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1. Current situation of the studied problem

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. The study of
tribology itself, as the interaction between surfaces in relative motion, is much older: we can
consider for example that Leonardo da Vinci studied basic laws of friction in the 15th century.
Still, the term #7bology was only introduced as a new field of science in 1967, with its root in the
Greek #r2bos for rubbing or sliding [1].

The importance of the tribological properties of mechanical systems is crucial nowadays:
wear is the major cause of waste of material and degradation of mechanical performance, and
friction causes not only wear but energy dissipation: about 30% of the energy resources in the
world are spent on friction [2]. 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 deposited over the surface of a substrate, or bulk material, with the main purpose
of enhancing (or adding) some properties to the composite system swubstrate—coating [3]. The
coatings dealt with here are based on transition metal dichalcogenides (TMDs) doped with

different elements.

1.1 Adaptive solid lubricant coatings

Self-lubricant films have been in focus for several decades for their potential use in aerospace
applications, where devices face friction and wear in the contact of moving parts, low-frequency
vibrations and high loads. These are, furthermore, repeated in extremely different conditions, e.g.
trom relatively high pressure and humidity on land, to low pressure and humidity in high altitudes.
For such applications, it can be critically important to avoid using liquid lubricants [4]. Commonly
used solid lubricants in space applications were transition metal dichalcogenides, deposited by
spray or vacuum methods, applied as powders, or burnished. However, these materials (which
have also been used successfully as additives for oil lubricants [5]) were soft and oxidized easily
in air [4,6]. More advanced approaches were sought to develop solid lubricants that could

perform well enough in different environmental conditions, leading to composites of oxides and



TMDs, and metal-doped TMDs [7,8]. Eventually, self-lubricant composites were developed
which combined properties of solid lubricants and a supporting matrix whose structure and
mechanical behaviour could change according to contact conditions to maintain low friction and
wear. The most obvious advantage for aecrospace applications was that, if a versatile coating
exhibited good properties both in dry and humid atmospheres, the system needed only one type
of solid (self-) lubricant.

Coatings that can adapt their properties to satisfy the requirements of the operating
conditions are often called adaptive or smart coatings. The motivation for their use is not limited
to environmental cycling: while the tribological performance of TMD-based films is particularly
good in dry conditions, recent studies by Cavaleiro et al. [9] have shown that this type of coatings

can exhibit very low friction in humid air as well, due to their adaptive characteristic.

1.2 Transition metal dichalcogenides (TMDs)

The films belonging to the class of transition metal dichalcogenides are composed of sulfides,
selenides or tellurides of tungsten, molybdenum or niobium. TMD-based thin films 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. It is the basis for the good lubricating properties of these
materials, although they can differ in lubrication mechanisms [10].

The basic structure of the TMD is a hexagonal cell in which the metal sits in the middle
of a “sandwich”, the top and bottom being the chalcogen atoms. The bonds within the sandwich
structure are strong, but the bonds between the chalcogens of adjacent cells are very weak van
der Waals forces. Given a polycrystalline structure composed of such cells, if a contact partner
slides in a plane parallel to that of the TMD layers, the bonds between cells are easily broken and
the upper layers slide over the ones below. This #pe 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 1I), the self-lubricity is lost. It is still possible, however,
that the sliding process moves or rotates the cells, so that the sliding itself causes a preferred
orientation to appear on the surface [11].

The hexagonal structure of MoSz is shown in Fig. 1. Such configuration, referred to as
2H-MoS,, is not the only possible phase for MoSz; but since it is the most stable phase, it is

usually referred to simply as MoS: [12].



Fig. 1 Hexagonal structure of 2H-MoS; (adapted from [5]).

In vacuum or dry atmosphere, TMDs exhibit very low friction (even achieving superlubricity in
ultra-high vacuum). TMDs are very susceptible to oxidation, particularly when the surface crystals
are not in the preferred type I orientation [13]; but while this orientation leads to good self-
lubricating properties, it also shows the worst adhesion to the substrate. A common problem of
pure sputtered TMD films is the formation of columnar or porous structures in the material
which can, among other problems, promote penetration of 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. Oxygen reacts very easily, substituting atoms of the
chalcogenide in the structure. Humidity in storage strongly enhances surface oxidation, although
the process of sliding under a contact load can easily remove surface oxides and create a pure-
TMBD tribolayer [9]. It should be noted that in most TMD films deposited in vacuum (and in all
those presented here) there is some percentage of oxygen in the as-deposited films, originating
from the residual atmosphere in the chamber [14]. In our films, the use in deposition of very
porous targets which had been stored in open air also contributed to oxygen contamination.
Another typical drawback of TMDs is their low load-bearing capacity. MoSz and WS,
films typically have hardness values below 1 GPa. One way of solving this problem that has

proved successful is alloying TMDs with other elements or compounds.

1.3 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, e.g. in the case of Mo-S-Pb [8] or W-S-N coatings

[9], reducing the occurrence of failures, improving adhesion and providing a level of protection
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against contamination [15,16]. Furthermore, the more compact and denser structure improves
the hardness of the film. Studies carried out at the University of Coimbra with tungsten disulfide
(WSy) alloyed with carbon and nitrogen showed increase of hardness by doping of one order of
magnitude and higher [17]. These conclusions were validated in later studies [18,19]. The low
friction observed, however, was not accounted for directly by increased hardness and density. It
has been suggested that, besides the previous considerations, more disordered morphologies
prevent long-range order of the TMD phase, thus decreasing the propagation of cracks on the
film surface [13].

