength of graphene oxide might have a contribution to the enhancement
of the Ni-GO composite coatings. While pristine graphene possesses a Young’s
modulus of 1 TPa and an intrinsic strength of 130 GPa [3], it is reported that the
mechanical properties of a graphene sheet are inversely affected by the degree of
structural defects, such as holes, vacancies and oxygen functional groups [268]. AFM
tip indentation experiments showed effective Young’s moduli of 207.6£23.4 GPa,
223.9+17.7 GPa and 229.5+27.0 GPa for monolayer, bilayer and three-layer GO,
respectively [269]. After reduction, rGO monolayers showed a Young’s modulus of 250
GPa [270]. Given that the GO sheets in the nickel matrixes in this work have been
reduced as discussed in Section 5.6.1, the elastic modulus of the incorporated GO
sheets should fall between the reported values for GO (~200 GPa) and rGO (~250
GPa), either of which is higher than that of the neat Ni (~185 GPa, see Table 5.2-1) in
this work. Improvements of the mechanical properties of the resultant composites can
thus be expected.

However, when the GO content is beyond a specific level (for instance, NG40 in
this work) agglomeration is likely to occur, which may lead to more defects and
ultimately result in a reduced hardness [271]. Nevertheless, the NG40 composite
coating was still able to show an improved resistance to plastic deformation, much

likely due to the inherent strength of the cross-linked GO sheets.
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5.6.3 Effect of GO on the corrosion resistance of the composite coating

The impermeability of the GO structure is believed to be the origin for the improvement
in corrosion resistance of the Ni-GO composite coatings. Although only one-atom-thick,
graphene can block all molecules including helium the smallest from passing through
[57]. The chloride ions (CI") whose van der Waals diameter is 0.35 nm are much larger
than the pore size (0.064 nm) on the carbon network of graphene oxide, which means
GO can act as an extraordinary physical barrier against corrosive species [19]. Given
the limited dimensions of a GO sheet, it seems that the edges of the GO sheets as well
as the micro voids/defects generated within the nickel matrixes were the possible
passages for the electrolyte. Therefore, the interaction between the GO sheets and the
nickel matrix is of much importance for the anti-corrosion performance.

Brush-plated Ni coatings naturally contain a more or less number of voids and
pin holes [155, 262], leading to an unstable electrolyte/coating interface due to
transient penetration of water and corrosive species (mainly CI°) via these defects. As
a result, the electrochemical interface area would increase and so the total corrosion
current flow. This is consistent with the observation of sparkles in the anodic
polarisation curves of the neat Ni and NG40 (Figure 5.3-1).

However, unlike the common pitting featuring catastrophic increase of the
corrosion current, the pitting in Figure 5.3-1 was metastable and stopped by re-
passivation of the interior of the voids and pinholes. In such a circumstance, a low
coating resistance R. but a relatively high capacitance CPE;. for the neat Ni coating
were measured as the pinholes were filled with electrolyte which largely increased the
ion conductivity and dielectric constant. As the internal area exposed to the electrolyte

accumulated, it could also be expected that an electric double layer formed at the
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electrolyte/metal interface, modelled by a double layer capacitance (CPEq) and charge
transfer resistance (Rc) as seen in Figure 5.3-2b. It is worth noting that unlike organic
coating systems where the CPEy and R are usually allocated at the coating/metal
substrate interface, in this case the electric double layer could be formed at the GO/Ni
interface within the coating, too. Given these information, the remarkable increase in
R and the depressed CPE. for both GO-containing coatings could be attributed to the
excellent barrier effect of GO which inhibited the water uptake effectively. In the
meantime, GO could have reduced the chemical activities for electrolyte/Ni and
electrolyte/substrate interfaces, suggested by the higher Rt and CPE,. The corrosion
behaviour of the electro-brush plated composite coatings outperformed those by
conventional electroplating. For example, the EIS results showed an improvement of
2 times [170] and 1.5 times [166] in cases of electroplated Ni-graphene (oxide)
composite coatings, while in this study the corrosion impedance of NG20 was
remarkably 6 times larger than neat Ni.

