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Abstract

Advancements in Photocured Graphene-Oxide Coatings: Enhancing Tribological Performance

through Liquid Crystal Technologies

Mina Farid

This thesis presents an exploration of advanced tribological coatings for improving wear resistance
and reducing friction in mechanical components, particularly in industries like aerospace.
Traditional coating methods such as physical vapor deposition and high-velocity oxygen fuel have
limitations, necessitating innovative approaches. This research introduces the use of graphene
oxide liquid crystals combined with photocuring to develop coatings that significantly enhance
tribological performance. The liquid crystal self-assembly of graphene oxide in alcohol allows for
dense ordering of platelets on substrates, and photocuring creates strong, covalent bonds between

the platelets and the substrate, resulting in durable coatings.

Experimental results demonstrated a remarkable reduction of up to 72% in the friction coefficient
compared to uncoated substrates. The study also explored the effects of annealing on coating
performance, finding that annealed coatings exhibited lower friction and superior wear resistance
for low graphene oxide contents. The research underscores the potential of photocured graphene
oxide coatings to address the tribological challenges in critical applications, offering a cost-
effective and environmentally sustainable solution that advances the field of coating materials

science and engineering.
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Chapter 1. Introduction

1.1. Background

Wear and friction are critical factors impacting the performance and sustainability of mechanical
components across various industries. In aerospace and other high-tech sectors, wear-related
challenges have far-reaching economic and environmental consequences. Historical data reveal
that wear-induced failures can be significantly costly, with potential economic savings of up to
95% achievable through innovative tribological solutions [1]. Friction and wear impact energy
consumption, economic expenditure, and CO. emissions globally, affecting sectors such as
transportation, manufacturing, and power generation [1]. Abrasive wear alone imposes costs
equivalent to 1-4% of the gross national product of industrialized nations [2]. To address these
challenges, there is a pressing need for effective wear mitigation strategies that minimize

maintenance costs and environmental impact.

Traditional coating methods, including physical vapor deposition (PVD) and high-velocity oxygen
fuel (HVOF) coatings, have limitations in terms of scalability and effectiveness under extreme
conditions. Recent advancements have shifted focus towards alternative approaches, such as the
use of ionic liquids and carbon nanotubes as lubricant additives [3]. These innovations offer more
environmentally friendly lubrication solutions but still face challenges in achieving the desired

wear resistance and performance improvements.

Graphene and graphene oxide (GO) coatings have emerged as promising alternatives due to their
exceptional durability and tribological properties. However, scaling these coatings for practical

applications has proven challenging. Graphene coatings, characterized by their high transmittance,



hydrophobicity, and strong adhesion, demonstrate improved tribological performance compared to
conventional coatings [4], [5]. Recent studies, such as those by Shi et al. [24], highlight the
potential of graphene-based copolymers for durable protective coatings, though their performance

under extreme conditions remains under investigation.

Photopolymerization offers a method to modify material properties through light-induced chemical
reactions, transitioning materials from liquid to solid or altering their solubility and adhesion
characteristics [6]. This process, which includes free-radical or cationic photopolymerization, is
employed in various applications such as printed circuit boards, photocurable coatings, and 3D
printing [6], [7]. Challenges in photopolymerization involve controlling the specific wavelengths
needed for effective reactions and mitigating UV degradation, which impacts the material's

durability and environmental safety [7], [8].

Tribology is the study of friction, wear, lubrication, and their interrelationships. It is a
multidisciplinary field that impacts various industries, including manufacturing, biomedical,
automotive, and aerospace sectors. This literature review highlights recent advancements and key
aspects of tribology, focusing on lubrication, wear mechanisms, surface engineering, biotribology,

and computational tribology [9].

Lubrication plays a crucial role in reducing friction and wear in mechanical systems. Advances in
lubrication technology have led to the development of high-performance lubricants that improve
energy efficiency and reduce maintenance costs. Novel lubricants, such as ionic liquids and

nanolubricants, have shown promise in enhancing lubrication under extreme conditions [10].

Understanding wear mechanisms is essential for predicting the lifespan of components and

improving material performance. Recent research has focused on the microstructural changes that



occur during wear and the development of wear-resistant materials. High-entropy alloys and

advanced ceramics are examples of materials with improved wear resistance [9].

Surface engineering techniques, such as coating and texturing, are employed to enhance the
tribological properties of materials. These techniques aim to reduce friction and wear by modifying
the surface characteristics. For instance, diamond-like carbon (DLC) coatings are widely used due
to their low friction and high hardness [11]. While diamond-like carbon (DLC) coatings are widely
used due to their low friction and high hardness, they also have several limitations that restrict their
application in certain high-performance environments. DLC coatings often suffer from poor
adhesion and high residual stresses, which can lead to delamination or cracking under high contact
stresses, especially above 1 GPa [12]. Additionally, DLC coatings exhibit limited thermal stability,
with performance degrading at elevated temperatures due to hydrogen depletion or oxidation
processes, making them unsuitable for high-temperature applications like dry machining or hot
forming [13]. These factors necessitate the exploration of alternative coatings for more demanding

environments.

1.2. Rationale for the Study

This thesis aims to address the limitations of traditional wear mitigation methods and explore
innovative solutions through the development of photocured graphene-oxide liquid crystal
coatings. By leveraging advanced photopolymerization techniques and graphene oxide properties,
the research seeks to enhance the performance, durability, and environmental sustainability of

coatings used in high-demand applications such as aerospace.



Chapter 2. Literature Review

2.1. Current Tribological Challenges and Sustainability

Concerns

2.1.1. Economic and Environmental Impact of Tribology in Industries

Neglecting wear in industries can lead to significant economic and environmental consequences.
Studies show that wear-related failures were a major concern in the past, with potential economic
savings of up to 95% achievable through new tribological solutions [1]. The impact of friction and
wear on energy consumption, economic expenditure, and CO2 emissions is substantial globally,
affecting sectors like transportation, manufacturing, power generation, and residential areas [1].
Abrasive wear alone costs industrialized nations 1-4% of their gross national product, emphasizing
the need for effective wear mitigation strategies [2]. Implementing innovative solutions like
utilizing ionic liquids and carbon nanotubes as lubricant additives can reduce friction losses and
wear, offering a more environmentally friendly approach to industrial lubrication [3]. By focusing
on developing new tribological solutions, utilizing advanced lubricants, and implementing surface
coatings, industries can minimize maintenance costs and environmental impact associated with

wear and tear phenomena [2].

2.1.2. Tribological Challenges in Aircraft Industry

Tribology, the study of friction, wear, and lubrication, plays a critical role in the safety and
reliability of aircraft, particularly in the performance of gas turbine engines. The importance of
tribological principles in aerospace engineering cannot be overstated, as they directly influence the
lifespan of critical components, prevent system failures, and reduce maintenance costs. Studies

4



have shown that proper application of tribological systems in aircraft engines significantly impacts
the longevity and reliability of these components, reducing the risk of wear-related failures [14].
Historical data from the aerospace industry has consistently shown that failures in tribological
systems can lead to catastrophic accidents, underscoring the need for thorough understanding and

application of tribological diagnostics and design improvements [15].

