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Abstract

Abstract

Transition-metal-dichalcogenide coatings (such as MoS») provide low friction due
to its characteristic low shear strength along the basal plane of the lamellar structure;
however, the material can easily degrade through exfoliation and poor adhesion to the
metallic substrates. Furthermore, its low load-bearing capacity leads to high wear and high
coefficient of friction (COF). All these issues prevent these coatings for a wide range of
applications meant for dry or solid lubrication. Physical vapour deposition (PVD) has
provided new insights into the field of tribology and lubrication with the possibility to
deposit tailored thin coatings based on the application requirements. The present work is
aimed towards the development and optimization of direct current (DC) magnetron
sputtered Mo-S-N coatings for low friction applications, particularly for space components.
Then coatings with high adhesion to the substrate, high hardness and a stable tribological

performance in vacuum environment are deposited.

Initially, in this work, an innovative approach was employed to improve the
coating's adhesion. A secondary plasma source was used during deposition to generate an
additional charged particle flux which was directed to the growing coating independently
of the magnetron cathode. Therefore, Mo-S-N solid lubricant coating were deposited by
DC magnetron sputtering from a single molybdenum disulphide (MoS>) target in a reactive
atmosphere. Nitrogen was introduced during the deposition with increasing partial
pressures, resulting in a high N content in the alloyed coatings (37 at. %). The variation in
the incident ion energy and flux of the energetic species bombarding the growing coating
allows for the control of the S/Mo ratio through the selective re-sputtering of sulphur from
the coating. The S/Mo ratio was progressively increased, with a gradient-like effect, up to
the range of 1.2 - 1.8, i.e., from an almost metallic Mo(N) layer up-to-the lubricious
sulphide. The coatings were nanocrystalline from 0 to 28 at. % N and, further addition, led
to the amorphous structure. Combining the ion bombardment with nitrogen incorporation,
the cohesive critical load (Lcl) reached 38 N, one order of magnitude higher than MoS;
coating. The adhesion at coating-substrate was above 80 N. A maximum hardness of 8.9
GPa was measured for the 37 at. % N-alloyed coating. For high N content coatings, high-
resolution transmission electron microscopy (HR-TEM) revealed an amorphous structure

as well as a perfect bonding with the substrate, with zones with epitaxial growing.
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Afterwards, the tribological performance of Mo-S-N coatings were analysed in
vacuum (10™* Pa) and room (20 - 25 °C, 20 - 30 % RH) conditions. The tribological tests
were performed at relatively low contact stresses to replicate real industrial needs using a
cylinder-on-flat reciprocating tribometer. The interaction between different mating
surfaces (coating versus steel, coating versus coating) was carried out. Additionally, the
effects of loads on the sliding properties were also studied for coating versus coating
interactions, and endurance testing for one of the Mo-S-N coatings with coating versus
steel interaction. In all mating conditions, the pure MoS; coating had COF in the range of
0.1 — 0.25 and the least specific wear rates were found to be 3.0 x 10 mm?*/N.m for flat
and 2.5 x 10°® mm*/N.m for the cylinder. As compared to MoS, coating, the COF and
specific wear rates decreased with N additions. The COF lied in the range of 0.05 — 0.1 for
Mo-S-N coatings, while coating versus coating displayed the lowest specific wear rates
(8.6 x 10 mm>/N.m for flat and 4.4 x 10 mm?/N.m for cylinder). The increase in the load
resulted in lower COF but higher wear rate. The Mo-S-N coatings performed for longer
duration at low COF without any failures compared to pure MoS». Finally, one of the Mo-
S-N coatings tested for different mating conditions in ambient air resulted in an increasing
trend of COF, reaching the maximum value of 0.3. The detailed mechanism behind the
COF behaviour for the different mating conditions was also presented and discussed. This
work brings some important issues when testing transition metal dichalcogenides based
coatings under low contact stress conditions more appropriated for simulating real service

applications.

In the final part of this thesis, the aim was to investigate the tribological behaviour
of an amorphous Mo-S-N coatings, especially, (i) the role of nitrogen incorporation, (ii)
the formation mechanism of MoS; tribo-film at the sliding interface and, (iii) the changes
in the friction behaviour under different environments. One of the Mo-S-N coatings (30 at.
% N) was tested using standard ball-on-disc rotating tribometer with high contact stresses.
The coating was predicted to have either a Mo-S-N phase with N filling some of the S sites
or a MoS>(N») structure where the gas molecules prevent the formation of a crystalline
lamellar structure. The tribological studies performed in vacuum and ambient air resulted
in steady-state COF values of 0.03 and 0.15, respectively. HR-TEM analysis performed on
the wear-tracks revealed that the low coefficient of friction (COF) in vacuum was attributed

to the formation of a thick and continuous lamellar tribo-film with a low amount of
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nitrogen. Contrarily, in ambient air, the surface oxidation disturbed the formation of a
continuous MoS; tribo-film from the amorphous coatings, leading to an increase in the
COF and wear rate. This study shows through indirect measurements of the chemical
composition of the as-deposited coating and wear debris that nitrogen is stored in gaseous

form (N2) within the amorphous matrix and is released from the contact during sliding.

Keywords: Molybdenum disulphide, Physical vapour deposition, Magnetron

sputtering, Mo-S-N coatings, cylinder-on-flat contact, low contact stresses.
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Resumo

Resumo

Os revestimentos de dicalcogenetos de metais de transi¢cdo (como p.ex. 0 MoS,)
mostram baixo atrito devido a resisténcia reduzida ao corte caracteristica dos planos basais
da estrutura lamelar; no entanto, o material pode degradar-se facilmente devido a sua
esfoliacdo ¢ ma adesdo aos substratos metalicos. Além disso, devido a baixa resisténcia a
cargas de contato, estes revestimentos podem apresentar coeficientes de atrito (COF) e
desgaste muito elevados. Estes problemas tém tido um impacto negativo que os tem
impedido de serem utilizados numa gama mais alargada de aplicacdes onde ¢ requerida
lubrifica¢dao so6lida. Com o advento das técnicas de deposi¢do fisica em fase de vapor
(PVD), abriram-se novas possibilidades para as areas de tribologia e lubrificacdo, ja que é
possivel ajustar as propriedades dos revestimentos finos aos requisitos impostos pela
aplicacdo. O presente trabalho visa o desenvolvimento e otimizagdo de revestimentos Mo-
S-N depositados por pulverizacdo catddica magnetrdo em corrente continua (CC) para
aplicagdes de baixo atrito destinadas a componentes espaciais. O objetivo € depositar
revestimentos com elevada adesdo ao substrato, maior dureza e desempenho tribologico

estavel em condi¢des ambientais ¢ de vacuo.

Inicialmente, neste trabalho, foi utilizada uma abordagem inovadora para melhorar
a adesdo do revestimento. Foi usada uma fonte secundaria de plasma durante a deposi¢ao
para gerar um fluxo adicional de particulas carregadas eletricamente que foi direcionado
para o filme em crescimento independentemente do catodo magnetrdo. Assim, o
revestimento de lubrificante Mo-S-N foi depositado por pulverizagdo catédica CC
magnetrao a partir de um Unico alvo de bissulfureto de molibdénio (MoS2) em atmosfera
reativa. O azoto foi introduzido durante a deposi¢cdo com pressdes parciais crescentes,
resultando num teor elevado de N nos revestimentos (37 at. %). A variacdo na energia e no
fluxo dos i10es que bombardeiam o revestimento em crescimento permite o controlo da
relacdo S / Mo por meio de uma repulverizagao seletiva do enxofre do filme. A razdo S/
Mo foi aumentada progressivamente, dando origem a um gradiente de composi¢ao, até um
valor na faixade 1,2 - 1,8, desde um camada quase metalica até ao bissulfureto lubrificante.
Combinando o bombardeamento i6nico com a incorporagao de azoto, a carga critica
coesiva (Lc) atingiu 38N, uma ordem de grandeza maior do que o revestimento MoS». A
adesdo ao substrato de revestimento atingiu valores acima de 80 N. A dureza maxima

atingida foi de 8,9 GPa e foi medida para o revestimento com 37 at. % N. A microscopia
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eletronica de transmissao de alta resolucao (HR-TEM) dos revestimentos com elevado teor
de N revelou uma estrutura amorfa e uma ligacao perfeita com o substrato, com zonas onde

pode ser detetado um crescimento epitaxial.

Numa fase posterior, foi analisado o desempenho tribolégico dos revestimentos
Mo-S-N em véacuo (10 Pa) e ao ar ambiente (20 - 25 ° C, 20 - 30% UR) . Os testes
triboldgicos foram realizados com tensdes de contato relativamente baixas, para replicar as
necessidades industriais reais, num tribometro alternativo usando uma geometria de
cilindro / plano. Foi variada a interacdo entre diferentes superficies de contato
(revestimento versus aco, revestimento versus revestimento). Além disso, também foram
estudados o efeitos da carga aplicada nas propriedades tribolégicas para a interagao
revestimento vs. revestimento assim como testes de resisténcia para um dos revestimentos
Mo-S-N para a interagdo de revestimento versus aco. Em todas as condi¢des de pares de
deslizamento, o revestimento de MoS» puro mostrou COF na faixa de 0,1 - 0,25 e taxas de
desgaste especificas de 3,0 x 10°mm?® / Nm, para o plano, e 2,5 x 10*mm?® / Nm, para o
cilindro. Em comparagdo com o revestimento MoS>, os COF e as taxas de desgaste
especificas diminuiram com a adi¢do de N. O COF ficou na faixa de 0,05 - 0,1 para
revestimentos Mo-S-N, enquanto que na configuracdo revestimento vs. revestimento foram
exibidas as menores taxas de desgaste especifico (8,6 x 10 mm?® / Nm, para o plano, e 4,4
x 10 mm? / Nm, para o cilindro). O aumento da carga resultou numa diminui¢io do COF,
mas foi observado um aumento na taxa de desgaste. Os revestimentos Mo-S-N mostraram
uma vida mais longa com COF reduzido, e sem qualquer falha, em compara¢do com o
MoS, puro. Finalmente, um dos revestimentos Mo-S-N testados para diferentes
configuragdes de contato em ar ambiente mostrou uma tendéncia crescente do COF
atingindo um valor final de 0,3. O mecanismo que estd por tras deste comportamento do
COF nas diferentes configuragdes, foi apresentado e discutido. Este trabalho traz algumas
questdes importantes ao testar revestimentos a base de dicalcogenetos de metais de
transi¢do sob condi¢des de baixa tensao de contato mais adequadas para simular aplicagdes

reais em Servigos.

Na parte final desta tese, o objetivo foi investigar o comportamento tribologico de
revestimentos amorfos de Mo-S-N, especialmente, (i) o papel da incorporagdao de
nitrogénio, (i1) o mecanismo de formacao da tribo-camada MoS; na interface de contato e,

(iii) as variagdes do comportamento de atrito em diferentes ambientes de ensaio. Para tal,
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foi testado um dos revestimentos Mo-S-N com 30 at. % N num tribémetro tradicional tipo
pino-disco, sob tensdes de contato elevadas. O revestimento poderia ser constituido por
uma fase Mo-S-N, onde o N preenchia alguns dos sitios S, ou por uma estrutura MoS» onde
as moléculas de N» estavam incorporadas evitando a formagdo de uma estrutura lamelar
cristalina. Os estudos tribologicos realizados em vacuo e atmosfera ambiente resultaram
em valores de COF em estado estacionario de 0,03 e 0,15, respetivamente. A analise HR-
TEM realizada nas pistas de desgaste revelou que o baixo coeficiente de atrito em vacuo
era atribuido a formagdao de um tribo-filme lamelar espesso e continuo com uma baixa
quantidade de azoto. Pelo contrario, em atmosfera ambiente, a oxidacdo da superficie
perturbava a formacdo do tribo-filme de MoS, continuo, a partir dos revestimentos
amorfos, levando a um aumento no COF e na taxa de desgaste. Este estudo mostrou por
meio de medi¢des indiretas da composicao quimica do revestimento como depositado e
dos detritos de desgaste que uma parte do azoto ¢ armazenado na forma gasosa (N2) dentro

da matriz amorfa e ¢ liberado do contato durante o deslizamento.

Palavras-chave: Bissulfureto de molibdénio, Deposi¢ao fisica fase vapor, Pulverizagio

catodica, revestimentos Mo-S-N, Contacto cilindro/plano, Tensdes de contato baixas
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Chapter I: Introduction

Chapter |

1. INTRODUCTION

The study of the interactions between contacting bodies in relative motion is known
as tribology. The study of tribology is relatively new in the field of science, having strongly
benefited with the development of advanced instrumentation in the 20" century, which
opened many possibilities for investigation of its fundamentals. The study of tribology
itself is much older: we can consider that, for instance, in the 15th century, the fundamental
laws of friction were formulated by Leonardo da Vinci [1]. In any case, the term tribology
was only introduced as a new field of science in 1967, having its root in the Greek tribos,
for rubbing or sliding [1]. In one way or another, tribology covers almost all the interactions
happening around us from writing to walking, driving a bicycle to a space shuttle, cutting
tools to welding and joining operations, large mechanical components to micro and
nanodevices, etc... Tribology can also be related with human bodies, most of the joints
working under lubrication. In a recent study, it was proposed that the skin on the tips of our
fingers develop wrinkles when wet due to an evolutionary mechanism, to improve the grip
on wet surfaces [2] and so as, to avoid low friction. Certainly, there is a very wide range of

applications associated to tribology.

The study of interacting surfaces is a way of expanding the lifetime of most devices
created by the humanity or nature, by finding ways to reduce friction and wear. Amid these
interactions, forces are transmitted, mechanical energy is converted, and the physical and
the chemical nature, including surface topography of the interacting materials, are changed.
Understanding the nature of these interactions and, thus, solving the technological
problems associated with the interfacial phenomena constitutes the essence of tribology.
To make a tribological system highly efficient the sliding forces and the friction must be
optimized according to the required limits. This optimization helps in the sustainability of
the tribological system by overcoming the degradation due to wear. Wear is the major cause
of the waste of material and the degradation of the mechanical performance, and friction is
directly related to significant worldwide energy misfortunes. About 30 % of the energy

assets in the world are spent in friction [3]. Studies conducted since the second half of the
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twentieth century estimated that the effort to overcome friction would cause losses of about
1 — 5 % of the Gross National Product of an industrialized country [1,4,5]. The most widely
used means to reduce the friction is the use of liquid lubricants which are under use since
the beginning of the industrial revolution. Still, there are environmental issues associated

with the disposal of lubricants.

To overcome such losses and damages caused by friction as well as to avoid the
liquid lubricants, various other means are being researched by scientists around the globe.
The domain of this new mean is known as solid lubricants, which made an entry in the
beginning of 1940s. Other aims of these solid lubricants were to reduce the weight and cost
of the large machines or industrial setups. A solid lubricant can be applied on sliding
components by many processes, such as burnishing [6], a film prepared by electrochemical
process [7] or a thin film or coating deposited by physical vapour deposition (PVD) [8]
etc... Out of these, the best method is by depositing solid lubricant coatings using PVD

sputtering.

One of the most important and critical application of these solid lubricants is the
aerospace industry. The space conquest, motivated in its beginnings by political and
military ambitions, has transformed over the past 20 years, to give birth to a veritable
industry. Today, space techniques are necessary for our society, for telecommunications,
earth observation (meteorology) or satellite location. Simultaneously, the numerous
scientific space missions have enabled us to increase the knowledge of our planet, solar
system and universe as a whole significantly. Given the exorbitant costs of spacecraft and
their launching into orbit, their lifetimes are regularly revised upwards. The current target
for the new generation of satellites is at least 15 years of operation in orbit. Many critical
devices in vacuum technology, like spacecraft, involve relative motion of contacting
surfaces. Hence, the tribological stability of the components is a crucial concern in the
efficiency and stability of these devices [9,10]. In this regard, these applications demand
low friction (COF in range of 0.1 or even less) and low wear (specific wear rates below 10
® mm?/N.m), in order to achieve low power consumption, extreme reliability, high stability
and highly precise sliding processes [11]. High reliability and great precision are must for
space equipment such as satellites with no possibility for maintenance after launching

[12,13]. Therefore, in the quest to achieve a mechanically ideal space machine, many
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difficulties must be overcome, especially those related to tribology. Indeed, in high
vacuum, it is very difficult to use liquid lubricant in an efficient way. Thus, in some parts,
the interactions between surfaces only involve solids, which lead to a fairly radical
behaviour. In general, contacts between metals lead to galling. On a spacecraft, if these
kinds of problems arise, it is impossible to intervene, and the mission is usually
compromised. On a satellite, many devices are operating under various mechanical and
environmental conditions. Of course, until now, a number of solutions are already tried
based on solid lubrication. However, designers and manufacturers of spacecraft industries
are always looking for new and sustainable solid lubricants to widen the operating range

of spatial mechanisms by obtaining more efficient solutions.

Despite the fact that space mechanisms are required to operate in vacuum
conditions, they remain under ambient atmosphere during their assembly stage, testing
phase, and storage [14]. Assembling is done in clean rooms with controlled humidity rate
(55 = 10%) and temperature (22 = 3 °C) [15]. Once assembled, every single component
has to be tested to certify that they will handle launch stresses and, then, properly function
once in space [16,17]. Mechanisms are, therefore, tested either in vacuum, air, or dry N>
environments. Specific equipment, such as those operating under cryogenic conditions, is
tested under both standard laboratory conditions (clean rooms) and realistic working
conditions. So, it can be said that the optimization of tribological needs in the space
environment is challenging due to: First, the vacuum environment demands the use of
materials with low vapour pressure. Solid lubricants become suitable here as they exhibit
negligible vapour pressure. Secondly, is the inaccessibility of the application: since once
launched, there is no opportunity to replace the lubricant or provide service to device. Some
applications where solid lubricant coatings can be applied in spacecraft are actuators, space
journal bearings and gearbox [18]. An actuator consists of a motor and a gearbox. The
support bearings and gears operate at relatively low speeds, so solid lubrication is suitable

[19].

Another important point is that the tribological requirements can vary between
various parts of the gearbox. For example, the input phase (i.e., driven by the motor)
operates at a higher speed and lower torque. In contrast, the output phase (i.e., that drives

the mechanism) operates at lower speed and higher torque. As such, dissimilar materials
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may be required to meet cycle life and load-bearing prerequisites for the gears utilized in
the different phases. The interface of these devices is often a sphere-on-a-sphere or cup /
cone arrangement. But, it is very rare to have area contacts, they are often line contacts
(around the cup, cone, or sphere circumference) and so, generally, exhibit low Hertzian

contact stress values, i.e., in the tens of megapascal (MPa) range [18].

Continuous research is going on for the development of a solid lubricant system
capable of providing all the needs as mentioned above. As mentioned previously, the
introduction of the PVD process for the deposition of coatings revolutionized the field of
solid lubrication. Still, there are relatively few types of solid lubricant used on spacecraft.
MoS: is the most commonly used [20]. Others include, PTFE and low shear strength metals
(such as lead (Pb)), are used in niche applications, like ball bearings [21,22]. PTFE,
although considered an excellent solid lubricant with low COF, its low shear strength limits
its use to low loads only. Also, there is a limited use of hard coatings tailored to exhibit

reduced wear and friction, such as TiCN [18].

Generally, an ideal solid lubricant has low shear strength and low surface reactivity,
which is the basis for their low friction, but this condition may induce high wear rate,
affecting their life span. So, an ideal requirement for a tribological spacecraft material is a
low friction solid with high hardness; this means they should achieve the low friction of
materials, such as MoS, or PTFE, but also exhibit a much lower wear rate. Diamond-Like-
Carbon (DLC) and other hard carbon-containing coatings are very promising for specific
niches, but they also present some drawbacks. In fact, the coatings are typically used in
terrestrial applications. Still, they do not show interesting frictional properties in the
vacuum of the space, since graphite requires some ambient humidity to provide the low
friction and wear as they contain little or no hydrogen [23]. Contrarily, highly hydrogenated
DLC (HH-DLC; 40 % H) coatings have shown different behaviour, in particular very low
friction and wear in the absence of water vapour. In these coatings, H bonded to carbon
atoms, effectively passivating their unoccupied sites [23]. HH-DLC was applied to races,
cages and balls of thrust bearings and tested in a vacuum; they survived up to 1.7 million
cycles compared to an uncoated one (less than 10000 cycles) [24]. Recently, it was proven
they show an interesting performance when used with liquid lubricants [25]. Bearing

failures are usually caused by lubricant loss or degradation. Cubic boron nitride (c-BN) is
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another hard coating used for spacecraft [26] applications, showing low friction and wear
values against CVD-diamond. However, when sliding against uncoated metals in vacuum,
the COF became very high (0.8) against steel and 0.4 against aluminium. Thus, it is very

important to understand the sliding behaviour with different mating conditions.

Nanocomposite solid lubricant coatings based on Transition metal Dichalcogenides
(TMDs) are potential candidates for low friction and wear applications in dry and vacuum
environments. The research on TMDs for aerospace applications started in the early '60s
[27] and is now a subject of research for the past few decades [28]. Pure TMDs display
remarkably low friction values of 0.1 down to 0.001 in dry and ultra-high vacuum
conditions [29-32]. Their low friction behaviour is attributed to the crystal structure, which
plays a vital role in the sliding process. A strong covalent bonding exists between the metal
and the chalcogen atoms, while weak Van der Waals bonding prevails between adjacent
layers, allowing the easy shear of the planes [28]. Despite the ideal conditions from the
friction perspective, the low packing density (or porosity) and the presence of dangling
bonds in sputtered TMDs not only decrease their load-bearing capability but also make
them vulnerable to oxidation, moisture, and other environmental attacks. Additionally, pure
TMDs fail to provide long-term durability and consistent tribological performances due to
the exfoliation of the lamellar layers. These drawbacks, coupled with a low adhesion to the
substrates, resulting in high wear of the TMD coatings. Ultimately, the coatings become

unsuitable for efficient mechano-tribological applications.

Sputter deposited pure MoS» coatings are more vulnerable to humidity-induced
degradation than burnished or bonded MoS; coatings since they usually display greater
crystal defect levels and crystallite sizes. For example, surface chemical studies were
conducted for the storage robustness of pure sputter-deposited MoS; coatings in ambient
air atmospheres [33]. For samples stored in 100 % RH air for two weeks, the surfaces
showed virtually the complete oxidation of the surface. Also, the samples stored in 100 %
RH air for two weeks revealed a decrease in cycle life down to 240 cycles, compared to
10,000 cycles for unstored coatings. Newer coating growth techniques involving co-
deposition of MoS; with additives, including metals and inorganic compounds, are
producing coatings with nanocomposite structure [34]. These nanocomposite coatings

show improved tribological performance and better humid storage reliability, due to either
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a lower porosity (or higher density) or the passivation of the surfaces of the MoS>
crystallites by the additives [35]. Besides, the coatings are harder, more fracture tough, and

better resisting to wear [36,37].

To overcome the issues of pure TMDs, they were alloyed with different metals [38—
47] and non-metals (e.g., C and N) [28,48-51]. Metal doping has shown beneficial
results [41], but drawbacks, such as 1) the detrimental effects of hard metal particles (e.g.,
Ti), ii) the abrasion of the tribo-films [52], iii) the rapid oxidation of the tribo-films into
metal oxides [53], iv) the delamination of the TMD / metal multilayer interfaces due to
thermal—cycling in space environments [54] and, v) the high COF and wear with the
increase in the metal layer thickness [55], have limited their use. Additionally, the
reactive sputtering of metals (in gaseous form) is not possible, and the use of multiple
sputtering targets further adds complexity in the repeatability of the process due to the
need for synchronization between the two cathodes. In the case of non-metals, carbon
alloying has attracted both industry and researchers due to its impressive properties, but
again, reactive sputtering is an issue. The carbon incorporation in reactive sputtering was
tried by using precursor gases such as CH4 or C2Hy. In such cases, hydrogen can react with
the chalcogen, not only changing the stoichiometry of MoS, but also becoming a

contamination source [56].

Nitrogen alloying has been less explored but seems a more suitable option to
improve the properties of TMDs. Pure nitrogen can be used for reactive sputtering,
avoiding the contamination (by other elements) along with low operational costs [57].
Furthermore, when compared to carbon, a small amount of nitrogen can be sufficient to
achieve a dense amorphous coating, further reducing the operating costs [58]. Moreover,
the hardness improvement can be greater than with C doping, for similar C and N
contents. In order to grow mechanically stable coatings, it is crucial either to prevent the
easily sheared planes that are formed parallel to the sliding direction or to reduce the
crystallinity of the soft TMD phase; this can easily be achieved by nitrogen alloying [59]. On
the other hand, despite disturbing the crystalline structure of MoS» in the coating, N does
not affect the crystalline tribo-film formation to provide the required low friction
[52,60]. Mutafov et al. [61] reported that magnetron sputtered amorphous W-S-N coatings

exhibited a low COF, high load-bearing capacity and good wear resistance. Isaeva et al.
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[58], with a theoretical approach, reported that, during the sliding of W-S-N coatings,
nitrogen was released from the contact region in the gaseous form (e.g., N2, NO»), without
disturbing the formation of the tribo-films. Ju et al. [62] recently reported that Mo-S-N
coatings showed higher oxidation resistance due to the formation of Mo-N bonds. Zhang
et al. [53] reported that incorporating a small amount of nitrogen into MoS, sputtered
coatings produced a nanocomposite structure, increasing the hardness and reducing the

wear. Similar works were also reported by Nossaet al. [63].

To overcome the gap of a suitable solid lubricant coating for vacuum applications
and identification of the promising results of TMD-N coatings, an effort is made in this
thesis to deposit and optimize Mo-S-N coatings. This research is performed purely in
industrial deposition environment by utilizing a deposition setup that reduces the operating
cost by only using one sputtering target of MoS». There are still some problems in relation
to adhesion, particularly if we do not want to use any additional metallic interlayer. The
deposition is highly controlled to replicate and simulate a large-scale deposition. Many
shortcomings, like the low adhesion of the coatings to the substrates, can be overcome with
a suitable choice and development of new interlayer material without compromising the
cost. The enhancement of the mechanical properties, as well as the stoichiometry of MoS»
in Mo-S-N coatings, the optimization of their morphology and structure and, finally, their
efficiency in vacuum environment sliding, are the focus of this research. The tribological
analysis is carried out, for the first time, in a way to replicate the actual industrial needs by
using very low contact pressures. The used Hertz contact pressures are in the range of those
applied in space applications. Finally, a thorough investigation is carried out to differentiate
the sliding tribological behaviour and tribo-film formation in vacuum and ambient air

atmospheres.

1.1. Thesis Organization

Apart from the introduction section, the present thesis will be divided into seven chapters.
Chapter 2 describes the current state of the art on surface engineering, coatings and their
deposition methods. The literature search includes the basics of TMDs and, their
drawbacks, including their adhesion to the substrates. The last section covers a description

of the current state of the art on alloyed TMD coatings, especially, Mo-S-N and W-S-N.
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Chapter 3 deals with the methodology used in the current study. The substrate materials,
the deposition procedure and the characterisation tools used during this research are
specified. Chapter 4 deals with the study of the adhesion of Mo-S-N based coatings. A
detailed study of the interlayer optimization is presented. In Chapter 5, the basic
characterisation of the deposited Mo-S-N coatings is discussed. A detailed analysis of the
chemical composition, chemical bonding, structure, cross-section and surface
morphologies, surface roughness, hardness and scratch resistance of the coatings are
described. Chapter 6 presents the tribological properties of the Mo-S-N coatings. It begins
with the vacuum tribology study consisting of 3 different testing geometries: (1) steel
cylinder versus coated flat, (i) coated cylinder versus steel flat and, (iii) coated cylinder
versus coated flat. Later, the study of the load variation for the coated cylinder versus
coated flat geometry, during vacuum testing, is described. The best among Mo-S-N
coatings is also tested for its endurance and behaviour in ambient air. Chapter 7 presents
the issues of Mo-S-N coatings in an ambient air atmosphere. This study is performed with
high contact stresses, and the HR-TEM analysis of the wear tracks is discussed. Chapter
8 deals with the general discussion, conclusion and future aspects of Mo-S-N coatings. It
also presents the necessary care to be taken for the industrialisation of alloyed - TMD

coatings.
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Chapter II

2. STATE OF THE ART

This chapter deals a brief introduction on surface engineering and deposition
methods. Afterwards, the current state of the art on solid lubricants will be presented which
will include the basics of TMDs, the structural issues of TMD and the problems faced by
the industry towards the successful large-scale deposition of TMD based coatings. Finally,
the description of the current state of the art of alloyed TMD coatings will be shown with
a major focus on the Mo-S-N and W-S-N systems.

2.1. Surface Engineering

Surface engineering is the study involving the modification of properties of a
material / component surface over a depth of few microns (near-surface regions). This
modification can be achieved by laser treatment, deposition of thick or thin coatings or by
making composites. These engineered surfaces usually have properties different from those
of bulk material. These modifications aim to obtain specific materials properties. The
surface engineering can, for example, result in: (i) improved hardness and toughness, (ii)
better corrosion resistance, (iii) improved tribological properties such as low COF and

wear, and (iv) high-temperature resistance, etc...

In general, coatings are considered desirable, or sometimes necessary, for multiple
reasons, such as, economic concerns, material conservation, unique properties, or the
engineering and design flexibility that can be reached by having a different set of properties
on the surface in relation to the bulk [64]. The coatings can be applied by various processes
such as physical vapour deposition (PVD), chemical vapour deposition (CVD),
electrodeposition, thermal spray, diffusion or chemical conversion, and ion implantation of
a new material so that the surface layer is consistent between the parent and the newly
added material. The extensive possibilities achieved with coatings made them as the most

common approach towards surface engineering.
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The coating / substrate together combines to form a composite material. This
composite's behaviour will depend on the properties of these two components and the
interaction between them. This interaction is mainly quantified in the form of the adhesion
of the coatings to the substrate. For tribological applications, the coatings should be able to
provide low COF and an improved wear resistance. Still, if the adhesion of the coatings to
the substrate is weak, then, there are big chances that the entire system fails under the

application of loads.

The selection of any deposition process will depend on several factors, such as: (i)
the material to be deposited, (ii) the deposition rate, (iii) the substrate limitations (e.g.,
maximum supporting temperature), (iv) the adhesion of the coating to the substrate, (v) the
purity of the target material, (vi) the cost and apparatus, (vii) the abundance of the
deposition material in the world, and (viii) the ecological considerations etc... [64]. The
coatings were initially used for decorative purpose, and, in recent times, their application
was extended for many other fields such as optical, mechanical, electrical and tribological

needs.

In the field of tribology, to reduce the friction and wear at the tribological contacts,
solid lubrication has been in the study for decades. A mechanism to provide lubrication
under relatively dry conditions, without liquid lubrication, where two surfaces are moving
relatively to each other, can be defined as solid lubrication. Some important examples
include graphite, soft metallic film (lead, gold, silver, zinc), non-metallic films (titanium
dioxide, calcium fluoride, lead oxide, zinc oxide and tin oxide), PTFE, MoS,, WS etc.
Solid lubricants were used, besides liquid lubricants (such as oils and greases), in the
application where the later cannot be used as occurred in the inception of space program or
space explorations. Solid lubricants are used as additives to oils or greases to improve the
lubrication system. It has also been used in applications with large operating temperature
variations, such as cryogenic sensors and turbopumps for liquid hydrogen / oxygen fuelled
engines. They are also used in applications that possess material contamination issues such

as optical components, where lubricants need to be kept in contact to prevent damage.
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Other prominent applications such as slip ring assemblies, actuators, and journal bearings

find solid lubricants [18].

There are many hindrances involved to implement an appropriate lubricant system
in space equipment. It requires to have certain material properties which can tackle the
challenges induced by vacuum. Therefore, one of the main properties is to have a material
with low vapour pressure. Another challenge is the inaccessibility of the system when in
application. The component, once in space, is difficult to repair or replace the lubricant
[18]. This brings the requirement of having materials with long lifetime and less need of
maintenance and, simultaneously, providing low COF and low wear rate. The material or
lubricant system must also be efficient in various environments since, before launch; it
should be kept on earth with a suitable resistance to environmental degradation [18]. A
solid lubricant as powders or thin coatings are typically used for applications such as: (i)
low to medium number of duty cycles, (ii) moderate to high contact pressures
(approximately ~10 — 600 MPa), (iii) extreme environments, and (iv) low-speed contacts.
The general properties that can make good solid lubricant are: (i) low shear strength, (ii)
good adhesion to the corresponding substrates, (iii) low abrasion, (iv) thermodynamic
stability in the environment where it is used, (v) low surface reactivity and, (vi) high
hardness [65]. The usage of solid lubricants is not a remedy to be applied on any surface.
A good selection of the substrate material to apply / deposit the solid lubricant is equally
crucial while considering the application. Thus, it is important to evaluate and consider the
use of solid lubricant in the design phase of the mechanism to prevent poor robustness and
device failure. Other advantages of solid lubricant over liquid lubricant include electrical

conductivity, stringent limits on the weights and wider operating temperatures [18].

A relatively small number of solid lubricants have been used for space applications,
out of which, MoS> is the most commonly used [20]. Others options, such as PTFE and
low shear strength metals (such as lead), are used in niche applications, like ball bearings
[21,22]. PTFE, although considered an excellent solid lubricant with low COF, its low
shear strength limits its use to only low applied loads. Also, there is a limited use of hard

coatings tailored to exhibit reduced wear and friction, such as TICN. PTFE is a crystalline
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polymeric material consisting of arrays of long macromolecules held together by physical
forces. The bonding within the chains is strong and covalent, while between chains the
bonds are weaker, thus, providing one-dimensional low shear force. This structure is less
likely to prone to chemical attacks by other atoms or molecules, resulting in a low-friction,
low-energy surface. The formation of uniform transfer films of aligned molecular chains is
appropriate under certain low energy dissipation conditions such as slow speed and low

loads [18].

Diamond-like-carbon (DLC) is also considered as a lubricant that provides good
mechanical and tribological results when used as coatings. This is the reason why its use
has been very common in various industrial applications. The DLC, along with providing
good mechanical strength to the coating, restricts its application depending on the type of
environment tribological contacts because of its strong carbon bonding. The DLC has been
well known to work properly in the presence of ambient air (humidity) and dry atmospheres
but lack its usage in vacuum environment due to their very high COF values. The presence
or addition of hydrogen can enhance their performance in dry atmospheres. Also, DLC are
not very effective in high temperature (above 300 °C) since it will result in higher friction
and wear [66—69]. Thus, there exists a major gap for a solid lubricant which can function

in a vacuum and dry environment together.

When the synergy concept of surface engineering is considered concerning
tribological properties, there are two different views: first, a hard substrate with a soft
coating (with soft-on-hard feature), and a soft substrate with a hard coating (with hard-on-
soft feature). In the first view, the concept is based on having a low shear strength material
to provide easy sliding and relative motion between the surfaces in contact, then, low
friction. The second, with the purpose of reducing the real area of contact to decrease the
friction [70,71]. It is well known from Bowden and Tabor [72] that the frictional force is
the product of the shear strength by the real area of contact; then, to achieve a lower friction,
the shear strength should be reduced, or the interface should have smaller contact areas.
Despite the quite high number of materials for solid lubrication, many limitations still exist,

particularly when it is necessary to provide adequate lubricating performance under high
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load and low-speed conditions [70,71]. Under such conditions, there are chances of
formation of abrasive wear debris that accelerates the wear and degradation. So, a potential
material that can provide efficient protection should provide enough hardness and good

lubricating properties, preferentially using the wear debris to form tribo-films.

Among the solid lubricants currently in use, MoS> holds an extraordinary
importance in modern technology in the last century [73]. MoS: being a lamellar material,
possesses atomically planes that can easily slide against each other. MoS; has been used in
release mechanisms, precision bearing applications, weather sensor bearings and gimbal
bearings. Unlike liquid lubricants, MoS: is suitable for use in a vacuum because of its low
outgassing pressure and lack of migration. Similar to graphite, MoS> is used as a dry
lubricant as an additive in oils or greases. However, lubricant formulations containing
MoS,, with either epoxy binders or liquid dispersants, are unsuitable for use in vacuum, as
outgassing can be a problem [41]. MoS; does not require ambient air atmosphere to
perform well and, thus, it has shown to improve lubricating properties in the oxygen-
deficient atmosphere [74]. MoS; was deposited using sputtering to provide successful
lubrication for space journal bearings. However, due to its softness, poor adhesion to the
substrates and non-reliability in terrestrial, ambient air atmosphere, it has not been
considered for a wide range of applications [75]. The idea of depositing coatings with high
hardness combined with low friction is still updated. If such coatings can be developed,
combined with good adhesion, low wear rates should be expected, and very high load-
bearing capacity will be achieved. Thus, the ideal direction to start into this hunt would be
to improve the mechanical strength of transitional metal dichalcogenides (TMD) based
material, known to be excellent from the frictional point of view but too soft due to their
lamellar structure. The understanding of the deposition methods and the alternative of
coating types can help in searching for the best solution. More details about the various

methods to deposit a coating is given in next section.
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2.2. Deposition Methods

With the initial success in the application of decorative coatings during the late
1950s, the use of deposition techniques has rapidly increased [76]. Moreover, the fast
growth in micro-electronics during the last two decades, resulted in the development of
many new deposition processes and procedures in the coatings sector [77]. The high
number of new methods created the need to classify the coating processes based on their
functions. For example, Kern et al. [78] have classified thin-film deposition technologies
based on glow-discharge, evaporation, gas-phase chemical, and liquid chemical process.
Chapman et al. [79] have suggested a classification based on the base procedure of the
deposition process, such as conduction, diffusion, chemical, wetting and, finally, spraying.
Holmberg et al. [76] and R.F. Bhunshah [64] divided the processes into four groups
(gaseous, solution, molten or semi-molten) as shown in figure 2-1. Although there are many
coatings deposition methods, not all are reliable and suitable for tribological applications.
This is due to various reason such as poor bonding strength, thin achievable thickness,
homogeneity, etc... Some of the deposition processes are mainly developed for decorative,
optical or electronic applications. For the purpose of tribological coatings, electrochemical
deposition, thermal spraying, CVD, and PVD are used. For the large scale and robustness,

almost always the PVD method is considered.

| Surface coating methods |

| (Gaseous state | | Solution state | | Molten or semi-molten state |
\ | | |
‘ CvD || PVD H IBAD | Chemical solution| [Electrochemicall| 5o gl Laser || Thermal Welding

\ deposition deposition spraying
[
[ i |

Plasma variants Chemical Electroless Chemical

reduction deposition conversion

Plasma variants

Figure 2-1: Various surface coatings methods (adapted from [77]).
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2.2.1. Sputtering in Physical Vapour Deposition (PVD)

Sputtering is one of the PVD techniques for the deposition of atoms on a substrate,
taking place in a vacuum. Three important components should be considered in sputtering,
a cathode (target material that needs to be deposited), an anode (substrate materials on
which deposition needs to be made) and a carrier gas (mainly argon). The target is
connected to either direct current (DC) or radio-frequency (RF) power sources. The
substrate can be either floating or connected to a DC, pulsed DC or RF power supplies.
The anode and the cathode are placed inside a chamber with provision of gas inlets. The
chamber is connected to primary and turbopumps to create the low pressure (secondary
vacuum) needed to clean the chamber and to keep the appropriate pressure for the

deposition runs.

