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Resumo

Resumo

O atrito e o desgaste sdo processos que originam grande consumo de energia representando uma grande
fatia da energia consumida a nivel mundial. Numa tentativa de reduzir o atrito e o desgaste em contatos
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mecanicos tém surgido indmeras solucdes, desde lubrificantes liquidos desenvolvidos “a medida” até
solucdes complexas baseadas em engenharia de superficies. Entre as muitas solucdes de engenharia de
superficies, a utilizacdo de revestimentos produzidos por técnicas de deposicdo fisica em fase de vapor
(PVD) tem sido uma das melhores opg¢des. A técnica de PVD permite depositar filmes relativamente finos
com espessuras na gama de algumas centenas de nanémetros até dezenas de micrémetros. Embora estes

revestimentos sejam relativamente finos, conseguem reduzir significativamente o atrito e aumentar o tempo

de vida ao desgaste de componentes mecanicos.

Os dicalcogenetos de metais de transicio (TMD) com uma estrutura lamelar sdo compostos com
propriedades mecanicas muito anisotropicas. Por isso, t€ém uma resisténcia mecéanica ao corte muito
reduzida devido as forgas de ligacdo, tipo Van der Waals, existentes entre os planos basais da estrutura
hexagonal. Esta propriedade tem sido explorada em termos de tribologia como facilitadora do deslizamento,
dando origem a baixo atrito. A principal desvantagem destes compostos é o seu potencial reduzido para
lubrificar em condi¢des ambientais normais devido a oxidacdo e intercalacdo do vapor de 4gua entre os
planos basais. No primeiro processo, sdo formados 6xidos metdlicos com muito menor poder lubrificante;
no segundo, hd um aumento da energia de ligacdo secunddria entre os planos com o consequente aumento
da resisténcia ao corte. Os TMDs t€m sido mais usados em componentes em deslizamento em condi¢des
extraterrestres, tipicas de um meio em vacuo. Outra desvantagem € a sua dureza relativamente baixa e, por
isso, a sua baixa capacidade de suportar cargas de contato. Uma solucdo para estes problemas pode ser
providenciada pela deposicio de revestimentos com estrutura nanocompdsita de maior complexidade. Para
tal, tem sido tentada a incorporacdo de elementos metdlicos e ndo metdlicos nos TMDs, tais como Ti, Cr,
N, ou C. Uma solu¢do nanocompdsita muito promissora tem sido a co-deposi¢do de TMDs com carbono,
para formar uma estrutura nanocompdsita consistindo de uma matriz de carbono amorfo embebida com
cristais de TMD e, eventualmente, grdos de carbonetos dos metais de transicdo. Esta estrutura
nanocompdsita tem a capacidade excecional de providenciar baixo atrito e resisténcia ao desgaste, em
condi¢des de utilizagdo muito diversas, tais como ar ambiente, vicuo, N» seco e temperaturas elevadas até
300-400 °C. Historicamente, estes revestimentos nanocompdsitos eram na maioria das vezes depositados
por pulverizacdo catddica magnetrdo em equipamento com camaras de vicuo de dimensdo laboratorial.
Houve muito poucas tentativas para utilizar equipamentos (semi)-industriais para depositar revestimentos

nanocompdsitos com matriz de carbono e cristais de TMDs. O desempenho destes revestimentos &
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fortemente afetado pela composicdo e (micro)estrutura. Como os revestimentos sdo multicomponente com
constituintes que tém massas atomicas diferentes, a modificacdo na configuracdo da deposi¢do pode

influencias significativamente a composicdo quimica e, consequentemente, o desempenho.

O objetivo deste trabalho € o redimensionamento do processo de deposicdo de revestimentos de
dicalcogenetos de metais de transi¢do ligados com carbono para uma escala industrial. Inicialmente, é
estudada a deposicao de revestimentos W-S-C num equipamento de pulverizagdo catddica laboratorial. Nos
capitulos seguintes, é desenvolvida a deposicdo dos sistemas W-S-C e Mo-Se-C num equipamento de
pulverizacdo catddica semi-industrial. Neste estudo € focada a relacdo entre os vdrios parametros do
processo (p.ex. a distancia do alvo ao substrato) e as propriedades finais dos revestimentos. A discussio
recai sobre a composi¢do quimica, a cristalinidade, a (micro,nano)estrutura, a ligacdo quimica, a dureza, a
adesdo e o desempenho tribolégico. Os métodos de caraterizacio incluem: SEM/WDS, TEM, XRD, XPS,
nanoindentacdo, espetroscopia Raman, indentacdo deslizante e testes de deslizamento realizados em
condicOes diferentes de ensaio. Além disso, sdo utilizados dois programas de software para simulacio
baseada em métodos de Monte Carlo para compreender melhor os mecanismos de deposicdo responsaveis

pelas variacdes da composi¢do quimica.

O estudo sugere que os melhores resultados triboldgicos sé sdo alcangados se a composi¢do quimica for
devidamente otimizada. Em primeiro lugar, a razao entre os dtomos de calcogeneto e de metal de transicio
¢é extremamente importante. Esta razdo tem de ser superior a 1,5 para se conseguir um bom desempenho de
atrito. Em segundo lugar, deve usar-se um teor em carbono de cerca de 50 % at. para conseguir uma
resisténcia mecanica adequada e, consequentemente, uma boa resisténcia ao desgaste. Se estas condicdes
forem preenchidas, o coeficiente de atrito, passivel de ser atingido com estes revestimentos, situa-se nas
gamas de [0.08-0.15], [0.03-0.05] e [0.01-0.05], respetivamente, para testes de deslizamento em ar
ambiente, N> seco e temperaturas elevadas. As taxas especificas de desgaste tém valores desde 10-7 até 10-

6 mm>/Nm.

Finalmente, sdo desenvolvidas algumas receitas para implementar os revestimentos a escala industrial de
modo a alcangar propriedades triboldgicas adequadas em aplicacdes tendo agos como material antagonista.
O conhecimento, ganho no que respeita a relagdo entre os parametros do processo e as propriedades finais,
pode ser mais explorado para permitir a producdo de um revestimento especifico para uma dada aplicagio

a ser depositado num equipamento de dimensdes industriais.

Palavras-Chave: Dicalcogenetos de metais; Implementagdo industrial; Pulverizagdo catdédica; Tribologia;
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Abstract

Friction and wear as energy-consuming processes make a significant contribution towards the worldwide
energy consumption. The pursue of the reduction in friction and wear leads to various engineering solutions
ranging from tailored liquid lubricants to complex surface engineering solutions. Among the significant
amount of surface engineering solutions for tribological applications, coatings deposited by various
physical vapor deposition (PVD) processes have been one of the best options. PVD allows the deposition
of relatively thin coatings with thicknesses ranging from hundreds of nanometers up to tens of micrometers.
Although these coatings are relatively thin, they can significantly reduce friction and extend the wear life

of the coated components.

Layered hexagonal transition metal dichalcogenides are compounds with highly anisotropic mechanical
properties. They possess a very low shear strength due to the weak van der Waals forces acting between
the basal planes. This property is exploited in the field of tribology as sliding in the low shear strength
direction is easy. The main disadvantage of these compounds is their reduced ability to lubricate in ambient
conditions due to oxidation and intercalation of water vapor between the layers. In the first process, less
lubricious molybdenum oxides are formed, and the second process results in increased shear strength
between the layers. Therefore, TMDs deposited as thin films are often used on components sliding in
extraterrestrial conditions, typical of a vacuum environment. Another disadvantage is their relatively low
hardness and, thus, their low load-bearing capacity. A solution to these issues can be provided by depositing
more complex nanocomposite coatings. This can be achieved by the incorporation in TMDs of various
metallic or non-metallic elements like Ti, Cr, N, or C. A very promising nanocomposite solution has been
achieved by co-deposition of carbon and TMDs, during which a nanocomposite structure consisting of an
amorphous carbon matrix with crystallites of TMDs, as well as transition metal carbides, can be achieved.
An optimized nanocomposite coating consisting of amorphous carbon and TMDs has the exceptionable
ability to provide friction and wear reduction in various operating conditions like ambient air, vacuum, dry

N,, and elevated temperatures up to 300-400°C.

Historically, these nanocomposite coatings were most often deposited by magnetron sputtering in
laboratory-scale vacuum chambers. There are very rare examples of attempts to use bigger (semi)-industrial
units to deposit nanocomposite coatings consisting of carbon and TMDs. The performance of the coatings
is strongly affected by the composition and their microstructure. As the coatings are multicomponent with
constituents having different atomic mass, the change in the deposition configuration will strongly affect

the composition, and thus the performance.



Abstract

In this work upscaling of the deposition process for carbon alloyed TMD coatings is presented. Firstly, the
deposition of W-S-C coatings in a laboratory-scale sputtering equipment, following various routes, is
studied. In the following chapters, the deposition of W-S-C and Mo-Se-C coatings in semi-industrial
sputtering apparatus is developed. The emphasis is put on the relationship between various processing
parameters (e.g. the target-to-substrate distance) and the properties of the coatings. The chemical
composition, crystallinity, micro(nano)structure, chemical bonding, hardness, adhesion, and the
tribological properties are discussed. The experimental characterization methods include: SEM/WDS,
TEM, XRD, XPS, nanoindentation, Raman spectroscopy, scratch testing, and tribological testing under
various conditions. Furthermore, two Monte-Carlo based simulation software packages were used to better

understand the mechanisms responsible for the compositional variations.

The study suggests that the best tribological results are only achieved if the chemical composition is fully
optimized. Firstly, the ratio between the chalcogen atoms and transition metal atoms is found to be
extremely important. This ratio has to be over 1.5 to achieve a good friction performance. Secondly, to
reach a suitable mechanical strength and, then, a good wear resistance, a carbon content of ~ 50 at. % should
be used. If these conditions are fulfilled, the coefficient of friction achieved for the coatings is in the ranges
[0.08-0.15], [0.03-0.05], and [0.01-0.05] during sliding in standard ambient air, dry N», and elevated

temperature conditions, respectively. The specific wear rates are in the range of 107-10°° mm*/Nm.

Finally, a couple of recipes for industrial implementation, yielding good tribological properties against
steel-based counterparts, are developed. The knowledge gained regarding the relationship between the
processing parameters and the properties can further be exploited for the deposition of coatings tailored for

a specific application to be deposited in a large-scale industrial equipment.

Keywords: Magnetron sputtering; Tribology; Metal dichalcogenides; Industrial implementation
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Chapter 1

Chapter 1 Introduction

Controlling friction and reducing wear is an ongoing challenge which is a subject of research for many
institutions worldwide. According to one of the most recent studies on global energy, ~23 % of the total
energy consumption originates from tribological contacts, of which 20% is used to overcome friction and
3% to remanufacture worn parts [1]. The most widely used methods for improving the tribological
performance of mechanical components are based on surface engineering. The deposition of thin films
(coatings) by gaseous state processes like physical vapor deposition (PVD) and chemical vapor deposition
(CVD) has often been used for improving the tribological behavior. Some of the coatings providing
improved tribological performance are of polymeric type like PTFE [2] and UHMWPE [3], Diamond-Like-
Carbon (DLC) [4] and those based on transition metal dichalcogenides (TMD) like WS, [5] and MoS: [6].
Thin films based on TMD are often studied because of the lubricity they can provide, but there are not many
reports of their widespread usage mostly because of the deterioration of their properties when operated in

a normal humid atmosphere.

DLC coatings, as an example, are very often used for tribological applications, mainly encouraged by the
reduction of friction, improvement of the wear resistance, high hardness and chemical inertness [7].
Traditional carbon-based coatings (e.g. metal-doped DLC) reduce the friction and wear through the
formation of lubricious graphite-rich layers. One of the drawbacks of the graphitic layers is their reduced
lubricity in dry environments (e.g. dry N> or vacuum), since an intercalating agent (e.g. water vapor or
hydrogen) is needed for lubrication [8]. This issue can be surmounted by adding significant amounts of
hydrogen to the films, but issues regarding hydrogen depletion might arise [9]. The TMDs, on the other
hand, show superior performance in dry environments, and their usage in combination with carbon, for the
synthesis of thin films, can significantly improve the tribological performance in diverse operating

environments.

This work was mainly performed at the surface engineering group (SEG) in the Centre for Mechanical
Engineering Materials and Processes (CEMMPRE) of the University of Coimbra as well as the Laboratory
for Wear, Testing and Materials (Led&Mat) at Instituto Pedro Nunes. The development of thin films
consisting of TMDs and carbon had been performed in the last 15 years at both units simultaneously with

the resulting films showing promising properties. In the framework of the thin-film development in the
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research groups, this work aims at upscaling the process, which was performed in small deposition units,

in order to allow coating large mechanical components.

The thesis is based on 4 research works undertaken towards the upscaling of the deposition process, works
that resulted in 4 scientific papers, published in journals in the field of surface engineering and tribology.
Apart from the Introduction chapter, the work is organized in 7 additional chapters. In the 2™ chapter, a
state of the art review will be presented followed by the presentation of the research gaps and, subsequently,
the outlining of the main objectives of the thesis. The 3™ chapter aims at presenting the experimental
methods used towards fulfilling the objectives of the thesis. The preparation of the studied coatings, as well

as the characterization methods, will be presented.

The work presented in Chapter 4 is aimed at comparing different routes for the deposition of the TMD-C
coatings in the laboratory-scale environment. The results obtained are used as a reference for choosing an

appropriate deposition method for the semi-industrial scale deposition of the coatings.

Chapter 5 presents the initial attempt of upscaling the deposition process. W-S-C coatings are deposited by
closed-field unbalanced magnetron sputtering. The objective is to establish the relationship between the
process parameters and the properties of the coatings. Furthermore, a single coating with promising

composition, morphology, and microstructure is studied tribologically under various testing conditions.

In Chapter 6 the properties of W-S-C coatings deposited on substrates placed at different locations in the
deposition chamber are studied. The selected locations are mimicking the surfaces of big components. A
recipe yielding optimal carbon content was programmed based on the work undertaken in Chapter 5. The
coatings were studied in terms of chemical composition, microstructure, and morphology. The mechano-
tribological properties, the hardness, adhesion, and tribological response in ambient air, dry N» and elevated

temperature of 200°C, are studied.

In Chapter 7, molybdenum diselenide (MoSe») is used as a TMD phase instead of the previously used
tungsten disulfide (WSz). The carbon-alloyed coatings were deposited in the same equipment as the one
used in Chapters 5 and 6. The properties were studied similarly to the W-S-C ones. The work demonstrates
the advantages of the usage of MoSe; as a TMD phase in terms of coating synthesis. Furthermore, the

tribological properties are studied and compared with the ones obtained for the W-S-C coatings.



Chapter 2

Chapter 2 Historical background and state of the art

In this chapter, a historical background regarding the developments related to the field of tribology and the
field of surface engineering will be presented. The process used for the synthesis of the coatings in the
thesis will be explained more in detail. Additionally, the important findings regarding the tribological

properties of sputtered coatings containing TMDs will be presented.



Chapter 2

2.1 Tribology

Tribology is a word originating from the Greek word “tribos” which means rubbing and refers to the study
of friction, wear, lubrication, and the design of bearings, the science of interacting surfaces in relative
motion [10,11]. Tribology is a relatively new science, with the term origination from the United Kingdom’s
Lubrication Engineering Working Group report from 1966 led by Peter Jost, a report which is well known
as the “Jost Report”. The report was focused on the enormous loss caused by various tribological processes,
in the UK industry, and the potential savings if the tribological problems were solved [12]. Friction as a
phenomenon had been identified as early as the stone age when man-made bearings were used for stone
potter’s wheels. Early scientific studies of friction were done by Leonardo da Vinci in the late fifteenth
century, who studied friction forces on horizontal and inclined surfaces. His major conclusions were that
friction force is proportional to the applied load and that the friction is not a function of the apparent contact
area [11]. These relationships were rediscovered and published by the French inventor Amonton in 1699.
Amonton formulated four laws of friction in his memoir. First, the resistance caused by friction
increases/decreases in proportion to the pressure. Secondly, the resistance caused by friction is the same for
iron, copper, lead, and wood as long as they are lubricated with grease. Thirdly, this resistance is roughly
equal to one-third of pressure. Fourth, this resistance does not depend on the velocity and other conditions
[13]. It should be noted that the last law is a very rough approximation as it is well known that, for example,

in lubricated contacts, the sliding velocity can have a significant effect on the coefficient of friction.

Another discovery that is significant for the advancement of the field of tribology, especially in solid
lubrication, is the Bowden and Tabor model on metallic friction, model developed during the 1950s [14].
The authors considered the interaction between the asperities of the solid bodies. The friction force (Fr)

arising from the asperity-to-asperity interaction can be calculated using Eq. 1,

Fr=A4,S+E (1)
where A, is the contact area, S is the shear strength and F, is the plowing force. According to this model to
have low friction forces the real contact area should be as small as possible, while also having low shear
strength of the asperities. This can be achieved by having a hard substrate which will govern the real area
of contact and a thin easy to shear film on top of it to control the shear strength. By having a thin soft film,

the plowing effect can also be ignored.

A term widely used when talking about tribology is tribosystem. Tribosystem refers to any system that
contains one or more triboelements, including all mechanical, chemical and environmental factors relevant
to the tribological behavior [15]. A triboelement refers to one of two or more solid bodies comprising a

sliding, rolling or abrasive contact, or a body subjected to impingement [15].
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Wear, as a tribological process refers to the damage to a solid surface, generally involving the progressive
loss of material, due to the relative motion between the surface and a contacting substance or substances
[16]. Among different wear mechanisms classifications, the DIN 50320 standard establishes four types

[17]:

* Adhesive wear which is caused by the formation of interfacial adhesions (“‘weld”) junctions by the
action of molecular forces;

* Abrasive wear, grooving by a scratching action or a micro-cutting process;

» Surface fatigue, a process related to cracking at the surface due to stresses or strains varying in
magnitude or direction;

* Tribochemical reaction, the formation of reaction products by a combined effect of the tribological
action between the base material and the counter material and a chemical reaction with the

surrounding medium

Another notable classification of wear mechanisms was done by Kato [18], who proposed differentiation
between mechanical, chemical, and thermal types of wear. In this classification, mechanical wear is related
to processes like deformation and fracturing. Chemical wear is correlated with the growth of chemical

reaction films, and the thermal type of wear is due to localized surface melting caused by frictional heating.

Finally, it should be noted that friction and wear are not intrinsic materials properties but a system response
which is a function of different variables, such as the mechanical properties of materials, environment,

intermediate material, surface roughness, velocity, and temperature.

2.2 Surface Engineering

The technological advancement in various scientific fields and industrialized societies leads to an increased
need for the reduction and control of friction and wear. In an attempt to tackle these issues, different
approaches are being done, such as the improvement of the bulk materials or the incorporation and tailoring
of the properties of lubricants. A more sophisticated and modern method for controlling the tribological
properties is by changing the surface properties. This method is a result of the fact that most of the
tribological processes, and especially failures related to wear, fatigue, or corrosion, are occurring at the
surfaces of the materials. Other properties, like the magnetic, thermal, optical, and electrical, are also greatly

influenced by the surface and further surface engineering-related studies are also encouraged.

The rapid growth of the field took place during the 1980s [19]. Bell [20] defined the surface engineering as
a discipline involving the application of traditional and innovative surface technologies to engineering

components and materials in order to produce composite materials with properties unattainable in either the
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base or the surface material. In this field, it is important to distinguish between surface modification
processes and surface-coating processes [12]. Surface modification processes are those applied directly to
the bulk material altering their surface properties. These processes can further be classified into mechanical,
thermal, or chemical. The surface-coating processes involve the deposition of new materials on to the
surface, in the form of a single layer, composite, gradient, or multilayered arrangement. In some
applications, both processes are used in synergy to achieve superior properties as, for example, the nitrided
piston rings which are further coated with a CrN layer [21]. Many examples where coatings are applied can
be found in the manufacturing industries, where hard coatings, like TiC, TiN, CrN, Ti-Al-N and Al,Os, are
often used [22]. DLC (diamond-like carbon) coatings are another family of coatings that have been
increasingly used for various applications ranging from magnetic storage devices [23] to automotive

components [7].

Design considerations related to coatings intended for tribological applications have been identified by

Holmberg and Matthews [24] as follows:

1. The friction coefficient should neither exceed a certain value during running-in, while being in the
steady-state regime, nor during friction instabilities.
2. The coating and the counterbody wear should not exceed a certain design value;

3. The lifetime of the system must be longer than the required, within a specified probability.

When a coated system is considered, four different zones can be identified as depicted in Figure 2-1 which,
by one reason or the other, can influence the global tribological behaviour of the system. Starting by the
coating itself, to achieve an improved tribological response, a specific combination of properties must exist.
Achieving low friction can be done by having a low shear strength phase on the sliding interface while
having a harder phase with a good load-bearing capacity beneath it. Many times, such a requirement can
be achieved by developing composite materials. Having a chemically inert surface can be achieved usually
with specific elements, which often do not possess low shear strength. The interface between the substrate
and the coatings should have a high shear strength and good bonding. This is usually achieved by the usage
of substrate compatible interlayers and gradient layers. The substrate should also be hard enough to support
the load imposed on the coating. The biggest challenge in the field of the design of the coating for
tribological applications is the fact that improving some properties can deteriorate others, an example being
hard materials that lack fracture toughness or chemically inert materials that do not possess low shear
strength. The final design is usually a compromise between various properties of the different zones of the

system.
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In the next section, a coating process classification will be presented, and the further focus of the section

will be on the PVD processes relevant to the thesis work.

Shear Strength
Chemical Reactivity

Roughness

Hardness
Elasticity
Thermal Stability

Surface

Adhesion
Shear Strength

Interface
Hardness

Thermal Conductivity
Thermal Expansion

Substrate

Figure 2-1 Four zones of a coated material and the properties important for the tribological performance

2.3 Surface coatings deposition processes

The need for enhancement of the surface properties by the deposition of coatings results in a wide variety
of deposition processes. The motivation behind the development of various processes is the need for
improving the coating properties (wear resistance, corrosion resistance, friction reduction), reducing the
process costs, overcoming the problems associated with the geometry and the usage of specific materials.
A classification of the surface coating processes has been done by Rickerby and Matthews [24,25]. This
classification is based on the underlying mechanisms for the coating formation. The processes are divided
into four categories: solid-state processes, (semi-) molten state processes, gaseous state processes, and
solution-based processes. Solid-state processes include explosive welding, cold-gas dynamic spraying and
friction surfacing [26]. Friction surfacing as a method is still widely used for coating deposition. Molten
(liquid) state processes include traditional welding procedures with which a wear-resistant hardfacing can
be deposited. Another important technique is thermal spraying which can further be divided into arc, flame,
plasma spraying. The latest development of the molten state deposition processes is the usage of powerful
lasers for the deposition of laser claddings. Solution-based techniques cover electrodeposition and
electroless deposition. Since the process used for the deposition of coatings in the present work is a gaseous
state one, the gaseous state processes will be presented with more details. Gaseous state processes involve
two groups: physical vapor deposition (PVD) and chemical vapor deposition (CVD). Chemical vapor
deposition is a process in which the material to be coated is placed in a gaseous phase containing reactive

species. Then, a chemical reaction can occur in the gaseous phase and/or over the substrate and the coating
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is formed. For the chemical reaction to occur activation energy is needed. Depending on the energy, CVD
can further be classified into thermal, plasma, and photon-activated CVD. The development of differently
activated processes is mainly focused on reducing the temperature of the process, allowing the deposition
of coatings on thermally sensible substrate materials. For example, plasma-assisted CVD can be operated
at temperatures of 400-600°C compared to the much higher temperatures (800-1200°C) used for thermally
activated CVD [27].

PVD, the other gaseous state deposition process, is different since the deposited material is achieved in the
gaseous phase from a solid source. The main advantage of the PVD processes over CVD is the much lower
operating temperatures (100-600 °C), which allows that even plastics can be coated. The gaseous depositing
species can be achieved by different methods and this is the basis for further classification of the PVD
processes into thermally evaporated (evaporation) and sputtering. Evaporation is a process in which the
coating material is vaporized by utilizing resistive heating, inductive heating, electric arc, electron beam,
or a laser beam. Sputtering, also known as cathodic sputtering, is a frequently used process for deposition

of coatings due to the following reasons: [28]:

* Possibility to deposit materials with extremely high melting points;
* The target remains relatively cold during the deposition since the process is collision-based;
* Reactive gases can be introduced to deposit compound films;

* Substrates can be sputter cleaned before coating, a step that can improve the adhesion.

In the next section, the sputtering processes with emphasis on magnetron sputtering and the major

discoveries related to it will be explained in detail.

2.4 Magnetron sputtering

The early developments of sputtering as a PVD process for the deposition of thin films can be traced back
to the mid-1800s. Crucial for the development of the sputtering processes is the advancements in vacuum
technology and electrical power in the 1600s and 1700s [29]. The first publication related to sputtering was
published in 1852 by the Welsh physicist Sir William Grove [30]. In his experiments, he obtained a vacuum
using a mechanical piston pump. Power was supplied by a nitric acid battery connected to an induction coil.
The electrodes located in the glass vacuum chamber were a silver-plated copper plate and a steel needle
with a distance between them of around 0.25 cm. The gas used was a mixture of hydrogen and air. When
connecting the steel needle to the negative terminal a dark circular stain was observed on the silver-plated
substrate with yellow, orange, and blue tints. When switching the polarity between the cathodes he observed
the stain from the silver plate was removed leaving a dark polished spot on the plate which was considered

to be caused by “molecular disintegration”. While having the steel needle connected to the negative terminal
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the author probably deposited an iron oxide layer on the silver plate, switching the polarity resulted in the
removal of the oxide layer by sputtering and further sputter etching of the silver-plated substrate. Sputtering
as a term was not used in this paper, and the author referred to the process as “molecular disintegration”.
Another significant discovery was observed by Gassiot [31]. The author made observations on discharges
contained in glass tubes evacuated by mechanical piston pumps and observed black deposits on the side of
the tubes near the negative platinum wire terminal. The manipulation of the discharge using a magnetic
field is also reported by the author. The early applications of sputtering for thin film deposition were for
optical coatings. Wright in 1877 [32] deposited noble metal thin films on flat glass. The thicknesses of the
films were estimated by measuring the weight gain after sputtering. Early successful application of the
sputtering process was also reported in a paper from 1932 [33]. The process of the deposition of gold films
on membranes for microphones was explained in this publication. Compared to previously used
electrodeposition processes, the sputtered films had a better lifetime as they did not develop blisters and

other surface defects.

The mechanisms behind sputtering were initially not well understood. Firstly it had been considered that
the deposition process was a result of local evaporation of the cathode [34], a theory that existed almost
100 years after the first sputtering publication by Groves. Some authors hypothesized that atoms were
sputter ejected as a result of the positive-ion bombardment of the cathode [35]. A significant leap towards
a better understanding of the sputtering mechanisms was provided through the experiments done by Wehner
[36]. Wehner’s experimental work consisted of the sputtering of single-crystal Ag surfaces using Hg ions.
The author observed that atoms were ejected along the close-packed crystalline directions, a phenomenon
that could not be related to evaporation. The sputtering process was considered to occur in 3 steps. Firstly,
the incident ion collides with a surface atom and transfers its momentum and kinetic energy. The second
part consists of transport of energy and momentum within the target (collision cascades), the reversal of the
vector of momentum towards the outside of the target is needed for sputtering to proceed. In the final step,
a surface atom is “knocked-out” of the target when the atom receives energy higher than its binding energy

and is not obstructed by adjacent atoms.

