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Abstract

In this paper, we are proposing for the first time the partial laser treatment of a self-
lubricating coating in order to optimize its frictional performance from the very first moments
of the sliding contact. W-S films alloyed with carbon were deposited by closed field
unbalanced magnetron sputtering. The coatings were treated using two types of lasers, with
peak emissions in the UV and IR, under different laser power conditions and patterning. The
structure, mechanical and tribological properties of the treated coatings were analysed using
X-ray diffraction (XRD), Raman spectroscopy, nanoindentation and reciprocating ball-on-
disk tribometry. Although XRD diffractograms illustrated an overall amorphous structure in
all as-deposited and treated samples, their Raman spectra confirmed the presence of WS,
crystalline phase in some of the treated areas. Furthermore, in the samples where WS, Raman
peaks were detected, the friction coefficient was in the initial part of the test lower than that
of untreated coating. Previous crystallization of the W-S phase before tribological testing has
a key role for shortening the self-adaption process improving the overall friction performance
of the coatings.
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1. Introduction

Energy dissipation and material loss, both issues related to friction and wear, have attracted
many attentions in the last decades [1,2,3]. The use of liquid lubricants has been always
considered as an effective solution to control the coefficients of friction and wear. However,
their drawbacks such as contaminations, low thermal resistance and, recently, environmental
issues have raised the demand for solid lubricants. In fact, by generating a tribofilm, these
lubricants can provide steady low friction values keeping the components undamaged under

high loads and high temperatures [4,5].

Transition metal dichalcogenides (TMDs) are known as layered materials where strong
bonding exists within the layer, while the interaction between layers is related to the weak
Van der Waals forces [4, 6, 7]. These layered materials are commonly used as either oil
additives or coatings to reduce the friction [5]. When a shear force is applied to TMDs, the
basal planes slide over each other due to the easy inter-crystalline slip and, under repeated
sliding condition, the layers can move considerable distances. The lubricating mechanism of

TMDs is described by this freely movement of adjacent layers [4,8,9].

There are several criteria for a coating to be considered as a good solid lubricant, including
the sufficient adhesion between the lubricant and the substrate, the good internal cohesion of
the coating and a low adhesion between the particles and layers in the shearing direction [10].
Due to the columnar and porous structure, TMDs, such as tungsten disulphide (WS,), are
prone to failure and, thus, an enhancement of their mechanical properties is required.
Alloying the TMDs with elements, such as N and C, is one of the widespread procedures to
prevent the formation of the large-sized grains in the structure and to stop the columnar
growth; usually this type of alloying results in a decrease of the coatings crystallinity or,
even, in an amorphous structure [11,12,13]. However, this structure could usually cause
difficulties in promoting the self-adaption process, thus requiring long running times at low
applied loads or high loads to trigger the lubricating phenomenon. This is crucial in
applications in contact with rubber, where the contact loads are very low, requiring an
alternate way to induce this process. The formation of crystalline WS, would be a simple and

effective way.



Among all treatment procedures, the laser treatment is a well-known surface treatment
technique which can provide control over various parameters in a very accurate and efficient
way [14,15,16,17]. This technique has been utilized to enhance the crystallinity and
orientation of TMDs such as molybdenum disulphide [18,19]. The main advantage of the
laser treatment would be the possibility to treat small volumes (e.g. ~20%) of the coating
without significantly altering the overall mechanical properties of the films. The treated areas
can act as reservoirs rich in more crystalline lubricious TMD phase. During sliding, the
lubricious TMD phase, originated from the treated zones, can be smeared in the direction of
sliding while the untreated areas can provide the load bearing capacity. This process leads to
an advantageous sliding scenario where the low shear strength of the sliding interface is
governed by the crystalline TMD phase while the load bearing capacity is provided by the
harder untreated areas.