Sputtering technique is mainly used to deposition thin coatings (thickness below
10 um), based on a physical phenomenon to produce the atomic depositing species. When
a fast ion strikes the surface of a material, the surface atoms can be ejected in consequence
of a momentum transfer process. The ejected atoms or molecules can be condensed on a
substrate to form a coating [64]. Several parameters are determinant to achieve a sputtering
efficiency, i.e. the number of atoms ejected from a target per ion bombardment. For high
efficiencies, not only the sputtering rate should be optimized but also an easy movement
of the ejected material to the substrate should be achieved. Vacuum is therefore essential
to meet these criteria. Low vacuum helps maintain high ion energies and avoid gas-atom

collisions keeping high mean free paths [80].

In conclusion, the deposition rate of any material on a substrate surface will depend
on the sputtering rate, the transport of sputtered species and the adsorption of the depositing
species on the growing coating. Concerning the final characteristics and properties of the
coatings, there many other parameters to be considered such as the discharge pressure,
substrate temperature, substrate bias, rotation of substrate holder, voltage and current
applied to the target and, finally, the cleanness of the chamber. There are various ways by

which the target material can be powered for sputtering purpose such as DC, pulsed-DC,
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RF and HiPIMS, etc... As this work is mainly focused on DC sputtering, further details will

be given about this variant.

DC magnetron sputtering is one of the simplest and widely used technique for
depositing metallic materials in industrial environments. The DC power supplies are cheap
and simple to manufacture. In DC magnetron sputtering, the target is directly connected to
an electric current requiring electrically conductive targets. The application of a DC to the
target allows the ionization of the discharge gas simultaneously. Thus, many
positive ions are produced within the chamber, which are, then, accelerated to the
negatively biased surface of the target. For metallic materials, the deposition rates of
several thousand nanometres per minute can be achieved. DC magnetron sputtering
provides good adhesion to the substrate, minimal defect density, good uniformity and
thickness control of the deposited films. Application areas include microelectronics,
adhesive films, metallurgical coatings, decorative coatings or other metallic film deposition

applications.
2.3. Plasmas in deposition processes

A glow discharge plasma utilized in a deposition process is a low-pressure gas that
is partially ionized and will contain an equal number of positive and negative particles. The
plasma occurrence is due to the mass difference between the electrons and the ions. When
an electric field is applied to an ionized gas, the energy is transferred faster to the electrons
than to the ions. Then, the kinetic energy from an electron can be transferred to a heavy
particle in a collision having a high probability of excitation or ionization of the gas species.
The production of these excited species and their interaction with the coating growth is one
more parameter to control the final properties of the deposited coatings. Some examples of
processes involving a plasma environment are: sputter deposition, activated reactive
evaporation, ion plating, plasma-assisted chemical vapour deposition, plasma-assisted

etching and plasma polymerization [64].
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Among the many different ways to generate a plasma, such as, (a) DC diode
discharge, (b) RF discharge, (c) electron emitter sustained discharge, (d) magnetron
enhanced discharge, (¢) microwave discharge, (f) vacuum arcs, and (g) plasma arcs, DC
magnetron and microwave discharges will be discussed briefly since they will be the basis

of the deposition process in this thesis.

DC magnetron configuration usually consist of an anode and a cathode in a low-
pressure gas. The cathode (negative potential) attracts the positive ions from the edge of
the plasma region, which are accelerated to impinge on the cathode. The energetic particles
(ions and neutrals) impinging the cathode (target) cause the ejection of secondary electrons,
which accelerate near the cathode, and collide with the gas species creating ions which
sustain the discharge process. To sustain the DC discharge, the emitted secondary electrons
must create enough ionization collisions to compensate their low emission rate (typically,
for each bombarding ion only 0.1 secondary electrons are emitted). If the anode is brought
too close to the cathode, the discharge is extinguished. Insulated surfaces cannot be utilized
as a cathode in a DC diode as the charge build-up on the surface will prevent any ion
bombardment. Any electrically insulated films deposited in a DC discharge will cause
arcing through the films. In addition to causing the ejection of secondary electrons, the high
energy ions and neutrals that impinge on the target surface will cause the physical ejection
of surface atom (physical sputtering) by momentum transfer process. There are several
advantages of DC diode configuration: (a) uniform plasma generated over large cathode
area, (b) high power input, (c) simple and cheap yet, powerful power supplies, (d)
repeatability of the process by controlling the geometry, gas pressure and target power. The
disadvantages include, a) inability to bombard electrically insulated surface and, b)

significant heating of the substrates by secondary electrons [64].

The other method to generate a plasma is by using microwaves. A typical example
of microwave discharge is the electron cyclotron resonance (ECR) ion sources.
Microwaves frequency uses 2.45 GHz. The microwaves are injected into a small volume
at a certain frequency corresponding to the ECR that is defined by the magnetic field

applied to a region inside the volume, where a low-pressure gas is present. The alternating
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electric field of microwaves is synchronous with that of free electrons, thereby increasing
the perpendicular kinetic energy. Later, these energized free electrons collide with the gas,
causing its ionization if their kinetic energy is larger than the ionization energy of the gas
atoms [64]. The ions produced can be accelerated by a bias potential and extracted from
that volume to bombard, for example, a substrate with high ion energy. In the case of
sputtering deposition processes, the ECR ion or plasma sources can be used to etch the
substrates as well as to control the ion to neutral ratio of the species coming towards the

substrates.

Overall, the use of a secondary plasma source along with a DC sputtering target
could be beneficial to improve the coating thickness, densification and compactness of the

coatings.

2.4. Classification of coatings

Ever since the effective application of titanium carbide (TiC) and titanium nitride
(TiN) coatings on tools for cutting purposes, the availability of various types of coatings
connected to tribological applications has significantly increased. In the tribological field,
coatings are commonly classified as soft and hard based on their hardness [81]. If coatings
are within 10 GPa hardness, they are considered soft, whereas those above are considered
hard. Soft coatings, such as soft metals, polymers, some carbon-based compositions (like
a-C: H DLC) and lamellar solids (including transition-metal dichalcogenides and graphite),
are used for reducing friction, whereas hard coatings, such as oxides, carbides, nitrides,
borides, and other carbon-based compositions (a-C: DLC), are accepted for improving the
wear resistance, particularly the ultra-hard coatings which have an excellent abrasion
resistance. Additionally, the coatings are also classified based on their thickness, as thick
and thin. For thin coatings, the substrate is the load bearer, and the tribological response
depends on the properties of the coating and the substrate. On the other hand, as for bulk
materials, the whole load is supported by the coating in the case of thick ones [82]. Finally,

the tribological coatings structure has changed with time from single layer to more complex
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arrangements such as multilayer, gradient or adaptive concepts. Given the above

considerations, basically, seven types of coatings groups can be considered as follows [83].
2.4.1. Single component coatings

Single component coatings are those comprising one single layer of only one
material. Many commercial PVD and CVD coatings are of this type, such as TiC, TiN,
CrN, CrC, TiAIN, TiCN, DLC, W2C, MoS,, soft metals or polymers. Sometimes, to
enhance the bonding strength with the substrates, an adhesion interlayer is used. Except a
few rare applications, when a combination of low friction and good wear resistance is
needed, the usage of single component coatings is limited, and more complex structure is

required [77].
2.4.2. Multicomponent coatings

Multicomponent coatings are made up of two or more components, in the form of
grains, particles or fibres that offers additional possibilities to improve the tribological
properties. With this approach, each component can provide one particular characteristic
to the system allowing to achieve in the final a multifunctional performance. In the field of
tribological coatings, these coatings have been extensively used for cutting applications,
many times based on ceramic phases. Besides the improved friction and wear behaviour,
these ceramic phases allow to improve the oxidation resistance, impact resistance and high-

temperature hardness [70].
2.4.3. Multilayer coatings

The synergy concept of multicomponent coatings can be extended to the multilayer
type where, in this case, the materials, each contributing with a particular functionality, are
disposed in a stack of layers. The coatings can be of two types: (i) successive layers, starting
from the substrate, of diverse composition to diminish the mismatch in chemical or
mechanical properties between the final functional coating and the substrate, thus

improving the adhesion between them; (ii) periodical repetition of layers of two or more
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materials. From the perspective of tribological applications, besides the multifunctionality
that can be achieved, the alternating layers / interfaces can act as crack-stoppers by
providing either a tough medium through which the proliferation is dismissed or allowing

the crack deflection at the boundaries between the layers [77].
2.4.4. Nanostructured coatings

Nanostructured coatings consist of coatings containing grains with size in the
nanometer range. In this type, nanocomposite coatings are also included, showing the
synergetic effect of different phases but now at a nanometric dimension; the combination
of amorphous and crystalline phases are often used inside this approach. Generally, with
decreasing the grain size, the yield strength, hardness and the toughness can be significantly

improved [77].
2.4.5. Gradient coatings

The functionally gradient coatings are improved versions of the multilayer system
to tailor the microstructure of the coatings. Any sudden change in the physical, chemical
and mechanical properties between the layers and the substrate can induce significant
residual stresses at the interfaces causing failure in the form of detachment or cracks. Thus,
a gradient transition from the substrate to a different layer, and / or between the layers, is
preferred. For example, to improve the load-bearing capacity of DLC coatings for low
friction under high normal load, Voevodin et al. [84] had designed a metal-ceramic
functional gradient stacking. Ti-TiN-TiCN-TiC-Ti-DLC gradient layer was designed over

a steel substrate, which provided low COF with low wear rate.
2.4.6. Superlattice coatings

Periodically repeated multilayer coatings with a thickness of each individual layer
in the range of 5-50 nm are known as superlattice coatings. The best examples of
superlattice coatings are TiIN/WN, TiN/CrN, TiN/TaN and TiN/MoN, which in comparison

to single layers can improve the hardness, toughness and thermal stability [83].
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2.4.7. Adaptive coatings

Adaptive or chameleon coatings are those which can alter their properties to adapt
to the running conditions. A well-known example was a solid lubricant composite made of
metal-oxides and TMD (PbO/MoS2, ZnO/MoS2) which was able to operate in a wide
temperature range [85]. The oxides displayed a better lubricating performance under high
temperature (500 — 800 °C) while TMD gave a suitable response below 500 °C [85,86].
Other examples are nanocomposite structures that combine carbides (TiC, WC) and TMDs
(MoSz, WS») embedded into amorphous carbon matrices [87,88]. The coatings had high
hardness (27 — 32 GPa), that resisted to the wear, provided lubrication in dry nitrogen and
vacuum, due to the presence of the WS> phase, and assured the lubrication in ambient air
environment, with the DLC phase [89]. With the applied load and the change in the
operating environment, the surface chemistry, structure and mechanical behaviour of the

coatings are adapted to respond with a convenient tribological performance.

Based on the different coating types and structures, it would be useful to take the
required characteristics from each subset and employ in one single coating system to make
it an efficient solid lubricant. For example, superlattice effect can improve the hardness of
coatings while gradient coatings help achieve an improved adhesion and low wear rates.
Similarly, adaptive coatings can work in diverse sliding conditions. Combining all these
useful characteristics in a single coating can tailor the needs for a highly efficient self-
lubricating coating / solid lubricant coating. Pure TMDs, along with their main issues and
later the alloyed TMDs, will be discussed in greater details in the upcoming sections.
However, the main focus will be towards N-alloyed TMD coatings, as per the objective of

this thesis.

2.5. Transition metal dichalcogenides (TMDs)

Transition metal dichalcogenides (TMDs): sulphides, selenides or tellurides
of tungsten or molybdenum are well known for their lubricating properties [90]. MoS; and

WS> are compounds with unique characteristics originating from an extreme degree of
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crystalline anisotropy originated from their hexagonal structure. Therefore, TMDs have
gained considerable attention in the research community for a variety of mechanical,
electronic and optical applications [28,91-93]. TMDs have X-M-X lamellar structure in
which M is a transition metal atom while Xs are the chalcogenide atoms. In a characteristic
TMD structure, each metal atom is surrounded by 6 chalcogenide atoms and each
chalcogenide is linked to 3 metal atoms. The bonding structure within the S-Mo-S
sandwich plane is strong covalent type, while the planes are held together by very weak
Van der Waal forces which result in interlamellar mechanical weakness [48,94], thus
providing easy shear properties. The TMDs have also been used for their electrical
properties. They have been considered for the replacement of silicon in electronic
industries.

Despite the greater resistance to high-temperature oxidation of WS [95], MoS> has
been more widely studied due to its lower cost and lubricating performance in vacuum and
dry atmospheres. Initially, MoS>  coatings were deposited by burnishing [6],
electrochemical process [7] and physical vapour deposition [6—8,29,96,97] techniques.
Following the development of magnetron sputtering techniques, further research efforts
have been carried out to deposit these coatings with crystalline and chemical properties,
which have led to improvements on the tribological performance [8]. However, sputtered
MoS: coatings exhibit porous morphology, which reduces their load-bearing capacity,
oxidation resistance, adhesion to the substrates, and adversely affects the mechanical and
easy shear properties [98,99]. TMDs like MoS, behave according to the Hertzian Contact
Model [100], where the COF decreases as the normal load is increased. Specifically, the
COF for MoS; is inversely proportional to the Hertzian contact stress, unlike solids that
follow Amontons’ Law, where the COF is independent of load [101]. This behaviour is
caused by the low shear strength of TMD’s, as opposed to harder materials where the COF

is related to surface interactions.

The shear strength of a particular TMD is related to the ability of the crystallites to
move relative to each other. The mechanical cohesion between crystallites would be
expected to vary with differences in crystallinity. Bulk MoS> exhibits a shear strength of
38 MPa [100]. Pure sputter-deposited MoS; exhibits lower values for typical coatings (7
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MPa) [101]. Pure MoS: coatings with high sulphur vacancy defect levels exhibit higher
values (40 MPa) [102], and nanocomposite amorphous Au-MoS; coatings show yet higher
values (83 MPa) [103]. The shear strength is also a system property and a material one as

the values vary as a function of the applied loads / pressure and environments.

The mechanism of any TMDs to provide low friction is based on the formation of
tribo-films with (002) basal planes aligned parallel to the substrate and the sliding direction.
Usually, the as-deposited TMD would contain these hexagonal basal planes which can be
random, (100) or (002) oriented depending on the deposition methods. E.g., it is possible
to deposit very thin (002) oriented MoS: coating using PVD technique with a proper
selection of the substrate and the deposition procedure [104]. If the coatings do not present
this preferential orientation, to transform or reorient the basal planes parallel to the
substrate, some energy and / or stress are required. These conditions are provided by the
combined effects of the normal applied load and the sliding speed during testing of the
TMDs coated sample. The formation of this tribo-films would require enough time for the
transformation to occur from the as-deposited conditions, known as the running-in time.
Many factors determine the length of the running-in time, such as the applied load, sliding
speed, temperature, humidity, asperities or surface roughness, hardness of the coating,
etc... The increase in the applied load would facilitate the formation of the tribo-film with
the application of higher contact stresses. The presence of humidity would distract the
formation of the tribo-film due to a process of oxidation [105]. Thus, most of the works on
TMDs for low friction application focus on the easy formation of the tribo-films and
reducing the moisture or the oxidation process. These procedures are easily met in a
vacuum. Continuous efforts are underway towards finding solutions for TMDs to work in

the ambient air environment.

Among various types of TMDs, MoS; and WS, were the most studied ones. The
use of MoS; as lubricant for vacuum applications was considered in the first half of the
twentieth-century [106]. MoS; has also been used as powder or additives in oil [107], as
well as a paste in high-temperature operations [107]. Past studies showed that MoS»

performed better in dry air compared to ambient air and even better in the inert gas
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atmosphere [108]. It was only in 1986 that Robert et al. first utilized magnetron sputtering
to deposit MoS; coatings with the main purpose to gain control over the coating properties

[109].

The relative performance of various TMDs is basically related to the subtle
differences in their electronic and crystal structures. For the case of WS», as a lubricant, it
has virtually the same structure as MoS; with W belonging to the same group as Mo in the
periodic table. MoSe>, which is also a good lubricant, with Se is in the same group as S,
but being a much more expensive option than MoS,. A similar situation occurs with WS»,
in relation to which MoS> has demonstrated reliably superior at normal operating
temperatures in vacuum [110]. Although selenides show somehow better frictional
properties in ambient air environments than sulphides, their poor availability makes their
penetration into the industry limited. There are several drawbacks which make TMDs into
back foot in relation to other solid lubricants such as, environmental degradation, low
hardness and adhesion problems. Next section explains more about drawbacks of TMDs

solid lubricants.

2.5.1. Drawbacks of TMDs

Typically, the main problems that make difficult to use TMD coatings deposited by

conventional magnetron sputtering, are:

- The deposition of TMDs by PVD leads to an inevitably disordered crystal structure,
leading to the absence of the easy shear (002) planes, which play a very crucial role for
the low friction. (002) cannot be achieved in sputtered coatings, except for very thin

coatings not exceeding tens of nanometres [8,28].

-The sensitivity to environmental attacks, since TMDs are porous (partially due to their
columnar morphology), oxygen, water vapour and other reactive species could easily

penetrate the coatings and promote transformation [28].

-The hardness of TMDs is very low compared to other competitive coatings, such as
DLCs. The hardness of TMD coatings is typically in the range of 0.3 to 2 GPa
depending on the stoichiometry, morphology and deposition conditions [28].
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-The adhesion to steel substrates is very low. The TMDs crystalline structure is prone
to delaminate or cohesively detach parts from the coatings. Thin metallic interlayers,
typically Ti or Cr, have been tried but the adhesion / cohesion is still limited.
Consequently, the load-bearing capacity is very low, and frequently the TMD coatings
peel off the substrate or the metallic layer under high contact pressure [28].

Most of the issues mentioned above have been extensively studied in literature aiming
to tackle and improve the properties. Researchers have tried: (i) alloying TMDs with
other elements (such as Cr, Ti, Au, C, N) [38-45,111-114], amorphized the TMDs
structure, develop multilayer design and pattering, etc... [28,115]. However, these
approaches are less reliable and still far from industrialization. Some of the major and
vital adhesion important approaches reported in the literature are summarized in the

next section.

2.5.2. Adhesion of TMDs

Adhesion of TMDs with steel was quite low from the macroscopic point of view.
The load-bearing capacity is very low, and TMD coatings peel off the substrate under high

contact pressure [28].

Lloyd et al. [116] studied the adhesion of single and few-layer MoS; fabricated by
CVD process. The adhesion energy of monolayer MoS: was higher than the samples with
few layers (two to five). A perfectly crystalline lamellar layer in (0002) orientation is
formed, which is possible only in CVD process but unachievable with a PVD deposition.
Due to gas desorption in a PVD system, the possibilities are low to obtain highly crystalline
pure MoS: coatings. The deposition of TMDs by PVD leads, inevitably, to a disordered
structure. The low-friction preferable orientation, (002), cannot be achieved except for a
very thin coating not exceeding tens of nanometres [28]. The issue of low adhesion is also
persistent due to the presence of water vapour or oxides between the substrate and the
coatings [117]. Therefore, a high purity of substrate surface is required. . Those impurities
will form active sites (H2O or -OH groups on the surfaces) for reaction with the incoming

sputtered species. Various methods have been developed to improve the adhesion of the
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coatings to the substrates, either steel or silicon wafers. Bertrand in 1989 [118] described
the need to heat the deposition chamber in a vacuum, before deposition, to remove all
the active sites on the substrates. If the active sites can be removed, the TMD crystallites
will form in order to achieve the lowest surface energy, i.e. with the basal planes parallel
to the substrate in order to minimise the interfacial energy. The active sites are present
normally at high energy locations such as ledges, kinks, and grain boundaries. Heating
of the chamber along with the substrates is required to desorb all the water molecules
present on the chamber walls and substrates. The heating should be performed while
pumping to remove the moisture out of the chamber. The longer the heating, the higher
purity of chamber will be. Another way to tackle this problem is by using titanium
vapour. A titanium target was used initially to act as an oxygen getter. When Ti atoms
are sputtered, they can react with O-containing species allowing to reduce the water
vapour pressure in the chamber. Then, using to follow up of the coatings deposition, a

titanium interlayer can be deposited which helps to improve the adhesion.

Inspired from the carbon coatings, some researchers also used chromium (Cr) as
an adhesion layer for TMD coatings. The use of Cr with co-deposition increased the

toughness and the load-bearing capacity.

The use of Ti or Cr as a metallic interlayer was considered a breakthrough in the
deposition of TMDs to improve the adhesion of TMDs with steel. The use of Ti as a
metallic layer to improve the adhesion was also extended to modify the properties of
MoS», being the alloyed coatings known as MoST [41]. MoST coatings displayed an
increase in the lifetime due to the improved mechanical properties of denser and harder
structures while retaining a low COF. The scratch test results provided critical loads up
to 81 N for the total failure and initial flaking from 52 N. Ti was specifically selected
due to its mechanical strength, interfacial compatibility and high oxygen affinity [119].
Ti can also support the composite structure and absorbs oxygen when in contact. With
Ti, the formation of fibrous surface morphology was eliminated, which resulted in a
densified and compact microstructure. Furthermore, many reports suggest the

improvement of the adhesion with the use of metal interlayer in the range of 300-700
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nm between the substrate and coatings [120]. Some references in the literature refer that
the improved hardness of the coatings, when deposited with a Ti interlayer, can be based
on the better adhesion [121]. A Ti interlayer for MoS» deposition was first used by Wang
et al. [119], who reported that the growth of MoS, columnar platelets could be
effectively suppressed. Metallic interlayers were specifically used with a purpose of
densifying TMD morphologies, increasing their mechanical resistance and improving

the adhesion, ultimately converging towards higher wear lives [94].
Overall, the benefits of the use of Ti as interlayer can be expressed as follows:

1. With increasing alloying, stronger bonds arise because more grains are
oriented with the basal planes non-parallel to the substrate.

2. The formation of transition layer of TiN or TiC between the Ti interlayer and
the coating creating an interface zone of high cohesion [120].

3. The decrease of pore density promotes bonding between TMD-N and the Ti

interlayer.

Nossa et al. [120] concluded that the adhesion improvement of W-S-C (N) coating
through the deposition of a Ti interlayer is only effective if high contents of C or N are
incorporated. This is due to the formation of a TiC or TiN phase between the coating
and the Ti interlayer. Actually, they showed that spalling is the main reason behind the
adhesion failure between the coatings and the Ti interlayer. Higher doping content was
correlated with increasing critical loads. With increasing the doping element content (N
or C), they suggested that inwards diffusion of these elements towards Ti interlayer led
to a mixed interface between both layers, making it stronger and avoiding the spalling

for low applied scratch loads [94].

Polcar et al. [121] reported the occurrence of detachment of TMD-C coatings due
to poor hardness. The same authors [28] also suggested that the use of gradient layer
from pure metal (e.g., Ti or Cr) to TMD-C, could improve the adhesion. In fact, the
adhesion problems occurred at the interface between the metallic interlayer and the

functional coating.
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Even with the use of Ti or Cr as interlayer, the improvement in adhesion was not
considerable. Simmond et al. [122] found values (~ 6 N) for Mo-S composite coatings
co-deposited with Au, Ti, Cr and WSe> in spite of the use of a Cr interlayer. Such low
values are similar to other doped TMDs without using any interlayers where the reason
for adhesion failure is due to spalling [S1]. The lack of adhesion is also considered the

main reason for high wear of TMD coatings.

Along with all the issues of the metallic interlayers, in view of the industrialisation
of TMD coatings with high adhesion cost is a very important remark. The use of metallic
interlayer means using more than one target in the deposition chamber, which adds a
significant operational cost as it requires an additional individual power supply (DC or
RF) with independent control, eventually, with synchronization with the other power
sources. If these drawbacks are taken into account, the advantage of using metallic
interlayer can be seen as not so advantageous as expressed above. Thus, an innovative
idea is required for the adhesion optimization of the coatings for industrial developments
with the final aim of having high adhesion, low COF, and longer lifetime but at a much-

reduced cost.

Other approaches could be found in the literature to improve the adhesion of TMD-
based coatings. Liu et al. [123], in 1994, showed that without the use of any metallic
interlayer, the adhesion of MoS: coatings could be improved based on the densification
using N* ion implantation. The scratch critical load increased with increasing
implantation energy as a result of the interfacial zones mixing. With the increase of N*
implantation energy from 50 to 180 keV, the critical load (adhesion) increased from 22
N to 61 N. The film densification / compactness is due to the rearrangement of the
deposited atoms and the vanishing of free space between the lamellae or grains
[124,125]. An additional reason is the enhanced (100) edge plane orientation
contributing for a strong adherence with the steel substrate. Daming et al. [126] showed
that the critical loads could be significantly improved if TiN is used as interlayer instead
of Ti. The authors used ion beam enhanced deposition (IBED) and magnetron sputtering

(MS) to deposit MoSx coatings. IBED MoSx + IBED TiN showed higher COF, stronger
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adhesion and longer wear life than MS MoSx + IBED TiN. The ion beam mixed interface
between IBED MoSx film and the substrates led to an ideal line distribution of elements
on both sides of the interfaces and, thus, resulted in stronger adhesion. The multilayered
structure dispersed the accumulated stress by plastic deformation, and the stress evolution
was interrupted at the layer boundaries, which positively affected the adhesion of the

coating [127].

2.5.3. Alloying of TMDs

2.5.3.1. Metal alloying of TMDs

As it is well established, TMDs in their purest form possess low load-bearing
capacity and low hardness which is due to their crystalline structure. The pure sputtered
TMDs have a crystalline structure with a random orientation of the lattice planes. TMDs
tend to exfoliate even at low applied loads causing delamination. This is primarily due to
the weak Van der Waal bonding between the basal planes of the hexagonal structure.

Therefore, the coatings wear faster and limit their lifetime.

The possible solution to overcome these issues is the addition of a third element to
the coatings, which can disrupt the crystal structure and allow the growth of coatings more
compact with the consequent improvement on the mechanical strength and the oxidation
resistance. TMDs have been doped with different metals such as Ti [38—41,111,113,114],
Ag [42], Al [40], Co [42], Au [43-45], Cr[42], Fe [37], Ni [29,42,45,128], Pb [30,45], Pt
[42], Ta[42,129], W [42], Zr [130]. Regardless of the beneficial results[41], the industrial
implementation of metal-doped MoS; coating is limited (e.g., MoST by Teer coatings [41])
due to either the rapid oxidation of the tribo-films into metal oxides [53] or the detrimental
effects of hard metal particles (e.g. Ti) on the abrasion of tribo-films [52]. Moreover,
economics do not favour the use of metal doping since this procedure requires a minimum
of two targets for the PVD systems (i.e. one for the metal and one for the TMDs),

consequently, increasing the costs for the processing and development.
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2.5.3.2. Non-metal alloying

Non-metal doping (e.g. N and C) has attracted both researchers and industry
[53,94,121,131] as a potential solution for making TMDs more used. Carbon introduction
in TMDs was firstly reported by Voevodin et al. [132]. TMD-C coatings have been widely
explored in the past few decades, owing to their attractive mechanical and tribological
properties both in terrestrial and non-terrestrial environments. To deposit TMD-C coatings
using only one cathode, the carbon incorporation was achieved by reactive sputtering, with
precursor gases such as CHs or C2Ha. In such cases, hydrogen can react with the chalcogen
not only changing the stoichiometry of MoS; but also acting as a contamination source

[56].

The other way to alloy TMD coatings is to use separate carbon and TMD targets
in the PVD process. Additionally, some researchers have tried to use small C pellets
inserted in the TMD target or vice-versa calling it a composite target. However, the
efficiency and reliability of this solution rose several questions. Basically, the
repeatability of the results, such as the chemical composition, structure and hardness of
the coatings is very difficult to be achieved. The optimization process is also quite tricky,
and the upscaling to industrial production is a cumbersome task. Thus, all these issues
are not in favour of an efficient industrialization of TMD coatings alloyed with C. The
nitrogen-alloying is thus an alternative and researchers have hardly studied it. The next
section provides state of the art behind the nitrogen-alloying of TMDs coatings. Some
of the tungsten disulfide (WS3) alloyed with nitrogen alloying reported in literature is

also presented as it behaves similar to MoS..

2.5.4. Nitrogen-alloying of TMD coatings

Nitrogen doping has been rarely explored but seems a promising strategy for
changing the structure of TMD coatings. As a reactive process with nitrogen gas, the use
of only one cathode (with the TMD target) is allowed, reducing the production complexity
and costs, and avoiding the coating’s contamination by other elements [57]. Moreover,

when compared to carbon, a small amount of nitrogen can be sufficient to achieve a dense
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amorphous coating, further reducing the operating costs [58]. In order to grow
mechanically stable coatings, it is important to prevent the easily sheared planes from
forming and to reduce the crystallinity of the softer phase, which can easily be achieved by
nitrogen doping [59]. Mutafov et al. [61] reported that magnetron sputtered amorphous W-
S-N films exhibit low COF, high load-bearing capacity and good wear resistance. The
atomic-level structure and bonding arrangements in amorphous W-S-N have been
described by Isaeva et al. [58]. They also reported that, during sliding, nitrogen is released
from the contact zone in the gaseous form (e.g. N2, NOz) without disturbing the formation
of tribofilms. Zhang et al. [53] reported that the incorporation of a small amount of nitrogen
into MoS; sputtered coatings produced a nanocomposite structure, increasing the hardness

and reducing the wear. Similar works were also reported by Nossaet al. [63].

Until now, most of the studies on the TMD-N (particularly Mo-S-N) systems were
performed for a stationary substrate holder placed in front of the target; the effect of rotating
the substrate holder for industrial purpose is still unexplored. Also, as per literature, the
desired amorphous phase was achieved at the cost of a high nitrogen alloying and
consequent sub-stoichiometry of the TMDs. Therefore, further studies are required to
overcome chalcogen atom depletion with nitrogen additions. Another important
shortcoming in TMD-N coatings is the lack of adhesion to the substrates, even after the use
of metallic interlayers. All previous works related to TMD-N coatings report the use of Ti
or Cr interlayers for adhesion improvement [51,126,133], with Ti being a more suitable
option [41]. Nonetheless, Nossa et al. [94] showed that spalling occurred between the
coatings and Ti interlayer during the scratch test, preventing the substrate exposure.
Besides, TiN was also used as interlayer, which resulted in an improved adhesion over
Ti, due to a good interface bonding between TiN and TMD coatings [126]. However,
the drawback is the associated cost increments due to the use of an additional Ti target
sputtering as well as the risk of Ti oxidation even with minor exposure of the gradient
or interlayers. The next two tables summarize important results obtained for TMD-N
coatings. The first table provides details about the deposition method (DC or RF), the

target details with single or two targets (e.g., MoS2 and Ti), biasing conditions, adhesion
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improvement technique employed and the characterisation of the coatings. The second
table is about the tribological testing results with COF obtained in relation to

environment, counterbody used, sliding duration, etc...
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Table 2-1: Main deposition parameters and characterization results of PVD magnetron sputtered TMD-
N coatings reported in literature.

Deposition . Bias Adhesion Coating- N content | S/Mo or | Hardness
System Year Method Target Details Condition Improvement | Substrate @t. %) SIW (GPa)
Technique | Adhesion (N) e
N*ion
Mo-S-N-1[123] | 1994 RF MoS, DC Bias 80 V | implantation 22-62 - 1.2-1.6 -
source
MoS; + Reactive
Mo-S-N-2 [134] | 2016 RF sputtering with N, ov No interlayers - 0-35 0.7-1.6 | 0.2-9.6
gas
WS, + Reactive
W-S-N-1[51] | 2001 RF sputtering with N, ov No interlayers 5-6 0-24.4 1.5-1.8 | 0.5-45
gas
WS, + Reactive
W-S-N-2 [135] | 2003 RF sputtering with N, ov Ti interlayer 5.2-36.6 0-29 1.1-19 | 0.6-6.3
gas, Ti
WS, + Reactive
W-S-N-3 [136] | 2004 RF sputtering with N, ov Ti interlayer - 0-29 1.1-1.9 -
gas, Ti
WS, + Reactive
W-S-N-4 [120] | 2005 RF sputtering with N, ov Ti interlayer 36.6 29 1.15 4.6
gas, Ti
WS, + Reactive
W-S-N-5[60] | 2013 RF sputtering with N, ov Ti interlayer - 34 0.86 7.7
gas, Ti
WS, + Reactive
W-S-N-6 [137] | 2014 DC sputtering with N, ov Ti interlayer - 0-47 0.25-1.0| 0.3-10
gas, Ti
WS, + Reactive
W-S-N-7[138] | 2015 DC sputtering with N, ov Ti interlayer - 0-37 - -
gas, Ti
WS, + Reactive
W-S-N-8 [61] | 2015 DC sputtering with N, ov No interlayers 9-14 0-30 0.6-1.6 2.2-9
gas
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Table 2-2: Tribological testing parameters and COFs of PVD magnetron sputtered TMD-N coatings

reported in Table 2-1.

Mo-S-N-1

ball-on-disc tribometer-
rotating

0.04-0.06

100Cr6 steel

L 0.07 (pure MoS,)
Mo-S-N-1 bau“’“'d‘ictf“b"meter' 56N . 100Ct6 steel 60% RH
rofating 0.13 (for Mo-S-N)
W-s-N-p | FPin-on-disc tribometer- 10N - 0.1-0.3 100Cr6 steel 60% RH
reciprocating
. - 0.08-0.20 (5 N)
W-S-N-2 Pm"’f'dilsr" m]t’i‘r’lmeter' 5and 10N - 100Cr6 steel 60% RH
cciprocating 0.11-0.22 (10 N)
_ . 0.08-0.20 (5 N)
W-s-N-3 | Fin-on-disc t“:’."meter' Sand 10N - 100Cr6 steel 60% RH
reciprocatmg 0.11-0.22 (10 N)
W-sN4 | Call-on-disc tribometer- 5N . 035 100Ct6 steel 60% RH
reciprocating
W-s-Nos | Dall-on-disc tribometer- 5N 5000 cycles 0.008 100Cr6 steel 10% RH
rotating
W-s-Nos | Dallondise tribometer- 55 o 5000 cycles 0.003 100Cr6 steel 10% RH
rotating
Pin-on-disc tribometer-
W-S-N-6 . . SN 10000 cycles 0.13-0.5 100Cr6 steel 50% RH
reciprocating
Pin-on-disc tribometer-
W-S-N-6 . . SN 10000 cycles 0.05-0.2 100Cr6 steel 1% RH
reciprocating
W-s-N-g | Pin-on-disc tribometer- IN 3000 cycles 02-0.3 100Cr6 steel 45% RH
rotating

5%107

Mo-S-N-2

Pin-on-disc tribometer-
rotating

60000 cycles

0.05-0.1

100Cr6 steel
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System Trlbometfbr Applied Test duration COF Counter body
configuration load
W-s-N-4 | ball-on-disc tribometer- 5N - 0.05 100Ct6 steel
reciprocating
W-s-N-5 | ball-on-disc tribometer- SN | 100000 cycles 0.03 100Ct6 steel
rotating
W-S-N-5 ball-on-disc Fnbomcter— 20N 2100000 0.015 100C16 steel
rotating cycles
W-s-N-g | Dall-on-disc tribometer- SN | 10000 cycles 0.02-0.04 100Cr6 steel
reciprocating
W-s-N-g | Dall-on-disc tribometer- SN | 10000 cycles | 1703 (humidity 100C16 steel
reciprocating 50%)
w-s-N-g | Dall-on-disc tribometer- IN 3000 cycles 0.08 100Cr6 steel
rotating

In summary, W-S-N were deposited initially using RFMS, and in later years,
DCMS were also used. The use of Ti interlayer improved the coating-substrate adhesion
critical load from 6 N to values as high as 36.6 N. The highest N content was about 47 at.
% for W-S-N-6 [137] using DCMS, with a high hardness reaching up to 10 GPa, but it also
resulted in the reduction of S/W ratio down to 0.25. All the tribological testing was
performed using a ball-on-disc (flat) tribometer with applied Hertz contact stresses higher
than 600 MPa. The COF values were lower when tested in dry nitrogen compared to the
one in ambient air. There were only two reports on Mo-S-N coatings which will be

explained in detail in the following.

Liu et al. [123] in 1994 studied the effect of N* implantation on MoS, coatings
deposited by RFMS on bearing steel discs. A negative DC bias voltage of 80 V was
applied to the substrates. The ion implantation was performed with ion energies of 50,
100, 150 and 180 keV; the ion influence was 1 x 10'® N* cm™. The tribological testing
was performed in a rotating ball-on-disc tribometer with RH of 60 - 70 % and vacuum
of 5 x 107 Pa. The uncoated steel ball (@ = 8 mm) was loaded with 5.6 N, and the
rotational speed was 1000 RPM). As-deposited MoS> coatings showed a loose columnar

structure and, after N* implantation, an increase in the density was observed. 50%
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reduction in the coating thickness was also observed. The high—energy N* has a
compacting effect on the sputtered MoS» coatings; however, a decrease in the S/Mo ratio
was also observed. This decrease is related to the different sputtering yields of Mo and
S. In addition, the re-sputtering of surface atoms is also another reason for the decrease
in the coating thickness. Regarding the structure, the as-deposited MoS: coatings
presented a mixture of (002) and (100) XRD peaks, 47 % of (002) and 53 % of (100)
peaks. With increasing N* implantation, the (002) peak intensity decreased in relation
to (100) peak intensity. At 180 keV of N implantation, that ratio was 18 % for (002)
and 82 % for (100), showing that MoS:» coatings have an enhanced (100) edge plane
orientation character. Parallelly, the coating-substrate adherence increased from 22 N
(as-deposited) to 61 N (180 keV). This enhancement is due to a better interface mixture
between the coating and substrate. The tribological study in ambient air (RH = 60 — 70
%) gave a COF value of 0.07 for 0 keV (as-deposited) and 0.13 for all N* implanted
MoS: coatings (50, 100, 150, 180 keV). In vacuum (5 x107 Pa), all coatings gave COF
from 0.04 to 0.06. The wear life improved with N* implantation of MoS> films by nearly
3-fold in both environments. The reason suggested for the increased COF was due to the
dense structure and the decrease in the sulphur content caused by N* implantation. A
lubrication model was also proposed. For the high energy N* implanted MoS coatings,
the friction led to a gradual reorientation of the crystal planes from (100) to (002) within
the top layers, which led to a better wear life, higher adhesion and lower COF.

