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Resumo

Os revestimentos de carbono tipo diamante (DLC) sdo amplamente utilizados em industrias que
requerem alta durabilidade, resisténcia ao desgaste e baixo atrito. As caracteristicas Unicas dos
revestimentos de DLC permitem a criacdo de sitios de adsorcdo para aditivos lubrificantes por
meio do processo de dopagem. Neste estudo, foi investigado o uso combinado de revestimentos
de carbono tipo diamante dopados com eurdpio (Eu-DLC) em duas concentracdes diferentes do
elemento dopante (1,7 at.% e 2,3 at.%), revestimentos de carbono tipo diamante dopados com
gadolinio (Gd-DLC) em duas concentracGes diferentes do elemento dopante (1,7 at.% e 2,4 at.%)
e revestimentos de DLC puros em conjunto com dois aditivos de liquido ibnico (IL),
nomeadamente trihexyltetradecylphosphonium bis (2-ethylhexyl) phosphate [Pgge14] [DEHP]
(denominado IL n°® 1 neste documento) e 1-Ethyl-3-methylimidazolium diethylphosphate
(denominado IL n° 2 neste documento), com uma concentragdo de 1 wt.% em polialfaolefina
(PAO) 8 como lubrificante base. Os revestimentos de Gd-DLC apresentaram maior dureza, melhor
adesdo ao substrato e maior fator de resisténcia a deformacao plastica. O revestimento de DLC
puro apresentou um desempenho tribolégico melhor quando combinado com PAOS8. No entanto,
apos a introducdo do IL n° 1 como aditivo no sistema tribologico, o coeficiente de atrito foi
reduzido nos revestimentos de Gd-DLC com 1,7 at.% e 2,3 at.% de dopante em todos 0s regimes
de lubrificacdo. Para a configuracdo tribologica que utiliza PAO8 + 1 wt.% de IL n® 2 como
lubrificante, o Eu-DLC com 1,7 at.% apresentou o melhor desempenho no regime de lubrificacdo
“contato corpo com corpo” de entre todos 0s revestimentos. O desgaste ndo pdde ser quantificado
devido a natureza do desgaste na superficie dos revestimentos de DLC ser demasiado baixo, mas
uma comparacdo qualitativa obtida por meio de técnicas de microscopia mostra que o uso do IL
n° 2 reduz o desgaste para todos os revestimentos investigados neste estudo. A reducédo do atrito
demonstra que a combinagédo de filmes finos de Gd-DLC com IL n° 1 pode ser um candidato
potencial para sistemas que operam em todos os regimes de lubrificacdo, enquanto sistemas que
operam apenas no regime de lubrificacdo “contato corpo com corpo” podem obter o maior
beneficio ao usar Eu-DLC com 1,7 at.% em conjunto com IL n° 2, pois esse par tribolégico
apresentou o menor coeficiente de atrito entre todos os pares triboldgicos investigados. Os
resultados deste estudo s@o bastante promissores para a implementacdo destes sistemas
tribol6gicos em varios componentes que constituem os motores de combustdo interna onde a
reducdo do atrito é essencial para a melhoria da sua eficiéncia.

Palavras-chave: liquidos idnicos, DLC dopado, regime de lubrificacdo, curva de Stribeck,
coeficiente de atrito



Abstract

Diamond-like carbon (DLC) coatings are widely used in industries that require high durability,
wear resistance, and low friction. The unique characteristics of DLC coatings allow for the
possibility of creating adsorption sites for lubricant additives through the doping process. In this
study, the combined use of europium-doped diamond-like carbon (Eu-DLC) with two different
concentrations of dopant element (1.7 at.% and 2.3 at.%), gadolinium-doped diamond-like carbon
(Gd-DLC) with two different concentrations of dopant element (1.7 at.% and 2.4 at.%), and pure
DLC (undoped) coatings paired with two ionic liquid (IL) additives, namely,
trihexyltetradecylphosphonium bis (2-ethylhexyl) phosphate [Pgg614] [DEHP] (named as IL #1 in
this report) and 1-Ethyl-3-methylimidazolium diethylphosphate (named as IL #2 in this report)
with a 1 wt.% concentration in polyalphaolefin (PAO) 8 as a base lubricant was investigated.
Higher hardness, higher thin-film adhesion, a higher ratio of hardness to elastic modulus, and a
higher plastic deformation resistance factor were achieved with the 1.7 at. % Gd-DLC coating.
The pure DLC coating had a better performance when paired with PAO8 in a tribological system.
However, after introducing the IL #1 as an additive to the tribological system, the CoF was
decreased for the 1.7 % Gd-DLC and 2.3% Gd-DLC coatings in all lubrication regimes. For
tribological configuration using PAO8 + 1 wt.% IL#2 as a lubricant, 1.7 at. % Eu-DLC had the
best performance in boundary lubrication regime among all coatings. The wear could not be
quantified due to the nature of the wear on the surface of the DLC coatings but qualitative
comparison obtained from microscopy techniques shows that introducing IL #2 reduces wear for
all coatings investigated in this study. The friction reduction demonstrates that combining Gd-
DLC thin films with IL#1 can be a potential candidate for the systems that are working in all
lubrication regimes, while systems that are operating in only boundary lubrication regime, can get
the most benefit by using 1.7 at. % Eu-DLC paired with IL #2 since this tribological pair had the
lowest CoF among all the tribological pairs investigated. The results of this study can be
implemented in development efforts to reduce friction and increase the efficiency of moving parts
in internal combustion engines, for instance.

Keywords: lonic liquid, doped DLC, lubrication regime, Stribeck curve, friction
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Chapter 1 — Introduction and objectives

1.1. Introduction

Energy source diversification is essential for ensuring energy security while improving industrial
production and profitability. The enhancement of energy efficiency is a key component in
accomplishing this. The imperative need to reduce greenhouse gas emissions calls for prompt
action if we are to have a favorable impact on our planet in the foreseeable future. The proper
management of friction factors directly affects systems' performance which allows it to save
energy during system use, a reduction that is typically quite considerable over the unit's lifespan.
Friction management also increases the longevity of the components by decreasing unwelcome
wear and tear, which has a favorable effect on energy savings by lowering the demand for
component renewals [1].

The development of materials that enable friction decrease while extending the lifespan of
mechanical moving parts is necessary and urgently requires investigation. Noteworthy tribological
investigations must offer insight into the dynamics of the moving elements under the influence of
a lubricant since friction and wear are system characteristics rather than material features. lonic
liquids (ILs) and diamond-like carbon (DLC) thin coatings have been examined as friction-
reducing lubricant additives and wear-resistant surface innovative solutions, correspondingly,
among the materials that have received considerable interest in tribology [2].

Previous research works have proven the advantages of utilizing DLCs, ILs, or base lubricants
alone or simultaneously to minimize friction or wear. Considering this fact, in this work, the
combined use of DLC coatings and ILs in tribological systems is investigated for
trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate [P66614] [DEHP] and 1-Ethyl-3-
methylimidazolium diethylphosphate ILs. To enhance tribological interaction between the ILs and
DLC film, DLC thin films are doped with Eu and Gd elements. A primary step in developing the
necessary competencies for efficiently addressing tribological challenges which depend on the
incorporation of DLCs and ILs to boost tribological properties is identifying the key parameters
which affect the interactions between ionic liquids and DLC films under mechanical loading. The
tribological tests are performed in all different lubrication regimes using a block-on-ring
tribometer at room temperature which yields a comprehensive insight into the fundamental
interactions among the mentioned ILs and DLCs [1].

1.2. Objectives

Through the advancement of the information needed for the coupling of innovative nanostructured
alloyed-DLCs and ILs to accomplish the aimed tribological efficacy, the project's results will thus
result in a paradigm shift towards a greener and more efficient tribological system. The primary
research aims encompass the examination of the following objectives:

1. To investigate the potential enhancement in the tribological behavior of DLC coatings
through gadolinium and europium doping and elucidate the underlying mechanisms.

1



2. To determine the optimal DLC coating condition that yields the most desirable coating
properties among the samples prepared.

3. To assess the tribological performance of the prepared pure DLC and doped DLC coatings
paired with two different ionic liquids.

1.3. Thesis Organization

This thesis includes five chapters. The first chapter serves as an introduction and outlines the
objectives of the thesis. Chapter 2 offers a comprehensive literature review and state of art focusing
on the tribological aspects of DLC coatings and ionic liquids. It presents the existing body of
knowledge in this field, highlighting relevant studies, theories, and findings. Chapter 3 explains
the experimental methodology employed in this research. It provides a detailed description of the
specimens utilized, elucidating their significance in the current study. The chapter also expounds
upon the various experimental techniques employed, detailing the specific conditions and
parameters implemented for each experiment. Chapter 4, offers a detailed analysis of the results
obtained from the experiments, allowing a deeper understanding of the study’s results. Finally,
Chapter 5 draws together the main findings and conclusions derived from the thesis. It presents a
summary of the research, highlighting the key outcomes and their implications. Additionally, this
chapter provides recommendations for future work, offering suggestions for further investigations
and areas that require further exploration.

LIST OF PUBLISHED PAPERS

The outcome of this thesis resulted in a paper published in peer-reviewed journal (open access
publication).

Sadeghi, M.; Omiya, T.; Fernandes, F.; Vilhena, L.; Ramalho, A.; Ferreira, F. Tribological
Behavior of Doped DLC Coatings in the Presence of lonic Liquid Additive under Different
Lubrication Regimes. Coatings 2023, 13, 891. https://doi.org/10.3390/coatings13050891



Chapter 2 — State of art

2.1. An overview

Modern industrial systems involve a variety of machinery and mechanical systems that have
various moving components and, as a result, interacting surfaces. Such machines' ability to
perform smoothly, consistently, and over an extended period depends heavily on how effectively
wear and friction are managed across all their multiple interacting surfaces [3]. Focusing on this
issue, there has been significant progress in our understanding of the basic mechanisms underlying
tribological phenomena and the creation of a wide range of new materials, surface engineering
techniques, lubricants, and other types of technical solutions. Further, reducing the usage of fossil
fuels and the subsequent reduction of greenhouse gas emissions is essential for the long-term
sustainability of modern civilization [3].

The application of lubricants, which are often primarily obtained from mineral or synthetic oils,
in internal combustion engines or water-based solutions implemented for machining tasks, is the
standard technique to decrease friction between moving surfaces and reduce mechanical
degradation. Additives for these lubricants are widely employed to enhance already existing
qualities or introduce extra properties. They include chemical substances that can adhere to and/or
interact with solid surfaces to form protective layers (referred to as "tribofilms™), that are intended
to lower wear and friction. In addition to lubrication, surface engineering has also shown
significant contributions to friction reduction [3]. DLC thin films, one of the most promising
categories of surface engineering solutions, have been the subject of many investigations,
specifically in the automotive industry. This chapter gives some important background on issues
related to this study, including lubrication, lubricants, additives (particularly ionic liquids), thin
film, DLC-based films, deposition processes (particularly PVD), and HiPIMS.

2.2. Tribology

The words "tribos" and "ology" are both Greek words that imply 'rubbing' and 'the study
of', respectively, so the word tribology which is the combination of these two words means the
study of rubbing. The science of lubrication, wear, and friction between two surfaces in contact in
motion is known as tribology [4-6]. The tribological performance is highly influenced by the
surroundings and operating circumstances, including the type of interacting materials, surface
roughness, mechanical structure, lubrication, atmosphere, etc. Therefore, even though the concepts
of tribology are universal, the solutions must be specific to the situation. By coming up with
innovative ideas or ways of disposal for used industrial oils, solvents, cutting fluids, and coolants
to reduce water contamination, tribology can contribute a lot to environmental protection [7].

2.3. Friction

The coefficient of friction is a quantity that is a measure of the resistance to movement between
surfaces. At least there should be a limited amount of horizontal force to move one surface over
another. [7] Contact between surfaces only occurs at some asperity points. The atoms on one
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surface will attract those on the other in these areas of real contact, resulting in adhesion and the
formation of junctions. This is known as cold welding in the context of metals and is most
noticeable in mechanical systems operating in a vacuum, such as those found in space. These
adhesions must be broken when sliding takes place, which requires shearing the junctions. The
main factor causing friction between clean surfaces is the force needed to shear the connections.
Another reason for friction is that if one surface is much harder compared to the other opposing
surface, asperities on the harder surface will cause grooves in the softer surface,
which necessitates a stronger force to make relative motion possible. Although under lubrication
the plowing component (which causes grooves) may make up a significant proportion of the total
frictional force, for clean surfaces the adhesional friction type typically predominates [7]. The ratio
of the force opposing the motion to the force pressing the surfaces together perpendicular to the
motion is what is referred to as CoF [5, 6]. When a solid item moves through a liquid or gas
medium, like when an airplane is in flight, fluid friction, a form of friction, occurs [6].

There are other types of friction like Static, kinetic, and rolling friction as well. Static friction is
the force preventing two bodies in contact from moving relative to each other. The force that resists
two interacting bodies' relative motion as they slide over one another is known as kinetic friction.
When a body rolls on a surface, rolling friction shall be considered. Rolling friction is the force
that counteracts the action of rolling.