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 changes in
morphology, but would also interact with the sliding partner with its own low-friction
characteristics. This concept was summarized in what was called the chameleon effect: the idea that
in dry conditions, these films would maintain the typical excellent tribological behaviour of
TMDs, and in humid air, the good tribological properties of diamond-like carbon films (DLCs)
would be predominant [20]. 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
triction behaviour is related to facilitating the formation of a low-friction TMD tribolayer
between sliding partner and coating. In other words, the role of carbon in friction is only indirect
by increasing coating hardness and density. Polcar et al. [21] have shown that wear track analysis
from sliding tests in dry and humid air presented no significant difference, and that in both
conditions a TMD tribolayer was formed. Similar results were obtained during this work and are
discussed in detail in the doctoral thesis.

In this regard, it should be noted that although all tungsten and molybdenum disulfides
presented in this work were sub-stoichiometric (i.e., with deficiency in sulfur), they still exhibited
S/W or §/Mo ratios above a level needed to maintain the self-lubricating properties. Moteovet,
for tribological testing, W/Mo disulfides were the most crucial components in the material and
were in fact detected near the surface. For this reason, these coatings will be referred to as doped

TMDs even when the TMD is not the major part of the chemical composition.



2. Aims of the doctoral thesis

The main purpose of the doctoral thesis was to expand our knowledge of self-lubricant adaptive
coatings. After bibliographical research, the initial choice was made of the most promising types
of doped TMD films for the objectives of this work. Different compositions and systems of
sputtered self-lubricating adaptive coatings were studied, deposited, characterised, and tested.
The thin films were based on molybdenum and tungsten disulfides or diselenides, doped with
different elements (carbon, chromium, and titanium). The properties desired were improved
hardness compared to undoped films, low friction, and high wear resistance — in humid air and
without using liquid lubrication.

The research included systems that had already displayed good results in previous studies
as well as systems that had not so far received much attention. Thus, this work involved the use
of the current state-of-the-art at the same time as attempting to gain a deeper understanding of
the mechanisms involved in the tribological behaviour of TMDs in general and the shared and

differing characteristics of this class of coatings.

3. Working methods

Various systems of thin films based on tungsten and molybdenum disulfides and diselenides were
deposited on steel and silicon substrates. The films were characterised using a range of different
techniques and tested under varying conditions, which served to improve the properties of each
system separately as well as to verity common characteristics of doped-TMD coatings. In some
cases there was, to the best of our knowledge, no available literature dealing with the
compositions tested.

Out of the eight systems studied, four had been deposited beforehand by colleagues at
the University of Coimbra: molybdenum disulfide doped with carbon (Mo-S-C), molybdenum
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diselenide doped with carbon (Mo-Se-C), tungsten disulfide doped with carbon (W-S-C), and
tungsten diselenide doped with carbon (W-Se-C). All other depositions were carried out as part
of the doctorate work.

The most important techniques used in the course of this work will be described briefly
in the following sections. The main results obtained will be presented in Chapter 4, along with

an overview of the common characteristics of the different systems.

3.1 Sputtering deposition

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 using a
strong electric field, the gas is ionized and the plasma is generated. The electric field accelerates
the ions in the plasma towards the target, hitting it with high kinetic energy; if the ions are
accelerated enough, atoms are ejected from the target [22]. Magnetrons are used in deposition
chambers to increase the probability that electron will ionize further gas atoms.

By placing the targets of the material to be deposited face to face with the substrates,
atoms ejected from the surface of the target will reach the substrate with enough energy to adhere
to (or 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 used (co-sputtering), the coating
will be a combination of those materials.

During the sputtering process, there are a number of 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); ions and electrons may hit the surface of the target without enough
energy, only heating the surface locally; if the pressure is too high and the plasma too dense, the
sputtered atoms may lose (by collisions) the energy needed to form a dense film. Furthermore,
the incidence of re-sputtering and the different sputtering rates of different materials influence
the ratio with which they adhere to the substrate. Thus, it can be seen that the final results of
depositions depend not only on the materials being deposited but also strongly on the conditions
inside the chamber and the deposition parameters.

Fig. 2 represents schematically a deposition chamber exemplifying the co-sputtering
method used in this work; in the case shown, the deposition of WSz doped with C or C + Ct.

The targets are made of chromium and carbon (graphite). Pellets of WSz are placed on the



erosion zone of the C target, i.e. on the area sputtered more intensely (due to the electromagnetic
fields). For a given set of deposition parameters, the ratio between Cr and WSz + C in the coating
can be controlled by the individual powers applied to the targets. The ratio between WSz and C,
on the other hand, is controlled by the number of pellets. 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. The substrates are kept rotating above the
targets so that they are constantly moving, passing above each target alternately and not staying
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 as to avoid multilayers.
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Fig. 2 Representation of a vacuum deposition chamber for magnetron co-sputtering.
3.2 Electron probe microanalysis

Electron probe microanalysis (EPMA) 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 with wavelengths characteristic of its composing elements. The
chemical composition of the sample can thus be determined [23]. For a quantitative analysis, it
is assumed that the sample material is homogeneous. The intensity of the signal attributed to
each element must be compared with a pre-established standard in order to determine its amount
in the sample. Many factors can differ between the standard and the sample, so their effect can
be thought of as a measurement background; that is why the atomic percentages obtained by
EPMA often had to be corrected to add up to 100%. Unless otherwise stated, EPMA results
presented here were weighed as a sum of the target elements, excluding oxygen, since surface

contamination was inevitable.



