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Lubrication is highly relevant for the reliability and longevity of any moving machinery. Machines are mainly
lubricated by oils or greases but there are many conditions especially for low and high temperature applications,
under vacuum or for hygienic reasons where conventional oil and grease lubrication cannot be applied. Under
these circumstances, solid lubricants such as those based on layered materials (MoSy, WS, or Bi,S3) are the right
choice to maintain a safe and reliable operation of machines. However, the tribological performance of the solid
lubricant does not only depend on the chemical composition but also the deposition technique used. In this
research article, we deposited coatings of WS, and Bi,S3 by atmospheric plasma spraying and a simple air spray
coating process. The friction and wear behaviour was studied at three different temperatures: room temperature,
100 °C, and 200 °C. To gain insight into the acting lubrication mechanisms, the morphological and chemical
properties of the resulting wear tracks were investigated by light microscopy and Raman spectroscopy. It was
demonstrated that atmospheric plasma spraying leads to a thermal decomposition of the feedstock powders and
is therefore not recommendable as deposition technique. In contrast, simple air spraying results in well-
performing solid lubricant coatings with superior friction and wear properties for WS, compared to BizSs

even at an elevated temperature of 200 °C.

1. Introduction

Solid lubricants are used in many applications where the use of liquid
lubricants is simply limited. Two prominent examples are space appli-
cations and metal processing, where vacuum or high temperatures
prevail [1,2]. Solid lubricants can be classified into seven classes ac-
cording to their lubrication mechanisms: (i) soft metals (e.g., tin or
gold); (ii) fluorides (e.g., LiF, CaF5); (iii) polymers (e.g., PTFE); (iv) hard
carbon-based materials such as diamond-like carbon (DLC); (v) binary
and ternary oxides; (vi) easy to shear bulk materials such as MAX phases;
and (vii) two-dimensional (2D) layered materials like MXenes or tran-
sition metal dichalcogenides (TMDs) [3-5].

The first 2D layered materials used for friction reduction were TMDs
(MS; and MSe; with M = Mo or W). TMDs are characterized by transi-
tion metal atoms sandwiched between two layers of chalcogen atoms
forming a S-M-S molecular layer. The low shear between molecular
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layers provides them with excellent frictional properties [6]. Later, the
popularity of 2D layered materials significantly rose after the successful
mechanical exfoliation of graphene in 2004 [7-9]. Other 2D materials,
which have shown interesting tribological properties are black phos-
phorous [10], hexagonal boron nitride (h-BN) [11], and MXene [12,13].
Their outstanding potential to serve as solid lubricants can be traced
back to the strong in-plane bonds giving them extreme strength, but only
weak out-of-plane coupling between adjacent layers resulting in easy
sliding of individual layers over each other [8,14]. Given the right
circumstance even superlubricity (i.e., coefficient of friction (COF) <
0.01) can be achieved with 2D materials [15]. Additionally, the
outstanding mechanical properties of these materials result in very high
wear resistance [8].

One of the most studied and applied solid lubricants is the TMD
MoS,, which is particularly interesting for space applications due to its
reliable lubrication properties in vacuum and at low temperatures [16].
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For terrestrial or high temperature applications, however, MoS is not
well suited because of the rapid loss of lubricity and accompanied high
wear under these conditions [16]. Therefore, for such applications,
other materials have to be applied. Two other layered sulphides, which
perform better in these environments are WS, and BiyS3 [17,18]. Both
materials can be used as additives in base oils and are reported to form
layered tribofilms, thus effectively reducing friction and wear [18,19].
For applications at higher temperature, the use of solid lubricants in the
form of coatings is preferable.

Despite demonstrating high potential for friction and wear reduc-
tion, wear life is often a problem encountered when 2D solid lubricant
coatings are used [20]. In this context, adhesion between coating and
substrate is critical, which is influenced by the coating technique [21].
Solid lubricant coatings can be applied by a wide variety of coating
techniques [22], starting from relatively simple techniques like drop-
casting [23] or spray coating deposition [24], burnishing [25], ther-
mal spraying [26], electrophoretic deposition (EPD) [27], physical
vapor deposition (PVD) techniques [28] to chemical vapor- (CVD) [29]
and atomic layer deposition (ALD) [30]. For a successful coating pro-
cess, the surface geometry of the substrate, the environmental condi-
tions during the coating process, achievable coating thicknesses,
applicability to the coating material, and the complexity of the process
have to be taken into consideration [31]. Thermal spraying techniques
are able to form dense and wear resistant coatings with high adhesion to
the substrates [32,33]. This makes them attractive as coating technique
in several industry sectors like aerospace, biomedical, and automotive
[33]. Chen et al. used atmospheric plasma spraying to generate nano-
structured zirconia coatings and demonstrated high wear resistance
during sliding at loads between 20 and 80 N [34]. A disadvantage of
plasma-sprayed coatings are the high temperatures of up to 25,000 °C
occurring locally, which might lead to the decomposition of the sprayed
powder [35]. A mild and quite simple technique to deposit solid lubri-
cant coatings is spray coating [31,36], where the solid lubricant parti-
cles simply have to be dispersed in a suitable solvent and then sprayed
onto the substrate using pressurized gas.