2.4. Wear

Wear damages the machine's functioning surface, which results in functionality loss. The loading
situation, temperature, and the type of motion between the contact points are only a few of the
variables taken into account when calculating the wear rate. In many cases wear can be measured
by the loss of material from a surface [6]. In general, the most important mechanisms are adhesive,
abrasive, corrosive, and fatigue wear [7].

2.4.1. Adhesive wear

Adhesive wear is explained by the theory that the attraction forces between the atoms on each
surface should, in theory, cause two clean surfaces with similar crystal configurations to attach
strongly to one another when they are in direct contact. If the adhesion between two surfaces is
strong enough, in relative motion, fracturing will happen away from the initial sliding interface
and one material will transfer to the other, causing adhesive wear. The wear will typically start in
the softer material and transfer materials adhesively to the surface of the harder one [7].

2.4.2. Abrasive wear

When hard surfaces slide over softer materials, asperities on the hard surface act similar to
a cutting tool to scrape material off the softer surface, and abrasive wear occurs. When a loose
debris particle becomes stuck between the sliding surfaces, another significant mechanism causing
abrasive wear occurs: the particle cuts the softer surface and creates a wear groove. Such debris



may be of external origins, like sand particles, or it may be created on-site by the main wear, like
oxide particles [7].

2.4.3. Corrosive Wear

A surface degrades through corrosion when chemicals in the environment react with it. A solid's
clean surface, like the surface of a metal, will typically react with its surroundings, producing
corrosion products that will eventually create a contamination layer. As the corrosion layer
thickness rises, the rate of creation of such layers declines. However, the corrosion resultant film
frequently adheres to the surface only weakly in many situations, such as rust on iron. Thus,
rubbing may cause the top film to be scraped off, revealing the clean surface beneath. This
surface then reacts with its surroundings to create fresh surface films, which are then removed
through additional rubbing. As a result, in this instance, the material is repeatedly being taken off
the surface. Environments that are corrosive can be advantageous for wear reduction in some cases.
For example, a mechanically stable oxide film that doesn't flake off while sliding, can operate as
a strong barrier layer, stop metal-to-metal contact, and slow down wear. The oxide must stick
tightly to the metallic substrate, have enough thickness to be flexible, and share alike mechanical
properties with the metal in order to form a mechanically stable layer [7].

2.4.4. Fatigue Wear

When a surface is loaded cyclically as a result of repetitive sliding, rolling, or collisions, fatigue
wear could occur. Even when the load is lower than what is sufficient to cause other types of
mechanical failure, fatigue failure might nevertheless happen after a significant number of loading
cycles. The adhesive and abrasive wear mechanisms cannot occur if the surfaces are separated by
a lubricant layer (assuming that abrasive particles are excluded). The lubricant film still allows the
applied load to pass through to the solid surface, creating surface tensions and the potential for
significant fatigue wear [7].

2.5. Thin films

The interdisciplinary field of surface engineering tries to response to the realization that a vast
number of engineering systems have the chance to deteriorate or completely fail in use due to
parameters associated with surfaces such as wear, corrosion, and fatigue. To manufacture a
product with features not possible in either the base or surface material, surface engineering entails
applying both conventional and cutting-edge surface enhancement technologies. Identifying the
surface and substrate demands is the initial milestone in choosing a surface modification technique
[8, 9]. One of the main surface engineering techniques is layered nanostructures that are applied
on the surface with thicknesses between a few nanometers (nm) to micrometers which are called
thin films or coatings [10]. The coating can be deposited from a solution of ions (like
electroplating), from the liquid state (such as thermal spraying), or from vapor. Chemical vapor
deposition (CVD) and physical vapor deposition (PVD) are two categories of techniques for
creating films from the vapor phase. PVD refers to the thin film deposition method that uses a
physical vapor. Essentially, this kind of deposition technigue entails converting the source material
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from a solid or liquid to a vapor phase before passing through a plasma environment, low-pressure
gaseous environment, or vacuum environment to the substrate. After condensing as a thin film on
the substrate, the vapor then transitions back into the solid form. With greater control over the
applied chemical and physical characteristics of source materials, PVD is reported to produce
coatings with high adherence to most materials. The two most used PVD techniques, evaporation
and sputtering, both enable the deposition of particles from the target to the substrate using
electrodes linked to a power source and a vacuum chamber. The principle behind the PVD
technique known as sputtering is to bombard the target with energetic ions, frequently utilizing
inert argon gas, causing the atoms of the target to eject form it and deposit on the substrate [11,
12]. A variety of materials can be coated using the adaptable technique of sputtering. Reactive
sputtering, which modifies the process by including a reactive gas, is frequently applied to deposit
oxides, nitrides, and carbides. Generally, sputtered films demonstrate relatively
stronger adherence than evaporated films because of the increased inter-diffusion and mixing that
occurs between ejected atoms and the surface atoms of the substrate in the sputtering process (due
to the higher thermal energy of sputtered atoms compared to evaporated atoms) [10]. Figure 1
shows the main mechanisms involved in PVD processes.

Substrate Holder Substrate Holder
| Substrate |
Gas Gas
Inlet Vaporized Rlasma Tnlet Plasma
I\Iz!)terial B Evnpolrated (]
Material
® Ar+ [ ] A~
[ ]
Source Vacuum
Magnetron gf:tl;lnm z z e System
(a) (b)

Figure 1) Schematic drawing of two conventional PVD processes: (a) sputtering and (b) evaporating (reproduced from [11]).
2.5.1. Deposition of thin films using deep oscillation magnetron sputtering process (DOMS)

Sputtering techniques that enable controlling the flux of sputtered material have been developed
during the past few years in response to the requirement for coatings with increased efficiency and
characteristics. If the deposition flux has a higher percentage of ionized than neutral particles, these
processes are known as ionized PVD (IPVD). Controlling the ejected material, for instance, makes
it possible to cover cavities' interiors with a constant thickness, which is a crucial requirement in
the microelectronics sector. Nevertheless, compared to DCMS, most IPVD approaches need
advanced hardware, consequently, investment in them has primarily been in the scientific
environment. A novel magnetron sputtering coating technology known as HiPIMS which was
descended from the traditional DCMS has made it possible in the last decades to produce



severely ionized volumes of ejected material. By raising the power linked to the target in DCMS,
the plasma concentration can be raised. But the melting point and cathode cooling capacity of the
target place a restriction on the amount of power that can be delivered to it. HIPIMS applies power
in very brief periods, allowing for a considerable boost in the power's instantaneous
amount without melting the target. The considerable decline in deposition rate when compared to
DCMS, is HIPIMS technology’s primary problem. However, usually, the films deposited by
HiPIMS have a denser structure because of incredibly energetic metal ions [13]. Modulated Pulse
Power Magnetron Sputtering (MPPMS), a novel variation of HiPIMS, splits each pulse into pieces
with varying voltage and current value, resulting in longer pulses than those used in the traditional
HiPIMS, with a length of up to 3 ms. When used in a reactive mode, both HiPIMS and MPPMS
techniques have a substantial drawback: a large volume of arcs is produced, which has a negative
impact on the features of the films. Lately, a form of MPPMS has been created in which the voltage
pulses are made to prevent sudden voltage fluctuations, hence reducing the number of arcs that are
generated which is named as deep oscillation magnetron sputtering process (DOMS). In this study,
thin films were deposited using a power supply running in DOMS mode. The DOMS approach,
like MPPMS, enables adjusting the ionization degree of the sputtered material from extremely low
values (like DCMS) up to standard HiPIMS levels.

2.6. Diamond-like carbon coatings

Industrial machines often operate in conditions where sliding occurs between surfaces (i.e.,
boundary lubrication regimes) and contact between asperities occurs which leads to wear and
degradation of components. Furthermore, in some industrial settings, there is a demand for sliding
contact in the absence of liquid lubrication. To respond to this issue, self-lubricating coatings have
been developed to improve durability and performance in such situations that place high demands
on the contacting surfaces. Self-lubricating coatings have proven to provide decent outcomes in a
wide range of technical applications. The application of these coatings modifies the microstructure,
mechanical properties, and tribological performance of the contacting surfaces [14, 15].

Self-lubricating coatings have a lower friction coefficient due to possessing a surface that can self-
generate lubrication under certain conditions, such as heat or pressure. These coatings can improve
the wear resistance of the material and extend the life of the parts they are applied to. However,
achieving low friction and longer life simultaneously can be challenging. In some cases, increasing
the wear resistance of the coating can lead to an increase in friction, while reducing friction can
make the coating more prone to wear. Additionally, the conditions under which the coating
operates can affect its performance, such as temperature, pressure, and environmental factors [14,
16]. To overcome these challenges, researchers have been constantly developing new materials
and coatings that can provide both low friction and resistance to wear. This involves a careful
balance between the material properties, deposition conditions, and techniques to optimize the
performance of resultant coatings [16, 17].

Diamond-like carbon (DLC) coatings are a type of self-lubricating coatings known for their
exceptional mechanical and tribological properties, such as high hardness, low friction, and
excellent wear resistance [14, 18]. Diamond-like carbon (DLC) coatings are differentiated from



graphite-like carbon (GLC) coatings based on the carbon fractions of sp? and sp3 present in the
coatings. In DLC coatings, the sp3 carbon fraction predominates, while graphite-like carbon sp?
fraction is the dominant one [19]. Also, a tribological response is heavily influenced by surface
topology, and mechanical interlocking between surface asperities which leads to a higher
coefficient of friction, particularly during the running-in stage. The roughness parameter of DLC
coatings is largely determined by the topology of their substrate [20].

DLC coatings come in a variety of types with different structural and chemical properties that can
affect their tribological behavior. Some common types of DLC coatings include hydrogenated
amorphous carbon (a-C:H), tetrahedral amorphous carbon (ta-C), amorphous carbon (a-C), and
hydrogenated tetrahedral amorphous carbon (ta-C:H) films [21]. These coatings are used on parts
like tappets, pistons, piston rings, fuel injectors, and biomedical devices (orthopedic,
cardiovascular, and dental equipment), to lower friction. This reduction in friction not only
improves savings but also aids in meeting regulatory environmental and legislative requirements
[21-23]. According to a report [24], the market size of Diamond-like Carbon (DLC) was assessed
at USD 1786.04 Million in 2021 and is anticipated to reach USD 3068.78 Million by 2030. This
growth is expected to occur at a Compound Annual Growth Rate (CAGR) of 6.30% during the
period from 2023 to 2030. Moreover, the number of DLC publications indexed in the
ScienceDirect database in the last ten years has increased from 550 publications published in 2012
to 1300 published articles only in 2022. The substantial increase in worldwide revenue and the
corresponding rise in research outputs indicate the increasing significance and strong demand for
DLC coatings.

Figure 2 shows ternary phase diagram of amorphous carbons and illustrates three distinct regions
representing diamond, graphite, and hydrocarbons. Within these regions, the classification of DLC
(diamond-like carbon) varies based on the sp3 content (the proportion of carbon atoms bonded in
a tetrahedral arrangement) and the H content (hydrogen content) [25]. Specifically, there are four
classifications: ta-C (tetrahedral amorphous carbon), which lacks hydrogen and has a sp3 content
greater than 60%; PLCH (polymer-like carbon with hydrogen), which contains more than 40
atomic percent of hydrogen and has a sp3 content up to 70%; DLCH (diamond-like carbon with
hydrogen), where hydrogen content ranges from 20-40 atomic percent; and GLCH (graphite-like
carbon with hydrogen), which has a hydrogen content below 20 atomic percent and a sp3 content
lower than 20%. In the case of ta-C:H (tetrahedral amorphous carbon with hydrogen), the sp3
content can reach approximately 70% while the hydrogen content ranges from 25-35%.
Furthermore, the C-C sp3 content is significantly higher in ta-C:H compared to PLCH. DLCH, on
the other hand, has a lower sp* content than ta-C:H for a given hydrogen content [25].
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Figure 2) Ternary phase diagram of amorphous carbons [25]

2.6.1. Major research trends in the production process of DLCs

Currently, there is an intense focus on enhancing and optimizing DLC coatings through various
areas of investigation, but in this review, only two of them will be reviewed. The first is operational
and deposition parameters and the second is doping DLCs with other elements to improve their
performance.

The first area pertains to operational parameters such as plasma potential, ion energies, and power
source, which are being extensively analyzed for their impact on DLC quality. PVD and PECVD
are the most common methods for the deposition of DLCs. Common technologies used for the
deposition of DLC coatings are magnetron sputtering [26], Filtered Cathodic Vacuum Arc [27],
Microwave plasma [28], Radio frequency glow [29], Pulsed laser depositing [30], ion beam [31],
Plasma Immersion lon Implantation and deposition [32] and combination of these techniques [33—
35]. Each technology of DLC deposition has multiple variables that affect its growth and
performance, such as electric power inputs [36, 37], distance factors (such as substrate to source
distance) [38], and deposition temperatures [39, 40]. Various methods, including sputtering, arc
deposition, ion beam deposition, and hybrid methods (such as RF + PECVD), are being utilized to
increase the sp3 ratio in DLC coatings [35]. It is worth noting that while a higher sp* fraction
leads to higher hardness, lower friction, and higher wear resistance, such coatings also have some
drawbacks, such as higher residual stresses and lower toughness[35]. The aforementioned
concerns have resulted in the expansion of the field of DLC structural design, encompassing
monolayers [41-43], multilayers [44, 45], and hybrid microstructures [15, 35].