3.3 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, and measuring the depth of the penetration. If the 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. Nanoindentation (essentially the same technique using small
loads and depths) has become the predominant technique for hardness measurement of thin
films [3]. 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;

3.4 Scratch test

Scratch tests were dedicated to evaluating the adhesion of the films to the substrate. The basic
principle of the test is to move an indenter (a hard diamond tip) in contact with the surface of
the coating, apply a load, and examine whether it causes the coating to present any failure (cracks,
delamination, etc.) The ¢ritical load 1s determined as the load at which adhesive or cohesive failures
start to occur in the coating. Scratch test results are greatly influenced by testing conditions, so
values should be compared only within similar types of tests [24]. Most results in this work were
averaged from several tests (between 2 and 4) performed in different spots, obtained with the
load increasing lineatly while the indenter moved across the sutface at a rate of 10 N/mm. The

scratches were then analysed under optical microscope and three-dimensional profilometer.

3.5 Ball-cratering test

The main method for evaluating the thickness of the coatings was the ball-cratering test (also
called calotest). The test consists in rotating a steel ball with known diameter in contact with the
coating, with an abrasive solution added to the contact. If the test is long enough, the ball wears
through the coating and reaches the substrate, so that the resulting spherical cap is deep enough
to wear the substrate as well. The thickness of the coating can then be calculated from a simple
visual analysis of the worn cap. Thickness measurements using ball-cratering test were compared,

when possible, with results from profilometry and SEM of cross-sections.



3.6 Sliding tests

Tribological tests were performed using a standard pin-on-disc tribometer. (Despite the name,
the pin can be of different shapes; a ball is typically used because of its simple geometry.) The
sample is fixed on a planar support which, ideally, rotates around a single axis. The pin is mounted
on a lever, placed in contact with the sample, and a controlled load is applied (as illustrated in
Fig. 3). The friction coefficient u can then be determined by measuring the horizontal
displacement of the lever arm. Its dimensionless value is given by 4= F /N, where F is the
frictional force, parallel to the sliding; and IN is the normal force, exerted by the load. Most of
the sliding tests presented were carried out at room temperature in humid air (relative humidity
around 30%) using 6 mm 100Cr6 steel balls as static partners, and the values of u used were the

average of the entire test, unless stated otherwise.

Load

jF Sensor

/% Wear track
Pin or ball

Fig. 3 Schematic of a pin-on-disc tribometer, adapted from [22].

By analysing the wear tracks produced during sliding tests, the wear rate can also be calculated. It
is is usually expressed in mm3/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, while the area of the cross section and the length of the track give us the
(approximate) total worn volume. Wear rates of the pins were obtained by measuring the

spherical cap and thus determining the worn volume.



3.7 Three-dimensional optical profilometry

The three-dimensional optical profilometer used 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. The topology of the sample leads to different path lengths of the reflected
beam, which cause interference patterns to appear when the beams are combined and thus it is
possible to characterise the surface [23]. With the equipment used, topological features of up to
200 um could be measured, in a field of vision of up to 1.40 X 1.05 mm (however, adjacent areas
could be combined to compose larger 3D profiles). The main limitation when analysing 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 regions

combining spots of very different reflectivity, part of the data was inevitably lost.

3.8 Raman spectroscopy

Raman spectroscopy is a non-destructive characterisation technique where the sample is
irradiated by laser beams in the UV—visible range. When scattered photons have wavelengths
different from the incident beam (meaning that energy was absorbed or lost by the sample), the
effect is known as Raman scattering [25]. The shifts in wavelength can be used for identification
of substances, since they are specific for a material. Raman scattering is usually a very weak
phenomenon and it is challenging to achieve high sensitivity. Using high laser power is usually
better, but the measurement parameters need to be adjusted for the sample under testing in order
not to cause structural changes in the material under test. In practice, longer acquisitions can
compensate low power, but also increases noise and the probability of interference by cosmic
rays, which cause high-intensity narrow spikes to appear in the spectrum [26].

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.
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3.9 Electron microscopy

Scanning electron microscopy (SEM) is a surface characterisation technique that allows imaging
of the topography of a surface with high lateral resolution [22,23]. The probe (a focused electron
beam) scans the surface of the sample. The microstructural information collected is provided
mainly by the inelastic scattering processes 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. Since they have low energies, only those close to the surface are detected.

SEM measurements presented in this work were obtained either perpendicular to the
direction of film growth, thus analysing the cross section, or on the surface, to evaluate its
topography. The technique called Energy Dispersive X-ray spectroscopy (EDX or EDS) was also
used in this work to evaluate material composition (similarly to EPMA), using the same
equipment as SEM measurements, but working with a different range of signals.