With reference to NG40, the negative shift in corrosion potential, higher current
density and the degraded EIS data set in comparison with NG20 might be related to a
loose and defective microstructure which let more electrolyte in than NG20. This is in
line with the findings from the XRD and mechanical measurements that NG40 was
weaker in terms of its mechanical strength in spite of its reduced grain size. It has been
reported that the graphene or carbon nanotube (CNT) fillers inside a metallic matrix
even promoted the corrosion at the carbon/metal interface in the presence of
electrolyte, as graphene and CNT are chemically nobler than the coating metals [22,
272]. Therefore, it is essential to enhance the interaction between the nano fillers and

the matrix for a good mechanical and anti-corrosion performance.
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5.6.4 Tribological performance

This study aimed at evaluating the tribological performance of a nickel-GO composite
coating produced by electro-brush plating. To this end, coatings with varied GO content
were fabricated and tribological tests under different conditions were performed.
Meanwhile, a nickel-graphite composite coating was purposely designed and tested
for comparison. In general, GO was found to improve the anti-friction and anti-wear
properties of the nickel matrixes effectively. In this section, the influence of GO content,
counterpart material and nitrogen gas on the tribological behaviour of the nickel-GO
composite coating is discussed. Finally, different wear mechanisms for Ni-GO and Ni-

graphite composites are suggested.

5.6.4.1 Influence of GO content

The results of the tribo-tests against the chromium steel ball (Figure 5.4-2b and Figure
5.4-3) suggested a clear tendency that as the GO content increased, the tribological
performance of the resultant composite coating was improved progressively, in terms
of lower friction coefficient (Figure 5.4-2b) and reduced wear (Figures 5.4-3 and 5.4-
4). The most pronounced improvement, for instance, was observed on NG40 (GO load
4 mg/ml in the plating solution), whose COF and wear coefficient were about 37% and
88% lower than those of the neat Ni, respectively.

The reasons for the reduction in friction coefficient and wear could be three-fold.
Firstly, it can be ascribed to the improved mechanical properties of the composite
coatings, including the indentation hardness (H) and the plasticity. According to the
adhesive theory of wear [273], the coefficient of friction u between a tribo-pair, formed
of a rigid counterpart and an engineering surface in multi-asperity contact, can be

expressed by the following equation:
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Haan = = —— =2 (5.6-1)

where F is the tangential frictional force, W is the normal load, 1 is the shear strength
of the bulk material, o is the corresponding compression yield strength, and a is a
numerical factor, determined empirically. The equation receives a simplified form as
shown at its right end when the surface is covered by a weak interfacial film of low
shear strength 7;, such as oxide scale grown in-situ. It is therefore clear that a lower
Uadn could be obtained if the yield strength o, which is proportional to the indentation
hardness of the bulk, is improved. Hardness is also known to affect the resistance to
abrasive wear inversely. Indeed, the COF evolution (Figure 5.4-2b) of the composite
coatings NG05, NG20 and NG40 exhibited good compliance to their hardness values;
the COFs were reduced to an extent comparable to the degree of their hardness

improvement (Figure 5.4-1).
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Figure 5.6-4 E/H ratio of neat Ni and Ni-GO composite coatings.

More importantly, the ratio between Young’s (elastic) modulus and hardness E/H,

which is indicative of the plasticity of a material, can play a significant role in the
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tribological performance [274, 275]. A lower E/H ratio means that the material is less
prone to plastic deformation, i.e., the contact between sliding asperities is more elastic.
As aresult, the plastic flow over the sliding interface, which is commonly seen in severe
adhesive wear, is mitigated. The E/H ratio values for neat Ni and the Ni-GO composite
coatings in this work were calculated from nanoindentation measurement results and
plotted in Figure 5.6-4. It shows that the E/H ratio values were reduced effectively by
introducing GO into the matrixes. Particularly, NG40 showed an E/H ratio of 18.6, which
is remarkably lower than that (23.8) of the neat Ni coating. This is in agreement with
its wear coefficient which was the smallest among all the samples (Figure 5.4-4).