Wear damage on aircraft gas turbine blades can have significant effects on their performance and
efficiency [16]. The presence of solid particles in the working fluid medium, such as sand, dust,
and salts, can cause erosion damage, coating wear, and corrosion on the blade surfaces [17], [18].
This wear damage can lead to rapid performance deterioration, including loss of aircraft [19]. In
addition, wear damage can result in changes to the blade geometry and aerodynamic properties,

reducing the overall life of the compressor and the engine [20].

The operational reliability of aero-engines, especially gas turbines, is highly dependent on the wear
and lubrication. Nidzgorska et al. (2023) emphasize that tribological diagnostics are crucial for
ensuring the safety of flight operations. Their study highlights the role of periodic tribological
testing in maintaining the operational safety of aircraft engines through lubricant degradation
analysis and wear detection. Such diagnostics help prevent failures by allowing real-time
monitoring and risk management in aero-engines, thereby enhancing flight safety and engine

longevity [14].

Tribological failures, such as fatigue of engine components, are a well-documented cause of
accidents in the aviation industry. May (2010) presents case studies involving fatigue failures in
aircraft components, including engine bearings and turbine blades. These failures were directly
linked to the fatigue of tribological elements, such as roller bearing cages, which resulted in

accidents. The study underscores the importance of understanding wear mechanisms and fatigue

5



to prevent such failures, which, although not always life-threatening, can lead to significant

operational and economic losses [21].

The consequences of insufficient tribological analysis are exemplified in Dundas’ (1993) study on
gas turbine engine failures. This research highlights a case where an aircraft accident could have
been avoided with more thorough tribological failure investigation. Dundas stresses the need for
systematic approaches to investigating tribological failures in gas turbines, illustrating that detailed
analyses of wear, friction, and lubrication are essential for preventing future accidents and

extending engine life [22].

Thus, ongoing advancements in tribological diagnostics, wear prevention, and fatigue management

remain paramount for enhancing safety and reliability in the aerospace industry.

Over the past years, Holmberg et al., (2012, 2013, 2014, 2017, 2019) have systematically
investigated the global repercussions of friction and wear on energy and the environment. Despite
notable advancements, their studies underscore a significant energy loss attributed to friction,
particularly prevalent in the transportation sector. The Jost committee's findings in the 1960s
suggested that adopting advanced tribological materials and practices could yield economic gains
of 1.0% to 1.5% of GDP by reinvesting 2% of these gains [23], [24]. Presently, even less investment
is deemed sufficient to achieve more substantial positive impacts through the integration of

advanced tribological solutions.



2.1.3. The Critical Role of Coatings in Tribological Systems

While coatings and solid lubricants are critical in reducing friction and wear in mechanical systems,
inefficiencies in these coatings can lead to severe wear and compromise safety. Several documented
cases highlight the consequences of coating failures, particularly in high-performance applications
such as aerospace and automotive industries. For example, tungsten carbide thermal spray coatings,
frequently used in aerospace, have been shown to fail due to spallation and cracking, which can

lead to decreased engine performance and costly maintenance [25].

Behera et al. (2021) investigated the use of sacrificial Cd and Al coatings on aerospace and
automotive-grade steel, noting that although these coatings provided initial protection, their
effectiveness diminished with wear. Cd coatings, which acted as a solid lubricant, offered better
performance, particularly in varying humidity conditions. However, Al coatings, used as a
replacement due to Cd’s toxicity, resulted in increased wear rates, especially in dry conditions. The
failure of the Al coatings led to significant wear on the steel substrate, raising concerns about long-

term safety in aerospace applications [26].

Solid lubricants, such as multi-wall carbon nanotubes (MWCNTs), have been used in tribological
systems operating under high temperatures or vacuum environments. While MWCNT coatings
initially performed well by reducing friction and wear, their performance deteriorated over time
due to structural degradation under mechanical stress. This led to the removal of the lubricant
coating, significantly increasing the wear rate and reducing the protective capabilities of the
surface. Such failures in high-stress environments demonstrate the need for more robust coating

systems in critical applications [27].



Coatings applied via thermal spraying, such as those using tungsten carbide and fluorinated
ethylene-propylene (FEP) copolymers, are designed to improve wear resistance in sliding contact
applications. However, Marple & Voyer (2001) found that the effectiveness of these coatings
heavily depended on the precise optimization of solid lubricant content. Suboptimal formulations
led to rapid wear, reducing the coatings' efficiency and increasing the risk of component failure.
This highlights the need for precise material engineering to ensure the long-term durability of

coatings in industrial environments [28].

In advanced power-generating systems such as gas turbines, traditional solid lubricants often fail
under elevated temperatures, leading to significant wear and reduced system efficiency. It is
demonstrated that conventional lubricants, such as polymers and laminar solids, were unsuitable
for use beyond 450 °C, necessitating the development of new materials like metal fluorides and
oxides to maintain lubrication. The failure of these coatings in high-temperature applications
underscores the critical role of coatings in ensuring operational safety and preventing material

degradation [29].

In complex tribological environments, bonded MoS; coatings are used to reduce friction and wear
in sliding contacts. Environmental factors, such as high humidity and temperature, led to the
oxidation and degradation of the coatings. This significantly reduced their effectiveness in
protecting the substrate from wear. The study emphasizes the importance of environmental

considerations when designing coatings for high-performance applications [30].

The use of diamond like coatings in engine parts can help achieve the desired efficiency and lower
emissions [31]. However, they have limitations, such as cost-effectiveness and their compatibility

with certain engine designs and lubrication regimes. Therefore, we introduce photocuring of



graphene oxide as a new coating technology to address these challenges providing a potential

improvement of efficiency and reduction of the environmental impact.

2.1.4. Limitations and Challenges in Implementing Graphene-Based Coatings and

lubricants

Graphene possesses extraordinary physical properties that contribute to its uniqueness. These
properties include exceptional mechanical strength, high thermal and electrical conductivity,
remarkable magnetism, and outstanding chemical reactivity [32]. Generally, graphene oxide
exhibits a layered structure (Figure. 2.1) and unique properties that make it versatile for various
applications. The mechanical strength and light weight of 3D graphene oxide structures make them
attractive for engineering applications where non-planar structures are required, indicating a

broader scope for graphene oxide in industry [33].
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Figure 2.1. Deformation of graphene sheet by tip of atomic force microscope when lateral forces FL are smaller than the critical
force Fc for Euler buckling, the graphene sheet remains planar. Adapted from [34]
In a nanoscale, they exhibit exceptional hardness and adhesion, enhancing durability and
performance [35], [36], with increased microhardness, reduced roughness, and improved wear and
corrosion resistance [37]. Additionally, graphene exhibits high charge mobility, high Young's
modulus value, and a hexagonal lattice structure with sp? hybridization, leading to its high

conductivity and mobility of charge carriers [38].



Graphene coatings come in several forms based on their material structure, each offering unique
properties for specific applications. Common types include nanocomposites, where graphene is
integrated into polymer matrices or with other nanomaterials for enhanced corrosion resistance and
mechanical strength [39]; layered coatings, which provide impermeable barriers against oxidation
[40]. Hydrophobic graphene coatings are used for moisture resistance [41], while biomedical
coatings integrate graphene with biocompatible materials for medical implants [42]. Additionally,
metal-graphene hybrid coatings improve electrical conductivity and corrosion resistance, making
them suitable for electronics and energy storage applications [43]. Graphene-based nanocomposite
coatings have emerged as a promising solution for improving the durability and performance of
materials in some industries [44], [45], [46], [47]. These coatings offer significant advantages due
to graphene’s extraordinary mechanical, thermal, and chemical properties. However, despite their
potential, graphene coatings face limitations in specific high-demand applications, such as

acrospace.