For the purpose of accelerating the formation of lubricious tribofilms and hence the running-
in behaviour, different laser treatments were performed on quasi-amorphous W-S-C coatings.
The crystallinity, mechanical and tribological properties were studied as a function of the

treatment process.
2. Experimental

The coatings were deposited by close field unbalanced magnetron sputtering from C, WS,
and Cr targets using a UDP 650/4 Teer Coatings deposition equipment (Teer Coatings
Limited). Before the process, in order to obtain smoother surfaces and better coating
adhesion, the M2 steel substrates were polished to a roughness of Ra < 20 nm using SiC
papers and diamond suspension with a particle size of 3um, ultrasonically cleaned with
ethanol and then placed in a rotating substrate holder at a target-to-substrate distance of 25
cm. The chamber was evacuated down to 5x10* Pa. Before the deposition, the substrates
were sputter cleaned in an argon atmosphere for 40 min using pulsed-DC current (Advanced
Energy Pinnacle Plus) at a bias voltage of 600V, frequency of 250 kHz and reverse time of
1.6ps. The targets were sputter cleaned for 20 min each, with the DC (Advanced Energy

Pinnacle) power applied resulting in power density of 2.1 W.cm™.

The process starts with the deposition of a Cr interlayer (~200-300 nm) to promote the
adhesion between the substrate and the coating. Afterwards, a gradient layer (~100nm) was
deposited by simultaneously decreasing the power on the Cr target and increasing the powers
on the WS, and graphite targets. The amount of carbon used as addition was selected based



on previous studies [5]. The addition of ~50 at. % of carbon usually results in coatings with
moderate hardness and moderate contents of a lubricious TMD phase. For achieving this
level of carbon content, 1 WS, and 2 graphite targets were used. The power density applied to
the WS, was 2.1 W.cm™, while the power density applied to both graphite targets was set to
3.2 W.cm™ The deposition was performed in Ar atmosphere at a pressure of ~0.4 Pa. The

whole deposition process lasted for 2 hours.

A field emission scanning electron microscope (FESEM, Zeiss Merlin) was used to observe
the cross-sectional morphology of the coating as well as to analyse its chemical composition
by wavelength dispersion spectroscopy (WDS, Oxford Instruments). Energy-dispersive
spectroscopy (EDS) was performed using a detector (Oxford Instruments) attached to the

FESEM. The EDS analysis was performed using an accelerating voltage of 15 kV.

Two different types of laser, namely ultra-violet (UV) and infra-red (IR), neodymium-doped
yttrium aluminium garnet (Nd:YAG), were used to treat the samples. The pulsed Nd:YAG
(1064 nm wavelength), model Starmark SMP from Rofin, is equipped with a galvanometric
head and a F-theta lens (100 mm focal distance) to allow processing of centimetre-size
samples. The distance between scan lines was set to 100 pum, being the minimum allowed by
the apparatus, while fast scan speeds and both low laser powers and pulsing frequencies were
explored in the context of this work. To reduce power density delivered to the thin film
coatings, defocusing conditions were attempted. Before laser scanning, some of the samples
(YAG2 and YAG3) were covered with a suitably designed mask (regular grid with 15 pm
diameter holes) to constrain the laser-treated areas as a requirement for the tribological
analyses. It should be noted that the laser used in this task exhibited low stability for low
powers, the ones required for the laser treatment of these samples. Therefore, higher power
than required was used; however, to keep the intensity below the graphitization threshold, the
beam was defocused at the sample. Furthermore, as the objective in this work was to produce
a laser-treated pattern, masking can be a strategy to achieve it. In addition, by defocusing the
laser. the spot size at the sample is drastically enlarged, ruining the laser scribing resolution.
Thus, using the mask, the uniformity was also improved. The laser processing conditions

with the Nd:YAG laser are summarised in Table 1.

A diode-pumped pulsed UV (355 nm) Inngu Laser, with maximum power of 3W fitted with a
scan head with a F-theta lens (160 mm focal distance, 100x100 mm? max. scanned area), was

used to assess the impact of wavelength on the coating phase transformation. By varying



laser parameters, the coating surface could be almost completely treated, or a dot pattern
could be achieved. The UV1 treatment consisted of a rectangular grid type dot pattern, with
the distance between the dots (centre to centre) being ~ 20 x 40 um. The experimental

conditions and characteristics of all treated samples are illustrated in Table 1.

Table 1. Experimental conditions and characteristics of the laser-treated samples.