Early observations on glow discharges led to the discovery of the emission of secondary electrons emission
from the cathode. Goldstein [35] referred to the particles as “cathode rays” and he proved that the particles
have a charge opposite to the positive ions “termed as canal rays”. Further studies on cathode rays were
done by J.J Thompson [37] who further confirmed that the particles are negatively charged and did
experiments on the deflection of the cathode rays by electrostatic and magnetic fields. The secondary
electron emission in glow discharges was the reason for the usage of magnets to support the glow discharge

during sputtering. The usage of magnets during sputtering was reported by Penning [38], a cylindrical post
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was used as a cathode which was surrounded by a cylindrical anode. Both electrodes were surrounded by
magnetic coils which generated a magnetic field parallel to the cathode and perpendicular to the electric
field. The secondary electrons emitted during sputtering deflected by the magnetic field exhibited cycloid
movement around the cathode resulting in a much higher total path traversed. This results in a much higher
probability of gas ionization which could significantly increase the sputtering rate and reduce the voltages
needed to initiate the glow discharge. The patent also explains a similar system with planar cathodes, but
with the magnetic lines being oriented parallel to the electric field thus providing magnetically enhanced
sputtering. Developments related to magnetron supported sputtering with crossed electrical and magnetic
fields were reported in the 1960s; Mullaly [39] described a sputtering system with quadrupole magnets.
The experiments showed that increased sputtering rates could be achieved in addition to a better uniformity
of the deposited film. Another study [40] presented the effect of having a magnetically enhanced sputtering
by utilizing longitudinal, transverse, and quadrupole magnetic fields. The advantages and disadvantages
related to the configurations were discussed with the quadrupole magnetic field providing superior
performance. The invention very much resembling the modern magnetrons can be found in the patent filed
by Chapin [41]. The apparatus consisted of a planar rectangular cathode with magnetic coils located behind
it. The magnetic coils provided a magnetic field resembling an arc beginning from and return to the cathode
surface providing the magnetic confinement of the secondary electrons, resulting in an increased ionization
of the gas molecules in the proximity of the cathode. The erosion zone in this configuration was rectangular.
One disadvantage of this particular design is that the plasma is confined to the cathode region and no ion-
bombardment is provided for the growing film, a process that can positively affect the film growth and its
physical-mechanical properties [42]. To overcome these issues, unbalanced magnetrons can be used.
Changing the balance of the magnetron can be achieved by shifting the positions of the inner and outer
magnets relative to the substrates [43]. Another way of unbalancing the magnetic circuitry is to employ a
Helmbholtz coil externally to the permanent magnets [42]. The application of this additional magnetic field
results in an increase in the field strength of the outer magnet and the subsequent opening of the plasma

trap which provides a higher ratio of ion/atoms arriving at the substrate.

Operating the magnetron was initially carried out by DC power (direct current Magnetron Sputtering
DCMS) since it was the simplest and cheapest way. Modern developments in the DC power supplies are
generally related to arc suppression. Using DC-power to sputter insulating targets like Al.Os, SiO: is not
possible due to the accumulation of positive charges at the cathode. To overcome this issue, radiofrequency
power supplies are used, typically with a frequency of 13.56 MHz. During the positive half-cycle, the ions
attracted from the negative half-cycle are removed, thus providing conditions for the sputtering process to
continue. If the frequency of the power supply sustaining the discharge is high enough, there will be not

enough time for the ions to reach the target during the negative half cycle resulting in the formation of an
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ion sheath and a net negative charge on the target due to the increased mobility of electrons compared to
ions. The drawback of RF-powered magnetrons is the need for a matching network to compensate for the
capacitive and inductive reactances of the discharge. Additionally, sputtering rates for RF-magnetron
sputtering are lower because of the periodic opening of the electromagnetic trap which allows the electrons
to escape. Another way for deposition of insulating films, such as Al>Os, is by sputtering of metallic targets
in reactive (in this case O,) environment. During reactive sputtering, insulating films can get deposited on
the target (poisoning), which can further result in charge build-up and arcing if DC-power is used. RF-
power supply can be used in this case but the need for matching network and the loss of efficiency
encouraged the development of mid-frequency AC and pulsed-DC power supplies [44]. In the pulsed-DC
solution, the polarity of the power alternates between negative and positive, with the negative cycle having
a higher magnitude and usually longer time than the positive cycle (e.g asymmetric pulsed-DC).
Frequencies often used in these power supplies range between 70-350 kHz with duty cycles (negative pulse

time divided by the total time of the cycle) up to 70%.

The latest development in supplying the power for sputtering was initiated by Kouznetsov with the
invention of high power impulse magnetron sputtering (HiPIMS, HPPMS) [45] [46]. This method of
sputtering relies on applying pulses of very high instantaneous power ranging between 0.1 kW-1 MW with
a duration of 50 ps-1 ms with pulse off time of 10-1000 ms. In a study by the same author, a very high
degree of ionization of the sputtered Cu particles was observed. This higher ionization resulted in a very
uniform film filling the trenches having a 1:2 aspect ratio. Additionally, the authors reported that the target
racetrack was broader pointing out the potential of the method for better target utilization compared to
conventional sputtering procedures. This study motivated various scientific groups to study, modify and
utilize the HiPIMS method in order to deposit films with superior quality. Extensive reviews related to the

more recent HiPIMS studies can be found by Sarakinos et al. [47] and Andre Anders [48].

It is important to note that the DCMS is a line of sight deposition process which results in more porous
films because of atomic shadowing. The thickness distribution can also be an issue while depositing films
on more complex geometries with studies presented in the literature is mainly focused on cutting tools [49].
To alleviate these issues HiPIMS is often used. Depositions performed by HiPIMS show much better
thickness distribution on the surface with 90° orientation relative to the target compared to DCMS [50]. A
similar study was done by coating cutting inserts using DCMS and HiPIMS [49]. With the HiPIMS

deposition process providing better thickness uniformity between the rake and flank surface of the insert.

2.4.1 Sputtering related processes
The process of sputtering (see Figure 2-2) is the physical vaporization of atoms caused by the bombardment

of surfaces with energetic atomic-size particles.
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Sheath

Figure 2-2 Sputtering event: (1) acceleration of an ion across the plasma sheath, (2) an atomic collision cascade in
the target material and (3) ejection of a target atom, 11 is the incidence angle, Gis the ejection angle (adapted from

[511)
Since the process is based on the momentum transfer, the mass of the bombarding species is of great
importance. This can be illustrated through the Laws of the Conservation of Energy and Conservation of
Momentum. Based on these Laws the energy transfer during the collision of 2 hard spheres can be calculated
using the following equation:

Et _ 4MtMl

—_—— 2
E;  (M; + M)? (cos™)

2.1

Where E; is the transferred energy, E; is the incident energy M is the mass, i is for the incident particle and
tis the target particle. Based on Eq. 2.1, the energy transferred is maximized when the masses of the incident
and the target particle are similar (M= M;), and when the incident angle is close to 0° (cosn = 1). Therefore,
sputtering materials with a higher atomic mass would be more efficient with heavier ions (e.g. Xe with amu
of 131 or Kr with amu of 84). Nevertheless, the sputtering process is often performed with Ar (40 amu) due

to its lower price [52].

Sputtering yield is a parameter related to the ratio of the number of sputtered atoms to the number of incident
bombarding particles. The sputtering yield is affected by the: energy of the incident particles, the surface

binding energy of the target material, and the angle of incidence.

The sputtering threshold energy is the minimum energy that is needed in order to cause sputtering. The
threshold energy is proportional to the surface binding energy and it is affected by the masses of the
bombarding and the target particles. Various empirical expressions regarding the sputtering yield and the

sputtering threshold energy were proposed by Bohdansky et al. [53].
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The energy distribution of the sputtered particles follows the following relationship, which is also known

as the Thompson formula [54]:

- = 2.2)
PEE = E Y

Where E is the energy and the Ey;, is the surface binding energy. The energy distribution has a maximum at

Eqw/2 (few €V) and a tail at higher binding energies diminishing with E2,

The angular distribution of the atoms sputtered due to bombardment with energetic ions at a normal

incidence generally has a cosine-type distribution [55]. A cosine distribution is illustrated in Figure 2-3.
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Figure 2-3 Cosine angular distribution of sputtered atoms

The angular distribution depends on the projectile mass and energy, and the angle of incidence. For low ion
energies, the distribution is often “under-cosine”, i.e. fewer particles are ejected in the direction of the target
normal. Under-cosine and heart-shaped distributions are further promoted by the surface topography of the
targets. This phenomenon is due to the fact that the atoms are ejected in a direction normal to the local

surface features (hills and valleys) of the target [56].

2.4.2 Transport and condensation of the sputtered species
The sputtered species, after being ejected from the target, traverse the space between the target and the
substrates in the vacuum chamber. The distance between the target and the substrate is typically between 5

cm and 30 cm. During their travel the sputtered species collide with the background gas and their energy is

13



Chapter 2

reduced, a process often called thermalization. The frequency of collisions is related to the mean free path
of the particles. The mean free path is the average distance a particle travels between collisions. The mean

free path can be estimated using the following equation:

1 k,T
A:—:L (2.3)
n

g0 DO

Where A is the mean free path, ng is the gas density, o is the collision cross-section, p is the background
pressure, ky, is the Boltzmann constant and T is the temperature. The collisional cross-section is an area that
quantifies the probability that the scattering will occur during the collision of particles. The simplest

approximation of the collision cross-section is the hard-sphere one where:

o= n(r+1y) (2.4)

The r; and 1, are the atomic radius of the sputtered particle and the background gas, respectively.

It is important to note that the mean free path of the sputtered species is inversely proportional to the
background pressure. Therefore, increasing the pressure during the deposition will increase the scattering
of the sputtered species and deposition of particles out of the line of sight of the target can occur. The typical
deposition pressures during magnetron sputtering are between 0.1 and 1 Pa. In this range of pressures, the

mean free path of the particles is typically in the range of few centimeters.

The sputtered species condense on the substrate and contribute to the film growth. During the condensation,
they give up energy and cause heating. The film growth and its properties are affected by various factors.
Some of the important factors are the energy of the condensing species, the angle of impingement, substrate
temperature, deposition rate, surface roughness, surface mobility of the adsorbed atoms, and the concurrent
bombardment of growing film. For example, species that arrive at the substrate at oblique angles will be
captured by the hills and amplify their growth. As the hills grow, they will shadow the adjacent valleys and
thus further reducing the arriving of species in the valleys. This process will cause the growth of a film with
a porous columnar morphology. This process can be reduced by concurrent bombardment through the
application of a negative voltage on the substrate. The concurrent bombardment can cause the re-sputtering
of the growing film and subsequent re-deposition of the species in the valleys, thus, increasing the film

density.
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2.5 Thin films based on transition metal dichalcogenides for tribological applications-

background and state of the art research

Transition Metal Dichalcogenides (TMDs) are compounds made of a transition metal atom (Mo, W, Nb or
Ta) bonded to two chalcogen atoms (S, Se, or Te). The most widely studied TMD in the field of tribology
is MoS., followed by WS.. MoSe; and WSe: have also been studied but to a lesser extent. These compounds

have lubricious properties due to their structure which can be depicted in Figure 2-4.

Figure 2-4 The structure of MoS>

TMDs consist of “sandwiches” made of S-Me-S (Me-Transition Metal, S-Chalcogenide Atom) atoms
which are strongly (covalently) bonded. Weak Van-der-Waals forces are holding the sandwiches together
resulting in an interplanar weakness. Under shear forces, a crystalline slip will occur which can further

result in the formation of transfer film during sliding [57].

Further in this section, the early usage of TMD thin films will be introduced, a small section related to metal
doping of TMD materials will be presented and more extensive review on the carbon doping of TMD films

will follow.
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2.5.1 Early usage of TMD thin films for tribological applications

The usage of MoS: dates back to the mid-nineteenth century where it was used for lubricating axles of
wagons by the California gold-miners [58]. The initial method for the deposition of TMD films was
burnishing, a method in which sliding pressure is applied to the TMD powder (usually MoS) against the
surface which is to be coated. A film consisting of (001) oriented MoS: on the top of randomly oriented
MoS: crystals is formed [59]. The lubricity of the thin MoS; films has been reported in a paper by Fusaro
[60] from the Nasa Lewis Research Centre. In this paper, the major drawback of the TMD films has been
shown: the high sensitivity to humidity and atmospheric air. The friction in dry air and dry argon measured
by a pin-on-disk apparatus (sliding against steel-based counterparts) was less than 0.02 whereas the lowest
friction in humid air was 0.08, with a much shorter endurance life of 10 kilocycles compared to 100
kilocycles in dry air. Another method for the deposition of TMD coatings is by bonding. In this method, a
binder is dissolved in a suitable solvent and the TMD particles are also dispersed in the solution. The
solution is applied on a surface and the solvent is evaporated leaving a bonded coating with randomly
oriented TMD crystallites. In a study by Bartz and Xu [61] the formation of blisters was attributed to a

lower wear life during tribological testing.

Further research on TMD thin films was mostly focused on the deposition of coatings by PVD processes.
PVD provides good controllability and high purity of the coating composition. Sputtered MoS: coatings
have been reported as early as 1971 by Spalvins [62] also from the Nasa Lewis Research Centre. The
coatings 200-650 nm thick were deposited by RF-diode sputtering and tribologically evaluated in a vacuum
tribometer. Friction coefficients of 0.03-0.04 were reported. The good tribological behavior in vacuum
environments was the reason for their usage in spacecraft and satellite moving mechanical components and
assemblies [63]. Co-sputtering of metals has also been investigated in a way to improve the tribological
properties of pure MoS: coatings [64]. The Ni addition in the range of 5-8 at% was considered as the
optimum quantity with which superior tribological performance could be achieved compared to pure MoS:

coatings. The underlying mechanisms behind the improvement were not explained by the author.

During the 1990s tribological studies of thin films based on TMD were mainly performed on coatings
deposited by sputtering procedures. Grosseau-Poussard et al. [65] deposited MoSx coatings by ion-beam
assisted deposition and compared them with sputter-deposited ones. The authors reported that high energy
ion beam assisted deposition could result in the inhibition of TMD crystallites orientation, with the basal
planes oriented parallel to the surface, which significantly decreased the wear life. In the case of layered
TMD clusters parallel to the surface, the sputter-deposited coatings had much better wear life in the argon
environment. WS, thin films deposited by another PVD process (Pulsed Laser Deposition (PLD)) were
tribologically studied by Prasad and Zabinski [66]. The focus of this study was on the transfer film
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formation during sliding. The major drawback of the sensitivity to humidity, which was well known for
TMDs, was confirmed and it was speculated that the formation of WOs3 hindered the lubricity in the humid
air. In a study performed by Lince and Hilton [67] on RF sputtered MoS; thin films, the effect of oxygen
on the microstructure of TMD studies was presented. In particular, the authors reported that oxygen could
replace the sulfur atoms and a MoS»..Ox phase was formed. The improvement of the humidity resistance of
MoS: thin films by metal ion implantation was also attempted [68]. In this work, thin films were deposited
by RF magnetron sputtering and subsequent metal ion implantation was done by using Ag* and Y™ ions. It
was reported that the film adherence and the wear life were improved by ion implantation; in terms of
oxidation resistance, Ag*ions had a positive effect while Y* ions caused increased oxidation in humid
environments. Further studies were mainly focused on controlling the microstructure of the magnetron
sputtered TMD based thin films through doping with various elements. Ni and Au-Pd addition to MoS>
solid lubricant film, but in the form of nanostructured multilayers, have also been studied [69]. The
multilayered nanostructure, in this case, increases the basal orientation of the TMD film. Additionally, the
films had dense and smooth morphology showing an increased wear life and friction in the range of 0.05-
0.08. Doping the TMD films with an element, which could form lubricious compound at elevated
temperatures, was also tried [70]. The PLD deposited WS>-ZnO thin films had amorphous nature after
deposition at RT but, after wear testing, crystalline WS>, WO, and ZnWO, phases were detected. To
increase the tribological performance of MoS; thin films, the introduction of interlayers (Cr or CrsSi) is
also reported [71]. Various changes in the process parameters, like the target to substrate distance, power
and pressure, were tried by the authors and the relationship between them and the microstructure was
reported. The best tribological behavior was reported for films that had higher (002) orientation and
negligible (100) and (110) reflections from the measurements done by XRD. The addition of small amounts
of rare earth metal (LaFz) to MoS: sputtered films were studied in terms of oxidation resistance by Yu et al.

[72]. Doping with LaF3 resulted in denser and more oxidation resistant film.

The assessment of the effect of crystal orientation on the tribological response of MoS; in fretting tests was
studied by Zhang et al. [73]. A strong influence of the crystal orientation while testing in humid air was
observed which was related to the oxidation sensitivity of the randomly oriented MoS,. It was also reported
that switching from humid air to dry air, for the basal oriented films, causes recovery of the low friction

characteristic for TMD thin films.

Thin films based on the MoSe, TMD are much less studied. Kubart et al. [74] deposited pure MoSe; films
by DC magnetron sputtering and compared them with the well-studied MoS: films. Tribological studies at
different relative humidity revealed that MoSe; is less affected in humid air showing better lubricity

compared to MoS,. In a dry atmosphere, MoS: was reported to have better performance.
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2.5.2 Metal doping of TMD films

Significant improvement of MoS: films by Ti doping has been reported by Teer and his coworkers [75,76].
The coatings with registered trademark MoST™ were deposited in a chamber with closed-field unbalanced
magnetron sputtering configuration with 4 targets. The addition of 20 at. % of Ti resulted in coatings with
a friction coefficient of 0.05 in an environment with ~40 % humidity. The hardness by nanoindentation was
~15 GPa. The industrial testing was carried out with coated drills and dies in metal cutting and forming

industry. The authors reported excellent results from the industrial tests.

The deposition of nanostructured multilayered MoS:-metal (oxide) was performed by Mikhailov et al. [77]
to better understand the role of metal doping in terms of the humidity resistance of sputtered TMD-coatings.
Metals with different sensitivities to oxygen were incorporated in a multilayer structure with a metal layer
of 3-7 nm and MoS; of 33 nm thicknesses. The frictional testing in humid environment showed an
improvement compared to pure TMD coating which was due to the increased basal (002) orientation of the

TMD phase. The authors did not observe any specific role of the type of the metal layer.

The addition of sputtered MoS; to hard coatings developed for cutting operations was also reported [78].
The motivation behind this type of research was to reduce the friction between the cutting tool and the
workpiece and, therefore, to eliminate or reduce the use of cutting fluids. The addition of MoS, to TiAIN
coatings resulted in the improvement of the tribological performance compared to the pure TiN or TiAIN

coatings.

2.5.3 Carbon addition to TMD films

The significant improvement of the aerospace systems caused the need for a much improved tribological
behavior of their sliding components. This need was in the basis of the development of nanocomposite
coatings with adaptive nature in terms of the friction response related to the testing atmosphere [79]. One
of thiese coatings was the WC/DLC/WS; nanocomposite consisting of nanograins of WC and WS, (with a
size of 5-10 nm) embedded in an amorphous C matrix. The WC provided the mechanical strength of the
coating whereas the other elements could take care of the low friction. The adaptive tribological behavior
of the coating could provide lubricity by either the graphitization of the C phase during sliding in ambient
environments or, on the other hand, the crystallization and reorientation of the WS, grains, at the sliding
interface, when testing in dry and vacuum environments. These results encouraged further research of
TMD-C thin films which will be covered later in this section. The concept of nanocomposite coatings with
“chameleon” tribological behavior was further explored by Voevodin et al. [8§0] with the deposition of
YSZ/Au/MoS,/DLC coating by a combination of magnetron sputtering and magnetron assisted pulsed laser
deposition. The coating consisted of an amorphous DLC phase with nanocrystalline inclusions of ZrO, and

Au with a size of 3-8 nm. Reservoirs of amorphous MoS, were also present in the coating. The tribological
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adaptation of the coating was observed with the TMD phase providing lubricity in the vacuum and dry
nitrogen environments (COF of 0.02-0.03), the DLC phase with a lubricious role in humid air, by the
formation of graphite-like transfer layers (COF of 0.1-0.15), and the Au giving rise to tribofilms (COF of
0.2-0.25) when testing at 500° C with laboratory air.

Several publications on C and N doping of WS, films were prepared by Nossa and Cavaleiro [81-83]. All
coatings were deposited by RF magnetron sputtering. In their first publication [81] W-S-C and W-S-N
system were deposited using reactive sputtering (CH4 and N> atmosphere in addition to Ar) with the addition
of C up to 60 at.% and addition of N up to 20 at.%. C and N addition resulted in increased hardness and
coatings with more amorphous nature when compared to pure WSy films. Substochiometry (ratio between
chalcogen atoms and transition metal atoms- X/M) in relation to WS, was related to the preferential
sputtering of S from the growing film. Friction coefficients between 0.08 and 0.32 were reported, being the
coating detachment the main failure mechanism. The second paper [82] is related to reactive magnetron
sputtered films with similar composition, with the incorporation of a Ti interlayer. Significant
improvements in terms of adhesion were observed with a similar frictional response. The increase in the
adhesion gave rise to a much better wear resistance of the coatings. Additional characterization of the
coatings was performed by X-ray photoelectron spectroscopy, XPS, in the third publication [83]. The XPS
study showed the presence of W-C bonds, for the C doped films with low to moderate C contents (up to
~50%), whereas C-C bonds were mainly found for the coatings with the highest amount of C content. W-
N bonds were also detected for all N doped films. To additionally explore the microstructure of the WS,
films alloyed with C and N, a study focused on high-resolution transmission electron microscopy was
performed [84]. The study revealed that the films alloyed with C contained W-S and W-C grains embedded

in an amorphous C matrix. The films doped with a high amount of N showed an amorphous structure.

The same research group continued the investigation of TMD based films. Evaristo et al. [85] deposited the
W-S-C system using the same deposition chamber in a co-sputtering configuration from 2 targets of WS,
and C. The films were compared with those deposited by reactive sputtering (WS, and CHy). Co-sputtered
coatings were reported to have an amorphous structure and comparable adhesive strength to reactively
sputtered coatings, in spite of the absence of the Ti interlayer. The S/W ratio was lower for the reactively
sputtered films which was attributed to the formation of H,S; in terms of hardness, the reactively sputtered
films were superior. More tribological studies of the W-S-C films followed, namely Polcar et al. [86]
explored the tribological behavior of the films using an unidirectional pin-on-disk apparatus under incaasing
loads (5-47 N) in ambient air with a relative humidity of 30%. A decreasing trend was observed for the
friction coefficient as the load was increased. The coatings with C content between 37-51 at. % were

reported to have values as low as 0.05.
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Motivated by the good tribological results for MoSe> when sliding in normal air, Polcar et al. [87] deposited
Mo-Se-C films using the same RF magnetron sputtering system used in previous studies of W-S-C. The
target was of composite nature, a C target with MoSe; pellets placed on top of it. The films had a Se/Mo
ratio in the range 1.7-2, which was much higher compared to S/W one in the previous studies; the C content
was varied between 30 and 70 %. From the microstructural analysis, the authors depicted a film consisting
of amorphous carbon with embedded nano-grains of MoSe». From the XPS analysis, no Mo-C bonds were
detected. The occurrence of MoSe, nano-grains was confirmed by TEM [88]. The tribological study [89]
on these particular coatings confirmed their potential. The friction coefficient was 0.07-0.08 when testing
in normal laboratory air under 5N load. The testing was also performed with increased temperature up to
250 °C, resulting in a drop of the friction coefficient down to values of 0.01-0.04. The testing was attempted
at 300°C but no coating survived that harsh environment. From the Raman measurements, the authors
depicted that the frictional behavior was mainly driven by the TMD phase with the C phase having a
marginal effect. The tribological testing was also performed with increased loads at atmosphere with 35%
RH [90]. A low friction coefficient of 0.05 was measured while testing the coating with 51 at. % C under a
load of 33N, the wear rate was also quite low with a value of 6 x 107 mm?N"'m. Various techniques were
then employed to analyze the wear track of the tested sample. Auger Electron Spectroscopy depth profiling
showed that the topmost layers are rich in Mo and Se. Lateral force microscopy was also performed on both
the wear track and the as-deposited coating; the wear track showed a decreased friction force which could
be attributed to low friction tribolayers. The final confirmation of the presence of thin layers of MoSe; on
the contact surface was reached after high-resolution TEM study after preparing the samples by focused
ion beam (FIB). From the HRTEM images, it was concluded that the randomly oriented platelets of MoSe:
in the as-deposited coating were getting reoriented during sliding, aligning their basal planes parallel to the
surface, thus, providing a significant friction reduction. An additional tribological study on the same
coatings was focused on the wear mechanisms occurring during testing in different atmospheres [91]. It is
important to note that the coatings were deposited 5 years before testing and stored in room conditions
before the microstructural and tribological characterization. This gives valuable information in terms of the
potential degradation of the Mo-Se-C films. A significant reduction in friction was observed in dry air, Ar
and N, compared to the ambient air testing. The wear rates followed the same trend although with a not
such a big difference between testing in humid air and in the other three more inert environments. TEM
analysis on FIB prepared samples from the wear track and the transfer film on the ball counterpart showed
well aligned basal oriented MoSe; crystals on the sliding interface. EELS analysis confirmed the presence
of MoOs in the agglomerates found in the transfer film on the ball from the tests in humid air. This result
pointed out that the oxidation of MoSe; is the most probable reason for the increase in the friction. The

extensive surface analysis of the worn surfaces revealed that the top layers were carbon depleted and the
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main function of the C phase is to increase the hardness of the films. Then, during sliding smaller contact

area was provided which is crucial for the friction reduction.