Despite the great effect of the coating technique on the tribological
performance of layered sulphide particles, investigations on this aspect
are scarce. Therefore, we investigated the tribological properties of WS,
and BiyS3 coatings deposited by an atmospheric plasma spray (APS)
process and a relatively simple spray coating (SC) technique, motivated
by the need for a coating technique able to generate high performing
coatings for tribological applications. The tribological tests were per-
formed from room temperature up to 200 °C to test the performance of
the coatings even at slightly elevated temperatures. The tribochemical
reactions occurring in the contact zone during sliding were analysed by
Raman spectroscopy.

2. Materials and methods
2.1. Substrate and solid lubricant powder

AISI304 steel discs with a diameter of 25 mm, a thickness of 5 mm,
and a Sq roughness of 0.65 pm were used as substrate for the coatings
and the subsequent tribological tests. The feedstock powder for the
coatings were WS, and BiyS3 (Tribotecc, Austria) with a purity of 98.5
%. Table 1 lists the densities and particle size distributions of the
powders.

Table 1

Powder characteristics of the WS, and Bi,S3 powders used as starting material.
Parameter WS, Bi»S3
Density (g/cm?) 7.7 6.9
Particle size distribution d50 (pm) 7.0 18

Particle size distribution d90 (pm) 14.0 41
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2.2. Atmospheric plasma spraying

One set of samples was coated by atmospheric plasma spraying
(INOCON Technologie GmbH, Austria). Before the coating process the
samples were cleaned using acetone in an ultrasonic bath for 10 min.
The samples were attached onto a plane table and were coated in a single
step for a given powder type. To improve the feedability of the powder
to the plasma spraying gun, 3 g of amorphous SiO» particles were added
to 100 and 160 g of WS, and BizS3 powder, respectively. Argon was used
as processing gas, which was ionized in the plasma gun resulting in an
expansion of the gas and an acceleration of the powder added to the
plasma inside the gun towards the substrate surface. The gun was
positioned over the samples at a distance of 50 mm by an industrial
robot and the deposition process was performed following parallel
deposition tracks with a distance between individual scanning lines of 3
mm. The process parameters are listed in Table 2.

2.3. Spray coating

Spray coating with an airbrush gun was performed as a simple
alternative to plasma spraying. After evaluating several solvents,
ethanol was chosen as it gave the most stable dispersions. The powders
were added to 100 ml ethanol with a concentration of 0.25 wt.-%. To
improve the dispersibility and to reduce agglomeration of the powder
particles the dispersions were treated in ultrasonic bath for 10 min.
Directly after ultrasonication, the dispersion was transferred to the
solvent container of the airbrush gun (Timbertech). The airbrush gun
was connected to a compressor operating at an air pressure of 2 bar. The
dispersed particles were accelerated in the air flow onto the samples,
heated to a temperature of 100 °C by a heating table (Fisherbrand). The
working distance between nozzle and sample was set to 12 cm. For each
sample a dispersion volume of 40 ml was used.

2.4. Tribological experiments

The tribological experiments were performed on a SRV4 tribometer
(Optimol Instruments) in linear reciprocating sliding mode under dry
contact conditions without any additional lubrication. 100Cr6 steel balls
with a diameter of 10 mm were used as counterbody. The stroke length
was 1.0 mm and the frequency 5 Hz, resulting in a sliding speed of 2
mm/s. The load was kept constant for all tests at 5 N, giving a Hertzian
contact pressure of 786 MPa for the uncoated sample. To study the effect
of temperature on the tribological behaviour of the solid lubricant
coatings the tests were performed at room temperature, 100 °C, and
200 °C. Short term tests were performed with a duration of 900 s,
whereas long term tests had a duration of 40 min.

