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1 Introduction and Objectives

The study of the natural phenomena in tribology is relatively new in science, having benefited
strongly with the development of advanced instrumentation in the 20th century, which opened
many possibilities for investigation of its fundaments. The study of tribology itself, as the
interaction between surfaces in relative motion, is much older: we can consider for example that in
the 15th century basic laws of friction were being studied by Leonardo da Vinci. Still, the term
tribology was only introduced as a new field of science in 1967, having its root in the Greek #ibos,
for rubbing or sliding [1].

The study of interacting surfaces is a means to extending the lifetime of most devices
created by mankind, by finding ways to reduce friction and wear, but not limited to that. It also
relates to our own bodies, full of joints with their own lubrication and subject to wear. 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 to awoid low friction.
Indeed, there is a very wide range of applications related to tribology.

The importance of tribological properties of mechanical systems is crucial nowadays,
although it may be often overlooked. Wear is the major cause of waste of material and degradation
of mechanical performance, and friction is directly related to significant global energy losses. About
30% of the energy resources in the world is spent in friction [3]. Studies conducted since the second
half of the 20" 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]. Besides, there are
environmental issues associated with the disposal of lubricants used to reduce frictional losses.

This work is dedicated to the study of self-lubricant thin films for tribological applications.
These films are layers deposited over the surface of a substrate, or bulk material, with the main

purpose of enhancing (or adding) some properties to the composite system su#bstrate—coating [0].
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1.1 Adaptive solid lubricant coatings

Self-lubricant films have been in focus for several decades for their potential use in aerospace
applications. The movable devices in this type of applications face friction and wear in the contact
of moving parts, low-frequency vibrations and high loads which are, furthermore, repeated in
extremely different conditions, e.g;, from relatively high pressure and humidity on land during take-
off, to low pressure and humidity in high altitudes [7,8]. Mechanisms in devices designed for outer
space may face even more drastic conditions. Satellites operate in a temperature range typically
from -100 to +100 °C, and shuttles are subject to terrestrial/space environmental cycling, where
temperatures may exceed 1000 °C upon atmospheric re-entry [8].

For applications such as mechanical systems in outer space, it can be a critically important
requirement that mechanical systems remain “dry”, using liquid lubricants only when the interface
in which they act can be completely sealed from the outside [9], while the pressure and temperature
conditions make this even more difficult. Nevertheless, special types of liquid lubricants have been
the predominant material for lubrication in aerospace systems [7,8]. As for solid lubricants,
transition metal dichalcogenides (TMDs, which had also been used as additives for oil lubricants,
providing significant wear and friction reduction [10,11]) were commonly used in space
applications deposited by spray or vacuum deposition methods, applied as powders, or burnished
[12]. However, these materials were soft and oxidized easily in air [7,13]. More advanced approaches
were sought in an attempt to develop solid lubricants that could perform well enough in different
environments, temperatures, and load conditions. This led to composites of oxides and TMDs
(such as PbO/MoS; and ZnO/WS,) [14,15] and metal-doped TMDs [16,17]; their deposition was
made possible by advances in vacuum deposition methods. It also motivated the development of
self-lubricant composites combining properties of solid lubricants and a supporting matrix, whose
structure and mechanical behaviour could change according to the conditions of contact and
environment to maintain good friction and low wear. For aerospace applications, the most obvious
advantage of the versatility exhibited by adaptive coatings is that, if a coating displays good
properties both in dry and humid atmospheres, the system may use only one type of solid (self-)
lubricant.

Coatings which are able to adapt their properties to satisfy the requirements of the
operating conditions are often called adaptive or smart coatings. Early examples were nanocomposite

structures that combined carbides (TiC, WC) and TMDs (MoS., WS,) embedded into amorphous
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carbon matrices [7-9]. The development of doped TMD films led to increased load bearing
capacity and improved adhesion, and thus they were able to provide an alternative for hard coatings,
which do not usually exhibit low friction [18]. While the tribological performance of TMD-based
films is particularly good in dry nitrogen or dry air (as caused by loss of humidity in elevated
temperatures, for example), recent studies by Cavaleiro et al. have shown that this type of coatings
can exhibit very low friction in humid air as well, due to their adaptive characteristic [19], and
therefore the motivation for their use is not limited to environmental cycling or changing conditions.
The properties of adaptive coatings, especially those combining transition metal dichalcogenides

and amorphous carbon, will be detailed further.

1.2 Scope of the thesis

In this work, different compositions and systems of sputtered self-lubricating adaptive coatings,
based on tungsten and molybdenum, were studied, deposited, characterised, and tested. The core
objective of this study was to develop self-lubricant thin films based on molybdenum and tungsten
disulfides or diselenides, doped with different elements. The tribological properties desired were
improved hardness compared to undoped films, low friction, and high wear resistance. The focus
was kept on understanding and improving their characteristics in humid air.

The thesis is divided into three parts. First, an introduction to the fundamental properties
of the studied films, along with a description of the techniques of coating deposition and analysis
(Chapter 2). Next, in Chapters 3-8 are presented experimental results and analyses of the different
systems of films, organized according to their composing elements (i.e. base TMD and dopants)
as follows:

* In Chapter 3, we study Mo-S-C films focusing on the influence of the concentration of
carbon on their tribological properties. Several techniques are used to investigate the films’

microstructure and changes in their bonding states caused by the dopants.

® In Chapter 4, we study a single composition of W-S-C focusing on the effects of sliding
on the coating material, such as the influence of different contact loads on the changes

caused on the surface of the wear tracks.

® In Chapter 5, we analyse W-S-Cr coatings, focusing on deposition procedures and on the

characterisation of the as-deposited coating,
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= In Chapter 6, an extensive examination of W-S-C-Cr coatings is presented, analysing the
overall characteristics of the as-deposited coatings related to Cr content, as well as the
tribological behaviour under different loads and durations. Furthermore, we study the

effect of surface texture on a W-S-C-Cr coating’s tribological behaviour.

* In Chapter 7, we examine films based on MoS; and WS, doped with carbon and titanium
(Mo/W-S-C-Ti). These coatings are based on those presented in Chapters 3 and 4,
therefore we analyse their mechanical and tribological properties focusing on the effects of

adding Ti.

® In Chapter 8, we briefly examine coatings based on diselenides (MoSez and WSe») doped

with carbon, focusing on the characteristics they share with those based on disulfides.

Finally, in Chapter 9, we summarize and discuss the main results presented.
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2 Fundamental concepts

2.1 Transition metal dichalcogenides (TMDs)

The films developed in the aim of the thesis belong to the class called transition metal
dicalchogenides — films composed of sulfides, selenides or tellurides of tungsten, molybdenum or
niobium. TMDs exhibit unique properties based on the high degree of anisotropy in their
structures, in a kind of lamellar nature similar also to that of graphite, which is the basis for the
good lubricating properties of these materials [5]. However, they may differ in lubrication
mechanisms [13].

The basic structure of the TMD is a hexagonal cell (thombohedral is also possible, but can
be ignored for the purposes of this study) in which the metal atom sits in the middle of a 'sandwich',
the top and bottom being the chalcogen atoms. Each metal atom is equidistant to six chalcogen
atoms, and each chalcogen atom is equidistant to three metal atoms. The bonds within the sandwich
structure are strong, but the bonds between layers — that is, the bonds between the chalcogens of
adjacent cells — are very weak van der Waals forces. Given a polycrystalline structure composed of
such cells, if the sliding against a partner takes place in a plane parallel to that of the TMD layers,
the bonds between the cells are easily broken and the upper layers slide over the ones below. This
type I configuration, with the basal planes of the crystallites parallel to the sliding surface, is
favorable for low friction. If the basal planes are perpendicular to the sliding surface (#pe II), the
self-lubricity is lost; however, it is still possible that the sliding process reorients the TMD material:
the strong bonds between metal and dichalcogenide are not broken, but the cells are

moved/rotated, so that the sliding itself causes a preferred otientation on the surface [20].
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The hexagonal structure of MoS; is shown in Fig, 2.1. The layer of MoS, above is identical
to the one below, but they are displaced laterally. The S atoms in one layer are vertically aligned
between themselves and with the Mo atoms in the layer below, and vice-versa. Such configuration,
referred to as 2H-MoS,, is not the only possible phase for MoS;; but since it is the most stable

phase, it is usually referred to simply as MoS, [21].

/.\
- >./’>. «— Mo

Fig. 2.1 Hexagonal structure of 2H-MoS; (adapted from [11]).

The low friction properties resulting from the typical “sandwich” structure of TMDs are not
identical for all members of the TMD family. For example, niobium disulfide is outperformed by
molybdenum disulfide. The most significant difference in their lattices is that, while Mo atoms in
MoS; are positioned above S atoms of the layer below, in NbS; the Nb atoms from different layers
are aligned [20]. This characteristic alone is sufficient to make the interaction between layers in
NbS; stronger than in MoS,, and therefore to increase friction and worsen the lubricating capacity.
A rotational disorder between layers of MoS,, leading to less intense interactions, has been
associated with ultra-low friction [22,23].

In vacuum or dry atmosphere (e.g. dry nitrogen), TMDs display very low friction
coefficients; sliding in ultra-high vacuum conditions even leads to superlubricity. The term applies
to conditions where friction and resistance to sliding nearly vanish; the factors that contribute to
friction are practically non-existent [5]. The mechanisms of superlubricity have been related to high
anisotropy of surface contact [5,22,24,25].

The orientation of the basal planes is influenced by the deposition method, but it is of
course probable, when dealing with non-ideal conditions, that the film will have both types of

orientation. In this interpretation, it is considered that films of type I will have good self-lubricating
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properties. However, the orientation that would be the best for lubricating properties on the surface
would also be the one with the worst adhesion to the substrate. A common problem of pure
sputtered TMD films is the formation of porous or columnar structures in the material [26]. The
weak bonding in the interface between large crystallites with different orientations can be a cause
of failure during sliding: when a force is applied on an inner structure along the direction where it
resists strongly, it may end up "pulling out' part of the material.

TMDs are very susceptible to oxidation, especially when the surface crystals are not in the
preferred orientation described above, since the crystal edges are more reactive [27]. Porosity also
promotes penetration of contaminants in gaseous state, such as oxygen or water vapour. Water
molecules can react with dangling bonds at the edge of the crystallites, hindering sliding of one
layer over another and their reorientation in the contact area. Furthermore, oxygen reacts very
casily, substituting atoms of the chalcogenide in the TMD structure. Regarding the oxidation of
molybdenum disulfide, it has been proposed by Fleischauer and Lince [28], and later shown by
Joly-Pottuz et al. [29], that for very low amounts of oxygen an isostructural phase MoS,..O. is
created which does not hinder the easy sliding. For higher concentrations of oxygen, the O atoms
substituting S create notches and depressions in the layer structure; consequently, the interface
between layers is less smooth (at the atomic level) and friction is higher. When the oxygen content
increases even further, such defects are more widespread and the surface becomes more
homogeneous, therefore friction decreases again until the level achieved for molybdenum oxide
(higher than for MoS;). Onodera et al. [30] studied the friction properties of MoS; sheets using a
quantum-chemistry-based molecular simulation and found compatible results, noting moreover
that the increase of friction in oxygen-containing films could be related to the reduction of S-S
Coulombic repulsion.

Surface oxidation is strongly enhanced in exposure to humid air (in storage, for example).
However, the process of sliding under a contact load can easily remove the surface oxides and
create a pure-TMD tribolayer [19]. It should be noted that in most TMD films deposited by PVD
techniques (and in all those presented in this work) there is oxygen in the as-deposited films,
originating from the residual atmosphere in the chamber [19,29]. In the case of our films, the use
of very porous WS, and MoS; targets in deposition which had been stored in open air contributed
as well to the amount of oxygen in the chamber.

Another typical drawback of TMDs is their low load-bearing capacity. MoS; and WS, films
typically have hardness values below 1 GPa. One way of solving this problem which has proved

successful is alloying of TMDs with other elements or compounds.
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2.2 Doped TMDs

The introduction of dopant atoms in the deposition of TMD films prevents the formation of
large TMD structures in the film (i.e. large grain sizes) and hinders columnar growth. In some cases
the resulting structure is fully amorphous, such as in the case of Mo-S-Pb [17] or W-S-N coatings
[19]. This reduces the occurrence of failures due to columnar and porous structures, which
improves adhesion and provides a level of protection against contamination [31,32] as described
above. Furthermore, the more compact and denser structure improves the hardness of the film.

Studies developed at the University of Coimbra with tungsten disulfide (WS.) alloyed with
carbon and nitrogen showed increase of hardness achieved by doping of one order of magnitude
and higher [33]. Those results also showed that the improvement in mechanical properties of WS,
films when doping with carbon or nitrogen reached their peak at dopant content close to 50 at.%.
These conclusions have been validated in later studies [34,35] as well as by other authors [30].

Increased hardness and density did not, however, directly account for the low friction
observed. It has been suggested that if the formation of a porous structure is avoided, the coating
will be less susceptible to contamination (especially from water and oxygen from the environment)
which would deteriorate tribological properties. Contamination would also decrease in more
disordered morphologies since preventing long-range order of the TMD phase would decrease the
propagation of cracks on the film surface, a source of unsaturated bonds which react rapidly with
the environment [27].

An alternative suggestion was that the dopant material, particularly in the case of carbon,
would contribute actively to the decrease in friction — graphite would not only cause the changes
in morphology described above, but moreover would interact with the sliding partner, thus acting
also with its own low-friction characteristics — a concept of great interest especially for what was
called the chameleon effect. The idea was that the benefit of doping TMD films with carbon went
beyond enhancing their mechanical properties: these films would maintain the typical excellent
tribological behaviour of TMDs when in dry air or vacuum; and in humid air, the good tribological
properties of diamond-like carbon films (DLCs) would be predominant. Thus, the coating would
change its characteristics depending on the environment [37]. Voevodin et al. developed such type
of films (as WC/DLC/WS,), petforming sliding tests in cycling environment (dry and humid
atmospheres, alternately) and showing that the tribological behaviour was indeed good, with

friction coefficients as low as 0.02 during the dry cycles and about 0.10-0.20 during the high-
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humidity cycles. The hypotheses made to explain the environmental adaptation of the coatings was
that, in vacuum, the formation of WS, tribolayer would be predominant, but as the environment
adopted humid conditions, the tribolayer would quickly oxidize, be destroyed, and replaced by
graphite layers [7].

However, the hypothesis of the “chameleon” effect has not been supported by recent
results. It seems more likely that the main contribution of dopants to the friction behaviour is
related to facilitating the formation of a low-friction tribolayer consisting exclusively of TMD
between sliding partner and coating. In other words, the carbon role in friction is only indirect by
increasing coating hardness and density. Polcar et al. [38] have shown that wear track analysis from
sliding tests in dry and humid air presented no significant difference and that in both conditions
there was the formation of a TMD tribolayer. Similar results were obtained during this work, and

will be discussed below.