Distance to Laser Pulsing

Scan speed Affected
Sample Pattern focal plane power [mm.s] frequency area [%6]
[mm] [mW] ' [kHz]
YAG1 Without mask 30 4.5 2000 4 -
YAG2 With mask 30 45 2000 4 17
YAG3 With mask 25 45 2000 4 17
uvil Dots 0 4 100 75 20
uv?2 Compact dots 0 30 1000 75 >70

A ZEISS Axio Imager Z2m optical microscope was used for the initial investigation of the
samples. All samples were characterized by micro- Raman analysis, performed in
backscattering configuration on a Horiba HR800 instrument using a 600 lines mm ™ grating
and the 441.6 nm laser line from a HeCd laser (Kimmon IK Series, Japan) with an OD 2 ND

filter to prevent the laser from changing the sample structure.

The structure of the coatings was accessed in a Philips (PANalytical) diffractometer with Co-
Ka radiation (A = 0.17902 nm) in conventional (0-20) mode. The scan step size was

0.025degrees with 2 seconds exposition per step.

A NanoTest Nanoindenter from Micro-Materials Ltd. was used to measure hardness of the
samples using a Berkovich diamond pyramid indenter. 20 different tests with a 3 mN load
were performed at room temperature (23°C).

Reciprocating ball-on-disk tribological tests were performed in an Optimol SRV machine.
The counterbody was a 10 mm 100Cr6 bearing steel ball. The applied load was 5 N (initial
maximum contact pressure of ~813 MPa) and the tests had a 10 min duration. The frequency
was set to 25 Hz with a stroke length of 2 mm, resulting in an average sliding speed of 0.1
m/s. To determine the wear rates of samples, 2D profiles of the wear track were obtained
using a Bruker Alicona Infinite Focus 3D profilometer. The specific wear rate (W,) was

calculated according to Eq. 1.

Vw
W, = 2 ®



Where V,, is the wear volume (mm?®), F is the normal load (N) and s (m) is the sliding

distance [20]. The tribological tests were performed twice per treatment.

3. Results and Discussion

3.1. Chemical Composition, Structure and Mechanical Properties

SEM analysis of the fractured cross section of the untreated W-S-C sputtered coating,
depicted in Fig. 1, shows a rather compact, almost featureless coating with a total thickness of
about 1.5um. The elemental chemical composition of this coating was determined by WDS
analysis and it is shown in Table 2. The carbon content of the film was approximately 47 at.
%.

Crivis-¢ =TT

Cr 1.}
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Fig. 1. Cross-sectional FESEM micrograph pf the untreated W-S-C sputtered coating.

Table 2. Chemical composition and thickness of W-S-C coatings.

Coating Chemical composition [at. %] Th[lﬁlsr?]ess
w Cr S O C 15
W-S-C 17.2 0.8 29.3 5.0 47.6 '




Fig. 2 shows the XRD diffractograms of the treated samples. Only a broad peak (26 ~35 -50°)
could be detected in all samples, suggesting that the coatings have an amorphous structure.
This broad peak is often associated with the (100) reflection of WS,, with the tail towards
higher 20 values representing turbostratic stacking of the (10L) planes, with L having values
of 1,2,3,4 [21]. Nevertheless, even if these crystals are present, they are too small to be
detected by XRD. This result is in agreement with previous results on the development of W-
S-C coatings [22, 23]. UV2 sample shows badly defined features superimposed to the broad
peak which can be associated with signs of crystallinity. According to Table 1, the total
treated area in most of the samples is less than 20% of the original surfaces; therefore, any
possible peak related to structural transformation, as will be shown later, would be
overshadowed by the broad peak, due to low amount of crystalline material. In the case of
UV2, with a treated area of more than 70% of its total surface, a narrower peak around
20~43" occurs. As it will be discussed later, this sample was over exposed to laser treatment
with a strong graphitization taking place. However, this peak cannot be indexed to any form

of carbon. Further studies will be necessary for this identification.
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Fig. 2. The XRD patterns of all the laser-treated and untreated samples.