2.5. Materials characterisation

The surface topography of the samples was imaged by laser scanning
microscopy (LSM, VK-X1100, Keyence) and by scanning electron mi-
croscopy (SEM, XL 30, FEI Philips) before and after the coating process
as well as after the tribological experiments. Cross-sections through the
coatings were prepared by focused ion beam (FIB) in the SEM.

The chemical composition of the powders and the coatings (before
and after the tribological experiments) was characterized by Raman

Table 2

Process parameters for the atmospheric plasma spraying process.
Parameter WS, Bi,S3
Current (A) 140 140
Scanning velocity (mm/s) 50 250
Powder feeding rate (g/min) 2.0-2.5 3.0
Number of coating steps 6 1
Scanning distance (mm) 50 50
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spectroscopy and X-ray diffraction (XRD). For the Raman analysis, a
Raman spectrometer (HR800, Jobin Yvon Horiba) with a wavelength of
532 nm and a yielded laser power of 13.5 mW was used. The spot size
was 20 pm and the measuring time 3 s. XRD analysis was performed on a
PANalytical Empyrean system using 45 kV and 40 mA with Cu Ka
irradiation.

The adhesion of the coatings was determined using a scratch tester
(Millennium 100, TRIBOtechnic) using a standard Rockwell-C diamond
cone with an angle of 120° and a tip radius of 200 pm. The scratch tests
were performed with a linear increase in load from 1 to 30 N for a total
scratch length of 10 mm, with a scratch velocity of 0.167 mm/s. After
the experiments, the scratches were investigated using a scanning
electron microscope (JEOL JIB-4700F, Jeol Ltd.) equipped with an en-
ergy dispersive X-ray spectroscopy (EDX) detector (Bruker XFlash 6|30,
Bruker Corporation).

3. Results and discussion
3.1. Characterisation of solid lubricant coatings

WS, and BiyS3 solid lubricant coatings were deposited on techno-
logically relevant AISI 304 steel surfaces with a surface of 3.3 cm® The

coatings were applied to the surfaces using two different coating tech-
niques, namely atmospheric plasma spraying and air spraying to

kM WS, Powder | |
-fr"&“‘ .‘:_"4 { s
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investigate the role of the deposition technique on the resulting coating
quality and their tribological properties. SEM analyses in Fig. 1 show the
feedstock powders and the surfaces after deposition of the WS and BisS3
coatings. Irrespectively of the applied coating technique, the solid
lubricant particles are homogeneously distributed on the sample sur-
face. In case of plasma sprayed coatings, the flake-like structure of the
initial particles cannot be observed after deposition, which can be traced
back to partial melting of the particles induced by the extreme tem-
peratures of up to 25,000 °C reached during the deposition process [32].
Resolidified material can also be clearly seen on the surfaces coated by
plasma spraying. The partial melting of the material, also leading to a
reduction in particle size, is particularly pronounced for the smaller WS,
particles, whereas the larger Bi,S3 particles are still partially visible on
the surface. The higher melting point of the WSy particles (1250 °C for
WS, vs 765 °C for BiySs, according to the supplier's data sheets) seems to
only play a subordinate role at these high temperatures, which greatly
exceed the melting temperature of both particle types. On the contrary,
the initial particle size is the decisive factor in terms of the coatings'
morphology. The larger BiySs particles only allow for a partial melting of
the particles' surface in the short time where high temperatures prevail.
Therefore, the plasma sprayed Bi,S3 coatings are characterized by larger
particle agglomerates as well as higher roughness, and porosity. The
melting of the particles in combination with the high impact velocities of
the powder particles results in a complete coverage of the sample surface

Fig. 1. Scanning electron microscopy (SEM) images of the (a,b) feedstock WS, and Bi»S3; powders and the coatings deposited by (c,d) atmospheric plasma spraying
(APS) and (e,f) spray coating (SC). The insets show SEM micrographs at higher magnification.
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with a rather dense coating. On the other hand, the initial flake-like
morphology of the particles is still clearly visible for the coatings
deposited by spray coating. As a result of the stochastic nature of the
spray coating process and due to the lower density of the coating since
the solid lubricant powder is not melted, the substrate surface is still
partially visible at some locations. This is more pronounced in case of
the BiyS3 coatings due to the larger particle size. The roughness of the
samples is significantly increased after depositing the coatings from an
initial value of 0.65 pm (Sq) to 0.95 pm and 3.73 pm for the WS, and
Bi»S3 plasma sprayed and to 2.37 pm and 3.86 pm for the WS, and Bi,S3
spray coated samples, respectively. The comparatively lower Sy value
for the plasma sprayed WS, coating indicates again a significant melting
of the particles during the deposition process, whereas in case of BisS3,
some of the larger particles are only partially molten at their outer
surface. The stochastic nature of the air spray coating deposition tech-
nique and the anisotropy of the particle shape results in a high roughness
for both particle types, while the Bi,S3 coating is again even rougher due
to a larger particle size of the feedstock powder.