Data analytics-based optimizing techniques have been used to help researchers find the optimal
parameter for deposition [46]. However, the best value for one parameter, such as bias voltage,
does not necessarily result in the best combination of properties. Many parameter combinations
may need refinement to achieve the best properties for DLC coatings. Jean et al. implemented the
Taguchi method for optimizing deposition parameters and assessed the significance of process
parameters by conducting an analysis of variance (ANOVA) [47]. In another study [48], various
properties of DLC coatings, including their morphology, structure, bonding states, friction
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coefficient, and wear behaviors were optimized using an adaptive neuro-fuzzy inference system
(ANFIS) identification technique assisted with Taguchi's algorithm to reduce the error of fuzzy
estimator system for tribological properties. Additionally, the optimal process parameters for the
deposition of DLC films using plasma enhanced chemical vapor process (deposition temperature,
Methane-Argon flow rate, and hydrogen flow rate) were searched using the repulsive particle
swarm optimization algorithm and a traditional genetic algorithm (GA) [49]. Solis-Romero et al.
[50] optimized working settings for reducing wear and friction of multi-layered a-C:H coating by
implementing a hybrid grey-fuzzy algorithm. However, it is crucial to consider the fact that
optimization or prediction works well when the model is made properly and accurately. A higher
number of input parameters leads to more sophisticated models. Custom functions that are defined
by the user have an impact on the results. Furthermore, the intricacy of the model has a bearing on
its ability to be trained on the available data and also diminishes its potential to generalize well to
new, unseen data [46].

The second area of investigation is related to the development of DLC nanocomposite coatings by
introducing other elements. This approach involves doping the DLC coating with other elements
(i.e., co-deposition of DLC coatings with metal, ceramic, and gaseous elements) to produce
nanocomposites with improved properties [19]. For instance, to optimize tribological properties,
DLCs have been doped with Cr [51], Mo [52], and Ni [53].

High residual stress in DLC films causes improper adhesion, which can lead to the peeling of
coating even during film deposition. According to several studies [19, 54-57], using metallic/non-
metallic elements as dopants can reduce residual stress by controlling the microscopic structure,
adhesion, sp3 /sp? ratio, and surface roughness of DLC coatings. As a result, a controllable carbon
bond structure and low residual stress are critical factors in obtaining preferable properties in a
DLC film [56]. To reduce residual stress, DLCs have been doped with Ti [58, 59], W [56, 60], Si
[61], N [62], F [57], Nb [55], Au[54].

Doping also improves the performance of DLC thin films in biomedical applications. This is the
case for functional coatings in ureteral stents [63] or textiles for hospital use that need to be
antibacterial [64], where, for example, Ag gives this property to DLC [65].

2.6.2. Characteristics of DLC coatings

2.6.2.1. Thermal stability of DLC coatings

One of the characteristic which researchers aim to enhance in DLC coatings is improving their
maximum working temperature limit. This would allow DLC coatings to be useful in industries
like aerospace, automotive, and turbomachinery, as they can currently only handle temperatures
up to 300°C [35, 66]. When exposed to high temperatures, DLC films can experience various
changes such as oxidation, graphitization, and dehydrogenation. Therefore, they can lose their
lubricating capabilities and even detach from the surface they are applied on. This can lead to the
creation of a transfer layer and wear debris on the surfaces of the objects in contact [67]. The
graphitization phenomenon is thought to be responsible for lowering friction within the
temperature range of 0 to 150°C, in this range, heat can facilitate the transformation of some sp3
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bonded carbons to sp? carbons when a load is applied [68]. Similarly, the findings of Zhang et al.
[69] showed that subjecting the DLC films to thermal annealing resulted in their graphitization.
elevating the annealing temperature caused a decrease in the hydrogen content in hydrogenated
DLC films, which facilitated the shift from sp3 to sp? hybridization. But they reported that at
300°C and higher, the ultra-low friction behavior fails because the heat produced during friction
might not dissipate promptly, and the system'’s temperature becomes too high to sustain a proper
structure.

Yu et al. [70] Studied the tribological characteristics of three different DLC films with varying Si
contents applied on a tungsten interlayer. At temperatures below 300 °C, the pure DLC film
exhibits impressive tribological characteristics. The low friction coefficient at room temperature
is primarily due to the presence of VVan deer Waals bonds, while the high-temperature properties
between 100 °C and 300 °C are believed to be a result of graphitization. The addition of Si content
to the film allows for lubrication to be sustained at 400 °C, with the low friction coefficient
obtained being a result of the enhanced thermal stability achieved through Si alloying. However,
at temperatures higher than 500 °C, the film failed due to the oxidation of silicon. A composite
film comprising oxidized tungsten and tungsten carbide phase is responsible for low CoF of Si-
DLC with tungsten interlayer.

2.6.2.2. Chemical Resistance of DLC films

Diamond's lack of reactivity with chemicals is highly desirable for its use as a shielding layer to
prevent chemical reactions of a substrate with surrounding compounds [71, 72]. To evaluate the
chemical resistance of DLC films, the researchers applied DLC coatings of varying thicknesses.
They found that thicker coatings offered more protection against chemical reactions than thinner
ones and that using a layered approach with a silicon interlayer was the most effective at preventing
permeation. However, the presence of defects in the coatings still had an impact on the permeation
process [73]. In another study, Ohtake et al. conducted a concentrated nitric acid corrosion test to
assess the acid resistance of the DLCs [74]. Although a high sp3 content was believed to reduce
film corrosion, the actual relationship between sp3 content and corrosion resistance were found to
be insignificant. Instead, corrosion resistance was found to be more closely linked to the presence
of pinholes, micrometric growth defects, and dust particles. It was also discovered that increasing
sp3 content and density during film application did not necessarily lead to improved corrosion
resistance.

Wongpanya et al. [75] focused on examining the corrosion resistance, bonding structure, and
biocompatibility of diamond-like carbon (DLC) films deposited on stainless steel with an
interlayer of titanium. Results indicated that ta-C:Ti/Ti exhibited the highest level of corrosion
resistance and biocompatibility, thanks to the formation of TiO2 on its surface. Moreover, the
presence of two barrier layers was observed in ta-C:Ti/Ti, making it a promising material for joint
replacement.

Fayed et al. [76] examined the deposition of Si/DLC films on 2024-Al alloy using a plasma-
enhanced chemical vapor method at different pulse voltages. Results showed that increasing the
pulse voltage to 1800 V led to thicker coatings with better mechanical and corrosion resistance
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properties in 3.5 wt.% NaCl solution compared with other coatings due to an increase in sp3
hybrid in the coating, limiting electrical conductivity. However, increasing the pulse voltage to
2200 V increased the corrosion rate of the coatings.

2.6.2.3. Friction and wear of DLC coatings

Numerous research papers have explored the frictional characteristics of DLC films in various
settings. In the past few years[77]. The primary method by which DLC films typically control
friction involves the formation of a transfer film, which then facilitates easy-shear sliding within
the interfacial material. However, the effectiveness of this mechanism is significantly influenced
by the type of gas environment present in the contact area [78].

DLC coatings are highly susceptible to the effects of oxidizing agents, such as oxygen and water
vapor, during friction. The presence of such agents can lead to a significant tribo-oxidation, which
in turn can increase both friction and wear. While wear rates can sometimes be very low, they can
also be extremely high, rendering the coating unsuitable for certain applications [79]. The
sustained low friction observed in DLC films under ambient air conditions is a result of wear-
induced graphitization, which entails the creation of a tribolayer with a graphitic structure that
exhibits low friction [80]. The process of graphitization in their experiments was affected by two
factors: the speed at which the surfaces were sliding against each other, and the amount of force
being applied. This is because when the surfaces come into contact, the resulting friction causes
the temperature to increase at the contact points. This rise in temperature causes hydrogen to be
released from the DLC structure, which contributes to the graphitization process [81].

Films that have varying amounts of hydrogen possess distinct physical characteristics, including
the way the carbon atoms are arranged, hardness, level of stress, and how they behave under
controlled tribological conditions [78]. Miyake et al. conducted a study comparing the friction of
two DLC coatings with different amounts of hydrogen. Both of the films had similar hardness
values. The DLC film with lower hydrogen content had higher friction in a vacuum environment
than the film with more hydrogen. However, in humid ambient air, the DLC film with lower
hydrogen content had smaller friction compared to the film with higher hydrogen content. They
speculated that hydrogen presence modifies the adsorption process of moisture and increases
friction [82].

Donnet et al. reported that in PACVD systems, high-impact energy caused by bias directly controls
the deposition process and leads to higher precursor dissociation. This results in a carbon network
that is more crosslinked, has a lower sp? fraction, lower hydrogen content, and a lower fraction of
hydrogen bonded to carbon. Films deposited under such conditions are harder, and exhibit very
high friction (>0.5) in UHV conditions. DLC films can achieve ultralow friction and wear in UHV
if they have high enough hydrogen content (around 40 at. %), a crosslinked carbon network, and
a noticeable fraction of unbounded hydrogen. By increasing the absolute bias from 500 to 800 V
using the deposition system in their study, the hydrogen content in films deposited could be
lowered by about 6 at. % and the fraction of hydrogen bonded to carbon by about 0.16, thereby
increasing friction in UHV from less than 0.01 to more than 0.5. This indicates that the structure
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and composition of DLC films strongly affect their friction behavior, making it crucial to control
both friction and wear by paying close attention to the deposition process[78].

Besides, hydrogen content, relative humidity also affects the tribological behavior of DLC
coatings. Kokaku et al. [83] studied the impact of being exposed to a highly humid atmosphere on
the wear and friction properties of hard carbon films. The exposed sample showed an increase in
friction coefficients. This increase in friction coefficients occurred due to the oxidation reaction
on the surface of the carbon, leading to changes in its surface properties. The creation of a
carboxylic acid soap was responsible for the formation of the friction layer. This was found to
occur when oxidized DLC films reacted chemically with ferrous oxide [84].

Kim et al. demonstrated how different normal loads and velocities can cause variations in CoF and
wear [85]. An increase in load results in a reduction in the graphitization temperature due to the
elevated contact stress. During experiments, it was observed that under constant sliding velocity,
as the normal load increased, the average wear rates of both DLC coatings and AlSI 52100 steel
balls decreased. However, the average wear volume of the two surfaces increased. Conversely, as
sliding velocity increased under constant load, both the average wear rates and wear volumes of
the two surfaces increased until reaching a maximum value, after which they decreased as the
sliding velocity further increased. The process of graphitization can be facilitated by friction-
induced annealing on local contact areas and the strain energy induced by sliding [86]

Due to the poor compatibility with oil additives currently available, hard hydrogen-free ta-C
coating usage is significantly restrained [87]. Although it has been demonstrated that DLC thin
films have appealing friction and wear responses when exposed to oils that constitute distinct
chemical groups, such as alcohols and fatty acids, their use in the technological field has not been
extensively reviewed in the literature [88].

Lanthanides (which include Eu and Gd elements) are supposed to have a positive effect on
tribolayer formation when ionic liquids are used as additives because they show high affinity to
ILs [2, 89-93]. DLC thin films which are doped with Eu or Gd between 1% and 3% atomic
concentration exhibit the usual traits of un-doped DLCs, including a low specific wear rate and
high hardness (23 GPa) [88].

2.7. Lubrication

Introducing a lubricant between moving surfaces in contact will reduce friction and wear.
According to the mechanism of friction, this is possible to reduce friction by adding a barrier film
on the asperity tips, so that, first, it can inhibit contact between the two surfaces, blocking the
creation of adhesive intersections, and second, this layer should have a small shear strength so that
any junctions that do form can be easily broken. It is also obvious that the film must be strong
enough to endure the intense pressures at the sliding surfaces [7]. Thus, lubrication extends the
lifespan of machine equipment by eliminating wear-related problems while simultaneously
increasing system performance by decreasing friction. Other functions of lubrication include
clearing away debris from the system and cooling the contacting bodies [6].
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The two lubricants most frequently used are oil and grease. A thickening agent and oil are
combined to make grease. Mineral-based, synthetic, vegetable-based, and hybrid oils are all
acceptable types of oils. Although synthetic oils are sometimes utilized in harsh situations, most
vegetable oils are environmentally beneficial.