Fig. 3 shows optical micrographs of the two UV-treated samples. As expected, UV1 displays
the dot-like pattern with each dot corresponding to a laser pulse. UV2 shows superimposed
dots filling in almost the whole surface. In both micrographs different tonalities can be
identified in the treated zones with a gradient from light to very dark grey, possibly
associated with phase changes. Although the experimental conditions were kept constant,
regrettably, local changes were observed on the laser-treated surface. The UV laser used in
this work is characterized by a quite narrow field depth. Considering this, together with some
topographic heterogeneities of the surface, different laser/matter interaction effects could be
caused, as seen in Fig. 3(a). Since Raman spectroscopy is a well-known technique, adequate
to locally identify phase transformations, spectra were taken from different points on UV1
(points 1,2 and 3) and UV2 (points 1 and 2) samples. These spectra are shown in Fig. 3 along
with the reference spectrum taken from the as-deposited sample. In fact, the laser treatment
induced a transformation in the carbon phase, corresponding to the splitting of the typical
amorphous wide asymmetric single band into its two components, the D and the G bands.
This becomes notorious as the spectrum of reference sample contains only one feature, that of
the unsplitted amorphous carbon broad band. According to the literature, changing
amorphous carbon into nanocrystalline graphite would cause the G peak to move from ~1510
cm™ towards ~1600 cm™ along with an increase in the 1(D)/I(G) ratio [24,25], as seen in the
spectra took from spots where graphitisation occurred. This graphitisation phenomenon
corresponds to a topological re-ordering of the amorphous sp? coordinated carbon structure.
In this process, the carbon bonds become stronger therefore increasing the energy of the Eyq

C-C stretching mode vibration in the sp® hybridisation.

The comparison between the reference and the UV1 spectra shows the narrowing of the D
and G bands, their separation and a shift of G band to higher wavenumbers occurred,
evidencing graphitisation. In the darker grey zones, a progressive over exposure of the
material to the laser beam took place and consequently a higher crystallisation degree (point
3-UV1 and point 2-UV2).

The samples where graphitisation seems less pronounced exhibit two narrow peaks in the low
wavenumber region (point 1-UV1 and point 1-UV2). These correspond to crystalline WS,
vibration modes at ~356 cm™ (E'y) and ~421 cm™ (Ay) [26], showing that the laser
incidence promoted the crystallization of WS,. It is interesting to note that the WS, peaks
intensity decreases with the increase of the D and G bands. As referred above, the latter bands

are characteristic of a strong graphitisation of the carbon phases. Since the darkest grey is
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predominant in the UV2 sample, the graphitic zones become dominant. The detection of
crystalline WS, in the lighter zones of UV2 sample suggests that the laser local intensity was
strong enough to produce WS, crystallization but still below the graphitisation threshold,
while showing that the whole surface was treated. The 70% value shown in Table 1 refers to

the dark grey area.

(c) UV-laser treated samples
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Fig. 3. The optical micrographs of (a) UV1 and (b) UV2 along with (c) their Raman spectra.

The main difference between YAG1 and YAG2 treatments is the featureless appearance of

the surface treated with the YAG1 conditions. This treatment was performed without a mask
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and all surface was homogeneously irradiated due to the defocusing conditions. The
observation under an optical microscope revealed only weak grey tonalities. For YAG-treated
samples, as would be expected since treating conditions were alike, the Raman spectra of four
randomly selected points on YAG1 surface, as well as four points in the centre of treated dots
in YAG2 sample, were similar (see Fig. 4). The crystallization of the originally amorphous
W-S material also occurred in the treated zone. In fact, the two distinctive peaks of WS, at
356 and 421 cm™ are patent, along with the carbon D and G bands. Again, the narrowing and
separation of the D and G peaks and shifting of G peak towards higher wavenumbers indicate
a slight graphitisation in the irradiated areas of this samples. Therefore, according to the
Raman data, the degree of material treatment is comparable to that occurred in the lighter

zones of UV-laser samples.
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(c) YAG-laser treated samples
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Fig. 4. The optical micrographs of YAG2 (a) and YAG3 (b) along with the Raman spectra of

all YAG-laser treated samples(c).

