Effect of rough surface patterning on the tribology of W-S-C-Cr self-lubricant coatings
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Abstract


In this work, self-lubricant W-S-C films were alloyed with Cr by co-sputtering chromium and composite WS2-C targets. Besides the usual physical, chemical and mechanical characterization, including the evaluation of the chemical composition, the structure, the morphology, the hardness and the cohesion/adhesion, special attention was paid to the friction and wear analyses of the film deposited on intentionally roughened surfaces. The substrates were steel polished disks with different types of patterns produced by micromachining. To analyze the sliding process, in-situ techniques were applied, such as optical microscopy and Raman spectroscopy monitoring of the wear track. The surfaces in the contact were then analyzed by scanning electron microscopy (SEM) and 3D profilometry.


The results showed that W-S-C-Cr coating exhibited remarkable ability to reduce the detrimental effect of deep grooves with irregular shape. For specific patterns on the substrate the friction and wear was even slightly lower compared to a polished sample. The grooves were filled with self-lubricant material and acted as reservoirs supporting formation of a low-friction tribolayer. 
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1. Introduction

The tribological properties of transition metal dichalcogenides (TMD), such as molybdenum and tungsten disulfides and diselenides, have been studied for decades due to the excellent performance as solid lubricants in dry air or vacuum. Their self-lubricant characteristics are attributed to the high anisotropy of the hexagonal crystal structure combining strong intra-planar bonds between chalcogenide and metal atoms and weak bonding between adjacent metal-chalcogenide layers. Thus, the inter-lamellar bonds can be easily broken facilitating sliding, while the intra-planar bonds help to resist asperity penetration [
]. Although lamellar structure of TMDs is similar to graphite, both materials show different tribological properties due to different reactions with atmosphere. Low friction of graphite results from saturation of dangling bonds, typically by hydrogen; thus, graphite shows low friction in humid air and high friction in vacuum [
]. On the other hand, the TMD crystal is ideal for sliding in vacuum or non-reactive gases [
], whereas the presence of oxygen or air humidity is detrimental leading to high friction and wear rates [
]. Therefore, columnar morphology and porous structure, typical features of sputtered TMD films, strongly limit their ability to act as a self-lubricant coating in humid air [
,
].


One successful approach to improve the tribological behaviour of TMD films in humid atmospheres was to alloy TMD with other elements, such as Ti [
]. Cavaleiro et al co-deposited WS2 films with carbon using both reactive and non-reactive magnetron sputtering [
]. These films were then intensively investigated and further improved by optimizing their nanostructure [3]. In this novel class of low-friction coatings, TMD platelets were randomly dispersed in an amorphous carbon matrix. Hardness values, although more than one order of magnitude higher than those observed in pure TMD films, were lower than those of metal-doped TMD [7]. However, the tribological properties of these coatings were excellent. Low-friction was attributed to the formation of a thin TMD well-oriented tribolayer in the contact, which decreased friction and, thanks to its thickness and orientation, was almost inert to the environmental attacks.  To further improve W-S-C films, particularly their hardness and adhesion, we doped them with different chromium content [
]. Both referred properties were slightly increased; however, the friction of Cr-doped films was higher than that of non-doped W-S-C coatings.
Patterning surfaces can facilitate sliding, particularly in the presence of lubricants. Cavities and grooves act as fluid reservoirs and increase the wetting of the surface by lubricant ([
,
,
]); moreover, the hydrodynamic pressure can be controlled increasing the load carrying capacity and lowering friction [10,
]. Furthermore, grooves on the surface can trap wear particles and reduce abrasion and ploughing friction [10]. The effects of surface patterning have been studied extensively also for applications of solid lubricants. An approach often used is the creation of grooves, which are then filled up with a deposited self-lubricant solid material. Voevodin et al. [
] prepared Ti-TiC-DLC films with grooves filled with MoS2; they deposited also TiCN coatings with laser-produced micro-reservoirs, which were filled with MoS2- and graphite-based solid lubricants by burnishing or sputtering [
]. Later, a similar approach was used to produce TiAlCN films with MoS2-filled pores [
]. Zimmerman et al. [
] studied TiN hard coatings with micro-reservoirs filled with different types of solid lubricants. The results of those studies showed that solid lubricant reservoirs could reduce friction under certain conditions, although increased coating lifetime and wear resistance could be considered as the main advantage. Moshkovith et al. [
] used pulsed air arc treatment to produce patterns on steel surfaces and then burnished the samples with MoS2 particles with contradictory results, since the lifetime was extended, but the friction was higher compared to non-patterned samples.
Irregular deep patterns are expected to cause high wear and friction.  In real engineering applications, the substrates before deposition or coated parts could be damaged by impact or scratching; such localized damage then influences the friction and wear properties and can lead to rapid destruction of the part. In this study we investigate the effect of such “random” damage on the tribological properties of solid lubricant W-S-C-Cr coatings. 
2. Experimental details