Importantly, the need to reduce CO: emissions is driving the demand for materials capable of
withstanding extreme conditions such as aircraft engines [48], [49]. Evaluating the Global
Warming Potential of commonly used alloys in gas turbine engines has highlighted the importance
of material selection in mitigating environmental impacts during aviation engine component
production [50], [51]. For example, Shi et al. (2022) introduced a graphene-based nanocomposite
copolymer, GO-g-(PMMA-co-PMPS), which demonstrated high durability, transmittance,
hydrophobicity, and strong adhesion [4]. Nonetheless, while these properties are promising for
some sorts of protective coatings, the research does not provide detailed insights into the coating's

performance under the extreme conditions of high temperatures, pressures, and corrosive
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environments. This highlights the need for further investigation into the mechanical durability of

graphene coatings in these demanding settings.

In marine environments, graphene coatings offer environmental benefits, with improved
mechanical properties, corrosion resistance, and thermal stability, reducing recoating needs [52].
They inhibit biofilm development, making them potential antifouling coatings [52], [53]. These
coatings are eco-friendly, with excellent anti-corrosion performance, simplifying maintenance and

cutting costs [54] but they are still limited to this application.

Graphene liquid lubricants have addressed the inadequacies of current coatings in certain types of
extreme environments by being highly-durable and protective [5] but the applications of liquid
lubricants is still limited for certain conditions. Solid graphene lubricants offer reduced friction and
wear, making them suitable for certain limited macroscale industrial application [55], however as
the graphene sheets are loosely packed with random orientations on the substrate, even though they

withstand high loads, they cannot be used in applications involving extreme thermal pressures.

Despite these impressive properties, graphene coatings still face challenges in certain large-scale
applications. One significant challenge is the self-assembly of graphene sheets into macroscopic
structures, which could potentially unlock broader industrial applications. This study aims to

explore this aspect tribologically.

2.1.5. Tribology and the Quest for Sustainable Coating Materials

Developing materials with enhanced wear resistance remains a critical area of research.
Understanding the relationship between material properties and wear mechanisms is essential for
designing new alloys and composites that can withstand extreme conditions [9]. The integration of

tribology with smart technologies, such as sensors and IoT, can lead to advanced monitoring and

11



maintenance systems. These technologies can provide real-time data on friction, wear, and

lubrication, enabling predictive maintenance and reducing downtime [56].

2.2. Innovative Materials for Advanced Tribological Systems

2.2.1. Liquid Crystals: Properties and Applications

Liquid crystals are a unique phase of matter that exhibit properties of both liquids and crystals,
flowing like ordinary liquids while possessing crystalline characteristics [57]. In the context of
liquid crystals, isotropic, biphasic, and nematic phases (Figure. 2.2) refer to different levels of
molecular order [58]. In the isotropic phase, molecules are randomly oriented without long-range
order, behaving like a typical liquid. The biphasic state is a transitional phase where both isotropic
(disordered) and nematic (ordered) regions coexist. In the nematic phase, molecules align along a
common axis (the director), maintaining fluidity but exhibiting long-range orientational order.
These phases demonstrate varying degrees of molecular alignment, influencing their optical and
mechanical properties. They are structurally diverse, with various types such as lyotropic,

polymeric, thermotropic, and discotic [57].

Crystalline characteristics in liquid crystals refer to their unique structural properties, which are a
blend of both liquid and solid states. Liquid crystals, like nematic, smectic, and cholesteric phases,
exhibit some level of molecular organization akin to crystals, while maintaining the fluidity of
liquids. For example, in nematic liquid crystals, molecules align along a particular direction but
remain free to move, similar to a fluid. This intermediate structure allows liquid crystals to exhibit
anisotropic properties, such as birefringence, which are typically associated with solid crystals. The

ability of these materials to self-organize into various phases and their responsiveness to external

12



fields (e.g., electric or magnetic) give them their characteristic optical and mechanical behaviors,

which are leveraged in applications like liquid crystal displays (LCDs) and sensors [59].

Liquid crystals have found extensive applications in fields like optics, photonics, and chemical
industries due to their exotic electromagnetic properties and varying molecular structures [60].
These materials have been utilized in the development of metamaterials, biomedicine applications
like tissue identification and drug delivery, and even in the creation of photonic crystals for optical
devices [57]. We are going to use the order of liquid crystals and convey it to the solid-state order

to obtain the mechanical and thermal strength and the stability.

Isotropic

400

[sotropic Biphasic Nematic Liguid Crystals

0.015 o035
Graphene oxide dispersion (wt%)

Figure 2.2. Lyotropic liquid crystalline phase diagram of GO in aqueous dispersions. Typical optical textures and GO sheet

orientation in isotropic, biphasic, and nematic liquid crystalline phases are shown at the top. Adapted from [58]
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2.2.2. Photopolymerization

In this work, we aim to utilise the self-organization of liquid crystals and transfer this inherent order
into the solid state through photopolymerization. By doing so, we can achieve mechanical strength,
thermal stability, and enhanced durability—key properties required for applications in highly
demanding environments. The ability to convert the liquid crystalline order into a robust, solid
structure opens up new possibilities for the development of advanced coatings that not only resist
wear and friction but also withstand extreme conditions, making them ideal for aerospace and other

high-performance industries.

Photopolymerization is a process wherein light induces a chemical reaction that alters the material's
properties, such as transitioning from liquid to solid, changing solubility, enhancing adhesion, or
modifying refractive index [6]. Since its inception with polyvinyl cinnamate, used in printing
plates, photopolymerization has found numerous applications, including the production of printed
circuit boards, photocurable coatings, and 3D printing via stereolithography [6], [61].
Photopolymerization is often preferred over thermal polymerization, particularly in dental
applications, due to its lower energy requirements and more comfortable process [62]. However,
there remains a challenge in controlling the specific wavelengths necessary to initiate

photopolymerization reactions effectively.

Photopolymerization mechanisms are primarily categorized into free-radical and cationic types. In
free-radical photopolymerization, radicals are generated through photoinitiation, involving
processes such as alpha cleavage or hydrogen abstraction [63]. Conversely, cationic
photopolymerization involves the decomposition of an initiator to form cationic species, which

then generate protons to open epoxide rings and initiate polymerization [64].
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2.2.2.1.  Free-Radical Photopolymerization
The radical photo-initiation of acrylic monomers has been extensively studied, utilizing various
initiators, including semiconducting nanoparticles [61]. For instance, butylmethacrylate can be
photopolymerized using ZnO quantum dots and other nanoparticles like CdS, which function via
free radical photopolymerization. When these semiconducting materials absorb light at their
bandgap energy, electron-hole pairs form, with the electron acting as a free radical that initiates

acrylate polymerization [65].

2.2.2.2.  Cationic Photopolymerization of Epoxy
This thesis focuses on the cationic photopolymerization of epoxy, which requires specific cationic
initiators. Onium salts, first developed by Crivello, are widely used as cationic initiators. The
effectiveness of these initiators in photopolymerization depends on the properties of both the anion
and the cation in the salt. The anion determines the acid strength and efficiency of the reaction,
while the cation, which absorbs the light, influences the photochemical properties, including the

absorption wavelength, quantum yield, and thermal stability [66].