The improved tribological performance of Ni-GO composite coatings is also owing
to the formation of a continuous easy-shear oxide film on the coating surface. As can
be seen in Figure 5.4-5, the worn neat Ni coating showed material ‘islands’ across the
wear track, which were the oxides of the metallic coating. It is known that oxide films,
formed naturally on metals in air, are of much significance in determining the
tribological behaviour, as the oxides can serve as a low shear strength film which
reduces the u of the tribo-pair (refer to Equation 5.6-1). However, if the oxide film is
incomplete or when it is penetrated by the slider, a high value of u is very likely, due to
direct metallic contact, and so the wear coefficient, as in the case of the neat Ni. The
damaged oxide film was detached and then transformed into oxide particles (Figures
5.4-5c&d) due to work-hardening and cutting by the slider, thus leading to considerably
three-body abrasion. The formation of such an incomplete oxide film was also
observed on the worn coating incorporating graphite flakes (Figure 5.4-6), which could
be the reason for the marginally lowered p and wear of NGr40.

In contrast, the worn Ni-GO composite coatings showed decreasing amount of
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surface irregularities as the GO content increased (Figure 5.4-7), which may imply a
better retention of the surface oxides. The enhanced retention of the oxide films is likely
due to the reduced plasticity of the bulk coatings as discussed above, and can also be
related to the lubricating GO sheets which mitigated the tangential frictional force
applied to the surface metallic oxide. As a result, the adhesion and plastic flow during
sliding were suppressed, and the wear behaviour of the coatings changed gradually
from plasticity-dominated for neat Ni (severe wear) to oxidation-dominated for NG40
(mild wear).

Last but not least, the lubricating effect originated from GO itself, as mentioned a
few lines above, should be appreciated, too. Graphene and its derivatives (including
GO) have been reported to be promising novel solid lubricants [192]. With regards to
graphene-containing composites, it has been reported that a carbon-rich transfer layer
can be formed on top of the sliding composite surface [201]. This carbon-rich transfer
layer can further contribute to a lower 1; in Equation 5.6-1, thus lubricating the sliding.
Such a carbon-rich surface film was not verified by means of EDS analysis in this work
as it was difficult to distinguish the low intensity carbon from adsorbed surface
contaminations. However, Raman spectra obtained within the wear track did show
residues of the features of GO (Figure 5.4-8, worn sites 2 and 3), indicating that GO of
high degree of defects was still present on at least part of the surface. The Raman
features were gone at the centre of the wear scar (Figure 5.4-8, worn site 1),
suggesting that the GO sheets at that place may have been transformed into
amorphous carbon, if not a complete removal.

More interestingly, apart from the Raman analysis results, nano-sized GO rolls

were also observed existing within the worn scar as already seen in Figure 5.4-7f and
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magnified in Figure 5. 6-5. Figure 5. 6-6 demonstrates the sectioning process of the
GO rolls using focused ion beam (FIB). The hollow structure of the GO rolls is clearly
observed as the cutting continued. These are direct evidence for the participation of

GO in the tribological activities of the composite coatings.

sliding direction
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Figure 5.6-5 GO rolls formed within the wear track during sliding.
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cross section
of GO rolls
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Figure 5.6-6 Snapshots during FIB sectioning of GO rolls on the NG coating after

sliding wear.

Berman et al. [276] report the formation and macroscale superlubricity of
graphene nanoscrolls in the presence of nano-diamond particles which could be the
first of this kind. Recently, graphene nanoscrolls were found to form on the surface of
an amorphous carbon film during sliding which is responsible for the friction drop [277].
A few other rolling-up carbon structures, such as crumpled graphene balls [278],
carbon nano-horns [279], have also been reported to improve the tribology of the
sliding surface underneath. However, to our awareness, this is the first report on the

observed formation of such graphene nanorolls not out of a single graphene coating
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or as lubricant additives but from a graphene-based composite during sliding contact.