A representation of a liquid lubricant's frictional properties that typically includes the boundary,
mixed, and hydrodynamic regimes is referred to as a "Stribeck curve." The ratio of lubricant layer
thickness to surface roughness determines each regime. Stribeck curve relates COF to Hersey
number (which is equal to puv/p where v is speed, p lubricant’s viscosity, and P is the contact
pressure) [6]. These curves are frequently used to assess the impact of variations in the viscosity
of the lubricant, the effect of additives, or the impact of surface properties on friction.

2.8. Simultaneous use of base oils and DLC thin films

Cardoso et al. [94] compared the performance of Chromium nitride (CrN) and DLC thin films
produced with different compositions of Ne in plasma using SAE 10 W 40 semi-synthetic under
different lubrication regimes. The DLC 25% Ne performed better than the other thin
films evaluated in their research, according to their data. When compared to CrN coatings, the
25% Ne-DLC surpassed the other filmsfor lubricated contact in mixed lubrication
conditions reducing the friction coefficient from 0.127 to 0.107.

Recently, Vahidi et al. [95] reported that when compared to CrN and typical DLC films in the
boundary lubrication regime, Ne-DLC films showed improved tribological performance using
PAO 8 as lubricant and concluded that compared to typical DLC films, the Ne-DLCs produced
with HIPIMS method enabled the development of DLC films with significantly improved
tribological and mechanical qualities.

2.9. lonic liquids

Zinc dialkyl dithiophosphate (ZDDPs) have been used as additives in engine oil compositions, for
instance, since the 1940s to lessen wear [96]. Research on the ZDDP's lubricating process has been
ongoing for many years. The surface response of ZDDP to produce patchy glassy phosphate
coatings is the widely accepted explanation for how ZDDP prevents wear. The significant levels
of phosphorus, sulfur, and zinc in this category of additives, which are believed to induce filter
clogging and catalyst deterioration in exhaust after-treatment processes in internal
combustion engines, have pushed the environmentally adverse effects of ZDDPs application into
sharper criticism despite their exceptional efficacy under a wide variety of settings. As a result,
investigations have been going on to find alternatives for ZDDPs [96-98]. It is necessary to
prioritize the advancement of biodegradable lubricants that are friendly to the environment and
have reduced toxicity levels. Efficient lubrication plays a vital role in reducing the energy wasted
due to friction. Furthermore, the use of high-quality lubricants reduces friction and wear and
contributes to their long-term durability [99].
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lonic liquids (ILs), in between several solutions recommended as an addition to or equivalent for
ZDDPs, have attracted a lot of attention from tribologists during the past years. An anion and an
organic cation make up ILs, which are liquid salts with melting points under 100°C [100-102].

Large organic molecules represent the majority of the ILs' ions. The electrostatic interaction
between their cation and anions is weak because of their molecular dimensions and chemical
structure, making them a liquid at room temperature [103]. In an ionic liquid, the positively
charged part commonly contains organic substances like ammonium or imidazolium, which are
accompanied by alkyl chains and various additional groups [104, 105]. The characteristics of the
ionic liquid are influenced by its cations and anions. By carefully engineering the structures of
both the positively and negatively charged components, the properties of ionic liquids can be
customized to meet the requirements of different applications [106]. Figure 3 shows typical ions
found in ILs.
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Figure 3) Common ions in ionic liquids (ILs) (reproduced from [107])

High thermal stability and low volatility [108-110] are only a few of the advantageous traits of
ionic liquids, which make them suitable as both lubricants and lubricant additives [100, 101, 103].
When employed as a lubricant or lubricant additive, the ILs additionally exhibit some physical
qualities that allow them to "separate” the contacting surfaces due to a sudden shift in the IL's
phase towards a solid-like phase below a threshold thickness, which suggests capillary freezing in
confinement [111]. The most significant property of ILs is that they are tribochemically active,
and easily decompose to form a tribofilm when in touch with metal or metal oxide surfaces
[103]. The charge-carrying atoms of ILs are crucial for understanding their tribochemical
activity. The IL molecules that are absorbed into the metal surface disintegrate and create a
tribofilm under tribological stresses. The ionic heads in the ILs can be attracted to the metal
surface. When ILs are in direct touch with metal or metal oxide surfaces, they become
tribochemically active, easily break down, and develop a tribofilm. The tribochemical activities
on the surface of metal are shown to involve both the anions and cations of the lonic liquids [102,
112, 113].

Oxide products of Iron and wear traces need to be involved in a regular ionic liquid's tribofilm
process that contains phosphate. The formation of the tribofilm can also enclose the wear debris
as it grows. This also causes the IL tribofilm to be thinner than the ZDDP's film consequently
[114]. The majority of ILs don't have any metal components. Therefore, they react with metal
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substrates or produced debris coming from the wear process. This results in a metal-based film that
is created by ILs. Usually, tribofilm compositions are quite similar when ILs containing P
get utilized to that of ZDDP tribofilm. Both have polyphosphate in them. The sole distinction is
that IL tribofilm captures some wear particles while ZDDP tribofilm contains zinc traces [103].

2.9.1. Thermal Stability of ionic liquids

Thermal stability plays a vital role in preserving the integrity of lubricants within their designated
temperature range [115, 116]. The utilization of air as a fundamental and pragmatic medium for
evaluating the lubrication effectiveness of ionic liquids (ILs), where oxidation is an unavoidable
phenomenon, holds significant importance. Generally, ILs demonstrate enhanced thermal stability
in comparison to hydrocarbon oils that undergo decomposition at approximately 250°C. Earlier
research findings have provided evidence suggesting that the thermal stability of phosphonium-
carboxylate and ammonium-phosphate ionic liquids (ILs) is comparatively lower than that of
phosphonium-phosphate ILs. In addition, ILs derived from imidazolium and pyridinium manifest
exceptional thermal stability, even in the presence of cationic alkyl chains [117].

2.9.2. Corrosion behavior of ionic liquids

Before their industrial application, ionic liquids need to meet certain criteria and undergo
comprehensive testing to assess their potential corrosive effects on equipment materials [118].
Uerdingen et al. [118] investigated flow-induced localized corrosion (erosion corrosion) of ILs,
using the rotating cage technique, representing one of the initial comprehensive studies on this
matter. The outcomes revealed the detrimental effects of tosylate and dimethyl phosphate anions.
When exposed to dilution or contamination by water, various anions employed in the synthesis of
ionic liquids may undergo hydrolysis, resulting in the formation of acids like sulfuric and
phosphoric acid. Consequently, this acidification process creates an acidic environment that
triggers corrosion.

Within a comparable investigation employing a rotating cage apparatus, an assessment was carried
out to explore the corrosive characteristics of multiple ionic liquids (ILs) possessing distinct ion
structures. The findings of the study elucidate a substantial reliance of the corrosion behavior on
the specific chemical arrangement. Notably, it was observed that a majority of the tested ILs
exhibited a minimal degree of corrosive activity when exposed to stainless steel surfaces [119].

Corrosion inhibitors are compounds introduced in minute concentrations to the working fluid,
where they engage in chemical or mechanical interactions with the metal surface. This interaction
serves the purpose of inhibiting additional metal deterioration and diminishing the occurrence of
corrosion [120-123]. Numerous research endeavors have been conducted to explore the capacity
of ionic liquids (ILs) as corrosion inhibitors [120, 124, 125]. Sometimes ionic liquids (ILs) possess
the potential to function as corrosion inhibitors; however, it is crucial to note that in certain
circumstances, they may also exhibit corrosion-promoting properties. The corrosive behavior of
ILs is influenced by several factors, such as the chemical composition of the IL, the nature of the
metal surface, and the surrounding environmental conditions. The findings of these investigations
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underscore the significance of considering the specific IL and prevailing conditions when
employing them in industrial settings.

2.9.3. Optimum concentration of IL as an additive

Some studies have investigated the appropriate concentration of ILs when used as additives. For
instance, the dependence of the friction and wear response on the concentration of a ZDDP, a
phosphonium-alkyl phosphate IL, and an IL+ZDDP combination, regarding the tribofilm
structure and nature were methodically evaluated in a study by implementing a ball-on-flat
reciprocating sliding device, where a hardened AISI E52100 steel ball slides on a CL35 grey cast
iron. A thicker, rougher, and more fragile tribofilm was strongly observed simultaneously with an
increase in friction coefficient which was generated by the ZDDP percentage increasing from 0.4
to 6.4 wt%. The fact that there were fewer phosphates but more sulfur compounds in the ZDDP
tribofilm helped to clarify this observation. The IL and IL+ZDDP, on the other hand, kept their
friction coefficient low and steady at 0.5 wt% or higher levels of concentrations. No sulfur was
reported in the IL tribofilm, and even at significant concentrations, the sulfur compounds were
kept at a low level in the tribofilm for IL+ZDDP. According to the findings, reducing the sulfur
content of the tribofilm would be a useful strategy for reducing friction. Both of the IL-containing
AWs clearly showed an exciting relationship between the AW concentration and the wear loss,
with an optimal value at 2 wt% when IL was implemented alone and 0.46-0.92 wt% for the
IL+ZDDP application together, respectively [126].

2.9.4. Explanations of the lubrication mechanism of ionic liquid

lonic liquids based on phosphonium phosphate (PP-ILs) have been mainly investigated among ILs
that have been indicated to function on solid surfaces when typical pressures and shear stresses are
present because of their remarkable miscibility with hydrocarbon fluids [127, 128]. The prevailing
consensus in the academic community is that the introduction of neat ionic liquids (ILs) or IL
additives between contacting work pairs results in the physical and/or chemical adsorption of IL
molecules onto the surfaces of the workpieces. This phenomenon leads to the formation of a well-
organized boundary lubricating film, effectively shielding the moving components from direct
contact and consequently reducing friction. Moreover, as the sliding friction ensues, a protective
tribofilm is formed on the substrate surface through tribochemical reactions involving ILs or their
decomposition products and the metal surfaces in contact [129]. Figure 4 illustrates both the
mentioned mechanisms.
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Figure 4) Visual representation illustrating (A) the formation of a boundary lubricating film by ionic liquids and (B) the creation
of a tribofilm on the metal surface due to the presence of ionic liquids. ([129])

PP-ILs tribochemically react at sliding steel/cast iron contacts to create surface layers that may
possess iron phosphate. For this case, it was suggested that these films serve as sacrificial
layers that effectively reduce friction and wear values [127, 130-132].

2.9.5. Available lonic liguids for this research work

Two ionic liquids will be used for this research work:

2.9.5.1. Trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate [Pgg614] [DEHP]

trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate [Pyeq14] [DEHP] was synthesized
using the method described in Ref. [133]. Trihexyltetradecylphosphonium bis (2- ethylhexyl)
phosphate ([Ps¢614] [PEHP]), a prospective antiwear lubricant addition for steel-cast iron contacts,
was described in 2012 as having mutually miscible features in nonpolar hydrocarbon lubricants.
[134-136] Later investigations from a few different groups [137, 138] confirmed the oil miscibility
and showed efficient wear mitigation in lubricating steel-aluminum and steel-steel contacts,
which strengthened the idea of employing [Ps¢614][DEHP] as an antiwear additive [133].

Using a conventional four-ball tribometer, the wear reduction properties of two oils (base oil PAO
and synthetic motor oil labeled as 5W-40) was studied by mixing them with metal oxide
nanoparticles and phosphonium-based ionic liquids (trihexyltetradecylphosphonium bis(2-
ethylhexyl) phosphate [Pseq14] [DEHP]). The worn surface area decreased when 1%
phosphonium-based ionic liquids and nanoparticles were added to pure PAO, and for the case
of synthetic motor oil mixed with the same additives, the wear trace was reduced. Commercially
speaking, it is significant that ionic liquid-nanoparticle additions in oils require only a minimal
amount to have a significant impact on their tribological behavior [139].

When used as an oil additive for the boundary lubrication of a Ti-6Al-4V surface moving against
a bearing steel ball, trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate [Pye614] [DEHP]
exhibited enhanced friction behavior to varying degrees and exceeded the traditional ZDDP.
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Trihexyltetradecylphosphonium  bis(2-ethylhexyl) phosphate [Pse614] [DEHP] showed
outstanding wear reduction, indicating superior material-chemical affinity, in contrast to ZDDP,
which negatively resulted in a larger material degradation [140]. In this text, IL #1 is used for this
ionic liquid.

Atomic force microscopy (AFM) has gradually come into prominence as a decent technique for
assessing mechano-chemical processes in situ at sample surfaces. AFM is quite effective for
studying the fundamentals of tribology and lubrication science, but it doesn't give any specific
details on the components or foundations of the tribofilms. In order to obtaina proper
insight into the  lubrication  process of a family of  PP-ILs, specifically
trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate ([Pggs14][DEHP]), insitu single-
asperity AFM testing was implemented simultaneously with ex-situ laterally resolved surface
measurements. According to the AFM data, friction significantly decreases, and it is hypothesized
that these surface adjustments are related to an effect of surface roughness and the adsorption of
bis(2-ethylhexyl) phosphate anions by the creation of tightly packed, lubricious boundary
films which occurs only on metallic iron [127].