WSe; based films deposited for potential tribological applications are much less available in the literature.
Evaristo et al. [92] studied films of W-Se-C similarly as the previously RF sputtered deposited W-S-C and
Mo-Se-C. The films deposited by co-sputtering had C content up to 70%, with Se/W ratio of 0.8-1.6.
Reactively sputtered films had 25 and 66% C with Se/W ratio of 1.7-2.3. One issue during the deposition
was the evaporation of the target with subsequent deposition of pure Se film. This issue was tackled by
using much lower powers on the 100 mm WSe target (40-75 W) resulting in very long deposition times (6
hours) and high oxygen contents (10 at. %). The co-sputtered coatings were harder with increasing C
content, contrarily to the reactively sputtered coatings, having lower hardness and not significantly
changing with C incorporation. A more detailed tribological study was done in an additional publication
[93] where W-S-C and W-Se-C were compared. Friction as low as 0.05 was reported. In relation to wear,
generally, adhesion-related problems were observed with the coatings suffering peeling off during testing.
The maximum testing load was 200 N. Another research group deposited a W-Se-C coating on top of a thin
DLC film using pulsed laser deposition [94]. The coating with 60 at. % C had the highest hardness of 9.4
GPa with the Se/W ratio close to 1.4 for all C contents. The hardness increase was due to the formation of
WC and B-W spherical nanoparticles identified by TEM. An interesting feature was the formation of a W-
Se phase on the edges of the B-W phase. The tribological testing was carried out in fretting mode [95] under
a load of 5 N at room temperature and RH of 50 %. The lowest friction coefficient was 0.04. W-Se and W-
Se-C films with tailored microstructure were grown by RF magnetron by Dominguez-Meister et al.[96].
The preferential re-sputtering of the chalcogenide atoms during film growth led to the formation of a W-
rich layer which improved the adhesion of the film to the substrate. For this, a modulated pulsed-DC bias
was applied to the substrate, starting with 25 W and reducing the power at a rate of 5 W per hour; the final
1 hour of the deposition was done without bias. The same study also reported W-Se-C films deposited by
RF co-sputtering of WSe, and WC targets. Friction coefficients of 0.06 and 0.08 (laboratory air) were
measured for the W-Se-C and W-Se films grown with the modulated bias approach. The structural
reordering of the lubricious amorphous WSe: phase was assumed to be the underlying mechanism for the
friction reduction. The same films were also tribologically studied varying the testing pressure [97], from
107 mbar up to atmospheric and, finally, back to 10 mbar. Surprisingly, no significant change of the
friction was observed during the whole test with values staying around 0.05. HRTEM studies showed the
presence of amorphous W-rich areas with platelets of WSe; embedded in it. The tribofilms showed
crystallization of the TMD phase on the sliding interface, with the W playing a sacrificial role in terms of

oxidation protection for the TMD phase.
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WSs/a-C films were also studied by Cao et al. [98], in particular the effect of the discharge pressure on the
microstructural and mechanical properties. The lowest deposition pressure of 0.3 Pa resulted in films with
the lowest S/W ratio of 1.3, while higher deposition pressures (around 0.75 Pa) gave rise to a better ratio of
1.7-1.8. This was explained by the reduced energy of Ar species bombarding the substrate when the pressure
was increased, resulting in a reduced S resputtering from the growing film. The coatings grown at a lower
pressure (lowest S/W ratio) have the highest hardness which could be related to the availability of W to
form W-C bonds; the coating with 50 at. % C had a hardness value of 10.6 GPa. The tribological testing in
a normal atmosphere showed a coefficient of friction of around 0.15 which is much higher compared to the
previous studies of W-S-C films. The same research group also studied the effect of the substrate to target
distance for the same WS,/a-C system [99]. Higher target-to-substrate distance resulted in higher S/W ratio;
then, increased hardness was achieved for the films grown at low distances. The coating deposited at higher
distances showed better performance with a CoF of around 0.1 in ambient air. The Raman study of the wear

tracks has shown the presence of a-C.

2.6 Summary of the review and research gaps

Because of the tribological potential of TMD materials, various studies have been performed during the last
30 years. As they have excellent performance in vacuum, initially the studies were focused on aerospace
applications. There have been plenty of attempts to enable the tribological feasibility of TMD based
materials in room conditions. The most successful solutions in the literature are the Ti-doped MoS, by Teer
and his coworkers, with films having CoF of 0.04-0.05 in an ambient atmosphere. Moreover, these films
were also successfully tested in industrial conditions. Another important milestone was the development of
the WC/WS»/DLC nanocomposite coatings, by Voevodin et al., for which CoF values of around 0.1-0.15
were achieved with the authors considering that the DLC phase governed the friction in humid air with the
W-S phase being responsible for a suitable tribological performance by an adaptive response in other testing
atmospheres. The potential of the TMD-C thin films was further explored in a series of studies by the SEG
group at CEMMPRE. The studies showed a non-Amonton behavior of TMD-C films with decreased friction
with increasing loads. Values between 0.04 and 0.07 were often measured during sliding in room
conditions. Nitrogen-doped TMDs were also the subject of various studies but the good frictional response
was only observed during sliding in inert environments (e.g. dry nitrogen). From the C alloyed TMDs, W-
S-C based films appear to be the most studied material. On the other hand, MoSe; based thin films with the
addition of carbon are less studied although having better performance in ambient air compared to MoS.
It must be noted that the Mo-Se-C studied were deposited using RF sputtering with MoSe, pellets placed
on the erosion zone of a graphitic target. Regarding the microstructure, the amorphous carbon (a-C) matrix

with embedded randomly oriented nanosized TMD platelets is the most advantageous for tribological

22



Chapter 2

applications. During sliding, the nanograins can be easily reoriented with their basal planes parallel to the
surfaces, facilitating sliding, and its dangling bonds protected by the a-C matrix avoiding the oxidation.
Some studies also have shown that amorphous coatings can also provide friction reduction when

crystallization occurs during sliding, as a result of the mechanical work and the temperature increase.

Most of the studies in the literature related to TMD-C were performed on coatings prepared in small
laboratory chambers with rare examples of the usage of bigger deposition units (e.g. four cathodes in a
closed-field unbalanced magnetron sputtering configuration). The depositions were historically performed
through different routes like sputtering of individual targets (graphite and TMD), sputtering composite
targets, and sputtering a TMD target in carbon-containing gas (e.g. methane). Substrate bias was rarely
used. The substrates were often cylindrical coupons with the planar surface being coated for tribological
testing with standard pin-on-disk devices. No studies have shown the use of more complex substrates, such
as those involved in sliding during operation in real service conditions. The research related to films based
on MoSe; and WSe; types of TMD is also lacking in spite of their possible advantage for applications in
room conditions. Another benefit of the films including TMDs with the chalcogen atom being Se is the
reduced resputtering of the chalcogen atoms during film growth. Biasing the substrate during film growth
was often evaded as it leads to a very poor ratio between the chalcogen atoms and the transition metal atoms
of the TMD phase which hinders the lubricity. Bias usage can greatly improve the mechanical properties
of the Mo-Se-C coatings as found, for example, in DLC coatings often having superior performance when

appropriate substrate bias is used.

2.7 Challenges regarding the upscaling of the deposition process.

Lab-scale deposition of TMD containing thin films was often performed by RF magnetron sputtering, very
likely due to the reduced conductivity of the TMD materials and thus having more stable discharges (e.g.
less arcing) with RF voltages as compared to DC voltages. Utilizing RF power supplies in industrial-scale
deposition units is often evaded due to the increased costs. The increased costs are because of the additional
instrumentation needed, like the matching networks used for matching the capacitive and inductive

reactances. The costs are further increased because of the generally lower deposition rates.

The lab-scale chambers often have much shorter target-to-substrate distance (TSD of e.g. 5-10 cm), which
is usually fixed. Additionally, the substrates are often continuously exposed to the flux of sputtered species.
Deposition on an industrial scale can be performed at a wide range of TSD, typically ranging from 10-30
cm, a distance governed by the size of the part to be coated and its geometry. Moreover, the parts in
industrial units are often fixed on rotating carousels and their surfaces are intermittently exposed to the

targets (the flux of sputtered species).
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In the context of the difference in the TSD, the scattering of the sputtered species is expected to be
increasingly important in the industrial scale deposition compared to the lab-scale deposition. The
importance of the scattering of the sputtered species is further amplified by the fact that there can be a
significant difference in the atomic mass of the constituents of the TMDs (e.g. S and W). This will cause a
significantly different scattering behavior during the collision of the S and W atoms with the background
Ar gas. On one hand, the lighter S atoms will be scattered more, increasing the probability of condensation
of S atoms on the chamber walls. On the other hand, the heavier W atoms are expected to have more straight

traversing paths, and thus, deposition out of the light of sight of the target is not expected.

The intermittent exposure of the surfaces to the targets will facilitate the shadowing effects, i.e. the coated
surfaces will be exposed to the flux of species at various angles to the substrate normal which increases the
shadowing effects and the columnar growth. Another issue that might arise during the deposition of the
coatings in bigger units is the temperature. Due to the bigger mass of the parts as well as the fixtures used,
the temperature can be significantly lower. The lower temperature will affect the adatom mobility, and thus,

the morphology of the film.

Improving the density of the films synthesized by sputtering techniques is often performed through the
bombardment of the films with energetic species. The bombardment is usually performed by applying a
negative voltage on the substrate holder. Application of substrate bias on a component with more complex
geometry (e.g. component that contains sharp edges) can cause increased ion bombardment on the edges.
This process can significantly alter the composition and the properties of films composed of multiple

elements due to preferential sputtering of some of the atoms (typically the atoms with lower atomic mass).

2.8 Main objectives

PVD techniques have greatly evolved in the last 2-3 decades with an increasing amount of coatings being
used in various industries such as the metalworking and automotive industries. The research towards
friction reduction in several industries has resulted in a significant amount of surface engineering-based
solutions for friction and wear reduction. Properly tailored lab-scale deposited TMD-C coatings perform
rather well for friction reduction which is a good enough reason to perform further studies in attempting to
upscale the deposition process for the cases providing the most promising results. A strong advantage of
the nanocomposite TMD-C coatings is their unique ability to provide friction and wear reduction in various

operating environments.

Therefore, the main objective of this project will be to upscale the magnetron sputtering deposition
processes for TMD-C thin films. Currently, the most promising solutions are W-S-C and Mo-Se-C coatings;

then, these two coatings will be studied.
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The specific objectives of the thesis are as follows:

* Studying the relationships between the properties of W-S-C coatings and the different routes
for coatings deposited in lab-scale equipment.

*  Preparation of W-S-C and Mo-Se-C coatings in semi-industrial scale equipment

* Understanding the relationships between the placement of the samples at various locations
in the chamber and the composition of the coatings

e Evaluation of the crystallinity, morphology, microstructure, adhesion and mechanical
properties as a function of the composition and, thus, the processing parameters

* Tribological evaluation of the synthesized coatings in various operating environments, like

ambient air, dry N», elevated temperature and vacuum

The ultimate goal of the thesis is to obtain recipes for a consistent deposition of self-lubricant carbon alloyed
TMD coatings in a semi-industrial deposition unit. The coatings should provide friction and wear reduction

in a wide range of operating conditions like vacuum, ambient air, and elevated temperature up to 300-400°.
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Chapter 3 Experimental methods

In this chapter, the magnetron sputtering deposition equipment used for the synthesis of the coatings as well
as the processing parameters will be presented. Detailed information regarding the methods, the equipment,

and the parameters for the characterization of the coatings will also be presented.
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3.1
3.1.1

The W-S-C(H) coatings prepared in the lab-scale deposition equipment were deposited by RF magnetron

Preparation of the coatings

Lab-scale depositions

sputtering (Edwards E306A) in a unit equipped with 2 magnetrons. A schematic of the configuration can

be seen in Figure 3-1 a).
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Target (Cathode)
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Figure 3-1 a) schematics of the deposition unit b) a carbon target with WS> pellets placed in the erosion zone

The targets mounted on the magnetrons have a diameter of 100 mm and are connected to RF (13.56 MHz)
power supplies with a maximum power output of 1000 W (Huttinger PFG 1000) and 500 W (ENI OEM 6),
respectively. The substrate holder was also connected to an RF power supply with a maximum power output
of 1200 W (ENI OEM 12a). The power supplies were connected with the magnetrons through matching
networks. The base pressure before the deposition was less than 107 Pa attained by a turbomolecular pump
backed by a rotary vane vacuum pump. The distance between the targets and the rotatable substrate holder
is fixed at ~6 cm. The depositions were carried out using Ar gas with a pressure of 0.75 Pa, except for the
reactive sputtering where a gas mixture of Ar/CH4 with a total pressure of 1 Pa was used. The substrate
holder can rotate or be stationary over the targets. During rotation, the substrate holder intermittently passes

over both targets. The direct position of the substrate holder over one of the targets is also possible.

Different deposition routes were chosen for coating: co-sputtering of 2 separate graphite (Testbourne Ltd,
99.9 % purity) and WS, (Testbourne Ltd, 99.9 % purity) targets, co-sputtering a composite target composed
of a graphite target with pellets placed in the erosion zone (see Figure 3-1 b)) and sputtering of a WS, target
in reactive methane (CH4) gas. The sputtering of the composite target was also performed with the substrate

holder being stationary and rotating over the target.
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For co-sputtered films from separate WS, and graphite target, the power density to the WS, target was set
to 2 W/cm? while the power to the C target was varied between 3.8 W/cm? and 7.6 W/cm? (300-600 W), to
deposit films with C content between 40 and 50 % since, in previous studies, these compositions showed
the best tribological results. The films co-sputtered from a composite target were deposited by placing WS:
pellets (5§ mm x 4 mm x 2 mm) in the erosion zone of the C target. To reach similar C contents as the other
co-sputtered coatings, the number of pellets was changed between 21 and 13. In this particular route, the
thin films were deposited by having the substrate holder rotating or in the stationary position. The number
of pellets was kept the same for both modes. The power density was set to 7.6 W/cm? and 3.8 W/cm? for
the rotating and stationary mode respectively. Magnetron sputtering in reactive mode was performed by
sputtering a WS, target in a gas mixture of Ar and methane (CH4). The depositions were performed only
by having the substrate holder rotating. The power density was 3.8 W/cm?. The partial pressure of the CHy
gas (pcH4/Protal) Was set to 28-48 %, by adjusting the flow of the CH, gas.

Three films were deposited per route resulting in a total of 12 films. The coatings will be referred to as Dx-
y where x=1,2,3,4 refers to; 1 - co-sputtering of 2 targets; 2 - sputtering a composite target with the substrate
rotating; 3 - sputtering a composite target with the substrate being stationary and 4 for reactive sputtering.
The number y refers to the power (W) to the C target used for the co-sputtered films, the number of pellets
for the sputtering of a composite target, or partial pressure (%) of the CH4 gas during reactive sputtering.
For example, D3-17 is the film deposited by sputtering a composite target with 17 pellets placed in the
erosion zone and a stationary substrate holder. Before deposition, the targets were sputter cleaned for 10
min. each, while the substrates were sputter cleaned for 20 min. For improving the adhesion to the metallic
substrates, a Cr interlayer with a thickness of ~200 nm was deposited for the films deposited by sputtering
a composite target and reactive sputtering (D2, D3, and D4 coatings). For the D1 case, Cr interlayer could
not be deposited as both cathodes were used for the deposition of W-S-C coatings. The substrates were
silicon wafers and AISI M2 steel coupons. Steel substrates were polished to R, ~ 20 nm using diamond
suspension and they were mainly used for the scratch testing and tribological evaluation. The substrates

were not biased during deposition and no intentional substrate heating was used.

3.1.2  Semi-industrial scale deposition

The coatings deposited in the semi-industrial deposition unit were W-S-C and Mo-Se-C. The unit is
equipped with 4 unbalanced magnetrons in a closed-field configuration (Teer Coatings Ltd UDP 650/4). A
schematic and a picture of the equipment can be seen in Figures 3-2 and 3-3, respectively. The neighboring
unbalanced magnetrons have the outer magnetic assembly with opposite polarity, producing a closed
magnetic ring. The closed magnetic field lines are in the zone where the substrates are located, entrapping

the secondary electrons emitted from the target, and thus ionizing the gas in the proximity of the substrates.
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The enhanced plasma, present close to the substrates can be used for sputter cleaning of the substrates
before deposition and/or bombardment of the growing film with Ar* ions during deposition [100]. The
diameter and height of the chamber are 650 mm. The chamber is pumped using a diffusion pump backed
by a rotary vane pump. The vacuum achieved before the deposition is below 3 x 10* Pa. The ultimate
vacuum pressure is measured by an active inverted ionization gauge whilst the deposition pressure is
measured by a capacitance manometer. The deposition was performed in an Ar atmosphere. The rectangular
planar targets, vertically aligned on the chamber walls, have a dimension of 380 x 175 mm? with a nominal
thickness of 10 mm. For achieving a broad range of carbon contents, 2 graphite targets (Testbourne Ltd.
99.99 % purity) and a single TMD (WS, or MoSe,, Testbourne Ltd, 99.9 % purity) were used. The graphite
and the TMD targets were bonded to a copper backing plate (thickness of 4 mm) with conductive silver-
filled epoxy. The placement of the targets on the respective magnetrons can be seen in Figure 3-2. The

configuration is the same for the Mo-Se-C coatings, only the WS, target was exchanged for a MoSe; target.

Cr-target
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Figure 3-2 Schematic of the target configuration used for the deposition of W-S-C coatings in the semi-industrial
deposition unit
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Figure 3-3 Teer UDP 650/4 deposition unit

The targets were connected to DC power supplies (Advanced Energy Pinnacle) with a maximum power
output of 6 kW. The carousel is connected to a pulsed-DC power supply (Advanced Energy Pinnacle Plus)

with a maximum power output of 5 kW.

The substrates are placed on a carrousel that is subjected to a rotation with a speed of ~10 rpm, which is the
maximum. The substrates were subjected to a single rotation. Before deposition, the substrates were sputter
cleaned for 40 min using a p-DC voltage of 600 V, at a frequency of 250 kHz, and a reverse time of 1.6 ps.
The targets were simultaneously sputter cleaned for 20 min, with a shutter placed in front of them to prevent
cross-contamination. Target cleaning was performed in pairs (for example, C and WS, are sputter cleaned
first, and then, C and Cr are sputter cleaned), with the opposite targets being cleaned together. This
procedure allows plasma enhancement in the substrate region (from the unbalanced magnetrons) and high
ion current can be drawn on the substrates, resulting in efficient sputter cleaning of the substrates. No

additional substrate heating was used. The substrates were polished single crystal silicon wafers, AISI M2
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tool steel, and DIN 100Cr6 bearing steel. The steel substrates were polished down to roughness of R, < 20
nm using SiC papers and diamond suspension subsequently, with a minimum particle size of 3 um. Thin
coatings (30-50 nm) were also deposited on carbon-coated transmission electron microscopy (TEM) grids

(Mesh 400).

An adhesion improving Cr interlayer was used as Cr can establish strong metallic bonding with the steel
substrates. The deposition of the Cr interlayer was performed for 10 min at a power density of 3 W/cm? and
a negative substrate bias voltage of 110 V. Afterwards, a gradient Cr/TMD-C was deposited by ramping
down the power applied to the Cr target whilst ramping up the power applied to the C and TMD targets to
the setpoint used for deposition. The substrate bias was also ramped down to the setpoint value used for the
deposition of the TMD-C coatings. The gradient layer provides a smoother transition in chemical

composition. The total deposition time was 120 min. The deposition sequence is illustrated in Figure 3-4.

The first depositions in the semi-industrial scale were W-S-C coatings (Chapter 5). Variation of the
chemical composition was performed by setting the power density to the WS, fixed at a value of 2.1 W/cm?2
and changing the power density applied to the graphite targets. The power density applied on each graphite
target was set to 2.6 and 3.2 W/cm?, to achieve C contents in the range of ~40-50 at. %. Additionally, a set
of coatings was deposited by having the power density to each graphite target set to 2.6 W/cm? with 50 V
bias applied to the substrate. The substrates were placed at three target-to-substrate distances (TSD) of 10,
15, and 25 cm. The total number of coatings deposited was 9. An additional study was performed on W-S-
C coatings by placing the substrates at different locations in the chamber (Chapter 6). The first location (see
Figure 3-2) was at a target-to-substrate distance of 15 cm with the surface to be coated facing the targets.
The second location was at a target to substrate distance of 15 cm with the surface to be coated positioned
at an angle of 90° relative to the target surface. For the third location, a copper plate with a width of 16 cm,
a height of 23 cm and 3 mm thickness was fixed on the carrousel and rotated at 45° relative to the target
surface (position 3 in Figure 3-2), the substrates were fixed at the center of the stationary plate. The final
substrates (position 4) were placed on an octagonal block positioned at the center of the chamber, at a target-
to-substrate distance of 25 cm. The coatings will be further referred to as WSC-x, with x (1,2,3,4) being the
position of the substrate as shown in Figure 3-2. During the deposition, only the carousel is rotated while
the samples to be coated are being stationary at their respective positions. To achieve a carbon content of ~
50 at. %. the power density applied to each graphite targets was set to 3.2 W/cm? whilst the power density

applied to the WS, target was set to 2.1 W/cm?.
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20 min Sputter 20 min Sputter cleaning
cleaning of of the substrates
WS,(MoSe,) and C

Targets

20 min Sputter 20 min Sputter cleaning
cleaning of Crand C of the substrates
Targets

10 min deposition of
a Crinterlayer

10 min deposition of
a gradient Cr/TMD-C
layer

Coating deposition

Figure 3-4 The sequence of steps during the deposition of the coatings in the semi-industrial equipment

For the deposition of the Mo-Se-C (Chapter 7), the power supplies were operated in current control mode
due to unstable operation (large fluctuation of voltage and current) when power control mode was used.
The current density applied to the MoSe, target was 3.6 mA/cm?. For the carbon alloyed coatings, the
current density applied to both graphite targets was 5.3 mA/cm?. Pure MoSe; coatings were also deposited,
without applying any current on the graphite targets, these coatings will be further referred to as MoSe. The
carbon alloyed coatings were deposited without (referred to as MoSeCOV) and with the application of DC
substrate bias (named MoSeC50V). When used, the negative substrate bias voltage was set to 50 V. The

deposition was performed in Ar atmosphere at a pressure of ~0.4 Pa. No additional substrate heating was
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used. Furthermore, 2 deposition distances were used: 15 and 25 cm, resulting in a total of 6 coatings
deposited. The number written after the name of the coating is related to the target-to-substrate distance
(e.g. MoSe-15 is pure MoSe; coating deposited at a target-to-substrate distance of 15 cm). It should be

noted that the deposition conditions were very similar to the ones used for the deposition of W-S-C coatings.

3.2 Process simulation

The origins of the compositional variations during the deposition of W-S-C on substrates placed at different
locations in the deposition unit are: (i) the different scattering behavior of the sputtered species and, (ii) the
preferential re-sputtering of the light sulfur atoms from the growing film. For better understanding, the
scattering behavior of the sputtered species (W and S) and the level of the bombardment of the substrate
with Ar neutrals were studied using two Monte-Carlo based software packages. The sputtering of the WS,
target with Ar* ions was simulated using the SRIM (Surface and Range of Ions in Matter) 2013 software
package [101]. The data from the SRIM software (angular and energy distribution) was used as an input
for the SIMTRA software package [102], which simulates the transport of the sputtered species towards the
substrates. The scattering behavior of the S and W atoms was simulated to obtain their flux at the different
substrate locations used for deposition. For that purpose, 2 separate SRIM simulations were performed for
getting the angular and energy distribution of W and S. The number of Ar* ions used was 10°and the
incident energy was set to 600 eV (based on the typical target voltage during deposition of the coatings).
The incident angle used was 0° (perpendicular to the target surface). The experimental chamber geometry
used for the deposition was modeled in the SIMTRA software. In the simulation, the substrates have fixed
positions while, during deposition, the substrates are passing in front of the targets. For a more realistic
representation of the deposition process, 5 positions of every substrate location were modeled. The positions
chosen are representing the approach and departure of the substrates in front of the target. The cylindrical
substrates (diameter of 24 mm and a thickness of 8 mm) were modeled in the software. Only neutral Ar
(p=0.4 Pa) was considered as background gas. For obtaining the arriving flux of S and W atoms, 10° and 5
x 10° atoms were used for the simulations, respectively. The geometry of the racetrack was also used as an
input. A Molierre screened Coulomb interacting potential was used. The behavior of the Ar neutrals
backscattered from the target was also simulated. For that purpose, the energy and angular distribution of
the backscattered neutrals were obtained using the SRIM software package using Ar* ions interacting with
an amorphous WS, target. The SIMTRA software package was used for analyzing the flux and the average
energy of the backscattered Ar neutrals at the selected substrate locations. It is worth mentioning that the
SIMTRA software package follows the particle trajectories until their energy drops to 0.0385 eV, after
which the particles diffuse towards the surfaces. For the analysis, all particles that arrive at the substrates

with the energy of 0.0385 eV are considered thermalized. Due to the different total number of particles
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arriving at different locations, the results presented are a weighted average. The weighing was performed
based on the total number of particles arriving at the respective positions. It should be noted that the
software considers completely flat targets and substrates while, in reality, there is always roughness which
can affect the deposition process. Additionally, a potential difference in the sticking coefficient of the

arriving species was not taken into consideration.

3.3  Characterization of the coatings

3.3.1  Morphology

The morphological features were assessed using a field-emission scanning electron microscope (FESEM,
Zeiss Merlin). Cross-sectional imaging was performed on a freshly cleaved coated Si wafer. The top surface
was also observed on coated Si wafers. Secondary electron imaging was performed using an accelerating
voltage of 2 kV. The typical magnification was 25-50 kx. The thickness of the coatings was also measured
on the cross-sectional images. The wear tracks and the scratch tracks were imaged with the same FESEM,

although higher accelerating voltages of 15 kV were used for performing simultaneous chemical analysis.

3.3.2  Chemical composition

The composition of the coatings was assessed using a wavelength dispersive spectroscopy detector (WDS,
Oxford Instruments) attached to the FESEM. The analyses of the samples were performed after a suitable
calibration using standards with known composition (from Micro Analysis Consultants). The INCA
software by Oxford Instruments was used for the analysis. The accelerating voltage was 15 kV. Energy
dispersive spectroscopy (EDS, Oxford Instruments X-Max) was used for the chemical analysis of the wear
tracks as well as the scratch tracks. An EDS detector was also attached to the FESEM. The accelerating

voltage was 15 kV and the data were obtained through the AZtec software (Oxford Instruments).

3.3.3  Crystal structure

The crystal structure was analyzed using grazing incidence X-ray diffraction (GIXRD). The experiments
were performed on a Malvern Panalytical X’Pert MRD diffractometer (Figure 3-5) with Cu K« (A=1.5406
A) radiation (voltage of 40 kV, current of 45 mA). The incidence angle was set to 3°. The scan range was
from 10 to 90°, the step size was 0.025°, with a time per step of 3 seconds. The identification of the phases
was performed through a comparison of the peaks with the International Center for Diffraction Data (ICDD)

database.
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Figure 3-5 Malvern Panalytical X’Pert MRD diffractometer

3.34  Microstructure

The microstructure was further analyzed using transmission electron microscopy, using either a JEOL JEM
2010 or a FEI Tecnai G2 equipment. Both microscopes use a LaBs electron emitter operating at an
accelerating voltage of 200 kV. The samples were thin coatings (30-50 nm) deposited directly on carbon

coated TEM grids.

3.3.5  Atomic force microscopy

The top surface morphology of the coatings studied in Chapter 7 was also evaluated using a Bruker Innova
atomic force microscope. The measurements were performed in tapping mode using a Si tip (AppNano
Acta) having a radius of < 10 nm, with a resonance frequency of 200-400 kHz and a spring constant of 13-
77 N/m. The area of scanning was 2 x 2 um. A 2D and 3D topographical images obtained from Mo-Se-C
coatings are shown in Figure 3-6 a) and b), respectively. The average areal surface roughness (S.) was

obtained through the analysis. The data was processed using the Gwyddion 2.53 software [103].
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Figure 3-6 a) 2D topographical map and b) 3D topographical map from a Mo-Se-C coating

3.3.6  Raman spectroscopy

Raman spectroscopy was performed on either a Horiba XpLoRa or a Horiba LabRam HR800 spectrometer.
The first one was utilized only for the studies reported in Chapters 4 and 5, while the latter was used for the
studies in Chapters 6 and 7. In both cases an Olympus 100x objective was used (NA = 0.9), resulting in a
spot size of ~1-2 um. The XpLora device was equipped with a diode-pumped solid-state laser (532 nm)
while for the LabRam device a He-Cd laser (441.6 nm) was used. The laser intensity was adjusted with the
usage of appropriate filters, being the choice of the filter based on generating minimal damage to the
coatings and the tribofilms, whilst, having a good signal-to-noise ratio. Fitting of the spectra related to the
D and G bands of the carbon phase was performed using a Lorentzian lineshape for the D band and an
asymmetric Breit-Wigner-Fano (BWF) lineshape for the G band, following the recommendations by Ferrari

and Robertson [104].