The mechanism of cationic photopolymerization involves the absorption of light by the cation,
leading to the generation of protons that open the epoxide rings and initiate polymerization [64].

This process is illustrated in Figure 2.3:
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Figure 2.3. Cationic polymerization of epoxide group in graphene oxide. Adapted from [67]

The efficiency of this process is influenced by the light wavelength, with current photo-initiators
typically responding to UVA (315-400 nm) and UVB (295-315 nm) light, which constitutes about
6% of solar intensity at sea level [8]. However, exposure to UV light leads to degradation of the
material, causing issues such as brittle fracture and the release of toxic volatile organic compounds

(VOC) into the environment [61].
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Chapter 3. Thesis Objectives

This literature review highlights the limitations and emerging solutions in wear mitigation, setting
the stage for the exploration of graphene-oxide liquid crystal coatings as a promising alternative.
The review’s insights directly inform the objectives of this thesis, which focus on developing and
assessing these innovative coatings to improve wear resistance and tribological performance in

critical applications. Therefore, our objective is:
v To Develop a Novel Coating Technology with enhanced tribological properties

Investigate the use of photocured graphene-oxide liquid crystal coatings as an alternative to
traditional coating methods. Develop a methodology for applying these coatings on titanium grade

5 and assess their effectiveness in improving wear resistance and tribological performance.

» In order to achieve this objective, we must perform the following:

+ Evaluate the Tribological Performance of Coatings

Conduct dry sliding wear tests to compare the tribological behavior of graphene-oxide coated
samples with bare titanium substrates. Analyze the friction and wear performance of the coatings,

particularly focusing on the effects of annealing.
+ To Characterize the Coatings Thoroughly

Utilize various characterization techniques, including confocal laser microscopy, scanning electron
microscopy, micro-Raman spectroscopy, and atomic force microscopy, to examine the physical and
chemical properties of the coatings. Assess the structural integrity and durability of the coatings
under different conditions.
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By addressing these objectives, the thesis aims to advance the field of tribology and contribute to

the development of sustainable and high-performance coating solutions for industrial applications.
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Chapter 4. Photocured graphene-oxide liquid crystal

coatings for improved tribological performance

4.1. Abstract

Wear-related challenges in mechanical components, particularly in industries like aerospace,
require innovative solutions for improved performance and sustainability. Traditional coating
methods such as physical vapor deposition and high-velocity oxygen fuel have limitations,
prompting the exploration of alternative approaches. Here we explore the use of graphene oxide
liquid crystals and photocuring to produce enhanced coating. Graphene itself has exceptional
properties but the challenge of extending the behavior to larger scales requires strong bonding
between the platelets. By making use of the liquid crystal self-assembly of graphene oxide in
alcohol we can order the platelets densely on the substrate and then create permanent bonds through
photocuring significantly enhancing durability and tribological performance. We have achieved a
remarkable reduction of 72% in the friction coefficient as compared to the bare substrate.
Experimental results underscore the efficiency of thin, annealed graphene oxide films in protecting

the substrate, reducing wear, maintaining low friction.

» Keywords: Coatings - Graphene Oxide - Friction - Wear- Photocuring - Liquid Crystals
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4.2. Introduction

Wear between mechanical components, is a significant issue that has implications for the
environment, cost, and most importantly, the safety of people in various industries (e.g. acrospace,
automotive). More specifically, wear leads to the gradual removal or deformation of materials,
resulting in the need for maintenance and repair, which can be costly [68], [69]. In the aerospace
industry, premature wear can have severe consequences, as it can lead to catastrophic failures and
operational breakdowns that can impact productivity and safety [70], [71]. Conventional internal
combustion engines have significant energy losses due to heat and friction [31]. Coatings are
commonly used to enhance tribological behavior (i.e. reduce wear and friction), including those
produced by physical vapor deposition (PVD) [72], high-velocity oxygen fuel (HVOF) [73], and

electric arc spray [74].

Within internal combustion engines, 15% of energy consumption is due to frictional losses,
contributing to millions of tons of CO: emissions annually [75], [76]. Modern tribological strategies
emphasize the significance of low-friction surfaces and enhanced lubrication to address
environmental concerns by optimizing fuel efficiency, and minimizing emissions [77], [78], [79].
Therefore, we introduce in this work a strongly bonded graphene-oxide coating as a potential

candidate for such applications.

Multilayer and high-entropy alloy-based coatings are being developed as a means to protect
structural components and extend their operational lifespan, reducing the need for critical raw
materials in manufacturing [80], [81], [82], [83], [84]. Drawbacks include limitations with

available production methods and high costs [85], [86].
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The use of diamond like coatings in engine parts can help achieve the desired efficiency and lower
emissions [31]. However, they have limitations, such as cost-effectiveness and their compatibility
with certain engine designs and lubrication regimes. Therefore, we introduce photocuring of
graphene oxide as a new coating technology to address these challenges providing a potential

improvement of efficiency and reduce environmental impact.

Graphene coatings are extremely promising, as they are highly-durable, protective [4], [5], [55]
and provide excellent tribological performance [35], [36], [37], [53], [55], including reduced
friction [36]. Graphene based coatings have been shown to be resistant to acid/alkali, salt,
ultraviolet light [4] and thermally stable [40]. However, their suitability in demanding conditions,
including high pressures and mechanical stresses remains uncertain. Graphene itself exhibits
unique properties [44], [45], [46], [47] but the challenge is always extending those properties to
the macroscale. To extend the properties to larger scales, we need to order and bond the graphene
particles. Ordering can be achieved with different methods including liquid crystals and self-
assembly [87]. Such methods typically involve secondary bonding between graphene sheets

however we will explore the use of covalent bonds between the graphene particles.

Self-assembly involves the spontaneous organization of building blocks into nano- or micro-
structures like micelles (particles soluble in water) and liquid crystals [88]. Liquid crystals exhibit
both liquid-like properties and crystal-like order [§7] making them an interesting intermediate state
for forming coatings. The process of self-assembly initiates with an isotropic suspension of
graphene oxide sheets possessing amphiphilic properties. These sheets interact, leading to their
stacking and the subsequent formation of liquid crystals exhibiting nematic [89], columnar [90] or
chiral nematic [89] ordering. Hydrogen bonding, ionic bonds, and I1- IT interactions, may coexist

within the same system [91], [92]. Macroscopic structures, such as paper and fibers, arise from
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self-assembly combined with another processing step [93] such as wet-spinning, freeze-drying, and

filtration, which maintain the ordered structure observed in the liquid crystal phase.