Zhang et al. [53] in 2016 performed a systematic study on the structure and
tribological performance of Mo-S-N coatings. They used RFMS for the deposition of
MoS: in N2/ Ar mixture. The RF power on the target was 275 W, and the N> gas was
varied from 0 to 50 sccm (0, 2, 3.5, 5, 20, 30 and 50), and Ar was fixed at 40 sccm. The
N content in the films increased from 0 up to 30 at.% for increasing N2 flow. The S/Mo
ratio was reduced from 1.51 down to 0.70. The so low S/Mo ratio for pure MoS; coating
was due to either the reaction of sulphur with the residual atmosphere (H20 and O) or
the preferential re-sputtering of S due to the argon neutral bombardment during the
sputtering process [139]. The reduction of the sputtering yield of MoS» was also due to

the poisoning of the MoS; target, forming a nitride compound layer on the target surface
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by reaction with N». This effect is commonly observed in reactive sputtering, as for
example, occurred for CrNx deposition [140]. The incorporation of N led to the decrease
of both S/Mo and deposition rates, increase in the density, reduction of porosity and
increase in hardness. S/Mo was below 0.7 for the highest N content in the coating. The
microstructural analysis revealed that pure coatings showed long fibre-like platelets;
with the N incorporation, a progressive densification was achieved until the morphology
turned featureless. The incorporation of N suppressed the growth of the columnar
structure resulting in more compact coatings. With the increase in N, XPS analysis
revealed the presence of Mo-N bonding and the decrease in Mo-S peak. However, no
nitride crystals were found by XRD analysis. The interruption of the MoS» crystalline
growth with the N addition, causing a great structural disorder, was confirmed by XRD
analysis. The hardness, elastic modulus and elastic recovery were improved with the
increase in N content due to the increased density of the coating. Moreover, although
MoNx crystal phases were not detected, the presence of an amorphous nitride phase, as
revealed by XPS for the Mo-N bond, also contributed to the higher hardness. Thus, the
mechanical properties and the load-bearing capacity of Mo-S-N coatings were
reinforced with the addition of N. The tribological studies were performed in a rotating
ball-on-disc tribometer against steel balls. The coatings below 20 at. % N showed a
stable COF below 0.1 until 60000 cycles whereas, for the 28 at. % N coating, the COF
drastically increased to 0.45 after 20000 cycles. The wear rates for pure MoS2 coatings
was very high, 40 x 10* mm?/N.m, dropping progressively down to 5 x 10* mm?*/N.m
for increasing N content. However, for the highest N content, the wear rate increased
significantly, which can be associated with the increase in COF. The authors concluded
that the strong reduction of the S/Mo ratio in this latter coating, with excessive
incorporated nitrogen atoms, hindered the formation of the MoS: tribo-film at the

contact surface, with the consequent increase in the COF and wear rate.
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2.6. Research gaps

From the literature review presented above, the development of a coating system
which can be utilized for space applications is still required. A coating having high
adhesion, high hardness, low COF, low wear and long lifetime would be considered ideal.
This coating would also perform reasonably well in ambient air since the space system can
sometimes remain / tested in earth atmosphere before launching. This is a very important
point when tested in ambient conditions; the coatings should not degrade or detach from
the substrate, meaning that the coating system must possess sufficient adhesion. Most of
the coating systems based on TMDs use metallic layers (e.g., Ti or Cr) to improve the

adhesion, but industrially this solution brings additional costs.

From the literature analysis, N-alloyed TMDs such as Mo-S-N and W-S-N can be
suitable candidates for coating systems for aerospace applications. Although there are some
researches on TMD-N systems, an in-depth and organised study is still missing. Above, a
detailed analysis of all the present Mo-S-N and W-S-N system has been already reported,
and one of the main conclusions is that information on the improvement of the adhesion,
even considering the use of metallic interlayers, is very scarce. Most of the literature (on
TMD-N coatings) is for W-S-N system (as reported in table 2-1). Despite this focus, a
uniform study towards the improvements in the adhesion and scratch-resistance of the N-
alloyed TMDs is missing. Moreover, the literature reports only RFMS Mo-S-N system and
no reference was done on DCMS deposition of the same type of coatings. The useful
advantages of DCMS system are yet to be explored. For example, it is well known for TMD
based coatings that a better chalcogen to metal ratio can be achieved with DCMS compared
to RFMS. This would be an advantage when frictional behaviour is considered. The use of
substrate bias favours the compactness of the coatings, thus improving the hardness. This
has hardly been explored for any of N-alloyed TMDs. The literature also reports the
possibility to improve the adhesion by nitrogen bombardment of MoS; coatings. Then, this
is also a point to be further explored. The adhesion failures, by delamination at the coating-
substrate interface during tribological testing or application, cause the loss of material or

wear. This results in the complete failure of the coating system, no matter how
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stoichiometric the TMD coating can be (chalcogen to metal ratio ~ 2), which is known to
providing an efficient lubrication performance. Furthermore, the literature reports many
incongruencies in relation to the composition, stoichiometry, compactness, hardness and

COF. Additionally, the economic factors of using multiple targets were not discussed.

Therefore, considering all the issues mentioned above, a study is required where
only one TMD target can be utilized that will be capable of depositing properly a coating
tuned for high stoichiometry, compactness, adhesion and low COF. Having dense and
adherent coatings will also be a focus to potentially reduce the effect of oxidation. An ideal
situation would be to deposit a defect-free coating, with passive basal planes to prevent the
reaction with the environmental species and, later, to provide a low shear strength interface.

The coating must also show high hardness that can further reduce the wear rate.

Regarding the tribology, the space application would seek the requirement of
having coatings tested in high or secondary vacuum environment (<10 Pa). Hardly any
study has been performed to test the coatings at high vacuum which can accurately simulate
the space environment. TMDs are known to perform well in vacuum,; thus, it is important
to study them in this environment. From the application point of view, the space journal
bearings operate with low speed and low to moderate contact pressure (10-150 MPa). Thus,
the solid lubricants (here N-alloyed TMDs) need to be tested under low contact pressures.
No studies with this focus have been carried out for any of TMDs. Although there is some
literature reported on N-alloyed TMD (W-S-N) as referred to above, no detailed
explanations are provided on the role / behaviour of nitrogen during tribo-testing. The
tribological analysis in ambient air is performed for many W-S-N systems, but no
convincing explanation was given to justify the high COF and wear. Among all the TMDs,
MoS:; is, for decades, one of the widely used additives due to its low cost, abundance in
nature and ease of extraction from minerals. Thus, the study of this compound, especially
as Mo-S-N system, should be a priority since it was one of the less explored TMDs, under
the form of coatings. Finally, the process of tribo-film formation in vacuum and ambient
air needs to be investigated and understood. This research will focus exclusively on the

Mo-S-N system as it can effectively address all the research gap explained above. The
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optimisation of Mo-S-N coatings will be studied, being the goal for the development of a

reliable solid lubricant system for vacuum and ambient air.
2.7. Aims and objectives

PVD is a process to synthesize thin coatings with a great control of the chemical
composition, structure, mechanical properties and tribological performance. The
deposition and optimization of Mo-S-N coatings by PVD technique using DCMS will be
the basis of this research. The optimization will be developed to make the coatings capable
of reliable and efficient frictional performance for vacuum and ambient air environments.
The literature suggests that the coatings for tribological needs should have high adhesion
to the substrate, high hardness and ability to transform MoS, in the near-surface contact
zone, in a crystalline oriented layer with the easy shear basal planes parallel to the
substrates. The coatings should be dense and compact. DCMS will be utilized for the
deposition of the Mo-S-N coatings since, (i) it has never been explored before for the
deposition of this system and, (ii) it is a more appropriate technique for an easy upscaling
for industrial dimensions. The depositions will be carried out entirely using a PVD
equipment within an industrial environment complying all the future upscaling

requirements and norms. The main objectives and tasks of this thesis are as follows:

» First, a systematic study will be carried out to identify the basic range of parameters
for the deposition by DCMS such as cathode power, argon flow, etching parameters
using plasma source, and pre-heating conditions, for depositing pure MoS: coatings.
The etching of the substrates will be performed by bias etching with a different
procedure as the one usually reported in the literature; an additional plasma source
will be used. To optimize the adhesion, trials will be carried out to deposit a strong
metal-metal layer with low sulphur content (low lubricious layer) using a single target
MoS: deposition and strong bombardment with the additional plasma source. The
substrate bias parameter will be the most important in this phase, and the adhesion
will be preliminarily evaluated by Rockwell C indentation. Later on, a high flow of
nitrogen will be introduced in the deposition chamber to avoid the formation of

lamellar MoS> inducing the amorphisation and the reinforcing of the layers with

Kaushik Hebbar Kannur 41



Chapter Il: State of the art

possible nitride formation. The substrate bias will be eventually reduced to a desired
value slowly to increase and optimize the sulphur content in the coatings. The goal is
to achieve a high adhesion of the coatings to the substrate, which will be analysed by
Rockwell C indentation and confirmed by scratch testing. HR-TEM will be performed
at the coating / substrate interface to understand the bonding characteristics.

In a second step, the nitrogen content will be varied at the top layer of the coatings to
optimize the tribological performance based on the thickness, chemical composition,
chemical bonding, surface and cross-section morphologies, structure, roughness,
hardness, reduced modulus and scratch resistance. The S/Mo ratio will be one of the
most important information to understand the frictional performance. The substrate
bias will be fixed after several trials to get a good compromise between the S/Mo ratio
and the mechanical properties. HR-TEM analysis will be performed to better
understand the structure of the coatings.

In the next part, high vacuum (10 Pa) tribological studies will be performed using a
cylinder-on-flat reciprocating tribometer. Commercial cylinders will be tribo-finished
prior to the depositions and tribo-testing. Several mating pairs will be tested to
identify the most interesting conditions to achieve low COF and wear rates. The
variation of the load and an endurance test will be performed for the in-depth analysis
of Mo-S-N coatings. The ambient air tribological study will also be performed on one
of the nitrogen alloyed MoS: coatings.

Finally, the coatings will be tribo-tested in vacuum (1072 Pa) and ambient air using a
ball-on-disc (flat) tribometer. This study will be carried out to compare low friction
performance when high contact stresses are applied in comparison to the conditions
in the cylinder-on-flat tribometer. The formation of the MoS; tribo-film, as well as

the role of nitrogen within the Mo-S-N coatings, will be analysed using HR-TEM.

With the completion of all the tasks mentioned above, it is expected to have an

optimized Mo-S-N coatings system that can be applied to industrial components.
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Chapter III

3. MATERIALS AND METHODS

This chapter provides information on the substrate materials, the deposition

equipment, and the characterization techniques used in the experimental work of this thesis.

3.1. Substrates

The following three types of substrates were used in this study:

(a) Si wafer (100)
(b) M2 steel flats (discs), and
(c) 100Cr6 steel cylinders.

Further details of each of these substrates are as follows:

3.1.1. Silicon wafer:

Silicon (Si) wafers with an orientation of (100) £ 0.5°, thickness of 500 + 25 pm
and diameter of 76.2 £ 0.3 mm (3 inches) were utilized for analysing the chemical
composition, the surface and cross-section morphologies of the coatings. The wafers were

cut to 15 mm x 15 mm size using a diamond pen cutter.

3.1.2. M2 steel flat (discs):

M2 steel flat discs having @ 25 mm % 6 mm thickness were used to study the failure
mechanisms of the deposited coatings using the calot-test, Rockwell C indentation and
scratch test. In addition, the characterization of the coatings by ToF-SIMS, XRD, XPS,
AFM, nano-indentation and tribometer testing was performed on the same substrates.
Before deposition, the substrate surface was mirror-polished to achieve a roughness of

0.010 = 0.005 um. The composition and properties of the M2 steel are given in table 3-1.
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Table 3-1: Properties of M2 steel [141].

M2 steel-Compositions and properties
Element Content (at. %)
Tungsten, W 5.50-6.75
Molybdenum, Mo 4.50—5.50
Chromium, Cr 3.75-4.50
Carbon, C 0.78 - 0.88
Vanadium, V 1.75-2.20
Silicon, Si 0.20-0.45
Manganese, Mn 0.15—-0.40
Sulphur, S <0.03
Iron, Fe Balance
Properties
Hardness 62— 65 HRC
Elastic modulus 190 -210 GPa

3.1.3. 100Cr6 steel cylinder:

A commercially SKF’s 100Cr6 steel cylindrical roller RC-10x10C, 10 mm
diameter x 10 mm length was used as the counter body for tribological testing. These
cylindrical substrates were tribo-finished prior to deposition down to a roughness of 0.011

+ 0.005 um. Their composition and properties are shown in table 3-2.
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Table 3-2: Properties of 100Cr6 steel [142].

100Cr6 steel-Compositions and properties
Element Content (at. %)
Chromium, Cr 1.35-1.60
Carbon, C 0.93-1.05
Manganese, Mn 0.25-045
Silicon, Si 0.15-0.35
Copper, Cu <0.30
Molybdenum, Mo <0.10
Sulphur, S <0.015
Iron, Fe Balance
Properties
Hardness 60— 64 HRC
Elastic modulus 190210 GPa

3.2. Substrate cleaning techniques

The steel substrates were cleaned using Umicore® cleaner products. The first
product contains fine alumina powder and ammonia for cleaning and partial removal of
native oxide. The second product is based on an alcohol mixture to rinse the sample before
drying. The Si wafer substrates were ultrasonically cleaned in acetone and ethanol for 10
minutes each before placement in the chamber. Once cleaned, the steel substrates were
fixed to the substrate holder using tiny magnets while the Si wafers were first attached to
a metallic clip and then fixed to the tiny magnets. Later, the substrate holder was then

placed in the deposition chamber.
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3.3. Deposition system

A direct current magnetron sputtering configuration, using a HEF-built TSD
400 small-sized industrial PVD machine was used in this study (figure 3-1). The
chamber was equipped with a single cathode and an additional independent plasma
source. A HEF patented electronic cyclotron resonance (ECR) plasma source is used
as the additional plasma source [143]. The schematic top view of the deposition

chamber is shown in figure 3-2.
Additional plasma source:
The additional secondary plasma source serves for the following:

(1) Etch the substrates to remove passive layers before coating.
(11) To vary the ion to neutral ratio during the coating process.
(ii1))  To tune the plasma density or current density at the substrate by adjusting the

plasma source power, independently of magnetron cathode parameters.
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Figure 3-1: TSD-400 small size industrial deposition machine with one target and additional plasma
source.

Shutter open
ECR Plasma source |

\ | Magnetron

0N cathode
(O\N |7
o)e)

N

AN
| Argon plasma I | Rotating substrate holder |

Figure 3-2: Schematic setup of the TSD 400 PVD chamber (top view).
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3.3.1. Deposition process

Prior to the depositions, the chamber and substrates were heated to 150 °C for 5
hours with subsequent pumping to the base pressure of ~10°* Pa, to remove any moisture
and adsorbed contaminants. The secondary plasma source power was kept constant at
750 W for all the deposition steps. Sintered molybdenum disulphide MoS target (450
mm % 150 mm x 5 mm, 99.5 % purity) was sputtered in N> and Ar (99.99 % purity) gas
atmosphere. The MoS; target was brazed on a copper backing plate. The substrates were
placed over a planetary (double rotation) substrate holder which was rotated at a speed

of 5 RPM.

Architecture of coating deposition
Ar -70 sccm
Power on target - 1000 W
Power on plasma source -750 W
Substrate Bias

s
>
5
i
:

120 minutes

Growth of coating ———>

Figure 3-3: Architecture of the coatings growth.

After attaining the required vacuum, substrate etching was performed with Ar*
ions bombardment by applying 150 V pulsed DC at 0.3 Pa for 60 minutes using the
secondary plasma source (plasma etching). The target was sputtered cleaned for 7 minutes
during the end of plasma etching, by applying 1000 W DC power (cathode power density

= 1.48 W/cm?). The first step in the coating recipe was the 20 minutes deposition of the ‘novel
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gradient layers’. Initially, the Mo - rich layer was deposited under an energetic Ar* ions
bombardment of the growing coating which resulted in the preferential re-sputtering of
S atoms. The idea was to achieve a metal-metal bonding with the steel substrate. In the
next steps, nitrides were deposited by introducing nitrogen keeping energetic ion
bombardment in the gradient layer. Then, progressively, the ion energy (substrate bias) was
decreased to incorporate more sulphur and produce a graded coating. After 20 minutes, the final
coating was deposited in the presence of nitrogen. The substrates animated of double rotation
motion underwent alternating exposure to the cathode (target) and the ion bombardment
from the additional secondary plasma source. During the deposition of Mo-S-N coatings, the
Ar gas flow was kept constant at 70 standards cubic centimetres per minutes (sccm), whereas N
gas flow was varied from 0 to 60 sccm to achieve different N content in the coatings (Table 5-
1). The resulting process pressure ranged from 0.45 Pa to 0.70 Pa (Chapter 5). The detailed
coating architecture was optimized after multiple preliminary depositions, to grow the
coatings from sulphur deficient to lubricious coatings, as shown in figure 3-3. The
preliminary depositions were made to fix the parameters of substrate bias, power on
secondary plasma source on cathode (target). All the coatings were deposited with a
negative pulsed DC substrate bias of 50 V to enhance the compactness. The pulse
conditions were set at 250 kHz of frequency and 950 ns off-time duration (76.25 % duty
cycle). The target to substrate distance was 100 mm at its closest position. The total
deposition time was 2 hours in the N> reactive atmosphere. This deposition time was

selected to yield a final coating thickness of 1.2 - 3.0 um (figure 3-4).

1.2 pm to 3.0 pm

$ ~100 nm

Figure 3-4: Schematic representation of the layer structure and thickness.
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3.4. Basic characterisation methods

3.4.1. Calot-test

The Calot-test device (GENCOA Ltd, United Kingdom) consists of a steel ball (0
30 mm) which was rotated at 0.2 m/s over the coated steel substrate with dead-weight load
of 1.0 N for 40 seconds. The coated substrate was firmly fixed so that it exposes only a
point contact while testing. A drive shaft was used to rotate the steel ball. The grinding
creates a crater through the coating and down to the substrate. Post-test analysis included
optical microscopy imaging and calculation of the diameters of the two rings. The inner
ring would correspond to the substrate, and the outer one corresponds to the coating. Any
interlayers used can also be observed with its own ring corresponding to its location with
respect to the steel. A simple formula was used to calculate the coating's thickness, as

shown in figure 3-5 and equation (1).

Load (dead-weight)

Holder
Clamp

Sample
Diamond paste

Drive shaft
Steel ball
Figure 3-5: Representation of the Calot-test.
. . X. .
Coating thickness (t) = 4 Equation (1)

Diameter of ball

3.4.2. Rockwell test

Rockwell C test (Malicet & Blin, France) was performed to determine the adhesion

and mechanical cohesion of the coatings. After the Rockwell C test, the flaking-off of the
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coatings is a measure of the coatings adhesion or mechanical cohesion. A Rockwell C
diamond indenter was applied on the coated surface at 1470 N (150 kgf) load for 20 seconds
and pulled out. The size and type of the coating chipped off / cracked/damaged was
observed using an optical microscope. Figure 3-6 shows different failure analysis criteria

as observed on an optical microscope.

HF 1

Figure 3-6: The Rockwell C adhesion test chart (adapted from reference [144]).

3.4.3. Scratch test

The integrity or the adhesion and mechanical cohesion of the coatings on the
substrates was evaluated by scratch-testing (CSM Revetest). The coated flats were
scratched as the normal force was gradually increased from 5 N to 80 N, utilizing a
Rockwell indenter (tip radius: 0.2 mm, scratch speed: 10 mm/min and loading rate: 100
N/min). Later, the cohesion and adhesion critical loads were determined by analysing the

scratches using optical and scanning electron microscopes.

3.4.4. Scanning electron microscopy (SEM)

The surface, cross-section morphologies and the thickness of the coatings were
checked by field emission scanning electron microscopy (FESEM) (Zeiss Merlin). The

coating thickness was also measured by SEM using the cross-sectional images.

(a) Wavelength dispersive spectroscopy (WDS):
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The chemical composition of the coatings was determined by wavelength
dispersive spectroscopy (WDS-Oxford Instruments) detector attached to
FESEM. INCA software and 15 kV accelerating voltage were used. The
calibration standards used in WDS were provided by Micro Analysis
Consultants.
(b) Energy-dispersive X-ray spectroscopy (EDS):

A Jeol JSM-1100 SEM microscope with EDS facility operated by
InTouchScope™ software was used to determine the chemical composition.
Some of the coated substrates after the Calot-test, Rockwell C indentation and
scratch tests were also analysed by SEM / EDS for composition measurements
and detection of any adhesion failure. The accelerating voltage used during the

measurements was 5 kV.

3.4.5. Atomic force microscopy

Roughness measurements were performed using a contact mode atomic force
microscopy (AFM) (Nanosurf AG, Liestal, Switzerland). To eliminate the external noise,
the AFM was placed on an active vibration-isolation table (TS-150, S.I.S, Herzogenrath,
Germany). The scans were performed at a rate of 1 line/s with the final image of 20 pm X
20 pum in size. The average roughness parameter (Sa) was considered as the roughness of
the coatings. The tests were performed immediately after the deposition in order to prevent

any possible oxidation damages or surface change.

3.4.6. Time of flight — secondary ion mass spectroscopy (ToF-SIMS)

A qualitative element analysis was performed using time of flight-secondary ion
mass spectroscopy (ToF-SIMS) from ION-TOF. An analysis gun of Bi — 25 keV was used
for sputtering of elements. One test was performed on each sample at an area of 50 x 50
um? using a sputter gun with Cs*. The depth profiling was performed in negative polarity,
from the outermost surface to the substrate. The analysed surface was adapted to the area
of interest. The size of the erosion crater was adapted to the analysis area to minimize the
edge effects and the re-deposition. SurfacelLab software was used to treat the data. Each
point of the profile was obtained from a mass spectrum, which allowed an elemental

analysis throughout the probed depth. Thus, every element or contaminant present on either
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the outermost surface or in the core of the layers or at the interfaces was automatically
detected. According to the mass spectra analyses in negative polarity, the ionic species
selected for the depth profiles were: H", C, O, NH", F-, CN", P, Si’, S, 34SS", Cr’, Co", Fe’
, ”?Mo", MoS’, AlS™ and FeS'.

3.4.7. Optical spectroscopy

Spectroscopic investigations of plasma and element-specific plasma analysis were
performed to evidence the re-sputtering effects of sulphur from the growing coating. A
quartz window (transmittance cut-off ~ 180 nm) was arranged with a view parallel to the
substrate surface and perpendicular to the substrate—plasma source axis (i.e. magnetron and
secondary plasma source), capturing light emitted from the plasma region between the
plasma source and the substrate location. For spectral line recording, the fibre optic
spectrometer (AVS-S2000) accepts light energy transmitted through the single-strand
optical fibre and disperses it via a fixed grating across the linear CCD array detector. The
obtained spectral intensities versus wavelengths were processed using SpectraWIN BASIC
5.0 software. The monochromator provides ~ 0.1 nm resolution of spectral bands collected
over a 300—1000 nm range. The peak intensity corresponding to the wavelength of 550 nm
was considered for sulphur and 811 nm for argon. These wavelengths correspond to the

single ionized states of each element.

3.4.8. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed for the chemical bonding
analysis. The samples were analysed in a KratosAxis Ultra HAS equipment with
monochromatic Al Ko X-beams (hv = 1486.6 eV). The X-ray beam source's power was set
to 90 W, and a charge neutralizer was utilized during the estimations. The survey spectra
were captured by setting the pass energy at 80 eV with steps of 1 eV and a dwell time of
200 ms. The high-resolution spectra of the regions of interest were acquired utilizing a pass
energy of 40 eV with steps of 0.1 eV and a dwell time of 600 ms. Sputter-etching was
performed utilizing Ar* ion gun operated at 2.2 keV and current density of 2.2 uA/cm?.
Sputter-etching can lead to preferential removal of light elements and, thus, must be
considered while analysing the results. The data collection and analysis were done at

pressures lower than 10°¢ Pa. The data was investigated utilizing the CasaXP$S software.
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The baselines of the spectra were obtained through the Shirley strategy, and peak fitting

was completed using Gaussian-Lorentzian functions.

3.4.9. X-ray diffraction (XRD)

Grazing incidence (3°) X-ray diffraction (XRD) measurements were performed
using an X-Pert Pro MPD diffractometer with copper Kai (A = 1.5406 A) radiation source.
The scan was performed in a 26 range of 10-90°. Step size used was 0.025°, with a time
per step of 3 seconds. The structural analysis was performed to check the presence of MoS»
in the coatings. The grazing incidence configuration is used to acquire depth-resolved
structural information [145] and limit the X-ray beam's penetration depth. For thin coatings,
there are possibilities of substrate influence the spectra as X-rays can penetrate some
microns into the sample [146]. The data thus obtained provides the structural information
of the material. Crystalline materials provide intense peaks resulting from the single
crystals and preferentially oriented structures. The small grain sizes or randomly oriented

grains causes broad peaks, and amorphous materials do not reflect any spectra peaks.

3.4.10. Nanoindentation

Nano-indentation (Micro Materials-Nano Test Platform) hardness measurements
were performed using Berkovich diamond indenter under 3 mN load. Repeatability was
checked by performing a total of 32 indentations at various locations. In order to avoid the
influence of the substrate, all tests were performed with indentation depths lower than 1/10
of the thickness of the coatings. The load-displacement data obtained were analysed using

the Oliver and Pharr method [147].

3.4.11. High resolution transmission electron microscopy (HR-TEM)

The microstructural and high-resolution (HR) TEM imaging was carried out using
a probe corrected Jeol ARM 200F electron microscope operating in STEM mode at 200
kV acceleration voltage, and an image corrected FEI Titan® operating in TEM mode at 300
kV acceleration voltage. The lamellaec were prepared by focused ion beam (FIB) using a

FEI Helios Nanolab electron microscope.
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3.4.12. Tribological testing in cylinder-on-flat reciprocating
tribometer

Linear reciprocating sliding tests were carried out in secondary or high vacuum (at
10" Pa) and ambient air (20 - 25 °C, 20 - 30 % relative humidity) using a cylinder-on-flat
tribometer (see figure 3-7 b).

100Cr6 steel cylinder b )

a)

Worn region Applied normal load

M2 Steel flat

Figure 3-7: a) Image of the coated flat and coated cylinder post-deposition used in tribo-testing, b)
Pictorial representation of the linear reciprocating cylinder on a flat tribometer.

The tribometer system has been designed for the cylinder to self-align on the flat
surface. The cylinders were made of 100Cr6 steel, and they are used in manufacturing for
roller bearings. Their geometry is very reproducible but not exactly a cylinder. It can be
considered as a cylinder over the 4 mm centre in the middle of the length. There is a small
bulge/curvature for 3 mm at each end of the length of the cylinder which impacts the initial
contact stresses (see profile in figure 3-8 a)). This results in an initial effective line contact
length of ~ 4 mm. The effective length can increase during testing because of wear,
depending on the sliding parameters and mating surfaces (see figure 3-8 ¢)). Figure 3-8 ¢)
and d) show the increase in the initial contact length after testing for a coated cylinder
versus uncoated M2 steel flat. A stroke length of 5 mm and a linear speed of 2 mm/s were
selected for all the tests. The tests were carried out at 5 N applied load, which resulted in a
maximum initial Hertzian contact stress of ~ 95 MPa (typical of journal bearings). The
tangential load was measured by a high precision sensor (FUTEK) connected to the data

recorder (SEFRAM). In Chapter 6, The tests were carried out for 5000 cycles (equivalent
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of 50 m distance) with each cycle comprising both to-and-fro motions (alternative linear

tests). All the coatings slide sufficiently to achieve a steady-state regime.

Three different conditions of mating surfaces were tested during the tribological
analysis: (1) Uncoated 100Cr6 steel cylinder versus Coated flat, (ii) Coated cylinder versus
Uncoated M2 steel flat, and (ii1) Coated cylinder versus Coated flat. In the last case, the
coatings of the cylinder and flat were the same for each test. The sample displaying the best
frictional properties in case (iii) was further tested at 2 N (contact stress ~ 60 MPa) and 10
N (contact stress ~ 135 MPa). Additionally, endurance testing in vacuum was also
performed for one of the Mo-S-N coatings (Mo-S-N40) and was compared with pure MoS>
coating. Later, one of the coatings (Mo-S-N40) was tested in ambient condition with all the
three mating configurations similar to vacuum tests. The wear volume was calculated using
MarSurf CM mobile 3D optical profilometer (MARS) and MountainMaps software
(DigitalSurf). In the case of flats, the depth profile of the wear-scar was measured using
3D optical profilometry (BRUKER), and the specific wear rate of the coating was

calculated as the worn material volume per sliding distance and normal load.

56 Kaushik Hebbar Kannur



Chapter Ill: Materials and methods

ulm
N
\ 4

Length of cylinder = 10 mm

T £ | J T 3 T 3 T

-0 2 4 8 8 mm

Cylinder

Direction of sliding

Initial contact

along the viewing
angle

L Rraleeata
X 42—63mm Iji-'-‘\ 3 :\; N Tt

MoS: coating Mo-5-N coating

Figure 3-8: a) Profile along the length of the steel cylinder shows the bulge/curvature with ~ 4 mm of
flat. b) Schematic view of an increase in the length of line contact with the evolution of wear. c) Worn
length of line contact on MoS: coated cylinder, d) Worn length of line contact on Mo-S-N coated
cylinder after sliding against M2 steel flat.

3.4.13. Tribological testing in ball-on-flat (disc) tribometer

The sliding tests were performed on a custom-built rotating ball-on-flat (disc)
tribometer. The testing was carried out in vacuum (107 Pa) for 5000 cycles and in ambient
air (24 °C and 20 — 30 % RH) for 10000 cycles. In all the tests, a 100Cr6 steel ball (@ 10
mm) counter body, an applied load of 5 N (initial Hertzian contact stresses ~ 801 MPa) and
a sliding speed of 50 mm/s were adopted. The wear track profile was plotted using 3D

profilometer.
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Chapter IV

4. COATING INTEGRITY — ADHESION AND COHESION

4.1. Introduction

This chapter deals with the enhancement of the integrity of the coating over the steel
substrate. The characteristics of the novel gradient layer (hereafter referred as gradient
layer) without the use of any third element developed in this work (as described in chapter
3), to improve the coating adhesion are covered in this chapter. The integrity, or the
adhesion and mechanical cohesion, of MoS; and Mo-S-N with and without gradient layer,
will be compared in relation to their scratch resistance. The basic deposition parameters of
each of the layers, forming the gradient layer, are provided in table 4-1. As previously
described in section 3.3.1 (deposition process), the top layer coating will be deposited
above the gradient layer. The goal or the strategy behind this development was to start from
a metal (here steel) to have a metal / metal bonding. Later, nitrogen is introduced before
increasing the sulphur (by decreasing the re-sputtering effect). Therefore, if S becomes
large enough, nitrogen prevents the lamellar structure from occurring. In this chapter, a
Mo-S-N coating with 30 at. % N, later denoted as Mo-S-N40, is used for analysis of the
gradient layer effects. The results narrated here are published as a scientific paper in a

refereed journal, as shown in annex A.

Table 4-1: Basic deposition parameters of each layer.

Substrate Bias (V)  Power on target (W) Ar flow rate (sccm) N> flow rate (sccm)

Layer 1 200 1000 70 0
Layer 2 200 1000 70 30
Layer 3 200 to 130 (gradient) 1000 70 30
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4.2. Results

4.2.1. Rockwell C indentation evaluation

The preliminary test for the coating adhesion was made using Rockwell C
indentation test. The test details are already explained in section 3.4.2. Figure 4-1 shows
the differences observed with the use of a gradient layer as compared with the coating
without its use. Figure 4-1 b shows a large delamination which is attributed to an adhesion
failure. The single target deposition coupled with an additional secondary plasma source
offered a remarkable improvement of the adhesive strength and integrity of the coating.
This has been achieved without the use of any third metallic element interlayer (such as Ti
or Cr) which is a widely followed approach. The proof and reasons behind such high
adhesion to the steel substrates using this novel gradient layer are discussed in detail in this

chapter.

4
.
s
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£
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45
B

With gradient layer Without éfédient‘!ayer

Figure 4-1: Mo-S-N coatings a) with and b) without novel gradient layer after testing for adhesion with
a Rockwell C indenter. Based on ISO 26442:2008-06 coating adhesion classification guidelines, the
coating with gradient layer follows HF1 and the coatings without gradient layer follows HF6 failure

mode [148].

4.2.2. Scratch test

The effects of the coating architecture (gradient layer) on the scratch resistance
behaviour of the pure MoS; and a selected Mo-S-N coating are shown in Table 4-2. The
coatings deposited without the gradient layer had a substantially lower adhesive failure

limit, while the introduction of the gradient layer in the coatings enhanced the adhesion
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failure resistance beyond the maximum test range (80 N). No evidences of the delamination
/ penetration through the steel were observed. Therefore, it is clear that such an
enhancement is solely related to the strong adherence achieved by metal-metal bonding
(layer 1), induced by the deposition procedure.

Table 4-2: Table representing the cohesive failure limit and adhesive failure limit for pure MoS2 and Mo-

S-N coatings deposited with and without the novel gradient layer. The adhesive failure limit is beyond
the tested load.

Sample Cohesive failure limit (Lcl) Adhesive failure limit

Pure MoS: coating 29N 149N
without novel gradient layer

Pure MoS: coating with 33N >80 N
novel gradient layer

Mo-S-N coating 1.6 N 22.8 N
without novel gradient layer

Mo-S-N coating with 35.1IN >80 N
novel gradient layer

The tracks after scratch testing were analysed in SEM and are shown in figure 4-2.
The testing procedure can be found in section 3.4.3. It was again observed that the gradient
layer improved the scratch resistance (mechanical cohesion) of the coating. Large flakes
were observed as a result of cohesive cracking in the coatings deposited without the
gradient layer. Interestingly, the nitrogen-alloying further enhanced the adhesion and the

scratch resistance.
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Figure 4-2: SEM images of cohesive failures of materials with MoS2 and Mo-S-N with & without novel

gradient layer. (a) MoS: coating without novel gradient layer, (b) MoS: with novel gradient layer, (c)
Mo-S-N coating without novel gradient layer, (d) Mo-S-N coating with novel gradient layer.

Comparing figures 4-2 a and b, for the pure MoS coatings without and with
gradient layer, the cohesive cracking or flaking load is reduced for the former coating. This
can be attributed to the lesser amount of columnar growth compared to MoS» coatings
deposited directly on steel. In summary, lower flaking is achieved with the use of the
gradient layer. Similar effects were observed when comparing Mo-S-N coatings (figure 4-
2 cand d). Due to the more resistant layers in the bottom of the coatings, the deformation
induced by the scratch indenter is less when the gradient layer is applied. Compared to the
pure coatings, the improvement for the nitrogen-alloyed coatings is attributed to the
formation of denser structures, disappearance of either the anisotropic behaviour or the
easy shear structures, all preventing easy crack propagation. Thus, delamination or
exfoliation of the lamella within the coatings is prevented, increasing the load-bearing
capacity. The cohesive critical load with varying nitrogen content will be described in

chapter 5.
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4.2.3. High resolution transmission electron microscopy (HR-TEM)

In order to further investigate the mechanisms behind the high adhesion values (>80
N) and the scratch resistance, cross-sectional analysis was performed for the nitrogen-
alloyed coating deposited with the gradient layer. Figure 4-3 shows HR-TEM images at the
substrate-coating interface. At the substrate surface, a ~10 nm thick Mo - rich coating
accompanied by an ultra-thin multilayer system with a periodicity of 5 nm was observed.
The structural analysis showed that the first Mo layer forms the base for the growth of a
nanocomposite MoN multilayer. The layer structure formation is caused by the planetary
motion of the substrate holder and the alternating exposure to the magnetron cathode and

the plasma source, providing the sputtered species and the nitrogen ions, respectively.

Figure 4-3: a) Microstructure of gradient layers - cross-section of as-deposited coating. b) The first layer
Mo over steel, making metal-metal bonding with Fe, results in improved adhesion. Preferential re-
sputtering of sulphur had caused this layer to be sub-stoichiometry (S/Mo = approx. 0.3).

Epitaxial stacking between Fe and Mo was observed along the substrate interface,
as a result of a small lattice mismatch (7.3%) [149] between the two-unit cells, leading to
a defect-free coherent crystal growth in large areas of the substrate. The first Mo layer
becomes the seed for the formation of a laminar MoN composite. The hexagonal MoN
provides an increased hardness and shear strength with the consequent superior mechanical
strength of the coating. Nitrides are formed by selective removal of the sulphur through re-

sputtering through the exposure of the growing to a high energy (substrate bias) nitrogen
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ions bombardment (secondary plasma source). As shown in figure 4-4, the growth direction
of Mo followed by the MoN-rich composition gradient layer (S deficient), is dependent on
the orientation of the neighbouring substrate grains; therefore, the gradient layer changes
the crystalline direction depending on the substrate interface orientation. For the Mo
bonding layer to withstand the increased mechanical strain and to allow for plastic
deformation without brittle failure under increased loads, coherent interfaces are required.
Figure 4-4 shows examples of such atomic arrangements that occur due to the matching

crystal structures of Fe, Mo and MoN.

Figure 4-4: a) Morphology of the Mo/MoN(S) gradient layer. b) Epitaxial deposition of Mo and MoN on
steel substrate; strong substrate interface.

4.2.4. Time of flight — secondary ion mass spectroscopy (ToF-SIMS)

To further characterise the novel gradient layer, especially the reduced S content
and the layer contrast observed in HR-TEM, ToF-SIMS was carried out. This was an
attempt made to measure the thickness of each layer and its periodicity as well as the
qualitative composition of each layer. The results shown in figure 4-5 refers to a sample
having the gradient layers (3 layers) plus a ~100 nm Mo-S-N layer (deposited with 30 at.
% N) on the top. It should be noted that SIMS is based on the analysis of the sputtered
material after ion bombardment. The sputtering process involves, usually, the preferential

sputtering of some elements in relation to others. Therefore, many times [150,151] the
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analysis of the interfaces can be blurred by this phenomenon. Also, during the SIMS
analysis, a crater is formed. As the crater goes deeper, the shape of the crater becomes less
flat, and the depth resolution is lost progressively. To prevent this drawback, the coating
was made thin, especially for this analysis, i.e., the coatings was stopped at the point in the

stack from where the analysis had to be performed.
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Figure 4-5: ToF-SIMS analysis of a sample with a gradient layer + Mo-S-N layer with respect to
sputtering time. The normalised composition intensity means that the intensities of all signals were
normalised with respect to the highest signal detected among all ions. The layer 1 is made with 200 V
substrate bias without N, layer 2 is made with 200 V substrate bias with N, layer 3 is made with gradient
substrate bias in presence of N and top layer is the Mo-S-N coating.