The W-S-C-Cr films were deposited using an r.f. magnetron sputtering chamber (Edwards, UK); the deposition conditions are in detail given in Ref. [9]. Prior to the coating deposition, the substrates were cleaned by establishing the plasma close to the substrates electrode for 20 minutes. The chamber was set up with two targets – chromium and carbon (graphite, purity 99.6%) – with pellets of WS2 (purity 99%) placed on its erosion zone. The number of WS2 pellets was determined empirically to obtain approximately 40 at.% of C in a deposition without Cr. The Cr content was controlled via the power applied to each target. A pure Cr interlayer was deposited on the substrates before every coating deposition, to improve adhesion. 


The coatings were deposited on polished W.Nr. 1.2379 (X153CrMoV12; AISI D2) steel substrates (Ra < 30 nm, diameters of 50 and 22 mm, hardness 9 GPa), without and with different patterns of grooves produced by micromachining. Results obtained with the non-patterned samples with different Cr content have been recently published elsewhere [9]. The present work will deal primarily with the patterned samples.

The grooves were made using the electro-discharge machining method, which is based on an electric discharge between the working electrode and the workpiece. The discharge is ignited by short high-frequency DC voltage pulses and the spark vaporizes the material. To manufacture in micro-scale dimensions, a Sodick APL1 machine was used. The working electrode was made from tungsten sharpened to 50 μm diameter. Since the required depth of grooves 2–3 μm is at the technological limit of the device, we decided to repeatedly move the rotating working electrode in a short distance above the surface of the workpiece. The process showed the biggest dependence on the connected capacitor, which was set to 0,62 nF. Other main parameters were 1 μs for the discharge time, 7 mA for maximal discharge current and 90 V the maximum voltage. The depth of grooves measured by 3D profilometer described below was in the range 1–3 micrometers; the maximum depth was measured in the place where two grooves were crossing each other. 

Six different substrates were prepared, labeled A to F, with the following characteristics (see Fig. 1).

· A (diameter 50 mm): 6 equally-spaced grooves, approximately 45 µm wide, distributed radially;

· B (50 mm): 6 equally-spaced grooves with varying widths (the width increased linearly from 85 to 170 µm), distributed radially;

· C (22 mm): 80 parallel grooves, approximately 50 µm wide;

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

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

· F (22 mm): 30 grooves, each approximately 45 µm wide, distributed radially over about 25% of the surface.

The chemical composition of the coatings was evaluated by electron probe microanalysis (EPMA). Hardness values were determined by depth-sensing indentation and adhesion was evaluated by progressive load scratch tests. The chemical bonding of the films was analyzed by Raman spectroscopy (DPSS laser, wavelength 532 nm), Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS; Mg Kα radiation). The structure was analyzed by X-ray diffraction (Cu Kα radiation) and by transmission electron microscopy (TEM); the morphology was observed by scanning electron microscopy (SEM).