As can be seen in Figure 5. 6-5, the GO nanorolls were uniform in diameter and
distributed mostly perpendicular to the sliding direction. The formation could therefore
be attributed to the generation of structural defects on the upside of the GO sheets
during sliding in conjunction with the dragging force of the slider [276]. The friction-
reduction mechanisms that have previously been suggested for these rolling graphene
structures include nano ball bearing, sliding and exfoliation [277, 279]. In view of the
high contact pressure (500-1000 MPa) applied in this work which may squeeze and
permanently deform the hollow GO rolls once upon formation, the nano bearing effect
is unlikely to take place (Indeed, the GO rolls were mainly found close the edges of the
wear scar, while few GO rolls were observed at the centre where the contact pressure
was maximum). Rather, the sliding mechanism, in which the GO nanorolls acted as
separators of low surface energy between the tribo-pair, is more plausible. Moreover,
GO sheets are so thin and flexible that a fraction of the sliding motion energy can be
easily dissipated by means of nanoroll formation, hence leaving less energy that is

converted into friction.

5.6.4.2 Influence of counterface

When sliding against chromium steel, although the Ni-GO composite coatings
exhibited favourable tribological behaviour under a light load of 1 N, the u increased
largely and so did the wear when heavier normal loads of 2 N and 3 N were applied
(Figures 5.4-9 and 5.4-10). This is likely due to the penetration of the lubricating oxide
film under higher loads, which led to metal-to-metal contact. The rise of metallic contact
was then followed by strong adhesion and cold-welding between the steel counterface

and the nickel coating, finally leading to fracture of the cold-welded asperities by sliding
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and complete failure of the oxide film.

When sliding against an alumina ball, however, the COFs for both GO-free and
GO-containing coatings were about 0.1-0.2 lower than those against the chromium
steel ball (Figure 5.4-11). It is also worth noting that the COFs did not show appreciable
increase with the increasing load (Figure 5.4-11b) as seen with the coating-steel tribo-
pair. The differences can be attributed to the alumina counterpart, which enabled
constant ceramic-metal oxides or ceramic-metal contact, hence reducing adhesion and
securing lower y values.

The cracks observed on worn neat Ni (Figure 5.4-14) were likely caused by
fatigue under the reciprocating normal load. They propagated in such a way that the
metallic oxides formed on the surface were pulled and detached into lamellar pieces
(Figure 5.4-14b) or debris particles (Figure 5.4-14c), leaving a wavy topography. Such
severe plastic deformation was mostly inhibited for NG40 (Figure 5.4-12). The smooth
and shallow wear scar of the GO-containing composite coating (Figure 5.4-15) can be
mostly attributed to the formation of a continuous oxide film, as evidenced by EDS
mapping (Figure 5.4-15b). Meanwhile, despite the difficulties in resolving potential GO
lubricating film at the centre of the smooth track, flake-like translucent films were found
widely distributed around edges of the wear scar (Figures 5.4-15d&e). These carbon-
rich thin films, according to EDS analysis, were much likely formed of segregated and
squeezed GO sheets. It is then expected that similar GO-based transfer films, although
highly deformed, could be also covering the central part of the wear scar and contribute
to the reduced friction and wear.

The lower COF for NGr40 could be attributed to the shearing and exfoliation of

graphite flakes within the composite (mainly capsuled in the surface bulges), and the
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effectively reduced abrasion by storing the wear debris between surface irregularities
(Figure 5.4-16b). Nonetheless, this configuration can lead to inhomogeneous stress

distribution and therefore cracking and spallation, as shown in Figure 5.4-16c¢.

5.6.4.3 Influence of nitrogen gas

Graphite is a well-known solid lubricant that demonstrates high efficiency especially in
humid environments, due to the easy shear enabled by water vapour or other
condensable gaseous molecules intercalated between or adsorbed on the edges of
the graphitic layers. However, graphite usually shows inferior lubricating effect in dry
environments. It has been reported that graphene differs from graphite for its ability to
lubricate regardless of the humidity of the environment [192]. It is therefore interesting
to verify this idea with composite coatings containing either GO or graphite.