As the YAG3 sample distance to the laser head was reduced in 5 mm, this sample was
irradiated closer to the focus compared to YAG2, with the consequent intensity increase at
the irradiated region. As observed in Fig. 4, radial patterns consisting of different grey
tonalities are visible in each spot. Raman acquisitions performed in different zones in these
spots corroborate the relation found for UV-treated samples. In fact, in lighter grey zones
WS, crystallization occurred without noticeable changes in the carbon phase. Then, with the
increase in the grey darkening, a progressive vanishing of the peaks corresponding to
crystalline WS, phase, with a simultaneous increase in the C-phase graphitisation, took place.
The radial aspect can be attributed to the diffraction effect caused by laser interaction with
the mask, resulting in typical concentric annular patterns. This comes from the out-of-focus
operation mode used in the masked samples, in which the irradiated region was much larger
than the metallic mask apertures. The WS, crystallization and graphitization can be
concurrent, i.e. small changes could always be observed by Raman in both characteristic
peaks of W-S and C phases. However, depending on the laser intensity, sometimes the
changes were almost imperceptible. For low laser intensity strong transformations could be
observed for W-S phase whereas for C-based material almost no changes were detected (see

for example Point 2 in Fig. 4c). High exposure would very likely cause oxidation of WSy;
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however, as Raman Spectroscopy did not show any peaks related to W-oxides, oxidation
could not be confirmed for the current intensities used. The chemical analysis was performed
in some areas and, in general, the treated zones contained more oxygen (based on EDS
analysis) whereas little changes are registered for the S/W ratio. As an example, Fig. 5
illustrates EDS analysis performed in untreated and treated zones, in the wear track of the
YAG3 sample.

Zone Chemical composition [at. %]

w S 0 c S/W
A 151 185 124 53.9 1.22
B 153 177 19 651 1.15

Fig 5. Chemical composition of the treated (A) and untreated (B) zones on YAGS3.

The topography of the surfaces is presented in Fig. 6. Kononenko et al. [27] proposed 3
different intensity related processes during laser treatment of a-C coatings. At low intensities,
there is a surface swelling in the irradiated zones due to the reduction of the density of the
graphitised volumes. At increased intensities, multilevel spallation can occur. The process
observed at the highest laser intensities is evaporation and subsequent formation of craters. In
the present study, the only topographical feature observed in the irradiated zones is a small
surface swelling. In the case of the UV1 treatment, the swollen areas have a height between
150 and 200 nm. The UV2 treatment resulted in features with similar height as the UV1 one,
with the difference being larger irradiated areas (>70 %). The topography of the YAG1
sample did not have any specific features, since the whole area was homogeneously
irradiated, resulting in a more featureless appearance. For the YAG2 and YAG3 samples, the
topographical measurements were performed on a single treated area. YAG2 treatment
resulted in smaller surface swelling compared to the YAG3 one. The highest features
observed have a value of ~150 and ~250 nm for YAG2 and YAGS3, respectively. As
discussed previously, the YAG3 treatment was performed closer to the focal distance,

causing laser irradiation with increased intensity and hence increased graphitisation.
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Fig. 6. 3D topographical maps of the treated zones: a) UV1, b) UV2, ¢) YAG], d) YAG2 and
e) YAG 3, the scanned area is 145 x 110 pum.

Fig. 7 illustrates the comparison of hardness (H) among all the samples, untreated and treated
by UV and YAG. In light of the results achieved with Raman analysis, the following changes
in the hardness can be discussed:

(1) All “free area” zones show approximately the same H values as the reference, confirming
that laser influence was mainly restricted to the incidence zone. The exception of UV2
sample should be attributed to the very small areas of the untreated zones, making difficult to

13
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set the indentation test on them correctly without having influence of the treated zone (see the
UV2 micrograph in Fig. 3).

(if) Generally, the irradiated areas have lower average hardness than those of untreated
surfaces, as a result of the structural transformation occurring in the material. This difference
was less pronounced for the YAG1 and YAG2 treatments. Considering that the starting
amorphous films are biphasic and the laser irradiation promotes the crystallization of WS,
and also of the graphitisation of carbon phase (typical hardness of graphite is between 0.25
and 0.45 GPa), it is plausible that each one contributes to the overall hardness decrease.
However, it is important to emphasize that only under moderate laser irradiation intensity the
crystalline WS, phase was detected by Raman. The crystallinity of these films can be
described as platelets of WS, i.e. stacking of a few basal planes (mostly 2-3 planes) with a
typical length of ~ 5 nm immersed in an amorphous C-based matrix. According to the
literature, such films with nanocomposite structure have hardness values of this order [28].
On the other hand, it should be remarked that changes in the local order of carbon phase is
detected by Raman in all treated zones, even on the less irradiated ones. However, the higher
radiation intensities produced a reduced intensity of the WS, Raman feature along with an
obvious graphitisation of the amorphous carbon phase, known to produce a hardness
decrease. In fact, in irradiated samples where the carbon structure was not notably affected,
the hardness did not change much, regardless the formation of crystalline WS,. Thus, it
seems that the hardness changes are mainly dominated by the carbon matrix contribution.