Tribological measurements on the patterned samples were carried out in humid air (relative humidity 34 – 45%) using a pin-on-disk tribometer (CSM Instruments) with 100Cr6 balls with a diameter of 6 mm as static partner. The sliding speed was 10 cm.s-1, the radius was 3 and 20 mm on small and large samples, respectively. Contact loads varied in the range 1–15 N and two test lengths were used, 1000 and 5000 cycles. Friction coefficient values presented in this work are the mean value for an entire 5000-cycles test, unless noted otherwise. Wear rates of the coatings and balls were determined as the worn volume (measured by 3D white light profilometer) per sliding distance, per load. However, the wear was more often evaluated using only the cross-section area of the wear track as described below. 
3. Results

3.1 Coating characterization

3.1.1 Deposition and chemical composition


To produce a sufficient number of samples, three depositions with identical parameters were carried out. The chemical composition measured by EPMA confirmed the repeatability of the process (see Table 1). Compared to EPMA, XPS showed much lower content of sulfur and carbon due to preferential etching [9], since the surface was ion bombarded prior to analysis in order to remove surface contamination (approximately 5 nm). The preferential etching could be minimized by reducing ion energy; however, in such case the etching would be extremely long. Thus, XPS is used in this study mainly for bonding characterization. The W-S-C-Cr coating thickness was 2.4 µm and the thickness of the Cr interlayer was approximately 300 nm. Since the penetration depth of EPMA is about 2 micrometers, the signal from the Cr interlayer should be negligible and EPMA gives the correct chemical composition. Three-dimensional profilometry performed on selected patterned surfaces, before and after deposition, showed that the coating copied the surface features (Fig. 2).

3.1.2 Chemical bonding and structure

XPS was firstly carried out on the as-deposited surfaces, and then again after 48 seconds of sputter cleaning, removing approximately 5 nm of coating material. Strong oxidation observed on the surfaces almost disappeared after etching. Fig. 3a shows W4f spectra taken after ion cleaning. The pair of peaks at approx. 31.9–34.1 eV was identified as a superposition of two pairs, corresponding to W–S bonds at 31.9–34.1 eV and W–C bonds at 32.4–34.6 eV. A reasonable fit could be achieved by deconvoluting the region without attributing W–C peaks, but it would not satisfy the conditions suggested in [
]: chi-squared value greater than 4 requires more peaks to be added. The presence of a peak in the C 1s region attributed to W–C bonds supported the four peaks deconvolution of the W4f spectra. Finally, the W–O bond was observed; the main source of oxygen is the porous carbon target and, particularly, the tungsten disulfide pellets.

The Cr 2p region of the XPS spectra ( Fig. 3b) featured a pair of peaks at 574.4 and 583.7 eV close to positions of metallic Cr (574.1 and 583.4 eV [19]). Possible Cr-O bonds with a pair of peaks at binding energies 576.6 and 586.3 eV should not contribute significantly to the spectra. The broad elevation at approximately 590–602 eV was attributed to satellite peaks [
]. Unfortunately, we cannot rule out the presence of the Cr-C bond, which is very close to that of metallic chromium.

The predominant features that could be expected in the Raman spectra (Fig. 4) were in two regions: i) 1100 to 1700 cm-1 with peaks attributed to carbon (D and G bands), and ii) ~230 to 470 cm-1, attributed to WS2 and chromium oxide. Typically, the spectra of WS2 films feature peaks at approximately 306 cm-1 (E1g), 356 cm-1 (E2g(1)) and 421 cm-1 (A1g). Whereas the WS2 peaks could be distinctly observed in a W-S-C film (i.e. film not doped with Cr) [9], the addition of Cr distorted the region. Such distortion could be due to the broadening of the WS2 Raman modes related to a low structural quality of the 2H-WS2 phase or due to contributions from one or more additional peaks, most likely corresponding to chromium oxide. The spectra of Cr2O3 usually shows a pair of weak peaks at approximately 305 and 350 cm-1, and a peak at ~550 cm-1 [
,
,
,
]. In fact, a weak peak close to 550 cm-1 was visible in some of the spectra (Fig. 4). However, it was not easily identifiable above the noise level, which was relatively high, since the laser power was kept low to avoid coating damage. 