Transmission electron microscopy (TEM) works similarly to SEM, but the electron beam
goes through the sample, which must be thin enough (typically below 0.1 um) for the electrons
to pass without serious energy loss. The electron beam in TEM has higher energy, resulting in
resolution high enough to image planes in a crystal lattice. Information is acquired from primary
electrons emitted by the beam and their elastic collisions with the sample. Since the electrons
detected are all supposedly emitted with same energy and same acceleration, the resulting image

is directly related with the material structure [22].

3.10 X-ray diffraction (XRD)

X-rays can convey information about a crystal structure if their wavelength is comparable to the
size of the geometrical variations in the material [23,27]. The diffracted rays coming from the
surface may interfere constructively or destructively with the rays coming from inner layers,
therefore the intensity of the outgoing rays will depend on three factors: the wavelength of the
X-rays, the angle of incidence, and the distance between the planes. Thus, data from XRD spectra
provide information about the structure of the material (and in the case of thin films, possibly
the substrate as well, since X-rays can penetrate microns into the sample [22]). Besides, small
grain sizes, crystal lattice faults, and randomly-oriented grains cause broader peaks in the spectra

than the sharp, intense peaks resulting from single-crystal and oriented structures.
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3.11 X-ray photoelectron spectroscopy (XPS)

XPS was used in this work mainly to analyse chemical bonding. The technique is also based on
exposing the sample to X-rays: 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 [22]. The secondary electrons are detected, and the intensity of the signal over a range
of corresponding binding energies composes the XPS spectrum. 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.
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 [22,23].
Consequently, surface contamination strongly influences the results, and usually the sample is

sputtered with ions prior to measurement.

4. Results

In this Chapter will be presented the main experimental results obtained, starting with an
overview of the deposition, chemical composition and mechanical properties of the different
systems of films. We then present a few important points of their characterization and analyses,
organized by their composing elements (i.e. base TMD and dopants). Details and a discussion of
important results can be found in the thesis.

Different coatings in the same systems will often be referred to by their dopant atomic
percentage followed by the dopant symbol; e.g. a Mo-S-C film with a carbon content of 34 at.%

will be referred to as 34C when compared with others in the same series.



4.1 Deposition and chemical composition

The relation between dopant content in the films and the power ratio of the targets during
deposition was nearly linear for almost all systems in this work (with the exception of W-S-C,
where the composition was not varied). The case of Mo-S-C is shown in Fig. 4. Mo-S-C films
were deposited by r.f. magnetron co-sputtering from two targets, MoSz and C (graphite). The
carbon content in the samples was vatied up to 55 at.% C by varying the power ratio Pc/Pyos2 —
L.e. controlling the power applied to each target individually. The deposition rate decreased with
increasing C content since the sputtering yield of MoS2 is much higher than that of C. Deposition
times varied considerably in all systems deposited, due to different sputtering yields. All films

presented in this work were between 1.2 and 3.8 um thick.
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Fig. 4 Carbon content and deposition rate as a function of C/MoS; target power ratio.

The depositions of W-S-C-Cr, W-S-C-T1 and Mo-S-C-T1 were carried out using two targets (one
graphite and another Cr or Ti) and TMD pellets, as described in section 3.1. The number and
distribution of pellets on the graphite target was kept fixed throughout different depositions in
one series; nevertheless, EPMA results showed that when the target powers changed, there were
variations in the C/TMD ratio, as well as in the S/M ratio (M = Metal, i.e. either molybdenum
or tungsten). This was attributed mainly to re-sputtering (see section 3.1).

EPMA results showed moreover that the deposition process is repeatable by using the

same parameters. The chemical composition of W-S-C-Cr coatings is shown in Table 1 (where i,



Table 1 Chemical composition of W-S-C-Cr coatings

Deposition Chemical composition (at.%) - EPMA

w S C Cr (0]
oCr 23.6 29.8 42.0 0.6 4.2
i 20.3 25.1 40.4 7.0 7.2

7Cr
ii 19.1 26.6 38.2 7.0 9.1
i 17.4 23.0 37.7 134 8.5
13Cr 18.5 24.1 35.8 135 8.1
iii 18.2 224 38.1 135 7.8

Prior to all depositions carried out in the scope of this work, the following standard procedures
were adopted: the steel substrates prepared for deposition were polished with 3 pum-grain
diamond solution. All substrates were cleaned in ultrasound submerged in acetone and in ethanol.
The substrates were then dried and placed in the deposition chamber. They were later sputtered

with Ar* ions before the start of the deposition.

4.2 Hardness

A common drawback of TMD films is the typically low hardness. The doped TMD-based films
presented showed improvements over pure TMDs, resulting in hardness values of up to 9 GPa.
Increasing the dopant contant led to a corresponding increase of hardness values in almost all
compositions in this study. One exception was the case of tungsten disulfide doped with
chromium. Unlike in the other systems presented in this work, hardness values of W-S-Cr films
did not show any direct relation to chemical composition. However, the effect of the pressure in
the chamber during deposition was evident. The majority of the W-S-Cr coatings were deposited
in pressures lower than ~4.5X10-> mbar and 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).

The hardness of tungsten disulfide films alloyed with carbon and chromium (W-S-C-Cr)
was between 4.9 and 7.2 GPa (always higher than that of pure WS;) and the critical load between
12 and 23 N. In both cases, the values increased with Cr content (see Fig. 6). Investigation by
TEM of a W-S-C film had revealed randomly oriented and separated WS; platelets dispersed in
the carbon matrix [18], 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
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Fig. 7) 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 Ref. [28].
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Fig. 5 Relation between pressure during deposition and the achieved hardness of W-S-Cr films.