2.3 Deposition methods

Sputtering is a method used either for cleaning surfaces or for physical vapor deposition (PVD).
The target (solid) is placed in a vacuum chamber filled with an inert gas (typically Ar). By subjecting
the gas to a strong electric field, electrons freed in the ionization process (a small number of atoms
in the gas is ionized at any time) are accelerated, thereby colliding with and ionizing other atoms.
Thus the plasma is generated [39]. The electric field can be generated by direct current (d.c.) or by
radio frequency (r.f.) power sources. (In the case of r.f. sputtering, the acceleration can be directed
by the alternating field because electrons and ions will not respond equally to the negative and
positive semi-cycles.) The electric field accelerates the ions in the plasma towards the target, hitting
it with high kinetic energy; if the ions are accelerated enough, the collisions eject atoms from the
target. Magnetrons are used in deposition chambers to “trap” electrons near the surface of the
targets, therefore increasing the probability that they will ionize further gas atoms.

By placing the targets of the material to be deposited face to face with the substrates where
the deposition takes place, atoms ejected from the surface of the target will reach the substrate
with enough energy to adhere to (or to be implanted into) the surface. With time, the substrate's
surface will be coated with the material sputtered from the target. When more than one target is in

position in the vacuum chamber, the coating will be a combination of those materials; such process
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is called co-sputtering. Another way to add a material to the final composition is to introduce a reactive
gas into the chamber during deposition. Its ions can be accelerated towards the substrate as well,
similarly to what happens with the inert ionized gas; however, their main role is to react with atoms
sputtered from the target.

During the sputtering process, there are several phenomena occurring at the same time. For
example, Ar” ions and accelerated electrons may hit the substrate and eject atoms from the coating
(re-sputtering), or ions and electrons may hit the surface of the target without enough energy to eject
atoms, but heating locally the surface; the atoms sputtered from the target may suffer collisions (if
the pressure is too high and the plasma too dense) and lose energy needed to reach the substrate
and form a dense film. Thus it can be seen that conditions inside the chamber, such as the pressure
and distance between target and substrate, influence the results of depositions. The final
composition of the coating also depends on controlling adequately the deposition parameters: each
material exhibits a different sputtering rate, therefore the electric field that accelerates ions towards
a target must be controlled to have the desired deposition rate and, in case of co-sputtering,
composition ratio. Although all tungsten and molybdenum disulfides presented in this work were
sub-stoichiometric (i.e. with deficiency in sulfur) due mainly to re-sputtering and the influence of
the residual atmosphere (see section 2.3), they still exhibited S/W or S/Mo ratios above a level
where the self-lubricating properties are lost [11,34]. Moreover, for the purposes of tribological
testing, W/Mo disulfides were the most crucial components in the material and were in fact
detected near the surface, as will be discussed later. For the same reason, these coatings will be
referred to as “doped TMDs” even when the TMD is not the major part of the chemical
composition.

Fig. 2.2 represents schematically a deposition chamber to exemplify the co-sputtering
method used in this work; in the case shown, the Edwards ESM 100 unit used to deposit WS.
doped with C or C + Cr. The targets are made of chromium and carbon (graphite). Pellets of WS,
are placed in the erosion zone of the C target, i.e. in the area where the sputtering occurs more
intensely (due to influence of the electromagnetic fields). For a given set of deposition parameters,
the ratio between Cr and WS, + C in the coating can be controlled by the individual powers applied
to the targets. The ratio between WS, and C, on the other hand, is controlled by the number of
pellets. In this work, the number of pellets was determined empirically to achieve the desired ratios.
Finally, the S/W ratio on the film is sensitive to deposition conditions; re-sputtering, for example,
is more likely to eject S from the substrate than W, since sulfur atoms are much lighter than tungsten

atoms.
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Fig. 2.2 Representation of a vacuum deposition chamber for magnetron co-sputtering.

The substrates are kept rotating above the targets so that they are constantly moving, passing above
each target alternately. A multilayered structure is not formed if the rotation speed is high enough,
when taking into account the coating growth rate: the samples do not stay above either target long
enough for a multilayered structure to grow. The coatings deposited in the scope of this work were
all deposited in such a way to avoid multilayers. For example, with the deposition rates obtained it
would take approximately 1.2 seconds to deposit a single layer of MoS, (3.16 A thick [11]) with the
substrate static above an MoS; target, whereas in practice the substrates passed over both targets
in the chamber in less than one second. The Hartec deposition chamber used for d.c. magnetron
sputtering had a similar structure, with the targets positioned on adjacent walls and the substrates

rotating around a central axis, and the same considerations apply as well.

2.4 Techniques of characterisation and analysis

of thin films

The properties of deposited coatings were characterised by different analytical methods. This
section provides a brief overview of the methods used to analyse the coatings presented in this

work.
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2.4.1 Electron probe microanalysis

Electron probe microanalysis (EPMA, also known as electron microprobe analysis) is a non-
destructive technique used to determine the chemical composition of a material. The sample is
bombarded with an electron beam, and so the material emits X-ray photons which are detected
(see Fig. 2.3). The wavelengths of these X-rays are characteristic of the elements which emitted

them, and thus the chemical composition of the sample can be determined.
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Fig. 2.3 Simplified schematic of electron probe microanalyser (adapted from [40]). G: electron gun; Ap:
aperture; L: lens; S: sample; C: diffraction crystal; D: X-ray detector.

For a quantitative analysis, it is assumed that the composition of the sample material is
homogeneous. The electrons bombarding the sample have energy of up to 30 keV [41,42]. The
measurement is performed on a small volume and the penetration depth of the microprobe
depends on the material, usually in the order of 1 um [41]. It may be a problem for analysis if the
film is thinner than the penetration depth, such that the substrate material influences the
measurements; or if the material presents significant differences along the examined volume, as
for example when the exposed surface of the film is heavily oxidized.

The determination of the composition is not straightforward: the intensity of the detected
X-rays attributed to each element is compared with a standard, which is based on the results
obtained from a material with a known amount of the same element. The amount of that element
in the sample is determined from this comparison. Other factors may influence the measurements

and must be considered before the final composition is determined, such as the absorption of x-
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rays as they pass through the sample, or the fluorescence propagated out of the sample. These
factors may be known and compensated in the standard, but can occur differently in the standard
and in the sample; so their effect can be thought of as a background to the measurement that
should be corrected when quantifying the data [40].

That is why, in our experimental results, it was not unusual for the final composition of the
films analysed by EPMA to add up to an amount different than 100%, in atomic percentage (i.e.
the percentage of atoms of a certain element relative to the total number of atoms). If this
difference was too large (e.g. total composition below 95%), the measurement was discarded.
Otherwise, the atomic percentages were corrected to 100%. In most cases, unless otherwise stated,
the EPMA results presented here were weighed as a sum of all target elements: oxygen was
excluded, since oxygen contamination on the surface was inevitable and always appeared in EPMA

results. All EPMA results described in this work were obtained using a Cameca SX50.

2.4.2 Nanoindentation

Hardness values of the coatings were measured by depth-sensing indentation technique
(nanoindentation). The indentation technique works by pressing a very hard tip into the coating,
applying a controlled load. The depth of the penetration is measured. If the mechanical and
geometrical properties of the tip are well known, then the area of the indentation produced on the

coating can be calculated from only the penetration depth. The hardness H is given by

H: Pmax
Agq

where P is the maximum load applied, and .4, is the displacement area [43].

The evolution of load P and depth 4, during loading and unloading, is also useful: the
stiffness S of the material can be obtained from the tangential of the unloading curve, i.e. dP/dA.
From this information, other mechanical properties can be calculated, such as the Young's modulus
and elastic recovery [6,43,44].

The indentation technique is limited by the thickness of the material, so nanoindentation,
which is essentially the same technique using small loads and depths, has become the predominant
technique for hardness measurement of thin films [6]. The hardness values used in this work were
always calculated from the average of at least 10 such measurements in 2 different locations on the

surface of the coating. The equipment used was Micro Materials' NanoTest system.
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2.4.3 Scratch test

Scratch tests were primarily dedicated to evaluate the adhesion of coatings to the substrates. The
basic principle of the scratch test is to put an indenter (a hard diamond tip) in contact with the
surface of the coating, apply a load to the indenter, and examine whether it causes the coating to
present any failure (cracks, delamination, detachment from the substrate, etc.) The results referred
to in this study, unless stated otherwise, were obtained with a CSM Instruments Revetest Scratch
Tester by progressive load scratch test (PLST). In this type of test, the load increased linearly while
the indenter moved across the surface at a rate of 10 N/mm. The scratches were then analysed
under optical microscope and three-dimensional profilometer. The critical load is determined as
the load at which adhesive or cohesive failures start to occur in the coating. Since local
heterogeneities in the coating may contribute to the occurrence of such failures, the values of
critical load presented here were averaged from a number of scratch tests (between 2 and 4)
performed in different places. Another possible type of test is the constant load scratch test (CLST),
in which several scratches are made under constant load at different locations on the coating. For
each new scratch, the load is increased by one step [45].

It should be noted that a coating's behaviour during scratch test cannot be easily compared
to other situations, under different geometries or types of loading, and quantitative values are
representative only of the particular type of test from which they are obtained [6,40]. In particular,
the conditions of the scratch tests in this work were rather different from those of the tribological
tests. The scratch tests under same conditions allowed a first comparison between the adhesion of

different coatings, but their results could not be translated directly into tribological tests.

2.4.4 Ball-cratering test

The main method for evaluating the thickness of the coatings was the ball-cratering test (also called
calotest). It consists in rotating a steel ball with known diameter in contact with the coating. An
abrasive solution is added to the contact area. This results in a depression on the contacted area in
the shape of a spherical cap. If the test is long enough, the ball wears through the coating and
reaches the substrate, so that the spherical cap is deep enough to wear the substrate as well. From
a simple visual analysis of the worn cap, the thickness 7 of the coating can be calculated. This
calculation is an approximation based on the assumption that the crater is much smaller than the

radius of the ball. Using the parameters shown Fig. 2.4, the thickness is:
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Ball-cratering tests were carried out using a CSM Instruments industrial Calotest.

Measurements were compared, when possible, with other values of thickness obtained from

profilometry (in regions where the substrate was exposed) and SEM of cross-sections.
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Fig. 2.4 Schematic of a ball-cratering test (adapted from [47]).

2.4.5 Sliding tests

Tribological tests were performed using a standard CSM Instruments pin-on-disc tribometer. In
such an equipment, the sample is fixed on a planar support which rotates around a single axis
(ideally; in practice, the surface of the sample may not be perfectly horizontal, and therefore a given
point rises and descends periodically while the sample rotates). The pin is mounted on a lever and
placed in contact with the sample, and a controlled load is applied on it (as illustrated in Fig, 2.5).
The friction coefficient x4 can then be determined by measuring the horizontal displacement of the
lever arm. Its dimensionless value is given by
uw=F/N

where Fis the frictional force, parallel to the sliding, and N is the normal force, exerted by the load.
In our tests, the friction coefficient was recorded with a frequency of 20 Hz — except when the

rotation speed was lowered to acquire video recordings (see Chapter 6), in which cases the sampling
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frequency was also lower. The values of w1 used in this work, unless stated otherwise, were the mean
values for the entire tests.

Despite the name, the piz can be of different shapes. Usually, a ball is used because of its
simple geometry. In this work, all pin-on-disc tests were performed using 100Ct6 steel balls (with

a diameter of 6 mm unless where noted) as static partners against the surface of the coated sample.

Load

Sensor

Wear track

Pin or ball

Fig. 2.5 Schematic of a pin-on-disc tribometer (adapted from [39]).

Several results can be obtained from the wear tracks produced during sliding tests, besides the

friction coefficient. Wear rates can be calculated by

k=,

where £ is the wear rate, [ the worn volume, § the total running distance of the sliding, and L the
load [33]; and are usually expressed in mm’/N-m — unit of volume per unit of load per distance.
The total length of the test can be calculated simply from the perimeter of the wear track multiplied
by the number of cycles in the test. By measuring the area of the cross section of the wear track
and multiplying it by the length of the track, the total worn volume is found [43]. In our
experiments, this was usually done by measuring the cross section in four different locations in the
wear track, by three-dimensional optical profilometry described below, and calculating the average

cross-section area. The wear rates of the static partners were calculated similarly, by measuring the

worn spherical cap and thus determining the worn volume.
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2.4.6 Three-dimensional optical profilometry

The three-dimensional optical profilometer is based on white-light interferometry. In this technique,
a light beam is reflected on the surface of the sample, detected and compared with a reference
beam (which can be generated from the same source and separated from the beam that will reach
the sample by a beam splitter). The topology of the sample will cause different path lengths of the
reflected beam, which will cause different interference patterns to appear when the beams are
combined and thus it is possible to characterise the topography of the surface. White-light
interferometry makes use of the fact that the beam carries interference information in different
wavelengths to achieve better resolution [41,48]. In the profilometer used in this study, a Zygo
NewView 7200, the vertical resolution was of less than 0.1 nm, while the lateral resolution could
be of as little as 0.52 pm [49]. The data were acquired for a field of vision of up to 1.40 X 1.05
mm, but it was possible to combine data from different measurements, of adjacent areas, to
compose a larger 3D profile. Vertically, topological features of up to 200 um could be measured.
The main limitation when performing profilometry of TMD coatings was the sensitivity to
the reflected light. If the light intensity was too low, the device could not retrieve enough
information about the surface. On the other hand, if the reflected light was too strong, the
measurement saturated and again no useful data were retrieved. In many situations, it was
impossible to measure the full profile of the surface when, for example, the wear debris was too
opaque (low reflectance) at the same time as the wear track was too reflective (high reflectance). In

such cases, part of the data was inevitably lost.

2.4.7 Raman spectroscopy

Raman spectroscopy is a non-destructive characterisation technique based on Raman scattering,
The sample is irradiated by laser beams in the UV—visible range. The scattered light can be of two
types: it may be elastically scattered, i.e. the scattered photons have the same wavelength as the
incident beam (Rayleigh scattering); or the scattered photons can have lower or higher energy than
the incident beam (meaning that energy was absorbed or lost by the sample). In the second case,
the effect is known as Raman scattering,

If the sample is irradiated by monochromatic light of frequency w, the Raman-scattered
light will have frequencies n £ », where », denotes a vibrational frequency of a molecule [50]. The

positive or negative sign will depend on the interaction of the incident light with the sample; if the
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material absorbs energy, the scattered light will have energy w - »,, lower than the incident beam.
If the material loses energy, the scattered light will have energy »n + ,, higher than the incident
beam. These two cases of Raman scattering are referred to as Stokes and anti-Stokes, respectively.
The shifts in wavelength correspond to the excitation of molecular vibration modes or crystal
phonons. They can be used for identification of substances, since they are specific for a material
[51]. Raman scattering is usually a very weak phenomenon and it is challenging to achieve high
sensitivity. The equipment must have a low-noise detector, and high laser intensity is usually better.
However, high laser power may cause structural changes in the tested material, so the measurement
parameters need to be adjusted to avoid it [50,51]. In practice, the acquisition time can be increased
to compensate for low power, but this increases noise and the probability of interference by cosmic
rays, which cause high-intensity narrow spikes to appear in the spectrum [52].