A more detailed view of the deposited coating thickness and
morphology is provided by means of FIB cross-sections through the
respective coatings, as depicted in Fig. 2. All coatings have a coating
thickness in the lower pm range, despite varying between roughly 1.0
and 5.0 pm. The plasma sprayed coatings are very homogeneous in
terms of their thickness, whereas the coating thickness of the spray
coated samples varies substantially as result of the stochastic nature of
the process. The lowest coating thickness is measured for the plasma
sprayed WS, sample (Fig. 2a), which is a result of the small initial par-
ticle size and the pronounced melting of the particles leading to a dense
but thin coating. In contrast, the resulting thickness of the plasma
sprayed BisS3 coating is higher with several pores and cracks visible
throughout the cross-section (Fig. 2b). Again, the increased thickness is
due to the larger initial particles, which are not completely melted
during the process, thus leading to a thicker and porous coating despite
the smaller amount of material processed. The cracks on the surface of
the BiyS3 coating are likely a result of high thermal and mechanical
stresses at the impact of the droplets on the substrate surface. In the
insets showing higher magnifications of the coatings, it can be well

Pt-iayer O
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observed how the molten material, generated during the plasma
spraying process, is flowing into the surface roughness (Fig. 2a and b).
This leads to a mechanical interlocking of the material onto the surface,
which is responsible for the excellent adhesion of plasma sprayed
coatings [37]. The significant difference of the coatings' morphology is
verified by analysing the cross-sections of the coatings deposited by
spray coating. While the layered morphology of the particles is mostly
lost during the plasma spraying process, individual platelets are present
in the spray-coated samples (Fig. 2c and d). Here the larger size of the
BiyS3 particles, particularly in terms of particle thickness, can unam-
biguously be seen. The WS, platelets exhibit a thickness of <1 pm, while
the BiyS3 particles are up to 2 pm thick. Additionally, it seems as if the
thinner WS, particles are preferentially aligned parallel to the substrate,
whereas some of the thicker BiySs particles are almost oriented
vertically.

The phase compositions of the coatings after the deposition process
were measured using XRD analysis. The feedstock powders indicate a
high purity, with elemental tungsten and bismuth being present as im-
purities (Fig. 3). Comparing the XRD spectra of the initial powders with
the ones obtained after the respective coating processes demonstrates
the increased occurrence of elemental tungsten and bismuth after the
plasma spraying process, leading to a concentration of up to 70 wt% and
50 wt% (obtained from relative peak intensities) of elemental tungsten
and bismuth, respectively. This can be traced back to the extremely high
temperatures reached during the deposition process, at which the
decomposition of WS, and Bi,Sg particles takes place. For the plasma
sprayed WS, coatings some mild oxidation of tungsten into WOs is also
indicated. In contrast, the spray coating process does not result in a
phase change of the powder, which is not surprising considering the
mild conditions prevailing during deposition).

The adhesion of the deposited coatings was investigated via scratch
tests. The results in Fig. 4 unambiguously demonstrate the higher
adhesion of the plasma sprayed coatings compared to the spray coated
samples. For both plasma sprayed coatings, some dark patches are
visible after 1 or 2 mm scratching, which corresponds to coating
delamination and exposure of the substrate material. This is in accor-
dance with the energy dispersive X-ray spectroscopy (EDX)

T m——

© ——

a */ coating

; .‘Pt-layer

Fig. 2. Cross-sections of the prepared coatings by focused ion beam (FIB). The top images show the (a) WS, and (b) Bi,S3 coatings prepared by atmospheric plasma
spraying and the bottom images the (c) WS, and (d) Bi»Ss3 coatings prepared by spray coating. For each cross-section, a higher magnification micrograph of the
coating is provided. The coatings are marked with a green dashed line and an estimation of the coating thickness is given.
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measurements showing a similar reduction in the content of W and Bi
over the length of the scratch. On contrary, the adhesion of the spray
coatings to the substrate is much lower. In particular, the WS, spray
coating seems to be completely removed right at the onset of the scratch
experiment. The spray coated Bi;S3 sample demonstrates slightly higher
adhesion, but was also removed much faster when compared to its
plasma spray counterpart.