3.3.7  X-ray photoelectron spectroscopy

To study the chemical bonding, X-ray photoelectron spectroscopy was performed, only on the coatings
deposited in the lab-scale equipment (Chapter 4). A Kratos Axis Ultra HAS device utilizing monochromatic
Al Ko X-rays (hv= 1486.6 eV) was used. The power of the X-ray source was set to 90W and a charge
neutralizer was used during the acquisition. Survey spectra were obtained by setting the pass energy at 80
eV, with a step of 1 eV and a dwell time of 200 ms. For the high-resolution spectra of the regions of interest
a pass energy of 40 eV, with a step of 0.1 eV and a dwell time of 600ms, was used. For removing native
surface contamination, sputter etching was performed for 10 minutes using Ar ion gun operated at 2.2 keV

and current density of 2.2 uA/cm2. The data acquisition was performed at pressures lower than 10 Pa.
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Because of the presence of C in the films, charge correction for the binding energies was performed using
the oxygen Ols peak (BE=530.6 + 0.1 eV), from the high-resolution oxygen spectrum. Data fitting was
performed using the CasaXPS software. The baselines of the spectra were achieved using the Shirley

method and peak fitting was applied with Gaussian-Lorentzian functions.

3.3.8  Mechanical properties

The mechanical properties, namely the hardness, and the reduced Young modulus were measured by
nanoindentation. A nanoindenter (NanoTest from Micromaterials) equipped with a Berkovich type indenter
was used. The indentation was performed in load-control mode. The typical loads for the carbon alloyed
coatings were 3-5 mN, resulting in an indentation depth within 10 % of the coatings, a depth at which no
significant influence from the substrate is expected. Due to the very low hardness of the pure TMD coatings,
the indentation was performed with 1 mN load, resulting in indentation depths of ~15 % of the coating
thickness. For statistical analysis, 16 indentations were performed in 2 different zones. The results reported
are the average. The reduced modulus was obtained through the analysis of the load-displacement curves
following the method proposed by Oliver and Pharr [105]. A typical indentation curve is shown in Figure

3-7.
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Figure 3-7 Indentation curve from a W-S-C coating
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3.3.9 Adhesion

The adhesion of the coatings was analyzed using scratch testing (CSM Revetest, see Figure 3-8) and
Rockwell C indentation, the latter also known as “Mercedes test”. The latter method was only used for the
Mo-Se-C coatings (Chapter 7). For the scratch testing, a Rockwell C indenter with a radius of 0.2 mm was
used with the scratch speed set to 10 mm/min and a loading rate of 100 N/min (ISO 20502:2005 standard
[106]). The scratch tracks were analyzed through optical microscopy with either a Leica DM4000 M LED
microscope or a non-contact optical profilometer (Alicona Infinite Focus™ G4). The three critical loads
Lci, Leo, and Lces are related to the first appearance of cracks, the initiation of chipping and spallation at the
borders of the scratch track, and full delamination of the coatings, respectively. The occurrence of these
critical events was also evaluated using SEM/EDS. The Rockwell C indentation followed the VDI 3198
standard [107]. The coatings were tested with a diamond Rockwell C indenter with a 150 kg of force (1471
N), and a dwell time of 15 s. The imprints were analyzed using SEM/EDS and an adhesion class was
assigned to the coatings (HF1-HF6). HF1 class represents the best adhesion. The coatings having adhesion

classes of HF1-HF4 are considered to have acceptable adhesion to the substrate.

Figure 3-8 The CSM Revetest scratch tester (left) and close-up view of the sample and the indenter (right)

3.3.10 Tribological investigation

The lab-scale deposited W-S-C coatings (Chapter 4) were assessed on an in-house (CEMMPRE) developed
unidirectional pin-on-disk tester. A DIN 100Cr6 bearing steel ball with a diameter of 10 mm was used as a
counterbody. The normal load of 10 N was applied with calibrated dead weights. The sliding speed was set
to 0.1 m/s. It should be noted that this sliding speed was always the same for the tribological testing,

whatever the tribometer used. The duration of the test was limited to 2500 sliding cycles.
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The tribological investigation performed on the W-S-C studied in Chapter 5 was performed at the Czech
Technical University in Prague. The ambient, vacuum and dry N> tests were performed on a unidirectional

pin-on-disk tester placed in a vacuum chamber (see Figure 3-9)

Holder for the
counterbody

Figure 3-9 Vacuum tribometer (left) and the CSM high-temperature tribometer (right)

The ambient air tests (RT, T=23-25°C, relative humidity RH~30-45%) were performed with 2 different
loads of 5 (initial maximum contact pressure of ~820 MPa) and 35 N (initial maximum contact pressure of

~1570 MPa).

The vacuum chamber was pumped by a turbomolecular pump backed by a dry scroll vacuum pump.
Vacuum tests were performed at pressures lower than 107 Pa. Tests in nitrogen were performed by pumping
the vacuum chamber to a pressure of ~107 Pa, and then, filling the chamber with high purity (99.999%)
nitrogen to a pressure of 10* Pa. Vacuum and dry nitrogen testing were performed against uncoated and W-
S-C coated 10 mm DIN 100Cr6 balls under a load of 2 N (initial maximum contact pressure of 605 MPa).

Testing was performed for 10* sliding cycles unless otherwise noted.

Tribological tests at elevated temperatures (ambient air) were performed using a high temperature
unidirectional pin-on-disk tester (CSM Instruments) shown in Figure 3-9. The dry sliding tribological
testing was performed with a normal load of 5 N (initial maximum contact pressure of ~1154 MPa, at RT)
with a 6 mm 100Cr6 ball used as counterbody. The testing temperature was set to 100, 200, 300, and 400°C.
The maximum temperature was set at 400°C since previous studies have shown that coatings with similar
composition and microstructure can only provide lubrication up to 400 °C. Steel based material, instead of
a more thermally stable ceramic-based material, was chosen as counterbody, because it can better mimic
the materials encountered in real applications (parts in combustion engines, workpieces in metal forming,

sliding components in injection molding machines and sliding components in the aerospace industry).
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Additionally, there is more data regarding the performance of self-lubricating thin films tested against
bearing steel counterbodies, hence a comparison of the performance can be performed more easily. At
400°C, the hardness of the steel is still ~50 HRC. The duration of the test was limited to 5000 cycles. A test
was also performed at room temperature with the other testing conditions kept the same to have a better

comparison between RT testing and high-temperature testing. In both cases, the load was applied with dead

weights. All the testing parameters are summarized in Table 3-1.

Table 3.1 Testing parameters for the tribological study performed in Chapter 5

Test parameters

Room temperature testing

Load [N]
Speed [m/s]
Duration [Number of cycles]

Counterbody

SN,35N

0.1m/s

10000, 50000*

10 mm DIN 100Cr6 balls

Test parameters

High temperature testing

Load [N]

Temperature [°C]

Speed [m/s]

Duration [Number of cycles]

Counterbody

5N

RT, 100, 200, 300, 400°C
0.1m/s

5000

6 mm DIN 100Cr6 balls

Test parameters

Vacuum and dry Ny testing

Load [N]
Speed [m/s]
Duration-Number of cycles

Counterbody

2N

0.1m/s

10000

Uncoated® and W-S-C coated 10 mm DIN 100Cr6 balls

*Tested only with 5 N

® Only in vacuum

The tribological tests for the W-S-C and Mo-Se-C coatings studied in Chapters 6 and 7 were performed
using a reciprocating pin-on-disk tribometer (SRV™ 2, Optimol Instruments). The upper counterbody was
a commercially available DIN 100Cr6 bearing steel ball with a 10 mm diameter. It was pressed against the
coated disk with a load of 20N, resulting in initial maximum contact pressure of ~1.3 GPa. The bearing

steel ball was oscillated at a frequency of 25 Hz, with a stroke of 2 mm, resulting in an average sliding
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speed of 0.1 m/s. The oscillation of the upper counterbody is performed by an electromechanical drive. The
load is applied through a spring deflection arrangement. The friction force is measured using a pair of
piezoelectric load cells. The test duration was limited to 10 min (30000 cycles, one cycle being a single
pass of the ball over the coating), or until a catastrophic failure occurs, indicated by a rapid increase of the
coefficient of friction with values up to 0.5, accompanied by unusual noise and vibration (indicators for
seizure proposed in the standard ISO 19291 [108]). The tests were performed at room temperature (23-
25°C) with relative humidity (RH) of 30-45 %. Additional tests were performed under a continuous flow
of dry N». It should be noted that the testing chamber is not hermetically sealed, and the RH during the
testing under a continuous flow of dry N> measured by a precise hygrometer (Easy Log EL-USB-2, Lascar
Electronics) was <7 %. Nevertheless, the RH in the proximity of the tribological contact should be lower
as the flow of nitrogen is directed into the contact. Finally, tests were performed at an elevated temperature
of 200°C, by heating the block on which the coated disk rests. To facilitate uniformity, the heating was

performed while both counterbodies are in contact.

n Upper counterbody
[

O

—

£

Coated disk
~

Figure 3-10 Optimol SRV 2 tribometer

The specific wear rate (mm*/Nm) was calculated as the wear volume (V) divided by the normal load (F,)

and the sliding distance (s), see (Eq 3.1) [109].

W, = -2 (3.1)

- Fn's

The wear volume of the spherical counterbodies was considered to be a spherical cap and it was calculated

using the following expression:
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v=(2) (ﬁ +12) 3.2)

Where h is the height of the cap calculated as:

h=r- rz—de (3.3)

Where d is the scar diameter and r is the radius of the ball.

The wear volume of the coatings studied in Chapter 4 was evaluated using a 2D profilometer (Mahr
Perthometer S4P) with an optical head (Focodyn). Four cross-sectional profiles were acquired from
different areas across the circumference of the wear track, the area under the profiles was calculated and

multiplied with the circumference of the wear track.

The wear volumes of the coating studied in Chapter 5 were obtained using a Zygo NewView ™ 7300

scanning white light interferometer.

The wear rates for the coatings assessed in Chapters 6 and 7 were obtained using an Alicona InfiniteFocus™
3D profilometer. A 100x objective was used, resulting in a vertical resolution of ~20 nm. Three profiles
were acquired from three different zones of the wear scars, the areas under the profile were calculated and

multiplied with the stroke length to obtain the wear volume.

The scar diameter of the spherical counterbodies was measure using the Alicona 3D profilometer, except

for the studies in Chapter 5 where the Zygo device was used
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Chapter 4 The effect of the deposition procedure on the
compositional, structural and mechanical properties of W-S-
C(H) coatings deposited by RF magnetron sputtering

In this chapter, W-S-C(H) coatings deposited by 4 different procedures were studied in terms of their
composition, structure, mechanical and tribological properties. This study was undertaken since it was not
clear how various deposition routes affect the properties of the deposited coatings. The results will be
further used to choose the best route for the deposition of self-lubricant TMD-C coatings in semi-industrial

conditions. This work resulted in the publication of the following paper:

Vuchkov, T.; Yaqub, T.B.; Evaristo, M.; Cavaleiro, A. Synthesis, Microstructural, and Mechano-
Tribological Properties of Self-Lubricating W-S-C(H) Thin Films Deposited by Different RF Magnetron
Sputtering Procedures. Coatings 2020, 10, 272.
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4.1 Chemical composition, morphology, and structure

The elemental composition of the deposited films is shown in Table 4.1. The hydrogen content of the
reactively sputtered films was not considered; the results presented for the hydrogenated coatings show the
sum of C, W, S, and O being 100 at. %. Changing the power applied to the carbon target, the number of
pellets, or the partial pressure of the CH4 gas affected the C contents of the coatings. The oxygen content is
up to 12 at. %, and the highest values for the co-sputtered coatings are probably a result of the target
contamination, residual oxygen present in the chamber, and longer deposition times (3 h compared to 1-2

h used for the other methods).

The sulfur to tungsten ratio (S/W) is of great importance in these films as it can affect the tribological
performance [80]. The values (1.6—1.7) for the co-sputtered coatings are in agreement with previous studies
performed on co-sputtered W-S-C coatings deposited by separate targets using the same equipment [85].
The S/W ratio for the coatings deposited by sputtering a composite target ranged between 1 and 1.7,
depending on whether the deposition was carried out in stationary or intermittent mode. Reactively

sputtered films (D4) also showed a lower S/W ratio, with values between 1.23 and 1.5.

Table 4.1 List of coatings deposited, chemical composition and deposition rate

Type of Chemical Composition (at. %) S/W Thickness Deposition Rate
Coating C S W (0] Ratio (1um) (nm/min)
D1-300W 37.6+£0.2 314+03 19+0.2 12+0.3 1.62 1.6 9
D1-450W 425+04 29.5+0.1 20+£0.2 8+0.2 1.48 14 7
D1-600W 47.1+£0.1 269 +0.6 16 +0.1 10+0.1 1.68 1.9 11
D2-21p 22+0.1 47+0.1 26.9+0.2 41+0.1 1.74 2.8 24
D2-17p 255+0.1 448+0.3 26.3+0.1 34+0.1 1.72 2.6 22
D2-13p 344+0.1 37.6£0.5 245+0.1 35+03 1.54 22 18
D3-21p 31.3+£0.7 37+04 26+0.5 57+0.1 1.42 1.6 27
D3-17p 38.5+0.3 314 +£0.1 25+0.2 51+0.1 1.25 1 17
D3-13p 49+03 229+0.1 233+0.1 4.8+0.2 0.98 0.7 12
D4-28% 479+0.1 28 £0.1 18.8+0.6 5302 1.50 0.5 8
D4-38% 514+0.1 249+0.2 19.1£0.1 46+0.3 1.30 1.1 9
D4-48% 58.8+0.3 19.5+0.1 15.8+0.1 59+0.5 1.23 0.7 11

Three mechanisms are generally cited for understanding the compositional variations obtained during

magnetron sputtering of TMDs:
. Different scattering behaviors of sputtered atoms during their travel towards the substrate [110];
. Preferential re-sputtering of the sulfur atoms from the growing film as a result of energetic particle

bombardment [111];
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. The reaction of the sputtered species with the process gas and subsequent pump-out [85].

A significant S deficiency was observed for the D3 and D4 families of coatings. The low S/W ratio is, very
likely, due to both the difference in scattering behavior as well as the bombardment with backscattered Ar
neutrals. The sputtered species, C, S, and W will have different scattering behaviors during their travel
towards the substrates. The lighter elements, C and S, will be deflected to a greater extent as a result of
collisions with the Ar gas in the chamber. The W atoms, which are much heavier, will have straight
traversing paths towards the substrates. In this context, it is expected that the D2 coatings will be richer in
the lighter elements, as the probability of arrival of the species that scatter more will be higher when the
substrate holder is rotating. On one hand, this was observed for S, as the S/W ratio was higher for the D2
coatings compared to the D3 coatings. On the other hand, the C content was lower, indicating that the
mechanism of preferential re-sputtering should also be considered. The energy of the backscattered Ar
neutrals is proportional to the target voltage. The target voltage for the D2 coatings was higher (~800 V)
compared to the D3 ones (~500 V), indicating that the energy of the backscattered Ar neutrals will be higher
in the D2 case. Although the energy of the backscattered Ar neutrals is higher for the D2 coatings, these
coatings still had a higher S/W ratio. Considering the lower S/W ratio and the higher carbon content of the
D3 coatings, it is very likely that they are subjected to a higher flux of backscattered Ar neutrals with high
energy. One of the parameters that should also be considered in this case is the substrate location. As the
target-to-substrate (TSD) distance is constantly changing for the D2 case, when the substrates are further
away from the target there will be the arrival of the lighter sputtered species that scatter more in the chamber
(C and S), while the energetic argon neutrals will have significantly lower energy due to an increased
number of collisions. In this context, it is expected that D2 coatings will have higher S contents. The

increased carbon content for the D3 coatings is very likely because of the lower sputtering yield of carbon.

The lower S/W ratio for the D4 coatings (deposited in reactive mode) may be further caused by the reaction
of the sputtered S atoms with the H present in the chamber, and formation of H>S gas and, subsequently
pumped-out. The bombardment with backscattered Ar neutrals was also amplified since the introduction of
the reactive gas causes target poisoning, evident from the observed increase in the target voltage. The target
voltage values varied between 1100 and 1200 V, with increasing partial pressure of methane. For higher

target voltage, the generation of backscattered Ar neutrals with much higher energy is enhanced.

Cross-sectional and top-view SEM micrographs for selected thin films are shown in Figure 4-1. The films
generally have a compact morphology. Some porosity and signs of columnar growth can be observed for
the D2-17 coating, which has a rather low amount of C (26 at. %). All the other cross-sectional micrographs
present compact and featureless morphologies. Top-view micrographs show cauliflower-like structures.

This morphology is typical for films deposited by magnetron sputtering under the influence of the atomic
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shadowing effect. It should be mentioned that the cauliflower features are not evident for the coating
deposited in reactive mode (see Figure 4-1h), and the micrographs reveal a smoother morphology. The
smoothening is very likely due to the increased bombardment of the growing film with reflected Ar neutrals
since the energy (proportional to the target voltage) of the backscattered Ar neutrals is the highest in this
case. Bombardment of the growing film with energetic species increases the adatom mobility and thus

reduces the atomic shadowing effect [112].

Figure 4-1 Cross-sectional SEM micrographs of: (a) D1-450; (b) D2-17; (c) D3-17; (d) D4-38; and their respective
top-surface morphologies (e) D1-450; (f) D2-17; (g) D3-17; (h) D4-38
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GIXRD results are shown in Figure 4-2. Common to all patterns is the presence of a broad peak starting at
20~33°, which is associated with the (100) peak of WS, (ICDD card no. 00-008-0237), with a tail towards
higher angles representing a turbostratic stacking of the (101) family of WS, planes with 1 = 1.2.3 [113].
Only the D2 films with low carbon contents have a sharper (100) peak and an additional (110) peak at 26
= 59°. A small contribution of the (201) family of planes with 1 =0, 1, 2, 3 at 26~70° is also detected for
these coatings. The small (002) reflection from the WS, phase (indicating the presence of basal planes
closely parallel to the substrate) at 20~14° can only be seen on the pattern of the D2-21 film. The Cr peak
observed in the D3 and D4 films stems from the interlayer. The presence of tungsten carbides is difficult to
detect from the XRD patterns as there are several W»>C and WCi_ related peaks in the region of 26 = 34.5—
39° (ICDD card numbers: 00-035-0776, 00-020-1316) overlapping with the (101) family of planes for WS.
Some of the peaks often observed for magnetron-sputtered WC/a-C films are W>C (100) at 20 = 34.5°, W,C
(002) at 20 = 38°, and WC at 20 = 37° (see ref. [114,115]), with the authors of these previous studies
reporting a broad peak in the range of 20 = 34.5-39°.
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Figure 4-2 GIXRD diffractograms for the coatings deposited by each deposition route: (a) lowest C content; (b)
intermediate C content

4.2 Chemical bonding

To reach a better understanding of the chemical bonding in the coatings, XPS and Raman spectroscopy
were performed on selected coatings from every deposition route. XPS spectra from the carbon region of
interest, after sputter cleaning of the samples, are shown in Figure 4-3. Spectra before etching (not shown)
generally consisted of the main carbon peak at binding energy (BE) of 284.5 eV, which was identified as a

C-C bond originating from the presence of adventitious carbon. The presence of adventitious carbon was
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confirmed by the presence of C-O bonds at a BE of 286 eV and C=0 bonds at 288 eV. A small contribution
from C-W bonding was also observed at the typical location of ~283-283.3 eV [116]. Fitting of the spectra
obtained after etching (see Figure 4-3) is performed using two peaks, except for the spectrum obtained for
the D4-48 coating, for which an additional peak was added at higher binding energy to complete the fitting,
which was identified as C-O bonding. Fitting was constrained by setting the maximum values of the full
width at half maximum (FWHM) to 1.2 eV, with the location of the C-C bonding originating from the a-C
phase being positioned at a BE location higher than 284.4 eV, and with the C-W bonding set to a BE
location lower than 283.3 eV [115,117]. This fitting procedure resulted in a low standard deviation of the
residuals. Bonding of C-W type was observed for all coatings. A major trend observed in the spectra is the
dominance of the C-W bonding type for the coatings with low amounts of C (e.g., D2, D3-21). Increasing
the C contents of the coatings results in larger areas for the peak related to C-C bonding (e.g., D1-450, D4-
38), indicating the existence of increasing amounts of a-C. These trends were also observed for WC/C [117]

and TMD-C [118] coatings in previous studies.

The spectra acquired from the W4f region of interest can be seen in Figure 4-4. The spectra before sputter
cleaning were quite similar, and only one is shown as a reference (Figure 4-4 a)). For the spectra after
sputter cleaning, a representative one of a coating from each deposition route is shown in each case. Spectra
acquired before sputter cleaning of the samples show strong features at higher binding energies, indicating
the presence of tungsten oxides. The fitting was performed by setting the separation between the energy of
the W4f7,-W4fs, doublet to 2.18 eV, with the peak area ratios between W4f7, and W4fs), peaks set to 4/3
[119]. A total of four doublets were used to fit the spectra acquired before sputter cleaning. The location of
the doublets is further indicated by the location of the W4f7,, peak. The location of the first doublet is at a
BE of 32 £ 0.1 eV for all coatings, a value which is lower than the typical one of W-S bonding in WS,
often reported at 32.6-32.8 eV [120,121]. Considering this location, this peak is identified as W-C bonding.
The second peak at a BE of 32.6 + 0.1 eV originates from W-S bonds in WS». The peak at 33.6 + 0.2 eV is
associated with W-O bonds in a sub-stoichiometric WOy compound. The final doublet with the W4fy, at
35.6 £0.1 eV is in excellent agreement with the reference values for WO3 [116,119,121,122]. A single peak
was also used at BE 37-38 eV, which represents the W5ps» peak. Spectra obtained after sputter cleaning
were fitted using three doublets. The main doublets are shifted towards lower binding energies compared
to the spectra obtained before sputter cleaning. The location of the first doublet is at a BE of 31.7 £ 0.1 eV,
which is in the typical range (31.5-32 eV) for W-C bonds presented in the literature [115,117]; the
identification of C-W bonds in the Cls spectra confirms the W-C bonding assignment from the W4f
spectrum obtained after sputter cleaning. The second doublet at a higher binding energy of 32.1 + 0.1 eV
was identified as W-S bonds in a sub-stoichiometric WSx compound. A shift towards lower binding energy

of the W4f peak representing W-S bonding is expected, which is a result of the preferential sputtering of
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the chalcogen atom (S in this case) during sputter cleaning of the samples [123]. The third doublet added
at a BE of 33-33.2 eV represents W-O bonding in WO.. To finalize the fitting, a broad W5ps32 peak was
added at a BE of 37-38 eV. The intensity of the third doublet might be exaggerated as the fitting of W-S
bonding and W-C bonding should be performed by asymmetric lineshapes, with asymmetry towards higher
binding energy. As a result of the interaction between the core-hole and conduction electrons, XPS core-
level spectra of metals are often fitted with asymmetric lineshapes, with pronounced asymmetry towards
higher binding energies (e.g., Doniach—Sunjic lineshape) [116,124—-126]. In a recent XPS study on tungsten
carbide nanopowders, Krasovskii et al. [116] reached a good fit on the W4f core-level spectra using
asymmetric lineshapes representative of W-C bonds, with asymmetry towards higher binding energy. The
high-resolution core-level W4f XPS spectra of WS, powder performed by Morgan [120] were also fitted
using asymmetric lineshapes representative of W-S bonding. The introduction of asymmetric lineshapes
for fitting the spectra will significantly increase the complexity of the fitting procedure because of the
additional fitting parameters; therefore, fitting was performed using symmetric Gaussian—Lorentzian

lineshapes.
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Figure 4-3 XPS spectra acquired in the Cls region of interest after sputter cleaning: (a) D1-300; (b) D1-450; (c)
D2-21; (d) D2-17; (e) D3-21; (f) D3-21; (g) D4-28; (h) D4-38.
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Raman spectra of selected coatings representing each route of deposition in the range 100-2000 cm™ are
presented in Figure 4-5. Magnetron-sputtered TMD-C films generally have two regions, with features
representing different phases in the film. The first region at Raman shift values of 300-450 cm™! represents
the TMD phase. For WS,, there are two distinct peaks, the peak at 350 cm™! related to the in-plane phonon
mode E!5(T), while the peak at 412 cm™! represents the out-of-plane phonon mode Aly(T") [127]. Distinct
peaks related to the WS, phase can be observed for the D2-17 coatings. These features are in agreement
with the XRD results. The coatings with higher carbon contents (representative spectra are shown from the
D1-450 and D4-38 coatings) show more featureless spectra in the WS, region of interest, confirming the

poor crystallinity of the WS, phase.

The second region between 1100 and 1800 cm™ contains the D and G bands of carbon. These peaks were
fitted using a Breit—-Wigner—Fano lineshape for the G peak and a Lorentzian lineshape for the D peak, as
proposed by Ferrari and Robertson [104]. The fitting resulted in ratios of the intensity of the D and G peaks
(In/Ig) having values in the range 0.8—1.1. The location of the G band was typically below 1580 cm™'.
Considering these values, and according to the four-stage model proposed by Ferrari and Robertson, the
carbon phase is in the second stage as amorphous carbon with predominant sp> bonds and a minor presence

of sp® bonds.
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Figure 4-5 Raman spectra acquired from representative coatings.

4.3 Mechanical Properties

The hardness results from nanoindentation experiments are shown in Figure 4-6 and Table 4.2. The
horizontal axis shows the power to the carbon target, the number of pellets used for deposition, or the partial

pressure of the CHy gas, depending on the deposition procedure.
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Figure 4-6 The hardness of the coatings.

The highest hardness was measured for the coatings deposited by sputtering a composite target in the

stationary mode (D3), followed by the films deposited by co-sputtering (D1), and sputtering a composite
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target in intermittent mode (D2). The coatings deposited in reactive mode generally showed lower hardness.
The D3 coatings are harder compared to the D1 coatings, although they contain lesser amounts of carbon.
The higher hardness is very likely because of the lower S/W ratio, which can be indicative of increased
amounts of harder WC inclusions. The increased presence of WC is further supported by the higher peak
area ratio between the C-W and C-C peaks in the Cls spectra for the D3 coatings as compared to the D1
ones (for example, compare Figure 4-3 e) and Figure 4-3 a)). Additionally, these coatings deposited with
the stationary holder in front of the target are subjected to higher bombardment with reflected Ar neutrals.
In this context, it is expected that these coatings are more compact and, hence, harder. The lower hardness
for the reactively sputtered coatings can be related to the hydrogenation of the a-C phase, as hydrogenated
carbon coatings are often softer compared to their hydrogen-free counterparts [128]. The hardness values
generally follow increasing trends concerning the C content, except for the co-sputtered coating (D1-600)
with the highest C content (~48 at. %), which has a lower value compared to the coating with 42 at. % C
(D1-450). The presence of higher C contents improves the compactness of the coatings, resulting in higher
hardness. A pure carbon coating deposited using the same equipment has a hardness of ~8 GPa [129]. The
higher hardness of D1-450 compared to its counterpart (D1-600), with a higher C content, can be associated
with its lower S/W ratio. The lower S/W ratio can be related to an increased presence of harder WC

inclusions.