The optical mechanisms in the spectrometer allow the data to be collected by the same
objective through which the laser beam reaches the sample. Fig. 2.6 shows a schematic
configuration of a Raman spectrometer, where BR is a band-rejection filter which blocks the
elastically scattered radiation, and the dezector block includes implicit optical structures, such as an

entrance slit to reduce stray radiation.
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Fig. 2.6 Schematic of Raman spectrometer (adapted from [51]).

Associated with other analyses, Raman spectroscopy helped evaluate several properties of the
deposited films. The appearance of characteristic peaks in the spectra helped evaluate the ratios of
certain materials in the sample. Additionally, Raman spectra conveyed information regarding the
crystallinity of the material, since more amorphous materials exhibited comparatively broader
peaks. Raman spectroscopy was performed on a Horiba XploRA Raman microscope with DPSS

of wavelength 532 nm.
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2.4.8 Scanning electron microscopy (SEM)

Scanning electron microscopy is a technique of surface characterisation in which an electron beam
is focused on the material and the signals resulting from the interaction of the beam with the
surface are recorded. It allows imaging of the topography of the sample's surface with lateral
resolution in the order of a few nanometers [39]. The electrons typically have energy of up to 30
keV [41] and the beam is finely focused by an electromagnetic field (or electromagnetic condenser
lens). The probe (i.e. the focused beam) scans the surface of the sample, so the system acquires
data sequentially, one point after another, in a pattern that is called zelevision raster: the probe passes
over all points in a line, then returns to the start, moves to the next line, and starts again. The image
formed is thus called a scanning image, as opposed to an gptical image, where the data is collected for
the whole field of view at once.

The microstructural information collected by the system is provided mainly by the inelastic
scattering processes occurring due to the interaction between probe and surface. The major source
of data is usually secondary electrons emitted when the electron beam hits the surface, therefore it
should be of little importance for the technique if the beam goes through the sample, even though
it may reach the substrate [39,41]. The secondary electrons have low energies, so only those close
to the surface are detected. Placing the sample in vacuum avoids their scattering by gas molecules,
improving the measurements.

SEM measurements presented in this work were carried out using a Philips XI.30 scanning
electron microscope, in two different ways: either perpendicular to the direction of film growth,
therefore analysing the morphology of a cross-section of the coating; or on the surface, to evaluate
its topography. The cross-section measurements helped verify the compactness and amorphous
characteristic of the films, while the microscopy on the surface helped analyse wear tracks and
surface defects.

Besides the morphology, a range of signals can be acquired from the interaction of the
beam with the sample to obtain other data, such as the characteristic X-rays emitted by the
excitation of inner shell electrons. They are the basis of the analysis called Energy Dispersive X-ray
spectroscopy (EDX or EDS), also used to evaluate the composition of the material, similatly to
the EPMA described earlier. EDX data presented in this work were acquired by the same
equipment as SEM data. Back-scattered electrons (i.e. electrons originating from the beam that are
scattered back and can be detected) convey information about composition as well, due to the

dependence of the number of back-scattered electrons to the density of the specimen — or more
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specifically, to the atomic number of the atoms in it. Thus, back-scattered electrons can be used to
determine local atomic number contrast, enabling distinction between different phases in the

material [41].

2.4.9 Transmission electron microscopy (TEM)

Transmission electron microscopy works similarly to SEM, but the electron beam goes through
the sample, which must be thin enough (typically below 0.1 um [41]) for the electrons to pass
without serious energy loss. If the beam is emitted from above the specimen, the information is
collected below. The electron beam in TEM has higher energy, typically between 100 and 400 keV
resulting in resolution high enough to image planes in a crystal lattice. The information is acquired
from the primary electrons emitted by the beam and their elastic collisions with the sample.
Therefore, this is not a surface characterisation technique, although the small thickness of the
sample means that the results obtained with this method are very sensitive to surface characteristics.
Since the electrons detected are all supposedly emitted with same energy and same acceleration,
the resulting image is directly related with the material structure [39]. Contrary to SEM, the data is
collected over the full field of view, forming an optical image.

This technique allows acquisition of the objects in real space as well as in reciprocal space,
via the electron diffraction patterns. By collecting data closer to the sample, at the back focal plane
instead of the image plane, a diffraction pattern is generated. It appears as a pattern of dots for
single-crystal structures, or circles for amorphous materials [41].

The equipment used in this study was a Tecnai G2 transmission electron microscope.

2.4.10 X-ray diffraction (XRD)

When radiation incident on a material has a wavelength comparable to the size of its geometrical
variations (the interatomic spacing of crystals), certain diffraction effects can be observed. X-rays
with wavelength = 0.1 nm can be used in this way to acquire information about the crystal lattice
of a material [41,53]. The relevant phenomena for XRD are the elastic scattering of X-rays by the
atomic structure, whereby the radiation wavelength 1 is not altered. When the X-ray beam hits a
crystalline structure, the reflected rays on the surface may interfere constructively or destructively

with the rays reflected from layers below. The intensity of the outgoing rays, therefore, will depend
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on three factors: the wavelength of the X-rays; the angle of incidence; and the distance between
the planes. The condition for constructive interference is determined by Bragg's law:

nA=2dsinf
where 7 is an integer, A is the wavelength of the radiation, & is the distance between the planes
responsible for reflecting the beam, and 0is the angle between the incident radiation and the planes
of the lattice, as shown in Fig. 2.7. The use of Bragg's equation requires several assumptions, such
as the absence of absorption of energy by the lattice, thermal vibration, etc. Nonetheless, it is a

good approximation to explain the results obtained with XRD [53].

Incident rays Diffracted rays
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Fig. 2.7 Illustration of Bragg's law (adapted from [53]).

For XRD analysis, the radiation reaches the surface at varying incidence angles, and the intensity
of the diffracted rays is measured for the whole range, recorded and plotted for a continuous range
of incidence angles 26. The source of radiation, as well as the detector, must be kept at a fixed
distance from the sample, to ensure that intensity variations result from interference caused by the
sample geometry. In an X-ray diffractometer, the detector and the source must be at the same angle
relative to the sample. In practice, this can be achieved by various methods — for example, if both
the source and the detector move along a semicircle with the sample in the centre; or with the
source fixed while the detector rotates around the sample, which itself rotates around a central axis
[41,53]. An alternative configuration called grazing incidence uses very small incidence angles to
acquire depth-resolved structural information [53], as well as to limit the penetration depth of the
X-ray beam (in the case of thin films, it is possible that the substrate influences the spectra since
X-rays can penetrate several microns into the sample [39]).

The data obtained from XRD spectra also convey other information about the structure
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of the material. Small grain sizes and crystal lattice faults, as well as randomly-oriented grains, cause
broad peaks in the spectra (as opposed to sharp, intense peaks resulting from single-crystal and
preferentially-oriented structures) [53]. Additionally, the shift in the diffraction angle for known
otientations is indicative (assuming the measurement is accurate) of mechanical stresses in the
material: a small compression or tension in the grains will change their crystal lattice slightly, and
this shifts the position of the peaks to lower (for compressive stress) or higher (for tensile stress)
angle values [41,54,55].

The equipment used for most XRD measurements in this work was a Philips X’Pert

diffractometer with Co(Ka) radiation (A = 0.179 nm).

2.4.11 X-ray photoelectron spectroscopy (XPS)

XPS is also based on exposing the sample to X-rays, typically of energy higher than 1 keV [39].
The monochromatic photons in the incident beam are absorbed by the atoms in the sample, which
ejects secondary electrons with energy equal to the difference between the energy of the incident
photon and the energy needed to displace the secondary electron. The secondary electrons are
detected, and the intensity of the signal over a range of corresponding binding energies composes
the XPS spectrum. The excitation by X-rays may also cause energy transitions within the atom that
lead to emission of Auger electrons, which also appear in the spectra but are not the main concern
of XPS. Electrons emitted in layers deep within the material have small chance of reaching the
surface and being detected, so this technique characterises only the few uppermost atomic layers
[39,41]. Consequently, surface contamination influence the results very strongly, and usually the
sample is sputtered with argon ions prior to measurement. Sputter-cleaning can lead to preferential
removal of lighter elements in the material, which needs to be taken into account when analysing
the results.

Since electrons are emitted from the inner shells, and different elements have different
electronic binding energies, XPS can be used for elemental analysis. Nevertheless, changes in the
chemical environment of the atom will influence the binding energy, so that photoelectronic
emission from the same element in different binding states will generate (slightly) different peaks.
(As a rule, binding with elements of higher electronegativity will shift the peaks to higher binding
energy values.) Therefore, the technique is also useful for analysing chemical bonding [41,51], its

main use in this work.
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3 Mo—-S—C (molybdenum disulfide

doped with carbon)

Part of the content in this Chapter has been published in the paper:
J.V. Pimentel, T. Polcar, and A. Cavaleiro, “Structural, mechanical and tribological
properties of Mo-S-C solid lubricant coating”, Surface and Coatings Technology vol. 205 (2011),
pp. 3274-3279.

A series of Mo-S-C films with varying carbon content had been previously deposited at the
Department of Mechanical Engineering, University of Coimbra, Portugal; its characterisation is
part of this study. The films were deposited by r.f. magnetron co-sputtering from two targets, MoS:
and C (graphite). The varying composition was achieved by varying the power applied to each
target. The sputtering yield of MoS; is much higher than that of C, so the deposition rate decreased
as the power ratio Pc/Pyosz increased; as expected, the carbon content increased almost lineatly
with the power ratio, as shown in Fig. 3.1. Due to limitations of the deposition process (target
heating limiting power to C target and minimum power required for MoS; target), the C content in
the seties could not be higher than 55 at.%. The S/Mo ratio in the composition did not show any
direct relation to the power ratio. Chemical composition and power ratios are listed in Table 1. The

characterisation of the films was carried out using the methods and equipment described above.
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Fig. 3.1 Carbon content and deposition rate as a function of C/MoS; target power ratio.
Table 1 Deposition parameters, chemical composition and thickness of Mo-S-C coatings.
Target power ¢/Mos Chemical composition (at.%) Coating
2 thickness
C MoS, power ratio C Mo S (um)
0 200 - 2 37 61 3.8
150 200 ‘ 0.75 | 13 35 52 ‘ 3.1
150 200 ‘ 0.75 | 18 30 52 ‘ 3.4
300 200 ‘ 1.50 | 20 30 50 ‘ 3.6
450 200 ‘ 2.25 | 25 31 44 ‘ 2.9
550 200 ‘ 2.75 | 34 26 40 ‘ 2.1
550 162 ‘ 3.40 | 23 34 43 ‘ 2.2
550 118 ‘ 4.66 | 30 28 42 ‘ 2.4
550 91 ‘ 6.04 | 45 21 34 ‘ 1.8
550 60 | 9.17 | 55 17 28 ‘ 1.2
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Strong surface oxidation was typical of Mo-S-C films, not only in the instrumental analyses above
but also visually: the coatings, metallic black after deposition, changed to a dark grey after several
weeks. SEM observation of the surface, about three months after deposition, revealed small
bubble-like structures, with diameter between 200-800 nm (Fig. 3.2). EDX analysis showed that
they were composed of MoOs. This oxidation layer could be easily removed with soft materials,

such as cotton-wool, but was rebuilt after several days.
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Fig. 3.2 SEM micrograph of oxidized surface of a Mo-S-C coating (18 at.% C).

The characterisation and testing of the films and the wear tracks was mainly focused on verification
of the self-lubricant characteristic of the coatings and the effect of carbon content on tribological
properties. Hardness values showed and almost linear increase with carbon content, from 0.7 to 4
GPa; the films were therefore harder than the reference pure MoS. (hardness 0.3 GPa). Tribological
tests were performed in humid air and in dry nitrogen. The equipment did not allow perfect
environmental isolation, so the nitrogen was actually mixed with humid air, and the tests started
when the relative humidity (RH) stabilized at approximately 5%. The load in tests in dry nitrogen

was 5 N, whereas several loads up to 30 N were used in humid air.
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3.1 Analysis of chemical bonding and structure

XPS was used to analyse the surfaces as well as the material a few nanometers below, exposed after
etching with Ar” ions for 5 or 10 minutes. The results showed strong oxidation on the sutface, as
evidenced by the peaks at binding energy (BE) = 236.2 ¢V, attributed to MoOj [56], which were
practically non-existent after etching. The dominant peaks in the Mo3d region corresponded to
MoS; at binding energy 229.7 eV [57]. The small peaks at BE = 226.7 eV were identified as possible
molybdenum carbide according to Ref. [58]. The existence of Mo—C bonds was confirmed in the
Cls spectra; the dominant peak corresponded to C—C bonds (at 284.4 ¢V) and a small shoulder
appeared at BE = 283.3 ¢V, the typical value for Mo—C bonds [59,60]. After etching and the
elimination of Mo—O peaks, the relative intensity of Mo—S peaks increased, while that of Mo—C
peaks decreased. This suggests that the molybdenum carbide phase resisted surface oxidation better
than the MoS; phase at room temperature. In the S2p region, a peak was observed at 168.8 eV (the
position of SO; [61]), which indicated that sulfur in the MoS; structure could be found in an oxygen
environment, since the actual existence of SO, molecules in the material was highly unlikely. A
weak peak corresponding to Mo—O bonds [62] was still observed in the Ols region, even after
etching, It appears that the oxygen incorporated into the coating by contamination during and after
deposition was bonded almost exclusively to molybdenum.

In XRD spectra, the main feature was the intense peak at 38°, corresponding to the (100)
orientation of the hexagonal phase of MoS,, superposed on an asymmetric broad peak which
corresponded to the turbostratic stacking of (10L) planes, where L. = 0,1,2..., as observed by Lévy
et al. for WS, and MoS; [63,64]. The shoulder in the spectra of the present Mo—S—C films was
extended well above 50°, including the peaks at approximately 39° (101), 42° (102), 46° (103) and
52° (104). Besides these features, weaker MoS, peaks were visible, corresponding to (002) at 20 =
16.8°, and (110) at 69°. The presence of molybdenum carbide could not be identified due to its
positions overlapping with the observed peaks; moreover, the carbide grains (if present) should be
very small.

In the Raman spectra of the films, there were two evident pairs of peaks, the first
corresponding to vibrational modes of MoS; at approx. 370cm™ (Ez,") and 410 cm™ (Ayy) [65], and
the second to the D and G peaks of carbon (at approx. 1420 and 1560 cm™) that usually appear in
the spectra of sputtered carbon-based coatings [66,67]. The ratio of the peak areas Ic/ sz showed

a direct relation to the ratio of deposition powers, Pc/Puyoss. Fig. 3.3 shows Raman spectra for



Adaptive self-lubricating low-friction coatings 27

different carbon content and the relation between power ratio and peak ratio (in the inset). It can
be seen that the MoS, peaks became broader for higher C content, which is an evidence of more
amorphous structure. The increase of C content from 30 to 55 at.% did not significantly alter the
D and G peaks, which would be an indication of structural changes in the carbon matrix [66—68].
In some spectra a very low and broad peak could be observed at approx. 820 cm™, which was

identified as MoO:s.
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Fig. 3.3 Selected Raman spectra of Mo-S-C films.