The values for the first 600 s of ion sputtering correspond to the Mo-S-N coating.
The intensity of CN" refer to the intensity of either C or N. For instance, in the coating, the
intensity refers to N whereas, in the end of the sputtering, corresponds to the C from the
steel. In the top surface, the increase in the CN™ can be due to contamination which
contributes to a less clear evolution of the signal (a mixture of C and N contributions for
the signal), in the first moments of the sputtering. Then S,™ intensity drops as it gets closer
to steel interface along with MoS,", whereas the Mo intensity remains almost constant
throughout the coating thickness. However, it is clear that the decreasing trend in the MoS>
is less steep than the one of S2” meaning that a progressive diminution of the S is occurring
in this layer. This decreasing trend corresponds to the gradient of the substrate bias
increasing from 130 V up to 200 V (layer 3 from the substrate). In this zone, N content is
approximately constant in agreement with the constant value of the N> flow (30 sccm N2

flow). This figure also shows a periodic fluctuation in the signal of the elements which can
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be related to the position of the substrates in front of either the target or the plasma source.
It should be remarked that, during the time the growing coating is in front of the plasma
source, a preferential sputtering of the S should occur as well as an enrichment of N in the
exposed surface. Although not perceptible in this figure, an experiment carried out without
the top Mo-S-N layer, avoiding its initial removal as well as the intermixing always
occurring during the erosion process, allows to show that the same fluctuation occurs for
the CN” signal (see figure 4-6). It is clearly observed that the peaks in the S signal
correspond to valleys in the CN™ one and vice-versa. This trend is explained by either the
preferential sputtering of the S when facing the plasma source or the higher incorporation
of N during the ion bombardment from the plasma source. The figure 4-6 also confirms the

higher decreasing slope of S2™ in comparison to MoS:™ signal.

Going deeper, a constant range in the elemental signals are visible in layer 2, as
seen in figure 4-5. Finally, in layer 1, as expected, CN™ signal almost vanishes since no N
exists in the chamber atmosphere. The S/Mo ratio reaches its minimum value in agreement

with the suggested presence of an almost metallic layer in contact to the steel substrate.
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Figure 4-6: ToF-SIMS analysis for a sample deposited without the top Mo-S-N layer.

In conclusion, the novel gradient layers had alternate deposition of MoS> from

target and preferential re-sputtering of S and deposition of N (by forming MoN(S)) from
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the secondary plasma source. This was caused by the rotation of samples between the two

pI‘OCCSSil’lg sources.

4.3. Discussion

This chapter deals with the innovative approach made in this thesis to improve the
mechanical strength and adhesion of MoS> and N-alloyed MoS, coatings with steel
substrate (without any metallic interlayer, such as Ti or Cr, which is conventionally used
as adhesion improving layer). The deposition process started (after heating along with
pumping and bias etching) with creating a metal-metal bonding with steel using the only
target of MoS,. A thin Mo - rich layer was created with high ion energy and high ion
bombardment, resulting in the preferential re-sputtering of sulphur from the growing
coating, leaving only a Mo - rich layer. Later, nitrogen was introduced for forming a MoN
(S deficient) layer. Due to the alternating between target and the secondary plasma source,
a multilayer feature made up of varying nitrogen content layers was deposited, as observed
in figure 4-3 and figure 4-6. The ion bombardment also contributed to a further
incorporation of nitrogen in the coatings. Following this, the ion energy was reduced to
increase the sulphur content in the layers, still with the presence of nitrogen in the plasma.
This approach avoids the formation of highly crystalline MoS», thus, preventing exfoliation
/ delamination within the coatings. After 20 minutes of the novel gradient layer, the
coatings were deposited at -50 V substrate bias for 2 hours. Therefore, the coatings are
grown with metallic bonds in metal-alloyed S interface layer. The novel gradient layer
began with only Mo(S), with only a few S, i.e. a metal-rich Mo in contact with steel. The
second layer consists of a mixture of Mo(S) and MoN. During one rotation of the substrate
holder, the growing film receives from the target the sputtered Mo and S species forming
a Mo-S layer (with a high S/Mo ratio). This layer then goes in front of the plasma source
where it will be submitted to a strong N ions bombardment. S will be preferentially re-
sputtered, and N will be incorporated. However, the in-depth effect of the bombardment
will not be homogeneous, i.e. in the original layer formed by the sputtered species from the
target, there will be a fluctuation of the chemical composition from the surface (where the
N content will be the highest and the S the lowest) down to the original composition.
Although not possible to confirm the exact values of the chemical composition, the

fluctuation is clearly confirmed by the SIMS analysis.
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From the moment that the substrate bias is reduced (layer 3), i.e. the energy of the
bombarding ions decreases, a decreasing re-sputtering of the S occurs with the consequent
increase in the S/Mo ratio until the deposition in the final Mo-S-N layer. In this case, for
the sample analysed by SIMS, the N flow rate increased, which gave rise to an increase in
the N incorporated in the coating. Therefore, this third layer was a gradient one which
transforms from metallic (or metal nitride) to an amorphous lubricous sulphide. The
multilayered structure dispersed the accumulated stress in its structure by plastic
deformation, and it is believed that the stress evolution was interrupted at the layer
boundaries, which positively affected the cohesion property of the coating [127]. This
multilayer arrangement deposited previously to the main functional layer allows to improve

the adhesion and the integrity of the coating significantly.

The coating integrity or mechanical resistance was assessed by scratch testing,
which validates the strategy employed to improve the adhesion. The pure MoS» coatings
without gradient layer provided very low cohesive (2.9 N) and adhesive (14.9 N) strengths.
This is mainly due to the predominant presence of the lamellar structure which exfoliated
or delaminated either in the interface film/substrate or within the coating. The Mo-S-N
coating, without the novel gradient layer, showed a significant increase in the adhesion
failure limit (22.8 N) compared to the pure MoS, coatings. Such a behaviour can be
explained by the improved mechanical properties of the coatings containing N. Similar
studies were performed by Mutafov et al. [61] for W-S-N coatings without any adhesion
improving interlayer and found increment in adhesive failure limit compared to pure WS>
coating. In fact, among the coatings with gradient layers, alloying with nitrogen showed a
10-fold increase in the cohesive failure limit compared to pure MoS; coatings (Table 4.2).
These coatings are much harder which means that the penetration of the sliding indenter
during scratch testing will be lower and lower will be the shear stresses at the interface
[152] allowing the coating to support higher loads without spallation. Additionally, The N
presences can amorphize the coating, thereby preventing it from delamination / exfoliation.
Thus, the cohesive strength improvement was attributed to the prevention of any exfoliation
due to the induced amorphousness of the Mo-S-N coatings. Thus, it can be concluded that
the mechanical cohesive strength improvement is due to the combination of the gradient

layer and enough nitrogen content in the coatings. The impact of the transition in the
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growing of coatings is observed in its scratch resistance. The novel gradient layer approach

used in this study is the primary reason for such a strong adhesion of the coatings.

4.4. Conclusions

This chapter describes the effect of the deposition of Mo-S-N based novel gradient
layer on the integrity of the coatings, without the use of any third metallic interlayer (which
are normally used and reported in the literature). Prior to the depositions, the chamber and
substrates were heated to 150 °C for 5 hours with subsequent pumping to the base
pressure of ~10™* Pa, to remove any moisture and adsorbed contaminants. Later, the
adequate bias etching in the presence of Ar” ion bombardment from additional plasma
source removes any surface oxides on the substrate. The additional plasma source
contributed towards important changes in the chemical composition and, therefore, to the
type of contact between the coatings and the substrate. The deposition procedure adopted
here achieved high adhesion critical load on steel substrate for Mo-S-N and pure MoS»
coatings (> 80 N). The Mo-S-N coatings with the gradient layers also achieved high
cohesive strength (35.1 N) is due to the combined effect of gradient layer and the
mechanical strength provided by the alloying with nitrogen. Thus, this adhesion
improvement approach, excluding additional targets, not only simplifies the depositions in
the industrial environment but also solves major industrial issues related to the integrity of

the coating system.
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Chapter V

5. CHARACTERISATION OF Mo-S-N COATINGS

5.1. Introduction

After the deposition of gradient layers to improve the mechanical behaviour /
adhesion of coatings, the next phase was the deposition and characterization of a set of
MoS: coatings with different N-alloying. Different coatings were developed for the
investigation of the role of N on the properties of the coatings, especially on the tribological
performance. This chapter only deals with the basic characterisation of these coatings. The
Mo-S-N coatings were analysed concerning to: (a) the chemical composition and the
deposition rate (b) the chemical bonding (c) the surface and cross-section morphologies (d)
the structure (e) the hardness and, finally, (f) the scratch resistance. The details regarding
the deposition procedure and the characterization of the coatings were already presented in
sections 3.3.1 and 3.4, respectively. These findings culminated as parts of 2 publications

which are attached in annexes A and B.

5.2. Results

5.2.1. Chemical composition and deposition rate

The chemical compositions of the pure MoS, and all Mo-S-N coatings are shown
in table 5-1. The nitrogen content ranged from 0 to 37 at. %. The S/Mo ratio is in the range
from 1.25 to 1.79. Even for the pure MoS> coatings (0 at. % N), the S/Mo ratio was less
than that of MoS; stoichiometric composition (S/Mo ~ 2). Several physical mechanisms
such as re-sputtering by fast reflected neutrals [94,120], re-sputtering by ion bombardment
[153], reduction in sticking coefficient [85] or even self-desorption of sulphur from the

coating surface [154] can be involved in the sulphur depletion.
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Table 5-1: Chemical composition, S/Mo ratio, thickness and deposition rates of the deposited coatings.
The reported thickness and deposition rates correspond to the coating without considering the gradient
layer. For ease, the volumetric flow rate is expressed in sccm (standard cubic centimetres per minute),
which corresponds to the Sl unit of Pa. m3/s, ( 1 sccm = 1.69 x 103 Pa. m3/s). The number-suffix of the
code indicates the nitrogen flow used for a particular test sample.

Sample zzcg;v)v (alt“f,’/o) @ tS% ) @ tN% ) S/Mo Th(i}cll;l)ess Depr(z)lstl:lon

) ) ) (nm/min)
MoS2(N0) 0 354+04 | 63.4+0.5 0 1.79 6.1 51.3
Mo-S-N10 10 30.8+0.3 | 485+0.3 | 184+0.8 1.57 24 20.0
Mo-S-N20 20 30.5+04 | 43.2+0.4 | 24.2+0.7 1.42 2.2 18.5
Mo-S-N30 30 30.2+0.3 | 40.3+0.3 | 284+0.8 1.33 1.5 12.9
Mo-S-N40 40 29.0+04 | 39.4+0.6 | 30.2+0.5 1.36 1.3 11.5
Mo-S-N50 50 279+04 | 348+04 | 354+0.7 1.26 1.2 10.5
Mo-S-N60 60 273+£04 | 341+04 | 37.0+ 0.8 1.25 1.2 10.0

Optical spectroscopy studies performed by collecting the light emissions of the
plasma at both the secondary plasma source and the target for pure MoS; sputtering allowed
to plot the ratio of intensities between S and Ar as a function of the applied substrate bias,
as shown in figure 5-1. Close to the target, the ratio between the two elements is fairly
constant for all applied bias, suggesting that S is similarly sputtered independently of the
substrate bias. However, the same is not observed in the plasma source zone. From 0 V to
50 V, no change in the ratio of intensities were observed. This could indicate that the re-
sputtering effect, due to the ion bombardment induced by the substrate bias voltage, is
minor or even absent, thus, not adding further S atoms to the nearby gas phase. On the other
hand, beyond 50 V, an increase in that ratio occurs due to a higher number of S atoms in
the discharge, showing that the re-sputtering of S from the coating becomes intense. Similar
behaviour was also observed in an earlier work reported in ref. [133]. The re-sputtering
effect increases with the substrate bias, which has a direct impact in the final chemical
composition of the coatings. For 50 V, the value used for the deposition of the coatings,

led to the such sub-stoichiometry of MoS>(NO0), as shown in table 5.1, with S/Mo = 1.79.
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Figure 5-1: Optical emission of sulphur atom at 550 nm wavelength, normalised to the Ar intensity, as a
function of substrate bias (V). The tests were performed with a cathode power of 1000 W.

The substrate bias is known to increase the compactness of the coatings through the
re-deposition of atoms in the less dense areas. The acceleration voltage also increases ad-
atom mobility [111,155]. The measured S/Mo ratio for pure coating was 1.79, which is a
higher value when compared to some other reported results for pure MoS» coatings (S/Mo:
1.60) [53,156]. This observation is probably due to the highly degassed chamber due to a
long heating and pumping prior to deposition. This process minimizes the presence of
residual gases such as H>O which could react with sulphur atoms and, subsequently,
decrease the S content of this element in the coating. This was further evidenced by a
comparative experiment performed with just 1 hour of degassing, during which an
evidently strong smell was prevalent (H2S or SOy), indicating the reaction of sulphur with
the residual gas (S/Mo = 1.51, O/Mo = 0.24). On the other hand, for the normal 5 hours of
heating prior to deposition, no smell was detected when opening the chamber after the
coating deposition, meaning that the chamber is almost free of contamination gases (mainly
H>0) (S/Mo = 1.79, O/Mo = 0.10). Further, the oxygen concentration in the N-doped and
pure MoS; coatings was low at 0.5-1.5 at. % and up to 4 at. % respectively; a factor of ~ 2

lower when compared to values reported in the literature [156].
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Figure 5-2: Evolution of S/Mo ratio and N content in the coatings as a function of the partial pressure of
nitrogen gas.

The increase in the nitrogen flow rate during the deposition and the effect on the
composition of the coating are shown in table 5-1 and figure 5-2. The Mo content remained
nearly unchanged whereas the sulphur content gradually decreased, suggesting that
nitrogen is replacing sulphur in the Mo-S compound. Overall, the minimum value for S/Mo
was 1.25, and the (S+N)/Mo ratio was in the range of 2.17-2.50. These values higher than
2.00 could also indicate that nitrogen molecules can be trapped between the lamellas of
MoS,, similar to what was reported for W-S-N system by Isaeva et al. [58]. N could also
be located at the interstitial positions in the MoS(N)2 compound, which causes the

formation of an amorphous material.

To understand the influence of the ion bombardment, one of the coatings (Mo-S-N
with 30 sccm flow) was deposited without the use of additional secondary plasma source
(keeping the other parameters constant), and the results are shown in Table 5-2. In the latter
case, the coating had only 18.0 at. % of nitrogen content and S/Mo ratio of 1.57 against the
28.0 at. % and 1.33, respectively; the O content was also higher. This evolution is in
agreement with the influence of the bombardment on the coating growth, promoting the re-
sputtering of the lighter elements (or of the highest sputtering yield, i.e., S) from the

growing coating and the consequent densification. The bombardment with nitrogen ions
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can facilitate their sub-plantation in the coating and the replacement of the re-sputtered

sulphur atoms.

Table 5-2: Chemical composition of deposited coatings with and without the use of secondary plasma
source Mo-S-N coatings with 30 sccm nitrogen flow rate.

Sample Mo (at. %) S (at. %) N (at.%) O (at.%) S/Mo ra]::l(’l‘l’;‘lt/‘;’l‘i‘n)
WAL EEEONTEN Gy 302+03 40303 284+08 1.1+02 133 12.9
plasma source
Without secondary 30.7+03 484+04 18.0+04 2902 1.57 15.8

plasma source

Table 5-1 also shows that MoS>(NO) coating has a much higher deposition rate
compared to Mo-S-N coatings. The reported deposition rates correspond to the coatings

without considering the gradient layer. The following factors can contribute to this trend:

(1) With the introduction of nitrogen in the chamber, N> is mixed with Ar in the plasma
thereby, the plasma contains lighter ions, decreasing the sputtering efficiency, thus leading

to a reduction of Mo and S sputtering yields from target [140].

(i1) Nitrogen is being ionized by the secondary plasma source, with the consequent
increasing bombardment of the growing coating. Therefore, densification of the coating
occurs. The bombardment and incorporation of N affect the atomic arrangements and lead
to removing pores and voids, as reported in the literature [156]. Compaction decreases the
coating thickness for the same amount of deposited material with the consequent decrease

in the deposition rate.

5.2.2. Chemical bonding

The XPS spectra have been fitted using Gaussian-Lorentzian curves. The relative
contents of the various valence states are estimated from the integral area under the
Gaussian curves. The Mo3d spectrum is fitted to the doublet peaks at 229.0 eV and 232.4
eV [153], corresponding to MoN bonds with approximately 3.4 eV spin-orbit splitting; the
228.3 eV and 231.5 eV peaks with 3.2 eV spin-orbit splitting are corresponding to the
chemical bonds between Mo and S typical for MoS», and the doublet peaks at 230.0 eV
and 233.3 eV belongs to Mo-O with 3.3 eV splitting. It can be seen that the MoS:
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contribution is still dominant in the Mo3d spectrum. The Mo-O bond has almost vanished,
indicating that there was no oxidation in the coating bulk. The peak at 226.3 eV corresponds
to S2s. The S2p spectrum at 162.0 eV becomes slightly broader with lower intensity from
18 at. % (10 sccm) to 35 at. % (50 sccm) due to the loss of S in the coating. The Nls
spectrum partially overlaps with Mo3ps,2 peaks, which is in good agreement with the
reported results in the literature [53,156]. With the increase of N content, the intensity of
the N1s signal increases. The binding energy of N1s displays a main contribution at 397.5
eV, corresponding to y-Mo2N [156] represents N-Mo bonds. N1s XPS peaks are important
to understand the Mo-S-N coatings because the N-Mo bond peaks increase with the
incorporation of nitrogen into the coatings; exactly, similar results were observed in other
experiments [157,158]. From the measurements, we can conclude that with the increase of
N content from 0 at. % (0 sccm) to 35 at. % (50 sccm), the relative amount of Mo-N
increases. Still, there is much more Mo-S present as evident from the intensity of S2s peaks
at 226.3 eV and the presence of Mo-S peaks. This is achieved through the periodic exposure
to N-rich ion bombardment and MoS; target during the rotation of the substrate holder. The
XPS probes 10 nm of top of the coating after the etch, thus able to probe sufficient thickness

of coating.
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Figure 5-3: XPS spectra from Mo3d, S2p and N1s-Mo3p 372 from the Mo-S-N coatings deposited at 18 at.
% N (10sccm), 28 at. % N (30 sccm) and 35 at. % N (50 sccm) respectively. 0 sccm refers to pure MoS:
spectra.
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5.2.3. Cross-section and surface morphologies

Figure 5-4 shows the fractured cross-section and surface morphologies of the
deposited coatings. The sputtered pure MoS: coating displayed highly porous and low-
density cross-section morphology with a large presence of dendritic growth throughout the
coating (figure 5-4 a). The surface morphology of this coating was in accordance with the
cross-sectional results, and the evidences of dendritic growth were clearly seen (figure 5-4
b). For Mo-S-N coatings, even with the introduction of the lowest amount of nitrogen (18
at. %), the coatings started to become compact although displaying columnar morphology
(figure 5-4 ¢). The surface morphology micrograph for this coating also displayed less
porous and sponge-like morphology aspect (figure 5-4 d). With further nitrogen
incorporations, the compactness and density continued to increase, while the surface
displayed cauliflower-like morphology due to surface limited diffusion conditions

28,159]. A significant increase in the compactness was observed after 28 at. % N addition.
[ g p
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Figure 5-4: SEM micrographs of surface morphologies (Top-view) ( a,c, e, g, i, k, m) and cross-section
morphologies (b, d, f, h,j, |, n) of coatings deposited with increasing N content of 0 %, 18%, 24%, 28%,
30%, 35% and 37% N respectively.

The thickness of the coatings displayed trends similar to the compactness with the
thickness decreasing, from the one of the MoS, coating (6.1 um), with increasing the
nitrogen content (as low as 1.2 um). Despite more atoms being added as compared to the
pure coating, the substantial thickness decreases are being attributed to the removal of

porosity and increase of the density and compactness.
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5.2.4. Structure

X-ray diffraction:

The structure of Mo-S-N coatings was analysed by grazing incidence XRD (GI-
XRD) and is shown in figure 5-5. For the pure MoS: coating, the XRD reflections located
at 20 =14°,33°, 58°, and 60° indicated that the pattern was similar to typical sputtered TMDs
(for MoS-ICDD 00-037-1492). The peak detected at ~14°, corresponding to the (002)
planes, displayed very weak signal. The broad peak observed from 33°-50°, with an
extended shoulder, is related to the (100) and (10L) planes. These observations are in
accordance with the work of Weise et al. [160] who, for the first time, introduced the turbo-
stratic stacking of the (10L) planes (L = 1,2,3,4,...). The low (002) / (100) peak intensity
ratio is attributed to the deposition rate as it can make a considerable effect on the
preferential orientation of the crystals in sputtered coatings. (002) planes have a high
desorption rate if the deposition rate of the coatings is ~15 nm/min and above. With ~15
nm/min, the deposition rate of the second (002) layer becomes higher than the desorption
rate of the first layer and, thus, (002) planar growth occurs. In this work, the deposition rate
was much higher (~51 nm/min), which was optimum for the (100) planar growth as

compared to the (002) [155,161].

—— Pure MoS, (0 at.% N) ——— MoSN10 (18 at.% N)
—— MoSN20 (24 at.% N) ——— MoSN30 (28 at.% N)
MoSN40 (30 at.% N) ——— MoSN50 (35 at.% N)
MoSN60 (37 at.% N)
sl 2
L 2 M082 < (100) 33°

® (002) 14°

Intensity (a.u)

Position 26°

Figure 5-5: X-ray diffraction patterns of the coatings.
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The incorporation of nitrogen atoms into the MoS; coatings, during deposition, led
to significant changes in their structure. The Mo-S-N coating with the lowest nitrogen
content of about 18 at. % showed some vestiges of the presence of (100) and (110) planes,
but the (002) peaks totally disappeared. As the nitrogen incorporation was increased to 24
at. % and 28 at. %, the intensity of (100) peak was further reduced. It was previously
reported that nitrogen could either get trapped in the basal planes of chalcogenides [162]
or replace the chalcogen atom [105], causing short-range disorder in the atomic structure.
Therefore, both mechanisms might be responsible for disrupting the organized growth and
structure of MoS: crystals. Then, at 30 at. % of N and above, the coatings were completely
XRDamorphous without showing any evidences of peaks. Further increments in nitrogen-

alloying yielded similar amorphous structures, as shown by XRD spectra.

Overall, the results were in disagreement with the work of Zhang et al. [53] where
the amorphousness was observed with 18 at. % of the nitrogen-alloying. This contradiction
may be attributed to the difference in the deposition approach; in this work, the substrates
face the MoS; target alternating with the additional plasma source. Therefore, when the
substrates are in-front of the MoS; target, the nitrogen effect is somewhat lower and, hence
MoS; crystallinity could be reached. When the nitrogen content (or flow) in the chamber
increases, the freedom for MoS; to form crystals is hindered and, therefore, the coatings
become completely amorphous. The tiny peak at 31° on Mo-S-N coating (35 at. % N) could
correspond to the MoN structure underneath the coating in the interlayer zone, detected

due to its lower thickness.
High resolution transmission electron microscopy (HR-TEM):

In order to observe the effects of nitrogen-alloying on the MoS> coatings, the FIB
lamella prepared from three different zones of the selected coating (Mo-S-N40 with 30 at.
% N) was imaged in cross-section via TEM. Figure 5-6 shows the HR-TEM micrographs.
The amorphous nature of the coating is observed, especially towards the top of the coating,
with very few traces of nanocrystalline lamellar MoS,. Towards the substrate interface, a
combination of amorphous regions with randomly oriented MoS: platelets was observed.
The coating was dense (agreeing with SEM results in Figure 5-4) and showed a dendritic
nanostructure throughout its thickness. The columnar features were confirmed to be S-rich

and, hence, provided the conditions for the localised crystallisation of MoS, lamellae.
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These few traces and small sizes were the reason that MoS; crystalline peaks were absent

in the XRD analysis of this coating.

Mo-S-N amorﬁh@us

MoS; hcp

—5.00 1/nm

Figure 5-6: Microstructure of the as-deposited Mo-S-N40 (30 at. % N) coating; the corresponding FFT
patterns are shown in insets.

5.2.5. Roughness

The surface roughness was also measured as a function of the addition of nitrogen

using AFM (Figure 5-7). The incorporation of nitrogen would lead to the formation of
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a nano-crystalline structure, preventing the formation of big crystals of MoS», avoiding
voids and pores. SEM micrographs and X-ray diffraction results have shown that the
incorporation of N was able to compact and amorphize the coatings. With
amorphousness and compactness of the coatings, the roughness also decreased from 0
to 30 at. % N, and later increased with further nitrogen additions. These roughness

increments could be related to the formation of some asperities on the coating surface.
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Figure 5-7: Variations in surface roughness and S/Mo ratio of the coatings with increasing nitrogen
content.

5.2.6. Mechanical properties

Hardness and Young’s modulus:

Figure 5-8 shows the hardness and effective Young’s modulus of the deposited
coatings and their variation with nitrogen content. The pure sputtered MoS. coating showed
the lowest hardness values of 0.5 GPa, owing to its low packing density [163] and columnar

morphology, in agreement with the SEM micrographs.

The hardness of the coatings increased to 1.5 GPa as soon as nitrogen was introduced
in the chamber (Mo-S-N10, 18 at. % N). The hardness continued to increase with further

additions of nitrogen. This increase is related to the improved compactness and density of
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the coatings, which induce a higher resistance to dislocation movement and plastic
deformation, as well as a higher load-bearing capacity [164]. The reduced crystallite size
also plays a vital role in the improvement of the mechanical properties of the coatings
[45,55]. No significant difference in the hardness was observed by increasing N from 30 to
37 at. % N, as the coating was already amorphous and highly compact for the 30 at. % N
alloying. The effective Young's modulus followed similar trends as hardness. Overall, the
hardness values increased from 0.5 GPa to 8.9 GPa, while the Young’s modulus increased

from 20 GPa to 149 GPa with increasing N-alloying from 0 to 37 at. % N.
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Figure 5-8: Hardness and effective Young's modulus of the coatings with increasing N content.

Scratch resistance:

Figure 5-9 shows the effect of nitrogen content on the initial load required for
cohesive failure (Lc1). As soon as the nitrogen was introduced to the MoS; coatings, there
was an improvement on the critical load for cohesive failure. At the start, the increase in
nitrogen content increased the failure limit or lead to the late appearance of flakes in the
scratch test, which was almost linear up to 24 at. % of nitrogen incorporation. At this stage,
due to the presence of some crystallinity of MoS, within the coatings, flaking could occur
at loads which increased with decreasing of either the S/Mo ratio or the crystallinity degree,

as shown by X-ray diffraction. After this, a steep increase in the scratch resistance was
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observed for Mo-S-N30 (28 at. % N). The surface appearance and the initial flaking for
Mo-S-N40 (30 at. % N) coating can be observed in figure 4-2 d) which provided a 35.1 N
cohesive critical load (L¢i). This sudden increase could be due to the enhanced
amorphousness (or nanocomposite structure) of the coatings, which eliminates the presence
of any lamellar crystals, thus avoiding the cohesive failures at low loads. The incorporation
of nitrogen into the coatings has increased the mechanical strength through the induced

amorphousness.
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Figure 5-9: Scratch behaviour Lci (cohesive critical load or cohesive failure limit) of pure MoS2 and Mo-S-
N coatings with respect to the nitrogen concentration.

5.3. Discussion

This chapter deals with the main characterisations of the Mo-S-N coatings, i.e. the
analysis of their chemical composition, chemical bonding, structure, hardness and scratch
resistance. These coatings were deposited after improving the adhesion using the gradient
layer, as explained in chapter 4. The composition of the coatings bears a good correlation
with the structure. In the case of the pure coating (MoS2(NO0)), the surface and cross-section
images presented in figures 5-4 a) and b), revealed a porous morphology. This type of
coating morphology showed a preferential orientation of the grains in the (100) direction

in relation to the (002) as observed in figure 5-5 of the XRD diffractograms. The crystalline
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anisotropy of the hexagonal MoS: contributes to the formation of fibrous-needle or platelet-
like structures. It is well known that longer grains cause a shadowing effect, which in turn
can create porosity during the rotation of the substrate. Due to the porous morphology and
crystalline characteristics, the coatings provided very low load-bearing capacity and

hardness (0.5 GPa).

For the Mo-S-N10 coating (18 at. % of N), a diminution of the size of the platelets was
observed, figures 5-4 ¢) and d). The incorporation of nitrogen provided a disorder in the
atomic structure of Mo and S and triggered a grain refinement process. These observations
are supported by the XRD analysis (figure 5-5). The intensity of the characteristic (100)
peak for Mo-S-N10 coating decreases, which indicated a disruption in the nanostructure of
the coating when compared to pure MoS> coating. This resulted in more compact coatings,
thus, a steeply decreasing of the thickness with nitrogen-alloying. The decrease in the
deposition rate was also due to the decrease of the sputtering yield of Mo and S in the
reactive atmosphere. This cumulative effect led to a decrease in S/Mo ratio due to the
incorporation of nitrogen into the coatings. Also, as soon as the secondary plasma source
induced the nitrogen ions bombarding, N ions participated in the removal of the sulphur
atoms. This further resulted either in the replacement of S by N or sub-plantation of N in
the interstitial positions of MoS,. The nitrogen-alloying thus induced amorphousness in the

MoS; coatings.

Further increments of nitrogen to 28 at. % (30 sccm N» flow) resulted in the formation
of amorphous and dense coatings, as well as, in a drastic reduction of the XRD peak
intensity. Thus, figures 5-4 g) and /) show less porosity and a highly compact coating. Any
further increase in the nitrogen content led to amorphous coatings (which are again in good
agreement with the structure and surface morphology). It should also be mentioned that,
although some sulphur atoms are replaced by nitrogen, a substantial amount of sulphur is
still retained in the coatings. Therefore, the minimum S/Mo ratio was observed (1.25),

which was still higher than all reports in the literature (see ref. [53,156]).

XPS studies carried out to understand the chemical bonding mechanism within the
coating revealed quite interesting results. Even for 35 at. % of N (Mo-S-N50 coating) the
Mo-S peak (228.3 eV) was dominant over Mo-N peak (229.0 eV). Furthermore, the S2s
peak at 226.3 eV showed the presence of S-S bonds, whereas N-N bonds were detected at

397.5 eV. This reveals that a large amount of MoS, compound was formed even for highly
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N-alloyed coating. The formation of such bonds is due to the deposition process, i.e. the
use of alternating magnetron sputtering and secondary plasma source, which results in both
MoS(N), (reactive sputtering) and N bombardment (secondary plasma source). Thus,
firstly, a process for the deposition of MoS» took place; afterwards, the ion bombardment
promotes the re-sputtering of S and the incorporation of N. Thereby, some Mo-S bonds are
replaced by Mo-N bonds during the exposure to the secondary plasma source. This effect
also corroborates with the chemical composition, where the S/Mo ratio reached the lowest

value, 1.26.

Even the smallest addition of N resulted in a significant increase in the hardness and
elastic Young’s modulus. The values continued to increase for higher N contents. This
increase was the result of; (i) the densification of the coating structure and the increase in
the compactness of the coatings; (ii) the amorphisation of the coatings and, (iii) the
nanometric level of the MoS(N)/MoN(S) multilayer stacking caused by the hybrid
deposition approach used in this work. The multilayer stacking promotes an increase in the
hardness due to the interface strengthening effect (e.g., interface mixing and interface
density). Similar observations were reported in the literature for other multilayer materials,
e.g., for WS2/MoS; [165] and TiN/VN [166] coatings. Despite the higher S/Mo ratio
(compared to reported in literature), and a higher amount of the MoS, soft phase, the
synergy of the factors mentioned above contributed to hardness values higher than those

found in the literature [53,62,156,164].

Overall, the additional ion flux and bombardment from the secondary plasma source
played a very crucial role in the deposition of Mo-S-N coatings. Firstly, it promoted the
desorption of impurities, thereby the C (not shown) and O contents in the coating were
found to be reduced compared to the coating without the use of additional plasma source
as confirmed in table 5-2. Secondly, the incorporation of nitrogen and the ion bombardment
promoted the atomic reorganization on the surface of the growing coating contributing to
prevent voids and, hence, to improve the hardness by compaction. The nitrogen seems to
be incorporated into the coating by two means: (i) due to the normal sputtering process in
reactive mode in nitrogen-containing plasma and, (ii) by additional N ion bombardment by
the secondary plasma source. Nitrogen either get entrapped between the basal planes [162]

or can replace the chalcogen atom [105] causing disorder in the atomic placement. Based
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on theoretical predictions and experiments, Komsa et al. [167] have shown that it was
possible to dope MoS; by filling the vacancies created by the electron beam with impurity
atoms. It was feasible to have a MoS> sheet with S vacancy filled in by an isolated atom of
N. Later, Dolui et al. [168] described some possible alloying strategies for MoS»
monolayers, using density functional theory, by a first substitutional alloying at both the
Mo and S sites. They reported that the best strategy would be to grow S-poor coatings and,
then, filling the vacancies with an appropriate atom, such as N. Due to the high formation
energy of the vacancy, N substitution is energetically favoured since that energy is largely
dependent on the growth conditions. Thus, based on the results achieved in the present
study, by using a high ion bombardment through a secondary plasma source, a higher
nitrogen alloying in the coatings can be achieved while maintaining a high S/Mo ratio. The
coating, thus, has an amorphous structure consisting of a Mo-S-N compound with Mo
bonded to S and N. Overall, it is safe to conclude that 30 at. % nitrogen content can provide
a complete amorphous structure with moderate hardness. The structure of Mo-S-N coatings
are nanocrystalline from 0-28 at. % N and changes to amorphous above 28 at. % N. Such
nitrogen-alloyed coatings are expected to exhibit impressive tribological properties in

vacuum and ambient air.
5.4. Conclusions

Mo-S-N coatings were deposited on Si (100) and M2 steel substrates using a semi-
industrial DC magnetron sputtering apparatus with a single target of MoS> and a planetary
rotating substrate holder. The chemical composition, chemical bonding, morphology,
structure and mechanical properties were studied as a function of the N-content of Mo-S-
N coatings. With heating and pumping prior to bias etching and deposition, it was possible
to attain very low oxygen content (less than 1 at. %) in the coatings. The structure of the
coatings changed with the incorporation of nitrogen. The coatings with less than 30 at. %
N were nanocrystalline; for higher contents, coatings became XRD amorphous. The
morphology was increasingly more compact with the incorporation of nitrogen. HR-TEM
also confirmed the presence of amorphism in high N-content coatings. The S/Mo ratio also
decreased and reached 1.25 for the highest N incorporation (37 at. % N), with a high
hardness of 8.9 GPa. Though the S/Mo ratio decreased, the value was higher than that of
reported in literature for the same amount of nitrogen-alloying. With the increase in N

content, the scratch resistance of the coatings increased with the highest value of 38 N for
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28 at. % N. It is observed that nitrogen was incorporated in an amorphous ternary
compound, such as Mo-S-N, with Mo-N and Mo-S bonds. These coatings with enhanced
adhesion, high S/Mo ratio, high compactness, high hardness, better scratch resistance and
low contaminant contents have great potential in applications that demand superior

tribological properties.
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Chapter VI

6. TRIBOLOGICAL ANALYSIS

6.1. Introduction

After the optimization of the deposition and the fundamental characterization stages
of the thesis, the detailed tribological investigation was carried out. Therefore, this chapter
deals with the tribological analysis performed using a ‘cylinder-on-flat’ reciprocating
tribometer. Initially, the vacuum tests were performed for the following pair arrangements:
(1) steel cylinder versus coated flat, (i) coated cylinder versus steel flat, (ii1) coated cylinder
versus coated flat. Furthermore, the testing load was varied in the configuration coated
cylinder versus coated flat, and endurance tests of the coated cylinder versus steel flat were
performed. Finally, one Mo-S-N coating, i.e., Mo-S-N40, was tribo-tested in ambient air
atmosphere for different mating conditions. All the tests were carried out under an applied
initial Hertzian contact stress in the range of 60 — 135 MPa. Often, in literature, the
tribological testing of these materials is carried out at contact stresses in the range of 1 GPa.
The amorphous MoSx materials are in a metastable state. By providing them with a
sufficient amount of energy, they transform in the contact from amorphous to lamellar
structure which is necessary for the reduction of the friction. A minimum amount of energy
is necessary for that transformation to occur. Hence, it is advantageous to reduce the contact
stresses (from 1000 MPa) to the level that may be encountered in real service and verify
that the energy dissipated by the friction to produce the lamellar structure remains adequate.
In the following sections, only the results and discussions of the aforementioned
tribological tests is presented. The details about the tribological testing is already presented
in section 3.4.12. The work presented in this chapter is supported by the publication

attached in annex B.

6.2. Results

6.2.1. Steel cylinder versus coated flat

The evolution of the COF and the specific wear rates of all Mo-S-N coatings sliding

against the uncoated steel cylinder is shown in figure 6-1. All the coatings displayed almost
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similar and highly stable steady-state friction curves. Significant differences were observed
in the running-in period. All coatings displayed in this zone a bump in the initial part of the

friction curves.
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Figure 6-1: a) Tribological tests in vacuum for Mo-S-N coatings (on the flat) with 100Cr6 steel cylinder
(counterbody) with respect to the sliding distance. b) The specific wear rates of the coated flats.

Two main trends characterize these bumps. On the one hand, the higher the roughness
is, the higher is the height of the bumps, which suggests that mechanical interaction is
occurring in this first part. On the other hand, the width of the bump increased with the
hardness, which can be understood by the difficulty in wearing the material due to enhanced
mechanical interactions. After the bump, a progressive decrease of COF takes place until
the steady-state friction is reached. As seen in the literature, it is well established that TMDs
display low COF due to the formation of easy to shear planes at the contact interface or
contact surface [28]. Therefore, the running-in period should depend on the formation of
this tribo-film. The pure MoS: coating displayed the minimum running-in period of ~5 m
due to the high S/Mo ratio, which means more MoS; is available for the tribo-film
formation. Then, globally, as N was introduced in the coatings, the running-in period
increased as the MoS; availability to form the easy shear tribo-film, decreased. This is in
good agreement with the decrease in the S/Mo ratio. Therefore, during the time the tribo-
film was being formed (running-in period), a higher wear of the coating occurred at that
region of the friction test. In addition to this, for the highest N contents, N-based
compounds could be formed which might also be contributing to the increase in the wear

during this stage. The formation of the tribo-film would mean reorientation of crystals and
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nanocrystals in the direction of the sliding plane. For amorphous coatings, this would mean
the transformation from the amorphous phase to the crystalline phase in the direction of the

sliding plane.