2.9.5.2. 1-Ethyl-3-methylimidazolium diethylphosphate

Nanao et al. [141] investigated the tribological features of 1-Ethyl-3-methylimidazolium
diethylphosphate by ball-on-disk-type reciprocating machine room temperate. Mentioned IL was
found to be a more effective lubricant for reducing friction than poly-alpha-olefin. Kawada et al.
[67] compared the tribological behavior of 13 sulfur, phosphorus, and cyanoanion-based halogen-
free anion-based ionic liquids using a ball-on-disk sliding device for evaluating tribochemical
performance. According to their results, it is crucial to choose the appropriate IL type based on the
sliding condition when these ILs are used as lubricants in the field. For instance, the ILs founded
on sulfur and phosphorus anion have high viscosities and can slide in the low-velocity domain.
Additionally, since they create tribofilms, they are appropriate for high contact pressures. But,
owing to their high viscosity indices, cyanoanion based ILs are anticipated to demonstrate
efficiency for sliding components exposed to significant temperature variations. In this text, IL #2
is used for this ionic liquid.

2.10. Simultaneous use of DLC coatings and ionic liquids

The industry has long used solid lubricants to lessen wear and friction under varied circumstances.
Advanced vacuum methods have been used to deposit materials like tungsten disulfide, hexagonal
boron nitride, borides, and soft metals like Cu, Ag, Sn, and Au as protective coatings or as lubricant
additives. These substances provide a barrier that shields friction pairs from one another, reducing
friction and enhancing wear resistance [142]. While operating under boundary lubrication
conditions, applying solid lubricant thin films (coatings) can improve the lubrication of moving
pairs. The unpleasant effects of abrupt liquid lubrication failure can be lessened with the use of
solid lubricating coatings [143, 144]. A solid-liquid composite lubricating system can have a
synergistic impact by integrating the benefits of liquid and solid lubrication. Solid lubrication
coating has favorable load-bearing capabilities and low volatility. By doing so, the system is able
to retain the benefits of solid lubrication while simultaneously gaining the benefits of liquid
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lubrication [145]. When the thin layers of fluid that separate surfaces fail, solid coatings can bear
the load and serve as a secondary form of lubrication. This provides a backup mechanism to
prevent direct contact between surfaces and reduce friction [146]. The combination of solid and
liquid lubrication systems has become a popular choice for dynamic equipment, including space
and automotive mechanisms. This composite lubricating system offers an effective solution for
reducing friction and preventing surface wear. Thus, recent research has explored the potential
benefits of integrating ionic liquids (ILs) with solid lubricating films. This promising approach has
the potential to further improve the performance and durability of composite lubricating systems
[144]. Because of its outstanding qualities, carbon has attracted the most interest in these solid
lubricants. There are various forms of carbon, and each form's characteristics rely on its particular
structure. Researchers have intensively investigated different carbon forms and their applications
over many decades [142]. The outstanding qualities of DLC coatings, such as high hardness,
excellent chemical stability, high thermal conductivity, low friction, and exceptional wear-
resistance, have piqued the interest of researchers [144]. Table 1 provides brief information on the
available studies performed to investigate the synergistic effects of ILs and DLCs.

Table 1) Summary of available literature focusing on the simultaneous use of DLC coatings and ionic liquids.

Name of ionic liquids Tribometer | Concentratio | DLC type Ref.
n of IL (100
wt. % shows
that IL was used
as the main
lubricant)
1-octyl-2,3-Dimethylimidazolium Ball-on-disk 100 wt.% Undoped- [147]
bis(trifluoromethyl)sulfony!l (UMT-3 DLC
tribometer)
1-butyl-1-methylpyrrolidinium Ball-on-disk | 1 wt.% additive Undoped- [148]
tris(pentafluoroethyl)trifluorophosphat (UMT-3 to DLC
e tribometer) polyalphaolefin
(PAO 6)
(lignin-[Choline][L-Proline] (L- Ball-on-disk 100 wt.% Three [149]
[CH][Pro])) configuration different
(Optimol kinds of
SRV-III) commerciall
y available
DLC
coatings
(Tribobond
40(Cr + a-
C:H:W),
Tribobond
43 [(Cr+) a-
C:H), and
Tribobond
44(a-C:Cr)]
ethyl-dimethyl2 Ball-on-disk 1wt.% Cr-DLC [150]
methoxyethylammonium configuration
tris(pentafluoroethyl)trifluorophosphat (UMT-3
e [(NEMM)MOE][FAP] tribometer)
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1-butyl-1-methylpyrrolidinium
tris(pentafluoroethyl)trifluorophosphat
e [BMP] [FAP]

ethyl-dimethyl-2 Ball-on-disk 1 wt.% Undoped- [151]
methoxyethylammonium configuration DLC
tris(pentafluoroethyl)trifluorophosphat (UMT-3
e [[NEMM)MOE][FAP] tribometer)
The synthesized ionic liquids of Ball-on-disk 2 wt.% Undoped- [152]
functionalized borate esters (The configuration DLC
specific names are not mentioned but (name of the
molecular structure is explained in the tribometer
article) not
mentioned)
3-Hexyl-1-methyl-imidazolium Ball-on-disk 100 wt.% TiC/a-C:H [153]
hexafluorophosphate configuration type DLC
(name of the
tribometer
not
mentioned)
tributylmethylphosphonium Pin-on-disk 1 wt.% Undoped- [154]
dimethylphosphate (PP), configuration DLC, W-

(TE 38- DLC, and
1,3-dimethylimidazolium Phoenix Ag-DLC
dimethylphosphate (1IM), Tribology)
1-butyl-1-methylpyrrolidinium
tris(pentafluoroethyl)trifluorophosphat
e (BMP)
1-butyl-3-methylimidazolium Ball-on-disk 100 wt.% a-C:H type [155]
tetrafluoroborate configuration DLC
trihexyltetradecylphosphonium (T-01M
bis(trifluoromethy-Isulphonyl) amide tribometer)

Tributylmethylphosphonium Ball-on-disk 1 wt.% W-DLC [156]
dimethylphosphate, configuration

(UMT-2
(2-hydroxyethyl) trimethylammonium | tribometer)
dimethylphosphate
1-butyl-1-methylpyrrolidinium
tris(pentafluoroethyl)
trifluorophosphate ([BMP][FAP])

e 1-methyl-3-allyl imidazole tetra- Ball-on-disk 100 wt.% Cr-DLC [157]

Fluoroborate

configuration
(name of the

e 3-methyl-1-butylimidazolium tribometer
tetra-fluoroborate not
mentioned)
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Milewsk et al. [155] investigated the tribological response of two ionic liquids (1-butyl-3-
methylimidazolium tetrafluoroborate and trihexyltetradecylphosphonium bis(trifluoromethy-
Isulphonyl) amide) using ball-on-disc tribotester on a-C:H type diamond-like carbon coating in
boundary lubrication conditions and reported that the smallest amount of the friction coefficient




was experienced for the a-C:H type DLC film and the ionic liquid acting as the lubricant. The
largest amount of friction coefficient was observed for the DIN 100Cr6 steel sample without thin
film tested under dry friction settings. The friction coefficient was smaller for the samples with
DLC thin film than for the samples without thin film under dry friction conditions which shows
the interesting tribological features of DLC films.

Gonzalez et al. [158] assessed the performance of a Cr-DLC film with ethyl-dimethyl2-
methoxyethylammonium tris(pentafluoroethyl)trifluorophosphate [[NEMM)MOE] [FAP] and 1-
butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate [BMP] [FAP] ionic liquids
as 1 wt% additive to a polyalphaolefin as base oil. They reported that both ILs cause a friction
drop, particularly at the lowest load tested (20 vs 40 N).

Arshad et al. [159] studied the tribological interactions of 3 ILs (namely
Tributylmethylphosphonium dimethylphosphat, trimethylammonium dimethylphosphat, and 1-
butyl-1-methylpyrrolidinium tris (pentafluoroethyl) trifluorophosphate ([BMP][FAP]) and
tungsten-doped DLC thin film. W-DLC surface lubricated with the IL additives with
dimethylphosphate anions exhibited acceptable performance, even better than the ZDDP under
severe experimental conditions, while IL with the trifluorophosphate group had the worst
properties of all the ILs against W-DLCs.

Khanmohammadi et al. [160] analyzed the two various additive-adsorption mechanisms
dominating the tribological behavior of three types of DLCs (pure DLC, W—DLC, and Ag-DLC)
in the presence of 3 groups of ILs (tributylmethylphosphonium dimethylphosphate (PP), 1,3-
dimethylimidazolium  dimethylphosphate ~ (IM)  and  1-butyl-1-methylpyrrolidinium
tris(pentafluoroethyl)trifluorophosphate) and concluded that a triboelectrochemical activation
process for Ag-DLC, and an electron transfer mechanism for tungsten-doped DLC lead to the
efficient drop of friction in contact.

Yan et al. [161] showed that the viscosity and wettability of the ILs had a direct impact on how
well they decreased the friction on Cr-doped graphite-like carbon (Cr-GLC) coatings and Cr-doped
diamond-like carbon (Cr-DLC) contacts. Better antiwear and antifriction effects were displayed
by ionic liquids. The Cr-DLC film outperformed the Cr-GLC film in terms of tribological
behavior, which can be attributed to higher tribofilm formation under friction. The corrosive effect
of the ILs also strongly influenced the performance of Cr-GLC/IL pair, whereas Cr-DLC/IL pair
were barely affected by the corrosive nature of the ILs [15].

2.11. Research gap

Despite the fact that previous investigations have shown that lanthanoids (which includes Eu and
Gd) have a high affinity for ILs, their potential advantage for improving the tribological interaction
between lanthanoid-doped DLC thin films and ILs has not been thoroughly investigated [2, 89—
93]. Therefore, in this research work, the effect of doping DLCs with Eu (Europium) and Gd
(Gadolinium) (deposited using High Power Impulse Magnetron Sputtering) on their tribological
response to two ILs (trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate [Pys614][DEHP]
and 1-Ethyl-3-methylimidazolium diethyl phosphate) will be studied by mixing ILs (as additive)
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with PAO 8 as base oil (1 wt.%) under all various lubrication regimes by changing the speed of
rotating disk on a block-on-ring tribometer in room temperature and comparing the results with
the undoped DLC samples and lubricated with base oil (without additives), in order to show the
advantage of the doping process on the tribological performance of the DLC and ILs [15].

2.12. Objectives

This project aims to:

a) Assess the wear and friction reduction efficiency of a cluster of novel thin films, named
europium- and gadolinium-alloyed DLC (Eu-DLC and Gd-DLC), lubricated with a group of
lubricant additives, named phosphorus-based ionic liquids (ILs).

b) Provide perspective into the interactions between Eu/Gd doped DLCs and phosphorus-based
ionic liquids.

To obtain a superior operating setting, the effect of coupling a novel group of wear-resistant
coatings (alloyed DLCs) with a unique class of novel lubricants (i.e., ionic liquids, ILs) is studied.
This strategy is distinctive in two key aspects. The goal is to gain a core knowledge of practical
behavior to highlight the significance of particular material qualities. Then this data will be
employed to establish the necessary design requirements and composition of DLCs and ILs.
Results can improve sustainable development by minimizing friction's negative ecological and
economic effects (such as lower energy prices and less contamination), while also playing an
essential role in the endeavor to achieve the demanding environmental goal of decreasing
emissions of greenhouse gases by opening the door for the creation of innovative, ecologically
friendly, and energy-efficient products for a range of industries, such as the manufacturing and
transportation ones.
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Chapter 3 — Experimental Procedure

This chapter provides information about the procedures followed for preparing samples, along
with an elucidation of the experimental parameters employed accompanied by an overview of the
characterization methodologies utilized in this study.

3.1. Preparation of materials

The substrate for DLC coating was steel (AISI M2, 25 mm in diameter and thickness of 4 mm),
while the substrate for the morphological study of the coatings was silicon [100] wafer, 20 x 20
mm. Abrasive grit papers with grit sizes of 240, 320, 400, 600, 800, and 1200 were utilized to
grind steel specimens. Diamond abrasive paste with particle sizes of 6 um and 3 pum was employed
for mirror polishing. All substrates were cleaned in 100% ethanol and acetone for a total of 15
minutes with a series of ultrasonic baths, respectively. The substrates were cleaned, and then before
placing the samples inside the deposition chamber, silver glue was used to adhere them to the
substrate holder [2, 15, 88]. Table 2 illustrates the chemical composition of AISI M2.