3.2 Tribological properties

For low carbon content (below 30 at.%), the running-in process was characterised by high friction,
which later decreased to lower stable values. The trends differed in high carbon content coatings:
the one with 34 at.% C showed hardly any increase at all, reaching low friction values in the very
first laps which were maintained throughout the tests. The coating with 55 at.% C achieved low
friction very quickly, which then increased slowly until stabilizing, In Fig. 3.4 are shown friction
curves for different compositions under the same conditions. The coating with the highest carbon

content showed the lowest friction and the lowest wear rates for both the coating and the
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counterpart. There was a wide variation of wear rates among the different compositions, from
0.28x10° to 16.6X10° mm’/Nm (for coatings with 55 and 23 at.% C, respectively), with ball wear
rates being one or more orders of magnitude lower.

Increasing load led to lower friction coefficients, as expected for TMD-based films: the
contact pressure during sliding should promote the orientation of the material close to the surface
and the formation of a tribolayer, as referred to in Chapter 2. It is interesting to note that a coating
composed only of amorphous carbon typically exhibits the opposite trend (i.e. higher friction for
higher load [35]), which already suggests that the frictional behaviour in the Mo-S-C films is
determined mostly by the properties of MoS,. The values of friction coefficient obtained (Fig. 3.5)
fit a logarithmic relation reasonably well. Polcar et al. [34] proposed the equation u = AL’ to
describe the dependence of friction with contact load (L) for W-S-C films deposited by r.f.
magnetron sputtering. In the equation, the constant .4 relates to the material and contact conditions;
B relates to the length of the test, in particular the changes in the coating and formation of a third

body due to repeated laps.
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Fig. 3.4 Selected friction curves for different compositions of Mo-S-C under 18 N in humid air.
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Fig. 3.5 Friction coefficient versus contact load for tests in humid air.

Raman spectra measured in different positions in the wear tracks showed almost identical peaks,
contrary to other results such as for the W—S—C films presented in Chapter 4 of this work. It
indicated that the tribolayer was very thin, and sub-surface reorientation (which would result in
sharper peaks) was very limited or did not occur.

The coatings showed relatively low adhesion, and in some cases adhesion failures occurring
during sliding probably led to higher friction and wear. It should be noted, however, that these
failures did not provoke immediate increase of friction due to the self-lubricating characteristic of
the films and material attached to the ball still maintained the lubrication function. EDX performed
on the counterpart showed that the adhered tribolayer in the centre of the ball was very thin, but
wear debris composed of Mo-S-C was found to be accumulated behind the wear scar. SEM
micrographs of the wear track showed a very smooth surface with mild scratches.

Sliding in dry N resulted in very low friction coefficients, which were reached very quickly
and stayed stable for the entire tests. There was no significant variation of friction or wear with
carbon content above 18 at.%. The wear tracks produced in dry N for medium and high carbon
content were even difficult to measure, since the worn volume was very low (as can be seen in Fig,
3.6). The values obtained in tribological tests in dry nitrogen were comparable to results in the

literature [11,69,70], and Mo-S-C films clearly outperformed pure MoS..
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Fig. 3.6 3D images of wear tracks (left) and optical images of the ball wear scars (right), for reference Mo-
S (0C) and Mo-S-C coatings with 23 and 34 at.% C, after sliding in dry N.
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4 W-S—C (tungsten disulfide

doped with carbon)

Part of the content in this Chapter has been published in the paper:
J.V. Pimentel, T. Polcar, M Evaristo, and A. Cavaleiro, “Examination of the tribolayer
formation of a self-lubricant W—S—C sputtered coating”, Tribology International~vol. 47 (2012),
pp. 188-193.

A series of tungsten disulfide coatings alloyed with carbon was deposited by d.c. magnetron co-
sputtering from two targets, WS, and graphite. From that series, one composition was characterised
and analysed as part of this study. This series was based on promising results from depositions of
W-S-C films by t.f. magnetron sputtering, either in Ar/CH, atmosphere [32,33,71] or using pellets
of WS, placed on the erosion zone [34,35]. The second approach was deemed more successful due
to elimination of hydrogen contamination, exhibiting good tribological performance. Its highest
hardness was achieved for carbon content of approximately 40 at.%b.

The composition chosen from the series deposited by d.c. magnetron sputtering for
characterisation and tribological testing was one with a carbon content of 42 at.% and an S/W rate
of 1.26. The coatings were deposited by co-sputtering a WS, target and a C target, with power ratio
Pys2/Pc = 1.9. They were approximately 2.4 um thick, with hardness of 9 GPa. The adhesion was
sufficient for tribological tests, with critical load measured by scratch test higher than 9 N, an
improvement compared to pure WS, films [71].

All tribological tests were performed in humid air (relative humidity 30%) using 100Cr6
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steel balls with a diameter of 6 mm, cleaned with acetone prior to the start of the test. The linear
speed was 10 cm/s. Three main sets of tests wete performed: in one set, all tests were carried out
for 5000 cycles, each test with a different contact load, in the range 1.0-50.8 N. In another set of
tests, the load was kept constant, but the number of cycles varied from 100 up to 50000.

The third set was actually a special procedure during a single tribological test. In order to
better understand how the friction mechanisms evolve during sliding, the rotation of the sample
was paused every few laps and Raman spectroscopy was performed in the wear track. This required
an external lens connected to the Raman spectrometer via optical fiber. The test configuration was
not demounted and the sliding continued after the spectrum had been acquired. After a few more
laps, it was paused again, and Raman spectrum was acquired again. In such a way we could consider

Raman spectra as a guasi in-situ identification of the structural changes in the wear track.

4.1 Friction and wear behaviour

The friction coefficient was lower than 0.2 for all of the conditions described. The set of tests with
varying load permitted a qualitative and quantitative analysis of the influence of the contact
pressure. The friction coefficient u decreased with increasing load according to the equation u =
AL’ described earlier. In the present case, the experimental data for the friction coefficient fit the

equation well with .4 = 0.19 and B = -0.46, as shown in Fig. 4.1 (note the logarithmic scale).

0,3 -
o
c
@
kS
£ 014
[]
@]
(8)
c
o
2
i3]
—
[N
1 10 100
Load (N)

Fig. 4.1 Friction coefficient versus contact load.
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The wear rate of the coatings was low and also decreased with load (although the worn volume
increased), as shown in Fig. 4.2. Analyses of the wear tracks by SEM and 3D profilometry showed
that the wear tracks produced by lower loads were smooth and shallow. For higher loads, however,

they became rough and deeper (see Fig. 4.3).
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Fig. 4.2 Wear rate versus load.
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Fig. 4.3 3D profiles of wear tracks produced under different loads.

Observation of the frictional behaviour during run-in showed that high values of u occurred in
the first couples of laps, then the friction dropped to a lower level, and afterwards stabilized in a
steady-state regime. Tests with varying load revealed that this stabilization happened much faster
for higher loads, as can be seen in the comparison shown in Fig. 4.4. Moreover, by increasing the
length of sliding tests it was possible to observe that the friction coefficient remained constant in
the steady state till approximately 10 000 laps, where it started to increase. Fig. 4.5 shows the friction

coefficients for tests with different durations.
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4.2 Structural analysis by X-ray microdiffraction

X-ray microdiffraction was aimed at the structural analysis of as-deposited surface and two wear
tracks, produced by sliding under different loads (20.9 and 40.2 N). The measurement on the wear
tracks was intended to verify whether significant structural changes caused by sliding could be
observed. There were two predominant features in the XRD spectra acquired (shown in Fig. 4.6):
first, the intense, sharp peaks that appear at 20 = 45° and smaller peaks to the left. These originated
from the substrate and were not particularly relevant to our analysis. The second dominant feature
in the spectra was the broad peak at 20 = 34° showing a broad shoulder to higher 20 values,
indicating a turbostratic stacking of (10L) planes [63,64]. The spectra could not be used to identify
the presence of carbides in this case either, since the position of tungsten carbide peaks would
overlap with those associated with the (10L) planes of WS, especially since small grain sizes would

be expected [31,72].
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Fig. 4.6 Selected XRD spectra of W-S-C film surface and wear tracks.

There were small peaks in the spectrum obtained for the track produced by sliding under 40.2 N
which were identified as WS, phase with (103) and (105) orientation. For the track produced with
20.9 N load, only a small decrease in intensity for (10L) was observed. There were no visible

vestiges in the spectra of (002) orientation in the wear track, which would represent the
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reorientation of the basal planes to a type I configuration, as observed by Hirvonen et al. for pure
MoS; [73]. They have also observed a densification of the material with the sliding process, and a
consequent increase in hardness values inside the wear tracks. For our films, hardness
measurements were carried out both on the as-deposited surface and on wear tracks, but no
significant difference was found (Fig. 4.7). It is likely that, since our coatings were already dense in
the as-deposited state, re-orientation caused by the sliding process was only superficial and did not
affect the mechanical properties of the film. This idea is supported by the lack of significant change
in the XRD results.
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Fig. 4.7 Relation between hardness, load, and number of cycles.

4.3 Analysis of X-ray photoelectron spectra

before and after sliding

In Ref. [74], Cohen et al acquired XPS spectra of WS inside and outside a wear track and observed

differences in oxidation of the material related to the acquisition position. XPS measurements of
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our W-S-C films were also carried out on the free surface and inside one of the wear tracks
(produced by sliding under a load of 50.8 N). However, due to the large spot size of XPS, results
from the wear track spectra were in fact summarizing both areas. The chemical compositions
evaluated by XPS were, indeed, practically identical inside and outside the wear track. To remove
contamination, the surfaces were etched by sputtering before measuring the XPS spectra. The
etching procedure was carried out for different durations in different areas, reaching depths of 5
and 15 nm (verified by 3D profilometry). Contamination by carbon, appearing as C—C peak at
binding energy BE = 284.5 ¢V is commonly used as reference for calibrating the measurements
[50]. However, because the carbon in the coating could influence this peak, the O1ls peak at 531.0
eV was used instead.

The W4fregion of the as-deposited surface is shown in Fig. 4.8. The predominant doublet
corresponded to WS bonds (BE = 31.6 to 33.6 ¢V). A second low-intensity doublet had to be
included, at BE = 35.6-37.8 ¢V, to fit the peaks adequately and was attributed to W—-O bonds.
Since the spectra fit well, there was no need to assume the contribution of peaks corresponding to
W-C bonds, which would appear in this same region [75], contributing to the spectra. This is not,

however, sufficient reason to exclude the possibility on W—C bonds existing in the film.
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Fig. 4.8 XPS peaks acquired on the free surface in the W4/ region.

In the S2p region (shown in Fig. 4.9), W—S bonds were indicated by the peaks at BE = 162.0 eV.

The smaller shoulder at approximately 163.7 eV is sometimes associated in literature with elemental
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sulfur, which might have condensed on the surface of the film in the deposition process after there
was no more power applied to the WS, target [76]. However, since the coatings were sputtered
prior to the XPS measurements, elemental sulfur on the surface should have been eliminated,
although vestiges could persist. Another possible explanation for the low shoulder is that it was

due to S—C bonds, indicating that part of the sulfur in the film was in a carbon environment [31,77].
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Fig. 4.9 XPS peaks in the S2p region.

4.4 Raman spectroscopy

Raman spectra of W-S-C films were characterised by two main regions of interest: peaks
corresponding to WS, Raman modes that appeared prominently at approximately 307 cm™ (Eig)
and 421 cm™ (Ayy); and carbon D and G peaks, which appeared at approximately 1415 and 1570
cm’, respectively. The deconvolution of the peaks was rather difficult, since laser power had to be
kept low consequently the spectra were noisy (a common problem of TMD-based solid lubricant
materials). Therefore, the individual peaks in the WS, and C regions were not well differentiated,
and only their total area was considered for quantitative analysis. Raman spectroscopy was carried
out on the free surface and on different positions inside the wear tracks produced by 5000-lap tests.

The ratio Ic/Iwsz, of the total area of carbon peaks divided by the total area of WS, peaks, varied
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significantly with the position in the wear track, as shown in Fig. 4.10. The inset in Fig. 4.10
illustrates the positions where the spectra were acquired, from the outside (I) to the centre (I1). It
can be seen that the ratio decreased progressively from the free surface towards the centre. These
results evidence the formation of a WS,-rich tribolayer as a result of sliding, and that it was

influenced by the contact pressure.
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Fig. 4.10 Raman peak ratios according to position in the wear track.

Spectra were acquired in a similar way for the wear tracks produced by tests of different lengths
under a 5 N load. In this case, the spectra were measured in the centre of each wear track. From
the results, shown in Fig. 4.11, it can be seen that there was an immediate drop in the Ic/Ivs. value,
which increased slightly for longer tests. The spectra acquired from the debris attached to the balls
after the end of each test were always richer in C than the spectra acquired from the wear track
(the Ic/Iws: ratio was about one order of magnitude higher). This build-up of carbon on the
attached layer on the ball could help explain the slow increase in friction in the steady-state of
sliding. However, it could also be caused simply by progressive wear of the coating and also of the
static partner — with more material worn out from the ball, the contact area increases, which under
constant load means the decrease of the contact pressure. As described above, the decreasing
contact pressure leads to a higher friction coefficient. The relevance of the carbon attached to the
counterpart on the frictional behaviour of W-S-C coatings has to be studied more in detail in our

future work.
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To better examine the changes taking place in the beginning of the sliding process (i.e. the
running-in process) that resulted in such drop of the friction coefficient in the first cycles, i situ
spectroscopy was carried out as described eatlier. The Ic/Iws: ratio and friction coefficient for the
first hundreds of laps are shown in Fig, 4.12. The peak ratio decreased rapidly in the first laps (as
did the friction coefficient). The peak ratio then starts to increase monotonically after about 100
laps. Friction decreased rapidly in the first few laps due to the polishing of asperities in the film
surface. The formation of a tribolayer took place in these first laps, by material transfer to the ball
surface. With higher contact pressure, the initial wear was higher and therefore the tribolayer was
formed more quickly. These observations agree with the friction curves shown above in Fig. 4.4.

The 7n situ test performed on the running-in process was repeated after the sliding exceeded
1000 laps. Raman spectroscopy was thus performed at 1000 laps, 1005 laps, and so on. The spectra
acquired in this case did not show any significant change, demonstrating that the stopping and
restarting of the sliding process was not responsible for the changes observed in the wear track

before, confirming that such changes occurred indeed as consequence of running-in.
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Fig, 4.11 Peak ratios as function of number of test length.
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Fig. 4.12 Raman peak ratios and friction coefficient during running-in.