Overall, the stable COF for all Mo-S-N coatings was in the range of 0.05-0.08.
However, pure MoS: coating showed an increasing trend for COF, reaching a slightly
higher value of ~0.10 at the end of the test. A possible explanation for this slow increase
of the COF is based on the particular shape of the counter body, i.e., the flat and curved
cylinder, as shown in figure 3-8 a) and b). Two points should be considered in this analysis:
(1) despite the higher S/Mo ratio and consequent MoS; availability for the tribo-film
formation, the very low hardness of the pure MoS; coating leads to a very high wear in the
first few cycles compared to the other coatings; (ii) the low contact stresses being applied
makes more difficult the tribo-film formation in the sliding contact. Due to these reasons,
it is expected that for pure MoS; coating after, a few cycles, the cylinder plunges in relation
to the original contact surface, thus increasing the length of the contact surface (see figure
3-8 b). Such a change, in addition to the much lower Young’s modulus of this coating,
contributes to a much higher contact area and smaller values of the contact stresses. This
means that the higher the wear is, the lower the contact stresses will be. Suppose it is
speculated that the contact stresses are close to the threshold value necessary for the tribo-
film formation. In that case, an assumption which will be shown later can be true, i.e., the
progressive decrease of the contact stresses can lead to a progressive deficiency in the
formation of the tribo-film and the consequent increase of the COF. On the other hand, for
the high N content coatings (30 at. % N and above), due to the increased hardness, the
initial wear of the coating is much less, and thus the plunging-in is almost nil. This means
that the contact area does not increase during the duration of the test, keeping the COF

approximately constant in the assumed steady-state regime.

Figure 6-1 b) shows the specific wear rates for the coated parts (flats). The pure MoS:
coating displayed the highest wear. The softness (low hardness), low compactness, and low
load-bearing capabilities of this coating justifies the short running-in and fast tribo-film
formation, as described above, as well as the much higher values of the wear in comparison
with N-containing coatings. The increased compactness and hardness of the coatings with

N additions decreased the wear rates compared to the pure coating. They remain hard until
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they transform into MoS: on the contact surface. However, there is no improvement in
wear resistance with increasing N content among the Mo-S-N coatings, despite their higher
hardness. It should be noted that the wear-scar depths were usually very shallow (typically
40 — 100 nm for Mo-S-N coatings and 200 — 500 nm for pure MoS> coatings), indicating
the starting of the wear process for the formers. As explained above, in this stage, the wear
values are mainly dependent on the formation of the tribo-films. Until the effective action
of the tribo-film, a high wear occurred, as high as longer the time needed for its formation.
For very long tests and / or high depth wear craters, the hardness of the coatings would
become more important, and an inverse trend for the specific wear rate would be expected,

1.e., the higher the N content is, the higher the hardness and the wear resistance are.

6.2.2. Coated cylinder versus steel flat

In the previous case, the steel cylinder was sliding against the coated flat, bringing
each zone of the coating subjected to a periodic short contact. In this section, the
arrangement of the mating surfaces has been changed; the coated cylinder slides against
the polished steel flat surface. In this situation, the coating is in continuous (uninterrupted)
sliding contact with the counter body (steel flat surface), closer to the reality of many
industrial applications where the coating remains in permanent contact with the sliding
interface. Thus, in this configuration, the coating is placed on the sample for which the
wear rate is the highest because of kinematic length consideration. Therefore, this sliding
process is more demanding and severe for the coating than the steel cylinder versus coated

flat condition.
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Figure 6-2: a) Friction coefficient evolution for coated steel cylinder against polished steel flat
(Roughness of 1.4 nm) with respect to sliding distance in vacuum conditions. b) The specific wear rates
of the coated cylinder for respective tests.

MoS: coating

Figure 6-3: (same as Figure 3-8 c) and d)) a) Worn length of line contact on MoS: coated cylinder, b)
Worn length of line contact on Mo-S-N coated cylinder after sliding against M2 steel flat.

The pure MoS; coating had a very short running-in period, shorter than in the
previous case, which can be justified by the permanent contact of the coatings with the
counterbody and an easier formation of the tribo-film (see figure 6-2 a)). The steady-state
COF is maintained during 15 m sliding distance and, then, the COF increased strongly to
0.25; at this point, the test was stopped as if the contact with uncoated zones had occurred.
Unexpectedly, the analysis of the wear track (see figure 6-3 a)) showed that no substrate
could be detected. Moreover, the calculation of the depth of the worn coating, based on the
width of the wear-scar and geometrical analysis, found a value close to 0.68 um, very far
from the thickness of the coating (6.1 um). This trend confirms the explanation mentioned
in section 6.2.1 for the slow increase of the COF but now in a catastrophic manner. As can

be observed in figure 6-3 a), besides the flat part of the cylinder, it is clear that the contact
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reached the curved part, enlarging the contact area and decreasing the Hertz contact stress.
This had already occurred in the previous case; however, in this situation a further increase
in the contact area takes place, decreasing the contact stress to values lower than the critical
ones for the formation of the tribo-film. In fact, for the uncoated cylinder / coated flat
situation the wear of the steel cylinder is almost nil, being the contact area in the linear part
of the cylinder almost constant during the test. Because of the wear of the coating, only the
plunging-in (prolonging the contact to the curved zone of the cylinder) has an influence on
the contact area and the contact stress. Alternatively, in the case under analysis in this
section, the cylinder is being worn out, and the contact area keeps increasing with the
duration of the test (in addition to the extension to the curved zone). Subsequently, when a
critical value of the contact area is reached, the corresponding contact stress is no longer

sufficient to form the tribo-film: hence the friction rises.

For Mo-S-N coatings, the formation of the tribo-film is much faster than in the
previous case (section 6.2.1). The coating with minimum N content displayed the lowest
running-in period, and further additions of N increased this period. The coating with the
highest nitrogen content (Mo-S-N50, 35 at. % N) displayed the longest running-in period.
This increased running-in period can be attributed to the lower S/Mo ratio available for the
tribo-film formation. Apart from the Mo-S-N50 (35 at. % N), in all the coatings the slow
increasing trend of the COF can also be observed. As explained above, this progressive and
slow increment in COF is related to the wear of the coatings (coated cylinder), which results
in an increased contact area and, thus, decreased contact stresses. However, the much lower
wear of these coatings (see figure 6-3 b)) does not promote significant changes in the
contact stresses, keeping their values close to the necessary for the formation of the tribo-
film. It is noted that almost no extension of the line contact to the curved zone is observed

(see, e.g., figure 6-3 b)).

The specific wear rate of the pure MoS; coating was the highest, which decreased
with the introduction of N in the coatings. The specific wear rate was minimum for the
lowest N-alloying. Among the N-alloyed coatings, the specific wear rates increased with
the N content. Therefore, the Mo-S-N50 (35 at. % N) coating displayed the highest wear
rate. As explained earlier in this section, the line contact of the coated cylinder is always

prevalent (in contact) with the steel surface. This creates a situation in which the material
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1s transformed easily and faster, to form the reoriented tribo-film in the case of the softer
pure MoS; coating. Therefore, higher wear and low running-in period has been observed
for this coating. The same phenomenon took place for all N-alloyed coatings, but the
specific wear rate was lower (than pure MoS: coating) due to their increased compactness
and hardness. Among Mo-S-N coatings, the reason behind the observed increase in the
wear with increased N-alloying is the decrements in S/Mo ratios. As explained above, more
wear of the coated cylinder was needed to provide sufficient MoS; for the tribo-film
formation. This is in agreement with the delayed tribo-film formation under high N-

alloying conditions.

6.2.3. Coated cylinder versus coated flat

The evolution of the friction curves in the steady-state region was very similar to
the case of the steel cylinder versus coated flat presented in section 6.2.1 (compare figures
6-1 and 6-4). The main difference was the decrease in the duration of the running-in period
and the lower initial intensity in the bump of the COF. The pure MoS; coating displayed
the highest COF value at the end of the test, which results from the progressive difficulty
in forming the tribo-film (as it was explained earlier in sections 6.2.1 and 6.2.2). As can be
observed in figure 6-4 b), the wear in the cylinder is of the same order as in section 6.2.2,
meaning that a decrease of the contact stresses is occurring, making it difficult for the

formation of the tribo-film and leading to an increase of the COF during the test.

94 Kaushik Hebbar Kannur



Chapter VI: Tribological Analysis

050 10° -
a —— Pure MoS, b) [ Coated cylinder
s —— MoSN10 (18 at.% N) ) Coated flat
= 040 MoSN20 (24 at.% N) £
2 — MoSN30 (28 at% N) z
§ "5 MoSN40 (30 at.% N) =
B 0304 —— MoSN50 (35 at.% N) £
£ MoSN60 (37 at.% N) =
5 2
e
H E
2 8
£ 3
] o
© E
8
o
w0

Pure MoS2 MoSN 10 MoSN 20 MoSN 30 MoSN 40 MoSN 50 MoSN 60
Sliding distance (m)

Figure 6-4: a) Evolution of the friction coefficient of all studied coatings with respect to sliding distance
in a vacuum. The cylinder and flat are coated with the same deposition conditions. b) The specific wear
rates for the coated cylinder and coated flat for all tests.

This trend was not as abrupt as shown in section 6.2.2 since the contact was now
against a coated flat, making more MoS; lubricant available (in the contact) for the tribo-
film formation. All the other coatings displayed almost similar and stable COF values in
the last part of the tests. The intensity and position of the bumps in the COF curves are
similar to those observed in section 6.2.1 and can be explained by combining the surface
roughness and the set hardness / S/Mo ratio. For the relatively smoother coating surface
(Mo-S-N40, 30 at. % N), almost no bump can be observed, suggesting that no mechanical
interlocking is taking place in the running-in period. On the other hand, for the films where
bumps are observed, the intensity of the bump typically increases with the roughness, as it
would be expected. Concerning the extension of the bump, with direct consequences in the
running-in period, as already mentioned, there is a close correlation between the
mechanical strength and the extension of that period due to the increasing difficulty in
overcoming the mechanical interlocking. Simultaneously, the hardness increase associated
with a lower S/Mo ratio makes the formation of tribo-film harder, contributing to extending
the running-in period. Overall, the COF for the last part of the test was in the range of 0.05-
0.08 for Mo-S-N coatings.

The Mo-S-N coatings displayed low cylinder and flat wear compared to pure MoS»
coatings due to the latter's low load-bearing capacity. Contrary to what was observed in the
previous sections, both the coated flat and coated cylinder wear decreased with increasing

nitrogen, up to 30 at. %. As already discussed above, this decrease should be expected due
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to the increase in hardness, increase in compactness, and also due to a decrease in roughness
of both coated parts. The trend is contrary to the other mating situations since both elements
of the sliding pair are coated, making available immediately high amounts of material to
form the tribo-film at very small wear volume, i.e., not needing a high quantity of wear
debris and, thus, decreasing the initial wear volume. Therefore, from the very beginning,
what is important for determining the wear rate is the mechanical strength of the sliding
material. Again, it should be noted that the worn craters in the sliding elements are very
shallow (only tens of nanometres), meaning that the wear process is in its very beginning.
This is the reason why in the coatings with the highest hardness and the lowest S/Mo ratio,
the initial process for forming the tribo-film is too long, consuming a high amount of
material, and leading to an increase in the wear rate in comparison to the softer coatings

with lower N contents (see figure 6-4 b)).

6.2.4. Variation of testing load

The effects of the variation of applied load on the evolution of the COF and the
specific wear rate for coated cylinder versus coated flat are shown in figure 6-5, for one of
the coatings showing the best tribological performance in section 6.2.3, i.e., Mo-S-N30 (28
at. % N). With 2 N applied load, the COF started from 0.12 and increased to 0.2 within ~12
m of sliding. The almost imperceptible bump observed for the 5 N tests was extremely
enhanced for the 2 N. This coating has low roughness, which, as explained before, gives
rise to very small mechanical interlocking in the beginning of the sliding test. However, for
very low applied loads, the elastic deformation in the contact is much lower, allowing a
higher interaction between roughness peaks in the two surfaces, thus leading to a higher

COF.
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Figure 6-5: a) Evolution of the friction coefficient with varying load in a vacuum condition. The cylinder
and flat are coated with Mo-S-N30 (28 at. % N). b) Coated cylinder and coated flat specific wear rates
and COF with the applied normal loads.

As the applied load is lower, the destruction of the roughness peaks promoting the
interlocking is more difficult, which explained the permanence of the bump until a higher
number of cycles. Subsequently, the COF abruptly decreases due to the tribo-film
formation. Then, a slowly decreasing trend for COF is observed, reaching, in the end, a
COF of 0.1. With an increase in the applied load from 2 to 5 N, the running-in period is
reduced. The steady-state value is a little lower than the one achieved with 2 N loads. For
the highest applied load (10 N), the COF decreased further down to 0.05. Despite testing
in low contact stress regimes, the results (i.e., decrease in COF with applied loads), are in
accordance with the literature on the TMD based coatings [156,169]. This confirms that
higher applied loads favour the reorientation of TMD planes parallel to the sliding surface,

increasing the coverage of the contact zones with the tribo-film and decreasing the COF

[156].

Although the specific wear rate in the coated flat is kept approximately constant for
all applied loads, an increase in the specific wear rate of the cylinders (figure 6-5 b)) is
observed with increasing load. As referred above, the tribo-film formation is more
extensive when the load is increased (figure 6-5 a)), meaning that a higher amount of wear
debris was required to promote this transformation. Therefore, the higher loads lead to
higher wear in the coated cylinder (the wear in the coated flat is similar), and consequently,

higher values of the specific wear rates are observed.
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6.2.5. Endurance test in vacuum: coated cylinder versus steel flat

In the final stage of vacuum testing, the endurance of one of the Mo-S-N coating,
1.e., Mo-S-N40 sliding under coated cylinder versus steel flat arrangement was analysed.
This mating surface approach was selected because of the kinematic length consideration
as this condition is more severe and near to actual industrial sliding mechanisms. The pure
MoS; coating was also analysed for comparison purposes. The COF results for both
coatings are shown in figure 6-6 a), while the figures 6-6 b) and ¢) show the cylinder wear
for the pure MoS, and Mo-S-N coatings, respectively. It is clearly visible that the pure
coating displayed a continuous increase of the COF. The test was stopped as the COF
reached a value of ~0.28 while the Mo-S-N coating displayed low and stable COF (~0.05)
till 300 m. After this, the COF started to increase steadily to a value of ~0.34, where the
test was stopped manually. Due to the hardness of Mo-S-N coatings, the increase contact
area was limited for a longer extent with the tribo-film facilitating the low friction up to
about 250 m. Later, in the process of maintaining the tribo-film, more wear takes place.

This results in an increase in the contact area and a decrease in the contact stresses.

Also, with respect to wear, the Mo-S-N40 coating performed far better than the pure
MoS:> and, was still not worn through the coated cylinder. The specific wear rate of Mo-S-
N40 after 335 m of sliding was 2.77 x 10”7 mm?/N.m, whereas, the pure MoS, showed 1.9
x 10 mm3/N.m wear rate with only 47 m of sliding. In short, this test shows the beneficial

impact of N-alloying on the endurance of the nitrogen-alloyed MoS» coatings.
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Figure 6-6: Endurance testing of Mo-S-N40 coatings in comparison to pure MoS: coatings. a) Evolution
of friction coefficient of pure MoSz and Mo-5-N40 coating with respect to sliding distance tested in
vacuum (10 Pa), b) Wear-scar of pure MoS: coated cylinder, c) Wear-scar of Mo-S-N40 coated cylinder
that was tested for 365 m of sliding distance against steel flat.

6.2.6. Test in ambient air

One of the Mo-S-N coating was tested in an ambient air atmosphere as well. Again,
the Mo-S-N40 (30 at. % N) was selected owing to its amorphous structure, least surface
roughness, high hardness, low COF and least wear observed in vacuum testing. All the
three mating surface tests were performed in this part of the thesis. The findings are shown
in figure 6-7. It can be seen that the COF for all mating surfaces started from ~0.15 and
increased progressively. All the friction curves adapted to their kinematic length
considerations of cylinder-on-flat as observed in vacuum tests. The coated cylinder versus

coated flat (in black), as well as the steel cylinder versus coated flat (in red), tests exhibit a
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similar increase in the COF with the sliding distance but much less than the case of coated
cylinder versus steel flat which showed a rapid increase. Overall, for all these conditions,
the increase in COF can be explained by; 1) low values of applied contact stresses which
lead to an inability in a suitable tribo-film formation, ii) presence of surface oxides which
prefers formation of non-lubricious MoQOs, 1ii) the curvature profile of the cylinder, in
which the contact area increases on wearing and, consequently, decreases the contact
stresses, and iv) low sliding speed of the reciprocating motion which is conducive to form
new oxides on the flat surfaces in ambient air. Therefore, a layer of MoO3 formed on the
surface of the coated parts would drastically affect the rate of the formation and the
uniformity of the MoS; tribo-films [105,170]. It can be said that, initially, there will be an
increase in the friction until this oxidized surface layer is worn off or removed from the
contact surface. Contrarily, despite the high COF, the coating did not wear through the

coatings for any coated parts (coated flats or coated cylinders).
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Figure 6-7: Ambient air test for one of the Mo-S-N coatings (i.e. Mo-S-N40 with 30 at. % N).

6.3. Discussion

This chapter mainly dealt with the study of vacuum tribological properties achieved
after N-alloying of MoS> coatings. The pure coating was also discussed as a reference to

differentiate the useful role of N-alloying. The literature lacks reports on the vacuum
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tribological testing of Mo-S-N coatings, particularly for low contact stresses. Later, one of
the coatings (i.e., Mo-S-N40 (30 at. % N)), was tested for its endurance in vacuum. The
last stage was the ambient air sliding testing of the Mo-S-N40 coating. For solid lubricant
coatings to be durable, high interfacial adhesion strength between the coatings and the
substrates is one of the most important requirements for vacuum tribology and aerospace
applications [171]. The importance of a hard underlayer was deemed essential for low
friction in literature [172]. Dominguez et al. [173] reported that for the WSey system, a W-
rich underlayer could provide good mechanical support to guarantee a low contact area.
The Mo-S-N coatings utilized in this work showed a high adhesion (as described in chapter

4) and, hence, these coatings are very likely to offer improved tribological properties.

The detailed vacuum tribological studies were carried out under different conditions
of applied loads and mating surfaces. For the first time, Mo-S-N coatings were tested with
contact stresses complying with real industrial requirements. This choice of low contact
stresses is in contrast to most of the literature, wherein solid lubricants were invariably
tested under much higher applied contact stresses in the range 500-1500 MPa. Thus, the
COF reported in the current study are much closer to the values during real applications,
unlike those in literature [53,62,156,164]. Different mating conditions were tested since the
initial state of mating materials can affect the COF values. It was found that the sliding
with both surfaces coated (i.e., coated cylinder versus coated flat), provided a short
running-in period and a stable COF when compared to the conditions where one surface is
uncoated. In latter cases, a very high initial wear of the coated part is needed to form
efficient tribo-films, which is drastically reduced if both elements of the sliding pair are
participating in this process. After the formation of the tribo-film, an efficient sliding is
achieved with low COF. Therefore, the coating versus coating provides a better wear
resistance compared to steel versus coated surface by a faster tribo-film formation and
durability. It should also be noted that the literature does not report any testing of the Mo-

S-N or any other TMD system in the coating versus coating arrangement.

In high vacuum (10 Pa) conditions, due to the absence of oxygen, the formation
and stability of the tribo-films are enhanced. It was observed that sufficient wear is
necessary to provide a low tangential force. For Mo-S-N coatings, the possible bond
formation in amorphous coatings (28 at. % N and above) would be a ternary disorder phase,

with Mo bonded to S and N, arising from the distorting atomic placement in the
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stoichiometric MoS; structure. Alternatively, nitrogen can also be present in the form of
N> gas trapped within the lamellae, contributing to the amorphous structure. When sliding,
the amorphous structure is transformed into MoS» crystalline tribo-films, which governs
the low COF. The low COF achieved for Mo-S-N coatings sliding in vacuum agrees with
this hypothesis, namely the MoS; tribo-films playing the dominant role in the low friction
regime. A similar phenomenon was theoretically explained for W-S-N coatings by Isaeva
et al. [58], where the WS tribo-films governed the low friction. Muratore et al. [174] also
showed such phenomenon earlier. The depth (thickness) of these tribo-films (transformed
or deformed layers) depends on either the magnitude of the stresses in the contact region
(directly proportional to the applied loads) or the properties of the coatings, such as the
platelet size and packing density, the adhesion to the substrate, and the mechanical

properties [163].

The results also showed the need for an initial wear as a source of lamellar MoS>
for the tribo-films formation. In the Mo-S-N coatings, the higher the S/Mo ratio, the shorter
is the period for the tribo-film formation. For instance, the softer coating (e.g., Mo-S-N10
(18 at. % N)) tends to wear less than the harder one (e.g., Mo-S-N50 (35 at. % N)).
However, at the end of the test, the COF values of all the coatings were close to each other
(see figures 6-1 and 6-2). Highly ordered intrinsic lamellar structure of MoS» phases in the
top surface ensures low friction of the deposited coating, whereas the amorphous layers
underneath provide the necessary hardness phase for supporting the applied stress; both
phases play key roles in determining the wear-life of the deposited coatings. In the end, the

MoS; tribo-films govern the friction and, hence, the end values of COF were similar.

Roughness also plays a critical role on the tribological behaviour of the coatings. In
relation to the friction, due to the low applied stresses, mechanical interlocking occurs
between the asperities of the surfaces (first part of the test). This effect leads to the presence
of an initial bump in the friction curves, whose intensity and duration depend on the
roughness level and the hardness of the coatings, respectively; the rougher the coating, the
deeper the interlocking and the higher the intensity of the bump. With increasing N content
up to 30 at. %, the roughness decreases, and the intensity of the bump vanishes.
Subsequently, for higher N contents, the roughness increases, and the bump is again
detected. The increase in the mechanical strength of the coatings makes the destruction of

the mechanical interlocking more difficult, retarding its deleterious effects on the COF and
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increasing the duration of the bump. After overcoming the mechanical interlocking, the
progressive formation of the tribo-film justifies the observed decreasing trend of COF. Due
to the specificity of the current tribological test, particularly the lateral profile of the counter
cylinder, an increase of the COF with the number of cycles was observed in some cases.
This trend can be explained by the progressive increase in the contact area when the parts
are being worn out, which gives rise to a decrease in the contact stress and an increasing

difficulty of adequately forming the tribo-film.

The wear of the sliding parts is decided by the hardness of the coatings as well as
the availability of the potential lubricious material for forming the tribo-film. If the COF is
similar in a specific type of sliding contact, it would be expected that the harder the material
of the coating, the lower the wear rate. For this type of system such as Mo-S-N, the stable
sliding is only achieved when a lubricious tribo-film based on MoS; is formed in the
interface with the basal planes aligned in the sliding direction and parallel to the substrate.
For the formation of this tribo-film, a running-in process must occur during which materials
are being worn out. The amount of lubricious phase in the sliding contact will determine
the number of cycles needed for establishing the tribo-film. The longer the running-in, the
higher the amount of wear. In most cases, the initial volume of wear is small when
compared to the total worn volume at the completion of the test. However, with this
tribological test, the worn zones are very shallow at the end, meaning that the initial wear
of the running-in process has an important influence on the final wear volume. The addition
of N has two main influences in the coating; on the one hand, it increases the hardness and,
on the other, it decreases the S/Mo ratio (and consequently the amount of the potential
lubricious phase). These two trends have antagonic effects: the hardness improves the wear
resistance, but the S/Mo increases the wear volume during the running-in process.
Therefore, the evolution of the specific wear rate with the N content will depend on the
compromise between these two effects. If the running-in period is too short (or if a high
amount of lubricious phase exists, as in the case of mating “coated flat and coated
cylinder”), for N contents lower than 30 at. %, the initial worn volume is not significant in
relation to the total wear volume and, hence, the hardness is important: the wear rate
decreases with the increase in the N content. It is important to remark that the running-in
increases for the highest N contents (figure 6-4 a)), along with the wear rates. When a high

amount of wear is necessary to form the tribo-film (e.g., in the mating “uncoated versus
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coated”) the initial wear volume is important, in relation to the total wear. The coatings
with lower N contents exhibit lesser wear rates than those with higher N content despite

their lower hardness, as shown in figures 6-1 b) and 6-2 b).

The effect of testing MoS> based coatings in ambient air has been extensively
reported in the literature. Lince et al. [170] observed that the ambient air results in the
significant oxidation of the lubricating layer of MoS:, leading to the formation of non-
lubricating MoOQs. In highly compact / less porous coatings, the amount of oxidation might
be lower. However, the amount of oxidation would be enhanced at the surface of the
coatings, where the tribological interactions in the lubricated devices occur, causing poor
frictional properties, as compared with the vacuum sliding. Further details and reasons for
the poor frictional properties of optimized Mo-S-N coatings in ambient air (compared to
vacuum testing) are explained in the next chapter after an in-depth wear track analysis using

HR-TEM studies.

6.4. Conclusions

This chapter has covered the first-ever low contact stresses vacuum tribological
testing of Mo-S-N coatings deposited using a small semi-industrial DC magnetron
sputtering chamber equipped with a single MoS, target and an additional secondary plasma
source. The properties are analysed with respect to the N-alloying of MoS; coatings. The
vacuum tribological tests were performed with different contact body configurations and
applied loads. The loads were selected to provide an initial Hertzian contact stresses in the
range of 60 — 135 MPa, complying with real industrial needs. Higher wear resistance was
achieved for coating versus coating sliding, compared to the coating versus steel sliding.
Though the mechanism behind low friction is similar in both cases (i.e., the formation of
tribo-films from either the nano-crystalline or the amorphous structures), the achieved wear
rates varied, depending on the sliding surfaces. If the running-in period is excluded, all
coatings showed a COF in the range from 0.05-0.1 at the completion of the tests. Only in
one case (pure MoS; film in the coated cylinder versus steel flat configuration), the test had
to be stopped before the defined time due to a strong increase of the COF. This result was
explained due to the inadequate formation of the lubricious tribo-film because of an

unexpected decrease in the contact stresses. The COF was dependent on the instantaneous
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contact stresses. As a general trend, the COF decreased with an increase in the contact
stresses. Overall, a least specific wear rate of 8.6x10® mm?®/N.m (coated flat) was observed
for Mo-S-N40 (30 at. % N) in the coating versus coating interaction, and 1.5 x107’
mm?/N.m (coated flat) for Mo-S-N10 (18 at. % N) in the steel versus coating interaction.
The endurance study in vacuum for Mo-S-N40 (30 at. % N) coating showed that the
coatings were much more durable than the pure MoS; one. The reason for the increase in
the COF is the increase in the contact area and the decrease in the contact stresses. In Mo-
S-N40 (30 at. % N), the specific wear rate was lower due to the increased hardness, thus
sustaining a longer test duration. The same coatings in ambient air exhibited an increased
COF (0.3), due to the oxidation of the surface in ambient air resulting from the combined
effects of moisture and oxygen. This work addresses some important issues when testing
transition metal dichalcogenides-based coatings under low contact stress conditions. There
is a threshold value for the contact stress for which no suitable tribo-film can be formed
with the consequent increase in the COF. Finally, it is also proved that the consideration of
coating versus coating mating surfaces is very essential for superior tribological

performance.
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Chapter VII

7. TRIBOLOGICAL BEHAVIOUR IN DIVERSE
ENVIRONMENT

7.1. Introduction

Following the tribological testing in vacuum and ambient air environments, a
detailed characterisation of the wear tracks (mainly the wear mechanism) after sliding is
carried out. At this stage, only one coating, i.e., M0-S-N40 having 30 at. % nitrogen was
deposited for the analysis. This coating showed a COF of 0.05 in vacuum and 0.3 in
ambient air when tested with low contact stresses against 100Cr6 steel counterbody. To
investigate their performance in high contact stresses, further tests were performed. The
tribological testing presented here is carried out using ball-on-disc (flat) tribometer. The
testing was performed with high contact stresses (~800 MPa). Further details about the
main characterisation and tribological testing can be seen in sections 3.4 and 3.4.13,
respectively. Subsequent to the tribological testing, the wear tracks, after both testing
conditions, were analysed in HR-TEM to investigate the underlying wear track behaviour
involved in each case of the sliding environment. The results presented here give insight
into the role of nitrogen and subsequent tribo-film formation in the vacuum and the effects
of the surface oxides on the tribo-film formation in ambient air. The results are supported

with publication in annex C.

7.2. Results

7.2.1. Main characterisation results of Mo-S-N40 coating

The Mo-S-N40 coating had nitrogen content of 30 at. %, S/Mo ratio of 1.36 and a
thickness of 1.3 um. The coating was compact and XRD amorphous. Due to the alternating
substrate exposure to the MoS; target and the secondary plasma source (ion bombardment),
a multilayer structure was formed. This type of deposition mechanism enabled the coating
to incorporate a higher N content along with a high S/Mo ratio, unlike similar systems
reported in the literature [53,156]. XPS analysis showed that for coatings with N content
lower than 28 at. %, N1s peak at ~397.0 eV, corresponding to y-Mo2N [156], is enhanced
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with increasing N content. Mo-N bonds, shown via peaks at 229.0 eV and 232.4 eV, also
showed an increased intensity. However, for N contents equal or higher than 28 at. %
(such as Mo-S-N40 with 30 at %. N), the global intensity of the N1s peak continues to
grow, but the Mo-N bond intensity remained constant. Therefore, a suggestion was
made that, initially, N replaced the S sites, distorting the lattice and reducing the
crystallinity of the coatings, and, further addition of N, led to N> gas entrapment within

the amorphous coating (28 at. % N and above).

7.2.2. Tribological analysis in vacuum and ambient air conditions

The COF evolution, resulting wear-track profiles, micrographs of the ball wear-scar
and disc tracks after vacuum (107 Pa) and ambient air (24 °C and 20 — 30 % RH) tests are

presented in figure 7-1. The frictional behaviour was dissimilar during sliding in a diverse

atmosphere.
=== Ambient air !RH"?O-JQ%)
050 0.25 =—e==\/acuum (10~ Pa)
a) oas| Mo-S-NAO —— Ambient air (RH= 20-30%) b) -
e (30at.% N) —— Vacuum (10” Pa) ! wr
= 0.25
< 054
§ 0.30 steady state COF=0.13) g 050
% % 0.75-
E 0.20 2
é: 0.45 1.00
8 4P 1.25 - [A..JLL.F....&.J
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‘ 2000 4000 6000 8000 g 24 500 750 1000
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Figure 7-1: a) Evolution of COF for coated disc (flat) using 100Cr6 steel ball in ambient air and vacuum
environments, (b) depth profile of wear-tracks, (c, d) wear-scar micrographs of steel balls and (e, f)
worn region of the coated wear-tracks.

In vacuum, the COF stabilised after a brief running-in period at ~0.03. The
maximum depth of the wear track was ~0.06 um. The wear-scar images show negligible

wear on the counterbody and a smooth wear-track with no evidences of large flakes or wear
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debris. The resulting friction value implies that the MoS; tribo-film forms near the interface
(figure 7-2 d). The MoS, (002) planes are formed due to the crystallisation / reorientation
of basal planes parallel to the sliding surface and resulted in a low COF [175]. The specific

wear rate determined from the profile was about 1.8x107" mm?/N-m.

In ambient air, the COF reached a peak value of ~0.35 and, then, dropped to a
steady-state friction value of ~0.15. The maximum wear depth was ~1.26 um, a 20-fold
increase compared to the vacuum test. The improved adhesion is attributed to the hard-
gradient layer consisting of metallic bonds with low lubricious phase content, which
prevented the delamination of the coatings from the steel. The bottom of the worn track in
ambient air is flat and wide (figure 7-1 b), which corresponds to a significant wear on the
steel ball (figure 7-1 d), caused by the absence of a protective tribo-film at the sliding
interface. Large wear debris on the counterbody were identified as O-rich Mo-S-N material.
In ambient air, the presence of H>O and O; contributes significantly to the degradation of
MoS,, preventing the formation of a lubricious tribo-film from the amorphous coatings and
forms surface oxides. Actually, during sliding, the weak interlamellar bonds break,
increasing the potential of O to react with MoS,. Furthermore, the formation of oxides
(especially M00:3), as clusters (particles), or asperities could have enhanced the wear of the
coatings and steel ball, when present in the contact region (abrasion). The specific wear
rate in ambient air was two orders of magnitude higher as compared to vacuum, i.e., 1.7x10"
> mm?/N-m. However, it should be noted that the steady-state COF is significantly lower
than what could be expected in steel versus metal contact, which could be attributed to the
presence of either Mo-S-N zones (debris and residual coating in the wear-track (figure 7-

3) or Mo-oxides. MoOj3 is known to provide relatively low friction [176].

7.2.3. HR-TEM analysis of wear tracks

In the post vacuum tribological testing, the entire wear track displayed zones
covered by well-oriented planes parallel to the surface. These planes correspond to MoS:
tribo-films. The cross-section of the wear-track corresponding to a particular area where
the tribo-film delaminated cohesively, leaving a gap in relation to the as-deposited coating,
is shown in figure 7-2 c). The separated / top part consists of large amounts of pure MoS;,
i.e., tribo-film in figure 7-2 d). These tribo-films are of long-range order (tens of

nanometres) parallel to substrate. The crack is created by the exfoliation of the weakly
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bound hexagonal structure of the MoS: tribo-film during sliding. In the top part of the
coating, oriented planes are visible confirming their formation mechanism, i.e., transition
from amorphous to lamellar structure at the sliding interface (figure 7-2 c). The amorphous

coating underneath provides the required strength and hardness to support the solid

lubricant interface.

Steel substrate

0.682 nm

=

| Tribo-film region
| 4at.% N

|
100 nm 1100 nm

Figure 7-2: TEM analysis of wear track after tribo-testing in vacuum: a) Wear track with site of sample
extraction. b) FIB cut cross-section of wear-track showing a flake lifted from the pristine coating.
c) The crack caused by the delamination of the tribo-film. d) Large quantity of preferentially oriented
MoS: tribo-film. e) STEM- EDX images showing the elemental distribution of Mo, S, and N at the
interface.

The large quantity of tribo-film in the separated region spreads along the wear-track
during tribo-testing leading to a short run-in time, low values of COF (see figure 7-1 a) and

insignificant wear. The tribo-film provides the low shear strength needed for easy sliding.
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Figure 7-2 e) shows the EDX elemental maps of the separated tribo-film regions, which
are nitrogen deficient (approximately 4 at. % N) when compared to the measured 30 at. %
of N in the amorphous coatings. The 4 at. % detected N could be attributed to nitrogen that
had replaced some of the S sites. The remaining nitrogen (26 at. %) was released into the
vacuum as a gas, and thus, did not appear in the quantification. So, our experimental work
brings strong evidence to support the theoretical framework presented by Isaeva et al. [58].
Mo and S were found in similar concentrations in both regions; hence, in vacuum, the
sliding motion causes wear down to a specified depth, which is transformed into the tribo-
film. A fully formed tribo-film prevents further wear of the coating underneath. Negligible
wear was observed on the surface of the counterbody, which is associated with sliding on
a highly lubricious interface composed of pure MoSz, as shown in figure 7-2 d). The high
hardness and Young’s modulus of the Mo-S-N coatings, with the lubricious interface, limit

the deep penetration of the counterbody (sinking), thus maintaining a small contact area.

Delaminations
2

Delamination area

MoS, - (004)

#002)

-

... Amorphous Mo-S-N
" ‘coatings

Figure 7-3: Cross-section of wear-track in ambient air test. (a, b) Specimen location. c) Low

magnification cross-sectional image. d) Flake of as-deposited amorphous coating within the contact
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worn volume. e) Disrupted lamellar MoS: layers in the worn volume. f) Region of pristine amorphous
coatings outside the wear-track. g) STEM-EDX elemental mapping of wear-track and pristine coating.

Figure 7-3 shows: a region of large delamination on the wear-track, the location of
the TEM lamella extracted, the cross-sectional micrographs and the elemental maps
corresponding to the wear-track generated by tribo-testing in ambient air. The wear debris
of the coating consists of randomly oriented nanometre-size traces of lamellar MoS; layers
embedded in an O-rich brittle amorphous matrix (figure 7-3 e) and g)). A crack in the
coating separates the as-deposited film and the wear debris (figure 7-3 c)). The local
delamination of the coating and the significant wear debris are the result of the oxidation
and the abrasive wear induced by the oxide particles. The top interface of the wear-track,
(figure 7-3 f)) are devoid of tribo-films which could have induced low friction at the
mechanical contact. The ball counterpart reached the adhesion improving layer (gradient

layer) which was not worn through.

It is well known that in ambient air, the water vapour and the oxygen from the
atmosphere accelerate the oxidation of MoS; [170]. This oxidation can affect the bulk of
the material, creating internal blisters that act as weak points leading to cracking and high
volumes of debris [177]. Additionally, when MoS: layers are exposed during sliding, the
oxidation process is triggered yielding more debris and wear. This is evident in figure 7-3
d), in which the oxidised coating is mixed with nanoparticles of MoS,. The STEM-EDX
analysis confirms the severe oxidation of the worn debris. The S/Mo ratio is reduced from

1.34 to 0.93, along with a large concentration of oxygen (~ 67%).

Similar to the findings in the test performed in vacuum, a reduction of the nitrogen
content at the sliding contact can be observed in ambient air conditions. The 22-fold
increase in the O content implies that, with each cycle of friction test, the formed surface

oxide would be trapped and dragged into the coatings forming a third body.

The main driving force for the significant increase in the wear observed in ambient
air testing is the formation of surface oxides. Additionally, as Ramalho et al. [178]
discussed, the linear relationship between the wear and the dissipated energy would be one
of the reasons behind the increase in COF values and the poor tribological performance in
air. The interaction with the atmospheric oxygen and humidity at the sliding interface
prevents the coating from forming a continuous well-oriented tribo-film. Khare et al. [179]

reported that the friction of MoS> in ambient air is a strong function of the amount of water
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in the environment and the water diffused into the bulk. Probably due to the similar reasons,
the present study has shown that the process of forming well-ordered tribo-film is absent.
Instead, the amorphous coating was directly oxidised and / or remained amorphous, which
leads to a high COF. In contrast, during the vacuum test, in the first few cycles, the surface
oxides are removed along with the initial wear. With no oxygen or water vapour, the further
worn coating transforms from amorphous into crystalline MoS; tribo-films oriented

parallel to the substrate.

The nitrogen incorporated in the coating provides the required hardness through the
amorphization during the deposition. This has been predicted to either form a ternary
compound Mo-S-N (by replacing S sites) or distort the MoS: crystalline structure by
diffusion into the layers. The chemical analysis performed on the as-deposited coating and
the wear debris (shown in figure 7-3 g) suggests that N is released, does not bond to other
elements to form nitrides, and cannot be found as part of wear debris on the coating nor the
sliding counterpart. Therefore, the mechanical interaction is believed to cause the release
of nitrogen most likely as an inert gas. These measurements support the theoretical
hypothesis which claims that the gas is distorting the MoS: lamellar structure and only a
small amount (~4 at. %) of the gas is found to be present at the sliding interface after testing.

Hence it is believed this small amount of N replaces sulphur.

The thickness of the tribo-films formed by deformation depends on the applied
pressure and the properties of the coatings such as the platelet size, packing density, the
adhesion of the platelets to the substrate and the COF [163]. Tribo-testing in vacuum
showed the local transformation of the amorphous coating into a crystalline lubricious
interface, as well as the release of nitrogen in gaseous form. A sufficient thickness of the
tribo-film prevents further wear, as observed in vacuum testing. These conditions are not
met for sliding in ambient air, where oxidation occurred during the crystallisation process
of MoS; forming an amorphous mixture which can contain MoO3 and Mo-S-N particles.
Oxides found at the sliding interface act as abrasive particles leading to severe wear and

decreasing the contact stresses which is required for the crystallisation of pure MoS.