Nanocomposite W-S-C films with hard tungsten carbide nanograins embedded into an
amorphous carbon matrix can exhibit hardness above 10 GPa. While our W-S-C-Cr coatings were
still significantly harder than pure WS films [4,29], there was no conclusive evidence of WC
grains. The analyses of microstructure and chemical bonding of the other coatings presented in
this work have also strongly suggested that the improvement in hardness (and adhesion) observed
should be attributed only to the densification of the material and the prevention of porous and

large crystalline structures in the films.
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Fig. 6 Hardness and critical load for different Cr contents of W-S-C-Cr films.



Fig. 7 TEM images of different compositions of W-S-C-Cr films (adapted from [28]).

4.3 Mo—-S-C (molybdenum disulfide doped with carbon)

Part of the content in this section 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”, Swrface and Coatings Technology vol. 205
(2011), pp. 3274-3279.

A large number of different compositions of Mo-S-C had been deposited. The characterisation
and testing of the Mo-S-C films and wear tracks was focused on evaluating changes due to the

varying composition.

4.3.1 Analysis of the as-deposited surfaces

In the Raman spectra of the films, there were two evident pairs of peaks, the first corresponding
to MoS; (at approx. 370 and 410 cm-! [30]), and the second to the D and G peaks of carbon (at
approx. 1420 and 1560 cm!) that usually appear in the spectra of carbon-based coatings [31].
The ratio of the peak ateas Ic/Imos2 showed a direct relation to the ratio of deposition powers,
Pc/Puos2. Fig. 8 shows Raman spectra for different carbon content and the relation between
power ratio and peak ratio (in the inset). It can be seen also that the MoS; peaks became broader
for higher C content, an evidence of more amorphous structure. There was no significant

indication of structural changes in the carbon matrix.
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Fig. 8 Selected Raman spectra of Mo-S-C films.

4.3.2 Tribological properties

Tribological tests were performed in humid air with various loads (up to 30 N). For low carbon
content (below 30 at.%), the running-in process was characterised by high friction coefficients
which later decreased to lower stable values (steady state). The trends differed in high C content
coatings. Fig, 9 shows 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 counterpart. There was a wide variation of wear rates among the
different compositions, from 0.28X10¢ to 16.6X10-¢ mm3/Nm (for 55C and 23C, respectively).
The films showed relatively low adhesion, and in some cases adhesion failures occurring during
sliding probably led to higher friction and wear. These failures did not provoke immediate
increase of friction, however, due to the self-lubricating characteristic of the films and material
attached to the ball. The adhered tribolayer in the center of the ball was very thin, but wear debris

composed of Mo-S-C was found to be accumulated behind the wear scar.
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Fig. 9 Selected friction curves for different compositions under 18 N in humid air.
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4.4 W-S—C (tungsten disulfide doped with carbon)

Part of the content in this section 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.

The W-S-C films chosen for testing had a catbon content of 42 at.% and an S/W rate of 1.26,
with hardness of 9 GPa and critical load higher than 9 N (an improvement over pure WS; films
[29]). The films were tested with a focus on the effects of sliding on the coating material, such

as the influence of different loads on the changes caused on the surface of the wear tracks.

4.4.1 Tribological testing

Three main sets of tribological tests were performed. The first set consisted of 5000-cycle tests,
each with a different contactload in the range 1.0-50.8 N. In the second set, the load was constant
(5 N), but the number of cycles varied from 100 up to 50000. The third set was actually a special
procedure during a single tribological test: the rotation of the sample was paused every few laps
and Raman spectroscopy was performed on the wear track. This was done in order to get a better
understanding of how friction mechanisms evolve during sliding, and required an external lens
connected to the Raman spectrometer via optical fiber. In such a way, we could consider Raman
spectra as a guasi in-sitn identification of the structural changes in the wear track.

Tests with varying load permitted a qualitative and quantitative analysis of the influence
of the contact pressure. 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 1. 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 [19]), which already suggests that the frictional behaviour in
C-doped TMD films is determined mostly by the properties of the TMD. The results obtained
(see Fig, 10) fit a logarithmic relation reasonably well. Polcar et al. [18] proposed the equation u
= ALB 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
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formation of a third body due to repeated laps. In the present case, the experimental data fit the
equation well with .4 = 0.19 and B = -0.46. Wear rates were low and also decreased with load
(see Fig, 11). SEM analyses and 3D profilometry showed smooth and shallow wear tracks
produced by lower loads. For higher loads, they became rough and deeper.
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Fig. 10 Friction coefficient versus contact load.
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Fig. 11 Wear rate versus load.

High u values occurred in the first laps, then dropped to a lower level, and afterwards stabilized
in a steady-state regime. This stabilization happened much faster for higher loads (see Fig. 12).
Moreover, in longer sliding tests it was possible to observe that the friction coefficient remained

constant in the steady state till approx. 10 000 laps, when it started to increase.
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Fig. 12 Selected friction curves of W-S-C coating from sliding tests under different loads.