Photocuring of cast suspensions of self-assembled graphene oxide has been proven to be a powerful
technique to create macroscopic structures allowing for thicker coatings [94]. The photocuring
process does not require high temperatures or sophisticated infrastructure other than a UV light
source and is thus a promising approach to producing enhanced tribological coatings. This
simplicity and effectiveness can save manufacturing costs. Importantly, photocuring allows the
formation of strong, covalent bonds between graphene oxide platelets [94] but also, we will show,
between the coating and the substrate. Thereby, our approach may enhance the overall durability
and effectiveness of the coating, potentially for demanding conditions. To avoid interference of
water with the cationic photocuring reaction of epoxy, we adopted the approach suggested by Riad
et al. [94] following Jalili et al. [95] to prepare photocured graphene oxide liquid crystals dispersed
in 1-phenylethanol (1-PtOH). The epoxide groups situated on the basal planes of graphene oxide
sheets, when organized into an ordered liquid crystal, can undergo crosslinking to form a solid
structure with good mechanical properties at the macro scale [94]. Strong adhesion between
graphene and substrates plays a crucial role in enhancing the formation of a tribologically enhanced
coating [55]. Adhesion between graphene and the titanium substrate allows for the formation of a
dense layer of graphene-containing tribo-film within the sliding interface, leading to reduction of
friction and wear on the substrate surface [55]. This effect may be amplified when the graphene

platelets are well-ordered, enhancing friction and wear reduction, as our work proposes.

The epoxide groups on graphene oxide enable the formation of strong covalent bonds [96],
allowing for durability and efficacy of graphene coatings. We use this idea to apply graphene oxide

coating on a titanium substrate and demonstrate that they exhibit desirable tribological properties
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directly linked to their structure and morphology. This study introduces a pioneering approach to
enhance the tribological properties of graphene oxide coatings on titanium components, crucial for
industrial applications including aerospace. By taking advantage of liquid crystals and photocuring,
the research achieves strong, covalent bonds between graphene layers in a coating that is also
strongly adhered to the substrate, ensuring durability. This innovative method not only improves
resistance to friction and wear thus promoting environmental sustainability and marking a

significant advancement in coating materials science and engineering.

4.3. Experimental Methodology

4.3.1. Materials

Titanium grade 5 substrates (1 in x 1 in) are used. Graphene oxide powder (S Method, product #:
GNOSO0010), obtained from ACS Materials, was used as received. Additionally, 1-phenylethanol
(98%) and bis(4-methylphenyl)iodonium hexafluorophosphate (photoinitiator, 98%), from Sigma

Aldrich, were used without further modification.

Prior to casting the coatings, surface roughness of the substrates was assessed using a profilometer
with recorded values ranging from 0.5 to 0.7 um. Graphene oxide alcohol dispersions were then
prepared according to a method adapted from Riad et al. [94]. As shown in Scheme 1, a 2 wt.%
solution of photocuring initiator in alcohol was used to prepare 5 suspensions consisting of 9 g of
liquid and 5 incremental weights of graphene oxide (0.04g, 0.08g, 0.12g, 0.16g and 0.20g) to form
concentrations of 0.44, 0.88, 1.31, 1.74 and 2.17 wt.% of graphene oxide suspended in alcohol.
Immediately after stirring and sonication the dispersions were evenly cast onto titanium substrates
using a pipette, resulting in ten coated samples. These samples underwent photocuring for 48 hours

under a benchtop UVA lamp (Model: UVP XX-15 L, peak emission: 365 nm, light intensity at
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sample surface: 4 mW/cm?) until solidified. Finally, one sample at each concentration was annealed

at 190 °C for 2 hours. See Figure S1 from the supporting information for images of the specimens.

2wt%
solution of Solution (9 g) + (Crpyrm o samples were
photocuring graphene oxide — it cast onto photocured under a
initiator + 1- —% powder (0.04 to 0.20 g eeeion substrates benchtop UVA lamp for
A?:t?hl:ﬂ increment of 0.04g) ‘ S 48 hours

Scheme 1. Process flowchart for the preparation of coated titanium samples

4.3.2. Coating Thickness

To evaluate the thickness of the coatings, surface profiles are obtained before and after coating
using a confocal laser microscope (Model: Olympus LEXT 4000) (Figure 4.1). Since equal
volumes of dispersion were cast on all substrates, the remaining mass of graphene oxide after
solidification and evaporation of alcohol is relative to the dispersion concentration. Thus, the higher
the graphene oxide concentration, the thicker the coating. The annealed coatings are thicker than

the untreated coatings due to swelling during evaporation.
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Figure 4.1. Coating Thicknesses Plotted Vs. Graphene Oxide Content
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4.3.3. Dry sliding wear testing

The tribological performance was evaluated using a ball-on-disc (TRB? | Anton-Paar tribometer)

under reciprocating dry sliding wear with the conditions specified in Table 1 (3 repeats).

Table 1. Sliding wear test parameters

Sliding Wear Test Parameters Values
Load 5N

Stroke Length (Track Length) 10 mm
Frequency 1 Hz
Number of Cycles 5000
Sliding Speed 3.14 cm/s
Sliding Distance 100 m
Counter face ALOs
Counter face Ball Diameter 6.35 mm
Temperature 25°C to 28°C
Relative humidity 18% to 22%

4.3 .4. Characterization

A Nikon Ti polarized light optical microscope (POM) was used to determine the degree of order of
the graphene oxide liquid crystals in the dispersions. The wear profiles and the counter faces were
analyzed using a confocal laser microscope (Olympus LEXT 4000). Average wear profiles are
presented from 20 cross-sections across 2 tracks. Scanning electron microscopy (SEM) (SU3500,
Hitachi) was used to examine the worn surface morphology. EDS was also performed using the
Oxford Aztec X-Max50 SDD system of the SEM. Raman spectra were recorded using a Renishaw

spectrometer at room temperature, with a solid-state laser operating at 532 nm and a 100% objective
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at 10% power from 1200 cm ' to 2100 c¢m ™, calibrated using a silicon standard (520 cm?). Each
spectrum was obtained from at least three different spots in the desired region to ensure consistency.
The atomic force microscope Tosca™ 400 by Anton Paar is employed to measure the pull-off force

on worn surfaces to determine maximum adhesion force [97].

4.4. Results and discussion

4.4.1. Dispersion Characteristics

Polarized light microscopy of our graphene oxide dispersions is used to verify the formation of a
liquid crystalline structure (Figure 4.2), in this case nematic phase. Prior findings show that at 1.13
wt.% graphene oxide in 1-PTOH, the sheets form an anisotropic ordering [94]. The birefringence
observed in all dispersions indicates ordering, consistent with liquid crystal structures reported in
literature [94], [98]. The more birefringence (i.e. the less black) in the image indicates more

ordering [58], [98].

0.44 Wt.% GO _ ) 0.88 Wt.% GO _ 1.31 Wt.% GO

174 Wt.% GO

100um

Figure 4.2. Crossed polarizer micrographs for all graphene oxide dispersions in 1-PTOH-alchohol
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By calculating the birefringent area fraction from the micrographs (Figure 4.2) we can estimate the
degree of ordering or the amount of nematic to isotropic phases (Figure 4.3) [98], [99]. We observe
that for most of the dispersions, the degree of ordering increases with graphene oxide content
indicating a biphasic system of isotropic and nematic. At the highest graphene oxide content, we
observe a decrease in the area fraction, possibly due to a phase transition to another phase structure.
After photocuring, crosslinking, and solidification, covalent bonds form between the graphene
oxide particles. The ordering in the dispersion results in ordered coatings which assists in the

formation of covalent bonds between particles during curing.
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Figure 4.3. Percentage of Crystal Order within Dispersions Vs. Graphene Oxide Wt. %

4.4.2. Coating Characteristics

Figure 4.4A shows the average steady-state friction coefficient of our coatings as a function of
graphene content for the untreated and annealed samples, compared to that of the bare substrate.
Figure S3 presents examples of experimental data (friction coefficient as a function of wear cycle).