Even when testing in ambient air, a part of the coating always remained attached to
the steel substrate despite the extensive delamination. This is the result of integrating the
bonding multilayers, as described in chapter 4. This gradient layer provides improved

adhesion of the coating to the steel due to the metal-metal quasi-epitaxial bonding. The
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remaining part of the Mo-S-N coating and the formed oxides can explain the steady value

of the COF at 0.15, value much lower than the one expected in a metal / metal contact.

7.3. Conclusions

Amorphous Mo-S-N coatings with 30 at. % N content were tribo-tested in vacuum
(10 Pa) and ambient air in order to analyse the process of tribo-film formation and the
role of N on the lubricating behaviour of Mo-S-N coatings. In the vacuum test, a steady-
state friction is quickly reached with a COF value of 0.03. HR-TEM studies revealed that
with insignificant wear, the transformation of the amorphous coatings, into a lamellar MoS;
tribo-film and the release of nitrogen in N> form have occurred. The tribo-film formation
would require the release of the trapped N> gas and the rearrangement of Mo and S
atoms to form the hexagonal structure. The amorphous coating underneath the tribo-films
provided the required hardness and the load-bearing capability. Testing in ambient air
resulted in a long running-in period with a COF peak value of 0.35, which stabilised later
at 0.15 but with a significant wear. HR-TEM studies revealed that the presence of surface
oxides and moisture disturbed the continuous formation of the MoS: lamellae in ambient
air. The reaction with oxygen led to the formation of MoOs. There was no sufficient
uninterrupted tribo-film formed at the sliding interface, which explains the high COF in

ambient air.

Thus, it can be concluded that nitrogen is a favourable element for alloying / doping
MoS, coatings. Nitrogen-alloying promotes the amorphisation of MoS», by distorting
hexagonal structure, and making the coatings compact. On the other hand, during sliding,
a large amount of N is released as N> gas, enabling the formation of MoS; tribo-films and
providing an easy sliding. Even with increased wear in ambient air, the excellent adhesion
of the coatings to steel revealed no delamination at the coating-substrate interface. These
coatings are likely to be highly suitable as layered self-lubricating materials for vacuum

applications.
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Chapter VIII

8. CONCLUSIONS AND FUTURE WORKS

In this thesis, a systematic study was performed to improve the adhesion of TMD
coatings (particularly MoS; and Mo-S-N). Then, the attention was focused on the less
explored Mo-S-N coatings and their tribological performance. For the first part, a novel
hybrid deposition procedure based on sputtering + ion bombardment was used to improve
the adhesion of the coatings. Later, by varying the N content, the optimization of Mo-S-N
coatings was performed in relation to the chemical composition, chemical bonding,
morphology, structure and mechanical properties and their influence on the tribological
behaviour. The tribological testing were performed for all the N-alloyed coatings using a
cylinder-on-flat reciprocating tribometer with low applied contact stresses. One of the
coatings was also tested in a ball-on-disc (flat) rotating tribometer to understand better the

tribological behaviour in vacuum and ambient air environment.

In the first step, the scope was to deposit MoS> with high adhesion to a steel
substrate. No additional metallic interlayer (e.g., Ti or Cr) was used to improve adhesion
as usual for sputtering deposition processes; instead, the deposition from a single MoS»
target along with an additional bombardment by a secondary plasma source was used. In a
typical deposition run, firstly, the chamber was heated to achieve high purity with removal
of the adsorbed moisture and water vapours. Subsequently, the bias etching of the substrate
was performed utilizing the secondary plasma source in high biased conditions. The target
was sputtered cleaned at low chamber pressure as well. Next, the deposition from the MoS»
target started, also with a high substrate bias and a high ion flux from the plasma source.
In this way, a sub-stoichiometric (very low S/Mo) layer was deposited, due to a strong re-
sputtering of sulphur, providing a metallic bonding with the steel substrate. Then, the
nitrogen was introduced to form nitrides with Mo and to prevent the lamellar formation
when the sulphur will be increased later. The substrate bias was reduced to slowly increase
the sulphur content in the growing coatings. Finally, the required N content coating was
deposited by varying the nitrogen flow at low substrate bias conditions. The additional
plasma source was maintained active along with the deposition of the coatings, for

increasing the ion flux arriving to the growing films allowing near-surface modifications
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by bombardment as, for example, on the chemical composition. The adopted deposition
procedure allowed to achieve a high adhesion critical load on the steel substrate for Mo-
S-N and pure MoS» coatings (> 80 N). The reason for such high adhesion was the
interface mixing of Mo with steel. The MoN(S) and MoS(N) multi-layer also reinforced
the adhesion of the layers on the top. This multilayer was due to the alternate deposition
from the MoS, target followed by the higher N bombardment at the plasma source, as a
consequence of the rotation of the substrate holder. This multilayer was observed by
HR-TEM and confirmed by the complementary composition analysis of N and S carried
out by ToF-SIMS. Thus, this adhesion improvement approach, excluding additional
targets, not only simplifies the depositions in the industrial environment but also solves

major industrial issues related to the integrity of the coating system.

The chemical composition, chemical bonding, morphology, structure and
mechanical properties were studied as a function of the N-content of Mo-S-N coatings.
With heating and pumping prior to the bias etching and deposition, very low oxygen
content (less than 1 at. %) was achieved in the coatings. The structure of the coatings
changed with the incorporation of nitrogen. The coatings with less than 30 at. % N were
nanocrystalline; for higher contents, the coatings became XRD amorphous. The
morphology was increasingly more compact with the incorporation of nitrogen. HR-TEM
also confirmed the amorphism of high N-content coatings. The S/Mo ratio decreased and
reached 1.25 for the highest N incorporation (37 at. % N), which presented a high hardness
of 8.9 GPa. Though the S/Mo ratio decreased, the value was higher than that reported in
literature for the same content of nitrogen-alloying. With increasing N content, the scratch
resistance of the coatings improved, reaching the highest value of 38 N for 28 at. % N.
Nitrogen was incorporated in the amorphous ternary compound, Mo-S-N, with Mo-N and
Mo-S bonds. Thus, after this optimization process, Mo-S-N coatings were developed with
enhanced adhesion, high S/Mo ratio, high compactness, high hardness, high scratch

resistance and low contaminant content.

In a further step, the first-ever low contact stresses tribological testing of Mo-S-N
coatings was performed in secondary vacuum and ambient air environment. The properties
were analysed with respect to the N-alloying of the MoS; coatings. The vacuum

tribological tests were performed with different contact body configurations and applied
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loads. The loads were selected to provide an initial contact stresses in the range of 60 — 135
MPa, complying with real industrial needs. Higher wear resistance was achieved for the
coating versus coating sliding pair, compared to the coating versus steel one. Though the
mechanism behind low friction is similar in both cases (i.e., the formation of tribolayers
from either the nano-crystalline or the amorphous structures), the achieved wear rates
varied, depending on the sliding surfaces. If the running-in period is excluded, all coatings
showed a COF in the range from 0.05—-0.1 at the completion of the tests. Only in one case
(pure MoS: film in the coated cylinder versus steel flat configuration), the test had to be
stopped before the established time due to a strong increase of the COF. This result was
explained by the inadequate formation of the lubricious tribolayer due to an unexpected
decrease in the contact stresses. The COF was dependent on the instantaneous contact
stresses. As a general trend, the COF decreased with an increase in the contact stresses.
Overall, the least specific wear rate of 8.6 x 10 mm?/N.m (coated flat) was observed for
Mo-S-N40 (30 at. % N) in the coating versus coating interaction, and 1.5 x 10”7 mm’/N.m
(coated flat) for Mo-S-N10 (18 at. % N) in the steel versus coating interaction. The
endurance study in vacuum for Mo-S-N40 (30 at. % N) coating showed that it lasts much
longer than the pure MoS: one. The reason for the increase in the COF is the increase in
the contact area and the decrease in the contact stresses. In Mo-S-N40 (30 at. % N), due to
the increased hardness, the specific wear rate was lower, thus sustaining a longer test
duration. The same coatings in ambient air exhibited an increase of the COF (0.3), due to
the oxidation of the surface resulting from the combined effects of moisture and oxygen.
This work addresses some important issues when testing transition metal dichalcogenides-
based coatings under low contact stress conditions. There is a threshold value for the
contact stress for which no suitable tribolayer can be formed with the consequent increase
in the COF. Finally, it is also proved that the consideration of the coating versus coating

mating surfaces is to be considered for superior tribological performance.

From the previous studies, the amorphous Mo-S-N40 coating with 30 at. % N
showed higher COF in ambient air, although without any failure. Thus, a motivation was
created to apply higher contact stresses to understand if the COF could be reduced.
Subsequently, this coating was tested in vacuum (102 Pa) and ambient air using a ball-on-
disc rotating tribometer, against a 100Cr6 steel ball, in order to analyse the process of the

tribo-film formation and the role of N on the lubricating behaviour of Mo-S-N coatings. In
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the vacuum test, a steady-state friction is quickly reached with a COF value of 0.03. HR-
TEM studies revealed that, with insignificant wear, the transformation of the amorphous
coatings into a lamellar MoS: tribo-film occurred as well as the release of nitrogen in N2
form. The tribo-film formation would require the release of the trapped N> gas and the
rearrangement of Mo and S atoms to form the hexagonal structure. The amorphous
coating underneath the tribo-films provided the required hardness and the load-bearing
capability. Testing in ambient air resulted in a long running-in period with a COF peak
value of 0.35, which stabilised later at 0.15 but with a significant wear. In these conditions,
HR-TEM studies revealed that the presence of surface oxides and moisture disturbed the
continuous formation of the MoS» lamellae. The reaction with oxygen led to the formation
of MoOs. There was no sufficient uninterrupted tribo-film formed at the sliding interface,
which explains the high COF in ambient air. Nevertheless, it should be remarked that the
residues of the coating attached to the wear track are responsible for keeping the COF at

much lower values than those expected in a metal / metal contact.

Thus, it can be concluded that nitrogen is a favourable element for alloying / doping
MoS; coatings. Nitrogen-alloying promotes the amorphisation of MoS,, by distorting the
weak and porous hexagonal structure, and making the coatings compact. On the other hand,
during sliding, a large amount of N is released as N», enabling the formation of MoS; tribo-
films and providing an easy sliding. This study shows that through indirect measurements
of the chemical composition of the as-deposited coating and wear debris, some nitrogen
can be stored in gaseous form (N2) within the amorphous matrix and released from the
contact during the sliding. Even with increased wear in ambient air, the excellent adhesion
of the coatings to the steel revealed no delamination at the coating-substrate interface.
These coatings are likely to be highly suitable as layered self-lubricating materials for

vacuum applications.
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Future works:

>

Although the adhesion critical load of > 80 N is sufficient for most of the
tribological applications, it will be worthy to improve it further. This can
be done by increasing the thickness of layer 1 (chapter 4) or also by
modifying the substrate holder rotation speed. This can increase or decrease
each layer of the multilayer arrangement induced by the alternate
deposition.

Future studies also include the evolution of Mo-S-N coatings with the
temperature. The effect of structural changes from amorphous Mo-S-N
coatings at high temperature will also include the possible release of any
trapped N2 gas with the heat treatment. The study of the frictional behaviour
of Mo-S-N coatings at room and high temperature before and after heat
treatment should also be carried out.

The tribological analysis in ambient air needs to be performed in more
detail to find the limits for the tribolayer formation that could indicate ways
to improve the frictional performance. Testing in dry N> atmosphere can
complement the tribological performance in different atmospheres.

It is worthy to in-depth investigate the role played by nitrogen during
tribological analysis in diverse environments. With an in-situ sliding stage
with a mass spectrometer, the amount of N> gas released from the coatings
during testing in vacuum could be evaluated.

The current developed coatings are already suitable for industrial use.
Further deposition on 3D parts will be carried out at HEF group. Some parts
to be coated are finger followers, piston pin, journal bearings, and shutter
hinges in the vacuum system.

The developed Mo-S-N coatings can also be compared with hydrogenated
DLC (H: DLC) in terms of tribological performance in vacuum and ambient

air.
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ARTICLE INFO ABSTRACT

Transition-metal-dichalcogenide coatings provide low friction because of characteristic low shear strength along
the basal plane of the lamellar structure; however, the material can easily degrade through exfoliation and poor
adhesion to the metallic substrates. In this work, an innovative approach was employed to improve the coating’s
adhesion. A secondary plasma source was used during deposition to generate an additional charged particle flux
which was directed to the growing film independently of the magnetron cathode. Therefore, Mo-S-N solid lu-
bricant films were deposited by DCMS from a single molybdenum disulphide (MoS,) target in a reactive at-
mosphere. Nitrogen was introduced during the deposition with increasing partial pressures, resulting in a high
N, content in the doped films (37 at. %). The variation in incident ion energy and flux of energetic species
bombarding the growing film allows for the control of the S/Mo ratio through selective re-sputtering of sulphur
from the film. The S/Mo ratio was progressively increased in the range of 1.2-1.8, resulting in a gradient from a
metallic layer to the lubricious sulphide. Combining the ion bombardment with nitrogen incorporation, the
cohesive critical load (Lcl) reached 38 N, 10 times more when compared to pure MoS, coating. Observation

Keywords:

Transition metal dichalcogenides
Solid lubricant coatings

DC magnetron sputtering
Mo-S-N coatings

Nitrogen-doped TMD coatings

using HRTEM revealed an amorphous structure and strong bonding with the substrate.

1. Introduction

Transition metal dichalcogenides (TMDs): sulphides, selenides or
tellurides of tungsten or molybdenum are well known for their lu-
bricating properties [1]. Hexagonal MoS, and WS, are compounds with
unique characteristics originating from an extreme degree of crystalline
anisotropy and, due to this, the TMDs have gained considerable at-
tention in the research community for a variety of mechanical, elec-
tronic and optical applications [2-5]. Despite the greater resistance to
high temperature oxidation of WS, [6], MoS, has been more widely
studied due to its lower cost and lubricating performance in a vacuum
and dry atmosphere, Initially, MoS, coatings were deposited by burn-
ishing [7], electrochemical process [8] and plasma vapour deposition
[7-12] techniques. Following the development of magnetron sputtering
techniques, further research efforts have been carried out to deposit
these coatings with bespoke crystalline and chemical properties, which
ultimately lead to improvements in the tribological performance [10].
However, sputtered MoS, films exhibit porous morphology which re-
duces their load-bearing capacity, oxidation resistance and adhesion to
the substrates and adversely affect the mechanical and easy shear

properties [13,14]. The possible solution to overcome these issues is the
addition of a third element to the coatings, which can disrupt the crystal
structure and the growth of weakly-bound pure chalcogenides to en-
hance the compactness and oxidation resistance. TMD have been doped
with different metals such as Ti [15-21], Ag [22], Al [19], Co [22], Au
[23-25], Cr [22], Fe [26], Ni [11,22,25,27], Pb [25,28], Pt [22], Ta
[22,29], W [22], Zr [30]. Regardless of the beneficial results [20], the
industrial implementation of metal doped MoS, coating is limited (e.g.,
MoST by Teer coatings [20]) due to either the rapid oxidation of tri-
bofilms into metal oxides [31] or the detrimental effects of hard metal
particles (e.g. Ti) abrasion of tribofilms [32]. Moreover, economics do
not favour the use of metal doping: metal doping requires a minimum of
two targets for the PVD systems (i.e. one for metal and one for TMDs),
consequently, increasing costs for the processing and development.
Alternatively, Non-metal doping (e.g. N and C) has attracted both
researchers and industry. Carbon introduction in TMDs was first re-
ported by Voevodin et.al. [33]. To deposit TMD-C coatings using only
one cathode, the carbon incorporation was achieved by reactive sput-
tering, with precursor gases such as CH, or C;H,. In such cases, hy-
drogen can react with the chalcogen not only changing the
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stoichiometry of MoS, but also acts as a contamination source [34].

Nitrogen doping, on the other hand, has been rarely explored but seems
a promising strategy for changing the structure of the coatings. With the
use of only one cathode (with the TMD target) allows reducing the pro-
duction complexity and costs, providing the advantage of avoiding the
contamination by other elements (no precursor gas) [35]. Moreover, when
compared to carbon, a small amount of nitrogen can be sufficient to
achieve a dense amorphous coating, further reducing the operating costs
[36]. In order to grow mechanically stable coatings, it is important to
prevent the easily sheared planes from forming or by reducing the crys-
tallinity of the softer phase. This can easily be achieved by nitrogen doping
[37]. Mutafov et al. [38] reported that magnetron sputtered amorphous W-
S-N films exhibit a low coefficient of friction (COF) high load-bearing ca-
pacity and good wear resistance. The atomic level structure and bonding
arrangements in amorphous W-S-N have been described by Isaeva et al.
[36]. They also reported that, during sliding, nitrogen is released from the
contact zone in a gaseous form (e.g. N,, NO,) without disturbing the for-
mation of tribofilms. Zhang et al. [31] reported that the incorporation of a
small amount of nitrogen into MoS, sputtered films produced a nano-
composite structure, increasing the hardness and reducing the wear. Si-
milar works were also reported by Nossa et al. [39].

Until now, most of the studies on the TMD-N (in particular Mo-S-N)
systems were performed for a stationary substrate holder placed in front of
the target; the effect of rotating the substrate holder for industrial purpose
is still unexplored. Also, as per literature, the desired amorphous phase was
achieved at the cost of a high nitrogen doping and consequent sub-stoi-
chiometry of the TMDs. Therefore, further studies are required to overcome
chalcogen atom depletion with nitrogen additions. Another important
shortcoming in TMD-N coatings is the lack of adhesion to the substrates,
even after the use of metallic interlayers. All previous works report the use
of Ti or Cr interlayers for adhesion improvement [40-42], with Ti being a
more suitable option [20]. Nonetheless, Nossa et al. [43] showed that
spalling occurred between the films and Ti interlayer during the scratch
test, preventing the substrate exposure. Besides, TiN was also used as in-
terlayer which resulted in an improved adhesion over Ti, due to a good
interface bonding between TiN and Mo-S-N coatings [41]. However, the
drawback is the associated cost increments due to the use of an additional
Ti target sputtering.

This study is aimed to counter all these issues for TMD-N coatings by
depositing those using DCMS. To our knowledge, this is the first time that
DC magnetron sputtering has been used for depositing Mo-S-N coatings.
Here, only one MoS, target was used to decrease the operating costs. An
alternative to traditional metallic interlayers for enhancing the adhesion
was the use of a novel N-doped metal-rich Mo-S-N layer, instead of Ti or Cr,
avoiding the use of a second cathode. An additional plasma source was
used to adjust the ion to neutral ratio during film growth, providing control
over the coating morphology and S/Mo ratio. The achievement of a good
coating integrity, as well as a high S/Mo ratio, is sought in order to make
coatings capable of providing enhanced sliding performances. The de-
position was followed by a detailed characterization of the coatings with
respect to composition, morphology, structure and chemical bonding.

2. Experimental details

Mo-S-N films were deposited on polished Si (1 0 0) wafers and polished
M2 steel (@25 mm X 6 mm, hardness of 62 HRC) substrates in a balanced
DC magnetron sputtering configuration, using a custom-built TSD 400
semi-industrial plasma vapour deposition machine. The chamber was
equipped with a single cathode and an additional independent plasma
source, facing the substrate. The additional secondary plasma source serves
the following function; (i) it creates a low argon pressure plasma which is
used to etch the steel substrates, (ii) during the coating process, it is used to
vary the ion to neutral ratio coming to the substrates, (iii) the plasma
density or current density can be tuned at the substrate by adjusting the
plasma source power. For the current process, the plasma source power
was kept constant for all the deposition steps. Sintered molybdenum
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Fig. 1. Schematic setup of the TSD 400 PVD chamber (Top view).

disulphide MoS, 450 mm X 150 mm X 5 mm (99.5% purity) target was
sputtered in N and Ar (99.99% purity) gas atmosphere. The substrates were
placed over a planetary (double rotation) substrate holder rotating at a
speed of 5 rpm. Prior to deposition, the chamber and substrates were he-
ated to 150 °C for 5 h with consequent pumping to the base pressure of
~10~* Pa, to remove any moisture and adsorbed contaminants. The top
view schematic diagram of the deposition chamber is shown in Fig. 1.

Substrate etching was performed with Ar* ions bombardment by ap-
plying —150 V at 0.3 Pa using the additional plasma source, for 60 min,
while the target was sputtered-cleaned for 7 min by applying 1000 W DC
power. The first step in the coating recipe was the deposition of ‘novel
gradient layers’, which took 20 min. Here, the Mo rich layer was deposited
by intense ion bombardment of the growing film with Ar* ions resulting in
preferential resputtering of S atoms. This was done to obtain good metal-
metal bonding with the steel substrate followed by the introduction of
nitrogen in the presence of high ion energy and ion bombardment from the
additional plasma source, to achieve nitrides containing sulphur. Then,
progressively, the ion energy was decreased to incorporate more sulphur.
After 20 min, the final coating was deposited in such a way that nitrogen
would be already present within the coatings and plasma trying to prevent
lamellar MoS, formation. During the deposition of Mo-S-N films, the Ar gas
flow was kept constant at 70 sccm whereas the N, gas flow was varied
between 0 and 60 sccm (Table 2) to achieve different N content in the
coatings; the process pressure ranged from 0.45 to 0.70 Pa. The rotating
substrates underwent alternating exposure to the cathode (target) and ion
bombardment from the additional secondary plasma source. The coatings
were deposited at 1000 W DC power applied to the target. A negative
pulsed DC substrate bias of 50 V was applied during the deposition to
enhance the compactness. The pulse conditions were set at 250 kHz of
frequency, 950 ns of duration (76.25% duty cycle). The target to substrate
distance was 100 mm. The total deposition time was 2 h in the N, reactive
atmosphere. This deposition time was selected to yield a final coating
thickness of 1.2-3 um as shown in Fig. 2.

Coating’s integrity or adhesion on the M2 steel substrates
(@25 mm x 6 mm) was evaluated by scratch-testing (CSM Revetest). The
specimens were scratched as the normal force was progressively increased
from 5 to 80 N, using a Rockwell indenter (tip radius = 0.2 mm) at a
scratch speed of 10 mm/min and a loading rate of 100 N/min. Three tests
were done on each sample to confirm the critical load. Later, the critical
adhesion loads were determined by analysing scratches by optical and
scanning electron microscopies, based on the report of Camino et al. [44].
The chemical composition of the coatings was determined by wavelength
dispersive spectroscopy, WDS (Oxford Instruments).

Spectroscopic studies of plasma-chemistry and element specific plasma
imaging were performed to study the re-sputtering effect of sulphur from
the substrate. A quartz window (transmittance cut-off ~180 nm) was ar-
ranged with a view parallel to the substrate surface and perpendicular to
the substrate—plasma source (i.e. magnetron and secondary plasma source)
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Fig. 2. Schematic representation of the layer structure and thickness.

axis, capturing light emitted from the plasma region between the plasma
source and the substrate location. For spectral line recording, the fibre optic
spectrometer (AVS-S2000) accepts light energy transmitted through single-
strand optical fibre and disperses it via a fixed grating across the linear CCD
array detector. The obtained spectral intensities versus wavelengths are
processed using SpectraWIN BASIC 5.0 software. The monochromator
provides ~0.1 nm resolution of spectral bands collected over a
300-1000 nm range. The peak intensity corresponding to the wavelength
of 550 nm is considered for sulphur and 811 nm for argon which corre-
sponds to the single ionized states of each element.

X-ray photoelectron spectroscopy (XPS) was used for chemical bonding
analysis. The samples were analysed in a KratosAxis Ultra HAS equipment
with monochromatic Al Ka X-beams (hv = 1486.6 €V). The power of the
X-beam source was set to 90 W and a charge neutralizer was utilized during
estimations. The survey spectra were gotten by setting the pass energy at
80 eV with a step of 1 eV and a dwell time of 200 ms. The high-resolution
spectra of the regions of interest were acquired utilizing a pass energy of
40 eV with a step of 0.1 eV and a dwell time of 600 ms. Sputter etching was
performed utilizing Ar + ion gun operated at 2.2 keV and current density
of 2.2 pA/cm? The data collection and analysis were done at pressures
lower than 107° Pa. The data was investigated utilizing the CasaXPS
software. The baselines of the spectra were obtained utilizing the Shirley
strategy and pinnacle fitting was finished utilizing Gaussian-Lorentzian
functions. The surface morphologies, fractured cross-section morphologies
and the thickness of the coatings were checked by field emission scanning
electron microscopy-SEM (Zeiss Merlin). Grazing incidence (3°) X-ray dif-
fraction (XRD) measurements were performed using an X-Pert Pro MPD
diffractometer with Cu K; (A = 1.54 A) radiation source.

The microstructural and high-resolution (HR) TEM imaging was per-
formed using a probe corrected Jeol ARM 200F electron microscope op-
erating in STEM mode at 200 kV acceleration voltage and an image cor-
rected FEI Titan® operating in TEM mode at 300 kV acceleration voltage.
The lamellae were prepared by focused ion beam (FIB) using a FEI Helios
Nanolab electron microscope.

3. Results
3.1. Coating integrity

The innovative single target deposition coupled with additional
secondary plasma source offered a remarkable improvement of ad-
hesive strength and coating’s integrity without the use of a third ele-
ment metallic interlayer (such as Ti or Cr). The effect of coating ar-
chitecture (novel gradient layer) on scratch resistance behaviour of
pure MoS, coating and selected Mo-S-N coating has been shown in
Table 1. The coatings deposited without the novel gradient layer had a

Table 1
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substantially low adhesive failure limit while the introduction of the
novel gradient layer in the coatings enhanced the adhesion failure re-
sistance beyond the tested range. No evidence of delamination or pe-
netration through the steel was observed. So, this enhancement is solely
related to the strong adherence achieved by metal-metal bonding, in-
duced by the deposition procedure.

The scratch test tracks were analysed in SEM and are shown in
Fig. 3. It was again observed that the novel gradient layer improved the
scratch resistance of the coating. Large flakes were observed as a result
of cohesive cracking in the films deposited without the novel gradient
layer. Similarly, nitrogen doping further enhanced the adhesion and
scratch resistance. This improvement for nitrogen-doped coatings, as
compared to the pure coatings, is attributed to the formation of dense
structures that prevents delamination or exfoliation of lamella within
the coatings, thus increased the load-bearing capacity.

Fig. 4 shows the effects of nitrogen content on the initial load re-
quired for cohesive failure (L.;). As soon as the nitrogen was introduced
to the MoS, coatings, there was improvement in the critical load for
cohesive failure as said above. In general, the increase in nitrogen
content increased the failure limit or late appearance of flakes in the
scratch test. The increase was almost linearly until 24 at. % of nitrogen
incorporation but, after this, a sudden increase in scratch resistance was
observed. This sudden increase could be due to enhanced amorphous-
ness (or nanocomposite structure) of the coatings, which eliminates the
presence of any laminar crystals, thus avoiding cohesive failures. So, as
expected, the nitrogen content and the novel gradient layers have
played a major role in the enhancement of the cohesive failure re-
sistance and provided a good adhesion of these coatings to the substrate
without the need of any other metallic interlayer (or the use of a second
target).

In order to investigate in depth the mechanisms behind this high
stability and the scratch resistance of the deposited coatings, cross-
sectional analysis was performed for one of the nitrogen-doped films
deposited with the novel gradient layer.

Fig. 5 shows HR-TEM images at the substrate interface. A 10 nm
thick Mo film followed by an ultrathin multilayer system with a peri-
odicity of 5 nm was observed. The structural analysis showed that the
first Mo layer forms the base for the growth of a nanocomposite MoN
multilayer. The layer structure formation is caused by the planetary
motion of the substrate holder and the alternative exposure to the
magnetron cathode and the plasma source providing mainly argon and
nitrogen ions, respectively.

Epitaxial stacking between Fe and Mo was observed along the
substrate interface, as a result of a small lattice mismatch (7.3%) be-
tween the two unit cells, causing defect-free coherent crystal growth in
large areas of the substrate. The first Mo layer becomes the seed for the
formation of a laminar MoN composite. The hexagonal MoN provides
increased hardness, shear strength and superior adhesion of the film.
Nitrides are formed by selectively removing sulphur through surface
resputtering by exposing the substrate to high ion energy (substrate
bias) and nitrogen ion bombardment (secondary plasma source). As
shown in Fig. 6, the growth direction of Mo followed by the MoN-rich
composition gradient layer (S deficient) is dependent on the orientation
of the neighbouring substrate grains; therefore, the novel gradient layer
changes the crystalline direction depending on the substrate interface

Table representing the cohesive failure limit and adhesive failure limit for pure MoS, and Mo-S-N coatings made with and without a novel
gradient layer. The adhesive failure limit is beyond the tested load for coatings with novel gradient layer.

Sample

Cohesive failure limit (Lc1) Adhesive failure limit

Pure MoS, coating without novel gradient layer
Pure MoS, coating with novel gradient layer
Mo-S-N coating without novel gradient layer
Mo-S-N coating with novel gradient layer

29N 149N
33N >80 N
1.6 N 22.8 N
351N >80N
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Fig. 3. SEM images of cohesive failures of materials with pure MoS, and Mo-S-N with and without novel gradient layer. (A) Pure MoS, coating without a novel
gradient layer. (B) Pure MoS, coating with novel gradient layer. (C) Mo-S-N coating without novel gradient layer. (D) Mo-S-N coating with novel gradient layer.

orientation. In order for the Mo bonding layer to withstand the in-
creased mechanical strain and allow for plastic deformation without
brittle failure under increased loads, coherent interfaces are required.
Fig. 6 show examples of such atomic arrangements which occur as a
result of the matching crystal structures of Fe, Mo and MoN.

3.2. Chemical composition and deposition rate

The chemical composition of pure MoS, and all the Mo-S-N coatings
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Fig. 4. Evolution of scratch behaviour Lcl (cohesive critical load or cohesive
failure limit) for pure MoS, and Mo-S-N films with respect to the nitrogen
compositions.

with increasing nitrogen composition/content were analysed by wa-
velength dispersive spectroscopy (WDS) as shown in Table 2. It was
observed that even for the pure MoS, coatings (0 at. % N), the S/Mo
ratio was less than MoS, stoichiometric composition (S/Mo ~ 2).

Several physical mechanisms can be involved for sulphur depletion,
like resputtering by fast reflected neutrals [43,45], resputtering by the
ion bombardment [46] or even self-desorption of sulphur from the
coating surface [47]. Fig. 7 represents some evidence of preferential
resputtering of sulphur studied using optical spectroscopy, by collecting
the light emissions of the plasma at secondary plasma source and target.
From 0 V to 100 V, no significant increase in the ratio of intensities of
sulphur to argon was observed in both cases (between target and sub-
strate, and between secondary plasma source and substrate). This could
indicate that the resputtering effect, due to the ion energy, is absent
(0 V to 100 V). On the other hand, beyond 100 V, an increase in the
emission intensities occurs, showing that the resputtering of S from the
film becomes intense (as seen between secondary plasma source and
substrate). Similar behaviour was also observed elsewhere [42]. So,
such low or almost negligible resputtering at 50 V leads to the con-
clusion that the sub-stoichiometry of MoS»(NO) can be better attributed
to desorption of sulphur.

The substrate bias is known to increase the compactness of coatings
through the re-deposition of atoms in less dense areas. The acceleration
voltage also increases ad-atom mobility [21,48]. The measured S/Mo
ratio for pure coating was 1.79 which is a higher value when compared
to other reported results for pure MoS,, films (S/Mo-1.6) [31,49]. This
result is tentatively attributed to a highly degassed chamber due to a
long heating and pumping prior to deposition. This procedure mini-
mizes the presence of residual gases, like H,O, which could react to
sulphur atoms and, then, decreasing the S content of this element in the
film. This was further evidenced by a comparative experiment
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Fig. 5. (Left) Microstructure of novel gradient layers from an as-deposited coating cross-section. (Right) The first layer Mo over steel making metal-metal bonding
with Fe; delivers improved adhesion. Preferential resputtering of sulphur had caused this layer to be sub-stoichiometry (§/Mo = approx. 0.3).

performed with just 1 h of degassing, for which an evident strong smell
was detected (H,S or SO,) indicating the sulphur reacts with the re-
sidual gas. For the usual 5 h of heating prior to deposition, no smell was
detected when the opening the chamber after the coating deposition,
meaning that the chamber is almost free of contamination gases
(mainly H,0). On the other hand, the oxygen concentration in the N-
doped and pure MoS, coatings was low at 0.5-1.5 at. % and up to 4 at.
% respectively; a factor of ~2 lower as when compared to values re-
ported in the literature [49].

The increase in the nitrogen flow rate during the deposition and the
effect on the composition of the coating are shown in Table 2 and Fig. 8.
The Mo content remained nearly unchanged whereas the sulphur con-
tent gradually decreased, suggesting that nitrogen is replacing sulphur
in the Mo-S compound. Overall, the minimum value for S/Mo was 1.25
and the (S + N)/Mo ratio was in the range of 2.17-2.50. These values
higher than 2 also shows that nitrogen molecules can be trapped

between the lamellas of MoS, as it was reported by Isaeva et al. [36]. N
can also be located at interstitial positions in the MoS(N,) compound
which causes the formation of an amorphous structure.

To understand the influence of the ion bombardment, one of the
coatings (Mo-S-N with 30 sccm flow) was deposited without the use of
additional secondary plasma source (keeping the other parameters
constant) and the results are shown in Table 3. The film without the use
of additional secondary plasma source had only 18 at. % of nitrogen
content and S/Mo ratio of 1.57 against the 28 at. % and 1.33, respec-
tively, for MoSN30 (30 sccm nitrogen flow); the O content also was
higher. This evolution is in agreement with the above described influ-
ence of the bombardment on the film growth promoting the re-
sputtering of lighter elements from the growing film and its densifica-
tion. The bombardment with nitrogen ions can facilitate their sub-
plantation in the film and the replacement of the re-sputtered sulphur
atoms.

Fig. 6. (Left) Morphology of the Mo/MoN(S) novel gradient layer. (Right) Epitaxial deposition of Mo and MoN on steel substrate; strong substrate interface.
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The chemical composition of all Mo-S-N coatings. The number suffix of sample code indicates the nitrogen flow used for a particular test.

Sample N, flow (sccm) Mo (at. %) S (at. %) N (at. %) S/Mo Thickness (um) Deposition rate (nm/min)
MoS,(NO) 0 35.4 + 0.4 63.4 = 0.5 0 1.79 6.1 51.3
MoSN10 10 30.8 = 0.3 485 + 0.3 184 = 0.8 1.57 2.4 20.0
MoSN20 20 30.5 + 0.4 432 + 0.4 242 * 0.7 1.42 2.2 18.5
MoSN30 30 30.2 + 0.3 40.3 + 0.3 28.4 + 0.8 1.33 1.5 12.9
MoSN40 40 29.0 = 0.4 39.4 + 0.6 30.2 = 0.5 1.36 1.3 11.5
MoSN50 50 27.9 + 0.4 34.8 + 0.4 354 + 0.7 1.26 1.2 10.5
MoSN60 60 27.3 + 0.4 341 + 0.4 37.0 = 0.8 1.25 1.2 10.0

0.14 — (i) With the introduction of nitrogen in the chamber, N, is mixed with

econdary plasma source surface
—e— Magnetron cathode surface Ar in the plasma, decreasing the sputtering efficiency, leading to a
reduction of Mo and S sputtering yields [50].

0.2~ (ii) Nitrogen is being ionized by the secondary plasma source, with the
3 consequent increasing bombardment of the growing film.
5 Therefore, the densification of film occurs. The bombardment and
5 0104 incorporation of N led to atomic arrangements and the removal of
E, pores and voids, as it has been reported in the literature [49]. The
[ compaction decreases the film thickness for the same amount of
g 0.08 ~ deposited material with the consequent decrease in the deposition
- rate.
% (iii) The ion bombardment of the growing film induces the resputtering

0.06 ~ of the incoming species, decreasing the amount of deposited atoms

1 1 and the deposition rate.
0.00 1

T T T T T
100 150 200 250 300 350 400 450

lon energy (eV)

Fig. 7. Effect of resputtering of sulphur can be observed by optical emission of
sulphur atom at 550 nm wavelength with respect to ion energy (eV) or substrate
bias voltage. The intensity is normalised with Ar intensity for consistency. The
tests were done with cathode power of 1000 W.
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Fig. 8. Evolution of S/Mo ratio and N content in the films as a function of the
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Table 2 shows that MoS,(NO) coating has the highest deposition rate
as compared to Mo-S-N coatings. The reported deposition rates corre-
spond to the coatings without considering the growth of the novel
gradient layer. Several factors can contribute to this trend as follows:

3.3. Chemical bonding

The ion bombardment of the growing film induces the resputtering
of the incoming species, decreasing the amount of deposited atoms and
the deposition rate. The character of the chemical bonding between the
atoms forming Mo-S-N films was studied by XPS and the peak positions
were identified using the NIST database [51]. The representative XPS
Mo3d, S2p, N1s and Mo3ps,, core level spectra of N 0 at.% (0 sccm), N
18 at.% (10 scem), N 28 at.% (30 scem) and N 35 at.% (50 scem) are
shown in Fig. 9. The XPS spectra have been fitted by Gaussian-Lor-
entzian curves. The relative contents of the various valence states are
estimated from the integral area under the Gaussian curves. The Mo3d
spectrum is fitted to the doublet peaks at 229.0 eV and 232.4 eV [46],
corresponding to MoN bonds with approx. 3.4 eV spin-orbit splitting;
the 228.3 eV and 231.5 eV peaks with 3.2 eV spin-orbit splitting are
corresponding to the chemical bonds between Mo and S typical for
MoS,, and the doublet peaks at 230.0 eV and 233.3 eV belongs to Mo-O
with 3.3 eV splitting. It can be seen that the MoS2 contribution is still
dominant in the Mo3d spectrum. The Mo-O bond is almost vanished
indicating that there was no oxidation in the film bulk. The peak at
226.3 eV belongs to S2s. The S2p spectrum at 162.0 eV becomes slightly
broader and lower intensity from 18 at. % (10 sccm) to 35 at. %
(50 sccm) due to loss of S element in the film. The N1s spectrum par-
tially overlaps with Mo3p;,» peaks, which is in good agreement with
the reported in the literature [31,49]. With the increase of N content,
the intensity of the N1s signal increases. The binding energy of N1s
displays a main contribution at 397.5 eV, corresponding to N-Mo bonds.
N1s XPS peaks are important to understand the Mo-S-N compound films
because the N-Mo bond peaks increases with the incorporation of ni-
trogen into the coatings and similar results were also observed in other
experiments [52,53]. From our measurements, we can conclude that,

Table 3

Chemical composition of Mo-S-N films with and without the use of secondary plasma source for Mo-S-N films with 30 sccm N, flow.
Sample Mo (at. %) S (at. %) N (at. %) O (at. %) S/Mo Deposition rate (nm/min)
With secondary plasma source 30.2 = 0.3 40.3 = 0.3 28.4 = 0.8 1.1 = 0.2 1.33 12.9
Without secondary plasma source 30.7 = 0.3 48.4 = 0.4 18.0 = 0.4 29 = 0.2 1.57 15.8
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Fig. 9. XPS spectra from Mo3d, S2p and N1s-Mo3p 3/, from the Mo-S-N films deposited at 18 at. % N (10 sccm), 28 at. % N (30 sccm) and 35 at. % N (50 sccm)

respectively. 0 sccm refers to pure MoS, spectra.

with the increase of N content from 0 at. % (0 sccm) to 35 at. %
(50 sccm), the relative amount of Mo-N seems to increase. Still, there is
much more Mo-S present as evident from the intensity of S2s peaks at
226.3 eV and also the presence of Mo-S peaks. This is achieved through
the periodic exposure to N-rich ion bombardment and MoS, target
during the rotation of the substrate holder.