The COF increase for neat Ni under nitrogen flow revealed in Figure 5.4-17 is
mainly because oxides were difficult to form due to the lack of oxygen in the
atmosphere, thus limiting the lubricating effect of the metallic oxides [280]. The Ni-GO
and Ni-graphite composite coatings also showed increased friction when subject to
nitrogen purging. The distinct advantage of graphene lubricant in nitrogen as reported
[12] was not observed, partially due to the influence of the less metallic oxide formation
as discussed above, and could be also due to the reduced lubricating efficiency of GO
which contains more structural defects and promotes formation of interlayer hydrogen
bonds [188]. Nevertheless, the GO-containing composite coating showed less COF
fluctuations (Figure 5.4-17) and surface destructions (Figure 5.4-18) upon environment
switches than the graphite-containing coating, denoting a much more reliable wear

resistance.
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5.6.4.4 Wear mechanisms for GO- and graphite-containing composites
Based on the results and discussion above, different wear mechanisms for graphene-
metal composite coatings and graphite-metal composite coatings are proposed, as
illustrated in Figure 5.6-7. Owing to the extremely thin nature of graphene, the
composite incorporating graphene oxide (or other graphene derivatives), given that the
GO fillers are homogeneously distributed (Figure 5.6-7a), is a real nano-structured
material, which is free of surface lumps like what with its graphite counterpart (Figure
5.6-7d). The ultra-high aspect ratio of graphene also enables effective strengthening
to the matrix while using the same or less mass of fillers, as shown in Figure 5.4-1.
During sliding wear, a continuous metallic oxide film, which is favourable for lower
friction and wear, can be developed on the surface of the GO-reinforced composite
coating, due to the pinning and strengthening effects of GO (Figure 5.6-7b). As the
sliding continues, not only the metallic oxide layer gets thicker and work-hardened, an
extra thin lubricating film comprising of squeezed GO sheets is formed on top (Figure
5.6-7c). There are also chances that GO sheets are peeled off by the slider and form
nanorolls (see Figure 5.6-5) which reduce the surface energy and thus the friction.
The graphite-reinforced composite coating, by contrast, achieves its low friction
mainly on the smearing of graphite flakes (Figure 5.6-7¢). Given the limited availability
of graphite sites on the surface, discrete metallic oxide islands instead of a continuous
oxide film are formed, and a large amount of wear debris occurs. Meanwhile, the
uneven distribution of stress between the graphite-containing lumps and the squeezed

wear debris can lead to cracks and spallation (Figure 5.6-7f).
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5.6.5 Thermal stability

5.6.5.1 Microstructure and mechanical properties relationship

The nickel coatings by electro-brush plating (EBP) in this study possess a hardness of
more than 500 Hv. This is mainly due to the dense and nanocrystalline structure, as
discussed in Section 5.6.2. However, during a heat treatment the growth of crystallites
can lead to degradation of the material’s mechanical properties [281-283].

In this study, the X-ray diffraction peaks of the neat Ni coating were sharpened
largely upon annealing at 600 °C (Figure 5.5-4), most likely due to significantly
increased grain size as per the Scherrer assumptions (Equation 5.1-1 and Table 5.5-
1). As a consequence, a 22% decrease in hardness for the 600 °C annealed Ni coating
was measured (Figure 5.5-6a). The slight hardness increase at 200 °C could be
attributed to the short-range re-arrangement of the microstructure [282].