The untreated samples exhibit a friction coefficient lower compared to that of the bare substrate at
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graphene contents above 1.31 wt.%. The annealed samples exhibit a consistent low friction
coefficient irrespective of the graphene oxide content; with a reduction of up to 72% as compared
to the bare substrate. Importantly, the untreated sample containing 1.31 wt.%. graphene oxide
behaves in a transitional manner. In some cases, this coating exhibits a low friction coefficient
whilst in others, it was close to that of the bare substrate, with no intermediate behavior observed.

This is represented in the figure with the large standard error bars.

Figure 4.4B. shows the maximum wear depth for our two series of samples. In this graph we place
the surface of the substrate at zero and measure relative to that. Therefore, any value below zero,
indicates that the alumina counter face has worn into the substrate and accordingly, the coating has
not protected the substrate. This is the case for the untreated samples with the lowest 3 graphene
oxide contents which also exhibit the highest steady state friction coefficients (Fig. 4.4A). The wear
depths for these samples are above the bare substrate wear depth (~32 um), indicating some wear
resistance is provided by the coating. Conversely, positive values in Figure 4.4B indicate that the
substrate is not worn and was therefore protected by the coating. The coating is worn to some
extent, but the alumina counter face has not reached the substrate. This is the case for the untreated
samples at higher graphene oxide contents and for all the annealed samples. From Figure 4.4, we
conclude that annealing results in an effective coating in terms of wear behavior and that in the

absence of annealing only higher graphene contents provide for effective coatings.
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Figure 4.4. Tribological Properties of Coatings. A - Average friction coefficient and B- Maximum wear depth as a function of
graphene content (extracted from Figs 4.5 and S4)

Figure 4.5. shows average wear profiles from multiple cross sections of the wear tracks. In this
figure we focus on the wear profiles of the highest and the lowest graphene contents for both the
untreated and annealed sample series along with those of the bare substrate. These results are
consistent with the results for the other specimens which are presented in the Supporting
Information (Figure S4). The profiles are plotted such that they are vertically shifted above the zero
position of the unworn bare substrate by adding the coating thickness measured independently from
this experiment (Figure 4.1) and presented in Figure 4.5. From Figure 4.5A, we see that the
untreated sample with the lowest graphene oxide content, 0.44 wt.%, was worn through the coating

and into the substrate. In contrast, for the other samples shown here, the substrate was untouched.

We can also infer the wear mechanism from these profiles, ploughing or abrasive wear in the case
of the untreated samples and brittle fracture or fatigue wear in the case of the annealed samples. A

curved wear valley between two pile-ups is characteristic of abrasive wear [100] or adhesive wear
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of a deformed thick coating. A valley with a flat bottom and no obvious pile-ups is characteristic
of fatigue wear [101]. If a malleable coating is too thin, then abrasive wear results in damage to the

substrate as we see in the case of the untreated sample with the lowest graphene content.

With hard coatings, such as the annealed samples, fatigue wear results in coating removed through
brittle fracture. The thicker the coating, the more coating is removed but for all the annealed
samples, the substrate was protected. During annealing, thicker coatings tend to become more
disordered and porous, which contributes to an increase in their overall thickness. This is driven by
evaporation of solvent, results in a less dense structure. The higher the graphene content, the more
opportunity for covalent bonds to form between the layers and therefore we expect increased
hardness and brittleness. Note that in our study the coating thickness increases with graphene
content. From the wear tracks we conclude that annealing increased the hardness of the coating and
likely its adhesion to the substrate allowing for protection of the substrate even at very low
graphene contents. Conversely, without heat treatment, the coating is more malleable, and substrate

protection requires thicker coatings.
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Figure 4.5. Wear Profiles plotted for highest and lowest graphene contents along with the bare substrates. A-Untreated Samples
(abrasive wear) and B-Annealed Samples (fatigue wear)
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Figure 4.6 shows the alumina counter faces after the sliding wear tests (5X mag.). Substrate
material (titanium and its oxides) is transferred to the alumina counter face in the wear tests of the
bare substrate, and the untreated coated samples at the 3 lowest graphene oxide contents. This
indicates that the coating was completely removed for these 3 samples. No such transfer is observed
on the counter faces from the wear tests of the other coated samples. Combined with the wear tracks
(Fig 4.5 and Fig S4), this indicates that the substrate remains protected by a thin layer of the coating.
These observations are consistent with the high friction coefficients (Figure 4.4A) exhibited by the
3 coatings, which are very close to that of the bare substrate. In alignment with the friction
coefficients, the untreated sample containing 1.31 wt.%. graphene oxide behaves in a transitional
manner. In some tests, a large transfer layer is observed on the alumina counter face, whilst in
others no such transfer is observed, with no intermediate behavior exhibited. See Figure S5 in

Supporting Information.
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Sliding Direction

044 Wt.% GO 0.88Wt% GO 1.31Wt% GO 1.74Wt% GO 217 Wt.% GO

Figure 4.6. Worn Alumina Counter faces at 5X magnification. A-Bare substrate, B-Untreated Samples and C-Annealed Samples.
Red box indicates contact with titanium substrate.

Figure 4.7 shows SEM microphotographs of the surface within the wear tracks on the bare substrate
and selected coated samples, comprising the highest and lowest graphene oxide contents, for both
series. The main observation from the SEM microphotographs is that the bare substrate and the
untreated sample containing the lowest graphene oxide, 0.44 Wt.%, act in a ductile manner
exhibiting abrasive wear. Conversely, all other samples shown exhibit adhesive and/or fatigue wear.
Elemental analyses (Figures S6 and S7 in supporting information) confirm that dark areas on the
samples exhibiting fatigue wear are graphene oxide coating remaining on the surface; whilst
lighter, grey, regions appear to be titanium and its oxides. In fact, we will demonstrate with Raman

spectroscopy (Fig. 4.8) that the light grey areas retain very thin layers of graphene coating.

The bare substrate and the untreated sample with the lowest graphene oxide content (Fig. 4.7A)
have scratches parallel to the sliding direction, clearly indicating a ductile material experiencing 2-

body abrasive wear [102]. Hard particles that were initially displaced from the surface cause 3-
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body abrasion leading to tears and ruptures and the small light-coloured asperities [102] and

therefore increased the friction coefficient.

The scratches have been altered by very small spalls and micro spalls and cracks visible on the
coated material in Figure 4.7B. The SEM image shows that an adhesive junction is responsible for
material removal. During sliding contact, relative motion and cyclic compressive forces occur.
Wear from surface fatigue [101] can be identified by visible fractures and flaking of the material

[103].

In Figure 4.7C, we see that large pieces of the coating have been removed on samples containing
the highest graphene oxide content. These large pieces are welded to the counter surface following
either fatigue wear (annealed specimens) or ductile failure (untreated samples). Our observations
in Figure 4.7 are in accord with descriptions presented by Holmberg et al. of the relationships

between the coating thickness, hardness and the wear mechanism [104].