3.4. Fractured cross-section and surface morphology

Fig. 10 shows the fractured cross-section and surface morphologies
of the deposited coatings. The sputtered pure MoS, coating displayed
highly porous and low density cross-section morphology with a large
contribution of dendritic growth throughout the coating (Fig. 10a).
Surface morphology of this coating was in accordance with the cross-
sectional results and the evidences of dendritic growth were clearly
visible (Fig. 10b). For Mo-S-N coatings, even with the introduction of
the lowest amount of nitrogen (18 at. %), the coatings started to be-
come compact and displayed columnar morphology (Fig. 10c). The
surface morphology micrograph for this coating also displayed less
porous and sponge-like morphology (Fig. 10d). With further nitrogen
incorporations, the compactness and density continued to increase,
while the surface displayed cauliflower like morphology due to surface

limited diffusion conditions [3,54]. A significant increase in the com-
pactness was observed after 28 at. % N addition.

The thickness of the coatings displayed trends similar to compact-
ness with the highest thickness of the MoS, coating (6.1 pm) decreasing
with increasing the nitrogen content (as low as 1.2 um). Despite more
atoms being added as compared to the pure coating, the substantial
thickness decreases are being attributed to the removal of porosity and
increase of the density and compactness.

3.5. Crystal structure

The crystallographic structure of Mo-S-N coatings was analysed by
grazing incidence XRD (GI-XRD) and it is shown in Fig. 11. For the pure
MoS, coating, the XRD reflections located at 26 = 14°, 33°, 58°, and 60°
indicated that the pattern was similar to typical sputtered TMDs (for
MoS,- ICDD 00-037-1492). The peak detected at ~14°, corresponding
to the (0 0 2) planes, displayed very weak signals. The broad peak
observed from 33° to 45°, with an extended shoulder, is related to the
(1 0 0) and (10L) planes. These observations were in accordance with
the work of Weise et al. [55] who for the first time introduced the
turbostratic stacking of the (10L) planes (L = 1,2,3,4,...).

The low (0 0 2)/(1 0 0) peak intensity ratio is attributed to the
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deposition rate as it can make a considerable effect on the orientation of
the crystals in sputtered coatings. (0 0 2) planes have a high desorption
rate if the deposition rate of the coatings is 15 nm/min and above. With
~15 nm/min, the deposition rate of second (0 0 2) layer becomes
higher than the desorption rate of the first layer and thus (0 0 2) planar
growth occurs. Here, the deposition rate was much higher (~51 nm/
min) which was optimum for the (1 0 0) planar growth as compared to
the (0 0 2) [48,56].

Applied Surface Science 527 (2020) 146790

Incorporation of nitrogen atoms into the MoS, coatings, during
deposition, led to significant changes in their crystal structure. Mo-S-N
films with the lowest nitrogen content of about 18 at. % showed some
vestiges of the presence of (1 0 0) and (1 1 0) planes but the (0 0 2)
peaks totally disappeared behaving similar to pure coatings. As the
nitrogen incorporation was increased to 24 at. % and 28 at. % the in-
tensity of (1 0 0) peak was further reduced. It has been previously re-
ported that nitrogen can either get trapped in the basal planes of

Fig. 10. SEM micrographs of surface (a, c, e, g, i, k, m) and cross-section morphologies (b, d, f, h, j, 1, n) of films deposited with increasing N content of 0%, 18%,

24%, 28%, 30%, 35% and 37% N respectively.
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Fig. 10. (continued)

chalcogenides [57] or can replace the chalcogen atom [58] causing
short-range disorder in the atomic structure. So, either of the me-
chanisms might be responsible for disrupting the organized growth and
structure of MoS, crystals. Then at 30 at. % of N and above, the coatings
were completely XRD amorphous and without any evidences of the
crystalline MoS, peaks. Further increments in nitrogen doping yielded
similar amorphous structures as shown by XRD spectra.

Overall, the results obtained were in disagreement with the work of
Zhang et al. [31] where the amorphousness was observed with 18 at. %
of the nitrogen doping. This difference is attributed to the deposition
approach as in our case; the substrates face the MoS, target alternating
with the additional plasma source. This means that when the substrates
are in-front of the MoS, target, the nitrogen effect is a bit lower and
thus the MoS; crystallinity was observed. As the nitrogen content (or
flow) in the chamber increases, the freedom for MoS, to form crystals is
hindered and, therefore, the coatings become completely amorphous.
The tiny peak at 31° on Mo-S-N coating (35 at. % N) could correspond
to the MoN structure, underneath the coating in the interlayer zone as

mentioned above, detected due to the lower thickness of the film.
3.6. Nanostructure

In order to observe the effects of nitrogen doping on the MoS,
coatings, the lamella prepared from three different zones of the selected
coating (with 30 at. % N) was imaged in cross-section via TEM. Fig. 12
shows the obtained HR-TEM micrographs. We observed an amorphous
nature of the coating, especially towards the top of the film with very
few traces of the nanocrystalline lamellar MoS,. Towards the substrate
interface, a combination of amorphous regions and regions with ran-
domly oriented MoS., platelets was observed. The coating was dense
(agreeing with SEM results) and showed a dendritic nanostructure
throughout the thickness of the film. The columnar features were shown
to be S-rich and hence provided the conditions for the localised crys-
tallisation of MoS, lamellae. These few traces and small sizes were the
reason that MoS, crystalline peaks were absent in XRD analysis of this
coating.
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4. Discussions

Mo-S-N coatings were deposited by single-target DC magnetron
sputtering with pulsed DC substrate bias in a planetary rotating semi-
industrial machine with an additional secondary plasma source. The
importance of secondary plasma source was well established for the
deposition of Mo-S-N coatings to develop a novel deposition condition
meant for obtaining distinctive properties. The additional secondary
plasma source serves the following functions; (i) it creates low argon
pressure plasma which is used to etch the steel. During this etching
process, the oxides on the surface are removed from the ion bom-
bardment resulting in the contaminant-free surface promoting a better
adhesion of the coatings. (ii) During the coating process, it is used to
vary the ion to neutral ratio of the species arriving to the substrates. (iii)
The plasma density or current density can be tuned at the substrate by
adjusting the plasma source power. With the help of this source, the
nitrogen content in the coating was also enhanced for any particular
flow of nitrogen gas into the chamber. Another important step was to
obtain a highly degassed chamber prior to deposition. Heating at 150 °C
for 5 h along with pumping made the chamber free of H,O on either the
substrates or over the chamber walls. The oxygen content measured in
the coatings was very low compared to what other researchers found in
their coatings (50% lesser). This semi-industrial PVD machine has a
large capacity of keeping many samples at a time which will rotate
inside the chamber passing alternately in front of the target and the

Mo-S-N amorphous

Fig. 12. Microstructure of the as-deposited Mo-S-N (30 at. % N) film with the corresponding FFT patterns are shown in insets.
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additional independent secondary plasma source. This allows the de-
position process to achieve homogeneity over many samples/substrates
kept in a single batch.

In this study, along with the doping of nitrogen with MoS,, an at-
tempt was made to improve the coating adhesion to steel substrates
which is one of the drawbacks for such coatings in industries. Moreover,
an innovative strategy is being applied to improve the adhesion without
the use of any third element metallic interlayer (e.g. Ti or Cr).

The deposition process started (after heating with pumping and
etching) with making a metal-metal bonding with steel using the only
target of MoS,. A thin Mo rich layer was created with high ion energy
and high ion bombardment resulting in preferential re-sputtering of
sulphur from the growing film leaving just a Mo- rich layer. Later, ni-
trogen was introduced which created a MoN (S deficient) layer. Due to
the alternating between target and secondary plasma source, a multi-
layer feature made of varying nitrogen contents existed, as observed in
Fig. 5. The ion bombardment also contributed to further incorporation
of nitrogen in the coatings. Following this, the ion energy was reduced
in order to keep sulphur in the coatings in the presence of nitrogen in
the plasma. This was made to distort the formation of crystalline MoS,
thus, preventing exfoliation/delamination within coatings. The coat-
ings were deposited at —50 V substrate bias for 2 h after 20 min of the
novel gradient layer.

The coating integrity was tested using the scratch test which vali-
dates the strategy employed to improve the adhesion. For the case of
coating with novel gradient layers, the adhesion failure limit was be-
yond the tested range (> 80 N). Even the Mo-S-N coating without the
novel gradient layer showed some increase in the adhesion failure limit
compared to the pure MoS, coatings. Alloying with nitrogen and using
the novel gradient layer, the cohesive failure limit had a 10 fold in-
crease compared to pure MoS, coatings (Table 1). Cohesive failures
were identified by the initial flaking of the surface. The improvement
was attributed to the prevention of any exfoliation due to the amor-
phousness of the Mo-S-N coatings.

The composition of the coatings had a good correlation with the
structure. For the case of MoS,(NO) coating, the surface and cross-sec-
tion images presented in Fig. 10(a and b), revealed a porous mor-
phology. This type of coating morphology showed preferential or-
ientation of grains in (1 0 0) direction than (0 O 2) as seen in Fig. 11 of
XRD spectra. The crystalline anisotropy of hexagonal MoS, contributes
to the formation of fibrous-needle or platelet-like structures. It is very
well known that longer grains cause shadowing effect which in-turn can
create porosity during the rotation of the substrate.

For the MoSN10 coating (18 at. % of N), a diminution of the size of
platelets is observed in Fig. 10(c and d). The incorporation of nitrogen
provided disorder in the atomic structure of Mo and S and triggered a
grain refinement process. The observations are supported by the XRD
analysis presented in Fig. 11. The intensity of the characteristic (1 0 0)
peak for MoSN10 coating decreases, which indicated a disruption in the
nanostructure of the coating when compared to pure MoS, coating. The
presence of nanostructure, gave rise to more compact coatings, thus
steeply decreasing the thickness with nitrogen doping. The decrease in
the deposition rate is also due to the decrease of the sputtering yield of
Mo and S in the reactive atmosphere. This overall leads to a decrease in
S/Mo ratio due to the incorporation of nitrogen into coatings. As the
nitrogen ions are bombarding induced by the secondary plasma source,
they participate in the removal of sulphur atoms and their replacement
or get sub-planted in interstitial positions in the MoS, structure. Ni-
trogen alloying thus induces amorphousness in the MoS, coatings.

Further addition of nitrogen to 28 at. % (30 sccm N, flow), results in
the formation of amorphous and dense coating as well as in the drastic
reduction of the XRD peak intensity. Fig. 10(g and h) also show less
porosity and highly compact coating. All further increase in nitrogen
content has led to amorphous coatings which are in good agreement
with the structure and surface morphology. Thus, nitrogen alloyed
coatings showed a reduced thickness compared to pure MoS, coating.
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Though some sulphur atom could have been replaced by nitrogen, a
substantial amount of sulphur was still retained within the coating even
for 37 at. % of N (MoSN60 coating). In this case, the minimum S/Mo
ratio was observed (1.25).

To understand the chemical bonding mechanism within the coating,
XPS revealed quite interesting results. Even for 35 at. % of N (MoSN50
coating) the Mo-S peak (228.3 eV) was dominant over Mo-N peak
(229.0 eV). Also, the S2s peak at 226.3 eV showed the presence of S-S
bonds whereas N-N bonds were detected at 397.5 eV. This reveals that
a good amount of MoS, compound was formed even for highly doped
films. The formation of such bonds could be due to the deposition
process, to the use of alternating magnetron sputtering and secondary
plasma source which incorporates N/Mo/S and N (in small quantity),
respectively. Thus, a process of deposition of MoS, takes place, after
bombardment some S is re-sputtered and N is incorporated. Thereby,
only some Mo-S bonds are replaced with Mo-N bonds at secondary
plasma source. This also corroborates with the chemical composition
where S/Mo ratio was 1.26.

The ion bombardment from plasma source also promotes desorption
of impurities, thereby the C (not shown) and O contents in the coating is
found to be reduced in comparison to the coating without the use of
plasma source as seen in Table 3. The additional plasma source plays a
very crucial role in desorption of impurities, the incorporation of ni-
trogen by bombardment and the reorganises the surface of the coating
to prevent voids. Therefore, the nitrogen is incorporated into the
coating by two means: (i) due to the normal sputtering process in re-
active mode in nitrogen-containing plasma and, (ii) by additional N ion
bombardment by the secondary plasma source. Nitrogen can either get
entrapped between the basal planes [57] or can replace the chalcogen
atom [58] causing disorder in the atomic placement. Komsa et al. [59]
showed, based on theoretical predictions and experiments, that it was
possible to dope MoS, by filling the vacancies created by the electron
beam with impurity atoms. It was feasible to have a MoS, sheet with S
vacancy filled in by an isolated atom of N. Later, Dolui et al. [60] de-
scribed some possible doping strategies for MoS, monolayers, using
density functional theory, by a first substitutional doping at both the
Mo and S sites. They reported that the best strategy would be to grow S-
poor films and, then, filling the vacancies with an appropriate atom,
such as N. Due to the high formation energy of the vacancy, N sub-
stitution is energetically favoured since that energy is largely dependent
on the growth conditions. Based on this work, the highest nitrogen
content films is achieved by using high ion bombardment with the
secondary plasma source, high S/Mo ratio, should have a structure
consisting of a Mo-S-N compound with Mo bonded to S and N. Such a
compound would be amorphous in nature.

Finally, it is safe to say that at least 30% nitrogen content can
provide a complete amorphous structure. Thus, in our case, the struc-
ture of Mo-S-N coatings are crystalline or nanocrystalline from 0 to
28 at. % N and changes to amorphous above 28 at.% N. Such nitrogen-
doped coatings have a high potential for projecting impressive tribo-
logical properties in vacuum and humid air.

5. Conclusions

In this study, Mo-S-N coatings were deposited using a semi-in-
dustrial DC magnetron sputtering apparatus with a single target of
MoS; and planetary rotating substrate holder on Si (1 0 0) and M2 steel
substrates. The chemical composition, morphology, structure and che-
mical bonding were studied as a function of the N-content of Mo-S-N
coatings. An innovative novel gradient layer was synthesised to im-
prove the adhesion of the coatings with the steel substrates having
metal-metal bonding (strong bonding). Then, adhesion failure limit
beyond the tested range of 80 N was achieved with a single MoS, target
and without the need to use any metallic interlayers (e.g. Ti or Cr). This
simplifies the depositions in the industrial environment solving a major
industrial issue. The initial Lcl representing the initial cohesive
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cracking/flaking of the coatings was 38 N for the 28 at. % nitrogen
content coating. With heating and pumping prior to etching and de-
position, it was possible to attain very low oxygen content in coatings,
less than 1 at. %. The structure of the coatings changed with the in-
corporation of nitrogen. The coatings with less than 30 at. % N was
nanocrystalline; for higher contents coatings became XRD amorphous.
The morphology was increasingly more compact with the incorporation
of nitrogen. HRTEM also confirmed the presence of amorphism in high
N-content coatings. The S/Mo ratio was also improved and maintained
to 1.25 for the highest N incorporation (37 at. % N). The ideal atomic
arrangement based on the above results would be that nitrogen was
incorporated in a ternary compound, such as Mo-S-N, with Mo-N and
Mo-S bonds. These coatings with enhanced adhesion, high S/Mo ratio,
very high compactness and low contaminant contents have great po-
tential to show high hardness and other interesting mechanical and
tribological properties.
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ABSTRACT: MoS, is the most widely used dry lubricant for low

friction applications in vacuum environments. However, due to its Cylinder
lamellar nature it exfoliates during sliding, leading to high wear, high ‘

coefficient of friction (COF), and low stability. Here, we report the IEE s )

[l Metrics & More | @ Supporting Information

Direction of sliding

mechanical properties and the vacuum (107* Pa) tribological \‘\ ¢ o S /’l along;:iziewmg
performance of nitrogen-alloyed transition-metal-dichalcogenide S — e :
(TMD-N) coatings. The coatings were deposited using a hybrid .

deposition method, that is, reactive direct current (DC) sputtering of Final tontact

MoS, target assisted by an additional plasma source. The tribological 4.2-63mm

tests were performed at relatively low contact stresses to replicate real

industrial needs. The interaction between different mating surfaces

(coating versus steel, coating versus coating) has been reported.

Additionally, the effects of loads on the sliding properties were also studied for coating versus coating interactions. A maximum
hardness of 8.9 GPa was measured for the 37 atom % N-alloyed coating. In all mating conditions, the pure MoS, coating had COF in
the range of 0.1—0.25 and the least specific wear rates were found to be 3.0 X 107 mm?>/N-m for flat and 2.5 X 10™® mm®/N-m for
cylinder. As compared to MoS, coating, the COF and specific wear rates decreased with N additions. The COF was in the range of
0.05—0.1 for Mo—S—N coatings, while coating versus coating displayed the lowest specific wear rates (8.6 X 10™® mm?/N-m for flat
and 4.4 X 10~ mm®/N-m for cylinder). Finally, the increase in load resulted in a decrease of COF, but an increase in the wear rate
was observed. The detailed mechanism behind the behavior of the COF for the different mating conditions was presented and
discussed. This work brings some important issues when testing transition metal dichalcogenide-based coatings under low contact
stress conditions more appropriate for simulating real service applications.

KEYWORDS: transition metal dichalcogenides, solid lubrication, Mo—S—N coatings, cylinder-on-flat tribology, low contact stresses

1. INTRODUCTION

Many critical devices in vacuum technology, like spacecraft,
involve relative motion of contacting surfaces. Hence, the
tribological stability of the components is a crucial concern in
the efficiency and stability of these devices."” In this regard,
these applications demand low friction (COF in range of 0.1)
and low wear (specific wear rates below 107 mm?/Nm) in order
to achieve low power consumption, extreme reliability, high
stability, and highly precise sliding processes.” Space mecha-
nisms are required to operate in vacuum conditions but also
during their assembly stage, testing phase, and storage time
under ambient atmosphere.* Continuous research has been
going on for the development of a system capable of providing
better tribological properties in a vacuum. One possible solution
is the use of solid lubricant coatings. The use of solid lubricant
coatings became a subject of high interest whenever conven-
tional liquid lubrication is prohibited, such as in extreme
operating conditions or the necessity of a clean environment.’
With the introduction of the plasma vapor deposition (PVD)
process for the deposition of self-lubricant coatings, the research
on solid lubricants has gained increasing attention.

© 2020 American Chemical Society

7 ACS Publications

Nanocomposite solid lubricant coatings based on TMDs are
potential candidates for low friction and wear applications in dry
and vacuum environments. The research on TMDs for
aerospace applications started in the early 1960s® and is now a
subject of research for the past few decades. This considerable
attention is attributed to their excellent sliding properties and
potential for the replacement of liquid lubricants and other low
friction coatings.” Pure TMDs display remarkably low friction
values of 0.1 to 0.001 in dry and ultrahigh vacuum
conditions.*™"" Their low friction behavior is attributed to the
crystal structure, which plays a vital role in the sliding process.
Strong covalent bonding exists between the metal and chalcogen
atoms, while weak van der Waals bonding prevails between
adjacent layers, allowing the easy shear of the planes.” Despite
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ideal conditions from the friction perspective, the low packing
density (or porosity) and the presence of dangling bonds in
sputtered TMDs not only decrease their load-bearing capability
but also make them vulnerable to oxidation, moisture, and other
environmental attacks. Additionally, pure TMD:s fail to provide
long-term durability and consistent tribological performances
due to the exfoliation of the lamellar layers. These drawbacks,
coupled with a low adhesion to substrates, result in the high wear
of the TMD coatings. Ultimately, the coatings become
unsuitable for efficient mechano-tribological applications.

To overcome these issues, TMDs have been alloyed with
different metals'”™>' and nonmetals (e.g, C and N).”**7*’
Metal doping has shown beneficial results'~ but drawbacks, such
as (i) the detrimental effects of hard metal particles (e.g., Ti), (ii)
abrasion of tribo-films,*” (iii) rapid oxidation of tribo-films into
metal oxides,”’ (iv) delamination of the TMD/metal multilayer
interfaces due to thermal cycling in space environments,”” and
(v) high COF and wear with the increase in metal layer
thickness,” have limited its use. Additionally, the reactive
sputtering of metals (in gaseous form) is not possible, and the
use of two sputtering targets further adds complexity in the
repeatability of the process, due to the need for synchronization
between the two cathodes. In the case of nonmetals, carbon
alloying has attracted both industry and researchers due to its
impressive properties but again reactive sputtering is an issue.
The carbon incorporation in reactive sputtering was tried by
using precursor gases such as CH, or C,H,. In such cases,
hydrogen can react with the chalcogen, not only changing the
stoichiometry of MoS, but also becoming a contamination
source.”

Nitrogen doping has been less explored but seems a more
suitable option to improve the properties of TMDs. Pure
nitrogen can be used for reactive sputtering, avoiding the
contamination (by other elements) along with low operational
costs.>® Furthermore, when compared to carbon, a small amount
of nitrogen can be sufficient to achieve a dense amorphous
coating, further reducing the operating costs.>® Moreover, the
improvement in the hardness can be greater than with C doping
for similar C and N contents. In order to grow mechanically
stable coatings, it is crucial either to prevent the easily sheared
planes that are formed parallel to the sliding direction or to
reduce the crystallinity of the soft TMD phase; this can easily be
achieved by nitrogen doping.”” On the other hand, despite
disturbing the crystalline structure of MoS, in the coating, N
does not affect the crystalline tribo-film formation to provide the
required low friction.””*® Mutafov et al.’” reported that
magnetron sputtered amorphous W—S—N films exhibited a
low COF, high load-bearing capacity, and good wear resistance.
Isaeva et al.’® with a theoretical approach reported that during
the sliding of W—S—N coatings nitrogen was released from the
contact region in the gaseous form (e.g, N,, NO,) without
disturbing the formation of the tribo-films. Ju et al.*’ recently
reported that Mo—S—N coatings showed higher oxidation
resistance due to the formation of Mo—N bonds. Zhang et al.*!
reported that the incorporation of a small amount of nitrogen
into MoS, sputtered films produced a nanocomposite structure,
increasing the hardness and reducing the wear. High hardness
was observed for a high N content coating (28 atom % N) but
the COF and the specific wear rate also rose. On the other hand,
low N content coatings (10 and 17 atom % N) had lower COF
and specific wear rates. With the increase in N content, the
increasing values of the wear rate and COF were attributed to
the reduced S/Mo ratio (~0.7) which hindered the formation of

the well-ordered tribo-film at the contact area leading to the
failure of coating. Similar works were also reported by Nossa et
al™!

In our previous work,”” Mo—S—N coatings were deposited
using a novel hybrid deposition approach to improve the
composition, compactness, structure, and adhesion. It was
observed that the use of the secondary plasma source allowed
the N ion bombardment of the growing film. Therefore, an
enhanced N content, along with a higher S/Mo ratio in
comparison to the literature, could be achieved.””*' As per
literature, a higher S/Mo ratio in the deposited coatings can have
a positive influence on the formation of well-ordered MoS,
tribolayers during sliding.Ar2 Moreover, Grosseau-Poussard et
al.” pointed out that it is possible to form the hexagonal
structure of MoS, only if the x-value of MoS, coating or its
composites, is greater than 1.1. The structural studies revealed
that coatings with 0—28 atom % N content were crystalline or
nanocrystalline, while further N additions resulted in the
prevalence of an amorphous phase. Likewise, N content of 28
atom % and above led to a very high compactness without any
vestiges of porosity. Moreover, it was reported that the
deposition approach resulted in an enhanced adhesion. The
critical adhesion loads were higher than 80 N, a highly desirable
characteristic that was not commonly reported in any other
previous studies. It is expected that these properties will
contribute to the excellent mechanical and tribological behavior
of the deposited films.*’

Therefore, this study is a continuation of the previous work
focusing on the exploration of the mechano-tribological
properties for real industrial requirements. It is well-known
that the contact stresses in many tribological applications are
relatively low, that is, in the range of 10—150 MPa, for example,
in journal bearings.”* Most of the tribological studies for alloyed
TMDs until now dealt with contact stresses in the high range
(500—1500 MPa)***#313%3% with almost negligible focus on
low contact stresses. Considering the results reported in ref 45,
the study of these Mo—S—N coatings can also be an interesting
domain to be explored at low contact stresses. Additionally,
most of the Mo—S—N coatings were only studied in dry N, and
humid air conditions. The vacuum tribology of this system has
not been reported except for the work of Fu et al.** and Zhang et
al’! Again, in these works, tests were conducted at much higher
applied contact stresses (~1500 MPa and ~950 MPa), which is
not a realistic approach for applications such as those existing in
space industries/components.

Thus, this current work deals with vacuum tribology of
optimized Mo—S—N coatings in low contact stress regime, so
that the results can considerably be more practical and reliable
for industrial implementation, especially for space applications.
It is believed that the achieved results presented in this study will
have a high impact from an industrial perspective.

2. EXPERIMENTAL DETAILS

The pure and N-alloyed MoS, coatings were deposited in a custom-
built TSD 400 semi-industrial unit. The chamber was equipped with a
single cathode and an additional secondary plasma source (to ionize gas
mixture). A MoS, target (450 mm X 150 mm, 99.5% purity) was DC
magnetron sputtered in N, and Ar (99.99% purity) gas atmosphere.
The MoS, target and the plasma source powers were kept constant for
all the depositions, while the N, flow was varied for compositional
changes in the coatings. Polished M2 steel (@ 25 mm, hardness = 62
HRC) and 100Cr6 steel cylinder, SKF cylindrical roller RC-10 X 10C
(@ 10 mm, 10 mm length, hardness = 61 HRC) were used as substrates
(Figure 1A). The substrates were placed over a planetary (double

https://dx.doi.org/10.1021/acsami.0c12655
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100Cr6 steel cylinder

Worn region Applied normal load

M2 Steel flat

Figure 1. (A) Image of the coated flat and coated cylinder
postdeposition used in tribo-testings. (B) Pictorial representation of
the linear reciprocating cylinder on a flat tribometer.

rotation) substrate holder, which was rotating at a speed of S rpm, to
achieve a uniform coating. Prior to depositions, the chamber and
substrates were heated to 150 °C for 5 h (a process known as bake-out)
along with pumping to the base pressure of ~107* Pa. This was done to
enhance the adsorbed gas removal. The schematic diagram of the
deposition chamber, secondary plasma source, deposition parameters
detail, and the main characterization results (composition, morphology,
microstructure, crystal structure, and adhesion) of the coatings can be
found in ref 29.

The roughness measurements were performed using a contact mode
atomic force microscope, manufactured by Nanosurf AG (Liestal,
Switzerland). To eliminate the external noise, the AFM was placed on
an active vibration isolation table (TS-150, S.S, Herzogenrath,
Germany). The scans were performed at a rate of 0.1 line/s with the
final image to be 20 ym X 20 pym in size. The average roughness
parameter (Sa) was considered as the roughness of the coatings. The
tests were performed immediately after the deposition to prevent
oxidation damages.

Nanoindentation (Micro Materials Nano Test Platform) hardness
measurements were performed using Berkovich diamond indenter
under 3 mN load. A total of 32 indentations were performed at two
different locations.

Linear reciprocating sliding tests were carried out in vacuum (at 10~
Pa) using a cylinder-on-flat tribometer (see Figure 1B). The tribometer
system is designed for the cylinder to self-align on the flat surface. The
used cylinders made of 100Cr6 steel are manufactured for roller
bearings. Their geometry is very reproducible but is not exactly a
cylinder. It can be considered as a cylinder over the 4 mm center on the
middle of the length. There is a small bulge/curvature along 3 mm at the
end of the length of the cylinder, which impacts the initial contact
stresses (see profile in Figure 2A). This results in an initial effective line
contact length of ~4 mm. The effective length can increase during
testing because of wear, depending on the sliding parameters and
mating surfaces (see Figure 2B). Figure 2C,D shows the increase in the
initial contact length after testing for a coated cylinder versus an
uncoated M2 steel flat. A stroke length of 5 mm and a linear speed of 2
mm/s were selected for all of the tests. All of the tests were carried out at
5 N applied load, which resulted in a maximum initial Hertzian contact
stress of ~95 MPa (typical of a journal bearing). Usually, the tribology
tests of these materials are carried out at contact stresses in the range of
1000 MPa. Amorphous MoSx materials are in a metastable state. By
providing them with a sufficient amount of energy, they transform in the
contact from amorphous to lamellar structure necessary for friction
reduction. One can expect that a minimum energy is necessary for that
transformation to occur. Hence, it is interesting to reduce the contact
stresses to the one that may be encountered in service to verify that the
energy dissipated by friction to produce lamellar structure remains to be
enough. The tests were carried out for S000 cycles (50 m distance) with
each cycle comprising both to-and-fro motion. All the coatings slide
sufficiently to achieve a steady-state regime. Three different conditions
of mating surfaces were tested during tribological analysis: (1) uncoated
100Cr6 steel cylinder versus coated flat, (2) coated cylinder versus
uncoated M2 steel flat, and (3) coated cylinder versus coated flat. In the
last case, the coatings of the cylinder and flat were the same for each test.
The sample displaying the best frictional properties in case 3 was further

43301

tested at 2 N (contact stress = ~60 MPa) and 10 N (contact stress =
~13S MPa). The tangential load was measured by a high precision
sensor (FUTEK) connected with the data recorder (SEFRAM). After
the tests, the cylinder wear-width and length of line contact was
measured in an optical microscope to determine the wear volume and
the specific wear rate. For confirmation, the wear volume was also
calculated using MarSurf CM mobile 3D optical profilometer (MARS)
and MountainMaps software (DigitalSurf). For the case of flats, the
depth profile of the wear-scar was taken using 3D optical profilometry
(BRUKER), and the specific wear rate of the coating was calculated as
the worn material volume per sliding distance and normal load. All of
the tests were performed thrice to ensure repeatability.

3. RESULTS

3.1. Main Characteristics of the Deposited Coatings.
The relation between nitrogen content, S/Mo ratio, and the
coating roughness is depicted in Figure 3. The addition of
nitrogen not only decreased the S/Mo ratio but also reduced the
crystallinity and increased the compactness of the coatings. This
decrease of S/Mo is related to the differences in the sputtering
yield of Mo and S from the growing film, induced by the higher
N ion bombardment. The S/Mo ratio was 1.36 for Mo—S—N40
(30 atom % N) and 1.25 for Mo—S—N60 (37 atom % N).
Despite the substoichiometric values achieved for S/Mo ratios,
the resulting chemical composition is closer to the desired values
when compared to similar coatings presented in the literature
(S/Mo ~ 0.8 for 30 atom % N).”>*" This is expected to have a
positive impact on the tribological properties of this system. The
coatings became highly compact and X-ray diffraction
amorphous for the higher N contents. The XRD measurements
revealed that from 0 to 28 atom % N content, the coatings were
crystalline or nanocrystalline. Further addition of nitrogen, for
example, Mo—S—N40 (30 atom % N), caused the coatings to
become XRD-amorphous (see ref 29 and Supporting
Information). With amorphousness and compactness of the
coatings, the roughness also decreased from 0 to 30 atom % N
and later increased with further nitrogen additions. These
roughness increments could be related to the formation of some
asperities on the coating surface. Further details about the main
characterization results of these coatings can be found in ref 29.

3.2. Mechanical Properties. Figure 4 shows the hardness
and effective Young’s modulus of the deposited coatings and
their variation with nitrogen content. The pure sputtered MoS,
coating showed the lowest hardness values of 0.5 GPa because of
its low packing density’” and columnar morphology, in
agreement with the previous study.”” The hardness of the
films increased to 1.5 GPa (Mo—S—N10, 18 atom % N) as soon
as nitrogen was introduced in the chamber. The hardness
continued to increase with further additions of nitrogen. This
increase is related to the improved compactness and density of
the coatings,”® which induces high resistance to plastic
deformation, dislocation movement, and high load-bearing
capacity.

The reduced crystallite size also plays a vital role in the
improvement of the mechanical properties of the coating.'”****
No significant difference in hardness was observed by increasing
N from 30 to 37 atom % N, as the coating was already
amorphous and highly compact at 30 atom % N alloying. The
effective Young’s modulus followed similar trends as hardness.
Overall, the hardness values increased from 0.5 to 8.9 GPa, while
the Young’s modulus increased from 20 to 149 GPa with
increasing N-alloying from 0 to 37 atom % N.

3.3. Tribological Properties. 3.3.1. Steel Cylinder versus
Coated Flat. In this configuration, the coating is on the flat
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Figure 2. (A) The profile along the length of the steel cylinder shows the bulge/curvature with ~4 mm of flat. (B) The schematic view of an increase in
the length of line contact with the evolution of wear. (C) The worn length of line contact on MoS, coated cylinder. (D) The worn length of line contact

on Mo—S—N coated cylinder after sliding against the M2 steel flat.

sample behaving with the lowest wear rate on the point of view
of the kinematic length. The evolution of the COF and the
specific wear rate of all Mo—S—N coatings sliding against the
uncoated steel cylinder under S N applied load are shown in
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Figure 5. All of the coatings displayed almost similar and highly
stable steady-state friction curves. Significant differences were
observed in the running-in period. All coatings displayed in this
zone a bump in the initial part of the friction curves. Two main
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trends characterize these bumps. On the one hand, the higher
the roughness is, and the higher the height of the bumps is,
which suggests that mechanical interaction is occurring in this
first part. On the other hand, the width of the bump increased
with the hardness, which can be understood by the difficulty in
wearing the material due to enhanced mechanical interactions.
After the bump, a progressive decrease of COF takes place until
the friction steady-state is reached. It is well established in the
literature that TMDs display low COF due to the formation of
easy to shear planes at the contact interface or contact surface.”
Therefore, the running-in period should depend on the
formation of this tribolayer. The pure MoS, coating displayed
the minimum running-in period of ~5 m due to the high S/Mo
ratio, which means more MoS, is available for the tribolayer
formation. Then globally, as N was introduced in the coatings,
the running-in period increased as the MoS, availability to form
the easy shear tribolayer decreased. This is in good agreement
with the decrease in the S/Mo ratio. Therefore, during the time
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the tribolayer was being formed (running-in period), a higher
wear of the coating occurred at that region of the friction test. In
addition to this, for the highest N contents N-based compounds
could be expected which might also be contributing to the
increase in the wear during this stage. The formation of
tribolayer would mean reorientation of crystals and nanocrystals
in the direction of the sliding plane, and for amorphous coatings
this would mean the transformation from the amorphous phase
to crystalline phase in the direction of the sliding plane.
Overall, the stable COF for all Mo—S—N coatings was in the
range of 0.05—0.08. However, the pure Mo§, coating showed an
increasing trend for COF, reaching a slightly higher value of
~0.10 at the end of the test. A possible explanation for this slow
increase of the COF is based on the particular shape of the
counter body, that is, the flat and curved cylinder as shown in
Figure 2A,B. Two points should be considered in this analysis:
(i) despite the higher S/Mo ratio and consequent MoS,
availability for the tribolayer formation, the very low hardness
of the pure MoS, coating leads to a very high wear in the first few
cycles compared to the other coatings; (ii) the low contact
stresses being applied makes more difficult the tribolayer
formation in the sliding contact. Because of these reasons, after a
few cycles it is expected that for pure MoS, coating the cylinder
plunges in relation to the original contact surface, thus increasing
the length of the contact surface (see Figure 2B). Such a change,
in addition to the much lower Young’s modulus of this coating,
contributes to a much higher contact area and smaller values of
the contact stresses. This means that the higher the wear is, the
lower the contact stresses will be. If it is speculated that the
contact stresses are close to the threshold value necessary for the
tribolayer formation, an assumption which will be shown later
can be true, that is, the progressive decrease of the contact
stresses can lead to a progressive deficiency in the formation of
the tribolayer and the consequent increase of the COF. On the
other hand, for the high N content coatings (30 atom % N and
above), due to the increased hardness the initial wear of the
coating is much less and thus the plunging-in is almost nil. This
means that the contact area does not increase during the
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duration of the test, keeping the COF approximately constant in
the assumed steady-state regime.

Figure S (right) shows the specific wear rates for the coated
parts (flats). The pure Mo$S, coating displayed the highest wear.
The softness (low hardness), low compactness, and low load-
bearing capabilities of this coating justifies the short running-in
and fast tribolayer formation, as described above, as well as the
much higher values of the wear in comparison with N-containing
films. The increased compactness and hardness of the coatings
with N additions decreased the wear rates, as compared to the
pure coating. They remain hard until they transform into MoS,
on the contact surface. However, among the Mo—S—N coatings,
there is not an improved wear resistance with increasing N
content, despite their higher hardness. It should be noted that
the wear-scar depths were usually very shallow (typically 40—
100 nm for Mo—S—N coatings and 200—500 nm for pure MoS,
coatings), indicating the starting of the wear process for the
formers. As it was explained above, in this stage the values of the
wear are mainly dependent on the formation of the tribolayers.
Until the effective action of the tribolayer, a high wear occurred,
as high as the longer time needed for its formation. For very long
tests and/or high depth wear craters, the hardness of the
coatings would become more important, and an inverse trend
for the specific wear rate would be expected, that is, the higher
the N content is, the higher the hardness and the wear resistance
are.

3.3.2. Coated Cylinder versus Steel Flat. In the previous case,
the steel cylinder was sliding against the coated flat, being each
zone of the coating subjected to a periodic contact. In this
section, the arrangement of the mating surfaces has been
changed; the coated cylinder slides against the polished steel flat
surface. In this situation, the coating is in continuous
(uninterrupted) sliding contact with the counter body (steel
flat surface), closer to the reality of many industrial applications
where the coating remains in permanent contact with the sliding
interface. Thus, in this configuration the coating is placed on the
sample for which the wear rate is the highest because of
kinematic length consideration. Therefore, this sliding process is
more demanding and severe for the coating than the steel
cylinder versus coated flat condition.