Table 2) Chemical composition of AISI M2 Steel

Material Fe C Cr Mo W Vv
M2 Steel Balance 1% 0.4% 5% 6% 2%

3.2. Deposition processes of coatings

A DOMS (Deep Oscillation Magnetron Sputtering) power supply (HiPIMS Cyprium plasma
generator, Zpulser Inc.) was used to produce the coatings. The substrate holder rotated at a speed
of 23.5 rev/min along the chamber's axis for all depositions, and the substrates were kept 80 mm
away from the carbon and chromium targets. Targets composed of chromium (purity 99.99%) with
sizes of 150 mm by 150 mm and 10 mm thick and pure graphite (purity 99.95%), respectively,
were utilized to deposit the interlayers and DLC coatings. The carbon target, chromium target, and
substrates were sputter etched prior to all depositions. The graphite target was machined with
circular grooves of 10 mm diameter and 2 mm depth to hold the doping pellets (Gd or Eu pellets)
during the deposition process [15]. For depositing pure DLC films, graphite pellets were employed
to fill the round holes and standardize the target surface in the absence of doping pellets. Figure 5
shows the image of carbon target and position of dopant elements.
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Figure 5) Configuration of Carbon target and dopant elements

To establish a base pressure of less than 3 x 10~* Pa, two (a rotary and a turbomolecular) pump
systems were used. To increase the DLC film's adherence to the substrates, two interlayers were
coated prior to the final DLC thin film. A layer of Cr was applied first, followed by a layer of CrN
[2, 88]. Three stages made up the deposition process: 1) etching the substrate and target, 2)
depositing the interlayer, and 3) depositing the DLC-based coating. During the etching process,
the carbon target was cleaned for 10 minutes utilizing Direct Current (DC) of 0.4 kV at 0.4 Pa of
pressure. Then cleaning process was also performed on the chromium target applying a power of
0.25 kW and a pressure of 0.35 Pa [15]. At the same time cleaning of substrate was also performed
using a pulsed power source (120 kHz, 1616 ns) for 60 minutes. Cr interlayer deposition process
was performed at 0.3 Pa pressure with switched on bias at -60 V and Cr target at 1200 W for 10
minutes. Later with gradual increase of N, % in the deposition chamber and reducing Ar %, CrN
layer was deposited (both interlayers are around 400 nm thick). Then DLC coating was deposited
for 60 min with a pressure of 0.4 Pa. The micro-pulse duration lasted for a period of 6
microseconds, while the interval between successive micro-pulses was 150 microseconds. The
complete pulse had a duration of 1800 microseconds. The substrate voltage bias was set at -80
volts, and the average power was maintained at 600 watts [2]. Figure 6 shows the coating machine
used in this work and Figure 7 shows a summary of the deposition process.
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Figure 7) Schematic view of deposition process of DLC thin films.

3.3. Lubricants

In order to clarify the role of the coatings, it was necessary to employ a basic lubricating oil that
was devoid of additives and later mix it with additives to investigate the tribological features of
the thin films when exposed to 1 wt. % IL+ base lubricant. The hydrodynamic and mixed
lubrication regimes in internal combustion engines dominate the contact between the piston ring
and cylinder liner for the most part, boundary lubrication regime is frequent at the top dead center
of the stroke, which necessitates the implementation of coatings. Polyalphaolefin (PAQO) 8 base oil
was selected as the base lubricating oil because it serves as the basis oil for various commercial
engine oils [15, 162-164].

Two ionic liquids will be used for this research work:

1) Trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate [Pye14] [DEHP] (IL #1)
2) 1-Ethyl-3-methylimidazolium diethylphosphate (IL #2)
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By combining 1 g of [Pgg614] [DEHP] with 99 g of PAO 8 using an analytical balance, lubricant
with 1 wt% of [Pse614] [DEHP] was created [2]. The same procedure was repeated for the second
IL.

3.4. RBS-ERD

In Rutherford backscattering spectroscopy (RBS), a beam of high-energy ions, usually protons or
alpha particles, impinge on a specimen, and backscattering is recorded to assess the structure and
composition of objects. A projectile with high kinetic energy collides with a stationary particle
inside the specimen in a hard-sphere elastic collision known as Rutherford backscattering. The
severity of any element’s backscattered ions is related to its concentration [165]. The chance of a
discernible interaction between the incident beam and the subject material is quantified by the
scattering cross section [166]. A further method, elastic recoil spectroscopy detection (ERD), is
related to RBS. The detection of light atomic weight species being forward scattered, rather than
backscattered particles, is what makes this method special. To distinguish between signals from
several atomic species that are existent, such as hydrogen, deuterium, and tritium in a single
specimen, ERD uses energy loss (AE) in the filter. These two techniques when used together yield
better results because for a particular incident beam, RBS is sensitive to elements heavier than the
incident beam while ERD is sensitive to the lighter ones. The chemical content of the thin film
was assessed by the SIAM platform based on Rutherford Backscattering Spectrometry (RBS) and
Elastic Recoiling Detection (ERD). The specimen was tilted at 70 degrees and exposed to an alpha
beam examination at 2.3 MeV while collecting backscattered particles using a fixed detector
positioned at 30 degrees from the incident beam path (homemade, Namur, Belgium). Records of
the elemental depth [167] were produced by using DataFurnace to process the five spectra that
were captured for each specimen [168]. SigmaCalc data were implemented for measuring cross-
section functions and the SRIM documents for stopping power were used in these evaluations [15,
169].

3.5. Nano-indentation

A method for determining a material's hardness is nanoindentation. It is a quantitative technique
for determining mechanical behavior from very small locations [6, 170]. Nano-indentation is
implemented to determine reduced Young's modulus and hardness (NanoTest from
Micromaterials). A Berkovich diamond indenter was part of the nanoindenter. To assure that the
indentation depth is less than 10% of the coating thickness, a maximum load of 10 mN (typical
settings in the CEMMPRE laboratory) is applied. For each sample, 16 evaluations were made to
determine the mean and standard deviation of the mechanical parameters. The atomic ratio of the
doping elements to the main elements is directly related to the hardness of the DLC films that
HIPIMS deposits. The structural analysis and morphological type (sp? or sp® hybridization and
density) in the corresponding DLC films are shown to explain the high hardness of DLCs.
When sp? bindings are dominant, the material exhibits diamond-like behavior, which results in
materials with high levels of hardness and elastic modulus [15, 88, 171-174].
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3.6. Scratch Test

The adhesion and cohesion characteristics of a coating play a significant role in determining the
film's performance in tribological applications. These properties, typically assessed through
scratch testing, enable the evaluation of the strength of the coating's bond with the substrate and
itself. They offer valuable insights into the properties of coatings by determining the critical load
at which the coating begins to exhibit failure. In the scratch test, a rounded diamond stylus is
employed to apply gradually increasing loads on a coated panel. As the load reaches a certain
point, the coating initiates failure, resulting in torn edges and lifted coating along the scratch path
[175]. The critical load, which signifies the minimum amount of load required for the occurrence
of failure at the interface between the coating and substrate, serves as a pivotal parameter for
assessing the characteristics of thin films. This quantitative measure can be ascertained by
meticulously scrutinizing the scratch through pics obtained from a microscope.

To assess the coating adhesion, an automatic scratch tester (CSEM Revetest, Switzerland) (Figure
8) was used with a Rockwell “C” diamond-tipped indenter having a spherical tip diameter of 200
pum. The scratch test was performed with a linear increase in the normal load from 0 to 60 N, and
the test speed was set to 10 mm/min with a loading rate of 10 N/mm (ISO 20502:2005 standard
[176]). The samples and the indenter were cleaned with ethanol before testing. The adhesive
properties of the coatings were quantified using an optical microscope (Alicona Infinite Focus,
Raaba, Austria), and the test was repeated three times for each sample in order to verify the
consistency of the results [15].

Figure 8) Scratch test device used in this work

3.7. Viscosity of lubricants

One of the most crucial factors in lubricated contacts is viscosity since it affects the lubricants'
tribological characteristics. The SV-100 A&D viscometer (A&D Weighing, Tokyo, Japan) is used
to measure the viscosity-temperature-time parameters of the lubricant based on the Tuning-fork
vibration principle. An electromagnetic force is used to cause a pair of thin sensor plates with
similar natural frequencies to oscillate at the specified amplitude in the tuning-fork vibration
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viscometer. According to the amount of electronic current needed to operate the sensor plates and
keep them at a constant amplitude, the viscidity formed between the sensor plates and the sample
liquid is determined. The sensor plates' very low thermal capacity and minimal movement of the
sample liquid preclude fluctuations in the sample's temperature and physical characteristics [177].
The measurements of viscosity of three different lubricants in this work are performed at room
temperature. The viscometer was calibrated based on the manufacturer's instructions before
performing the tests and the container was cleaned using ethanol and acetone and dried thoroughly
to avoid any contamination that might affect the viscosity [15].

3.8.Tribology rig

The device used for the tribology testing was an in-house tribometer with a block-on-ring
configuration, where the contact geometry was a rectangle. The laboratory setup included a power
supply and controller, sample support, counter body, oil reservoir, and two force sensors (one for
the normal force and another for the tangential force). The tangential force is directly proportional
to the normal force, where the coefficient of proportionality () is the coefficient of friction. The
contact was kept lubricated by a reservoir of lubricant, fully flooded. As a counterpart, an AlSI
3415 steel ring with a diameter of 115 mm and width of 12 mm was used (Table 3). The ring
surface was polished with an initial root mean square roughness of around 0.046 um [34]. Root
mean square roughness of the coatings were around 0.015 um. The applied normal load of 25 N
was determined, according to Hertzian contact theory, considering the geometry of the block-on-
ring contact and the internal combustion engine’s working pressure range, which was assumed to
be on the order of 40 MPa [178]. Figure 9 shows a simple representation of the block-on-ring setup
used in this work. For calculating film thickness, Dowson equation was used for calculating
minimum film thickness based on the fact that block-on-ring configuration can be assumed as a
line contact [179]. Lambda ratio was calculated using equation 1. All the experiments were
performed at room temperature.

A — Rmin

\/O'A2+O'BZ

Equation 1

where

hg is the minimum film thickness [m];

o, is the RMS surface roughness of body ' A" [m];

og is the RMS surface roughness of body ' B ' [m];

A (lambda) is the parameter characterizing the ratio of the minimum film thickness to the composite
surface roughness.

Table 3) Information about the counterpart (ring) used in this work.

Properties of the counterpart (ring)

Material AISI 3415 steel
Diameter 115 mm
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width 12 mm
Young’s modulus 205 GPa
Poisson’s ratio 0.285

L —» Normal
) Q load sensor
Tangential
load sensor
f DLC sample
—=—

Rotating Oil reservoir
ring /

Figure 9) A simple representation of the block-on-ring setup.
3.9. Surface profilometry

In instruments of this type, the specimen’s surface is physically interacting with the stylus tip. A
stylus on the detector tip makes tracings on the specimen's surface. Electrical sensors collect the
stylus' vertical movement. To be represented, electrical impulses are amplified and converted to
digital form. Smaller stylus tips usually yield in more accurate results because it decreases contact
pressure (sapphire and diamond are such hard materials, they can scratch the surface of the test
object when used as styluses. Rapid feed can easily result in the stylus scratching the sample).
Mitutoyo SJ profilometer was used in this work for measuring root mean square roughness based
on ISO 4288-1996 [180].

3.10. Wear characterization using optical microscopy and SEM-EDS

For comparing the wear tracks after tribology test, Leica DM4000 M LED (Leica Microsystems,
Wetzlar, Germany) was used. It functions using a mechanical Z-drive, equipped with motorized
feature, and a mechanical stage (Figure 10 (a)).

SEM-EDS is one of the most frequently used tools for materials characterization owing to its
advantages such as non-complicated sample preparation, simple data analysis, various imaging,
and reasonable accuracy for chemical analysis functionalities. To examine a specific region of a
sample's surface in SEM, an electron beam, emitted from the filament, is concentrated to the
region. Signals released during the scanning process (due to interaction between the electron beam
and the sample) are then received by several detectors simultaneously to generate visuals or
conduct spectroscopic investigations [181]. The scanning electron microscopy (SEM) technique
revolves around secondary electrons, backscattered electrons, and X-ray diffraction. Secondary
electrons are useful for examining the shape and surface characteristics of specimens, while
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backscattered electrons aid in highlighting variations in composition within samples containing
multiple phases. X-ray diffraction, in conjunction with energy dispersive spectroscopy or
wavelength dispersive spectroscopy, provides a means to investigate the chemical elements of the
samples [6]. Hitachi High-Tech SU3800 SEM device equipped with QUANTAX Bruker EDS
detector is used in this work (Figure 10 (b)) [15].

(a) (b)

Figure 10) (a) Leica DM4000 M LED, (b) Hitachi High-Tech SU3800 SEM equipped with EDS detector.
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4. Results and discussion

4.1. Chemical composition

Based on the results of Rutherford Backscattering Spectrometry (RBS) and Elastic Recoiling
Detection (ERD) tests (Table 4), Gd-doped DLCs contain 1.7 at. % and 2.3 at. %, respectively, of
doped element. At the same time, Eu-doped DLCs contain 1.7 at. % and 2.4 at. %, respectively, of
Eu element. Previous research showed that in some cases, increasing concentrations of Eu and Gd
in doped DLC thin films affect the properties of the thin film in a negative trend [88]. For instance,
increasing the concentration of Gd reduces the adhesion strength and hardness in the case of Gd-
DLC. Therefore, in this work, thin films with a low concentration of doping elements were chosen.
Hydrogen element present in the samples is due to the contamination which cannot be removed by
vacuum pumps.