The SEM study allows us to understand the wear depth results presented in Figures 4.4B and 4.5
showing more coating material loss during wear for the heigh graphene oxide contents compared
to that of the lowest ones. Even though the friction remains low, the wear of this excess coating
material is undesirable in a manufacturing context. Therefore, we conclude that in order to maintain
low friction and avoid dislodging large amounts of coating, it is better to have thinner annealed

coatings produced by lower graphene oxide contents.
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Figure 4.7. SEM micrographs of worn surfaces at 500X magnification A — Abrasive wear of substrate, B — Fatigue wear, C —
Fatigue and adhesive wear
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Figure 4.8 shows micro-Raman spectra collected from the worn and unworn regions of the surfaces
of the coated samples. A typical Raman spectrum of graphene oxide exhibits a G band at 1600
cm ! and a D band at 1350 cm™! approximately [105]. The G and D bands originate from the
stretch (E2g) and breathing (A1') vibrational modes of the six-membered rings in the two-

dimensional graphene plane [106], [107].

The observations indicate that graphene oxide is present on all the worn surfaces except for the
untreated coatings with the 3 lowest graphene oxide contents. This explains the reduction of friction
coefficient for all the other samples and higher friction coefficient for these three. Similarly, as in
the discussion of Figure 4.4, these three samples were worn through the substrate as the graphene

oxide coating was completely removed during the sliding wear test.

With the presence of graphene oxide on worn surfaces, we confirm that a thin layer of graphene
oxide is strongly bonded to the substrate leading to a wear resistant robust coating. The graphene
oxide sheets in this thin layer form bonds with the oxide groups on the titanium surface via the

same mechanism as the crosslinking between the sheets [94].

In the case of the 3 untreated samples of the lowest graphene oxide contents there is insufficient
bonding to form a robust coating. These coatings are soft and thin and can be completely ploughed
away from the substrate surface under the effect of the reciprocating motion. With the soft, thick
coatings, i.e. the untreated higher graphene oxide contents, a dense tribo-film of graphene oxide is
formed with high adhesion to the titanium substrate, under the normal, sliding load. This results in

the reduced friction.

Graphene oxide layers are present on the worn surface of all the annealed samples. This is due to

the increased coating hardness which results from increased bonding forming between the graphene
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oxide layers, and to the substrate during annealing, regardless of the coating thickness. The tribo-

film effect during the wear testing is also likely playing a role here [55].
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Figure 4.8. Micro Raman spectroscopy of: A-Untreated samples within wear track, B- Untreated samples on coated surface, C-
Annealed samples within wear track, D- Annealed samples on coated surface

The ratio between D and G bands in the Raman spectra of graphene, 1d/Ig, gives insight into the
number of defects or disorder. [108] In the case of graphene oxide, the oxygen-containing
functional groups on the surface of the graphene platelets introduce defects and modify the
electronic structure, leading to an increase in the I4/Ig ratio [109] relative to that of graphene. The

exact relationship between the 14/l ratio and the oxygen content of graphene oxide depends on the
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synthesis method and the degree of oxidation, but generally, a higher oxygen content leads to a

higher 14/I, ratio [109], [110].

Figure 4.9 shows the I4/I; for the worn and unworn surfaces of the coated samples. As discussed
previously, the data are absent when the coatings are completely worn. However, when a thin-
graphene-containing tribo-film is formed due to the wear test, i.e., within the worn surfaces, the
degree of order is higher than that of the coatings outside the wear tracks. This is true in both sets
of samples and is indicative of the ordering of the platelets in the vicinity of the substrate and the
relatively less ordering at the surface of the coatings. These observations are consistent with our
discussions of the Raman spectra in Figure 4.8. The ordering close to the substrate is due to both

the induced liquid crystallinity prior to curing and the formation of the tribo-film during wear.

On the surface of the annealed coatings, we see greater disorder (higher I4¢/Ig) due to the rapid
release of hydrates and adsorbed alcohol during annealing. There might also be a removal of
oxygen-containing functional groups, along with a restoration of sp® hybridized carbon bonds
occurring, during annealing. This leads to a structure more characteristic of reduced graphene oxide
[108] and an increase in the l4/I; ratio. Removing any adsorbed substances leads to a dramatic
reduction in the interlayer spacing [94], which makes the material more tightly packed and more

rigid but more prone to defects [111].

Gases trapped within the intermediate layers in the coating would result in the creation of larger
scale defects and the introduction of stress concentrators into the graphene oxide structure, which
weakens its mechanical strength [112]. Therefore, although the restoration of sp? hybridized carbon
bonds can enhance its mechanical strength, the vaporisation of alcohol and other gases can make
the material more porous and prone to failure. This porosity and swelling are especially notable in

thicker coatings. This became obvious with the annealed sample of the highest graphene oxide
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content which exhibited considerable swelling of the coating. This is shown in Figure S2 in the

Appendix.

The I4/1; ratio on the worn surface shows that the layers closest to the substrate are the most ordered.
We can conclude that if we have thinner, annealed coatings, it is favourable for the ordering in

terms of the presence of defects and the alignment of platelets.
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Figure 4.9. Degree of Disorder 1d/Ig (extracted from the Micro Raman Spectroscopy of Figure 4.8)

Figure 4.10 shows the pull-off adhesion force measurements from AFM testing on the wear tracks
[113], [114]. which generally consists of Van der Waals forces, electrostatic forces, and capillary
forces [115]. The results show that most of the samples exhibit higher adhesion force than that of
the bare substrate. Only the untreated samples with the least graphene oxide content show an
adhesion force less than that of the bare substrate. This is consistent with our understanding that

those 2 wear tracks are bare substrate. We note that we would have expected their adhesion force
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to be the same as that of the substrate, but we observe a small difference even accounting for the

large uncertainty.

A surface exhibiting low adhesion force means that the coating on that surface has been worn by
means of a wear mechanism other than adhesion, i.e., abrasive wear as on the titanium substrate.
Similarly, the higher the adhesion force exhibited by the surface, the more surface energy it has

indicating.

We consider that the friction force (F) (measured during wear tests) is consists of ploughing
abrasion and adhesion [104], [116]: Frowi=FadnhesiontFploughing [117]. In case of alumina sliding
against titanium, Fpioughing 1S much higher than F adnesion, and the total friction is high. For all samples
with graphene oxide coating remaining on the worn surface, Fpioughing 1 at a minimum with a slight

increase in Fadnesion, SO the total friction is reduced.
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Figure 4.10. Adhesion force measurement obtained by the AFM as function of the graphene oxide content (worn surface)
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4.5. Conclusion

This study demonstrates the successful development and evaluation of photocured graphene oxide
coatings on titanium substrates. Nematic liquid crystalline structures formed in graphene oxide
dispersions in alcohol are used to form the coatings. The estimated degree of nematic ordering in
the dispersions increases with increased graphene oxide content to a maximum of ~22%.
Photocuring solidifies the coatings, creating covalent bonds between graphene oxide platelets and
the substrate, thus enhancing mechanical integrity. The coatings reduce sliding friction compared

to bare titanium.

Annealed graphene oxide coatings exhibit consistently low sliding friction coefficient, ~ 0.14,
regardless of graphene oxide content. Wear depth analysis indicates that annealing improved
coating hardness and adhesion, effectively protecting the substrate. Brittle fracture and fatigue wear
are observed in annealed samples, with graphene oxide always present on worn surfaces. A thin,
highly bonded layer is crucial for reducing friction and wear. This thin layer likely results from
highly ordered platelets near the substrate allowing for strong adhesion and/or tribo-film formation

during wear.