4.5 Comparison with other deposition methods

Table 2 presents a comparison of the main tribological results of these W-S-C films with others
deposited by different methods. The tribological results for W-S-C films deposited by r.f.
magnetron sputtering of a WS, target in CHy reactive gas are presented in Ref. [32] , whereas the
tribological performance of films deposited by r.f. magnetron of a C target with WS, pellets were
studied in Ref. [34]. Friction coefficients are presented for pin-on-disc tests using 5 N load in humid
air for 5000 cycles. It is clear that co-sputtering produces W-S-C films with the lowest friction
coefficient and the highest wear resistance. It is a very promising result from an application point

of view, since d.c. sputtering is a simple and cheap deposition method compared to r.f.
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Table 2 Comparison of tribological results for W-S-C deposited by different methods.

42

Deposition Friction coefficient Wear rate Hardness
(10°mm3/Nm) (GPa)
r.f. sput.terlng in CHa4 0.20 1.50 54
reactive gas [32]
r.f. magnetron
sputtering with WS, 0.20 0.55 10.0
pellets [34]
d.c. co-sputtering 0.08 0.45 9.0




Adaptive self-lubricating low-friction coatings 43

5 W=S—Cr (tungsten disulfide

doped with chromium)

W-S-Cr films were deposited by d.c. magnetron co-sputtering, using one WS, target and one Cr
target. The steel substrates prepared for deposition were polished with 3 um-grain diamond
solution. All substrates used — steel and silicon — were cleaned in ultrasound submerged in acetone
and in ethanol, standard procedures adopted for all substrates in this work. Later, they were heated
and cleaned inside the vacuum chamber by ion beam sputtering for 20 minutes prior to the start
of deposition, a procedure adopted for all d.c. sputtering depositions. The films selected for further
characterisation and tribological testing had chromium content measured by EPMA of up to 53

at.%; the metal content was almost linearly related to the power ratio of the targets (see Fig. 5.1).
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Fig. 5.1 Cr content versus target power ratio.
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The chemical composition of the film with second highest Cr content could not be measured
adequately (due to limitations explained in section 2.4.1). Its Cr content was estimated, from
deposition parameters compared with other coatings in the series, to be approximately 38 at.%. It
was observed that the adhesion of the coatings in this series was generally better for lower Cr

content.

5.1 Mechanical and tribological properties

The coatings selected as viable for further testing had hardness between 2 and 9 GPa, with the
majority of the compositions exhibiting hardness around 7.4 GPa. Although most of the coatings
with lower hardness also had low Cr content (as somewhat expected, since pure WS, films are
softer than doped ones studied so far), hardness values did not show any direct relation to chemical
composition. However, there is evident effect of the pressure in the chamber during deposition.
All coatings deposited in pressures lower than ~4.5X10” mbar exhibited hardness around 7.4 GPa,
regardless of Cr at.%. Those deposited in higher chamber pressures displayed hardness values
below 3.5 GPa (see Fig. 5.2). Fominski et al. [78,79] have studied the deposition of WSe,- and
MoSe,-based thin films by pulsed laser deposition (PLD). Their results indicated that simple
controlled variations in deposition parameters, in particular the inert gas pressure, could
significantly alter the films, resulting in different chemical composition, structure, growth
orientation of crystallites, the presence of large particles, etc. Moreover, they were able to develop
models and simulation that predicted successfully the properties of films prepared by PLD [80].
Although our W-S-Cr coatings exhibited low friction in pin-on-disc tests performed in
humid air, their friction coefficients were higher than those of W-S-C films tested under
comparable conditions. Testing the W-S-Cr film with estimated 38 at.% Cr resulted in a mean
friction coefficient of 0.11, while a W-S-C film with 42 at.% C showed friction coefficient of 0.07.
The wear rate of W-S-Cr coatings was about one order of magnitude higher than that of W-S-C.
It is therefore not surprising that few of the compositions survived 5000-cycles tribological tests
with 5 N load, although the friction coefficient dropped to steady-state low values very quickly. It
is very probable that low adhesion contributed to the high wear rates, due to the propagation of

cracks and the removal of sections of film all the way to the substrate.
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Fig. 5.2 Relation between pressure during deposition and the achieved hardness of the films.

The tribological behaviour of the W-S-Cr coatings had characteristics similar to other TMD-based

systems, such as a decrease in friction coefficient (and wear rate) with increasing load. Furthermore,

the friction curves could be divided into a) a running-in process with higher friction (# = 0.15)

lasting some hundreds of cycles; and b) a steady state with lower friction. Although there was no

significant relation between Cr content and mean friction coefficient, the friction curves exhibited

different characteristics: in low Cr content films, the running-in process lasted a few hundred laps,

while on films with higher Cr content it stabilized much faster — in less than 100 laps (see Fig. 5.3).
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Fig. 5.3 Selected friction curves of W-S-Cr films.
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5.2 Microstructure and chemical bonding

Comparison of XRD spectra of W-S-Cr and W-S-C films showed similarities in both cases, with
relatively featureless spectra, in which the absence of sharp peaks evidenced amorphous films. For
both systems, the dominant peaks were broad, related to stacking of planes. The main difference
could be seen from the shape of the spectra: for W-S-C, there was an elongated shoulder extending
from (100) to higher 20 values; in W-S-Cr spectra (shown in Fig, 5.4 for different Cr content),
however, the resulting peak was nearly symmetrical, although still broad. It indicated that the
hexagonal phase was not so preferentially oriented. The resulting spectra were built from the
overlapping of peaks representative of different orientations — with the most intense being (103),
at 20 = 46.3°. Obviously, very small grains with (103) orientation would yield identical spectrum;
however, the presence of such microstructure is extremely unlikely. Scharf et al [81] observed very
similar characteristics in the XRD spectra of Ti-doped tungsten disulphide films for various
amounts of co-sputtered Ti (up to 35 at.%), attributing the changes in microstructure to Ti
preventing the formation of crystalline WS,.

SEM measurements were carried out to evaluate the morphology and to verify the
featureless characteristic. However, the low energy used (because of temporary limitations in the
equipment) prevented high-resolution imaging; therefore the absence of visible columnar or

porous structure in SEM results (as in Fig. 5.5) is not strong evidence.
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Fig, 5.4 Selected XRD spectra for W-S-Cr films.
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Substrate (Si)

Fig. 5.5 SEM image of a cross-section of the W-S-Cr coating with 29 at.% Ct.

In the Raman spectra of W-S-Cr films (Fig, 5.0), the region associated with WS, had a different
shape than expected. The broad elevation between ~230 and 450 cm™ was possibly due to WS,
broad peaks overlapping with a peak of Cr.Os at approximately 350 cm™ [82]. The sharp peak at
475 cm’', which is also associated with Cr.Os [83], supported this interpretation. An additional
weak peak related to chromium oxide could be expected at 550 cm™, although it could not observed

above the noisy background.
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Fig. 5.6 Selected Raman spectra of W-S-Cr films.
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The region of the spectra below 200 cm™ exhibited a very broad elevation; however, this region is
generally not assessed or no significant peaks are present. In fact, in previous results from Polcar
et al., instrumental limitations prevented this region from even being measured [35,38], so
comparisons to previous results is not possible. The shapes in this region might be due to second
order Raman peaks [84], although such peaks are supposed to have intensity orders of magnitude

lower than the usual peaks associated with WS..
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6 W-S—C—-Cr (tungsten disulfide

doped with carbon and chromium)

Part of the content in this Chapter has been submitted to Surface and Coatings Technology in March,
2013, as:
J. V. Pimentel, M. Danek, T. Polcar, and A. Cavaleiro, “Effect of patterned surface on the

tribology of W-S-C/Cr self-lubricant coatings”

The deposition of tungsten disulfide doped with carbon and chromium was carried out by r.f.
magnetron sputtering. Despite the similarity with the previously presented W-S-C and W-S-Cr
systems, there were technical limitations of the d.c. magnetron sputtering chamber which made it
impossible to deposit more than two materials (two targets) at once. In the r.f. chamber, however,
while only two targets were used, the desired composition could be achieved by using a chromium
target and a graphite target, with pellets of WS, spread evenly in the erosion zone of the C target.
The number of pellets was controlled and determined after a few test depositions to achieve the
same carbon content as the reference W-S-C coating, i.e. approximately 40 at.%. The C/WS; ratio
was fixed, determined by the number of pellets, and the relative Cr content was controlled by the
power applied to each target. To obtain the different Cr contents in this series, the deposition power
ratio P,/ Pciws2 was vatied in three steps: 0 (no power in the Cr target, i.e. reference W-S-C coating),
0.8, and 0.13. The depositions with Cr were repeated to obtain a large set of samples with the same
characteristics. EPMA results showed that the process is repeatable by using the same deposition

parameters (see Table 3, where i, ii, iii denote different depositions).



Adaptive self-lubricating low-friction coatings

50

Table 3 Chemical composition of W-S-C-Cr coatings.

Deposition Chemical composition (at.%) - EPMA Chemical composition (at.%) - XPS
w S C Cr (0] w S C Cr (0]
0oCr 23.6 29.8 42.0 0.6 4.2 38.7 20.0 40.0 0.0 13
i 20.3 25.1 40.4 7.0 7.2 34.0 20.5 334 6.8 5.3
e i 19.1 26.6 38.2 7.0 9.1
i 17.4 23.0 37.7 13.4 8.5 32.0 17.0 33.1 12.0 5.9
13Cr i 185 241 358 135 8.1
iii 18.2 22.4 38.1 13.5 7.8

Prior to the coating deposition, the substrates and targets were sputter-cleaned. The plasma was

established close to the substrates electrode for 20 minutes. A chromium interlayer was deposited

on the polished steel and Si substrates with the substrates stationary over the Cr target for 10

minutes, resulting in an interlayer approximately 350 nm thick. The coatings were deposited

immediately afterwards (the chamber was not opened) with the samples rotating above both targets.

Each deposition for coatings with Cr took 150 min, resulting in films between 1.7 and 3 um thick.

The deposition time was adjusted after the first deposition of the series (with no power in the Cr

target), in which the thickness of the interlayer was measured as 450 nm and the coating thickness

was 1.8 um. The image shown in Fig, 6.1 was generated from SEM analysis of the cross-section,

highlighting the interlayer. The vertical shades are not related to a columnar structure in the material,

but instead are due to the imperfections in cutting and breaking the silicon wafer.

Coating (W-S-C-Cr)

Interlayer (Cr)

Substrate (silicon)

AccV Spot Magn
120kV 3.0 20000x SE

Det F——

1 um

Fig. 6.1 SEM image of a W-5-C-Cr film cross section.
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The substrates used were pieces of Si wafers and polished steel substrates (Rz < 30 nm, diameters

of 50 and 22 mm), including steel substrates with different patterns of grooves produced by

micromachining, The investigation involving surface patterns was focused on their effect on steel

substrates covered by a relatively thick self-lubricant coating — in particular, to verify the effect of

the rough patterning on the coating's tribological performance. Six different patterned substrates,

labeled A to F, were prepared. Their distinguishing characteristics were as follows (see also

corresponding diagrams in Fig. 6.2):

A (diameter 50 mm): 6 equally-spaced grooves, approx. 45 um wide, distributed radially;
B (50 mm): 6 equally-spaced grooves with varying widths (85 — 170 pm), distributed radially;
C (22 mm): 80 parallel grooves, approximately 50 pm wide;

D (22 mm): 80 parallel grooves perpendicular to another 80 parallel grooves, each
approximately 50 pm wide, forming a checkered pattern;

E (22 mm): 240 grooves, each approximately 50 pm wide, distributed radially;

F (22 mm): 30 grooves, each approximately 45 um wide, distributed radially over about 25%

of the surface.

A B

Fig. 6.2 Different patterns on the prepared samples.

E F

On the patterned substrates was deposited the coating with the highest Cr content. Three-

dimensional profilometry performed on selected spots on the grooves, before and after deposition,

showed that the coating copied the surface features, as exemplified in Fig. 6.3.



Adaptive self-lubricating low-friction coatings 52

Fig. 6.3 Tip of a groove (a) before and (b) after coating deposition (sample A).

Patterning surfaces can facilitate sliding, particularly in the presence of lubricants. Cavities and
grooves can act as fluid reservoirs and increase the wetting of the surface by a lubricant [85,86];
controlling the hydrodynamic pressure can also increase the load carrying capacity and lower
friction [87,88]. Furthermore, grooves on the surface can trap wear particles and reduce abrasion
and ploughing friction [87]. The effects of surface patterning have been studied extensively also
for applications of solid lubricants. An approach often taken is the creation of grooves, which are
then filled up with a deposited self-lubricant solid material. Voevodin et al. [89] prepared Ti-TiC-
DLC films with grooves filled with MoS»; they deposited also TiCN coatings with laser-produced
micro-reservoirs, which were filled with MoSz- and graphite-based solid lubricants by burnishing
or sputtering [90]. Later, a similar approach was used to produce TiAICN films with MoS,-filled
pores [91]. Zimmerman et al. [92] studied TiN hard coatings with micro-reservoirs filled with
different types of solid lubricants. The results of those studies showed that solid lubricant
reservoirs could reduce friction under certain conditions, although increased coating lifetime and
wear resistance could be considered as the main advantage. Moshkovith et al. [93] produced
patterns on steel surfaces and then burnished them with MoS, particles, achieving with
contradictory results since the lifetime of the samples was extended, but the friction was higher
compared to non-patterned samples. However, it must be noted that, unlike the present work, the
majority of the studies cited above dealt essentially with very thin layers of solid lubricant just to
fill up the patterns produced on another coating material.

Tribological measurements were carried out in humid air. Contact loads varied in the range

1-15 N and three test lengths were used: 1000, 5000 and 50000 cycles. Additional tests were
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performed using the adapted system for 7 sit# Raman spectroscopy referred to in Chapter 4, used
specifically in this case to acquire video recordings of the wear tracks during the sliding process.
These tests were performed at lower speeds, to improve the quality of the captured images, and
with shorter arbitrary durations, as recording long tests generated a very large amount of data.
Wear rates of the coatings and balls were determined as the worn volume (measured by 3D
white light profilometer) per sliding distance per load. However, the wear was often evaluated using

only the cross-section area of the wear track, as described in section 6.5 below.

6.1 Chemical composition

The chemical composition of the final W-S-C-Cr coatings (calculated including oxygen) showed
36 to 42 at.% C and up to 13.5 at.% Cr. The S/W ratio depended mostly on deposition conditions,
as described in Chapter 2, and was kept in between 1.2 and 1.4. The chemical composition was
measured both by EPMA and XPS for comparison, since each method presents its own limitations.
Etching of the surface performed prior to XPS measurements usually leads to a preferential
removal of sulfur, resulting in lower sulfur content in the measured composition [94]. The
preferential removal could be minimized by reducing ion energy, although in such case the etching
would be extremely long. EPMA measurements, on the other hand, could overestimate the
chromium content since the penetration depth (approximately 2 um) is close to the thickness of
the films, therefore the Cr interlayer could contribute to the results. This was observed in the case
of the coating with no Cr, 1.7 um thick, where the Cr detected originated from the interlayer. The
other coatings, with approximately 7 and 13 at.% Cr (denominated 7Cr and 13Cr, respectively), had
thickness close to 3 um, therefore the signal from the interlayer should be negligible.