(iii) The differences in the hardness between treated and untreated zones should be related
with the graphitisation degree. UV1 sample has a slightly lower hardness than YAGL1 and
YAG2, although they show similar Raman spectra, since in the centre (where
nanoindentation was performed) of some of the dots, overexposure occurred with stronger
graphitisation (see spectrum of point 3-UV1 in Fig. 3).

(iv)The lowest hardness values were measured in UV2 and YAG3 treated zones in good

agreement with the strong graphitisation detected by Raman in these zones.
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Fig. 7. The comparison of hardness values between untreated and irradiated areas of samples.

3.2. Tribological properties

From a tribological point of view, the formation of a self-adapted tribolayer consisting of
well-aligned planes of WS;, parallel to the sliding direction, has been introduced as the
mechanism for self-lubrication in WS,-based coating [29, 30].

Fig. 8(a) and Fig. 8(b) show the evolution of the coefficient of friction (COF) versus sliding
time for all the samples. Generally, two main stages for sliding testing of thin films can be
observed in the friction curves, running-in and steady-state. The friction coefficient of the
reference sample starts with a high friction coefficient of 0.15. In the running-in stage it
continuously drops towards a steady-state value of ~0.08. This can be interpreted by the
formation of the above mentioned self-adapted tribolayer. In the case of UV1, YAGL1 and
YAG2 samples, the running-in stage is very short and the friction coefficient levels out
approximately until the end of the test close to ~0.08. The induced crystallization facilitates
the reorientation of the WS, platelets in the sliding contact allowing to achieve the low
friction regime much faster. As can be observed in Fig. 8(a), in the case of UV1, the effects

of the laser treatment are, in the end of the test, almost null.

Fig. 9 and Fig. 10 illustrate the micrographs of wear track of UV-laser and YAG-laser treated
samples along with their Raman spectra, respectively. With the exception of a small number
of dots in UV1 sample, where crystalline WS, is still detected (see e.g. point 2-UV1 in Fig.

9), Raman spectra indicate that structure is similar to the untreated zones, either inside or

15



outside the wear track (see e.g. spectra point 1-UV1 and point 3-UV1, respectively). The
wear rates and the average COF are shown in Fig.11. Averaging was performed for the whole
duration of the test and the uncertainties presented are from the repetition of the test. The
lowest values are observed for the YAG1 and YAG2 treatments, although the latter treatment
shows slightly better wear resistance, which can be explained by the best compromise
between the hardness values and the structure after laser transformation in these samples. The
best compromise is related to the small treated volume of the coating with a treatment
inducing crystallization of the WS, without significant graphitisation of the a-C phase. This
process leads to the generation of small reservoirs of crystalline WS, (low shear strength
phase) without significantly affecting the untreated areas (load support phase). The depth of
the wear tracks (see Table 3) is in all cases close to 0.36 um, value, which combined to the
micrographs of Fig. 1, allows to conclude that the depth of laser treatment should be lower

than 0.50 um for both lasers.