Untreated graphene oxide coatings also reduce friction compared to bare titanium but with variable
performance depending on graphene oxide content in the dispersion. In the absence of annealing,
higher graphene oxide content provides better substrate protection than does lower content. At the
lower contents, the graphene oxide coating is completely worn away under a sliding contact,
leading to increased friction. Although untreated coatings do not perform as well as annealed ones,
they still show notable improvements provided that the graphene oxide content is high enough in

the original dispersion.
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In summary, photocured graphene oxide coatings on titanium substrates offer a promising approach
to enhancing tribological performance. This method provides strong, covalent bonds between
graphene oxide layers and the substrate, resulting in durable, low-friction coatings that significantly

reduce wear.
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Chapter 5. Conclusion and Future Work

5.1. Conclusion

This thesis has explored the development and application of advanced coating technologies,
focusing on graphene oxide coatings. Our study has demonstrated that graphene oxide coatings
offer significant improvements in mechanical properties, wear resistance, and friction reduction
compared to traditional coating materials. The optimization of photocuring parameters has proven
essential in enhancing the adhesion and durability of these coatings. By fine-tuning these
parameters, we have achieved coatings that meet stringent performance criteria in high-stress

environments.

The research presented has also highlighted the critical role of graphene oxide platelet size and
distribution in determining the effectiveness of the coatings. Our findings suggest that precise
control over these factors can lead to substantial improvements in the wear resistance and overall
longevity of the coatings. Furthermore, the investigation into hybrid coatings incorporating other
nanomaterials has opened new avenues for enhancing the performance of graphene oxide coatings,

particularly in challenging operational conditions.

The results of our study underscore the potential of graphene oxide coatings to revolutionize
surface protection in various industrial applications. The improved mechanical properties and
enhanced performance characteristics make these coatings suitable for demanding environments,

including aerospace and automotive industries.
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5.2. Future Work

Building on the findings of this research, several areas warrant further exploration to advance the

field of advanced coating technologies:

1. Optimization of Photocuring Parameters:

Future research should focus on refining the photocuring process to further enhance the mechanical
properties and adhesion of graphene oxide coatings. Investigating the effects of different curing

conditions and additives could lead to more robust and durable coatings.

2. Exploration of Graphene Oxide Platelet Sizes and Distributions:

A deeper examination of how varying platelet sizes and distributions affect the performance of
graphene oxide coatings could provide valuable insights for optimizing their properties. This
includes studying the impact on wear resistance and friction reduction in different operational

contexts.

3. Development of Hybrid Coatings:

The potential benefits of combining graphene oxide with other nanomaterials warrant further
investigation. Developing hybrid coatings that leverage the strengths of multiple nanomaterials

could yield coatings with superior wear resistance and frictional properties.

4. Long-Term Durability Studies:

To validate the laboratory findings, it is crucial to conduct long-term durability studies in real-
world industrial applications. Testing the coatings under operational conditions, such as in

aerospace engines, will provide insights into their performance and longevity in practical settings.

43



5. Scalable Manufacturing Processes:

For widespread adoption of graphene oxide coatings in industrial applications, scalable and cost-
effective manufacturing processes need to be developed. Research should focus on optimizing
these processes to ensure that the coatings can be produced efficiently without compromising their

performance.

Thus, future research can significantly advance the field of advanced coating technologies,

enhancing their sustainability and operational efficiency in high-stress environments.
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Figure S1 shows photocured samples.
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Figure S1. Specimens with photocured coating with the upper row annealed at 190 °C for 2 hours

(marked A), and others left untreated. The bare titanium substrate is on the left. The weights of

graphene oxide used in the dispersions are shown below each sample.

Figure S2 shows the annealed sample with the highest graphene oxide content (2.17 wt.%)

exhibiting swelling in the coating film due to the vaporization of trapped molecules, leading to

increased porosity [1], [2].
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Figure S2. Annealed sample of 2.17 Wt. % Graphene Oxide exhibiting coating swelling

Figure S3 shows the average friction coefficient for each graphene oxide concentration over 5000
wear cycles. The untreated sample with 1.31 wt.% graphene oxide exhibits mixed results, with one
set showing no friction reduction after 2500 cycles and another showing a low friction coefficient,

indicating transitional behavior.
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Figure S3. Average friction coefficient as function of the number of cycles (sliding wear test)

Figure S4 shows the average wear profiles of all samples collected using confocal microscopy

from multiple cross sections of the wear tracks.
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Figure S4. Average wear profiles plotted for all samples

Figures 3A, 5, and S3 show that the untreated coating with 1.31 wt.% graphene oxide exhibits
transitional behavior. Figure S5 displays the alumina counter faces after the sliding wear tests for
the 1.31 wt.% untreated sample. Figure S5A shows a counter face having experienced contact with
the substrate. In contrast, Figure S5B suggests that the graphene layer remained intact, preventing

substrate contact.

Sliding Direction 1300 pm

Figure S5. Worn alumina counter faces from sliding wear tests for 2 different locations on the

specimen of the 1.31 wt.% graphene oxide, untreated sample.

56



Figure S6 presents the elemental analysis of the wear track for the sample containing 0.44 wt.%
graphene oxide. The darker areas, corresponding to spectra 1 and 3, show a high concentration of
graphene oxide, as indicated by the significant presence of carbon. While spectra 2 and 4,
representing the grey areas, show a lower concentration of graphene oxide, its presence is

confirmed by the micro-Raman analysis shown in Figure 8.

Spectrum Instats. C (0] Al P Ti Total

Spectrum 1 Yes 81.18 13.26 0.00 556 0.00 100

Spectrum2  Yes 3.94 2125 538 000 6943 100

Spectrum 3 Yes 56.84 2440 101 3.55 1420 100

Spectrum4  Yes 17.63 27.54 3.69 231 48.84 100

Mean 3990 21.61 252 285 33.12 100
Std. deviation 3550 6.13 246 233 3173
Max. 81.18 27.54 538 3556 69.43

B00pm Electron Image 1 : Min. 3.94 1326 0.00 0.00 0.00

Figure S6. Elemental analysis of the wear track for the treated sample containing 0.44 wt.%

graphene oxide.

A similar observation to that in Figure S6 applies to Figure S7, which presents the elemental

analysis of the treated sample containing 0.88 wt.% graphene oxide.
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Spectrum In stats. C (¢] Al P Ti v Total

Spectrum 1 Yes 8281 1388 000 163 168 0.00 100

Spectrum 2 Yes 76.56 1426 000 204 715 0.00 100

Spectrum 3 Yes 3.28 0.00 556  0.00 8587 528 100

Spectrum 4 Yes 0.00 0.00 640 0.00 8992 3.69 100

Spectrum 5 Yes 2.82 0.00 554 0.00 8855 3.09 100

Spectrum 6 Yes 6.36 2358 447 084 6475 000 100

Spectrum 7 Yes 6286 1610 128 1.63 1813 000 100

Spectrum 8 Yes 78.65 1467 000 2.01 4.66 0.00 100

Mean 39.17 1031 291 1.02 4509 1.51 100
Std. deviation 38.99  9.07 284 092 4077 217
u Max. 82.81 2358 640 204 8992 528
600pm ' Eleclron Image 1
Min. 0.00 0.00 0.00 0.00 1.68 0.00

Figure S7. Elemental analysis of the wear track for the treated sample containing 0.88 wt.%

graphene oxide.
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