Scratch scar optical micrographs are shown in Figure 4-7. The scratch testing was performed starting at 5
N of load up to a maximum load of 40 N. A single scar from each deposition route is shown since the
features observed were quite similar between the coatings deposited by the same deposition route. The
results associated with the critical load are presented in Table 4.2. Lc; corresponds to the first appearance
of cracks on the edge of the scratch scar. The critical load of the Lc, type corresponds to the first
delamination (chipping) occurring at the sides of the scratch scar, while the Lcs critical load is the load at
which the coating is removed from the surface [130]. Coatings of D1 and D2 types showed adhesion failures
with Lcs critical loads of 14 N (for D1-450) and 13 N (for D2-17). Lc; and Lc; loads were not detected (no
cracking or chipping on the sides of the scar was observed) in these cases. As soon as loads of 13-14 N
were achieved, gross spallation was observed. The failure mode for these coatings was identified as wedge

spallation.

The D3 and D4 coatings showed an improved adhesion. Cracking was observed for the D3 coatings as well
as for the D4 coating deposited under the lowest partial pressure of CHs. The Lc; loads were in the range
of 12-19 N for the D3 coatings and ~11 N for the D4-28 coating. A representative detail regarding the

cracking observed is shown in Figure 4-7e. The Lcs loads (a representative detail is shown in Figure 4-7f)
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were between 20 and 28 N for D3 coatings, and 19 and 21 N for the D4 ones. It should be noted that no

complete removal of the coating occurred in the current load range for the D3 and D4 coatings.

The deteriorated behavior for D1 coatings can be related to the absence of an interlayer. Delamination of
the coating from the substrate, in this case, is very likely due to the bonding type mismatch between the
coating and the substrate. As for D2 coatings, the spallation is most probably due to the columnar
morphology, which is more porous by nature, with the presence of columnar boundaries. Columnar
boundaries are unfavorable in terms of crack initiation and propagation and, hence, the films are more prone
to spallation. The improved behavior for D3 and D4 films is associated with the compact featureless

morphology and the presence of the Cr interlayer.

Table 4.2 Mechanical properties and adhesion of the coatings

Reduced
Critical Load ~ Critical Load  Critical Load
Hardness [GPa] Modulus
Coating Lcl [N] Lc2 [N] Lc3 [N]
[GPa]
D1-300 38+0.1 63.1+1.3 19+1
D1-450 5103 60+1.6 14+£2
D1-600 4.0+0.1 44.63+1.2 13+2
D2-21 42+0.1 559+2.1 T+1
D2-17 43+0.1 60.8+1.1 13+1
D2-13 52+02 62314 T+1
D3-21 53+£0.1 86+1.6 12+1 22+1 > 40
D3-17 55+02 88+1.2 21£1 28+3 > 40
D3-13 74+0.2 97+2.6 16 +1 201 > 40
D4-28 3.1+0.2 61.7+2.7 11£1 21 %1 > 40
D4-38 3.7+0.1 61+1 201 > 40
D4-48 4+£0.1 84.3+2 19+1 > 40
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(e) (f) (g

Figure 4-7 Scratch scars optical micrographs: (a) D1-450; (b) D2-17; (c) D3-17; (d) D4-38; (e) Lcl detail acquired
from the D3-17 scratch scar; (f) Lc2 detail from the D3-13 scar; (g) Lc3 detail from the D2-17 scar.

4.4 Tribological properties

Results from the tribological tests are shown in Figure 4-8. A coating with intermediate carbon content was

selected from each deposition process.

The coating deposited by co-sputtering (D1-450) showed a running-in period with a drop of friction
coefficient to ~0.06 at ~800 cycles; furthermore, fluctuations at values around 0.06-0.08 are observed for
~500 cycles, followed by an increase in friction, indicating a potential failure of the coating. The 2D
profilometry presented wear depths of ~1.5 um, a value which is close to the thickness of the coating. The
optical micrograph obtained for the wear scars displayed large delaminated areas (see Figure 4-9 a)). The
wear rate of the coating was the highest, with a value of 1.5 x 10> mm?*/Nm. The drop of the friction down
to 0.06 indicates a potential presence of a TMD tribofilm at the sliding interface, but the inability to deposit
an interlayer is probably crucial as rapid wear of the coating occurs, which can be related to its poor
adhesion to the substrate (large delaminated areas are observed on the wear scar). The behavior of the D2-
17 coating is slightly different, with a short running-in period, after which the friction coefficient dropped
to 0.09-0.1, followed by a small increase and stabilization of the friction coefficient at a value of ~0.11—

0.12. The specific wear rate was ~ 5 x 10" mm*Nm, a much better value compared to the D1-450 coating.
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The optical micrograph (see Figure 4-8c) showed areas on the wear scars in which the coating is worn
through, but not to the same extent as the D1-450 coating. The coating D3-17 shows the best performance
as the coefficient of friction was quite low, dropping to ~0.06 in the first ~700 cycles, with fluctuations
between 0.06 and 0.08 for the remaining time of the test. This coating also outperformed the other coatings
in terms of wear resistance, with a specific wear rate of 3 x 107 mm?*/Nm. The optical micrograph (Figure
4-8e) of the wear scar does not show any signs of delamination. The reactive sputtered coating (D4-38) had
a higher friction coefficient compared to the other coatings, with a starting value of 0.16, a value that
steadily dropped to ~0.12 by the end of the duration of the test. The integrity of the coating was preserved

during testing (see Figure 5-8g), with a specific wear rate of ~ 4 x 10°° mm?*/Nm.

In terms of ball wear, higher values were observed for the D1 and D3 coatings (~ 1 x 107 mm*/Nm). The
higher wear for the ball counterpart sliding against the D1 coating is very likely due to the increased
interaction of the ball with the harder steel counterpart, further resulting in the generation of an iron-rich
third body, which can cause three-body abrasion. This process will result in an increased coefficient of
friction as the iron-rich debris does not possess low shear strength. As for the ball sliding against the D3
coating, the increased wear may be due to the increased hardness of the D3 coating. The harder D3-17
coating most probably contains more WC inclusions, which are very hard and can cause abrasive wear on
the steel counterpart. In the case of the D2 and D4 coatings, the formation of a protective transfer film

results in reduced wear of the counterbody.

Considering the low value observed for the friction coefficient (~0.06-0.08) in the D1-450 and D3-17
coatings, it can be assumed that the friction is at least partially governed by a WS, phase. It should be noted
that pure carbon films deposited using the same equipment, sliding against a steel counterbody, under
similar conditions, show a coefficient of friction of ~0.2 (see Ref [129]). The D2-17 coatings, despite having
a significant amount of WS», showed a higher coefficient of friction, which may be related to the partial
interaction between the steel counterbody and the steel disk due to the presence of areas on the wear track
where the W-S-C coating was delaminated. In the case of the reactively sputtered coatings, the friction was
slightly higher but stable. Considering the high amount of C in the coating, and the higher overall friction

coefficient, it is very likely that the carbon phase plays the main role in governing the friction.

In summary, the best performance was observed for the coating deposited by sputtering a composite target
with the substrate holder being stationary (D3). Its good performance may be related to the compact
morphology resulting from the optimal carbon content and a suitable S/W ratio. Moreover, the coating

responded well to scratch testing, with the highest value of the Lc, load and no gross delamination.
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Figure 4-8 Tribological properties of selected coatings: (a) friction coefficient; (b) specific wear rate of the coated
disks; (c) specific wear rate of the balls.
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(d)

® (h)

Figure 4-9 Optical micrographs of the wear tracks on the disk and the wear scars on counterbodies: (a) D1-450
disk; (b) D1-450 ball; (c) D2-17 disk; (d) D2-17 ball; (e) D3-17-disk; (f) D3-17-ball; (g) D4-38 disk; (h) D4-38 ball

45 Conclusions

W-S-C(H) coatings were deposited by RF magnetron sputtering using four different procedures. The
chemical composition of the coatings varied depending on the power at the targets, the number of pellets,
and the partial pressure of the CH4 gas. The S/W ratio was the lowest for the reactively sputtered coatings
and those deposited from a composite target with the substrate being stationary. The difference in the S/W
ratio was attributed to the different levels of bombardment with backscattered Ar neutrals. Cross-sectional
micrographs showed dense and featureless morphologies, except for the films with the lowest C contents,

where columnar growth was observed. In terms of crystallinity, only the coatings with low C contents (<30
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at. %) and high overall amounts of S (>35 at.%) showed well-defined peaks related to planes of WS,. The
coatings with higher C contents (>30%) or low amounts of S (<30 at.%) had an X-ray diffraction amorphous
structure, with the diffractograms showing a broad peak at 26 = 33-50°. The XPS study revealed the
presence of W-S and W-C bonds, in addition to C-C bonding. Raman spectroscopy revealed the presence
of WS, crystals for the coatings with the highest amounts of S. The presence of a-C was also confirmed
since the location and intensity of the D and G peaks were in the typical range for a-C. The hardness of the
coatings increased for higher C contents and the lower S/W ratios. The hardness increase was attributed to
the higher content of the harder a-C and W-C phases, as well as the overall densification of the coatings.
Reactive-sputtered coatings showed the lowest hardness. The introduction of a Cr interlayer proved to be
crucial for the adhesion since the coatings with the best adhesion were those where Cr interlayer was
deposited. The tribological properties were related to the composition of the coatings as well as the overall
mechanical properties. A coefficient of friction as low as ~0.06 could be achieved during dry sliding in

ambient air for the hydrogen-free coatings with compact morphology and a C content of ~40 at.%.

For the upscaling of the W-S-C coatings, magnetron sputtering in non-reactive mode should be considered.
Sputtering of a composite target (C with WS, pellets) and co-sputtering of individual WS, and C targets
have the potential for providing tribologically viable coatings. To achieve compact morphologies with good
mechanical properties, C contents should be higher than 30 at.%. The S/W ratio should be assessed
carefully, as it can provide valuable information regarding the tribological properties of the coatings. The
deposition of a metallic interlayer should be performed to improve the adhesion of the coatings on metallic

substrates.
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Chapter 5 Synthesis, microstructure and mechanical properties of
W-S-C self-lubricant thin films deposited by closed-field
unbalanced magnetron sputtering

Considering the results from the lab-scale study presented in Chapter 4, it was decided to proceed with the
synthesis of W-S-C in the semi-industrial unit using a non-reactive process. Although the use of a composite
target showed the best result, the use of separate TMD and graphite targets has some advantages. The
decision for this approach was taken since the coatings deposited with separate TMD and graphite targets
also showed promising results, if adhesion issues are neglected, a problem easily solved in the multi-cathode
semi-industrial unit, allowing the extra deposition of adhesion interlayers. Moreover, the usage of separate
targets allows the flexible control of the currents and voltages applied to the targets and, therefore, the
control of the composition of the coatings. This chapter aims to provide the relationship between the process
parameters and the composition, morphology, microstructure, and selected mechanical properties of the
coatings deposited in a semi-industrial machine. A single coating was selected for tribological studies in
various operating environments. The work was performed at CEMMPRE (University of Coimbra), the
laboratory Led&Mat at Instituto Pedro Nunes in Coimbra, Portugal, as well as the Czech Technical

University in Prague, Czech Republic.
This work resulted in the following publication:

T. Vuchkov, M. Evaristo, T. Bin Yaqub, T. Polcar, A. Cavaleiro, Synthesis, microstructure and mechanical
properties of W—S—C self-lubricant thin films deposited by magnetron sputtering, Tribol. Int. 150 (2020)
106363. doi:10.1016/j.triboint.2020.106363.
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5.1 Elemental chemical composition

The list of coatings, as well as their elemental composition, thickness, and deposition rate, are summarized
in Table 5.1. The carbon contents were in the range of 38-55 at. % and compositional variations were
observed depending on the target-to-substrate distance (TSD), bias voltage and power applied to the
graphite targets. The thickness of the coatings deposited without substrate bias was ~2 pm for deposition
distances up to 15 cm, with a reduction to ~1.6 um for the coatings deposited at a distance of 25 cm. The
application of substrate bias resulted in lower thicknesses, at constant TSD, which can be a result of the
material removal caused by the continuous Ar* ion bombardment of the substrates during deposition and

overall densification of the coatings [112].

Table 5.1 List of coatings deposited, deposition parameters and elemental composition

Coating Target to substrate ~ Substrate ~ Power applied to Elemental composition (at. %) S/W ratio Thickness
distance (cm) bias (V) targets (W/cm?) (um)/Deposition
Rate (nm/min)
WS, C (x2) C S o w
WSC1-10 10 0 2.1 2.6 44.0 28.5 49 22.6 1.26 2/16.7
WSCI-15 15 0 2.1 2.6 40.2 325 5.2 22.1 1.47 23/19.2
WSC1-25 25 0 2.1 2.6 38.1 35.1 5.8 21.1 1.66 1.6/13.3
WSC2-10 10 50 2.1 2.6 45.8 25.1 3.1 26.0 0.96 1.8715
WSC2-15 15 50 2.1 2.6 48.2 24.0 2.8 25.0 0.96 1.7/142
WSC2-25 25 50 2.1 2.6 40.8 32.7 2.8 23.7 1.38 1/83
WSC3-10 10 0 2.1 32 57.6 20.1 2.4 20.0 1.01 2/16.4
WSC3-15 15 0 2.1 32 522 26.1 1.5 20.2 1.29 2/16.3
WSC3-25 25 0 2.1 32 53.0 27.5 2.4 17.1 1.61 1.6/13.1

The S/W ratio shows an increasing trend as the TSD is increased (see Figure 5-1). Similar trends were also
observed by Cao et al. [99], where a similar deposition unit was used. However, they reported lower values
of S/W ratio (below 1) for distances up to 15 cm. During the synthesis of TMD containing coatings by
sputtering techniques, the sub-stoichiometry concerning sulfur (S/W < 2) is generally a result of 2
processes: (1) gas-phase scattering of the sputtered atoms, during their travel towards the substrate and, (ii)
preferential sputtering of the chalcogen atom from the growing film [110]. At small TSD distances, the
preferential resputtering of the chalcogen atoms from the growing film seems to have a major effect on the
composition. In fact, for the discharge pressure used in the deposition (0.6 Pa), the mean free path of the
particles is still very high, only being expected a few collisions during the interelectrode sputtered atoms

trajectories; preferential re-sputtering should be, then, responsible for the lower S/W ratios.
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Figure 5-1 S/W ratio as a function of the deposition distance

The reduction of the S/W ratio as a result of negative substrate bias is a well-known phenomenon; by using
p-DC bias on the substrates, the substrates are continuously bombarded by Ar* ions. Therefore, preferential
resputtering of the lighter element, S, in relation to W occurs, which is often reported in the literature [131],
resulting in a reduction of the S content in relation to the W content. A similar trend is observed with the
increase of the power to the graphite targets, which resulted in increased target voltage and current. Such
effects will contribute to the increase of the energy and number of neutral Ar atoms reflected on the target,
produced by charge exchange collisions in the discharge cathode sheath. Reflected neutrals will bombard
the growing film promoting the preferential resputtering of S in relation to W, which explains either the
lower S/W ratios (S/W < 2) of all the deposited films or the lower S/W ratio when the C target power was

increased.

The increase of the TSD has a marked influence on the S/W ratio due to the increasing importance of the
particle collisions in the interelectrode space. On the one hand, reflected neutrals will be progressively
thermalized having less and less influence on the re-sputtering effect of the growing film. Consequently, S
will be preferentially sputtered from the growing film in a lesser amount, leading to a higher S/W ratio. On
the other hand, the increasing number of collisions will make the deflection in the trajectories of both W
and S sputtered atoms less different. For the low TSD, as the number of collisions is low, W atoms being
much heavier will not be scattered as a result of collisions with the Ar atoms present in the chamber,
resulting in more straight traversing paths and subsequent W enrichment. S atoms are much lighter and will

scatter more during their travel resulting in S depletion. However, when that distance increases, a higher

63



Chapter 5

number of collisions occur, with a consequent loss of energy of the sputtered atoms, being the diffusion
mechanism in the transportation process more and more important. Therefore, the transport of sputtered
species becomes similar, independently of their mass. As a consequence, the arrival rate of both W and S
atoms to the growing film does not differ so much in relation to the sputtering rates in the target, giving rise

to higher S/W ratios as the substrate to the target distance increases.

The effect of the increase of the target-to-substrate distance on the S/W ratio for coatings deposited using
substrate bias was not so strong as in unbiased coatings (see Figure 5-1). From the two effects above
described for unbiased coatings, the attenuation of the re-sputtering effect should not be considered in the
analysis since, in this case, bombarding species are the Ar ions extracted from the discharge and accelerated
by the negative bias potential applied to the substrate. Although challenging to analyze, small variations
can be expected since the number of bombarding ions can vary with the position of substrates inside the
deposition chamber. As the system works in unbalanced mode, magnetic field lines between cathodes can
originate zones of higher density plasma in the discharge, affecting the ion current to the substrate. This is
a possible explanation for the same values found for S/W ratio for positions at a substrate to target distances
of 10 and 15 cm. As for the other coatings, a small increase in the S/W ratio would be expected for the 15
cm of TSD. This can only be understood if a slightly higher bombardment occurs at that substrate position,

which is possible if a higher plasma density exists nearby.

Considering the elemental composition achieved for the deposited films, several factors were found to affect
the composition of the films, with the TSD playing a major role. The total amount of power applied to the
targets also resulted in compositional variation. The usage of substrate bias for the deposition of thin films
is an excellent alternative to improve the overall tribo-mechanical properties, but, for this particular type of

coatings, it will significantly hinder the lubrication properties as the coating will be depleted of sulfur.

5.2 Morphology and crystallinity

Carbon addition to TMD based coatings results in the densification of the morphology compared to the
typical porous one of pure sputtered TMD based coatings [132]. All cross-sections presented in Figure 5-2
show dense morphologies, although a slight decrease in the compactness can be perceived when TSD
increases, particularly for the 25 cm value, the coating having the lowest amount of C (38 % at.) and the
highest S/W ratio (~1.6) for which some porosity and signs of columnar growth can be observed (Figure 5-
2 c¢)). As explained above, these coatings deposited with increasing TSD are submitted to lower

bombardment with its consequent detrimental effect on their density.

The top surface morphology of the coatings showed a cauliflower structure, which is typical of magnetron

sputtered TMD thin films containing carbon.
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The GIXRD patterns shown in Figure 5-3 indicate X-ray amorphous structures with a broad peak at 26 ~
30-40° with a tail towards higher angles. This broad peak is often related to a (100) reflection of WS, at
33° with the tail representing the turbostratic stacking of (10L) planes [132]. However, the peaks related to
tungsten carbide are positioned in this region, too (see ref. [114,115] ), making the interpretation of the
pattern difficult. Although we cannot exclude the presence of WS, or WC crystals, their grain size would

be below the detection limit of XRD (i.e., lower than 3-4 nm).

f 1 um

Figure 5-2 SEM micrographs of the cross-sections of as deposited coatings with the insets showing the top surface
morphologies a) WSC1-10, b) WSC1-15, c)WSCI1-25, d)WSC2-15, e)WSC2-25, f) WSC3-10, g) WSC3-15, h) WSC3-
25
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Figure 5-3 GIXRD patterns for: a) WSC1, b) WSC2, c) WSC3

5.3 Mechanical properties

Hardness (H) and reduced modulus of elasticity (E*) values from nanoindentation experiments are shown
in Figure 5-4 a) and b), respectively. The hardness is reduced when the target to substrate distance is higher.
It is worth mention that non-hydrogenated DLC coating deposited in this equipment at the target to substrate
distance of 15 cm, with similar power applied to the graphite targets and substrate bias of 50 V, yielded a
hardness of ~13-15 GPa [133]. Therefore, an increase in hardness with higher carbon content is expected.
The presence of tungsten carbides could further enhance the hardness [134] and, for the films with a lower
S/W ratio, there is more W available for the formation of W-C phases. On the other hand, the high content
of sulfur in amorphous films or nanocrystalline WS» phases leads to hardness reduction. Finally, more
compact films achieved at the lower substrate to target distances are expected to be more resistant to the

indenter penetration, which would increase the hardness.
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As expected, the softer coating is the one deposited without substrate bias and lower carbon content for the
same substrate to target distance. The factors influencing the hardness have already been discussed; the
films deposited with substrate bias are more compact and have lower S/W ratios resulting in hardness
increase. Similarly, the films deposited with a higher power in the C targets have a higher content of the

harder a:C phase. Thus, their hardness exceeds the ones prepared with substrate bias and lower C content.

Reduced elastic modulus values follow the trends observed for hardness values. The values of H/E*,
representative of elastic strain to failure [135], and H3/E*2, which is proportional to the resistance to plastic
deformation, are often related to the wear behavior of the coatings with lower values for reduced modulus
of elasticity desirable [136]. H/E* ratios are in the range of 0.054-0.081 with lower values for a longer
target to distance; as an example, WSC1 coating deposited at 10, 15, and 25 cm has values of 0.08, 0.081
and 0.069 respectively. The values of H/E*? are in the range of 0.018-0.057 and similar trends are observed

as for the H/E* ratio.
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Figure 5-4 a) Hardness, b) Elastic Modulus, c) H/E* and d) H/E*? of the coatings
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2.4 Tribological properties

The selection of the coating for the tribological testing was based on the best compromise among various
relevant parameters, such as overall S content, S/W ratio, hardness, cross-sectional morphology, H/E* and
target-to-substrate distance. For tribological testing, the WSC1-15 was selected due to moderate hardness
(~5.7 GPa), a moderate S/W ratio (1.47), a high amount of the lubricious WS, phase (only 40 at. % of C
and a total of ~32 % of S) and among the highest value for H/E* parameter, which is known to be related
with the tribological performance. Moreover, this TSD is generally used for the deposition of coatings in

this deposition equipment.

5.4.1 Influence of the normal load

The evolution of the friction coefficient can be seen in Figure 5-5 a). The test performed under a 5 N load
showed a friction coefficient of ~0.15 at the start of the test, followed by a decrease to ~0.1 in the initial
2500 cycles. After an initial testing phase, an increase of friction is observed with value as high as 0.25
after 40000 cycles, followed by a drop to a value of ~0.17. Testing under higher load (35N) resulted in a
much lower coefficient of friction, starting at 0.05 with a steady increase towards a final value of ~0.07,
with an average value of 0.06. Similar trends (non-Amonton behavior) were also observed in previous
studies [132]. Specific wear rates calculated after the tribological tests can be seen in Figure 5-5 b). The
coating tested with 5 N of load (5 x 10* cycles) showed an average value of ~3 x 107 mm? N'! m™!, Testing
with 35 N resulted in lower wear rates for the disk with a value of ~1.0 x 107 mm? N*! m™. Higher
counterbody wear was observed for the 100Cr6 balls from the tests under the load 35 N (~10® mm?® N"! m-

1) compared to the ones tested with 5 N load (~8 x 10° mm? N! m™!).

Raman spectroscopy was performed on the wear scars of the disks as well as on the counterbodies. For the
coating tested under 5 N load, the analysis was performed after the test with 5 x 10* cycles. The as-deposited
coating does not show any peaks related to WS, with the most prominent peaks being D and G peaks with
location and intensity typical for amorphous carbon. Raman spectra on the disk track after testing with 5 N
of load does not show any significant changes, the main feature observed was the D and G peaks related to
the a-C phase with very similar intensities compared to the as-deposited coating. The Raman spectroscopy
performed on the tribolayers formed on the bearing steel ball show strong intensities related to graphitic
carbon (see Figure 5-5 c¢)). The Raman spectroscopy performed on the wear debris revealed the presence
of tungsten oxides (Raman shift values of ~800 and ~970 cm™) and graphitic carbon. On the other hand,
the analysis performed on the tribolayers formed on the disk track, and the ball scar, after testing with 35
N load, shows intensities at Raman shift values of ~350 and ~417 cm™'. Tungsten disulfide has two distinct
Raman peaks in this region; the first one is at 350 cm™ (representing the in-plane phonon mode E'5,(I))

while the second peak is located at 417 cm™ (related to the out of plane phonon mode A4(T)) [127]. As a
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reference, a Raman spectrum from pure sputtered WS, was also plotted. These changes in the Raman
spectra can be attributed to the presence of crystalline WS» on both surfaces in the sliding contact. The
presence of crystalline WS, on the sliding surfaces can be associated with the observed reduction in friction
[137]. The drop in friction as the load is increased can be associated with the presence of a low shear
strength tribolayer rich in WS; increasing loads facilitate the formation of this tribolayer. Furthermore,
TMD containing coatings are known to provide a lower coefficient of friction with increased loads (see ref
[138-140]). A drop in the coefficient of friction with increased loads was also observed in previous studies
on lab-scale deposited W-S-C coatings [86]. A recent molecular dynamics (MD) study [141] has shown
that there is an energy threshold that needs to be achieved to trigger amorphous to crystalline transition in
MoS:. In our case, the usage of increased load can significantly raise the energy input at the sliding interface,
providing enough energy to induce increased crystallization of the WS, phase, resulting in the formation of
a low friction tribofilm. Based on these results, the tribological behavior (under standard laboratory air) of
this coating is mainly governed by graphitic tribofilms during testing with low normal loads (e.g. 5 N).
Increasing the normal load (35 N in our case) causes the formation of a WS, (very likely due to higher
energy input in the contact) with higher crystallinity. The presence of WS in the sliding interface further

facilitates the lubricity, which is evident by the drop in the coefficient of friction.
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Figure 5-5 Result from the tribological testing in normal laboratory air: a) evolution of friction coefficient, b)
specific wear c) Raman analysis of the wear tracks d) Raman analysis of the ball scars
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5.4.2 Influence of the testing temperature

The tribological behavior of the coatings was tested at different temperatures from 100 to 400 °C.
Figure 5-6 a) shows the evolution of the friction coefficient as a function of the number of sliding cycles.
Running-in phase with steadily decreasing coefficient of friction from an initial value of 0.05 was observed
at 100 °C; at about 1500 cycles, the coefficient of friction stabilized at a value as low as 0.01. The running-
in period was much shorter for the tests performed at 200-400 °C and the steady-state regime is observed
after 500 cycles. Average friction coefficient values calculated from the last 2500 cycles are shown in

Figure 5-6 b).

In terms of wear, the coating shows increasing wear with testing temperature (Figure 5-6 c¢)). The wear in
the counterbody follows similar trends as the disk wear for testing at temperatures up to 200 °C.
Surprisingly, at the highest testing temperatures, no wear was detected on the counterbodies, due to material
transfer from the coating. Similar tribological behavior of W-S-C coatings deposited in lab-scale equipment
by RF magnetron sputtering with similar C content, and slightly lower S/W ratio, was also observed by

Polcar et al. [142].

Again, Raman spectroscopy was used to investigate the worn surfaces; an example is shown in Figure 5-6
d) (testing temperature of 100 °C). Raman spectroscopy performed on the tribofilms, at locations similar to
the patches of material shown at the location 1 in Figure 5-7 b), formed after sliding at elevated temperatures
show clear contributions of the WS; phase responsible for a very low value of the coefficient of friction. It
should be noted that Raman performed in the areas showing only shallow abrasive marks revealed a
spectrum quite similar to the as-deposited one. The wear track after testing at 400 °C was also analyzed by
SEM. An overview of the scar is shown in Figure 5-7 a). No signs of delamination indicate excellent
adhesion of the coating to the substrate. The wear track is mostly smooth with shallow abrasive marks and
areas with patches of adhered material. Higher magnification imaging and energy-dispersive spectroscopy
(EDS) was performed on these patches, see Figure 5-7 b). EDS performed on the adhered material (area 1)
showed a significant amount of oxygen and a small but measurable amount of iron, the latter originates
from the counterbody. EDS performed in area 2 showed a higher amount of C (71 at. %) and lower S/W
ratio (1.2, compared to 1.47 from the as deposited state); however, there were no vestiges of iron and a

meager amount of oxygen.