3.2. Tribological characterisation

To study the tribological performance of WS, and Bi,S3 coatings as a
function of the deposition technique, i.e., plasma spraying or spray
coating, ball-on-disk tests were carried out at room temperature, 100 °C,
and 200 °C. The results of the measurements at room temperature are
presented in Fig. 5. The uncoated substrates show the typical behaviour
of a dry, non-lubricated steel-steel pairing under sliding contact. The
COF starts at around 0.3 and then quickly rises to its steady state value of
around 0.95 within the first 200 s, which can be associated with the
flattening of asperities and the corresponding increase of the real contact
area as well as the removal of thin oxide layers and contaminants,
leading to higher adhesion and, finally, higher friction [38].

All coated samples start at a slightly lower COF of around 0.2.
However, both samples coated by the plasma spraying technique show a
rapid increase in friction. The plasma sprayed WS, sample shows a
stable COF of 0.2 for the first 50 s and then friction continuously in-
creases until the COF reaches the steel-on-steel reference value after 300
s of sliding (Fig. 5a). The plasma sprayed BiySs sample even displays a
faster increase in friction with a jump to 0.5 in the very first stages of
sliding from where the COF is continuously increasing until reaching the
reference level after 400 s (Fig. 5b). Therefore, it can be concluded that
the lubricious properties of the WS, and Bi,S3 particles are degraded
following the plasma spraying process, leading to excessive wear rates
and short coating lifetimes. The high friction of these coatings can be
associated with the solid lubricant particles' partial decomposition from
the sulphide phase into metallic bismuth or tungsten during the process
and the accompanying loss of their layered structure, which is the basis
for their low friction lubrication mechanism [17,39]. This will be later
on verified by characterisation of the resulting wear tracks and Raman
analysis. The lower concentration of lubricious sulphides also results in a
lower availability of lubricious particles in the contact zone, which

1at% W

wm%w—[]

20at%Bi

—
14 at.% Bi

Fig. 4. Scratch tests of the prepared coatings. The top images show the initial 3 mm of the scratch tests on the (a) WS, and (b) Bi,S3 coatings prepared by atmospheric
plasma spraying and the bottom images the scratch tests on the (c) WS, and (d) Bi»S3 coatings prepared by spray coating. The elemental composition of the scratch
was measured at predefined positions using energy dispersive X-ray spectroscopy (EDX).
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Fig. 5. Evolution of the COF of the uncoated reference sample and the samples coated with (a) WS2 particles and (b) Bi,S3 particles by both plasma spraying and
spray coating at room temperature over a period of 900 s. Additionally, the (c) long term measurements of the spray coated samples at room temperature

are presented.

negatively affects the wear life of the coatings. Moreover, the high
prevailing friction generally results in a fast removal of the coatings from
the contact zone. Both these factors lead to substantially lower wear life
and, after a short running-in phase the same frictional behaviour as the
uncoated reference.

On the contrary, the spray coated samples demonstrate a stable low
steady-state friction in the short sliding experiments up to 900 s. After a
brief running-in phase, in which the COF of the spray coated WS, sample
drops from 0.20 to 0.12, its value remains stable at 0.13 throughout the
experiment (Fig. 5a). It is noteworthy that the standard deviation of the
measured COF values is rather low, reflecting an excellent repeatability
of the experiments. The COF of the spray coated BiySs sample slightly
increases during running-in, and then stabilizes at a value of 0.20 until
800 s, when the COF and its standard deviation increase slightly
(Fig. 5b). The reason for this behaviour is that at this point, one of the
three measurements showed an increase in friction, which could be a
first sign of failure of the deposited coating. This behaviour was
confirmed in long-term experiments performed until 2400 s (40 min).
Here, the spray coated BiyS3 sample shows a stable COF of 0.20 until
1700 s of sliding, after which the COF slowly increases until a sharp rise
in the COF occurs at 2000 s, indicating failure of the solid lubricant
coating (Fig. 5¢). The excellent performance of the spray coated WS,
sample, on the other hand, is confirmed in the long-term tests, as the
sample displayed a low and stable COF well below 0.20 until the end of
the experiment at 2400 s. The low friction of the coatings fabricated by
spray coating can be traced back to the lubrication mechanism of the
two-dimensional WS, and BisS3 particles based on the low shear be-
tween individual layers and the formation of a protecting tribofilm, as
highlighted in the next sections. Hence, it can be concluded that solid
lubricant coatings of WSy and BiyS3 with a layered structure deposited
by a simple spray coating process facilitate beneficial tribological
properties.