It is worth pointing out that residual stress may be introduced into the deposit
during the coating fabrication process. The microscopic residual strain within the
crystallites can also affect the shape of the diffraction profile shape as described by the
following equation:

B = 4e-tan Oy, (5.6-2)
where g is the full width at half maximum (FWHM) of the diffraction peak in radian, ¢ is
the average microstrain, 6xx is the Bragg diffraction angle. Combing the effects of grain
refinement as estimated by the Scherrer equation and microstrain as shown above,
and given that the peak profile is of Lorentzian type (shape factor 0.9 according to

X'Pert HighScore software), the peak width can be expressed as:

KA
Lcosbn + 4¢ - tan Oy, (5.6-3)

Btot =
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or in an alternative form:

cos 6@ sin @

,Btot'T—45' T T

==

(5.6-4)
where Kis Scherrer constant, A is the wavelength of the radiation, and L is the average
crystallite size. Therefore, the relaxation of the microstrain inside the coating matrix
during annealing could also be responsible for the sharpening of the nickel diffraction
peaks and the decrease of the hardness.

The quantification of the microstrain before and after the heat treatments,
however, was not conducted based on Equation 5.6-4 for several reasons. Technically,
according to Equation 5.6-4 a reliable estimation of the microstrain € requires data from
an enough number of diffraction peaks, especially those at higher diffraction angles,
which were low in both quantity and intensity for the brush plated coatings in this study.
More importantly, the manual brushing operation during coating application has
determined that the stress distribution across the coating is inhomogeneous by nature.
Some other factors, such as any minor discrepancies in the heating/cooling conditions
and the element segregation (to be discussed below) can also make the stress status
very complicated. In that case, the microstrain cannot be reasonably quantified based
on one simple equation. Nevertheless, from a qualitative point of view, the impact of
residual stress was visually pronounced, as the neat Ni coating bended and cracked
after annealing at 600 °C (Figure 5.5-1d), likely due to non-uniform relief of the internal
stress during the annealing.

It is also possible that the segregation of iron near the coating surface during
annealing induced changes in the microstructure and stress status of the coatings, and
in turn resulted in changes in the mechanical properties. As mentioned before, the

plating solution formula used in this study contains a fraction of iron (Figure 5.5-2a). In
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the as-deposited coating, the minor content of Fe existed as substitutional atoms within
the face centred cubic (fcc) lattice of nickel, which can lead to some extent of
microstrain due to lattice parameter mismatch. As shown in Figure 5.5-2 and Figure
5.5-3, it seems that upon annealing the iron element diffused from the bulk Ni and NG
coatings to the surface and formed oxide. Although there is uncertainty in the oxygen
quantification by means of EDS (Figure 5.5-2 a-b), the XRD analysis confirmed that
the oxide scale was a-Fe20s3 (Figure 5.5-4). According to the theory of metal oxidation
by Wagner [284], when the coating was exposed to hot oxidising atmosphere, iron
migrated outwards and formed a continuous oxide scale on the coating surface due to
the lower free energy of formation for iron oxide compared with it is for NiO. The original
iron sites were substituted by nickel atoms, thus resulting in relaxation of the strain
induced by lattice mismatch. It is hence likely that the localised stress concentration
changed due to the depletion of Fe.

Based on the discussion above, the effects of GO should be two-fold. On one
hand, the grain growth of the NG composite during a thermal exposure was strongly
suppressed due to GO sheets’ confining and pinning effect towards the developing
nickel grain boundaries and dislocations as reported for other reinforcements such as
Al203 [158], SiC [285], Carbon nanotubes [254] and recently graphene [168, 286]. On
the other hand, due to the high aspect ratio and flexibility of its 2D structure, graphene
(and GO) can be more advantageous than other reinforcing particulates in conditioning
the distribution of residual stress and facilitating smooth relief of the internal stress
during annealing. As estimated via the Scherrer approach, the NG (Ni-GO) composite
coating underwent much less grain growth (Table 5.5-1). In the meantime, the crack-

free morphology of the annealed NG coating (Figure 5.5-1h) suggests that the residual
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stress from coating deposition and thermal annealing (where iron migration also took
place) was evenly accommodated in presence of GO. Consequently, the NG
composite coating exhibited highly similar indentation response after annealing at
varying temperatures, and a hardness reduction of merely 6% (22% for the neat Ni)
after annealing at 600 °C, indicating a significantly improved thermal stability.