4.4.2 Structural analysis

X-ray microdiffraction was used in the analysis of the as-deposited surface and two wear tracks
(see Fig, 13), to verify whether sliding caused significant structural changes. The broad peak at
34° with a broad shoulder extending to higher values indicated a turbostratic stacking of (10L)
planes, where I. = 0,1,2..., as observed by Lévy et al. for WSz and MoS; [32]. This was a common
feature in the XRD spectra of our films. There were no visible vestiges in the spectra of (002)
orientation in the wear track, which would represent the reorientation of the basal planes to a
type I configuration, as observed by Hirvonen et al. for pure MoSz [33]. They also observed a
densification of the material 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. 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.

Intensity (a.u.)

No sliding

2 theta (°)

Fig. 13 Selected XRD spectra of W-S-C film surface and wear tracks produced under different loads. Peaks
indicated by § originated from the substrate and are not relevant to our analysis.
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Tungsten carbides could not be identified or ruled out from the XRD spectra due to the
overlapping of peak positions, especially since small grain sizes would be expected [15]. XPS
analysis was also inconclusive: the spectra in the W4/ region fit well with doublets attributed to
W-=S and W-O bonds (see Fig. 14), so there was no need to assume any significant contribution

of peaks corresponding to W—C bonds, which would appear in the same region [34].

Intensity (a.u.)

28 30 32 34 36 38 40

Binding energy (eV)
Fig. 14 XPS peaks acquired on the free surface in the W4/ region

4.4.3 Raman spectroscopy

Raman spectra of WS;-based films doped with carbon were characterised by two main regions
of interest: peaks corresponding to WSz that appeared at approx. 307 and 421 cm!; and carbon
D and G peaks, described earlier. Raman spectra were acquired on the free surface and on
different positions inside wear tracks produced by 5000-lap tests. The ratio Ic/lwsz, of the total
area of C peaks divided by the total area of WSz peaks, varied significantly with the acquisition
position (as shown in Fig. 15), decreasing progressively from the free surface (I) towards the
centre of the wear track (II”). These results evidenced the formation of a WS»-rich tribolayer
and the influence of the contact pressure.

Spectra acquired in the centre of wear tracks produced by tests of different lengths
revealed an immediate drop in the Ic/Iwsz2 value with test length, which increased slightly for
longer tests. To better examine the changes occurring in running-in, 7 situ Spectroscopy was
carried out as described. Both the Ic/Iwsz peak ratio and the friction coefficient decreased rapidly

at first (see Fig. 10), starting to increase monotonically after about 100 laps. The results confirmed
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the polishing of the surface and material transfer in the beginning of the sliding process,

supporting the idea that the formation of a WSz-rich tribolayer takes place in these first laps.
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Fig. 15 Raman peak ratios according to position in the wear track.
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Fig. 16 Raman peak ratios and friction coefficient during running-in.

4.5 W-S—Cr (tungsten disulfide doped with chromium)

The W-S-Cr coatings selected as viable for more extensive testing exhibited tribological properties
similar to other TMD-based systems. Although there was no significant relation between average

friction coefficient and Cr content, the running-in process was much faster (less than 100 laps)
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for films with higher dopant content, as was observed with Mo-S-C films. 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-cycle tribological tests under 5 N.
4.5.1 Microstructure and chemical bonding
XRD spectra indicated amorphous films, with the dominant feature being a broad elevation

related to stacking of planes. SEM measurements, although carried out in this case with low

resolution, showed no visible columnar or porous structure (see Fig. 17).

Coating (W-S-Cr)

Interlayer (Cr)

Substrate (Si)

Fig. 17 SEM image of cross-section of the W-S-Cr coating with 29 at.% Cit.

The Raman spectra of W-S-Cr films did not show the characteristic “double-peaked” shape
expected. The distortion of the region between ~230 and 450 cm! was attributed to two causes:
the low crystallinity of the material, and the overlapping of peaks related to WSz and Cr oxide

[35]. This was supported by the presence of a sharp peak at 475 cm! associated with Cr20s.

4.6 W-S—C—Cr (tungsten disulfide doped with carbon and chromium)

Part of the content in this section 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.”
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The substrates used for deposition of W-S-C-Cr coatings included 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. It has been shown that patterning surfaces can facilitate sliding, but unlike in the
present work the most usual approach found in literature is to create cavities and grooves in a
coating and then fill them with either liquid or solid lubricants [30].

Six different patterned substrates, labeled A to F, were prepared (see diagrams in Fig, 18).
Groove widths were between 45 and 170 um. All patterned substrates were coated with the 13Cr
composition. Three-dimensional profilometry on selected spots on the grooves, before and after

deposition, showed that the coatings copied the surface features of the substrates.

Fig. 18 Different patterns on the prepared samples.

4.6.1 Chemical bonding

XPS results were very similar to those of W-S-C films, although in this case W—C peaks had to
be added to achieve an adequate deconvolution (according to conditions suggested in Ref. [37]).
Indications of W—C bonds were also found in the Cls region. The spectra of the Ct2p region
pointed to the possibility of having Cr bonded to C, S and W; not surprising when considering
the amorphous nature of the films. Nevertheless, comparing spectra of films with and without
Cr, it appears the alloying of W-S-C with Cr did not change the bonding state of the film.
Raman spectra of Cr203 usually show a pair of weak peaks at approx. 305 and 350 cm!,
positions very close to WS, With the increase of Cr content, the region was distorted and only
vestiges of WSz-related peaks could be made out (see Fig. 19). One reason for this could be
Cr203 and WSz peaks overlapping, but there was barely any evidence of other Cr2Os-related
features. The change in shape was more likely related to structural defects and/or stress gradients
in the volume. Moreover, the Ip/Ic ratio, an indication of disorder in the material [31], also

increased with Cr content; the results therefore agreed with TEM observations (see section 4.2).
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Fig. 19 Raman spectra of as-deposited W-S-C-Cr coatings.