The tribological properties of the coated samples at elevated

temperatures was tested at 100 °C for the plasma sprayed samples and at
200 °C for the spray coated samples (Figs. 6 and 7). The plasma sprayed
samples demonstrate very similar frictional behaviour as for the mea-
surements at room temperature with a quickly rising COF to the refer-
ence level (Fig. 6). However, the increase in COF for both the reference
and for the plasma sprayed WS, and Bi,S3 samples is somewhat slowed
down, probably due to temperature-induced enhanced oxidation of the
steel, leading to a longer running-in phase until steady-state values are
reached. Therefore, it can be concluded that plasma sprayed WS, and
Bi,S3 coatings are also not suitable for application at slightly elevated
temperatures.

Since the spray coated samples demonstrated stable and low fric-
tional properties at room temperature, tribological tests were also con-
ducted at a higher temperature of 200 °C in order to evaluate their
performance at a temperature beyond the application range of many
conventional liquid lubricants [40]. At this temperature the uncoated
reference demonstrates a reduction in the COF over the first 50 s to 0.60,
from where it increases again to reach its steady-state value of 0.80 after
about 100 s (Fig. 7). The slightly lower steady-state value at this tem-
perature compared to the room temperature measurements has also
been reported in literature for steel-steel contacts [41,42] and can be
correlated with the formation of a compacted debris bed of oxidized
wear particles. As the oxidation rate at this temperature is faster, steady
state conditions are reached slightly quicker compared to the measure-
ments at room temperature. The WS, spray coated samples again clearly
reveal an excellent frictional performance with a COF starting at 0.10,
which then rises during the first 300 s of sliding to 0.19 from where it
decreases again to a final value of 0.13 after 900 s of sliding (Fig. 7a).
Therefore, the well-known high temperature lubricity of WS, particles
can be verified for the samples prepared by using an inexpensive and
simple spray coating process [43]. On the other hand, the COF of the
samples spray coated with BisS3 particles starts already at a relatively
high value of 0.40 from where it increases continuously until reaching
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Fig. 7. Evolution of the COF of the uncoated reference sample and the samples coated with (a) WS2 particles and (b) Bi,S3 particles by both spray coating at 200 °C
over a period of 900 s. Additionally, (c) long term measurements at 200 °C are presented.

the reference value of 0.80 after 700 s of sliding, which indicates failure
of the coating (Fig. 7b). The initial value of 0.40 is in good accordance
with earlier measured values for BiyS3 coatings [18], keeping in mind
that in the mentioned study the tests were only run for 30 s. For even
higher temperatures above 500 °C, Bi»S3 might be a better choice, as it
has been demonstrated to oxidize partially at these temperatures,
forming bismuth oxysulfate [BizgO32(SO4)10], which resulted in a sig-
nificant reduction in friction [18]. These temperature ranges are, how-
ever, beyond the scope of the present study. Long term measurements up
to 2400 s of the spray coated samples verify the excellent frictional
performance of the respective coatings (Fig. 7c). While the BiyS3 coating
fails after 600 s of sliding, the COF of the WS coating steadily remains
below 0.20 until failing after 1400 s of sliding, surpassing the lifetime of
their Bi,Sg counterpart by over a factor of 2. The longer wear life of the
WS, coatings compared to BisS3 coatings, irrespectively of the testing

temperature, can be correlated with the lower friction of the WS,
coatings, leading to smaller stresses on this coating and therefore a
slower removal. Additionally, this behaviour might be related to the
shape of the particles. The smaller and thinner WS, particles are more
easily aligned parallelly to the substrate surface (see also Fig. 2c), where
they strongly adhere and form a protective tribofilm. The thicker Bi;Sg
particles (Fig. 2d) on the other hand are not forming a well adhering
tribofilm and are easily removed from the contact interface, therefore
leading to failure of the coating and a corresponding high COF. In
accordance to this, a recent work noticed a lower adhesion at high
contact pressures of BizS3 to 100Cr6 balls used as counterbody [44] and
justified this observation using ab initio simulations that revealed BisS3
has a lower number of S bonds per surface unit when compared to MoS,
even though both compounds have a very similar surface adhesion en-
ergy. The shape of the particles may also play a role, as Li et al.



P.G. Griitzmacher et al.

demonstrated better adherence to the surface for smaller MoSe;, parti-
cles, thus improving tribofilm formation and leading to a better friction
and wear performance [45].