The benefit of incorporating GO in the metallic matrix is also shown by the
retarded decline in the H/E; and H3/E/2 ratios after thermal treatments (Figure 5.5-6 c-
d). H/E and H3/EZ are two tribologically important parameters, indicating the elastic
strain to failure and the resistance to plastic deformation, respectively [275, 287]. As
suggested by Layland and Matthews [288], H/E is one of the key criteria in designing
wear-resistant coatings as it is responsible for the durability and resilience of the
coating material. It is also closely related to the fracture toughness of the material [275,
289]. Besides, it has been reported that the resistance of the film to cracking
(toughness) increases with the H3/E2 value [290]. In this report, Einstead of E is used,
assuming that the Poisson’s ratio v is a constant. The H/E, and H3E2 of the NG
composite coating were less affected by the heat treatments than they were with the

neat Ni, indicating a better retention of the elastic properties.

5.6.5.2 Graphene vs. graphite

Along with any improvement made by graphene or its derivatives such as GO, there
always comes a question about the effectiveness of graphite for the same task. It is
therefore beneficial to study the mechanical properties of Ni-graphite composite
coatings, in particular those after thermal treatments. To this end, a Ni-graphite
composite coating (namely NGr) was produced with the same particle load and

operation conditions as for the NG composite coating.
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Figure 5.6-8. (a) Typical load-displacement curves of the nanoindentation tests on Ni-
graphite (NGr) coatings as-deposited and annealed at varying temperatures and

indents on (b) the original NGr and (c) the 600-degree-annealed NGr.

Figure 5.6-8a shows the indentation curves for the as-deposited and annealed
NGr samples. Like the neat Ni samples, the indentation response of the NGr coating

varied with the annealing temperature, which is indicative of an unstable microstructure
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and so the mechanics. The as-deposited NGr coating showed an improved hardness
of 9.1 GPa. However, after annealing at 600 °C, the hardness of the composite
decreased by approximately 27%, even slightly higher than that (22%) for the neat Ni
coating. The indents after the heat treatment were also clearly larger (Figure 5.6-8b&c).
This suggests that although graphite reinforced the coating matrix successfully in the
first place, it was unable to stabilise the microstructure of the coating upon heating.

The differences in the thermal stability of NG and NGr composite coatings can be
attributed to the different incorporation status for GO sheets and graphite flakes. Owing
to its extremely thin nature and flexibility, the GO sheets were uniformly incorporated
in the composite matrix, wrapping and interacting with the nickel grains effectively and
continuously across the whole coating. The incorporation of graphite flakes, in contrast,
was discrete as many other conventional particulate reinforcements. The bulky
graphite inclusions can lead to localised irregularity and surface fluctuation, as
demonstrated in Figure 5.6-8b, and more importantly the ineffectiveness of the
reinforcement phase at elevated temperatures.

Figure 5.6-9 show the fractography of the NGr coating, which is nearly the same
lamellar structure as neat Ni (Figure 5.1-3). Individual graphite flakes can be clearly
seen from the cross section, as indicated in Figure 5.6-9b. For comparison, the fracture
of the NG coating is shown in Figure 5.6-10. Obviously, the microstructures of NG and
NGr are substantially different, which is the reason for their different mechanical

properties, in particular the thermal stability.
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Figure 5.6-9. Morphology and fractography of NGr (Ni-graphite) composite coating.
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Figure 5.6-10. Fractography of NG (Ni-GO) composite coating.
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CHAPTER 6 CONCLUSIONS

In the present project, various routes have been explored towards cost-effective and

scalable fabrication of graphene-based coatings on engineering metallic surfaces. The

microstructures of the resultant coatings have been characterised and the mechanical,

tribological and corrosion properties fully investigated. The key findings and

implications produced throughout the results and discussion are summarised as

follows:

Part | - Electrophoretic deposition of GO coatings

1.

Graphene oxide (GO) coatings can be deposited efficiently on 316L stainless
steel substrate with tunable thickness of a few nm to hundreds of nm via
electrophoretic deposition (EPD) from a simple aqueous GO suspension. GO
can be reduced in-situ during the EPD process.