Table 4) Elemental composition, acquired from Rutherford Backscattering Spectrometry (RBS) - Elastic Recoil Detection (ERD),
the remaining at. % is Carbon.

Chemical Composition (at. %)

Sample
H Ar Gd Eu
Pure DLC (or DLC) 6.5 (x0.1) 3.6 (x0.1) 0 0
1.7% Gd-DLC 5.8 (+0.1) 43 (=0.1) 1.7 (x0.1) 0
2.3% Gd-DLC 3.1(x0.1) 23 (=0.1) 23 (=0.1) 0
1.7% Eu-DLC 8(x0.1) 3.4 (£0.1) 0 1.7 (£ 0.1)
2.4% Eu-DLC 59 (=0.1) 3.7(x0.1) 0 24 (+0.1)

4.2. Hardness, reduced Young’s modulus

Figure 11 demonstrates the hardness and Young’s modulus obtained from nano-indentation.
Measurements show that 1.7 % Gd-DLC and pure DLC have higher hardness than other coatings
(considering error bars), similarly in the case of Young’s modulus, 1.7 % Gd-DLC and pure DLC
have the highest value for this property (considering error bars). DLC is primarily composed of
two types of carbon bonds that are similar to those found in graphite (known as sp? hybridizations)
and diamond (known as sp3 hybridizations). DLCs are known for their exceptional hardness and
high elastic modulus, although they also exhibit high internal stresses [171, 182]. These
characteristics are closely attributed to the proportion of sp3 hybridizations present in the films. It
is reported that the higher the sp3 hybridization percentage and density, the higher will be the
hardness and elastic modulus [88, 183-187].
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Figure 11) Hardness and Young’s modulus of the DLC coatings. (The purpose of the dashed lines connecting the measured
points is to provide visual guidance for the reader, without representing any specific measured values, or a continuous trend.)

Surfaces with greater hardness are more resistant to abrasive wear. Additionally, materials with
lower elastic modulus experience elastic deformation with higher intensity. Therefore, the ratio of
hardness to elastic modulus (H/E) and the plastic deformation resistance factor (H3 /E?2) have been
discussed in the literature as a good representative for describing the mechanical characteristics of
thin films [188-190].

The H/E and H3/E? ratios for the thin films are presented in Table 5. There is not a big difference
in H/E ratio of 1.7 % Gd-DLC, 2.3 % Gd-DLC, 2.4 % Eu-DLC, and pure DLC if the error is
considered but 1.7 % Eu-DLC has the smallest H/E ratio. The 1.7 % Gd-DLC coating has the
greatest H3 /E2 ratio. From H3/E? ratio it can be inferred that greater hardness overweighs elastic
modulus to decrease the intensity of plastic deformation [188].

Table 5) H, E, H/E, and H3/E? values for the films.

Coating H (GPa) E (GPa) H/E H3/E?
Pure DLC 209+1.9 195.5+5.3 0.107 £ 0.010 0.242 + 0.050
1.7% Gd-DLC 23.0+£0.9 192.3+29 0.120 £+ 0.005 0.330 £ 0.024
2.3% Gd-DLC 19.6 £ 1.1 180.1+4.3 0.109 £ 0.009 0.233 + 0.052
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1.7% Eu-DLC 16.6+1.4 187.1+5.1 0.089 + 0.008 0.132 £0.020

2.4% Eu-DLC 19.3+£0.5 182.7+2.9 0.106 + 0.004 0.218 £0.027

4.3. Scratch test

Figure 12 shows the morphology of the scratches on the films designating the critical scratch load
of L.,. Based on the literature, the three main loads, namely L., L.,, and L., are intricately linked
to distinct stages in the scratching process. L., signifies the point at which initial cracks manifest,
while L., denotes the onset of chipping along the periphery of the scratch track. Finally, L 3
represents the critical load magnitude that triggers complete delamination of the coatings, resulting
in their complete detachment [188]. As only conformal cracking emerges, all samples exhibit
proper thin film adherence [88]. Determining L.,was very difficult because of the mechanical
properties of the coating which made comparing the initial points complicated and L.; could not
be determined for 1.7 % Eu-DLC. L.; could not also be identified since there is not visible
delamination of the coating. DLC structural and morphological characterization can also assist in
understanding the differences in film adherence that were observed for films that were doped with
various concentrations of doping elements. Higher sp3/sp? ratio and denser films have been
reported to increase the adhesion of the film on the substrate [88, 191], however, the doping
process has been shown to reduce the sp3/sp? ratio, which affects the adhesion of the film [88,
192]. Except 1.7 at. % Gd-DLC and 1.7 at. % Eu-DLC, other coatings did not have a huge
difference in L., value. The Gd-DLC film containing 1.7 at. % of Gd exhibited the greatest L.,
value which is a representation of better adherence of the film to the substrate followed by 2.3 at.
% Gd-DLC. On the other hand, 1.7 at. % Eu-DLC and pure DLC had similar L., value in the
scratch test, while 2.4 at. % Eu-DLC had better performance compared to 1.7 at. % Eu-DLC.

Pure DLC || L. =24+05N L., =415205N
. I~ : >

Eu 1.7% : ' L, =415£05N
Eu 2.4% Loy =25205N | | Lep =456:05N |
- .i—. e LI . gad
Gd 1.7% Ly, =31.520.5 N Le; =504:05N |
e e

Gd 2.3% Ly =255+05N Lep =49.2405N

2 o ;_ ' . |

‘ 2 mm ‘

Figure 12) Scratch morphology of DLC films for increasing loads between 0 and 60 N.
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4.4. Viscosity of the lubricants

Table 6 shows the measurement results for the viscosity of the used lubricant which is measured
the room temperature. The results indicate that the use of these ionic liquids additives for PAO 8
did not change the viscosity significantly. The viscosity of Newtonian liquids is regarded as a
transition element in the Stribeck curve. In the experiments performed in this study, when the
viscosity increased, the lubrication regime shifted toward the hydrodynamic regime, and thus the
film thickness was increased at the same sliding speed compared to PAO 8 without additives.

Table 6) Viscosity values for the different lubricants at room temperature.

Lubricant Dynamic Viscosity (mPa.s) Kinematic Viscosity (mm?/s)
PAO 8 71.89 86.48
PAO 8 +1L #1 (1 wt.%) 75.46 90.78
PAO 8 +1L #2 (1 wt.%) 76.89 92.49

4.5. Stribeck curves

Stribeck curves are presented as the coefficient of friction vs Hersey parameter or lambda ratio
(A). The Hersey parameter is a dimensionless number equal to the dynamic viscosity of lubricant
(n) times the velocity (u), divided by the normal load (P) per unit of contact length. Because
velocity is the only variable in these experiments, the values of the Hersey parameter shift only
through velocity in this study. The load was always approximately 25 N during experiments,
although the ring was aligned with a comparator [94]. This is because of the residual misalignment
of the ring, which cannot be avoided due to the dynamic nature of the rotating cylinder, but the
variation was very small, therefore, the load is assumed to be constant with insignificant error.

Figure 13 represents the Stribeck curves deduced from test results at different sliding speeds for the
DLC coatings. Based on these curves, three lubrication regimes can be found: boundary, mixed,
and hydrodynamic lubrication (Boundary Lubrication, A < 1; Mixed Lubrication, 1 < A < 3;
Elastohydrodynamic Lubrication, 3 < A <5 and Hydrodynamic Lubrication, A > 5.).
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Figure 13) Stribeck curves obtained from the block-on-ring tribometer for PAO 8 and PAO 8 mixed with 1wt. % IL #1 for
different lubricated coating surfaces. The purpose of lines connecting the measured points is to provide visual guidance for the
reader, not representing any specific measured values. Continuous lines belong to Coatings paired with PAO 8 lubricant and
dashed lines belong to coatings paired with POA 8 + 1 wt.% IL #1 lubricant.

The Stribeck curve graphically displays four regions on a horizontal axis, each with a
corresponding slope that demonstrates a change in the coefficient of friction on the vertical axis.
These regions are classified into four types of lubrication regimes: boundary, mixed,
Elastohydrodynamic, and hydrodynamic lubrication [193, 194].

The boundary lubrication (BL) regime (A < 1) is characterized by the support of the load through
the microscopic asperities on the surface, where there is no continuous lubrication film. The sliding
of asperities against each other can result in significant friction and wear, which can be detrimental
to the lifespan of the system [15, 193, 195-197].

The mixed lubrication (ML) regime (1 < A < 3) plays a significant role in internal combustion
engines. It involves a combination of elastohydrodynamic lubrication and boundary lubrication
characteristics. This implies that while some portions of the contact area are covered with lubricant
film, in other areas, peak asperities of moving surfaces slide on each other because there is no
separating liquid film. Mixed lubrication is present in many engine components, such as piston
rings, cams, and engine bearings. Understanding mixed lubrication is crucial for system engineers
due to the fact that it is the most challenging lubrication regime to predict friction accurately. This
challenge is due to the complex interaction between surface topography and oil film thickness [15,
193, 198, 199].

The elastohydrodynamic lubrication (EHL) regime (3 < A < 5) is an extension of hydrodynamic
lubrication that considers the deformation of the surfaces in contact. The film thickness in the EHL
regime is significantly smaller than in the HL regime. As a result, an uninterrupted hydrodynamic
film can only be maintained through the elastic deflection of the surfaces. Therefore, it is essential
to consider these deflections when studying EHL [15, 193, 194].
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In the hydrodynamic lubrication (HL) regime (5 <), the load is supported entirely by the lubricant
film, and the asperities on the sliding surfaces do not contact each other. This is generally observed
when the lambda ratio exceeds 5 [15, 195, 200].

In EHL and HL regimes, as the speed increases, the lubricant film may not be able to keep up with
the changes in pressure and the lubricant may not have enough time to flow into the contact area
and form a thick enough fluid film, leading to increased friction [201, 202]. In addition, the
viscosity of the lubricant typically decreases with increasing temperature, which can slightly occur
at very high sliding speeds due to the heat generated by friction [15].

When the Stribeck curves for different films were compared (Figure 13), it was discovered that, in
general, adding the ionic liquid #1 to the PAO 8 lubricant reduced the CoF at the lowest sliding
speed achievable with the used tribometer, especially for the both of Gd-doped DLC films. The
1.7 % and 2.4 % Eu-DLC films did not show a better performance compared with the pure DLC
film in the presence of IL #1. Before adding the IL, the doped DLC films (both Eu-DLC films and
both Gd-DLC) paired with pure PAO 8 did not present a good performance compared with the
pure DLC film, but after adding 1 wt.% IL to PAO 8, the performance of the 1.7% and 2.3% Gd-
DLC films was even better than that of the pure DLC film in the boundary, mixed,
elastohydrodynamic, and hydrodynamic lubrication regimes, which can be attributed to its better
interaction with the ionic liquid additive. In the literature, two lubricating mechanisms supporting
the use of ionic liquids as lubricant additives have been discussed. The formation of adsorbed
layers is the first reason that has been mentioned. These layers have the ability to promote
movement between two surfaces that are sliding against each other, owing to their low shear. The
formation of a tribofilm on metal surfaces is the second reason that has been discussed. These
protective layers are formed as a result of chemical reactions that occur between ionic liquids and
the surfaces that are in contact with them during friction [188, 203].
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Figure 14) Stribeck curves obtained from the block-on-ring tribometer for PAO 8 and PAO 8 mixed with 1wt. % IL #2 for
different lubricated coating surfaces. The purpose of lines connecting the measured points is to provide visual guidance for the
reader, not representing any specific measured values. Continuous lines belong to Coatings paired with PAO 8 lubricant and

dashed lines belong to coatings paired with POA 8 + 1 wt.% IL #2 lubricant.
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Considering the same sliding speed for comparison, in tribological pairs which were lubricated
with PAO 8 + 1 wt. % IL #2 (Figure 14), a noticeable change of CoF occurs for all pairs in the
boundary lubrication regime, in which 1.7 % Eu-DLC outperforms all other coatings. In
elastohydrodynamic and hydrodynamic lubrication regimes, CoF for pure DLC, 1.7 % Gd-DLC,
2.3 % Gd-DLC, and 2.4 % Eu-DLC paired with PAO 8 + IL #2 is higher when compared to same
coatings paired pure PAO8. However, 1.7 % Eu-DLC paired with PAO 8 + IL #2 has performance
comparable with the thin films paired with pure PAO 8 in mixed, elastohydrodynamic lubrication
regimes.
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Figure 15) Stribeck curves obtained from the block-on-ring tribometer for PAO 8 mixed with 1wt. % IL #1 and PAO 8 mixed

with 1wt. % IL #2 for different lubricated coating surfaces. The purpose of lines connecting the measured points is to provide

visual guidance for the reader, not representing any specific measured values. Continuous lines belong to Coatings paired with
PAO 8 + 1 wt.% IL #1 lubricant and dashed lines belong to coatings paired with POA 8 + 1 wt.% IL #2 lubricant.