3.3. Morphology and chemical composition of the worn coatings

The morphology of the coatings and counteracting balls are analysed
using light microscopy, while the chemical composition in the contact
zone is monitored by Raman spectroscopy, in order to get a detailed
insight of the governing lubrication mechanisms. The wear occurring
after 900 s of sliding at room temperature is in good agreement with the
previously discussed friction behaviour (Fig. 8). The reference sample
shows substantial abrasive and adhesive wear on both substrate and
counterbody which is typical for non-lubricated sliding. Additionally,
tribochemical oxidation of the substrate can be observed. The severe
oxidation of the surface during sliding is confirmed by Raman, and the
spectrum obtained from the wear track presents the characteristic peaks
for iron oxide (Fe304) at 249, 299, 412, 613, and 660 em~! [46]. The
observed surface oxidation in the wear track can be related to the in-
crease in contact temperature caused by sliding [47]. The plasma
sprayed samples, both with WS, and Bi,S3 particles, also demonstrate

Wear
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severe abrasive, adhesive, and tribochemical wear, with wear scars
being of the same size as for the reference sample. The brownish colour
observed in the wear tracks is a hint of the presence of iron oxide species
generated from direct metal to metal contact. This finding is again
verified by Raman spectroscopy. After 900 s of sliding, only iron oxides
can be identified on the wear scar, as in case of the reference surface. The
observed wear behaviour and the Raman results of the plasma sprayed
coatings verify their failure with a complete removal of the coating,
leading to high friction and high wear. The similar contact conditions
with a high amount of oxidic wear debris and a comparable contact area
for the reference sample and the samples coated by plasma spraying
explain the nearly identical frictional behaviour observed towards the
end of the experiment, see Fig. 5. In contrast, wear for the spray coated
systems is greatly reduced at room temperature. Additionally, despite a
similar appearance in the light microscopy images with low magnifi-
cation, showing a dark patchy wear track, the insets with higher
magnification indicate the formation of a rather continuous tribofilm on
the spray coated substrates. This is further verified by Raman spectros-
copy of the spray coated substrates' wear tracks. Here peaks related to
WS, at 351 and 417 cm™" [48]), WOj3 at 705 and 810 em™! [49], and
BiyS3 at 260, 610, and 9651 [50] can be found, which is similar to the
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Fig. 8. Light microscopy images of the wear tracks on the substrates (left) and ball counterbodies (right) tested at room temperature for the uncoated reference
sample as well as the coatings deposited by plasma spraying and spray coating with WS, and Bi,S3 particles. Magnified insets for individual wear track positions are
shown for the regions highlighted with red rectangles. On the right-hand side, Raman spectra taken within the wear tracks on the WS, and Bi»S3 spray coated and

plasma sprayed substrates measured at room temperature are shown.
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situation before the tribological experiments. Conversely, no peaks
related to iron oxide are measured. This proves the lack of degradation
and full functionality of the WS5 and Bi,S3 coatings fabricated by spray
coating after tribological testing for 900 s at room temperature. Addi-
tionally, the black layer on top of the balls in the spray coated systems
suggests the adhesive transfer of solid lubricant material to the ball
surface and the formation of a tribofilm. Therefore, the spray coated
samples measured at room temperature can successfully form a stable
tribofilm/tribofilm system, protecting the surfaces and resulting in low
shear and friction.

In case of the WS, spray coating, the presence of a fully functional
and non-degraded coatings ensures a continuous supply of WS, layers at
the contact interface in order to ensure a stable and low friction even
after 2400 s of running. In Fig. 9, which shows the wear tracks after
2400 s of tribological testing, a continuous tribofilm can still be
observed on both substrate and counterbody spray coated with WS,.
Raman confirms these findings, showing again a spectrum containing
WS,/WO3 characteristic peaks. In comparison with the short term tests
the intensity of the peaks corresponding to WOj3 increases in relation to
WS,, indicating tribochemical oxidation of the solid lubricant particles.

Surface & Coatings Technology 446 (2022) 128772

According to [51], oxidation of 2D WS, nanosheets into a WSy/WO3
heterostructure starts at 350 °C upon exposure to oxidising atmosphere,
a temperature which might be well reached at the asperities during
continuous sliding. This mild degradation of the coating explains why
the COF is slightly increasing towards the end of the long-term experi-
ment. This is in good agreement with an earlier study, showing that the
ratio between WO3 and WS increases for higher number of sliding cy-
cles, being a clear indicator of coating failure [52]. In contrast, the
sample spray coated with BiyS3 shows high wear, similar to the reference
surface after 900 s of testing. Furthermore, no peaks related to BizS3 can
be found in the Raman spectrum, whereas peaks of Fe3O4 can be clearly
identified. This explains the COFs at the end of the long term experi-
ments with BisS3 at room temperature, and indicate a fast transition to
high wear once the coating fails.