The contribution of oxygen to the chemical composition followed the same trend both in
EPMA and XPS, increasing with increasing Cr content. For XPS measurements, the surface was
ion-bombarded prior to analysis (etching away approximately 5 nm of the film) in order to remove
surface contamination; so it can be assumed that the oxygen detected was due to the deposition
process and not to later exposure to air. The fact that XPS showed lower O content values could
indicate that the concentration of O was lower near the surface than further inside the film. Even
though there was inevitably some residual atmosphere left in the chamber, it should be noted that

the targets (especially graphite and WS;) were porous and also released oxygen into the chamber
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when sputtered. As the deposition proceeded, the amount of contaminants from the targets
decreased; therefore the oxygen contamination in the coatings was indeed expected to decrease

during the deposition process.

6.2 Mechanical properties and microstructure

The hardness of W-S-C-Cr films was between 4.9 and 7.2 GPa. The critical load Lc, was between
12 and 23 N, which was considered sufficient for tribological tests. Both hardness and adhesion
increased with increasing Cr content (see Fig. 6.4). The increase of hardness has been observed for
other co-sputtered films based on doped WS, and MoS,, as shown above, and explained by the
introduction of the dopant making the films more amorphous, reducing columnar morphologies
and avoiding pores and voids. However, it can be noted in the case of the W-S-C-Cr series that in
the coating without Cr (i.e. W-S-C) the co-deposition with C had already presented significant
improvements over pure WS,, although it was the softest of the series. Investigation by TEM of a
W-S-C film had revealed randomly oriented and separated WS, platelets dispersed in the carbon
matrix [34], which could slip easily and reduce hardness. Alloying W-S-C with Cr could therefore
transform nanostructured films into amorphous material, as was verified by TEM (see Fig, 6.5) in
a series of analyses performed by the Applied Materials Science group at the Department of

Engineering Sciences of Uppsala University, Sweden, and published in [95].
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Fig. 6.4 Hardness and critical load for different Cr contents.
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Fig. 6.5 TEM images of different compositions (adapted from [95]).

XRD analysis in grazing incidence configuration showed only a flat spectrum typical of amorphous
films and confirmed the TEM observations indicating loss of crystallinity. As a consequence, the
easy shear of WS, platelets in the W-S-C film was eliminated and the hardness increased. While
nanocomposite W-S-C films with hard tungsten carbide and tungsten disulfide nanograins
embedded into amorphous carbon matrix can exhibit hardness above 10 GPa, the W-S-C-Cr

coatings presented were still significantly harder than pure sputtered WS films [7,35].

6.3 Chemical bonding

6.3.1 XPS

XPS was first carried out on the as-deposited surfaces and, then, again after 48 seconds of sputter
cleaning, which removed approximately 5 nm of coating material. A strong oxidation observed on
the surfaces almost disappeared after etching. Fig. 6.6a shows W4f spectra taken after sputter-
cleaning, The pair of peaks at approx. 31.9-34.1 eV was identified as a superposition of two pairs,
corresponding to W-S bonds at 31.9-34.1 eV and W—C bonds at 32.4-34.6 eV. A reasonable fit
could be achieved by deconvoluting the region even without attributing the W—C peaks; however,
that would not satisfy the conditions suggested in Ref. [77]: a chi-squared value greater than 4
means more peaks are required for an adequate deconvolution, and a chi-squared value lower than

2 indicates a very good deconvolution. The presence in the Cls region of a peak attributed to W—
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C bonds supported the four-peak deconvolution of the W4f spectra. The broad elevation at
approximately 590-602 eV was attributed to satellite peaks [96]. Finally, W—O bonds were observed.
As described in section 6.1, the main source of the oxygen detected in XPS was the contamination

from the porous carbon target and tungsten disulfide pellets.
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Fig. 6.6 XPS spectra of the as-deposited surface of 13Cr. a) W4£ b) Ce2p.

The Cr2p region of the XPS spectra (Fig. 6.6b) featured a pair of peaks at 574.4 and ~583.7 eV
close to expected positions corresponding to metallic Cr (574.1 and 583.4 eV [77]). The possibility

of this pair corresponding to Cr,Os, which shows peaks at relatively similar positions, was ruled
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out by the peak separation (9.3 eV for metallic Cr, 9.7 ¢V for Cr,Os3). It is possible, however, that
very weak peaks at the positions associated with Cr.Os3 (576.6 and 586.3 eV) were present, but
should not have contributed significantly to the spectra. Unfortunately, we could not rule out the
presence of Cr—C bonds or quantify their contribution, since their expected peaks are very close
to that of metallic chromium.

The positions observed in the Cr2p region were also close to those characteristic of Cr—S
and Cr—W, which pointed to the possibility of having Cr bonded to all those three elements — not
surprising when considering the amorphous nature of the films. Nevertheless, the W4/, Cls and
S2p spectra of all three film compositions were almost identical, whereas any strong contribution
of Cr-related peaks to these regions (such as chromium carbide in the Cls region) should have
been obvious when comparing the spectra of films with and without Cr. Therefore, it appears the

alloying of W-S-C film with chromium did not change the bonding state of the film.

6.3.2 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectra were also acquired from the W-S-C-Cr films. The principle of
the FTIR technique is similar to Raman spectroscopy, with the key difference that the data is
collected over a wide spectral range. The analysis of the acquired FTIR spectra was not very
straightforward since the signal was noisy with a strong background (see Fig, 6.7). One feature in
the spectra that was clearly distinguishable from the background was the region from 900 to 1300
cm’. Two prominent peaks observed at approximately 980 and 1260 cm™, along with the small
peak at 1140 cm™', were similar to those associated with tungsten bonded to carbon [97]. Howevet,
peaks at 1079 and 983 cm™', as well as a broad band from 500 to 1000 cm™, are associated in
literature to W—O bonds [98]. The proximity of these values made it hard to determine whether
either alternative should be dismissed in favour of the other. In Ref. [99], a sharp valley at 1633
cm’ was identified in the spectrum of WS, but it is hard to compare it with the results obtained
in this work since the background noise in the entire region 1400—~1800 cm™ was particularly high.
For the same reason, it was not possible to determine the presence of Cr,Os peaks at 1450 and

1490 cm™ [100] and C—C bonds at 1640 cm™ [101].
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Fig. 6.7 FTIR spectra of W-S-C-Cr films.

6.3.3 Raman spectroscopy of the as-deposited surfaces

The predominant features expected in the Raman spectra of as-deposited W-S-C-Cr coatings
shown in Fig, 6.8 were divided in two regions: i) in the range from ~1100 to 1700 cm™, two major
peaks corresponding to the D and G peaks commonly observed in the spectra of carbon-based
sputtered coatings; i) in the range from ~230 to 470 cm™, peaks corresponding to WS, and
chromium oxide. The spectra of Cr,Os usually show a pair of weak peaks at approximately 305
and 350 cm™' [83,83,102,103], which is very close to WS, peaks typically expected at approx. 307
cm™, 356 cm™and 421 cm™.

In the W-S-C-Cr series, the WS, peaks could be distinctly observed in the coating without
Cr, but with the increase of Cr content the region was distorted and only vestiges of WS;-related
peaks could be made out. The change in shape could be due to the broadening of WS, Raman
modes, related to the presence of structural defects and/or stress gradients in the scattering volume
[104]. The results of Raman spectroscopy therefore agree with TEM observations: the broad WS-
related peaks observed indicated a low structural quality of the WS, phase in the coating without
chromium and the amorphous nature of the coatings with higher Cr content. Moreovert, the In/Is
ratio of the carbon-related peaks, an indication of disorder in the material, also increased with Cr

content.
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A second reason for the distortion of the WS, region would be the overlapping of
additional peaks (particularly Cr,Os, mentioned above) with those of WS,. However, we did not
expect a strong contribution of Cr,Os, given the low oxygen content in the coatings and the
absence of significant Cr—O bonds in the XPS spectra. In fact, there was barely any evidence of
other Cr,Os-related features: no peak could be observed at 475 cm™, and although a weak peak
close to 550 cm™ was visible in some of the Raman spectra, it was hardly identifiable above the

noise level (which was relatively high due to low laser power).
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Fig. 6.8 Raman spectra of as-deposited W-S-C-Cr coatings.

6.4 Tribological properties of non-patterned samples

Pin-on-disc sliding tests were firstly carried out on flat (i.e. non-patterned) samples using different
loads (from 1 to 15 N). The friction coefficient decreased with increasing contact load (as shown
in Fig. 6.9 for different compositions) — a behaviour in a good agreement with other doped-TMD

systems, indirectly indicating that the formation of a WSs-rich tribolayer was promoted at high
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contact pressures [19]. An investigation of the wear tracks indicated that the tribolayer was mostly
amorphous tungsten and chromium oxide with small areas containing WS, platelets. Furthermore,
a thin layer of (002) oriented WS, was found below the outermost surface, at the interface between

the coating and the tribolayer [95] (its formation will be further discussed on Chapter 9).
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Fig. 6.9 Friction coefficient versus load.

As with other systems studied, the friction coefficient was usually high in the very first few cycles
of pin-on-disc tests due to polishing of asperities and removal of superficial oxidation from
contact area. After some tens of cycles, the friction values decreased as the tribolayer was formed.
The friction coefficient usually reached a minimum at a few hundred cycles and then stabilized at
a low-friction level typical of steady-state wear regime. The shape of the friction curves during
running-in was similar to those observed in W-S-C films (see Chapter 4). The average friction
coefficient increased with the addition of Cr, although it was lower compared to undoped WS,
films under all test conditions [34]. In the coating with the highest Cr content, the friction
coefficient in the initial stages was around 0.3 and the wear resistance was also the lowest of the
compositions tested. Fig. 6.10 shows wear tracks produced under the same test conditions for
different compositions and corresponding ball scars. Wear tracks on 13Cr had visible scratches in
the direction of sliding and were deeper, reaching depths around 1.5 um (approximately 70% of
the thickness of the film). The wear rates of the contact partners were very low, particularly in the

case of the intermediate Cr-content film.
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Longer tests (50 000 cycles) were carried out for a better estimation of the evolution of
wear during sliding. The coatings survived these endurance tests with no problems. The wear rates
of the coatings were very similar after 5000 or 50 000-cycle tests. In fact, the 7Cr film showed
lower wear rate after 50000 laps; since the worn volume was not much greater, the calculation of
wear rate (which takes into account worn volume per sliding distance per load, as described in
Chapter 2), yielded a lower value. These results indicate that the majority of the worn volume is
produced during initial stages of sliding, whereas the wear is very low during steady-state regime.
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Fig. 6.10 Images of the wear tracks (by 3D profilometry) and ball wear scars (by optical microscope).
On the ball corresponding to 13Cr are illustrated spots where Raman spectra were acquired.
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Tribological tests in dry air (RH =1%) were performed on these samples by the Applied Materials
Science group of Uppsala University. All such tests were carried out using a 10 N load and 10000
cycles. From these tests it could be observed that the friction of the 0Cr film started decreasing
almost immediately (similar to what was observed in humid air), while the friction of the Ct-
containing coatings showed a slow increase before dropping to steady-state levels. Nevertheless,
the running-in processes of all three coatings had similar lengths, close to 2000 cycles. For all tests

in dry air, the friction coefficient in the steady state was very low, in the range 0.018-0.025 [95].

6.4.1 In situ monitoring of the wear track

The adaptation of the equipment allowed an 7 sit# video monitoring of the surface during sliding.
Although these observations could not be as detailed as the 3D profilometry, they allowed some
interesting observations. The wear tracks of W-S-C-Cr films were quite irregular — there were
scratches and the cross-section was seldom circular — therefore we could not make accurate
calculations of the wear rate only from the top imaging, Nonetheless, it was possible to verify that
the width of the wear track expanded rapidly in the first tens of laps, then widened very slowly.
Fig. 6.11 shows the same region in a wear track on 7Cr in two different moments — after 100 and
500 cycles. It could be observed in this case that the width of the wear track after 100 laps was
approximately 95% of the width after 500 laps. In comparison, in another test under the same
conditions (except for higher linear speed), after 500 cycles the friction curve had already stabilized
at approximately the same value it would maintain until 5000 cycles, and the sliding process could
be considered to have reached the steady state.

The tests using video monitoring were performed with different speeds. In the case
described, the first 75 cycles were carried out very slowly at 0.54 cm/s, while recording; then the
speed was increased to 15 cm/s (a normal value for our pin-on-disc tests), to continue the running-
in process; and then after the 500" cycle, another 25 laps were carried out at 0.54 cm/s. In Ref. [35]
the effect of sliding speed on friction was analysed for W-S-C films. It was shown that decreasing
the speed reduced frictional heating and caused an increase in friction. Such effect is hardly
significant for small variations in linear speed; however, in the present case the difference is very
large, therefore it was expected that the slow cycles would exhibit higher friction. This expectation
was supported by the results: in the last 50 cycles at 15 cm/s (i.e. cycles 450-500), the mean friction
coefficient was quite stable at 0.09. In the following 25 cycles at 15 cm/s, the friction coefficient

was 0.13. There was no reason to assume any other cause other than the decrease of sliding speed.
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100 cycles

Fig. 6.11 Wear track on 7Cr, after 100 and 500 cycles.

6.4.2 Raman analysis of the wear tracks and sliding partners

The study of C-doped WS, films had shown that the running-in process was characterised by
carbon being quickly worn away and a thin tribolayer, composed mainly of tungsten disulfide, being
formed at sliding interface. Furthermore, the formation of the low-friction tribolayer was enhanced
at higher contact pressures. This effect was evidenced, among other analyses, by z situ Raman
spectroscopy inside the wear tracks during and after the running-in process.

In the case of W-S-C-Cr coatings, the overlapping of WS, and Cr oxide peaks in the Raman
spectra (described above for W-S-Cr) could also influence the ratio Ic/Iwsz. For the same reason, it
was not possible to determine from Raman spectra whether chromium oxide was present in the
tribolayer. Its contribution should be limited, since the region in question was almost identical in
spectra measured inside or outside the wear track. Therefore, the total areas for the WS, region
(~230 to 470 cm™) and the C region (1100 to 1700 cm™) were compared for spectra acquired in
the middle of the wear tracks produced with different loads. A clear trend could be observed with

the contribution of C peaks to the spectra decreasing when higher loads were applied, see Fig. 6.12.
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Fig. 6.12 Ic/Iws: Raman ratios versus contact load, 13Cr coating,

Further evidence of the tribolayer composition came from the Raman spectra of the debris
attached to the wear tracks and ball wear scars. The material adhered on the balls could be divided
into three groups, based on its position in relation to the wear scar. In the ball image of 13Cr
(shown in Fig. 6.10), the positions of Raman measurements are indicated: (a) — very thin layer on
the wear scar; (b) — debris attached to the front of the wear scar; and (c) — debris scattered on the
sides of the wear scar. Raman spectra of balls scars produced with different load usually displayed
similar characteristics (with the occasional exception of the layer at the centre, which was not always
measurable). The spectra shown in Fig 6.13 illustrate the differences between adhered debris in
point (c), which is significantly richer in carbon, and point (b), which is richer in WS,. Peaks
corresponding to carbon were relatively weak in the spectra acquired at the centre of the scar, point
(a). A large asymmetrical peak at ~940 cm™ was attributed to iron oxides originated from the ball
material. The differences in the spectra show that the tribomaterial produced under sliding is more
ordered than the as-deposited film, as evidenced by the sharper WS, peaks typical of an ordered
structure. Furthermore, the separation of the C region into more distinct peaks indicate a structural
change (graphitization) of carbon as well, although it is important to note that the carbon-rich
debris was not found in the contact. Therefore the results indicated, as observed before with W-S-

C, that the sliding process promoted the formation of a well oriented WS,-rich tribolayer.
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Fig. 6.13 Raman spectra of the material adhered to the steel ball in the positions indicated
in Fig. 6.10, after test with load 10 N.