Two main effects should be considered to understand the effect of temperature on the friction behavior.
Firstly, heating to temperatures higher than 100 °C allows drying of the atmosphere around the testing rig,

avoiding the detrimental effect of humidity in increasing the friction. Secondly, the increased temperatures
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facilitate the formation of the crystalline WS: phase [141], and decrease its shear strength, which further
contributes to the friction reduction. Raman spectroscopy performed on the tribofilms also shows the
presence of graphitic carbon as a consequence of the structural transformation of the a-C phase. The
presence of graphitic carbon, a very soft phase, in the tribofilms is likely the cause of the increased wear of
the coating. Although carbon-based material was detected in the tribofilms, its role towards the frictional
response is mainly related to the load-bearing capacity. It should be noted that hydrogen-free graphitic
carbon is unable to provide friction reduction at elevated temperatures due to the lack of water vapour
needed as an intercalating agent [9]. Increased coefficients of friction were often observed for hydrogen-
free a-C coatings during elevated temperature testing (see, for example, Ref. [143,144]). Furthermore, the
Raman signal can also originate from volumes below the lubricious tribofilms. Considering a very low
coefficient of friction, the tribological response is mainly governed by the crystalline WS, formed during
the testing, while the carbon phase provides the load-bearing capacity. The Raman spectroscopy performed
on the wear debris (not shown) indicated D and G peaks typical of graphitic nature with very high intensity,

together with a small WOs contribution at Raman shift value of ~800 cm™.
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Figure 5-6 Results from the tribological tests at elevated temperatures: a) Evolution of friction coefficient as a
function of the number of cycles, b) average friction coefficient as a function of testing temperature for the last 2500
cycles, c) specific wear rate of the pin and the coated disk as a function of testing temp d) Raman spectra obtained
from the disk and ball after testing at 100°C.
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Figure 5-7 SEM imaging performed on the coating tested at 400°C: a) overview, b) higher magnification detail c-d)
EDS spectra

54.3 Tests performed in vacuum and dry nitrogen

Initial testing in vacuum was performed against a 100Cr6 bearing steel counterbody under a load of 2 N
(see Figure 5-8). The very low friction coefficient of ~0.01-0.02 was measured for the first 100 cycles after
which a significant increase in the friction coefficient occurred with a final value of 0.4-0.5 at 800 cycles
when the test was stopped. 3D profilometry performed on the ball counterbody revealed significant wear
with a wear scar diameter of ~0.8 mm. On the other hand, 3D profilometry on the wear track of the disk

did not show any wear with a significant presence of transferred material.

Considering the significant amount of wear of the bearing steel counterbody, with an indication of material
transfer to the coated disk, it is clear that 100Cr6 bearing steel is not an appropriate sliding partner to achieve
low friction. Therefore, the balls were also coated with the same coating as the disks, and the sliding tests
were performed with a load of 2 N in a vacuum and a dry nitrogen environment. For the vacuum tests, the
coefficient of friction was very low in the initial 1000 cycles with values below 0.01. Then, a spike in the
friction appeared. Periodic spikes in friction to values up to 0.4 were followed by drops to low values in the

range of 0.01-0.02 until the end of the test. These spikes are a clear indication of coating failure and optical
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micrography showed zones where the coating flaked off at the counterbody revealing the steel surface. The
delamination was limited only to the coated ball; the integrity of the coating deposited on the disc was
preserved with maximum wear depth lower than the thickness of the coating. Specific wear rates for both

triboelements were quite high, 2.5 x 107 and 1.3 x 10°® mm? N"! m™! for the disk and the pin, respectively.

Tests performed in dry nitrogen showed a much more stable friction coefficient. Starting at rather low
values of ~0.01, the coefficient of friction continuously increased up to values of 0.03-0.04 after around
1000 cycles. For the remaining time of the test, the friction coefficient fluctuated within values between
0.02-0.04, values slightly higher than those found in tests performed in a vacuum (not considering the
spikes). Only sporadically, friction spikes occurred. The coatings showed lower wear compared to the tests
performed in a vacuum with values of 2.4 x 107 and 3.7 x 10® mm® N"! m™ for the disk and the pin,
respectively. Raman spectroscopy was performed on the triboelements after testing under dry N> and
vacuum environment (see Figure 5-9). The tribolayers analyzed after testing presented intensities in the
regions related to WS, (~350 and 417 cm™) as well as those related to carbon-based phases (1200-1700 cm®

1. Based on these results, the tribolayers are composed of C-based and TMD-based materials.
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Figure 5-8 Results from the testing in vacuum and dry N2 environments a) coefficient of friction b) specific wear rate
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Figure 5-9 Raman spectroscopy performed after testing against W-S-C coated balls a) Dry N; environment b)
vacuum environment

SEM was also performed on selected wear tracks (see Figure 5-10) from the testing performed in dry N»
and vacuum. The disc track after testing with 2 N load against 100Cr6 counterbody in a vacuum can be
observed in Figure 5-10 a,b). Lower magnification overview of the scar shows the presence of material
transfer (darker regions in Figure 5-10 a)). Two regions were selected for EDS analysis (spots 3 and 4 in
Figure 11 b)). The EDS analysis performed in the darker region (spot 3) resulted in 15 at. % of O, 5 at. %
of Fe, 2 at. % of Cr, with the rest being a mixture of W, C and S, indicating transfer of ferrous material
from the steel counterbody. Compared to the composition obtained from the analysis done on the brighter
areas of the scar (spot 4), darker patches, also contain more C and O. Considering the high coefficient of
friction and the preferential wear of the steel counterbody, it is very likely that the friction is governed by
the hydrogen-free carbon phase, which is known to be unable to provide friction reduction unless species
that can passivate the carbon atoms (e.g. water vapour, hydrogen) are available [145]. The presence of a
hydrogen-free carbon phase on the sliding interface, unlike during sliding in air, is disadvantageous during
sliding in a vacuum. Furthermore, as iron-based material is transferred on the disk, the interface between
both counterbodies will be of a metal-to-metal type, which can have strong adhesion in vacuum resulting
in a high coefficient of friction and wear of the counterbody [146]. Comparing the tests at high temperature
and in a vacuum, it is very likely that crystallization of the WS at elevated temperatures is occurring quite
fast and the friction is governed by WS, rich tribofilm, while the effect of the carbon phase is not as negative
during elevated temperatures testing compared to the vacuum testing. For example, Krumpiegl et al. [143]
observed considerably worsened performance of hydrogen-free a-C coatings during testing under vacuum

compared to elevated temperature.
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SEM was also performed on the wear track after testing with 2 N of load against W-S-C coated ball in a
vacuum environment (Figure 5-10 ¢)). Only a minimal amount of material transfer is visible compared to
the test performed against 100Cr6 ball. EDS performed on one of these areas (spot 5, Figure 5-10 d)), also
showed the presence of Fe (5 at. %) in addition to an increased amount of oxygen, again indicating material
transfer from the ball. Cr was also detected (up to 1% at.), and, in this case, it can originate from the
interlayer of the film deposited on the counterbody, as the coating of the ball was worn through during the
test. Finally, SEM was also performed on the scars after testing in a nitrogen environment. The main
difference that was observed was the presence of a much narrower wear scar (compare Figure 5-10 a,c) and
Figure 5-10 e)). Smooth darker patches were also seen, aligned in the direction of sliding. EDS was

performed on the brighter and darker areas of the scar, but no significant difference was observed.

2 4 6 8 10 12 14 keV|

2 4 6 8 10 12 14 keV|

Figure 5-10 SEM micrographs of the disk wear scars after testing: a-b) 2N vs 100Cr6 in a vacuum, c-d) 2N vs WSC
coated ball in a vacuum, e-f) 2N vs WSC coated ball in nitrogen

A significant difference can be observed for the tribological response of the WSC-WSC tribopair tested in
a vacuum and dry nitrogen environments. Coatings with similar composition were also tested in a vacuum

and dry N» against steel counterbodies in the work of Voevodin et al. [79]. Contrary to this study, for

75



Chapter 5

coatings with at least 22. % at. of sulfur they observed very low friction in both dry N> and vacuum. In that
work, the coatings that provided lubrication in dry N> had similar performance in a vacuum. The most
probable reason for this behavior should be the different S/W ratio, although other parameters, such as the
level of crystallinity of the films should not be disregarded [147]. Unfortunately, neither the crystallinity
nor the S/W ratio can be indexed to the particular film, which was tested by Voevodin et al., in the conditions
herein used. The worsened tribological response in a vacuum, for the coatings having low sulfur content,
was attributed to the inability of the hydrogen-free amorphous carbon to provide lubrication in a vacuum

and dry N, environments.

Extensive testing of TMD coatings alloyed with carbon was also performed in dry environments (N>, dry
air, Ar), against steel counterbodies [148—150]. The coatings having a similar chemical composition to the
one presented in this study, have shown very good tribological performance. The reduction of friction and
wear in these cases was attributed to a TMD tribolayer, protected from environmental attack with its basal
planes oriented in the direction of sliding. The influence of the carbon phase was mostly related to the
hardness improvement; during sliding, it was preferentially removed from the sliding interface. Comparing
those results with the ones presented here, the coefficient of friction values (between 0.02-0.04) and specific
wear rates for the disk (107-10° mm?*/Nm) are quite similar, indicating that the friction reduction
mechanism is similar. Indeed, Raman spectroscopy performed on the triboelements showed the presence
of crystalline WS on the sliding surfaces, while the debris was rich in graphitic carbon indicating that the

C-phase is removed from the contact.

Considering the results from the testing performed in a vacuum, the mechanism proposed for friction and
wear reduction in dry atmospheres (e.g. dry N2) might not be valid. The coefficient of friction values when
100Cr6 bearing steel balls slide against the W-S-C coating were very similar to the values for hydrogen-
free carbon coatings sliding against steel counterbodies in vacuum (see Ref. [145,151]). Considering the
similarities of the tribological response of the tribopair in vacuum with the behavior of hydrogen-free
carbon coatings, it can be assumed that the carbon phase plays a role in the tribological response. In the
case of the uncoated ball, the response appears to be governed by the carbon-based material. When both
sliding partners are coated, the coefficient of friction in vacuum is initially quite low indicating that the
response is mainly governed by the WS, phase. Friction spikes during the remaining time of the test can
again be a result of the influence of the carbon phase. The Raman analysis performed on the disk track
showed carbon peaks with similar intensity as the ones observed in the as-deposited state. Small vestiges
related to WS, can also be observed. The optical micrograph of the coated ball showed the complete wear
of the coating. The Raman spectra revealed a significant presence of carbon in combination with WS, and

WO; phases. The compounds identified can be directly related to the tribological response during the test.
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The periods of low friction can be attributed to the presence of WS in the sliding interface, while the
frictional spikes are due to periodic interaction between the carbon phases present on both surfaces in

contact.

However, it is still not clear why there is a discrepancy in the tribological response in vacuum compared to
a dry nitrogen environment. Colas et al. [152], also observed a discrepancy in the tribological response of
a Ti-doped MoS; coating during testing in vacuum, and under dry N> environment; in the latter test, much
better performance was achieved. The authors associated the good response in dry N, with the adsorption
of N, and the subsequent occupation of all the oxidation sites, preventing the adsorption of H>O on the
coating. Anomalous wear behavior of MoS; coatings in vacuum was also observed by Micheal Gardos
[153]. In that study, the author also associated the better tribological response in dry N», compared to
vacuum, to the adsorption of N> on the oxidation sites of the MoS: and, thus, preventing the adsorption of
other species (e.g. H2O) in the MoS; films. Considering the vacuum pressures at which Gardos performed
the tests, which were quite similar to the ones used in our study, it is likely that the mechanism proposed

by Gardos is herein valid.

5.5 Conclusions and future work

W-S-C self-lubricating coatings were deposited by close field unbalanced magnetron sputtering in a
semi-industrial unit with various powers to targets and three target-to-substrate (TSD) distances. The
chemical composition, microstructure, and mechanical properties were studied as a function of the selected
deposition parameters. Tribological studies were performed on a single coating in various testing

environments. The main conclusions are:

. TSD has a significant effect on the composition of the coatings, with the longer distances resulting
in a higher S/W ratio and a higher overall amount of sulfur. The effect was a result of different scattering
behavior of the sputtered species and different level of the bombardment of the growing film with energetic

particles.

. The composition of the coatings influenced the microstructure and mechanical properties. Lower
S/W ratios and higher C contents resulted in denser microstructures and increased hardness. X-ray

diffraction experiments showed X-ray amorphous structures

. The tribological testing of the selected coatings showed good tribological response while testing in
normal air with different loads and at elevated temperatures up to 400 °C. The frictional response was
governed by graphitic tribofilms during testing at RT, with low loads. Increasing the loads and/or the testing
temperature resulted in the accelerated formation of WS; rich tribofilms with a subsequent reduction in

friction.
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. Testing in vacuum with steel counterbodies resulted in very high friction, which was due to severe
adhesion that led to preferential wear and material transfer from the steel counterbody to the coated disk.
Tribological testing in vacuum with both counterbodies being coated resulted in significant improvement

of the tribological response, but instabilities were observed.

. Testing in dry N», with both triboelements being coated was optimal with low coefficient of friction

and low wear.

The coating that was tribologically tested might not be an ideal solution for providing friction and wear
reduction in diverse testing environments since the tribological response in the vacuum was unstable. To
better understand the relationship between the chemical composition and the tribological response, further

studies will be performed on a set of coatings with a higher S/W ratio.
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Chapter 6 The effect of substrate location on the composition,
microstructure and mechano-tribological properties of W-S-C
coatings deposited by magnetron sputtering

Aiming towards the industrial implementation of TMD-based coatings, in this chapter, W-S-C coatings
deposited on substrates, placed on various locations in the semi-industrial chamber, are studied. The
location of the substrates was chosen to mimic the surfaces of bigger components with more complex
shapes, like moulds or dies. The recipe used for deposition was the one yielding ~50 at. % of carbon, based
on the studies performed in previous chapters. The composition, structure, crystallinity, morphology,
mechanical and tribological properties of the coated samples were studied. The work undertaken resulted

in the following publication:

T. Vuchkov, M. Evaristo, T. Bin Yaqub, A. Cavaleiro, The effect of substrate location on the composition,
microstructure and mechano-tribological properties of W-S-C coatings deposited by magnetron sputtering,

Surf. Coatings Technol. 386 (2020) 125481. doi:10.1016/j.surfcoat.2020.125481.
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6.1  Chemical composition and (micro)structure

The list of coatings deposited (see Figure 3-2) with their respective chemical composition is shown

in Table 6.1.

Table 6.1 Coatings deposited, chemical composition and deposition rate

Coating Elemental composition (at. %) S/W ratio Thickness (um) /

Deposition Rate

(nm/min)

C S 0} w
WSC-1 51.7+0.2 24.6+0.1 3402 20.5+0.1 1.2 14/14
WSC-2 49.8+0.2 28.3+0.3 39+0.1 18.1 £0.1 1.56 1.0/10
WSC-3 49.2+0.1 273+0.1 3.8+0.1 19.7+0.2 14 12712
WSC-4 47.6+0.1 29.4+£0.1 5405 174 £0.1 1.69 1.0/10

The coating placed on position 1 showed the highest amount of carbon and the lowest S/W ratio. The
coating placed at position 2 showed a higher sulfur content (28.3% at.) with a much higher S/W ratio of
1.56 compared to the one deposited at location 1. Besides the sample being at a target-to-substrate distance
of 15 cm, its orientation with the coated surface, not facing the targets directly during its pass in front of
them, caused a change in the chemical composition. The substrate placed at position 3 displayer a S/W ratio
(1.4) which is between the ratios observed for the substrates facing the targets placed at 15 and 25 cm.

Finally, the coating positioned at location 4 has the highest amount of S, and the highest S/W ratio of 1.69.

The variations in the chemical composition of TMD coatings deposited by magnetron sputtering techniques
are generally a result of two processes: i) different scattering behavior of the sputtered species and ii)
preferential re-sputtering of the chalcogen atom due to bombardment of the growing film with energetic
particles during deposition [110]. The effect of both processes was simulated using the SIMTRA software
package. The results from the simulations performed in the SIMTRA software are summarized in Table

6.2.
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Table 6.2 Results from the simulations performed in the SIMTRA software: S/W ratio calculated from the flux of
arriving S and W atoms, the fraction of the backscattered Ar neutrals arriving at the substrates, percentage of the Ar
neutrals that arrive at the locations thermalized and average energy of the Ar neutrals

. The fraction of Thermalized Ar atoms EnAr (V)
Location  §/Ww ratio arriving Ar neutrals (%)
(%)
WSC-1 1.77 0.27 7.5 78.4
WSC-2 2.44 0.17 14.2 67.91
WSC-3 1.76 0.25 10.8 72
WSC-4 1.88 0.16 19.4 60.8

The S/W ratio as depicted from the flux of S and W atoms arriving at the substrates was highest for the
WSC-2 position with a value of 2.44. As for the other location the values ranged between 1.76-1.88. A
significant difference can be observed for the flux and the average energy of the backscattered Ar atoms
arriving at the substrate locations used for deposition. The trends observed can be related to the chemical
compositions attained. Namely, the flux and the energy of reflected Ar neutrals arriving at the substrates
decreased in the following order: 1>3>2>4. On the other hand, the S/W ratio increases in the same order
(1<3<2<4), indicating that the bombardment with reflected Ar neutrals has a major effect on the
compositional variations. Considering that the ratio of the fluxes of S and W atoms did not change
significantly for the location 1,3 and 4, it can be assumed that the different scattering behavior of the S and
W has a minor effect on the chemical composition. As for the substrate located at position 2, the simulations
predicted a possible S enrichment due to the different scattering behavior. However, considering that this
coating still had a lower S/W ratio, compared to the one deposited at location 4, the different level of

bombardment with reflected Ar neutrals is the dominant process influencing the compositional variations.

In summary, both processes responsible for the compositional variations were simulated to separate their
effects. Due to different scattering behavior of W and S atoms we expect S/W ratios in the range of 1.7-2.4.
The lower measured ratios are due to the preferential re-sputtering of the S atoms from the growing films

by the backscattered Ar neutrals, with lower ratios for the coatings subjected to more intense bombardment.

Cross-section and top-view micrographs of the coatings can be observed in Figure 6-1. The Cr interlayer
has a thickness in the range of 200-400 nm; the lower thicknesses are for the coatings deposited at either
longer target-to-substrate distances or not facing the target directly, very likely due to the increased
scattering of the sputtered Cr species. The Cr interlayer has a columnar microstructure that changes to a
more compact featureless morphology during the gradient layer deposition. The W-S-C coatings have

featureless morphologies with no signs of columnar growth. The Cr interlayer is towards establishing a
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strong metallic bond with the steel substrate and it is often the material of choice for depositing interlayers
during the synthesis of carbon-based sputtered coatings [154,155]. The role of the gradient layer is to
prevent abrupt changes in the bonding type and a smooth transition in the chemical composition, from Cr-
rich to W-S-C rich. The top surface morphology was of a cauliflower-type, which is often observed in

carbon-alloyed TMD coatings.
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Figure 6-1 Cross-section and top-view micrographs of the coatings a,b) WSC-1 ¢,d) WSC-2 e,f) WSC-3 g,h) WSC-4
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The patterns from the GIXRD (see Figure 6-2) experiments present XRD amorphous structures,
characterized by a broad peak at 20 = 30-45°. The broad peak at this range may contain peaks related to
WS, and WC planes. A peak often observed in this range is related to the (100) plane of WS, located at 26
= 33° (ICDD no. 00-008-0237), with a tail towards higher angles representing the turbostratic stacking of
(10L) WS, planes with L having values of 1, 2 and 3 [32]. On the other hand, W>C (100) peak is also located
at 20 = 34.5° (ICDD no. 00-035-0776), in addition to a WCi (111) peak at 26 = 38° (ICDD no. 00-020-
1316) and a W,C (002) plane located at 26~39°. The presence of both tungsten disulfide and tungsten
carbide peaks in this region makes the interpretation of the diffractogram difficult. Nevertheless, even if

present, the WS, and WC crystals are too small to be detected by XRD.
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Figure 6-2 XRD patterns of the deposited coatings

To get a better understanding of the microstructure of the coatings, TEM analysis (Figure 6-3) was also
performed on the coatings with ~30 nm thickness deposited on TEM grids. The lower magnification images
(Figures 6-3 a), ¢), e), g)) revealed amorphous structures. On the other hand, higher magnification imaging
uncovered the presence of fringes with a distance between them of ~0.62 nm which is the typical distance
between the basal planes of WS,, indicating the presence of nanoplatelets of WS,. These randomly oriented

platelets were enclosed in an amorphous carbon matrix and they were present in all coatings. The WS,
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platelets observed in the high magnification micrographs have a typical length of ~5 nm with thickness in
the order of a couple of parallel basal planes (typically 2-3). The small crystalline size is in agreement with
the broad XRD features. Based on the TEM analysis, all the deposited coatings have a nanocomposite
structure consisting of WS, platelets enclosed in an amorphous carbon matrix (the latter was identified
through Raman spectroscopy, see section 6.3). Besides the different amounts of sulfur and S/W ratios, there
is no apparent difference in the microstructure of the coating, as depicted from the TEM analysis. The main
influence of the different sulfur content and S/W ratio is very likely on the overall amount of WS, in the
coatings, which is difficult to depict from the TEM analysis. It is highly probable that the coatings with a

lower S/W ratio are more amorphous and contain lesser amounts of crystalline WS,.

Figure 6-3 Overview and high magnification TEM micrographs of the coatings
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6.2 Mechanical properties

6.2.1  Hardness and modulus

The hardness and the reduced modulus of the coatings are shown in Figure 6-4 a) and b), respectively. The
maximum hardness of 6.9 GPa was measured for the WSC-1 coating. The coatings WSC-2 and WSC-3
showed quite similar hardness of ~5.2 GPa. The coating WSC-4 was the softest with a value of 4.8 GPa.
Similar trends were observed for the reduced modulus, with the WSC-1 coating having the highest value

of 98 GPa and WSC-4 having the smallest value with a reduced modulus of 61 GPa.

The hardness of the coatings can be related to their chemical composition. Namely, the hardness of the
coatings increases as the overall S/W ratio is reduced, with the WSC-1 coating with S/W ratio of 1.2 being
the hardest, while the WSC-4 coating with S/W ratio 1.69 being the softest. The low S/W ratio indicates
that there is more tungsten available for the formation of hard tungsten carbide inclusions. Increased
amounts of tungsten carbide phases can be the reason for the highest hardness obtained for the WSC-1
coating. As their presence could not be confirmed by the XRD and TEM analysis, they are very likely very
small in size or present as an amorphous phase distributed in the a-C matrix [149]. On the other hand, the
high S/W ratio (e.g. the coating WSC-4) indicates an increased presence of a softer WS, phase, explaining
the observed reduction in hardness. Additionally, a higher level of bombardment of the growing films with
Ar neutrals can provide densification of the morphology due to increased adatom mobility [112]. In this

context, increased density and compactness can further provide higher hardness.
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Figure 6-4 a) Hardness and b) Reduced modulus of the coatings
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6.2.2 Adhesion-scratch testing

The results obtained from scratch testing are shown in Table 6-3. Lc; is the load at which the first cracks
are observed, typically on edges of the scratch scar. Lca represents the load at which chipping on the borders
of the scratch scar occurs. Lcs load is related to the gross delamination of the coating [156]. The values
indicated that the harder coatings (lower S/W ratio, WSC-1, and WSC-3) have the worst response to scratch
testing with Lcy, Lc, and Lcs values of ~6 N, ~17 N and ~23 N. The features observed on the optical and
SEM micrographs were quite similar for both coatings and the micrographs and the analysis are from the
coating WSC-1. On the other hand, the coatings WSC-2 and WSC-4 displayed much-improved adhesion.
The values were fairly comparable for both coatings and the Lcs load was up to ~37 N. The micrograph
shown is from a representative scratch scar from the coating WSC-4, which had very similar features to the
coating WSC-2. It should be noted that the failure modes were different for the 2 groups of coatings. The
coatings with worse adhesion (lower S/W ratio) showed larger delaminated areas (see the Lcs inset in Figure
6-5 a)) indicating gross spallation. The compressive stresses induced by the indenter cause buckling
(evident from the curved cracks present in the scratch scar) of the coating, which can further evolve into
spallation depending on the toughness of the coating. The thicknesses of the spalled regions (obtained by
3D profilometry) were typically ~ 600 nm, indicating that the failure occurred within the W-S-C coating
or, at most, the gradient Cr/W-S-C layer. This is further confirmed by the EDS mapping performed in the
region with delaminated areas. A significant amount of Cr was observed inside the scars with minor
presence of Fe, W, and S. EDS performed in the areas outside of the scratch scar where the spalling occurs,
did not show the presence of Cr or Fe, indicating that the W-S-C coating is still present there. The failure
mode observed for the second group of coatings was different as only buckling within the scratch scar was
observed accompanied by chipping on the edges of the scars. The buckling failure mode resulted in the
gross delamination of the top-most W-S-C coating from the interlayer as soon as the Lcs load was applied.
This is evident from the EDS maps shown in the inset of Figure 6-5 b). The darker regions in the Lcs
micrograph are the areas at which the W-S-C is removed. The signal related to Fe is weaker compared to
Cr which confirms that the Cr interlayer is not fully removed from the substrate. Although the deposition
of the interlayer and the gradient layer was quite similar for all coatings, different response to the scratch
testing was observed. Based on the gross spallation events observed, the harder coatings are very likely
more brittle, less tough, and fail due to cohesive damage within the coating. This type of failure can result
in worsened tribological performance due to accelerated wear. The response to the scratch testing of the
coatings with a higher S/W ratio (WSC-2 and WSC-4) suggests an improved toughness with no gross

spallation, which is more promising for the tribological performance.
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Table 6.3 Results from the scratch testing-critical loads

Coating Critical Load (N)

LC] LCz LC3
WSC-1 61 18+1 245+1
WSC-2 111 23+1 37+1
WSC-3 7+1 155+2 205+1
WSC-4 9+1 24+ 1 36.5+1

Figure 6-5 Optical and SEM micrographs of the scratch scars obtained for the coatings: a)WSC-1 b) WSC-4
6.3 Tribological performance

6.3.1  Room temperature tests
The evolution of the coefficient of friction (COF) as a function of testing time can be seen in Figure 6-6 a).
The specific wear rates of both counterbodies are shown in Figure 6-6 b). The WSC-1 coating showed

initially a COF of ~0.3, followed by a running-in stage during which the coefficient of friction drops to a
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value of ~0.1. Signs of coating failure depicted from the friction spike can be observed after ~80 seconds
of sliding (~4000 cycles). Afterward, the friction dropped to ~0.15 indicating that a tribofilm was again
formed. However, a friction spike (COF>0.5) was again observed and as no drop was observed after ~20

sec the test was aborted.

The 3D profilometry performed on the wear track had shown wear depths higher than 1.5 um indicating
that the W-S-C coating was worn-out and the high coefficient of friction is due to the interaction between

the substrate/Cr interlayer and the steel counterbody. The specific wear rate was ~1.75 x 10°® mm*/Nm.

The evolution of the friction coefficient for the coating WSC-2 showed a running-in period of ~90 sec
during which the friction dropped to values of 0.1-0.15. The steady-state regime is characterized by friction
values that fluctuated between 0.1-0.15, a rapid spike was observed after 550 seconds of testing, and the
test was aborted. The specific wear rate was much lower compared to the WSC-1 test with an average value

of ~5.5 x 107 mm?*/Nm.