For the measurements performed at 100 °C with the uncoated
reference and the plasma sprayed samples, the wear behaviour is almost
identical to the one observed at room temperature (Fig. 10). All three
systems show severe wear and Raman demonstrates severe triboox-
idation of the substrate for all systems. This is clear evidence of coating
failure and subsequent high friction and wear.
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Fig. 9. Light microscopy images of the wear tracks on the substrates (left) and counterbodies (right) tested at room temperature for 2400 s (40 min). The coatings
were fabricated by spray coating with WS, and Bi,S3 particles. Magnified views for individual wear track positions are shown for the regions highlighted by red
rectangles. Below, Raman spectra taken within the wear tracks on the WS, and Bi,S; spray coated substrates measured at room temperature and at 200 °C are shown.
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red rectangles. Below, Raman spectra taken within the wear tracks on the WS, and Bi,S3 plasma sprayed substrates measured at 100 °C are shown.

The wear morphology of the reference and spray coated systems after
the measurements at 200 °C for 900 s is in good agreement with the
presented friction results (Fig. 11). The reference sample shows slightly
higher wear, which might be associated with the stronger oxidation of
the steel and the formation of a higher number of abrasive oxidic wear
debris. The spray coated WS, sample on the other hand still shows
negligible wear on the substrate after 900 s of sliding at 200 °C,
demonstrating that the protective function of the tribofilm is still intact
and low friction can prevail due to low shear between individual WS,
layers. Evidence of this are the Raman measurements, which still show
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strong peaks corresponding to WS, and WO3. However, several factors
indicate an imminent failure of the coating. Firstly, the thickness of the
tribofilm on the substrate is substantially reduced, as demonstrated by
the clear appearance of the substrate underneath the tribofilm. Sec-
ondly, there is higher wear of the counterbody. Finally, Raman shows
also an emerging FesO4 peak, also indicating incipient oxidative wear.
Since it has been shown that oxidation of WS, nanosheets starts at
350 °C it can be an indication that this temperature is reached much
faster when testing at an initial temperature of 200 °C. The oxidation
process of the solid lubricant leads to the formation of non-lubricious
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Fig. 11. Light microscopy images of the wear tracks on the substrates (left) and counterbodies (right) tested at 200 °C for the uncoated reference sample as well as
the systems fabricated by spray coating with WS, and Bi,S3 particles. Magnified views for individual wear track positions are shown for the regions highlighted by red
rectangles. Below, Raman spectra taken within the wear tracks on the WS, and Bi,Ss spray coated substrates measured at 200 °C are shown.

and abrasive WOs3, which results in a faster removal of the tribofilm and
ultimately to failure of the coating. This is demonstrated by the increase
in friction for the long term measurement of the sample spray coated
with WS, (Fig. 7) and verified by the Raman measurements merely
showing iron oxides (Fig. 9). Faster failure of the coating when
measured at 200 °C is also observed for the spray coated Bi;S3 sample. At
this temperature high wear, complete removal of the coating, and
oxidation of the underlying surfaces are observed already after 900 s of
testing, which verifies the failure of the BiyS3 spray coating at this
temperature.
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4. Conclusions

The present work has investigated the influence of the deposition
technique on the tribological properties of WS, and BiyS3 low friction
coatings. The results show that the use of atmospheric plasma spraying
as coating technique results in the deposition of dense coatings with an
excellent binding to the substrate. However, thermal degradation of WS,
and BiyS3 mainly into metallic W and Bi during deposition results in a
substantial deterioration of their tribological properties. In contrast,
when using spray coating the chemical composition and layered
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morphology of the feedstock powders were maintained during the
deposition process. This resulted in coatings demonstrating low friction
and wear, even though at a lower coating density compared to plasma
spray depositions.

While we observed low and stable steady-state friction at room
temperature for both WSy and BiySs deposited by spray coating, the
performance of WSy is with a steady-state COF of 0.13 slightly superior
to BisSs (COF = 0.20). Additionally, the WSy coatings had an improved
lifetime compared to BiyS3. These tendencies are even more obvious at
200 °C, where WS, had a coefficient of friction of 0.15 versus 0.4 for
Bi,S3 and longer lifetime. However, increasing the sample temperature
results in a higher ratio of WO3 to WS, with a subsequent shorter lifetime
of the coating. These results emphasize the applicability of WS, from
room temperature to at least 200 °C, a temperature already beyond the
operational range of some conventional lubricants. On the other hand,
the use of BizS3 coatings could be an alternative for less demanding
applications.
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