4.6.2 Tribological properties of non-patterned samples

Pin-on-disc tests in humid air were carried out with varying loads (1-15 N) and test lengths (1000,
5000 and 50 000 cycles). The results agreed with those obtained with other series. Wear rates
were generally higher for higher Cr content (see Fig. 20). The coatings survived endurance tests
(50 000 cycles) without problems, exhibiting wear rates very similar after 5000 or 50 000 cycles.
These results indicate that the majority of the worn volume is produced during initial stages of
sliding, whereas wear is very low in the steady-state regime. Moreover, tests using 7z sit« optical
monitoring (an adaptation of the system used for 7z sitzu Raman spectroscopy) showed that the

width of the wear track after 100 laps was approximately 95% of the width after 500 laps.
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Fig. 20 3D images of wear tracks for W-S-C-Cr coatings with different compositions.

An investigation of the wear tracks indicated that the tribolayer was mostly amorphous tungsten
and chromium oxide with small areas containing WS platelets. A thin layer of (002) oriented

WS was found below the surface, at the interface between the coating and the tribolayer [28].
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4.6.3 Tribological properties of patterned samples

Grooves on the surface significantly affected the tribological behaviour of the coatings. The
friction coefficient of the reference non-patterned sample was 0.11; that of patterned samples
C—F was overall higher, above 0.15, with the highest value of 0.20 observed for the sample with
the highest density of grooves. However, the friction coefficients of samples A (0.10) and B
(0.09) were slightly lower than the reference. During running-in on sample A, transitions in the
friction curve matched the surface pattern but disappeared in the steady-state, when friction was
more stable. 3D profilometry revealed that the grooves were completely filled up in the wear
tracks and that wear was significantly lower immediately after the grooves, slowly increasing back
up. Raman spectra indicated that the grooves were gradually filled with tribomaterial during
running-in and thus acted as a reservoir of self-lubricating material, decreasing friction and wear.

The different groove patterns allowed for a complex comparison of their effect on friction
and wear. The high friction of densely patterned films was comparable to that observed during
the first cycles of sliding tests, drawing a parallel to a hypothetical extreme roughness, such that
the initial polishing of asperities was never completed. The positive effect of surface patterns
was thus limited to widely spaced grooves; otherwise, the low-friction tribolayer could not be
tormed. Wear depended mostly on their width and spacing, besides load and linear speed. With
more experimental data and detailed analysis it should be possible to model the distribution and

width of grooves that improve the tribological behaviour of a given self-lubricant coating.

4.7 TMD coatings doped with carbon and titanium

Two series of Ti-doped coatings were deposited, based either on W-S-C or Mo-S-C. In general,
the films exhibited low adhesion and limited tribological performance: none of the coatings were
able to sustain sliding tests for more than 25 000 cycles. There was no apparent relation between
Ti content and friction coefficients. The original idea behind the incorporation of reactive metals
such as Cr and Ti was that it was expected to protect the pure TMD phase from oxidation [38].
However, other authors have observed the deterioration of the wear resistance of Ti-doped
TMD coatings, particularly associated with high Ti content; it has been suggested [39] that this

is due to the formation of hard metallic titanium nanoparticles.
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4.7.1 Chemical bonding and microstructure

Raman spectra were analysed to look for indirect indicators of carbide formation, but no
evidence was found. XRD spectra showed the usual features — broad asymmetric peak indicating
(10L) planes — for low-Ti films. When the Ti content increased, however, there was the
predominance of peaks, albeit weak and broad, matching the diffraction angles corresponding to
TiC. The evolution of the XRD spectra suggested therefore that the co-deposition with Ti led

to the formation of TiC grains in the films, although in low structural quality.

4.8 Coatings based on molybdenum and tungsten diselenides

In literature, TMDs based on diselenides have shown tribological performance comparable with
that of disulfide-based TMDs, besides being more resistant to humidity and high temperatures,
and exhibiting higher hardness when doped with carbon [40]. However, the performance of the
diselenide-based films examined in this work was seriously hindered by low adhesion to the
substrates. The coatings used had been deposited beforehand, either by co-sputtering C and
Mo/WSe: ot by reactive sputtering of WSez in a CH4 atmosphere.

Most of the Mo-Se-C films tested exhibited severe adhesion failures and did not withstand
sliding tests under the usual conditions — the only exception being 14C (friction coefficient: 0.1).
The wear track produced was rough with indications that the coating was locally worn out in

many spots. No further tribological tests were carried out on this Mo-Se-C series.

4.8.1 Tribological testing of W-Se-C coatings

After preliminary analysis, four compositions of W-Se-C were selected: two films prepared by
co-sputtering (with 36 and 69 at.% C) and two by reactive sputtering (with 26 and 68 at.% C).
Hardness was lower than for the other systems studied and very few films survived the usual
sliding tests, therefore milder conditions were tried: pin-on-disc under 1 N load for 500 cycles.
Under these conditions, the coatings with higher C content exhibited higher friction coefficients.