The performance of the WSC-3 coating is quite similar to the WSC-1 coating. After a short running-in
period the coefficient of friction dropped to 0.1, followed by small fluctuations during which a value of 0.2-
0.3 was observed. A catastrophic failure marked by a rapid increase in friction was observed after ~175
seconds when the test was stopped. The wear depth measured was up to 3 um, confirming that the coating
was worn-out. The specific wear rate was slightly higher (2.78 x 10°® mm?/Nm), but in a similar range with

the WSC-1 coating.

The best performance was observed for the WSC-4 coating. After a short running-in period of ~20 seconds,
the friction dropped to values between 0.12-0.15. During the whole duration of the test, the friction was
quite stable in this range and no friction spikes were observed. The wear depth was within the coating

thickness (~1 um) and the specific wear rate calculated was low with a value of 3.73 x 107 mm?/Nm.

The ball wear follows the same trends as the wear of the disk, with higher values for sliding against the

coatings that were worn through (WSC-1 and WSC-3).
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Figure 6-6 Results from the tribological tests at RT a) coefficient of friction b) specific wear rate

a) WSC-1 RT

c) WSC-1 RT

e) WSC-4 RT

g) WSC-4 RT

Figure 6-7 SEM imaging after the tribological testing at RT: a,b) WSC-1 disk; c,d) WSC-1 ball; e,f) WSC4-disk;
g,h) WSC-4 ball
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SEM imaging and Raman spectroscopy were performed on the wear scars for the coatings WSC-1 and
WSC-4. The worn-out WSC-1 coating can be observed in Figure 6-7 a). Raman spectroscopy was
performed on different areas in the wear tracks and the ball counterbodies after testing the WSC-1 coating
(not shown). There were no signs of any crystalline WS, ( peaks located at ~350 and ~417 cm™ [127]) and
the only features observed are the D and G peaks of carbon (1100-1700 cm™) [104] and some vestiges

related to iron oxides (200-300 cm™ [157]) and tungsten oxides (~ 800 cm™ and ~970 cm™ [158].).
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Figure 6-8 Raman spectroscopy performed after testing the WSC-4 coating at RT: a) Disk; b) Ball

On the other hand, the wear scar of the coating WSC-4 revealed a smooth track with areas having layers of
material smeared in the direction of sliding (location 1 in Figure 6-7 f)). In its as-deposited state, the coating
showed intensity in the region where WS, peaks are located, but no sharp peaks were observed, indicating
poor crystallinity or small crystalline domains of the WS,. The Raman spectrum of the tribofilm observed
on the disk after testing at RT showed increased intensities in the locations for WS, but still, no clear peaks
could be observed. In the region of 1100-1700 cm™ the D and G peaks of carbon were observed with
location and intensity typical for graphitic carbon. The graphitization is evident since the G peak is
positioned at higher Raman shift values (~ 1600 cm '), and the D and G peaks are more separated [104].
The Raman spectrum obtained from the scar on the steel counterbody (location 2 on Figure 6-7 h)) revealed
sharper peaks in the region of 350 and 417 cm!, in addition to the D and G peaks from graphitic carbon.
Tungsten oxides were also observed in the tribolayers as well as the wear debris, with a higher intensity
observed in the latter. Tungsten oxides are very likely produced by reaction of WS, with the H>O from the
humid air. Additionally, the Raman analysis on the wear debris showed the presence of graphitic carbon.
Based on the Raman analysis, the tribological behavior of this coating at RT is mainly governed by C-based

tribofilms, with minor contribution of the TMD phase. This statement is further supported by the fact that
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the coefficient of friction (u~0.15) is often observed for hydrogen-free DLC coatings sliding against steel

counterbodies in similar humid air environments (see Ref. [8,133]).

The worsened adhesion of the WSC-1 and WSC-3 coatings can also be related to the premature failure of
these coatings. Gross spallation caused by the stresses induced by the bearing steel ball very likely occurred
fast. The gross spallation can result in the generation of large particles that cannot be contained in the

contact zone and are rapidly removed from the sliding interface, resulting in accelerated wear.

Compared to the results obtained during ambient air testing of the W-S-C coating studied in Chapter 5,
those results are similar to the ones obtained for the coatings WSC-2 and WSC-4, although the testing load
and the testing configuration was different. A similar coefficient of friction of ~0.15 was also observed for
the coating tested in Chapter 5. The wear rate is slightly higher, with values up to 5.5 x 107 mm*/Nm
measured for the WSC-2 coating, compared to the typical value of ~3-4 x 107 mm?*Nm measured after a
longer duration sliding in the studies performed in Chapter 5. The higher wear can be related to the harsher
high-frequency reciprocating motion. There is always a friction spike during stroke reversal due to the drop
in sliding speed and the presence of static friction. These friction spikes can promote accelerated wear of

the coatings.

6.3.2 Testing in a dry N2 environment

The tribological performance under a dry N> environment is presented in Figure 6-9 a), while the specific
wear rates of the coated disks are presented in Figure 6-9 b). WSC-1 coating failed rapidly; the coefficient
of friction rose to the maximum measurable value (~0.5) after sliding for a couple of seconds. Similar
behavior was observed for the coating WSC-3, with the only difference being the low friction coefficient
(~0.02-0.03) during the initial 20 seconds, after which the coefficient of friction rose rapidly, and the test

was aborted.
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Figure 6-9 Results from the tribological testing under dry N2 a) coefficient of friction b) specific wear rate

The wear depths measured were ~3 um. The specific wear rates calculated were high, with values of 8.17
x 10°® mm*/Nm and 6.87 x 10°® mm*/Nm for the coatings WSC-1 and WSC-3, respectively. Considerable
improvement of the behavior is observed for the WSC-2 and WSC-4 coatings. The friction coefficient was
relatively low with values around 0.03-0.06 (see Figure 6-9 a)). As expected, the low friction coefficient is
accompanied by very low wear rates of 1.58 x 10® mm*Nm for WSC-2, and 2.44 x 10* mm?/Nm for WSC-
4.

SEM imaging performed after testing is shown in Figure 6-10. The fully worn WSC-1 coating can be seen
in Figure 6-10 a). Raman spectroscopy (not shown) was performed in the wear track and the only phase
identified was the a-C, very likely due to a thin carbon film that remains in the wear track. There were no
Raman intensities in the region related to WS,. The wear track from the coating WSC-4 was very smooth
and featureless (Figure 6-10 f)). Raman spectroscopy was performed in it and a representative spectrum
can be seen in Figure 6-11 a). Peaks related to crystalline WS: can be observed. Examination of the ball
counterbody revealed the presence of material transfer (brighter areas on Figures 6-10 g),h)). The analysis
performed in these areas also revealed the presence of WS.,. The intensities related to tungsten oxides were
significantly reduced compared to the ones observed from the tribolayers formed during testing at RT,
demonstrating the negative effect of the humidity on the oxidation of the WS tribolayers. The D and G
peaks of carbon were also observed on both the tribolayers formed on the disk as well as the transferred
material on the counterbody. These C-based phases are often unable to provide friction reduction in dry and
inert environments [151], unless there is a presence of species (e.g. hydrogen, H>O) that can adsorb, and
passivate the carbon surface. Since the location and intensity of the D and G peaks did not change
significantly compared to the as-deposited state, it is also probable that the Raman signal from the carbon

material originated from below the lubricious TMD tribolayers. Considering the low coefficient of friction
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observed in the present case it is very likely that, although present, the C phase has a minor effect towards
the frictional response in the dry N> environment. The frictional response in this situation is mainly governed
by lubricious WS, tribolayers protected from an environmental attack by the dry N, gas. The role of carbon

is mostly towards the improvement of the mechanical properties and the load-bearing capacity.

a) WSC-1 N,

¢) WSC-1 N,

e) WSC-4 N,

g) WSC-4 N,

Figure 6-10 SEM imaging of the wear scars after testing in dry N> environment: a,b) WSC1-disk, c,d) WSCI-ball
e,f) WSC4-disk g,h) WSC4-disk
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Figure 6-11 Raman analysis after tribological testing of the WSC-4 coating in dry N>

In the tribological studies on W-S-C coatings performed by Voevodin et al. [79], the authors observed high
friction in dry environments for the coatings having low sulfur content (less than 20 % at.), while the
coatings having at least 22 at. % of sulfur provided friction reduction. In the present case, although the
coatings had more than 22 at. % of S (up to ~27 % for WSC-3), the coatings (WSC-1 and WSC-3) failed
to form a low friction WS, tribofilm. One of the parameters that can be associated with the tribological
response is the S/W ratio. The coatings that failed to form low friction WS tribolayer and hence showed
high friction and wear had the lowest S/W ratios (1.2 and 1.4). On the other hand, the coatings that formed
a low friction WS tribofilm and provided a significant reduction in friction and wear during sliding in dry
environments had higher values of 1.56 and 1.69. It should also be noted that the difference in overall S
content for the coatings WSC-2 and WSC-3 is ~1 at. %, but the triboperformance was significantly
different, indicating that the S/W ratio should be carefully considered alongside the overall S content.
Similarly to the results of the testing in ambient air condition, the worsened performance of the WSC-1 and
WSC-3 coatings can also be related to the increased brittleness and lower toughness of the coatings, ensuing
in the rapid removal of the W-S-C coating in the form of bigger spalled particles which further results in

accelerated wear.

The tribological performance of the coatings with a higher S/W ratio presents an improvement compared
to the one of the W-S-C coating tested in Chapter 5. The comparison with that coating further shows that

the S/W ratio has a significant impact on the tribological properties of the W-S-C coatings. The significant

94



Chapter 6

improvement is generally related to the wear resistance, as the present coatings have an order of magnitude

(1-3 x 10® mm*/Nm compared to 2-3 x 107 mm*/Nm) improvement in wear resistance.

6.3.3 Testing at elevated temperature (200°C)

The results from the testing at elevated temperatures are shown in Figure 6-12. Surprisingly, the coatings
that failed to provide friction and wear reduction during testing at RT and under dry N, showed considerable
improvement in the tribological performance. After a running-in period of ~10 sec (~500 passes), all
coatings showed a tribological response characterized by a fluctuation of the coefficient of friction between
0.02-0.05. The average values are in the range between 0.03-0.05. The wear rates are plotted in Figure 6-
12 b). Low wear rates were observed for all coatings, with average values in the range from 9.6 x 1038
mm*/Nm to 2.6 x 107 mm?*/Nm. The SEM micrographs and the Raman analysis results are shown in Figure
6-13 and Figure 6-14, respectively. The wear scars of both coatings were smooth with no signs of exposure
of the substrate. Raman analysis was performed on the layers of material present on the wear track and
smeared in the direction of sliding (spot 1 in Figure 6-13 b)) and spot 3 in Figure 6-13 f)). The Raman
spectra indicated that those regions are rich in crystalline WS.. The intensities related to the carbon phase
were very weak. The tribolayers (brighter areas in Figure 6-13 ¢), d), g), h)) on the counterbody were almost

exclusively made of WS,. The wear debris was rich in graphitic carbon and tungsten oxides.
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Figure 6-12 Results from the tribological testing at elevated temperature a) coefficient of friction b) specific wear
rate

Based on the examination performed, as soon as the testing temperature is increased there is a formation of
tribolayers consisting almost exclusively of crystalline WS, while the C is preferentially removed from the
wear track. The formation of crystalline WS; is likely due to the additional energy input into the sliding
interface. In a reactive MD (molecular dynamics) study performed by Nicolini et al. [141], it was shown

that there is an energy threshold needed to achieve amorphous to crystalline transition in MoS2, a TMD
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compound similar to WS; In that context, this energy threshold was likely achieved in the present case as
soon as the testing temperature was increased. Furthermore, heating both counterbodies to 200°C would
dry the surrounding air and reduce the potentially detrimental effect of the humidity towards the tribological

properties of the WS, tribofilm [159].

It should be noted that the coatings having a lower S/W ratio (WSC-1 and WSC-3), although having
significantly deteriorated toughness, performed remarkably well during elevated temperature testing. This
is most probably because the conditions for the accelerated formation of crystalline WS, were achieved and
a WS, rich tribofilm was formed, significantly reducing the friction force acting at the sliding interface and

thus reducing the shear stresses acting on the coating.

An excellent tribological performance was also observed for the W-S-C coating studied in Chapter 5.
Slightly higher values were observed in the present case since in the reciprocating tribometer there is a
friction spike during stroke reversal because of the drop in sliding speed and thus having periods of static
friction. The SRV tribometer outputs an instantaneous COF value including the friction spike during stroke
reversal. In terms of wear, the present study revealed improved wear resistance, which can be related to the
higher number of sliding cycles (30000 compared to the 5000 performed in the study in Chapter 5). The
higher number of cycles indicate longer sliding in the steady-state regime, a regime during which the

tribolayers are established and the wear is low.
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a) WSC-1 200°C

c) WSC-1 200°C

e) WSC-4 200°C

g) WSC-4 200°C

Figure 6-13 SEM micrographs of the wear scars after testing at elevated temperature
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Figure 6-14 Raman analysis of the wear scars after testing at elevated temperatures

97



Chapter 6

6.4 Conclusions

In this chapter, the effect of the substrate location on the chemical composition, microstructure, and tribo-
mechanical properties was studied for W-S-C coatings deposited by closed-field unbalanced magnetron

sputtering. The main conclusions are:

* The location of the substrates affected the chemical composition, mainly towards the S/W ratio.
The Monte-Carlo simulations performed indicated that the differences are mainly due to different
level of bombardment of the films with reflected Ar neutrals.

* The deposition process led to a compact featureless cross-sectional morphology and formation of
a nanocomposite structure consisting of an amorphous carbon matrix with WS platelets embedded
in it.

* The hardness varied between 5-7 GPa, with a higher S/W ratio resulting in lower hardness.

* An adaptive tribological response was observed during dry sliding against bearing steel
counterbody in different environments (ambient air, dry N», and 200°C) for the coatings having a
S/W ratio higher than 1.5.

* The tribological response was governed by graphitic and WS, rich tribofilms during ambient air
testing. A low-friction WS tribofilm was responsible for the very good tribological response of
the coatings that were able to provide friction and wear reduction in dry N> and elevated
temperature environments.

The deposition of the self-lubricant W-S-C coatings with the processing parameters herein used should be
performed with the surfaces to be coated placed at locations resulting in a S/W ratio higher than 1.5. To

obtain optimal S/W ratios, deposition at higher pressures can also be considered, to reduce the detrimental

effect of the reflected Ar neutrals.
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Chapter 7 Synthesis, microstructural and mechanical properties of
self-lubricating Mo-Se-C coatings deposited by closed-field
unbalanced magnetron sputtering

This chapter extends the study of the previous one for generalizing the upscaling of TMDs in industrial
machines. Therefore, an initial attempt of the upscaling of the deposition process of Mo-Se-C coatings is
herein presented. The literature reports the deposition of these coatings exclusively in laboratory-scale
equipment. The following chapter will demonstrate the potential of the Mo-Se-C coatings, deposited in

semi-industrial conditions, for friction and wear reduction in diverse operating environments.
The work undertaken resulted in the following publication:

T. Vuchkov, T. Bin Yaqub, M. Evaristo, A. Cavaleiro, Synthesis, microstructural and mechanical properties
of self-lubricating Mo-Se-C coatings deposited by closed-field unbalanced magnetron sputtering, Surf.

Coatings Technol. 394 (2020) 125889. doi:https://doi.org/10.1016/j.surfcoat.2020.125889.
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7.1 Chemical composition and (micro)structure

The chemical composition, thickness, and roughness of the coatings, as described in Chapter 3, are
summarized in Table 7.1. The C-containing coatings have carbon contents between 48 and 53 at. %, with
the ones deposited with substrate bias having slightly higher values. The oxygen content is low with values
up to 4 at. %. Its incorporation is very likely due to residual oxygen in the chamber and from contamination

present in the porous MoSe,.

Table 7.1 Chemical composition, thickness, deposition rate e surface roughness of the coatings

Coating Elemental composition (at. %) Se/ Thickness Roughness
Mo (um)/Deposition Sa (nm)

ratio  Rate (nm/min)

C Se (6] Mo
MoSe-15 4.8+0.1 62.3+04 2704 303%0.1 207 20/145 260+24
MoSe-25 3.0+0.1 64.8 +0.1 37+£0.1 28.6+0.1 226 22/175 57+03
MoSeCOV-15 48.8+0.1 324+0.1 1.5£0.1 174 £0.1 1.85 22/163 6.1+£0.3
MoSeCOV-25 462+02 35102 20+0.1 16.8 +0.1 2.1 1.8/13.8 50+£0.1
MoSeC50V-15 51.8+04 29.2+02 1.1£0.1 18.0£0.1 1.62 187127 4.8+0.1
MoSeC50V-25 53+0.6 26.8+0.3 1.4+0.1 18.8+0.1 1.43 1.5/11.0 33+0.1

It should be noted that the pure sputtered MoSe. coatings exhibited slightly higher oxygen content which
is very likely due to their more porous microstructure, being more prone to oxidation. The Se/Mo ratio was
close to the stoichiometry (MoSe,) for the pure MoSey coatings and the carbon alloyed coatings deposited
without substrate bias. For the coatings deposited without substrate bias, increasing the deposition distance
resulted in a higher Se/Mo ratio. This is, very likely, due to the reduction of the energy and flux of the
energetic Ar neutrals, backscattered from the MoSe, target, which bombard the growing film.
Bombardment of a TMD containing film with energetic species during deposition often results in
preferential re-sputtering of the lighter chalcogen atom (Se in the present case) [123]. For the films
deposited with substrate bias, there was a reduction of the Se/Mo ratio which is due to the significantly
increased bombardment of the growing film with Ar* ions. The deposition chamber, equipped with
unbalanced magnetrons, in a closed-field configuration, provides increased ionization of the Ar atoms in
the proximity of the substrates; by applying a negative bias to the substrates, the growing film is
continuously bombarded with Ar* ions, resulting in the preferential sputtering of Se. For the coatings
deposited with a negative substrate bias, an opposite trend is observed, i.e. the Se/Mo ratio decreases as the

TSD is increased. This phenomenon can be understood if the incoming ion-to-atom ratio is considered. As
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the deposition distance is increased, there is a drop in the deposition rate for the coatings deposited without
a negative substrate bias (compare MoSeC0V-15 and MoSeCOV-25). In other words, the flux of incoming
atoms is reduced. When a negative substrate bias is applied on the substrates, the incoming ions are
extracted from the discharge and their flux is very likely quite similar at both distances (15 and 25 cm).
Therefore the incoming ion-to-atom ratio would be higher for the substrates placed at a higher distance,

and, thus, the preferential re-sputtering of the Se atoms is amplified.

The compositions attained for these Mo-Se-C coatings show an improved stoichiometry (Se/Mo ratio)
compared to the W-S-C coatings were lower ratios of chalcogenide to transition metal atoms (X/M) was
observed. It must be noted that the deposition conditions were quite similar, with the same deposition
pressure and quite similar target currents and voltages. The improved ratio can be related to the reduced
energy of the backscattered neutrals in the case of MoSe;. The energy distribution of the reflected Ar
neutrals during the sputtering of WS, and MoSe; is illustrated in Figure 7-1. The data was obtained from
SRIM simulations. In the case of WS, the reflected Ar neutrals have an energy of up to 300-350 eV,
compared to a maximum value of 200-250 calculated for MoSe:. The fraction of reflected Ar neutrals was
slightly higher for the sputtering of MoSe: target with a value of ~11 % compared to a ~10 % fraction
obtained for the WS.. The average energy value was significantly higher for WS, (~103 eV), compared to
MoSe: (~57 eV). Based on this data it is expected that the bombardment with energetic backscattered Ar
neutrals will be lower for the Mo-Se-C coatings and, thus, there is a lower re-sputtering of the lighter Se
atoms from the growing film. The higher Se/Mo ratio can further be related to the lower difference in the
atomic mass of the sputtered species (Mo and Se). Due to the smaller mass difference, it is expected that
the scattering of the Se and Mo atoms will be more similar compared, for example, to the scattering of the

W and S atoms in the case of W-S-C coatings.
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Figure 7-1 Energy distribution of the backscattered Ar neutrals during sputtering of WSz and MoSe;

The electron micrographs of the deposited coatings are shown in Figure 7-2. The pure sputtered coatings
have a columnar porous structure, which is typical for sputtered TMD coatings. The micrographs also
revealed that the coating deposited at a longer target-to-substrate distance (TSD), with a higher Se/Mo ratio
contains a more porous worm-like structure (see Figure 7-2 d)). On the other hand, the pure MoSe coating
deposited at 15 cm, although still porous, exhibits a denser fibrous morphology. This coating, even though
deposited at a smaller target-to-substrate distance, is thinner, which can be related to its increased
compactness and density. The increased compactness is very likely due to increased bombardment of the
growing film with backscattered argon neutrals causing increased adatom mobility and reduced atomic
shadowing. As carbon is co-sputtered, significant densification of the coatings occured. The columnar
morphology was still evident but the intercolumnar porosity is reduced (see Figure 7-2 e)). With the addition
of carbon, the top-surface morphology became cauliflower-like (Figure 7-2 f)). The densification of the
coatings is further evident by a similar deposition rate between the carbon alloyed coatings and the pure

coating, besides the additional sputtering of the graphite targets. The application of substrate bias results in
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further densification of the coatings, resulting in compact and featureless cross-sectional morphologies
(Figure 7-2 g)). The densification of the morphology is due to the increased adatom mobility induced by
the continuous bombardment of the growing film with Ar* ions [160]. The deposition rate, in this case, was
further reduced compared to the coatings deposited without substrate bias (e.g. from ~16.3 to 12.7 nm/min
for the coating deposited at 15 cm). The top-surface morphology is of a cauliflower-type for the coating
deposited at 15 cm, while for the coating deposited at 25 cm the cauliflower features disappeared and
smoother, more featureless morphology was observed. The disappearance of the cauliflower features is
very likely due to the increased incoming ion-to-atom ratio causing increased re-sputtering of the growing
film and smoothening of the surface. In terms of roughness, the pure films exhibited increased roughness
compared to their carbon alloyed counterparts. The highest roughness was observed for the MoSe-15
coating, with an average value of 26 nm. The MoSe-25 coating, although having a more porous
microstructure has a smaller average roughness of 5.7 nm. The carbon alloyed coatings were smoother,
with the ones deposited with substrate bias having the smallest values (e.g. S.;=3.3 nm for the MoSeC50V-
25 coating).

The morphological features observed for the Mo-Se-C coatings illustrate the importance of the
bombardment of the film with energetic species. For example, both MoSeC0OV-15 and WSC-1 (Chapter 6)
have very similar carbon content but the morphological features were significantly different. The former
coating has an underdense columnar morphology while the latter has a very compact, featureless
morphology. The main difference between these 2 coatings is the ratio between chalcogen atoms and
transition metal atoms, with the latter having a significantly lower value (S/W ratio of ~1.2 compared to
the Se/Mo ratio of 1.85). In this context, it should be noted that a carbon content of ~50 at. % does not

ensure a dense and compact morphology.

The X-ray diffractograms from the coatings are presented in Figure 7-3. XRD performed on the pure MoSe
coatings revealed they are crystalline. The XRD patterns reveal the presence of various MoSe; crystallite
orientations with the strongest reflections being the (002) at 26 ~ 12.8°, (100) at 26 ~ 31.5°, (103) at 20 ~
37.8° and (110) at 28 ~ 55.8° (ICCD card No. 01-077-1715). Additional peaks stemming from the Cr
interlayers were observed at 20 ~ 44.4° and 20 ~ 81.7°. One major difference between the MoSe-15 and
MoSe-25 coatings was the ratio ((002) / (100)) between the intensities related to the (002) and (100) planes.
The (002) orientation represents the presence of planes that are closely parallel to the substrate (basal
orientation), planes that play a crucial role in the tribological properties. On the other hand, the (100)
orientation represents the basal planes that are closely perpendicular to the substrates (edge orientation),
and in this case reorientation of the crystal is needed to provide low friction [159]. The MoSe-15 coating

has a higher ratio of (002) / (100) indicating that the coating has a preferential orientation with the basal
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planes closely parallel to the substrates, compared to the MoSe-25 coating which has a lower ratio of (002)
/ (100), hence the coating has a preferential orientation with the basal planes being closely perpendicular to
the substrate. The main difference in terms of deposition condition for these films is the target-to-substrate
distance. This parameter mainly affects the bombardment of the growing film with energetic species, with
higher bombardment for the substrates placed closer to the target. In a study performed by Muratore and
Voevodin [161], they reported increased basal (002) orientation for MoS films when optimized deposition
rates are achieved while there is an optimal bombardment of the growing film with energetic species. In the
present study, the deposition rate for the coating with basal orientation is comparable (~14.5 nm/min) with
the one reported in the study by Muratore and Voevodin (~13 nm/min). Furthermore, a deposition distance
of 15 cm seems to be optimal in terms of the bombardment of the films with energetic species, thus
providing conditions for an increased presence of basally oriented (002) crystals. As the deposition distance
is increased to 25 cm the bombardment with energetic species (flux and energy) is reduced, with its evident

effect on the orientation of the crystals.

As carbon was co-sputtered with MoSe; the XRD patterns revealed broad amorphous-like features. The
diffractograms contained a broad peak in the 20 range of 30-50°. This broad feature is often associated with
turbostratic stacking of (10L) MoSe, planes, with L having values of 0, 1, 2, 3, and 4. This turbostratic
stacking of the (10L) planes is often observed for sputtered TMD coatings [113,162]. Nevertheless, even if

present these crystallites are too small to be resolved by XRD.
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Figure 7-3 XRD diffractograms from a) MoSe b) MoSeCOV and c) MoSeC50V coatings

The nanostructure was further assessed by TEM, with the results presented in Figure 7-4. For the pure
sputtered coating MoSe-13, crystallites with length up to ~15 nm and thickness of up to ~15 layers of MoSe»
are observed (see Figure 7-3 a)). The distance between the fringes observed in Figure 7-3 a) is ~0.65 nm,
which corresponds to the interplanar distance of the (002) planes of MoSe;. The TEM micrographs from
the C alloyed coatings revealed the presence of fringes with spacing typical for the (002) planes MoSe:
(~0.65 nm), but with much smaller crystallite sizes, embedded in an amorphous C (a-C) matrix (the
presence of the a-C matrix was identified by Raman spectroscopy). The co-sputtering of carbon restricted
the growth of the MoSe: crystallites, and their length is reduced to ~5 nm with a thickness of a couple of
MoSe; planes (typically 2-4). It should be noted that the coating deposited with a substrate bias, although
having a lower Se/Mo ratio, still contained crystallites of MoSe.. The small crystallite size observed in the

TEM studies agrees with the broad XRD features observed for the carbon-containing coatings.
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Figure 7-4 TEM micrographs of the coatings a)MoSe-15, b)MoSeCOV-15, c)MoSeC50V-15

The coatings were further analyzed by Raman spectroscopy and the results are presented in Figure 7-5. The
Raman intensities related to the MoSex phase are typically between 100-400 cm !, The strongest peaks
identified for the pure sputtered MoSe films (see Figure 7-5 a)) are the Ej,, Ajg, and Ey,' located at Raman
shift values of ~170 cm™!, 237 cm™! and 287 cm!, respectively [163]. No additional intensities were observed
in the range of 800-1600 cm !, representing the lack of presence of Mo oxides and carbon. The spectra
related to the MoSeC coatings are presented in Figure 7-4 b) and c). The features observed for all coatings
are quite similar. Intensities are observed in the area related to the MoSe; phase, but the peaks could not be
resolved. These features point out to a reduced structural quality of the MoSe; phase, which is in agreement
with the X-ray diffraction analysis as well as the TEM analysis. Broad features related to the minor presence
of Mo oxides are observed at Raman shift values between 700 and 950 cm™ [164]. The region between
1000 and 1700 cm™ contains the D and G bands of carbon. The carbon peaks were deconvoluted using a
Lorentzian lineshape for the D band and a Breit-Wigner-Fano (BWF) for the G peak, following the

recommendations by Ferrari and Robertson [104]. The fitting resulted in a ratio between the intensity of
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the D and G peak (I(D)/I(G)) of ~ 1. The location of the G peak was between 1560 and 1580 cm !. The

ratio between the intensities of the D and G peak and the position of the G peak is typical for an a-C phase.
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Figure 7-5 Raman spectroscopy results a) MoSe b) MoSeCOV c¢) MoSeC50V

7.2 Mechanical Properties

The results from the nanoindentation are shown in Figure 7-6. The pure MoSe coatings presented low

hardness with values of 0.67 and 0.47 GPa for MoSe-15 and MoSe-25, respectively. The slightly higher

average hardness of the MoSe-15 coating can be related to its higher density and lower Se/Mo ratio (as

discussed in section 7.1). Significant hardness increase is achieved as carbon is added to the coatings. For

the carbon alloyed coatings deposited without substrate bias, the hardness values are ~5 and ~4 GPa for the

coatings deposited at a TSD of 15 and 25 cm. The hardness difference can be related to the Se/Mo ratio.