Based on Figure 15, a comparison can be made for Coatings paired with PAO 8 + 1 wt.% IL #1
lubricant and coatings paired with POA 8 + 1 wt.% IL #2 lubricant. 1.7 % Gd-DLCs paired with
PAO 8 + 1 wt.% IL #1 has better performance in ML, EL, and HL regimes (considering the same
sliding speed for comparison). On the other hand, as mentioned above 1.7 % Eu-DLCs paired with
PAO 8 + 1 wt.% IL #2 has better performance in the BL regime.

According to the suggested mechanism for adsorbed layers, the anionic component of lonic liquids
is drawn towards the positively charged surface of metals, leading to surface adsorption[204]. The
cationic component can then be adsorbed to another anionic entity, forming single or multi-layer
adsorbed structures on the surface. These structures create a film on the metal surface and have
low interlayer strength, which helps to reduce friction and promote movement between the
contacting surfaces [188, 203, 205, 206].

Based on the obtained data from viscosity measurements, minimum film thickness (ho) and lambda
ratio (ratio of minimum film thickness to the composite surface roughness) are calculated and
presented in Table 7 (for PAO8 without additive),
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Table 8 (for PAO8 with PAO8 + 1 wt. % of IL #1), and Table 9 (for PAO8 with PAO8 + 1 wt. %
of IL #2) is obtained using the Dowson equation because the block-on-ring configuration
resembles line contact [179]. The lambda ratio (X) is an indicator of the lubricant regime in an
operating contact. For all lubricants, the lubrication regime starts with the fully hydrodynamic
regime, and as the sliding speed decreases, the lambda ratio also decreases; finally, the lubrication
regime completely changes to the boundary lubrication regime, and the surfaces of the block and
ring come into contact, which can cause wear on both surfaces.

Table 7) Characteristics of the lubricant film for PAO 8 based on the sliding speed of the cylinder (u is the speed of the ring). *
Boundary lubrication = BL; mixed lubrication = ML elastohydrodynamic lubrication = EL; hydrodynamic lubrication = HL.

u (m/s) 0.02 0.05 0.07 0.13 0.18 0.4 0.66
Duration 25 min 11 min 19 min 11 min 15 min 15 min 9 min
hy (m) 4.44x 1078 8.44x 1078 1.06x1077 1.64x1077 2.06x1077 3.61x1077 5.13x1077
A 0.92 1.75 2.22 3.42 4.30 7.53 10.69
Lubrication regime* BL ML ML EL EL HL HL

Hersey parameter ~ 8.08 x 107 1.77 x107° 291x107% 450x107% 6.26x107° 1.39x107° 2.26x107°

Table 8) Characteristics of lubricant film for PAO 8 + 1 wt.% IL #1 based on the sliding speed of the cylinder (u is the speed of
the ring). * Boundary lubrication = BL; mixed lubrication = ML; elastohydrodynamic lubrication = EL; hydrodynamic
lubrication = HL.

u (m/s) 0.02 0.05 0.07 0.13 0.18 0.4 0.66
Duration 25 min 11 min 19 min 11 min 15 min 15 min 9 min
hy (m) 459x1078 8.73x107% 1.10x1077 1.70x1077 2.14x1077 3.74x1077 531x1077
A 0.95 1.81 2.30 3.54 4.45 7.79 11.06
Lubrication regime* BL ML ML EL EL HL HL
Hersey parameter 8.46x1077 1.86x107° 2.81x107° 4.72x107¢ 6.57x107° 1.46x107> 2.37x107°

Table 9) Characteristics of a lubricant film with PAO 8 + 1 wt.% IL #2 based on the sliding speed of the cylinder (u is the speed
of the ring). * Boundary lubrication = BL; mixed lubrication = ML; elastohydrody-namic lubrication = EL; hydrodynamic
lubrication = HL.

u (m/s) 0.02 0.05 0.07 0.13 0.18 0.4 0.66
Duration 25 min 11 min 19 min 11 min 15 min 15 min 9 min

hy (m) 4.66x1078 8.84x107% 1.11x1077 1.72x1077 216x1077 3.79x1077 5.38x1077
A 0.96 1.84 2.33 3.59 451 7.89 11.21
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Lubrication regime* BL ML ML EL EL HL HL

Hersey parameter 8.64x1077 1.89x107% 2.87x107% 4.81x107% 6.70x107°® 1.49x1075 242x107°

4.6. Wear analysis using optical microscopy and SEM-EDS

Optical microscopy (OM) was used to evaluate the wear of the coatings after tribological tests.
Because quantifying the wear of DLC coatings is difficult (since it has high wear resistance), wear
track pictures captured on an optical microscope were compared qualitatively [94]. The lubrication
regime is the boundary or mixed regime at the lower sliding speeds, which can lead to surface—
surface contact, eventually leading to wear on both surfaces. Based on the obtained results (Figure
16 and Figure 17), the introduction of IL #1 as an additive to PAO 8 decreased wear in comparison
with pure PAO 8 paired with the 1.7 % Gd-DLC and pure DLC coatings. However, for other
coatings, it is difficult to draw the same conclusion. In addition, comparing the five films lubricated
with 1 wt.% of IL #1, it can be said that 2.4 % Eu-DLC has the worst performance. In the case of
IL #2 added to the PAOS, it drastically reduces wear in all the thin films.

Pure DLC
(a) PAO 8 (b) PAO 8 +1IL #1 (c) PAO 8 +1IL #2

1.7% Gd-DLC

(a) PAO 8 (b) PAO 8 + 1L #1 (c) PAO 8 +IL #2

2.3 % Gd-DLC
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(a) PAO 8 (b) PAO 8 +IL #1 (c) PAO 8 +1IL #2

Figure 16) Optical microscopy images of different films tested with different lubricants (pure DLC vs 1.7% Gd-DLC vs 2.3%
Gd-DLC).

Pure DLC

(a) PAO 8 (b) PAO 8 +IL #1 (c) PAO 8 +IL #2

1.7% Eu-DLC

(a) PAO 8 (b) PAO 8 +IL #1 (c)PAO 8 +1IL #2

2.4 % Eu-DLC

(a) PAO 8 (b) PAO 8 +1L #1 (c) PAO 8 +1IL #2
Figure 17) Optical microscopy images of different Ifilms tested with different lubricants (pure DLC vs 1.7% Eu-DLC vs 2.4%
Eu-DLC).

SEM-EDS was used to evaluate the effect of using IL as an additive on coatings, but this technique
cannot efficiently detect the formation of tribofilm in this case because it cannot provide
information about chemical bonding, it can only provide information about elements, so it would
be preferable to use more surface-sensitive characterization techniques such as time-of-flight
secondary-ion mass spectrometry (ToF-SIMS) or neutron reflectometry analysis to recognize the
tribofilm presence. In this section, only results for pure DLC and doped DLCs with lower atomic
concentrations of dopant elements are presented. Figures 18-25 show the result obtained through
SEM-EDS for the pure DLC, Gd-DLC, and Eu-DLC. As can be seen in Figures 18 and 19, for the
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1.7 % Gd-DLC coating paired with PAO 8 + 1 wt.% IL #1, DLC thin film has been removed in
some sections, and the chromium element of the interlayer can be detected, iron is also detected,
it can be because of wear from steel ring or it can come from the substrate of the thin film because
of abrasive wear. Oxygen is also present on the wear tracks which indicates the formation of oxide
layers on the worn area. For the 1.7 % Eu-DLC coating paired with PAO 8 + 1 wt.% IL #1 (Figures
20 and 21), rich oxygen region is visible in the EDS result, which can indicate the formation of
tribofilm. Also iron and chromium are detectable which confirms the removal of DLC film in the
worn region analyzed. Figures 22 and 23 (for 1.7 % Gd-DLC coating paired with PAO 8 + 1 wt.%
IL #2) and Figures 24 and 25 (for 1.7 % Eu-DLC coating paired with PAO 8 + 1 wt.% IL #2) do
not show iron rich region in worn areas which indicates that there is less wear for this case, this
fact is also confirmed by the results from optical microscopy.
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Figure 18) Upper image: shows the SEM micrograph of the 1.7 % Gd-DLC surface paired with PAO 8 + 1 wt.% IL #1 without
presenting elements after the tribology test, lower image: Elemental analysis of the upper image obtained through SEM-EDS.
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Figure 19) Element mapping of the 1.7 % DLC thin film paired with PAO 8 + 1 wt.% IL #1 after the tribology test: (a) carbon;
(b) chromium; (c) iron; (d) gadolinium (obtained through SEM-EDS characterization).
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Figure 20) Upper image: shows the SEM micrograph of the 1.7 % Eu-DLC surface paired with PAO 8 + 1 wt.% IL #1 without
presenting elements after the tribology test, lower image: Elemental analysis of the upper image obtained through SEM-EDS.

Figure 21) Element mapping of the 1.7 % Eu-DLC thin film paired with PAO 8 + 1 wt.% IL after the tribology test: (a) carbon; (b)
oxygen; (c) europium; (d) chromium (e) iron (obtained through SEM-EDS characterization).
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Figure 22) Upper image: shows the SEM micrograph of the 1.7 % Gd-DLC surface paired with PAO 8 + 1 wt.% IL #1 without
presenting elements after the tribology test, lower image: Elemental analysis of the upper image obtained through SEM-EDS.
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Figure 23) Element mapping of the 1.7 % Gd-DLC thin film paired with PAO 8 + 1 wt.% IL #2 after the tribology test: (a)
carbon; (b) chromium; (c) oxygen; (d) gadolinium (e) iron (obtained through SEM-EDS characterization).
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Figure 24) Upper image: shows the SEM micrograph of the 1.7 % Eu-DLC surface paired with PAO 8 + 1 wt.% IL #2 without
presenting elements after the tribology test, lower image: Elemental analysis of the upper image obtained through SEM-EDS.
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Figure 25) Element mapping of the 1.7 % Eu-DLC thin film paired with PAO 8 + 1 wt.% IL #2 after the tribology test: (a)
carbon; (b) chromium; (c) oxygen; (d) europium (obtained through SEM-EDS characterization).
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Chapter 5 - Conclusion and recommendations

5.1. Conclusions

In the present study, the effect of adding 1 wt.% of Trihexyltetradecylphosphonium bis(2-
ethylhexyl) phosphate [Pse12][DEHP] (named IL #1 in this study) and 1-Ethyl-3-
methylimidazolium diethylphosphate (named IL #2 in this study) ionic liquids as additives to PAO
8 for the lubricated sliding pairs of AISI 3415 steel and 5 DLC coatings (1.7% Gd-DLC, 2.3% Gd-
DLC, 1.7% Eu-DLC, 2.4% Eu-DLC, and pure DLC coatings) was studied. Following conclusions
can be drawn:

* The 1.7% Gd-DLC coating had the highest hardness, H/E, and H3 /E? ratio among all the
five coatings and, according to the scratch measurements (critical load value), the highest
L., value.

= When PAO8 was used as the main lubricant (before adding ionic liquids), pure DLC
coating had the lowest friction against used counterpart.

= After adding 1 wt. % ionic liquid #1 to PAOS, the best interaction with the IL #1 and a
significant CoF reduction in mixed, elastohydrodynamic, and hydrodynamic lubrication
regimes were obtained with the 1.7 % Gd-DLC coating, however, 2.3% Gd-DLC had better
performance in boundary lubrication regime.

= with the 1 wt.% IL #2 added to PAO 8, a significant CoF reduction in all lubrication
regimes were obtained with the 1.7 % Eu-DLC coating.

= The wear results could not be quantitatively measured; however, the qualitative approach
showed that adding an IL #1 to the lubricated contact decreased the wear on the Gd-DLC
and pure DLC coatings. When a comparison of wear scars is done between PAOS8 without
additive and PAO8 + 1 wt.% IL #2, a significant reduction in wear was observed for all the
coatings. Nevertheless, a quantitative comparison of wear among these 5 coatings in the
presence of IL #2 is not feasible based on the available techniques for wear quantification.
SEM-EDS results of wear scars show that the coatings are removed in contact points for
presented coatings that are lubricated with POAS8 + IL #1 and chromium element coming
from interlayer and iron elements coming from substrate or counterpart can be detected.
When lubricated with PAO8 + IL #2, chromium interlayer is detected which signifies the
removal of DLC films.

5.2. Scope of future work

To facilitate a deeper investigation of the matter at hand, the implementation of the subsequent
suggestions is advised, as they possess the potential to greatly assist industries in their discernment
of optimal methodologies for the selection of materials utilized in piston-cylinder applications.

= Investigation of wear scars using surface-sensitive techniques like time-of-flight
secondary-ion mass spectrometry (ToF-SIMS) or neutron reflectometry analysis to study
the chemical composition of layers formed in this area.
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= |nvestigation of the coatings using Raman spectroscopy to get insight about ratio of the
sp3/sp? in the coatings

= Measuring the thermal conductivity of the different coatings can also help to further
understand the tribological interaction since full film friction reduction in DLC coatings is
due to the low thermal conductivity of diamond-like carbon (DLC) coatings.
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