Raman analysis of a wear track produced on the 7Cr film by sliding in dry air after 10000 cycles
exhibited a pair of strong sharp peaks at ~350 and 420 cm™' indicating a well-ordered and relatively
thick layer of WS,. This characteristic was not observed in the spectrum of a wear track produced
in humid air and otherwise equal conditions, where the peaks in the WS, region were poorly defined,
related to a lower structural quality. These results suggest that humidity alone can hinder the

formation of a well-ordered tribolayer.

6.5 Tribological properties of patterned samples

The tribological behaviour was significantly affected by the presence of grooves on the surface.
For tests carried out with a load of 5 N for 5000 cycles, the coefficient of friction of the non-
patterned 13Cr coating was 0.11. The patterned samples C—F exhibited overall higher friction,
above 0.15, with the highest value of 0.20 observed for sample E, i.e. the sample with the highest
density of grooves. However, the coefficient of friction measured for samples A and B (0.10 and

0.09, respectively) was slightly lower than that of the polished sample. Typical friction curves
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(examples shown in Fig, 6.14) showed that the friction coefficient during running-in was somewhat
erratic, although it usually stabilized within about 500 cycles.

Similarly to non-patterned samples, the average friction of samples A and B decreased with
load (see Fig. 6.15). The friction coefficient over one cycle during the running-in is shown in Fig,
6.16 (sample A, load 1 N). Six transitions in friction (sharp drops followed by an immediate increase)
were separated in six regular intervals, matching well the surface pattern. However, these transitions

disappeared when the steady-state wear regime was reached and, then, the friction was more stable.
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Fig. 6.14 Selected friction curves of non-patterned and patterned samples.
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Fig. 6.15 Friction coefficient versus load for samples with and without grooves.
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Fig. 6.16 Friction coefficient over one cycle during running-in stage (sample A).

6.5.1 Analysis of the wear tracks

On non-patterned samples, we averaged the measurements of the wear track cross-section areas
in different spots along the wear track to determine the wear rate as the worn volume per sliding
distance per load. For the patterned samples, wear rates were not calculated since there were clear
changes in the worn volume from one spot to another. 3D profilometry of the wear tracks after
the sliding tests revealed that the grooves were completely filled up in the wear tracks. Raman
spectra obtained directly on the material accumulated in the grooves, after sliding tests on samples
A and B, were almost identical to spectra obtained immediately before or after the grooves (always
from the centre of the wear track; see Fig. 6.17).

An interesting wear behaviour has been observed in the vicinity of the grooves. In the
following analysis the cross-section area is used to characterise the wear, instead of the wear rate,
since it allows direct comparisons between different sections or positions in the wear tracks. Using
this approach, we could observe that the wear was significantly lower immediately after the grooves
on sample A. The sudden drop was followed by a slower increase up to values comparable to those
observed before the grooves (see Fig, 6.18). Moreover, the wear tracks were much smoother and

shallower after the grooves than before.
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Fig. 6.17 Raman spectra acquired on the polished surface and inside the groove after deposition, and in
the centre of the wear track inside and outside of the grooves (sample A).

Quantification of the wear track recovery, i.e. the decrease of the wear track cross-section area
after the grooves, was not straightforward since the cross section is rarely constant along the entire
wear track, even in the case of non-patterned samples. This is primarily due to the conditions of
the tribological tests, such as sample position in respect to loaded arm with the ball. To minimize
the effect of the wear track area fluctuations, Fig. 6.18 shows the wear track area for every single
groove (named g7 through g6) on sample A. It can be clearly seen that there was always a significant
drop of the cross-section area immediately after each groove. Sample B, with 6 equally-spaced
grooves with different widths, exhibited similar trend (as shown in Fig. 6.19).

When the pin-on-disc tests were performed on sample C, the angle between the sliding
direction and the grooves periodically changed from O (parallel) to 90° (perpendicular), twice every
cycle. The high average friction of 0.2 clearly indicates that the density of the grooves was too high
to achieve a positive effect. The variation the friction coefficient clearly depended on the position
of the ball on the surface: for perpendicular sliding (i.e. the ball crossing the grooves at a right
angle), the friction reached maximum about 0.27, whereas the minimum value 0.13 was observed

for parallel sliding (see Fig. 6.20).
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Fig. 6.18 Cross sections immediately before and after grooves. In this wear track, produced with linear
speed 50 cm/s, the distance between each groove was 19.9 mm (sample A).
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Fig, 6.19 Cross-section area of the wear track in the vicinity of the grooves (sample B).
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Fig. 6.20 Periodic variation of friction over one cycle on sample C, after 3000 laps.
The average is shown to help visualization.

Sample D, with an orthogonal matrix of grooves, exhibited friction coefficient higher than 0.25,
which was independent of the position. The wear of sample F increased rapidly when the ball
entered the patterned region, see Fig. 6.21. The maximum wear occurred far from the first groove,

Le. it increased progressively within the patterned area until reaching maximum value. Then, it

decreased smoothly during sliding the non-patterned zone.
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6.5.2 Discussion on the effects of surface patterns
on the tribological behaviour

Grooves produced on samples A and B could be considered as isolated, i.e. there was sufficient
polished surface between two consecutive grooves. Their effect on friction and wear altered the
sliding process. In the running-in stage, friction increased when the ball passed a groove due to
higher surface roughness. However, the grooves became progressively filled up by worn material.
Raman spectroscopy indicated that the material trapped inside the grooves was identical to that of
the tribolayer observed in the wear track. The grooves, fully covered by tribolayer material, could
thus act as a reservoir of low-friction material, decreasing friction and wear immediately afterwards.

The data suggest that the positive effect of sample patterns is limited to widely spaced
grooves (as in samples A and B). When the grooves were too close, the low-friction tribolayer could
not be formed when the ball passed between the grooves. As a consequence, neither the material
in the contact area nor the material trapped in the grooves were identical to a low-friction layer.
The grooves could not provide low-friction tribomaterial and the friction coefficient in the non-
patterned zones was higher; consequently, so was the average friction. These assumptions are in
clear agreement with the wear and Raman results obtained with sample I, where a low-friction
tribolayer could be progressively built when the sliding took place on the polished regions of the
substrate, and progressively destroyed in patterned area (see Fig. 6.21). Furthermore, all other tested
samples where the grooves spacing is even lower (i.e. samples C, D, and E) exhibited much higher

friction and wear than non-patterned samples (see comparison in Fig. 6.22).
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Fig. 6.22 Average friction coefficients for different surface patterns under the same test conditions.
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The data presented in this Chapter suggest that there is an optimum distribution of patterned
grooves for decreasing steady-state friction and wear. The rough shapes of the wear tracks and the
cross-section variations made it difficult to design a precise wear model. Nevertheless, the wear as

a function of the distance from the groove was successfully fitted using the following equation:
—dL
A(d)=A,,, (1 _B,s )

where A is the cross-section area; Am. is the stabilization value; Zis the distance from the previous
groove; L is the load; s is the linear speed; and By is a constant depending the width of the groove
(and other influences). With more experimental data, it should be possible to predict optimum
distribution and width of grooves to achieve minimum values of friction and wear for a given self-

lubricant coating.
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7 TMD coatings doped with

carbon and titanium

Two series of coatings were deposited by r.f. magnetron co-sputtering using two targets: one Ti
target and one C target with pellets of either WS, or MoS,. Both series were prepared very similatly,
depositing coatings of varying Ti content by keeping the power in the C+TMD target constant (at
600 W) and varying the power in the Ti target. Ti content was directly related to the target power
ratios, as shown in Fig. 7.1. Due to difference in sputtering yields, the coatings had similar thickness
(= 2.4 um for W-S-C-Ti, = 2.6 um for Mo-S-C-T1) despite the deposition time being considerably
shorter for Mo-S-C-Ti (120 min) than for W-S-C-Ti (150 min). A thin Ti interlayer was deposited

on the substrates before the solid lubricant films.
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Fig. 7.1 Relation between TMD /Ti power ratio and Ti content.
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The ratio between C and TMD content was higher with increasing Ti content (see Table 4). The
number of TMD pellets on the graphite target was fixed, therefore it could be expected that the
C/TMD ratio would not change. However, it is likely that the significant change in the power of
the Ti target influenced the occurrence of re-sputtering on the substrates; since the probability of
re-sputtering depends on each element, the final C/TMD ratio could change between depositions
even if only the power to the Ti target was altered. The difference in the content ratio could then
be explained. The S/M (M = Metal, i.e. Mo or W) ratio of W-S-C-Ti films was lower than that of
Mo-S-C-Ti ones (around 1.0 and 1.5, respectively).

Table 4 Chemical composition of selected Mo/W-S-C-Ti films.

Chemical composition (at.%)
Film C/TMD
Mo w S C Ti
OTi 221 - 321 45.7 0.1 | 2.1
3Ti 20.3 - 29.0 47.3 3.4 2.3
Mo-S-C 14Ti 17.7 -- 24.9 43.7 13.7 2.5
24Ti 14.4 -- 22.7 39.1 23.8 2.7
31Ti 12.8 -- 19.9 36.1 31.2 2.8
OTi -- 26.7 28.7 44.4 0.2 1.7
W-S-C 3Ti -- 23.7 26.2 47.4 2.7 2.0
19Ti -- 16.8 18.9 45.5 18.8 2.7

7.1 Mechanical and tribological properties

Hardness of Mo-S-C-Ti coatings varied between 4.5 and 7.9 GPa; for W-S-C-Ti, the values were
between 5.0 and 8.4 GPa. In both cases, hardness increased with Ti content, as shown in Fig, 7.2.
In general, the films exhibited low adhesion and limited tribological performance: none of the
coatings was able to sustain sliding tests for more than 25000 cycles under 5 N load. Although the
original idea behind the incorporation of reactive metals such as Ti expected protection of the
pure TMD phase from oxidation [28] and increasing wear resistance, other studies [81,105,100]
have observed the deterioration of the wear resistance of Ti-doped TMD coatings, particularly

associated with high Ti content. It has been suggested in Ref. [105] that this is due to the formation
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of hard metallic titanium nanoparticles.

There was no apparent relation between Ti content and friction coefficients in our results,
neither for films with Mo nor for films with W. Tests performed on W-S-C-Ti films with varying
load showed decreasing friction when applying higher loads (Fig. 7.3), a behaviour matching those

observed with other doped-TMD systems described so far.
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Fig. 7.3 Friction coefficient of W-S-C-Ti with increasing contact load.
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7.2 Chemical bonding and microstructure

The Raman spectra of W/Mo-S-C-Ti films were dominated by the D and G peaks related to
carbon, with low-intensity peaks at lower wavelengths and broad peaks related to oxides in the
middle range (600-900 cm™). In Ref. [107], the occurrence of titanium catbide is associated in
Raman spectra with peaks at approximately 146, 396, 515 and 636 cm’, with additional peaks
associated with Ti-O in the same region, although these peaks are only visible in spectra acquired
after annealing. In our W/Mo-S-C-Ti films, peaks at ~150 cm™ were observed in all spectra.
However, the region below ~200 cm™ often presented unidentified peaks, as discussed before for
other compositions. The most intense TiC-related peak expected close to 636 cm™ was not
observed. Other TiC-related peaks were either absent or indistinguishable from the TMD-related
ones in the region between approximately 250 and 500 cm™'. Nevertheless, this region was relatively
shapeless, indicating there might be a contribution of bonds besides those related to W/Mo-S. In
Ref. [108], the authors analyse the Raman spectra of carbide-based carbon films (including TiC)
solely by the D and G peaks. The main indicator of the formation of carbides in that work is the
decrease of FWHM (full width at half maximum) values in the D and G peaks, evidencing ordering
of carbon bonds. This behaviour was also observed in the spectra of our W/Mo-S-C-Ti films (see

Fig. 7.4), although the values were almost independent of Ti contents.
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Fig. 7.4 Changes in FWHM of D and G peaks in the Raman spectra of W /Mo-S-C-Ti films.
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Analysis of W-S-C-Ti films by XRD revealed that for low-Ti films, the spectra showed the usual
features — broad asymmetric peak indicating (10L) planes. When the Ti content increased, however,
there was the predominance of peaks which matched the diffraction angles corresponding to
titanium carbide at ~40°, 46° and 68°. Since not all coatings analysed by XRD had their Ti atomic
percentage determined due to adhesive failures, the data in Fig. 7.5 is shown according to

deposition power.
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Fig. 7.5 XRD spectra for increasing Ti deposition power.

The evolution of the XRD spectra suggested that the TiC peaks observed should be associated
with Ti in the coating — not (only) with the interlayer, which was approximately equal in all
depositions. It seems that the co-deposition with Ti led to the formation of TiC grains in the film,

although in low structural quality.

7.3 Comparison with other systems

The increase in dopant was associated, in the others series presented in this work, with the resulting

films being more amorphous, thus improving both hardness and adhesion. Comparing W/Mo-S-
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C with the present case of W/Mo-S-C-Ti, it can be seen that while the additional doping with Ti
resulted in hardness values similar or greater than those doped only by C, the adhesion was
significantly worse. It must be noted that although there was an increase in hardness associated
with dopant content in W/Mo-S-C-Ti coatings, adhesion followed the same trend only for W-S-C-
Ti. Thus, the results suggest that the adhesion problems could be a consequence of factors
(partially) unrelated to the composition. In fact, it was shown previously [31], that a Ti interlayer
improves adhesion of W-S-C films through formation of a very thin carbide layer, see Fig. 7.0.
During the deposition of W-S-C-Ti (carried out later) we observed that the base pressure was
higher than a certain value resulted in poor film adhesion regardless of dopant content. It is likely
that doping with C and Ti could still result in coatings with good mechanical and tribological
properties, at least comparable to those observed in other compositions, provided the deposition

is fully optimized.
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Fig. 7.6 TiC layer at the interface between Ti interlayer and W-S-C coating (from [31]).
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8 Coatings based on molybdenum

and tungsten diselenides

For low-friction applications, TMDs based on diselenides have not received as much attention as
those based on disulfides. Nevertheless, studies with MoSe: have found it comparable with MoS,,
with the advantage of being more resistant to the detrimental effect of humidity and having higher
temperature stability [69,109]. Coatings composed of Mo/W-Se-C (molybdenum or tungsten
diselenide doped with carbon) have also been shown to exhibit good tribological results and higher
hardness values when compared to pure Mo/WSe, [26, 110]. However, the tribological
performance of the diselenide-based coatings examined in this work was often seriously hindered
by low adhesion to the steel substrates.