This ratio can be associated with the amount and, very likely, the crystallinity of the softer MoSe, phase

present in the coatings. In this context, the higher the Se/Mo ratio, the lower is the hardness. This relation
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can be observed for the carbon alloyed coatings as well as for the pure MoSe coatings. The hardness of the
carbon alloyed coatings deposited with substrate bias is higher (7.1 and 7.8 GPa) compared to the coatings
deposited without substrate bias. Biasing the substrate significantly improved the density and the
compactness of the coatings due to concurrent bombardment with Ar* ions. From this point of view, the
increased density can provide a hardness improvement. Furthermore, the bombardment with Ar* resulted
in preferential re-sputtering of Se from the growing film and the reduction of the Se/Mo ratio, which can
further contribute to the increase in the hardness. The reduced modulus of the coatings follows the same
trends as the hardness with higher modulus for the harder coatings, except for the pure MoSe coatings were

the opposite trend was observed.
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Figure 7-6 a) Hardness and b) Reduced Modulus of the coatings
7.3 Adhesion

The critical loads from scratch testing are shown in Table 7-2. The Lc, load is related to the appearance of
chevron cracks at the border of the scratch track. Lc; is the load at which chipping and spallation occur at

the borders of the scratch track. Lcs load represents the gross delamination of the coating [156].
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Table 7.2 Critical loads from the scratch testing

Coating Critical Load (N)

LC] LCZ LC3
MoSe-15 55+0.1
MoSe-25 3+0.1
MoSeCOV-15 12505 2451 >60
MoSeCOV-25 105 +1 255+1 >60
MoSeC50V-15 1852 52+2 >60
MoSeC50V-25 35+1 >60 >60

a) MoSe-15

Figure 7-7 Scratch scars of the Pure MoSe coatings

The MoSe coatings have quite low critical loads of ~5.5 and 3 N for the coatings deposited at a TSD of 15
and 25 cm, respectively. Due to the low hardness of these coatings, severe ploughing can occur under the
stresses induced by the indenter and smeared material can be observed on the sides of the scratch scars, like
in the case of the MoSe-15 coating. In this case, the failure at ~5.5 N of load is identified due to the

significant drop (~ 0.8 um) in residual depth observed in the 3D reconstructed detail (inset in Figure 7-7
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a)). EDS analysis was performed in the same area and it revealed the presence of MoSe. even after the
failure spot, indicating its presence, even though a significant portion of the coating was removed. The
lower thickness of the MoSe layer after the failure spot was confirmed by the presence of Cr during EDS
analysis (not shown). Unlike the MoSe-15 coating, the failure of the MoSe-25 coating was marked by the
complete delamination of the MoSex top layer from the Cr interlayer (see the EDS maps in Figure 7-7 b).
The difference in adhesion between the MoSe coatings can be related to the crystalline orientation of the
coatings. The MoSe-15 coating has a basal (002) preferential orientation with the low shear strength planes
being parallel to the substrate. These planes can accommodate the tangential loads induced by the indenter,
thus reducing the shear stresses, resulting in no gross detachment of the coating as well as smearing of the
MoSe material in the direction of sliding. The MoSe-25 coating has an edge (100) preferential orientation
with the low-shear strength planes being perpendicular to the substrate. As the indenter is sliding across the
coating, strong shear stresses arise as the low shear strength planes are not aligned to the surface, resulting
in detachment of the coating from the Cr interlayer. The results are in agreement with previous studies on
sputtered TMD coatings (see Ref [165,166]) where films with basal (002) preferential orientation often

have better adhesion and better fracture toughness than the edge (100) oriented TMD films.

The coatings co-sputtered with carbon have improved adhesion compared to the pure MoSe ones. The
coatings deposited without substrate bias (MoSeCOV) have similar adhesion with the first chevron cracks
appearing at ~ 10-12 N (Lc;). Spalling on the edges of the track was observed at a load of ~ 25 N (Lc»).
The failure mode observed until the end of the test was mostly spallation at the edges of the track with
minor chipping in the middle of the track. No gross delamination was observed in this range of loads.
Significant improvement is observed for the coatings deposited with substrate bias. The first appearance of
cracks is observed at higher loads, 18 N and 35 N for the coatings MoSeC50V-15 and MoSeC50V-25,

respectively.
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a) MoSeC0OV-15

b) MoSeC50V-15

c) MoSeC50V-25

Figure 7-8 Scratch scars from the testing of the carbon alloyed coatings a) MoSeCOV-15 b) MoSeC50V-15 c)
MoSeC50V-25

Spallation at the edges of the scar is observed at ~ 52 N for the coating MoSeC50V-15, but the occurrence
of these spallation events was rarer compared to the coating deposited without substrate bias (compare the
end of the scratch scars shown in Figure 7-8 a) and 7-8 b)). The Lc; load for the MoSeC50V-25 coating is
even higher (~35 N) and no spallation is observed until the end of the test. To further confirm this, EDS
mapping was performed in an area located at the end of the track (inset in Figure 7-8 c)) and no signal
related to Cr is detected and the presence of Mo and Se is uniform inside and outside the scratch scar. Based
on these results, having a compact featureless morphology is beneficial towards the adhesion of the coating.

The coating deposited without substrate bias has a more porous columnar morphology, thus having more
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columnar boundaries which are detrimental in terms of microcrack initiation and propagation and

subsequently more prone to spallation [167].

The SEM micrographs from the Rockwell C indents are shown in Figure 7-9. The pure MoSe coatings have
insufficient adhesive strength marked by delamination around the whole circumference of the imprint. An
HF5 adhesion class was assigned for the MoSe-15 coating due to the fact the delaminated areas are not
large, and there is very likely a thin MoSe layer present in the delaminated area (see the inset in Figure 7-9
a)). For the MoSe-25 coating, an HF6 class was assigned as the delaminated areas were bigger and the high

magnification micrograph in

a) MoSe-15 b) MoSe-25

¢) MoSeC0OV-15 | d) MoSeCOV-25

e) MoSeC50V-15 f) MoSeC50V-25

Figure 7-9 SEM micrographs from the Rockwell C adhesion tests a) MoSe-15 b) MoSe-25 ¢) MoSeCOV-15 d)
MoSeCOV-25 e) MoSeC50V-15 f) MoSeC50V-25

Figure 7-9 b) shows the complete detachment of the coatings with no signs of MoSe remains in the

delaminated region.

For the MoSeC coatings deposited without substrate bias, an acceptable adhesion was observed and an
adhesion class of HF3 was assigned. Spallation and cracking were observed around the indent, but the
spalled areas were not interconnected, and no gross delamination was observed. Additional improvement
was observed when substrate bias was used for the MoSeC coatings. The coating deposited at a TSD of 15
cm (MoSeC50V-15) has an adhesion class of HF2 as minor spallation was observed, accompanied by

cracking. The best adhesion was observed for the MoSeC50V-25 coating, which showed very minor
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cracking, and an HF1 adhesion class was assigned. Similar trends were observed in terms of adhesion
between the scratch testing and the Rockwell C adhesion tests, with the coatings having more compact

featureless cross-sectional morphologies (MoSeC50V) having the best adhesion strength.

7.4  Tribological properties

7.4.1  Room temperature behavior

The results from the tribological tests performed at room temperature under normal ambient air atmosphere
are plotted in Figure 7-10. The MoSe coating deposited at 15 cm has a coefficient of friction of ~0.08 in
the initial testing stages and during the test, the COF slightly increases with a final value of ~0.09-0.1. No
friction spikes are observed indicating that there was no metal-to-metal contact and the friction was
governed by the MoSe; phase. On the other hand, the pure MoSe coating deposited at a TSD of 25 cm had
a smaller initial COF of ~0.03-0.04, but a continuous increase of the friction coefficient occurred, indicating
that the MoSe: tribofilm was removed and, at least partially, there was metal-to-metal contact. The test was
aborted as soon as the friction increased more than 0.2 in order to prevent severe interaction between the
steel ball and the steel disk. The difference in the tribological response between the pure MoSe; coatings is
very likely due to the orientation of the crystallites, as the response of the coating with more basal oriented
crystals (higher (002) / (100)) was much more stable. Additionally, the coating deposited at TSD of 15 cm
was denser, and slightly harder, which can also be beneficial towards the tribological response. Both carbon
alloyed coatings deposited without substrate bias have a similar tribological response with COF values of
~0.08 in the steady-state regime. The frictional response of the coating deposited without substrate bias at
a TSD of 25 cm is characterized by a frictional spike after ~330 seconds of sliding followed by a fluctuation
of the COF with values between 0.08 and 0.2. The friction spike is very probably due to partial spallation
of the coating leading to severe metal-to-metal contact followed by a continual drop of the COF indicating
that tribolayer was again being established. The coatings deposited with substrate bias had a similar
response in the steady-state regime compared to the coatings deposited without substrate bias, with the main
difference being in the running-in stage. The running-in stage for the coatings deposited with substrate bias
was characterized by much higher friction of ~0.12-0.15 and this stage lasted for ~200 and ~100 seconds

for the coatings deposited at 15 cm and 25 cm, respectively.

In terms of wear, the worst performance was observed for the MoSe-25 coating with a value of ~ 7 x 10
mm?/Nm. Surprisingly, the MoSe-15 coating (wear rate of 5.5 x 107 mm?*/Nm) performed slightly better
than the carbon alloyed coatings deposited without substrate bias which have wear rates of ~7.5 x 107
mm?*/Nm. The highest wear resistance was observed for the carbon-doped coatings deposited with substrate
bias, where low values were measured. The wear of the counterbodies followed similar trends as the wear

of the disks. Higher counterbody wear was observed after the tests at which instabilities in the frictional
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response was registered. As previously mentioned, these instabilities are due to severe interaction of the

counterbody with the metallic interlayer (or the substrate) leading to increased wear of the counterbody.

The frictional response of the Mo-Se-C revealed an improvement compared to the W-S-C coatings with

similar composition. The typical COF of ~0.08 is significantly lower compared to the values of ~0.15 often

observed for W-S-C coatings. In terms of wear, the coatings deposited with a negative substrate bias

(MoSeC50V) had a very similar wear resistance compared to the W-S-C ones (specific wear rate of ~3 x
107 mm’/Nm).
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Figure 7-10 Results from the tribological tests at room temperature and ambient air condition a) evolution of the
friction coefficient of the coatings deposited at TSD of 15 cm b) evolution of the friction coefficient of the coatings
deposited at TSD of 25 cm c)specific wear rate of the coated disk d) specific wear rate of the counterbodies

7.4.2  Tribological behavior in dry N2 environment

The results from the tribological tests in dry N> environments are shown in Figure 7-11. The pure MoSex

coating deposited at a TSD of 15 cm again outperformed the coating deposited under the same conditions
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but a TSD of 25 cm. Moreover, the coating deposited at a TSD of 25 cm failed rather fast (within 10-20 s)
with the complete detachment of the MoSe; coating, leading to the rapid increase in the friction caused by
the strong interaction between the Cr interlayer and the bearing steel ball. The COF of the MoSe-15 coating
was similar compared to the ambient air testing, although a slight drop to values of ~0.06 occurred before
the failure of the coating. It should also be noted that the MoSe-15 coating performed worse under these
conditions as failure marked by a continuous increase in friction occurred after ~450 seconds of sliding.
This friction increase indicates that the MoSe: based tribofilm is removed and there is metal-to-metal
contact. The worsened behavior during testing in the inert environment can be associated with the potential
presence of Cr at the sliding interface. The wear depths measured after both ambient air tests and dry N»
tests were ~1.7-1.8 um which reveals that the load support is provided by the Cr interlayer and the gradient
Cr/MoSey layer and, very probably, there is a presence of Cr in the tribofilms. The increased presence of
Cr can have a detrimental effect during sliding against the steel counterbody in inert environments as strong
metal-to-metal adhesion can occur [146], followed by the increased wear on both sliding partners. The
increased wear can result in the formation of a harder 3™ body wear particles that can easily remove the
soft MoSe; layer, resulting in progressive wear and increase in friction, and, finally, in the complete removal
of the lubricious coating. The earlier failure of the MoSe-15 coating during dry N> testing is further evident
by the increased wear rate compared to the ambient air testing. The carbon alloyed coatings deposited
without substrate bias also failed prematurely, with the coating deposited at a TSD of 25 cm lasting longer.
The steady-state COF was ~0.06 and ~0.03-0.04 for the MoSeCOV-15 and MoSeCOV-25 coatings,
respectively. The specific wear rates were ~4.7 x 10° mm*/Nm for and ~9 x 107 mm?*Nm for the coatings
deposited at a TSD of 15 cm and 25 cm, respectively. Further improvement was observed for the coatings
deposited with the application of substrate bias. Initially, the COF was low in both coatings with values of
~0.02-0.03. In the steady-state regime, the COF fluctuated with COF values of ~0.05-0.06. The specific
wear rates were low with values of 2.4 x 107 mm?*/Nm and 3.8 x 107 mm*/Nm for the MoSeC50V-15 and

MoSeC50V-25 coating, respectively.

Considering the low coefficient of friction achieved in dry N> environment, it is very probable that the
friction is governed by the MoSe: phase. The influence of the carbon phase is considered minor as
hydrogen-free graphitic carbon phases are unable to provide friction reduction in inert environments, due
to the strong adhesion forces with the metallic counterbody [143,145]. The carbon is very likely
preferentially removed from the sliding interface [148,168] and its role is towards the hardness
improvement, which would provide an improved load-bearing capacity to the coating. These processes
would lead to an optimal sliding scenario where the shear strength of the sliding interface is governed by a

thin MoSe: layer while the real contact area is governed by the harder carbon-containing coating.
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During sliding in dry N, environment, the frictional response of the best performing Mo-Se-C coating is
comparable to the one of the W-S-C. A significant difference was observed in terms of wear, where the

best performing W-S-C (wear rate of 2-3 x 10® mm?*Nm for WSC-4) coating is showing an order of

magnitude lower wear rate compared, for example, to the MoSeC50V coating (2-3 x 10”7 mm?*/Nm).
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Figure 7-11 Results from the tribological tests performed in dry N> environment a) evolution of the friction
coefficient of the coatings deposited at TSD of 15 cm b) evolution of the friction coefficient of the coatings deposited
at TSD of 25 c¢m c) specific wear rate of the coated disk d) specific wear rate of the counterbodies

74.3 Testing at elevated temperature

The results from the testing at a temperature of 200°C are presented in Figure 7-12. The MoSe-15 coating
has a coefficient of friction of ~0.08-0.09 in the steady-state regime. The response was stable until ~550 s
of sliding where first a drop in the coefficient of friction was observed (~0.05) followed by a rapid increase
with COF values up to 0.3. The coating lasted for 600 s and the wear rate calculated was slightly higher
compared to the room temperature test with a value of ~9.5 x 107 mm?*Nm. The higher wear is probably

a result of accelerated oxidation caused by the elevated temperature [169]. The MoSe-25 coating failed
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after ~ 50 s of sliding with a high specific wear rate of ~9 x 10° mm?*/Nm. All the carbon alloyed coatings

have a similar coefficient of friction of ~0.04-0.05 with the difference between them being the durability.
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Figure 7-12 Results from the tribological tests performed at 200°C a) evolution of the friction coefficient of the
coatings deposited at TSD of 15 cm b) evolution of the friction coefficient of the coatings deposited at TSD of 25 cm
¢) specific wear rate of the coated disk d) specific wear rate of the counterbodies

The coating MoSeC50V-15 outperformed all the coatings in terms of wear resistance. It should be noted
that this coating failed after 500 seconds of sliding, but the volumetric wear loss was lower because the
coating had much lower thickness compared to the MoSe-15 coating, which survived the whole duration

of the test.

Comparing these results with the ones obtained during sliding in RT condition we can observe a slightly
lower coefficient of friction for the carbon alloyed coatings. The lower coefficient of friction can be
associated with an accelerated formation of the crystalline MoSe; tribofilms as a result of the additional
input of thermal energy into the contact. Regarding the durability, a significant increase in terms of wear
was observed, which can be related to the accelerated oxidation of the MoSe, phase as well as the increased

graphitization of the carbon phase. The hydrogen-free graphitic carbon, although having a layered structure
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with low shear strength, is not a good solid lubricant at elevated temperature due to the lack of water vapor
that can passivate the surface. Increased wear rate was often observed for hydrogen-free carbon-based

coatings at elevated temperatures (see Ref. [144] and the references therein).

Overall, the tribological response was inferior for the optimized MoSeC coatings, compared to the W-S-C
ones. The COF was comparable, in the range of 0.02-0.05. The specific wear rate was higher with values
of ~7 x 107 mm*/Nm compared to the typical ~1 x 107 mm*Nm values for the W-S-C coatings. The
worsened behavior of MoSeC coatings is in agreement with previous studies on lab-scale deposited Mo-
Se-C coatings [168], where the maximum testing temperature without failure was 250°C, which is lower

compared to the successful testing of W-S-C even at a temperature of 400°C [142].

7.5 Conclusions

In this Chapter, the deposition of Mo-Se-C coatings was performed by closed-field unbalanced magnetron
sputtering. The addition of carbon resulted in the densification of the MoSe. coatings and hardness
improvement. Further optimization was performed by the application of negative substrate bias, resulting
in superior nanocomposite coatings. The carbon-containing coatings were X-ray diffraction amorphous,
although the additional nanostructure analysis by TEM showed the presence of MoSe; nanocrystals. The
reference pure MoSe; coatings were soft with hardness below 1 GPa. The Mo-Se-C coatings were
significantly harder with values ranging between 4 and 8 GPa, values which were dependent on the
compactness of the coatings and the Se/Mo ratio. The adhesion of the coatings could be related to the cross-
sectional morphology since the coatings with more compact featureless morphologies showed improved
adhesion. This is very likely due to the lack of columnar boundaries affecting the initiation and propagation
of the cracks. Finally, the tribological testing demonstrated that the nanocomposite coatings with tailored
properties synthesized in a bigger deposition unit can provide low friction and wear, sliding against steel-

based material in different environments.
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Chapter 8 Conclusions and future work

This chapter summarizes the main conclusions achieved during the work. Furthermore, suggestions for

future work and the potential application of the coatings will be discussed.
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8.1 Conclusions

The main objective of this work was to upscale the deposition process for carbon alloyed TMD based solid
lubricant coatings. The upscaling was performed in several steps, during which various information was
extracted related to the relationship between the process parameters and the properties of the resulting

coatings.

In terms of an optimal deposition process, sputtering in a non-reactive gas should be the method of choice.
The usage of a hydrocarbon gas for the addition of carbon has a disadvantage due to either the poisoning
of the TMD targets during deposition or the incorporation of H in the coatings. The poisoning of the targets
results in increased target voltages and, thus, the generation of Ar neutrals with high energy which can
deteriorate the film properties through the preferential re-sputtering of the lighter chalcogen atoms. Co-
sputtering of separate TMD and graphite targets adds flexibility to the process as the target currents and

voltages can be adjusted and, thus, the chemical composition can be easily controlled.

Although the compositions studied in the work were limited, the historically used carbon contents of 40-50
at. % showed a promising performance during the semi-industrial synthesis of the coatings. One crucial
aspect observed during the study is the ratio between the chalcogen and the transition metal atoms. Based
on the Monte-Carlo simulations, this ratio is mostly governed by the bombardment of the growing film with
reflected Ar neutrals, with a minor effect of the different scattering behavior of the sputtered species. The
optimal ratios were typically 1.5-1.7. On the one hand, lower ratios (e.g. 1.2) gave rise to coatings with
increased brittleness which were prone to cracking and delamination. On the other hand, higher ratios of
1.8-2 resulted in coatings with a columnar structure which is inherently porous and prone to intercolumnar

cracking, although not to the same extent as the brittle coatings with low ratio.

As mentioned, the ratio between the chalcogen and the transition metal atoms strongly affected the
morphological features of the coatings. Higher ratios (e.g. MoSeCOV-15 in Chapter 7 and D2-17 in Chapter
4) resulted in coatings with a pronounced columnar growth due to lower bombardment of the growing film
with energetic species and, thus, increased atomic shadowing. The coatings deposited under increased
bombardment had a lower ratio (e.g MoSeC50V-15 and WSC-1), and showed denser and compact

featureless morphologies.

Generally, the carbon alloyed coatings showed amorphous X-ray diffraction patterns, except for the low
carbon content coatings studied in Chapter 4, where WS, peaks were detected. Further analysis of the
nanostructure through HRTEM often revealed the presence of platelets of TMD embedded in an a-C matrix,
even for the W-S-C coating with 50 at. % of carbon and low S/W ratio. The minor differences between the

coatings with varying S/W ratio were difficult to depict from the analysis.
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The hardness of the coatings was typically in the range of 4-8 GPa. The main properties that affected the
hardness were the overall carbon content, the S/W ratio, and the morphology of the coatings. The hardness
followed increasing trends with higher carbon content and lower S/W ratios. In this context, the coatings
with lower ratios of chalcogen atoms to transition metal atoms are very likely richer in transition metal

carbides, although it was difficult to confirm their presence and their content.

The information extracted related to the scratch response and the adhesion of the coatings revealed
interesting details. During the semi-industrial synthesis of the coating, the deposition of the interlayer was
very similar for all coatings (a Cr interlayer with a gradient Cr/TMD-C layer). This process was well-
established for the carbon-based coatings (e.g. W-DLC) often deposited in the same equipment. Besides
having a similar interface, some coatings were more prone to cracking, spallation, and delamination. The
best results were obtained for the coatings with optimal S,Se/W,Mo ratio and compact featureless
morphology (i.e. MoSeC50V-15 in Chapter 7 and WSC-4 in Chapter 6). These coatings were followed by
the ones with values very close to the stoichiometry and a columnar structure (e.g MoSeCOV in Chapter 7).
The worst scratch response was observed for the coatings with very low ratios, where gross spallation was
observed. The bad performance was related to the reduced toughness of the coatings, since, typically, the
spallation of the brittle coating was occurring within the top-most TMD-C layer or, at most, the gradient
Cr/TMD-C layer. In this context, the main message regarding the adhesion of these coatings is that there is
no “single” interface that will ensure good adhesion of the coatings. The toughness of the coating should

be carefully considered, along with a fine adjustment of the deposition of the Cr and the gradient layer.

The optimized coatings (MoSeC50V-15 and WSC-4) showed an excellent tribological response during
ambient air testing, under dry N> environment, and at elevated temperature. The frictional response (COF
~ 0.08) was improved for the MoSe: based coating compared to the WS one during the ambient air testing,
while the wear resistance was quite similar(~ 3 x 107 mm?*Nm for both coatings). In a dry N> environment
the frictional response was very similar for both coatings, with the WS> based one showing an improved
wear resistance. Finally, the elevated temperature testing revealed an overall better performance for the

WS; based coating.

In summary, 2 optimal recipes (WSC-4 in Chapter 6 and MoSeC50V-15 in Chapter 7) were achieved for
the deposition of self-lubricant carbon alloyed TMD coatings. The recipes are yielding 50% carbon and an
X/M ratio of 1.5-1.7. The deposition conditions ensured an optimal bombardment of the growing film with
energetic species resulting in a compact featureless morphology, without a significant re-sputtering of the
chalcogen atoms and, thus, no hindering of the lubricity. The hardness was ~5 GPa for the WS, based
coating and ~7 GPa for the MoSe, based one. It should be noted that the target-to-substrate distance used

for the optimal W-S-C coating was longer (25 cm) compared to the Mo-Se-C one (15 cm). In this context,
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the Mo-Se-C recipe is more industrially favorable as the standard carousel can be used for the deposition

and there is space for fitting more samples.

8.2 Future work

In terms of further development of the PVD deposited coatings studied in the thesis, the influence of the
deposition pressure can be studied, particularly for the W-S-C case. The motivation behind this study is the
fact that the properties of the coatings were strongly affected by the composition, especially the X/M ratio.
Additionally, this ratio was mostly affected by bombardment of the growing film with energetic species
which, in the case of W-S-C, were the reflected Ar neutrals. By a fine adjustment of the deposition pressure,
the energy of the reflected Ar neutrals can be optimized and, thus, the industrially favorable shorter target-
to-substrate distances (15 cm) might be utilized for the deposition. Further studies should be performed on

2-fold rotating parts; minor differences in properties are expected in this case.

The main focus of the future work should be on the applicability of the coatings. The in-lab tribological
testing showed very promising performance but the in-service behavior is far from known. Potential
applications would be mechanical components operating in diverse environments, ranging from vacuum to
humid ambient air conditions and elevated temperatures up to 300-400°C. Typical examples are aerospace
components operating in a vacuum that are subjected to relative motion like ball bearings, journal bearings,
gears, and other moving assemblies. The good tribological behavior at elevated temperature can further be
exploited in manufacturing processes operating at elevated temperatures like injection molding or warm
stamping. Finally, the coatings can be exploited in contacts involving aluminium and titanium. A big issue
during sliding of, for example, steel against aluminium or titanium is galling, a severe form of wear caused

by strong adhesion between the surfaces in contact.

In the context of the application of the coatings on mechanical components, some attempts were already
made. Figure 8-1 illustrates the placement of injection moulding components, including ejector pins and
the mold itself. These components were coated with a W-S-C coating. Other components on which the W-
S-C coating was applied were gears used in aerospace electromechanical actuation systems. The motivation
for applying this coating on the gears was the fact that these gears operate in a diverse range of humidities
and, thus, the W-S-C were considered good candidate coatings. In order to keep the S/W ratio high, the
gears were placed in the middle of the chamber (See Figure 8-2). The placement illustrates the drawback
of the currently developed W-S-C coatings in terms of the number of components that can be coated in a

single batch.
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Figure 8-1 Injection moulding components placed in the chamber for coatings

Figure 8-2 a) Placement of gears in the deposition chamber b) gears with the W-S-C coating
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