In opposition to the above-described samples, for which the tribological behaviour is mainly
determined by the WS, phase, in UV2 sample the graphitized material seems to govern the
friction phenomena: the response to sliding consists in a rather stable coefficient of friction
but following slightly higher values. In the YAG3 sample, the presence of dots with
graphitized material also provides a similar behaviour to UV2. Both these samples show a
much higher wear rate than the previous ones (see Fig. 10 and Table 3), particularly for UV2,
since in this coating the majority of the surface was laser treated. The higher coefficient of
friction for the UV2 sample can be related to the lower hardness of the coating caused by the
overexposure. It should be noted that the most advantageous sliding scenario would be
having low shear strength interface (e.g. WS; rich tribofilm) between the surfaces in contact
with a harder phase beneath the tribofilms in order to reduce the real area of contact and
reduce the ploughing effects [31]. In the case of UV2 sample, the increase in the friction,
compared to the YAG3 sample, is related to the increased wear of the coating (see Fig. 11),
caused by the excessive transformation and softening of a bigger volume in the coating. For
UV2 sample, the structure in the original brighter zones of the wear track, evaluated by
Raman, is similar to the reference sample, whereas for the darker one still signs of
graphitisation, although not so intense, are detected (see Fig. 9). These results suggest that the
increase of the UV laser power pulse from 4 to 30mW, more than double the depth of the
treatment, being in the last case higher than 0.9 pum. In the case of YAG3, the laser power

influence on the treated depth is also observed, since from YAG2 to YAG3 samples the
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decrease in the laser focus distance implies that a higher radiation dose is supplied to the
sample. Fig. 10(b) shows that in the wear track there are still well visible laser-induced dots
even if the wear track depth is close to 0.5 um. Raman analysis of these dots shows a variety
of structures including graphitisation and WS, crystallization, showing different levels of
structural transformations depending on the depth at which the analysis is being performed.
During each laser pulse, the power delivered to the material reduces as a function of the
depth. Then, it is expected that, from the top down to the bulk of the coating, the structural
transformation evolves as follows: (i) strong graphitisation occurring close to the surface, (ii)
a mixing of graphitisation with WS, crystallization and, finally, (iii) WS crystallization and
an increase of the order in C-based phase. To get a better understanding of the treatment
condition, the schema of a treated sample from cross-sectional view is presented in Fig. 12. In
this schema, the value of ‘h’ is the depth of a treated spot in a sample, which can be imagined
as a container with the treated materials. Based on this figure, the volume of the treated zone
in a single spot could be divided into two parts, namely A and B, each one corresponding to
different levels of laser treatment. It is assumed that these two parts are filled with either
similar phases or different ones. For example, in the case of UV 2 and YAG 3, for which
different Raman spectra exist before and after sliding, part A would be full of only
graphitized material; while part B would be filled by a mixture of graphitic carbon and
crystalline WS,. The top-most graphitised layers are progressively worn during the running-
in period until the harder less treated areas are reached. During this time, the lubricious
tribofilms are established on both counter bodies, generally resulting in lower running-in

times.
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Table 3. The approximate depth of the scars on the samples based on the 3D profilometry

performed.

Sample Reference UV1 uv2 YAGL YAG2 YAG3

Depth 36 0.38 0.01 0.36 0.35 0.49
[um]
A A ﬁ A
E
Untreated Bulk

Fig. 12. Schematic cross-section of a treated sample.
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4. Conclusion

In this work, W-S coatings alloyed with approximately 50 at. % carbon were deposited by the
magnetron sputtering technique, and subjected to five different treatment procedures using
pulsed UV and IR (Nd:YAG) lasers.

X-ray diffractometry showed a broad band in the samples’ diffractograms, indicating that

most of the treated coatings still have an amorphous structure very similar to the reference.

Using Raman spectroscopy, WS, crystallization has been confirmed in the samples that were
treated under low laser irradiation intensities. However, either the increase of the laser power
or the sample approach to the focal plane led to laser over irradiation, resulting in

graphitisation and consequently undesirable mechanical and tribological properties.

According to the reciprocating ball-on-disk test, the treatment mainly affected the running-in
and early steady-state tribological behaviour, as corroborated by Raman spectroscopy on the
scars. In fact, the later stages of tribological tests were quite similar to the reference, meaning

that the treatment depth was shallower than the wear scar depth.

Applying high laser power/intensity mostly transformed the amorphous carbon material. This
transformation mostly happens in the outer layers, resulting in graphitisation. Since there is a
steep decrease in the radiation intensity with depth, the underlying carbon matrix coating

remains as in the reference.
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Highlights
- Treatment of W-S-C coatings is possible with low intensity UV and IR lasers.

- Crystallization of originally amorphous W-S coating under moderate laser irradiation
intensity.

- Laser irradiation decreases the hardness in treated zones.

- Laser treatment is a way to enhance the tribological performance of W-S-C coating in
running-in period.
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