The GO-coated 316L steel shows low (COF ~0.1) yet unstable friction, due to
insufficient bonding between the GO coating and the steel substrate. A specific
topography of the metallic substrate, such as those modified by acid pickling
and laser patterning, could contribute to a long-lasting performance of the
coating.

The GO-coated 316L stainless steel can exhibit substantially improved anti-
corrosion properties. This is attributed to the excellent physical barrier effect of
GO. However, the protection is lost immediately when damages are generated

in the thin GO coating.
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Part Il - Self-assembled GO coatings

4. A graphene oxide coating can be fabricated on the surface of 316L stainless
steel by self-assembly. The obtained GO coating is uniformly around 1 nm thin,
corresponding to one single layer GO.

5. Pre-modification of the steel surface with an APTES intermediate layer can
effectively enhance the tribological performance and durability of the GO
coating.

6. The improvement could be mainly attributed to the enhanced bonding of the GO
coating to the steel surface via the APTES intermediate layer. The results have
shown, for example, that chemical surface modification can improve the service

life of graphene-based coatings on metallic substrates.

Part Ill - Electroplated Ni-GO composite coatings

7. Ni-GO composite coatings can be produced by electroplating from a GO-
containing Watts plating bath. The composite coatings show surface
irregularities and reduced average crystallite sizes (28 nm down to 20 nm)
because of the incorporation of GO sheets.

8. The hardness and elastic modulus of the nickel matrix can be improved
significantly with GO reinforcements.

9. GO incorporation can reduce the friction of the nickel matrix effectively due to
the lubricating effect of the exposed GO sheets during wear.

10.GO agglomerations in the nickel matrix can promote localised galvanic
corrosion, leading to even worse corrosion performance for Ni-GO composite

coatings compared to neat nickel coating.
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Part IV - Electro-brush plated Ni-GO composite coatings

11.An electro-brush plating (EBP) technique has been developed for the novel
fabrication of a nickel-GO nano-composite coating. It has been confirmed that
GO sheets can be incorporated into the nickel matrix homogeneously. The
brush plating method is beneficial as it allows a high GO load yet a compact and
smooth coating morphology.

12.The average crystallite size of the nickel matrix can be reduced by 40% by the
GO sheets. Nanoindentation and electrochemical studies have revealed that
GO nano fillers can effectively improve the hardness and Young’s modulus due
to the grain refining and pinning effect of the GO nano sheets.

13.Electro-brush plated Ni-GO composite coatings have exhibited clearly
enhanced thermal stability in terms of a better retention of the hardness and
elastic properties after annealing at elevated temperatures up to 600 °C.

14.Ni-GO composite coatings by EBP can show significantly suppressed friction
and wear (37% and 88% lower respectively in this study) compared to neat
nickel coating. The wear mechanism changes from plasticity-dominated severe
adhesive wear and galling to oxidation-dominated mild wear in the presence of
GO reinforcements.

15.GO incorporation can improve the anti-corrosion performance of the nickel
matrix significantly (a 70% reduction in corrosion current and 5-times increase

in total corrosion impedance in this study).
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CHAPTER 7 FUTURE WORK

The present project has shown that graphene-based coatings can be fabricated
effectively on metallic surfaces for various engineering applications. This work may
also contribute to the understanding of the strengthening, anti-friction as well as the
anti-corrosion mechanisms of graphene-based materials. Based on the results and
implications out of the performed experiments, the following topics are suggested for

future studies:

EPD on complex shapes

The results have shown that the EPD technique is effective in fabricating GO coatings
uniformly on flat surfaces. It is worth attempting to deposit GO or GO-based composite
coatings onto metallic substrates in complex shapes using EPD for potential

applications, such as anti-corrosion paintings for offshore pipelines.

Optimisation of electro-brush plating
The electro-brush plating process, including the instrumental design and operation
parameters, should be optimised in order to further improve the uniformity and

minimise the residual stress within the deposit.
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