The pure MoS, coating had a very short running-in period,
shorter than in the previous case, which can be justified by the
permanent contact of coatings with counterbody and an easier
formation of the tribolayer (see Figure 6 (left)). The steady-state
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COF is kept during the 15 m sliding distance and then the COF
increased strongly to 0.25; at this point, the test was stopped as if
the contact with uncoated zones had occurred. Unexpectedly,
the analysis of the wear track (see Figure 2C) showed that no
substrate could be detected. Moreover, the calculation of the
depth of the worn coating, based on the width of the wear-scar
and geometrical analysis, found a value close to 0.68 ym, very far
from the thickness of the coating (6.1 m). This trend confirms
the explanation mentioned in Section 3.3.1 for the slow increase
of the COF but now in a catastrophic manner. As can be
observed in Figure 2C, besides the flat part of the cylinder it is
clear that the contact reached the curved part, enlarging the
contact area and decreasing the Hertz contact stress. This had
already occurred in the previous case; however, in this situation a
further increase in the contact area takes place, decreasing the
contact stress to values lower than the critical ones for the
formation of the tribolayer. In fact, for the uncoated cylinder/
coated flat situation the wear of the steel cylinder is almost nil,
being the contact area in the linear part of the cylinder is almost
constant during the test. Because of the wear of the coating, only
the plunging-in, prolonging the contact to the curved zone of the
cylinder, has an influence on the contact area and the contact
stress. Alternatively, in the case under analysis in this section the
cylinder is being worn out, and the contact area is increasing with
the duration of the test besides the extension to the curved zone.
Then, when a critical value of the contact area is reached the
corresponding contact stress is not sufficient anymore to form
the tribolayer, and the friction rises.

For Mo—S—N coatings, the formation of the tribolayer is
much faster than in the previous case (Section 3.3.1). The
coating with minimum N content displayed the lowest running-
in period, and further additions of N increased this period. The
coating with the highest nitrogen content (Mo—S—NS0, 35
atom % N) displayed the longest running-in period. This
increased running-in period can be attributed to the lower S/Mo
ratio availability for tribolayer formation. With the exception of
the Mo—S—NS0 (35 atom % N), in all the coatings the slow
increasing trend of the COF can also be observed. As explained
above, this progressive and slow increment in COF is related to
the wear of the coatings (coated cylinder), which results in an
increased contact area and thus decreased contact stresses.
However, the much lower wear of these coatings (see Figure
2D) does not promote significant changes in the contact
stresses, keeping their values close for the formation of the

https://dx.doi.org/10.1021/acsami.0c12655
ACS Appl. Mater. Interfaces 2020, 12, 43299—43310


https://pubs.acs.org/doi/10.1021/acsami.0c12655?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12655?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12655?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12655?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c12655?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

0.50
—— Pure MoS,
0.45 4§ o
—— MoSN10 (18 at.% N)
~ 0.40 MoSN20 (24 at.% N)
3 | MoSN30 (28 at.% N)
S 0351 —— MoSN40 (30 at.% N)
- — 0
;E 0304!! MoSN50 (35 at.% N)
5 0254l
S 0204
K |
£ 015
-]
o
O 0.0
0.05 -
0'00 T T T T T T T T T

Sliding distance (m)

10°

B specific wear rate (coated cylinder) |

Specific wear rates (mm*/Nm)

Pure MoS2 MoSN10 MoSN20 MoSN30 MoSN40 MoSN50

Figure 6. (Left) Friction coefficient evolution for the coated steel cylinder against the polished steel flat (roughness of 1.4 nm) with respect to sliding
distance in vacuum conditions. (Right) The specific wear rates of the coated cylinder for respective tests.

050
—— Pure Mo,
0.45 4
—— MoSN10 (18 at.% N)
~ 040+ MoSN20 (24 at.% N)
3 MoSN30 (28 at.% N)
§ 0381 ——— MoSN40 (30 at.% N)
B 030 —— MoSN50 (35 at.% N)
& MoSN60 (37 at.% N)
s
t
9
=
8
o

Sliding distance (m)

10°
Il Coated cylinder
[ Coated flat

Specific wear rates (mm*/Nm)

Pure MoS2 MoSN 10 MoSN 20 MoSN 30 MoSN 40 MoSN 50 MoSN 60

Figure 7. (Left) Evolution of the friction coefficient of all studied coatings with respect to sliding distance in a vacuum. The cylinder and flat are coated
with the same deposition conditions. (Right) The specific wear rates for the coated cylinder and coated flat for all tests.

tribolayer. It is noted that almost no extension of the line contact
to the curved zone is observed (see, e.g., Figure 2D).

The specific wear rate of the pure MoS, coating was the
highest, which decreased with the introduction of N in the
coatings (see Figure 6 (right)). The specific wear rate was
minimum for the lowest N-alloying. Among the N-alloyed
coatings, the specific wear rates increased with the N content.
Therefore, the Mo—S—NS0 (35 atom % N) coating displayed
the highest wear rate. As explained earlier in this section, the line
contact of the coated cylinder is always in contact with the steel
surface. This creates a situation in which the material is easier
and faster transformed to form the reoriented tribolayer in the
case of the softer pure MoS, coating. Therefore, higher wear and
low running-in period has been observed for this coating. The
same phenomenon took place for all N-alloyed coatings, but the
specific wear rate was lower (than pure MoS, coating) due to
their increased hardness. Among Mo—S—N coatings, the reason
behind the observed increase in the wear with increased N-
alloying is the decrements in S/Mo ratios. As explained above,
more wear of the coated cylinder was needed to provide
sufficient MoS, for the tribolayer formation. This is in agreement
with the delayed tribolayer formation under high N-alloying
conditions.
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3.3.3. Coated Cylinder versus Coated Flat. The evolution of
the friction curves in the steady-state region was very similar to
the case of the steel cylinder versus coated flat presented in
Section 3.3.1 (compare Figures S and 7). The main difference
was the decrease in the duration of the running-in period and the
lower initial intensity in the bump of the COF. The pure MoS,
coating displayed the highest COF value at the end of the test,
which results from the progressive difficulty in forming the
tribolayer, as it was explained in Sections 3.3.1 and 3.3.2. As can
be observed in Figure 7 (right), the wear in the cylinder is of the
same order as in Section 3.3.2, meaning that a decrease of the
contact stresses is occurring, making it difficult for the formation
of the tribolayer and leading to an increase of the COF during
the test. This trend was not as abrupt as in Section 3.3.2 since the
contact was now against a coated flat, which makes more MoS,
lubricant available (in the contact) for the tribolayer formation.
All of the other coatings displayed almost similar and stable COF
values in the last part of the tests. The intensity and position of
the bumps in the COF curves are similar to those observed in
Section 3.3.1 and can be explained by the combination of the
surface roughness and the set hardness/S/Mo ratio. For the
relatively smoother film (Mo—S—N40, 30 atom %N), almost no
bump can be observed, suggesting that no mechanical
interlocking is taking place in the running-in period. On the
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other hand, for the films where bumps are observed the intensity
of the bump is typically increasing with the roughness, as it
would be expected. Concerning the extension of the bump, with
direct consequences in the running-in period, as already
mentioned, there is a close correlation between the mechanical
strength and the extension of that period due to the increasing
difficulty in overcoming the mechanical interlocking. Simulta-
neously, the hardness increase associated with a lower S/Mo
ratio makes the formation of tribolayer harder, contributing to
extending the running-in period. Overall, the COF was for the
last part of the test in the range of 0.05—0.08 for Mo—S—N
coatings.

The Mo—S—N coatings displayed low cylinder and flat wear
as compared to pure MoS, coatings due to the low load-bearing
capacity of the latter. Inversely to what was observed in the
previous sections, both the coated flat and coated cylinder wear
decreased with increasing nitrogen up to 30 atom %. As already
discussed above, this decrease should be expected due to the
increase in hardness, increase in compactness, and also due to a
decrease in roughness of both coated parts. The trend is contrary
to the other mating situations since both elements of the sliding
pair are coated, making available immediately high amounts of
material to form the tribolayer at very small wear volume, that is,
not needing a high quantity of wear debris and thus, decreasing
the initial wear volume. Therefore, from the very beginning what
is important for determining the wear rate is the mechanical
strength of the sliding material. Again, it should be noted that the
worn craters in the sliding elements are very shallow (tens of
nanometers), meaning that the wear process is in its very
beginning. This is the reason why in the coatings with the
highest hardness and the lowest S/Mo ratio, the initial process
for forming the tribolayer is too long, consuming a high amount
of material, and leading to an increase in the wear rate in
comparison to the softer coatings with lower N contents (see
Figure 7 (right)).

3.3.4. Variation of Testing Load. The effects of the variation
of applied load on the evolution of the COF and the specific
wear rate for coated cylinder versus coated flat are shown in
Figure 8 for one of the coatings showing the best tribological
performance in Section 3.3.3, that is, Mo—S—N30 (28 atom %
N). With 2 N applied load, the COF started from 0.12 and
increased to 0.2 within ~12 m of sliding. The almost
imperceptible bump observed for the 5 N tests was extremely
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enhanced for the 2 N. This coating has low roughness, which, as
explained before, gives rise to very small mechanical interlocking
in the beginning of the sliding test. However, for very low
applied loads the elastic deformation in the contact is much
lower, allowing a higher interaction between roughness peaks in
the two surfaces and then leading to a higher COF. As the
applied load is lower, the destruction of the roughness peaks
promoting the interlocking is more difficult, which explained the
permanence of the bump until a higher number of cycles. After
this, the COF abruptly decreases, due to the tribolayer
formation. Then, a slowly decreasing trend for COF is observed,
reaching in the end a COF of 0.1. With an increase in the applied
load from 2 to 5 N, the running-in period is reduced. The steady-
state value is a little lower than the one achieved with 2 N loads.
For the highest applied load (10 N), the COF decreased further
down to 0.05. Despite testing in low contact stress regimes, the
achieved results (i.e., decrease in COF with applied loads) is in
accordance with the literature, that is, higher applied loads favor
the reorientation of TMD planes parallel to the sliding surface,
increasing the coverage of the contact zones with the tribolayer
and decreasing the COF.*

Although the specific wear rate in the coated flat is kept
approximately constant for all applied loads, an increase in the
specific wear rate of the cylinders (Figure 8 (right)) is observed
with increasing load. As referred above, the tribolayer formation
is more extensive when the load is increased (Figure 8 (left)),
meaning that a higher amount of wear debris was required to
promote this transformation. Therefore, the higher loads led to
higher wear in the coated cylinder (the wear in the coated flat is
similar) and consequently higher values in the specific wear
rates.

4. DISCUSSION

This work mainly dealt with the improvements of mechanical
and vacuum tribological properties achieved by N-alloying of
MoS, coatings. The pure coating was also discussed as a
reference to differentiate the useful role of N-alloying. The
literature lacks reports on the vacuum tribological testing of
Mo—S—N coatings, particularly for low contact stresses. The
testing was carried out at different mating material combina-
tions. For solid lubricant coatings to be durable, high interfacial
adhesion strength between the coatings and the substrates is one
of the most important requirements for vacuum tribology and
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aerospace applications.”® The importance of a hard underlayer
was deemed essential for extreme low friction in literature.*’
Dominguez et al.” reported that for the WSe, system having a
We-rich underlayer provided good mechanical support to
guarantee a low contact area. The Mo—S—N coatings utilized
in this work were previously reported to show high adhesion,”
which is expected to lead to better mechanical and tribological
properties.

Even the smallest addition of N resulted in a significant
increase in the hardness and elastic Young’s modulus. The values
continued to increase for higher N contents. This increase is the
result of (i) densification of the film structure and increase in the
compactness of the coatings; (ii) amorphization of the coatings
with the incorporation of N, and (iii) the nanometric level of the
MoS(N)/MoN(S) multilayer stackin% caused by the hybrid
deposition approach used in this work.”” The multilayer stacking
promotes an increase in the hardness due to an increase in the
shear modulus. This ultimately increases the energy required for
the dislocation propagation at the interfaces between nano-
metric layers. Similar observations were reported in the
literature for other multilayer materials, for example, for WS,/
MoS,”" and TiN/VN®>” coatings. Despite the higher S/Mo ratio
and then a higher amount of the MoS, soft phase, the synergy of
the factors mentioned above allows us to provide hardness
values higher than those found in the literature.***"*%*¢

The detailed vacuum tribological studies were carried out
under different conditions of applied loads and mating surfaces.
For the first time, Mo—S—N coatings were tested with contact
stresses complying with real industrial requirements. This choice
of low contact stresses is in contrast to most of the literature,
where solid lubricants are tested under much higher applied
contact stresses in the range 500—1500 MPa. Thus, the COF
reported in the current study would simulate the values during
real applications, unlike those in literature.”**"*** Different
mating conditions were tested as the initial state of mating
materials can affect the COF values. It was found that the sliding
of coatings with itself (i.e.,, coated cylinder versus coated flat)
provided a short running-in period and a stable COF if
compared to the condition where one surface is uncoated. In
latter cases, a very high initial high wear of the coated part is
needed to form efficient tribolayers, which are drastically
reduced if both elements of the sliding pair are participating in
this process. After the formation of the tribolayer, an efficient
sliding is achieved with low COF. Therefore, coating versus
coating can give better wear resistance by faster tribolayer
formation and durability compared to steel versus coating. It
must also be noted that the literature does not report any testing
of the Mo—S—N system in the coating versus coating setup.

In vacuum (10™* Pa) conditions, due to the absence of oxygen
the formation and stability of the tribolayers are enhanced. It was
observed that sufficient wear is necessary to provide low
tangential force. For Mo—S—N coatings, the possible bond
formation in amorphous coatings (28 atom % N and above)
would be a ternary disorder phase with Mo bonded to S and N,
arising from the distorting atomic placement in stoichiometric
MoS, structure. Alternatively, nitrogen can also be present in the
form of N, gas trapped within the lamellae, contributing to the
amorphous structure. When sliding, the amorphous structure is
transformed into MoS, crystalline tribolayers, which governs the
low COF. The low COF achieved for Mo—S—N coatings sliding
in a vacuum is in agreement with this hypothesis with the MoS,
tribolayers playing the dominant role in the low friction regime
in a vacuum. A similar phenomenon was theoretically explained

for W—S—N coatings by Isaeva et al.,*° where WS, tribo-films
were governing the low friction. Muratore et al.”” also had shown
such phenomenon earlier. The depth (thickness) of these tribo-
films (transformed or deformed layers) depends on the
magnitude of the stresses in the contact region (directly
proportional to applied loads) and on properties of the coatings,
such as the platelet size and packing density, the adhesion of the
coating to the substrate, and the mechanical properties.”’

The results also showed the need for an initial wear as a source
of lamellar MoS, for the tribolayers formation. Therefore, for
Mo—S—N coatings the higher the S/Mo ratio is, the shorter the
period for the tribolayer formation is, that is, the softer coating
(e.g, Mo—S—N10 18 atom % N) tends to wear less than the
harder one (e.g, Mo—S—NS0 35 atom % N). However, COF
values of all were close to each other at the end of the test
(Figures S and 6). Highly ordered intrinsic lamellar structures of
MoS, phases in the top surface ensure the low friction of the
deposited film, whereas the amorphous layers underneath
provide the necessary hardness phase for supporting the applied
stress; both phases play key roles in determining the wear-life of
the deposited film. In the end, the MoS, tribolayers were
governing the friction and so the end values of COF were similar.

Roughness also played an essential role on the tribological
behavior of the coatings. In relation to the friction, due to the
low applied stresses mechanical interlocking is occurring
between the asperities of the surfaces in the first part of the
test. This effect led to the presence of an initial bump in the
friction curves whose intensity and duration depend on the
roughness level and hardness of the coatings, respectively. The
rougher the coating is, the deeper the interlocking is, and the
higher the intensity of the bump is. With increasing N content
up to 30 atom %, the roughness decreases and the intensity of
the bump vanishes for this value. Then, for higher N contents the
roughness increases and the bump is again detected. The
increase in the mechanical strength of the coatings makes the
destruction of the mechanical interlocking more difficult,
retarding its deleterious effects on the COF and increasing the
duration of the bump. After overcoming the mechanical
interlocking, the progressive formation of the tribolayer justifies
the observed decreasing trend of COF. Because of the specificity
of the current tribological test in particular and the lateral profile
of the counterbody (cylinder) in some cases, an increase of the
COF with the number of cycles was observed. This trend can be
explained by the progressive increase in the contact area when
the parts are being worn out, which gives rise to a decrease in the
contact stress and an increasing difficulty of adequately forming
the tribolayer.

The wear of the sliding parts was dependent on the
compromise between the hardness of the coatings and the
availability of potential lubricious material for forming the
tribolayer. If the COF is similar in a specific type of sliding
contact, it would be expected that the harder the material of the
coating is, the lower the wear rate is. For this type of system, such
as Mo—S—N, the stable sliding is only achieved when a
lubricious tribolayer based on MoS, is formed in the interface
with basal planes aligned in the sliding direction and parallel to
the substrate. For the formation of this tribolayer, a running-in
process has to occur during which materials are being worn out.
The amount of lubricious phase in the sliding contact will
determine the number of cycles needed for establishing the
tribolayer. The longer the running-in is, the higher the amount of
wear is. In most cases, the initial volume of wear is small when
compared to the total worn volume in the final test. However,
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with this tribological test the worn zones are in the end very
shallow, meaning that the initial wear of the running-in process is
an important part of the final wear volume. The addition of N
has two main influences in the coating; on the one hand it
increases the hardness, and on the other hand it decreases the S/
Mo ratio (and then the amount of the potential lubricious
phase). These two trends have antagonic effects: the hardness
improves the wear resistance, but the S/Mo increases the wear
volume during the running-in process. Therefore, the evolution
of the specific wear rate with the N content will depend on the
compromise between those two effects. If the running-in period
is too short (high amount of lubricious phase as in the case of
mating “coated flat and coated cylinder”) for all N contents, that
is, lower than 30 atom %, the initial worn volume is not
significant in relation to the total wear volume, and then the
hardness is important: the wear rate decreases with the increase
in the N content. It is important to remark that for the highest N
contents the running-in increases (Figure 7 (left)), and the wear
coefficient increases again. When a high amount of wear is
necessary to form the tribolayer (e.g., in the mating “uncoated
versus coated”), the initial wear volume is important in relation
to the total wear, showing the coatings with lower N contents,
tested in these situations, having lower wear rate than those with
higher N content (and higher hardness), as shown in Figures 5
and 6 (right).

5. CONCLUSIONS

This paper describes the mechanical properties and the first-ever
low contact stress vacuum tribological testing of Mo—S—N
coatings deposited using a semi-industrial DC magnetron
sputtering chamber equipped with a single MoS, target and an
additional secondary plasma source. The properties are analyzed
with respect to the N-alloying of MoS, coatings. With
incorporation of 37 atom % of N, a maximum hardness of 8.9
GPa was attained. The vacuum tribological tests were performed
with different contact body configurations and applied loads.
The loads were selected to provide initial contact stresses in the
range of 60—135 MPa, complying with real industrial needs. For
coating versus coating sliding, better wear resistance was
achieved compared to the coating versus steel sliding. Though
the mechanism behind low friction is similar, that is, the
formation of tribolayers from either the nanocrystalline or the
amorphous structures, the achieved wear rates varied, depending
on the sliding surfaces. If the running-in period is excluded, all
coatings shown in the final test a COF in the range from 0.05 to
0.1. Only in one case (pure MoS, film in the coated cylinder/
uncoated flat configuration), the test was stopped before the
defined time due to a strong increase of the COF. This result was
explained by an insufficient formation of the lubricious
tribolayer due to an unexpected decrease in the contact stresses.
The COF was dependent on the instantaneous contact stresses
and as a general trend, it decreased with an increase in contact
stresses. Overall, a least specific wear rate of 8.6 X 1078 mm3/N-
m (coated flat) was observed for Mo—S—N40 (30 atom % N) in
coating versus coating interaction, and 1.5 X 1077 mm?*/N-m
(coated flat) for Mo—S—N10 (18 atom % N) for steel versus
coating interaction. This work brings some important issues
when testing transition metal dichalcogenides-based coatings
under low contact stress conditions. There is a threshold value
for the contact stress for which no suitable tribolayer can be
formed with the consequent increase in the COF. In the final, for
better tribological performance the use of coating versus coating
mating surfaces is recommended.
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ARTICLE INFO ABSTRACT
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Amorphous Mo-S-N coatings are known to provide excellent tribological properties in diverse environments due
to easy sliding under the influence of MoS; tribo-films. However, the role of nitrogen incorporation, the for-
mation mechanism of MoS; tribo-film at the sliding interface and the changes in the friction behaviour under
different environments are not fully understood. In this study, an amorphous coating with 30 at. % N was
deposited in a semi-industrial reactive direct current magnetron sputtering (DCMS) system, using a single MoS,
target in combination with a secondary plasma source. The coating was predicted to have either a Mo-S-N phase
with N filling some of the S sites or a MoS2(N3) structure where the gas molecules prevent the formation of a
crystalline lamellar structure. Tribological studies performed in vacuum and ambient air resulted in steady-state
COF values of 0.03 and 0.15, respectively. High-resolution transmission electron microscopy (HRTEM) analysis
performed on the wear-tracks revealed that the low coefficient of friction (COF) in vacuum was attributed to the
formation of a thick and continuous lamellar tribo-film with a low amount of nitrogen. Contrarily, in ambient air,
the surface oxidation disturbed the formation of a continuous MoS; tribo-film from the amorphous coatings,
leading to an increase in the COF and wear rate. This study shows through indirect measurements of the chemical
composition of the as-deposited coating and wear debris that nitrogen is stored in gaseous form (N3) within the
amorphous matrix and is released from the contact during sliding.

1. Introduction

Transition Metal Dichalcogenides (TMD), such as MoS,, are classi-
fied as self-lubricating solids for effective energy-saving and providing
long service life for a multitude of mechanical components used in
aerospace, thermonuclear and other industries [1]. MoS; has a lamellar
structure that facilitates the formation of highly lubricious tribo-films,
especially in vacuum or dry conditions [2]. However, MoS, coatings
react easily with atmospheric oxygen and moisture, thus degrading their
sliding capabilities in complex environments [3]. Additionally, low
hardness and load-bearing capacity have limited their application due to
high probabilities of premature mechanical failures. Previous studies
have shown that alloying TMDs with some metals (Ti, Al, and Ni) and
non-metals (C and N) could improve the low load-bearing capacity,
provide the required hardness and enhance the oxidation resistance

[4-9].

Nitrogen doping was generally less explored but seems to be a more
suitable option for improving the tribological properties of TMDs. Pure
nitrogen can be used for reactive sputtering, avoiding contamination by
other elements and providing low operational costs [10]. Mo-S-N coat-
ings have been deposited in a variety of ways including RF magnetron
sputtering [11-13] and, plasma-assisted sputtering techniques such as in
HITUS [14]. Only recently, via single-target DC magnetron sputtering
with an additional independent plasma source, a cost-effective method
was introduced as an industrial friendly approach [8,15]. Furthermore,
when compared to carbon, a small amount of nitrogen can be sufficient
to achieve a dense amorphous coating with a significant increase in the
hardness [16]. In order to grow mechanically stable coatings, it is crucial
to prevent the easily sheared planes of pure MoS; from forming in a large
scale [17]. Despite disturbing the atomic structure of MoS; in the
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coating, N does not impede the formation of crystalline tribo-film
providing low friction [7,18]. The tribo-layer is identified as pure
MoS; [19,20]. The original Mo-S-N coatings are known to be mostly
XRD amorphous as per the observation of the previous studies [8,13].
Mutafov et al. [21] reported a low COF, high load-bearing capacity, and
good wear resistance for magnetron sputtered amorphous W-S-N films.
The crystal structure and the bonding arrangements in amorphous W-S-
N were modelled by Isaeva et al. [16]. Through this theoretical study, it
was reported that during sliding nitrogen is released from the contact
region in a gaseous form (e.g., N2, NO5) without altering the formation
of tribo-films.

The low friction mechanism of Mo-S-N coatings, under vacuum and
ambient air conditions as well as the role of N in the contact zone, is still
not described in the literature. To overcome this scarcity of literature, in
the current study, Mo-S-N coatings were tribo-tested in vacuum and
ambient air. Later, the wear-tracks were thoroughly observed in
HRTEM. The specimens from the wear-tracks were prepared using a
focused ion beam (FIB). The micro and nano-structural features of the
worn regions were analysed to highlight the mechanism of the tribo-film
formation in both sliding environments. More importantly, a better
understanding of the role of nitrogen in facilitating low friction in Mo-S-
N coatings was studied.

2. Experimental details

A rectangular MoS; target (450 mm x 150 mm, 99.5% purity) was
DC sputtered in Ny and Ar (99.99% purity) gas atmosphere using a
custom-built TSD 400 semi-industrial chamber to deposit N-doped MoS,
coatings. The chamber was equipped with a single cathode (MoS;) and a
secondary plasma source (for ion bombardment). The target and plasma
source power were kept constant throughout the deposition with a 40
sccm nitrogen feed resulting in a partial pressure of N gas p N2/P total Of
0.36 (M0-S-N40 [8]). Polished M2 steel discs (@ 25 mm, 62 HRC hard-
ness) were used as substrates and placed over a planetary (double
rotation) holder revolving at 5 rpm to achieve a uniform coating. Prior to
deposition, the chamber and substrates were heated to 150 °C for 5 h
and pumped to a base pressure of ~10~“ Pa, to remove any moisture and
adsorbed contaminants. Before final coatings deposition, a gradient
layer was deposited to improve the adhesion to the steel substrate. This
gradient layer is composed of three parts starting from steel: (i) a quasi-
epitaxial metal-metal interface between Mo and the steel achieved by
the strong re-sputtering of sulphur from the coating by utilizing an
intense and high ion energy (substrate bias) bombardment; (ii) intro-
duction of nitrogen into the deposition chamber with similar ion
bombardment conditions contributing to the formation of a MoN-based
laminar structure; (iii) progressive reduction of the substrate bias to
allow the incorporation of the sulphur in the coating. A schematic dia-
gram of the deposition chamber, the secondary plasma source, the
detailed characterisation of the gradient layer and the coatings are
presented in ref. [8].

The sliding tests were performed in a custom-built rotating ball-on-
disc tribometer using a 100Cr6 steel ball (@ 10 mm) as counter body.
The testing was performed in vacuum (10’2 Pa) for 5000 cycles and
ambient air (24 °C and 20-30% relative humidity) for 10,000 cycles
under an applied load of 5 N (initial Hertzian contact stresses ~ 800
MPa) and a sliding speed of 50 mm/s.

The HRTEM imaging was performed using an image corrected FEI
Titan® operating at 300 kV acceleration voltage. The samples for HRTEM
were prepared by focused ion beam (FIB) using an FEI Helios Nanolab
electron microscope.

3. Results and discussion
3.1. Main characteristics of deposited coating

The MoSN40 coating had of 30 at. % nitrogen, S/Mo ratio of 1.36 and
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a thickness of 1.3 pm. The film was compact and XRD amorphous. The
detailed characterisation details can be found in ref. [8]. Due to the
alternate substrate exposure to the MoS, target and the secondary
plasma source (ion bombardment), a multi-layer structure was formed.
This type of deposition mechanism enabled the film to incorporate a
higher N content along with a high S/Mo ratio, unlike similar experi-
ments reported in the literature [13,14]. It was observed in our previous
works [8], by XPS analysis that for coatings with N content lower than
28 at. %, the presence of N1s spectrum fitted to 397.0 eV peak, corre-
sponding to y-MooN [14], is enhanced with increasing N content. Mo-N
bonds, shown via peaks at 229.0 eV and 232.4 eV, also showed an
increased intensity. However, for N contents equal or higher than 28 at.
% (such as Mo-S-N40 with 30 at. % N), the global intensity of the N1s
peak continues to grow but the Mo-N bond intensity remained constant.
It is, therefore, believed that N replaces S sites initially, distorting the
lattice and reducing the crystallinity of the coatings, and, further addi-
tions of N, led to the formation of amorphous coatings (28 at. % N and
above) along with Ny gas entrapment within the amorphous matrix of
the coatings.

3.2. Tribological properties

The COF evolution, resulting wear-track profiles, micrographs of ball
wear-scar and disc tracks after vacuum and ambient air tests are pre-
sented in Fig. 1. Different frictional behaviour was observed for each
atmosphere.

In vacuum, the COF stabilised after a brief running-in period at
~0.03. The maximum depth of wear was ~0.06 pm. The wear-scar
images show negligible wear on the counterbody and a smooth wear-
track with no evidences of large flakes or wear debris. The resulting
friction value implies that the MoS; tribo-film forms at the interface
(Fig. 2C). The MoS, (002) planes formed due to the crystallisation/
reorientation of basal planes parallel to the sliding surface and resulted
in a low COF [22]. The specific wear rate determined from the profile
was about 1.8 x 10~/ mm>/N-m.

In ambient air, the COF reached a peak value of ~0.35 and then
dropped to a friction steady-state value of ~0.15. The maximum wear
depth was ~1.26 pm, a 20-fold increase when compared to the test in
vacuum. The improved adhesion is attributed to the hard-gradient layer
consisting of metallic bonds with low lubricious phase content, which
prevented the delamination of the coatings from the steel. The bottom of
the worn track in ambient air is flat and wide (Fig. 1B), which corre-
sponds to a significant wear on the steel ball (Fig. 1D), caused by the
absence of a protective tribo-film at the sliding interface. Large wear
debris on the counterbody was identified as O-rich Mo-S-N material
(SEM-EDX analysis data presented as supporting information). In
ambient air, the presence of HoO and O, contributes significantly to the
degradation of MoS,, prevents the formation of a lubricious tribo-film
from the amorphous coatings and forms surface oxides. Actually, dur-
ing sliding, the weak interlamellar bonds break, increasing the potential
of O to react with MoS,. Furthermore, the formation of oxides (espe-
cially MoOs), as clusters or asperities could enhance the wear of the
coatings when present in the contact region (abrasion). The specific
wear rate was two orders of magnitude higher: 1.7 x 10~> mm®/N-m in
ambient air. However, it should be noted that the steady-state COF is
much lower than what could be expected in a steel/metal contact, which
could be attributed to the presence of either Mo-S-N zones (debris and
residual film in the wear-track (Fig. 3) or Mo-oxides. MoOj3 is known to
provide relatively low friction [23].

In post vacuum tribological testing, the entire wear track displayed
zones covered by well-oriented planes parallel to the surface. These
planes correspond to MoS; tribo-films. The cross-section of the wear-
track corresponding to a particular area where the tribo-film delami-
nated cohesively, leaving a gap in relation to the as-deposited coating is
shown in Fig. 2B. The separated/top part consists of large amounts of
pure MoS; i.e., the tribo-film (Fig. 2C). The crack is created by the
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Fig. 1. A) Evolution of COF in ambient air and vacuum environments. (B) Depth profile of wear-tracks. (C, D) wear-scar images of steel balls and (E, F) worn region

of coated wear-tracks.

exfoliation of the weakly bound hexagonal structure of the MoS; tribo-
film during sliding. In the top part of the coating, oriented planes are
visible confirming their formation mechanism at the sliding interface
(Fig. 2B). The amorphous coating underneath provides the required
strength and hardness to support the solid lubricant interface. The large
quantity of tribo-film in the separated region spreads along the wear-
track during tribo-testing leading to a short run-in time, low values of
COF (see Fig. 1A) and insignificant wear. The tribo-film provides the low
shear strength needed for easy sliding. Fig. 2D shows the EDX elemental
maps of the separated tribo-film regions which are nitrogen deficient
(approx. 4 at.% N) when compared to the measured 30 at. % of N in the
amorphous coatings. The 4 at. % detected N can be attributed to N that
had replaced some of the S sites. The remaining nitrogen was released
into the vacuum as a gas. So, our experimental work brings strong evi-
dence to support the theoretical framework presented by Isaeva et al.
[16]. Mo and S were found in similar concentrations in both regions;
hence, in vacuum, the sliding motion causes wear down to a specified
depth, which is transformed into the tribo-film. A fully formed tribo-film
prevents further wear of the coating underneath. Negligible wear was
observed on the surface of the counterbody and this is associated with
sliding on a highly lubricious interface composed of lamellar pure MoS;
as shown in Fig. 2C. The high hardness and Young’s modulus of the Mo-
S-N coatings, with the lubricious interface, limit the deep penetration of
the counterbody (sinking), thus maintaining a small contact area.

Fig. 3 shows a region of large delamination on the wear-track, the
location of the TEM lamella extracted, the cross-sectional micrographs
and the elemental maps corresponding to the wear-track generated by
tribo-testing in ambient air. The wear debris of the coating consists of
randomly oriented nanometre-size traces of lamellar MoS, layers
embedded in an O rich brittle amorphous matrix (Fig. 3E and G). A crack
in the coating separates the as-deposited film and the wear debris
(Fig. 3C). The local delamination of the coating and the significant wear
debris are the result of the oxidation and the abrasive wear induced by
the oxide particles. The top interface of the wear-track, (Fig. 3F), does
not consist of tribo-films which could induce low friction at the me-
chanical contact. The ball counterpart reached the adhesion layer which

was not worn through.

In ambient air, the water vapour and the oxygen in the atmosphere
accelerate the oxidation of MoS,. The oxidation can affect the bulk of the
material, creating internal blisters that act as weak points leading to
cracking and high volumes of debris [24]. Additionally, when MoSy
layers are exposed during sliding, the oxidation process is triggered
yielding more debris and wear. This is evident in Fig. 3D, in which the
oxidised coating is mixed with nanoparticles of MoSs. The STEM-EDX
analysis confirms the severe oxidation of the worn debris. The S/Mo
ratio is reduced from 1.34 to 0.93 along with a large concentration of
oxygen (67%).

Similar to the test performed in vacuum, a reduction of the nitrogen
content at the sliding contact can be observed in ambient air conditions.
The 22-fold increase in the O content implies that with each cycle of
friction test, the formed surface oxide would be trapped and dragged
into the coatings forming a third body.

The main driving force for the significant increase in the wear
observed in ambient air testing is the formation of surface oxides.
Additionally, Ramalho et al. [25] discussed the linear relationship be-
tween the wear and the dissipated energy which would be one of the
reasons behind the increase in COF values and the poor tribological
performance in the air. The interaction with the atmospheric oxygen and
humidity at the sliding interface prevents the coating from forming a
continuous well-oriented tribo-film. Khare et al. [26] reported that the
friction of MoS, in ambient air is a strong function of the amount of
water in the environment and the diffused water into the bulk. This
study shows that the process of forming well-ordered tribo-film is ab-
sent. Instead, the amorphous coating was directly oxidised and/or
remained amorphous, which lead to a high COF. In contrast, during the
vacuum test, in the first few cycles, the surface oxides are removed along
with the initial wear. With no oxygen or water vapour, the further worn
coating transforms from amorphous into crystalline MoS; tribo-films
oriented parallel to the substrate.

The nitrogen incorporated in the coating provides the required
hardness through the amorphization during the deposition and was
predicted to either form a ternary compound Mo-S-N (by replacing S
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Fig. 2. TEM analysis of wear track after tribo-testing in vacuum: 1) Wear track with site of sample extraction. A) FIB cut cross-section of wear-track showing a flake
lifted from the pristine coating. B) The crack caused by the delamination of the tribo-film. C) Large quantity of preferentially oriented MoS, tribo-film. D) STEM- EDX

images showing the elemental distribution of Mo, S, and N at the interface.

sites) or distort the MoS; crystalline structure by diffusion into the
layers. The chemical analysis performed on the as-deposited coating and
the wear debris (shown in Figs. 3G and S1) suggests that N is released,
does not bond to other elements to form nitrides and cannot be found as
part of wear debris on the film nor the sliding counterpart. The me-
chanical interaction is therefore believed to cause the release of nitrogen
most likely as an inert gas. These measurements support the theoretical
hypothesis which claims that the gas is distorting the MoS, lamellar
structure and only a small amount (~4 at. %) of the gas is found to be
present at the sliding interface after testing. Hence it is believed this
small amount of N replaces sulphur.

The thickness of the tribo-films formed by deformation depends on
the applied pressure and the properties of the films, such as the platelet
size and packing density, the adhesion of the base of the platelets to the
substrate and the COF [27].

Tribo-testing in vacuum showed the local transformation of the
amorphous coating into a crystalline lubricious interface as well as the
release of nitrogen in gaseous form. A sufficient thickness of tribo-film
prevents more wear as observed in vacuum testing. These conditions
are not met for sliding in ambient air, where oxidation occurred during

the crystallisation process of MoS, forming an amorphous mixture
which can contain MoO3s and Mo-S-N particles. Oxides found at the
sliding interface act as abrasive particles leading to severe wear and
decreasing the contact stress which is required for the crystallisation of
pure MoS,.

Even when testing in ambient air, despite the extensive delamina-
tion, a part of the coating always remained attached to the steel sub-
strate. This is the result of integrating the novel bonding multilayer, as
described in our previous work [8]. This gradient layer provides
improved adhesion of the coating to the steel due to the metal-metal
quasi-epitaxial bonding.

4. Conclusions

Amorphous Mo-S-N coatings with 30 at. % N content were tribo-
tested in vacuum (10_2 Pa) and ambient air in order to differentiate
the process of tribo-film formation and the role of N on the lubricating
behaviour of Mo-S-N coatings. In the vacuum tests, a steady-state is
quickly reached with a COF value of 0.03. TEM studies revealed that
with insignificant wear, the transformation of the amorphous coatings,
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Fig. 3. Cross-section of wear-track in ambient air test. A, B) Specimen location. C) Low magnification cross-sectional image. D) Flake of as-deposited amorphous
coating within the contact worn volume. E) Disrupted lamellar MoS; layers in the worn volume. F) Region of as-deposited amorphous coatings outside the wear-

track. G) STEM-EDX elemental mapping of wear-track and as-deposited coating.

into a lamellar MoS; tribo-film and the release of nitrogen in Ny form
have occurred. The tribo-film formation would require the release of the
trapped N3 gas and the rearrangement of Mo and S atoms to form the
hexagonal structure. The amorphous coating underneath the tribo-films
provided the required hardness and the load-bearing capability. Testing
in ambient air resulted in a long running-in period with a COF peak
value of 0.35 which stabilised later at 0.15 but with a significant wear.
TEM studies revealed that the presence of surface oxides and moisture
disturbed the continuous formation of the MoS; lamellae in ambient air.
The reaction with oxygen led to the formation of MoOs. There was no
sufficient uninterrupted tribo-film formed at the sliding interface, which
explains the high COF in ambient air.

Thus, it can be said that nitrogen is a favourable element for doping/
alloying MoS; coatings. Nitrogen-alloying promotes the amorphisation
of MoS,, by distorting the weak and porous hexagonal structure, and
making the coatings compact. On the other hand, during sliding, a large
amount of N is released as Ny gas, enabling the formation of MoS; tribo-
films and providing an easy sliding. Even with increased wear in
ambient air, the excellent adhesion of the coatings to steel guaranteed no
delamination at the coating-substrate interface. These coatings are likely
to be used as layered self-lubricating materials for vacuum applications.
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