The coatings used had been deposited beforehand, either by co-sputtering C and Mo/WSe:
or by reactive sputtering of WSe; in a CH4 atmosphere. Several compositions were prepared, with

varying carbon content.

8.1 Mechanical and tribological properties

Most of the Mo-Se-C coatings tested during the course of this work exhibited severe adhesion
failures and did not withstand tribological tests under the conditions presented so far for other
systems. Only one composition, with 14 at.% C, exhibited low friction (0.1) in a 5000-cycle test

under 5 N. The wear track produced was rough with indications that the coating was locally worn
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out in many spots. No further tests were carried out on this Mo-Se-C series.

After preliminary analysis, four compositions of W-Se-C were selected, with varying C
content (see Table 5). Raman examination of the as-deposited coatings suggested a direct relation
between carbon content and the ratio of C peaks (D and G) to the WSe: region (broad, poorly-
defined peaks at approx. 253 cm™).

The W-Se-C coatings had low hardness (1.9 to 5.3 GPa) compared to the other systems
studied. Although their adhesion was not quantified, very few of the coatings survived tribological
tests in the standard conditions of 5 N for 5000 cycles. Therefore we tried to evaluate the coatings
in milder conditions: tribological tests were carried out with a load of 1 N, since it was apparent
that these coatings could not withstand higher loads. Furthermore, the tests were carried out only
until 500 cycles. For these conditions using 6-mm 100Cr6 balls, the friction coefficients were
between 0.14 and 0.4. The coatings with high C content exhibited higher friction. Wear rates were

higher than those of W-S-C, around 1.5X10° mm*/Nm.

Table 5 Chemical composition of selected W-Se-C films.

Deposition method Chemical composition (at.%)
w Se C
Co-sputtering 33.8 29.9 36.3
Co-sputtering ‘ 15.5 15.4 69.1
Reactive CH, ‘ 22.4 51.6 26.0
Reactive CH, | 11.7 20.2 68.1

8.1.1 Effect of contact pressure on the frictional behaviour

In order to verify if the W-Se-C coatings also exhibited the decrease in friction with increasing load
observed in other systems, an alternative approach was used: tests with constant load using as
contact partners balls of different diameters (6.0, 7.94, and 10.0 mm). The contact pressure was
thereby lower with larger diameters, since the contact area was larger, and we expected to see a
decrease in friction associated with smaller diameters (i.e. increasing the contact pressure). This was
verified only in some of the tests. The main issue here was that the tests had to be so short that
they probably did not span the entire running-in period before the coating was worn out. Since
friction in these conditions is usually high in the initial stages of sliding, tests too short would not

be representative of the friction-contact pressure relation which was expected in the steady state.
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Furthermore, during the first laps of sliding the contact area was usually very small, and the wear
tracks were initially characterised by scratches and polishing of the wear track area (as seen by the
in sitn monitoring carried out with W-S-C-Cr films). Thus, our assumptions that the contact area is
proportional to the diameter of the ball may not be valid until further stages of the sliding process.

Results obtained later (outside of the scope of this work) by Polcar et al., in Ref. [111],
verified lower friction for increasing loads in MoSe-based sputtered coatings with higher C content

(47 and 61 at.%). They have also observed lower friction for higher C content.
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We were able to verify common traits among the different compositions which helped elucidate

the characteristics of tribological TMD films in general. A comparison of the main properties

assessed in our analyses of the different systems is presented in Table 6. Since all of the series

except for W—S—C had their compositions varied in different depositions, the films compared in

Table 6 were chosen for medium dopant content. (The chemical composition of W-S-Cr was

estimated from deposition parameters, see Chapter 5.) The friction coefficients are presented for

tests in humid air, under 5 N for 5000 cycles.

Table 6 Comparison of results obtained with different series.

Composition Deposition W or Mo S C Tior Cr | Hardness Friction Critical
method at.% at.% at.% at.% (GPa) coefficient | load (N)
W-5-C d.c. co-sputtering 26 32 42 B 9.0 0.073 9.0
W-S-Cr | d.c. co-sputtering 27 35 N 38 3.4 0.108 n/a
W-s—c—cr | Fco-sputtering |, 24 4 15 7.2 0.107 225
+ pellets
W-s—c—Tj | "f-co-sputtering | o 19 45 19 6.5 0.088 7.0
+ pellets
Mo-s—c-Ti | "f-co-sputtering | g 25 44 13 5.7 0.117 <4.0
+ pellets
Mo—S—C r.f. co-sputtering 17 28 55 - 4.0 0.088 <83
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An interesting point observed in the deposition and characterisation procedures was the correlation
between target power ratios, chemical composition, and peak intensities in Raman spectra.
Although their interdependence was not thoroughly examined or quantified, it is clear that these
factors are almost linearly related. This is an interesting observation from an experimental point of
view, since it suggests that a) given certain conditions, the final chemical composition of doped
films could be controlled by a single deposition parameter; and b) we were able to observe changes
in the film material, such as those observed during sliding tests, using a relatively fast and non-
destructive technique, without restrictive requirements of measuring environment or sample

preparation.

9.1 On the adhesion of the films studied

and their durability

Among the compositions in this work, it was apparent that the main obstacle hindering tribological
performance of thin films based on doped TMDs was the quality of adhesion to the substrate. If
we select the coatings with good enough adhesion for tribological testing, most compositions
exhibited low friction coefficient, below 0.12, for tribological tests in humid air. As discussed for
W-S-Cr in Chapter 5 and W-S-C-Ti in Chapter 7, poor adhesion (and cohesion) was more associated
with the deposition process — the chamber pressure in particular — than with the chemical
composition. The mid to high percentages of dopantused were enough to ensure more amorphous
coatings with improved hardness even when adhesion was not satisfactory. Simmonds et al. [112]
deposited MoS; films co-sputtered with Au, Ti, Cr or WSe:, in various concentrations, and tested
them in similar conditions. They observed that while dopant concentration is vital to film
performance, the optimum level of dopant content was different for each material. In fact, the
severe differences in wear rates suggested that doping with Ti and Cr led to different wear
mechanisms. Furthermore, an interesting observation was that for all four compositions the
concentration that exhibited the lowest friction coefficient was not the concentration with the
longest lifetime. In our results, on the other hand, the lowest friction was usually associated with
the highest durability. However, it should be noted that there were six or more variations of
composition with each dopant in Ref. [112]; therefore we cannot exclude the possibility of that

behaviour as a general rule, since we have insufficient number of different dopants.
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Ogilvy et al. [113] developed a simple wear model, associated with a contact model, to
predict the durability of MoS, films. The model comprised extremely large fluctuations in film
lifetimes, yet still experimental values did not fall within the prediction. One reason was likely
because the model did not consider the transfer of tribomaterial during sliding. A later simulation
by Onodera et al. [114] of the tribochemical reactions of MoS; predicted the self-organization of
an initially amorphous MoS; layer into a tribofilm. Their modelling of the sliding process under
certain conditions predicted a running-in followed by steady state very similar to that exhibited by
most of our coatings. However, their models made no prediction of durability.

Although the self-healing characteristic of our coatings was verified, with tribomaterial
accumulating on areas where it had been previously worn out or had not been formed (as in the
case of patterned W-S-C-Cr samples), it can be assumed that adhesive and/or cohesive problems

contributed to increasing friction and, in particular, lowering wear rates.

9.2 On oxygen contamination

Another important factor influencing the tribological performance of these self-lubricant coatings
was oxidation. It was already known that humid atmospheres hindered their performance. The
absence of oxygen in the outermost layer can be important to achieve lower friction [19], although
superficial oxidation should be easily and quickly worn away and not have a lasting influence, as
shown by the case of Mo-S-C. In the majority of sliding tests with all systems in humid air, the
highest friction was observed in the initial laps and it is assumed that most superficial oxidation
was worn away at this stage. It has often been considered that metal dopants in TMD coatings
would have a beneficial role in that they would react preferentially with the residual atmosphere;
the metals would oxidize and thus protect the TMD phases [11]. In the analyses of W-S-Cr and W-
S-C-Cr in this work, there was evidence of Cr,Oj; (and Cr carbide) on or below the surface, although
XPS indicated that oxygen was bonded mostly to W. The same applies to W-S-C-Ti and Ti
oxides/carbides. These systems exhibited higher friction and wear rates than W-S-C. This can surely
be attributed in part to adhesive/cohesive problems, as described earlier (it should be noted,
however, that the critical load of W-S-C-Cr films was much higher than that of W-S-C). The second
detrimental influence on tribological properties is likely oxidation, but the comparison of our

results obtained with different systems show a complex picture and does not allow a clear general



Adaptive self-lubricating low-friction coatings 86

conclusion regarding the presence of metals in the material. There is no doubt that, when
compared to pure TMDs, using of metals as dopants can improve tribological performance
(although often not as much as using only carbon). Nevertheless, our studies indicate that the
presence of oxides below the surface of the material can not only increase friction, but also have
a more detrimental effect in generating abrasive wear — and the effect would be heightened in the
case of hard oxides such as Cr,Os.

In [95], Polcar et al. performed tribological tests on the same W-S-C-Cr coatings presented
in this work, then removed a cross-section of the wear track using focused ion beam (FIB) and
analysed it by TEM. It was found that, while the top of the tribolayer of W-S-C coatings was
composed primarily of WS,, W-S-C-Cr coatings contain mainly oxides on the interface at the top
of the wear track, and consequently exhibit higher friction coefficients. TEM of the cross-sections
revealed that the tribolayer was mostly amorphous but with crystalline WS, phases in some areas.
While there was no indication of the crystalline WS; phase at the outermost surface of the wear
track produced in humid air, the interface between the tribolayer and coating showed a layer of
WS; with basal planes parallel to the surface. In dry air, in contrast, on the topmost surface was a
distinct layer of (002) oriented WS,. Further analysis showed high content of iron and tungsten
oxides in the amorphous-like layer in the tribomaterial.

A similar analysis of W-S-N films was carried out again more recently [115], on a wear track
produced in humid air (RH 10%) and the corresponding counterpart. The authors found a thin
layer of WS in the (002) orientation covering the outermost surface of the entire track. Beneath
this layer was a guasi-amorphous phase with WS, platelets and WO; nanograins. Further down
under the guasi-amorphous layer were found WS, platelets, again with (002) basal planes parallel to
the surface. On the counterpart, a similar distribution was found in the transfer film. Raman
investigation showed similar results to those presented in this work for W-S-C: a maximum of WS;
peaks in the centre of the wear track, and lower towards the as-deposited coating, The opposite
trend was observed for WOs. Despite a clear TEM observation of WS, planes, the presence of
oxygen in the topmost layers could not be ruled out by the experimental analyses. The authors
argued that whatever oxygen was present in the contact, it should not be tungsten oxide, but rather
substitution of sulfur in WS, crystals. In other words, WS,..O. is created; in such case the low-
friction characteristic would not be compromised, as described by Fleischauer and Lince for MoS,
(see section 2.1).

The presence of oxides between the interface of the coating and the topmost WS, layer

was tentatively explained by using a simple model of molecular dynamics developed by Rigney et
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al. [116]. The hypothesis is that when the sliding of the hard ball is taking place with two separate
layers (WS, and oxides), the sliding interface will be the softer WS,. When this layer is removed,
the sliding interface moves to the oxide layer. Then the oxides are mechanically mixed with coating
material. The WS, in this mix is then moved upwards to the contact interface, and thus the well-
otiented WS; layer can be found once again. In [117], Polcar and Cavaleiro analysed various carbon-
doped TMD films (in particular W-S-C and Mo-Se-C) using, among other methods, TEM of wear
track cross sections. They also revealed platelets of TMD aligned parallel to the surface. The
authors concluded that the oriented TMD layers that could be observed on the surface were not
generated by agglomerated wear debris, but in fact must have risen to the surface already as aligned
platelets.

Although the process is not yet fully understood, it seems clear that the self-adaptation of
these films, promoting reorientation as a response to the sliding process, is the most crucial factor
for their good tribological properties. The common characteristics of the doped-TMD films in the
present work and the collection of results in the literature referred to above lead us to believe that

a similar process could take place in most TMD-based systems.
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Conclusion

Solid lubricant coatings based on doped TMDs were deposited and tested. Characterisation was
carried out using various experimental techniques, among them new methods and innovative
approaches. The films presented in this work were among the first solid lubricants to be analysed
in our group’s 3D optical profilometer and Raman spectrometer; they were furthermore the only
ones so far to be examined with the equipment adapted for video monitoring and guasi in-situ
acquisition of Raman spectra. While these approaches undoubtedly yielded important results in
our analyses, they also revealed plenty of room for improvement in handling these techniques and
equipment.

The characterisation and analyses of the films permitted further understanding of their
mechanical properties and the mechanisms involved in friction against a static partner, including
the role of the dopants on the formation of a low-friction tribolayer. The evolution of the sliding
process in humid air was examined, as well as the effect of test parameters such as the contact load.
The self-healing capacity of such films was also verified in different compositions and conditions.

Our results supported the hypothesis that a TMD-based coating can exhibit very good
tribological performance in humid air with improved load-bearing capacity and improved adhesion,
if co-sputtered with an adequate dopant material. The main role of the dopant is not direct reaction
with the TMD phase, but rather to prevent the formation of large grains and defects, rendering
the coating dense and amorphous.

The deposition of doped TMD coatings by magnetron sputtering allowed an improvement
in load-bearing capacity and tribological properties in comparison with pure TMD films,
particularly in humid air. The main drawback observed overall was low adhesion, which our results

indicate can be solved or minimized in the future with optimization of the deposition process.
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Summary

Thin films composed of transition metal dichalcogenides have been used in the past as solid
lubricants for their good tribological properties, especially in vacuum or dry conditions. However,
pure TMD coatings typically exhibit low hardness, poor adhesion, and are susceptible to
detrimental effects of humidity. Doping TMD films is an approach that has been shown to improve
their mechanical properties and tribological performance.

In this thesis, self-lubricant thin films based on doped TMDs (particularly molybdenum
and tungsten disulfides) are investigated. The focus is kept on their tribological performance in
humid air. Numerous factors that influence the films’ properties and tribological behaviour — such
as deposition parameters, choice and concentration of dopant element(s), and testing conditions —
are analysed and discussed. The characterisation of the coatings and the results obtained are
presented in detail.

The coatings were deposited in several different chemical compositions. They were
examined in their as-deposited state as well as during and after tribological tests. Their
characterisation was carried out using various experimental techniques, among them new methods
and innovative approaches. The coatings exhibited improvements in load-bearing capacity,
adhesion, and tribological properties in comparison with pure TMD films. Common traits could
be observed among the different compositions, which helped elucidate the characteristics of TMD-
based films in general, including the role of the dopants on the improvement of hardness and on
the formation of a low-friction tribolayer. It was possible to verify the adaptive and self-lubricating

characteristics of the films and to gain a further understanding of how they originate.