In order to verify if the W-Se-C coatings also exhibited decrease in friction with increasing
load as observed in other systems, an alternative approach was used: tests under constant load

using balls of different diameters (6.0, 7.94, and 10.0 mm). The contact pressure was thereby
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lower with larger contact areas, so that friction was expected to increase with larger diameters
(i.e., lower contact pressures). 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. For the same reason, our assumption that the contact area is

proportional to the size of the ball may not be valid until further stages of the sliding process.

Conclusion

Solid lubricant coatings based on doped TMDs were deposited and tested. Characterisation was
carried out using several experimental techniques, among them new methods and innovative
approaches. The films presented in this work were among the first 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. These approaches undoubtedly yielded important results in our analyses, and also
revealed plenty of room for improvement in handling these techniques and equipment.

An interesting point observed was the correlation between target power ratios, chemical
composition, and Raman peak intensities. Although their interdependence was not thoroughly
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 chemical composition of doped films could be controlled by a single deposition parameter;
and b) changes in the film material, such as observed during sliding, could be observed using a
relatively fast and non-destructive technique, without restrictive measurement requirements.

We were able to verify common traits among the different compositions which helped
clucidate the characteristics of tribological TMD films in general. A comparison of the main
properties assessed in our analyses is presented in Table 2 (for medium dopant content). Friction

coefficients are presented for tests in humid air, under 5 N for 5000 cycles.
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Table 2 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-S-C  |d.c. co-sputtering| 26 32 42 - 9.0 0.073 9.0
W-S—Cr | d.c. co-sputtering 27 35 - 38 3.4 0.108 n/a
W-s—c—cr | Ff-co-sputtering |, 24 41 15 7.2 0.107 225
+ pellets
W-s—c-; | Fcosputtering | 19 45 19 6.5 0.088 7.0
+ pellets
Mo-s—c—Ti | "f-co-sputtering | 25 44 13 5.7 0.117 <4.0
+ pellets
Mo-S—C r.f. co-sputtering 17 28 55 N 4.0 0.088 <83

The characterisation and analyses of the films permitted a further understanding of their
properties and the mechanisms involved in sliding, including the role of the dopants on the
increase of hardness and on the formation of a low-friction tribolayer. The films exhibited
improvements in load-bearing capacity and tribological properties in comparison with pure TMD
films, particularly in humid air. The evolution of the sliding process was examined, as well as the
effect of the contact load and other test parameters. Although the process is not yet fully
understood, it seems clear that the self-adaptation of these films, promoting reorientation as a
response to sliding, is the most crucial factor for their good tribological properties. The common
characteristics of the doped-TMD films in the present work and results in the literature referred
to above lead us to believe that a similar process could take place in most TMD-based systems.
The self-healing capacity of the films was also verified in different compositions and
conditions. Our results supported the hypothesis that a TMD-based coating co-sputtered with
an adequate dopant material can exhibit very good tribological performance in humid air with

improved load-bearing capacity and improved adhesion.
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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.
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Shrnuti

Povlaky dichalkogenidi pfechodovych kovt byly v minulosti Gspésné pouzity jako pevna maziva,
z divodu jejich dobrych tribologickych vlastnosti zejména ve vakuu a v podminkach suchého
tfeni. Nedopované povlaky dichalkogenidti pfechodovych kovi ale maji nizkou tvrdost, slabou
adhezi k substratu a podléhaji skodlivym vlivim vlhkosti. Dopovan{ téchto vrstev je tudiz zptsob,

jak zlepsit jejich mechanické a tribologické vlastnosti.

V této disertacni praci jsou studovany povlaky dichalkogenidt pfechodovych kovi dopované
disulfidy molybdenu a wolframu. Hlavnim cilem je analyzovat jejich tribologické vlastnosti ve
vlhkém vzduchu a zkoumat vliv faktort, které tribologické vlastnosti ovliviiuji. Podrobné jsou
diskutovany nejdulezitéjsi faktory, kam patii parametry depozicniho procesu, vybér dopujicich

prvka a jejich koncentrace a v neposledni fad¢ 1 volba podminek tribologickych testi.

Pro experimentalni ¢ast byly pfipraveny povlaky s riznym chemickym slozenim. V prvni ¢asti
byly povlaky analyzovany ve stavu po deponovani a poté béhem a po tribologickych testech.
Charakterizace vrstev byla provedena riznymi experimentalnimi technikami, z nichz nékteré jsou
nové ¢i inovativni. Z vysledkt bylo zjisténo, ze dopované povlaky dichalkogenida pfechodovych
kovi maji vyssi unosnost, adhezi k substratu a tribologické vlastnosti v porovnani s
nedopovanymi povlaky. Pfi porovnani povlakt s raznym chemickym slozenim byly pozorovany
podobné rysy, ¢imz bylo mozné objasnit charakteristické vlastnosti zkoumanych povlakua,
zejména vliv dopujicich prvki na zvyseni tvrdosti a vytvatreni tfeci mezivrstvy pfi tfeni. S pomoci
tohoto piistupu bylo mozné ovéfit jejich adaptivni a samomazné vlastnosti a zaroven pochopit

podstatu mimofadnych vlastnost{ dichalkogenida prechodovych kovt.