XRD analysis showed only flat spectra typical of amorphous films and confirmed TEM observation [9]. Doping with Cr thus followed similar trends in crystallinity decrease observed in other doped TMD systems [
,
]. Coating amorphous nature explains as well absence of WS2-related peaks in Raman spectrum of as-deposited W-S-C-Cr film.

3.1.3 Hardness and adhesion


Hardness of thin films strongly depends on microstructure. Our deposition parameters, i.e. identical deposition parameters with the exception of power to the chromium target, which was set to zero, led to a nanostructured W-S-C film. This film with randomly oriented and separated WS2 platelets dispersed in carbon matrix showed hardness lower than 5 GPa [9]. Alloying W-S-C with Cr could transform the nanostructured films into an amorphous material. As a consequence, easy shear of WS2 platelets existing in W-S-C film was eliminated and hardness thus increased. For more details see our previous study [9]. On the other hand, nanocomposite W-S-C films with hard tungsten carbide and tungsten disulfide nanograins embedded into an amorphous carbon matrix can exceed 10 GPa [26]. Hardness of pure TMD such as WS2 is typically lower than 3 GPa [4,
]). The critical load Lc2 estimated from scratch test measurements was close to 20 N, a value sufficient for tribological testing.
3.2 Tribological properties – non-patterned substrates

Pin-on-disk sliding tests were firstly carried out on flat (i.e. non-patterned) samples using different loads (from 1 to 15 N). The friction coefficient decreased with increasing contact load (Fig. 5). Such behaviour is in agreement with other doped-TMD systems [
,
] indirectly indicating that the formation of a WS2-rich tribolayer was promoted at high contact pressures. Furthermore, an investigation of the wear tracks on W-S-C-Cr films indicated that the tribolayer was mostly amorphous tungsten and chromium oxide with small areas containing WS2 platelets, and a thin layer of (002) oriented WS2 was found below the outermost surface, at the interface between the coating and the tribolayer [9].


In the very first few cycles of pin-on-disk tests, the friction coefficient was usually high due to polishing of asperities and removal of superficial oxidation from contact area (Fig. 6). After tens to hundreds of cycles, the friction values decreased as the tribolayer was formed and a low-friction steady-state was reached. It should be noted that although average friction under all test conditions was lower compared to undoped WS2 films [28], the coatings tended to exhibit friction coefficients around 0.3 in the initial stage of the sliding process. 


Previous works with C-doped WS2 films have shown that the running-in process was characterized by carbon being quickly worn away and a thin tribolayer composed mainly of WS2 being formed at sliding interface. Furthermore, the formation of the low-friction tribolayer was enhanced when the contact pressure was higher. This effect was evidenced, among other analyses, by in-situ Raman spectroscopy inside the wear tracks during and after the running-in process [26]. In the present study, the total areas for the WS2 peaks (~230 to 470 cm-1) and the C peaks (1100 to 1700 cm-1) were compared for spectra acquired in the middle of the wear tracks produced with different loads; the number of cycles was 5000. A clear trend could be observed with the contribution of C peaks to the spectra decreasing when higher loads were applied (Fig. 7). The overlapping of WS2 and Cr oxide peaks in the 230 – 470 cm-1 region (see above) could influence as well the ratio IC/IWS2 and, thus, we cannot distinguish from Raman spectra whether chromium oxide was present in the tribolayer. However, its contribution should be limited, since the region of Raman spectra referred to above was almost identical when measured inside or outside of the wear track.
Further evidence of the tribolayer composition came from the Raman spectra of the debris attached to the wear tracks and ball wear scars. The material adhered on the balls could be divided into three groups based on its position in relation to the wear scar. Fig. 8 shows a ball cap after a sliding test indicating the positions of Raman measurements: a – very thin layer on the wear scar; b – debris attached to the front of the wear scar; and c – debris scattered on the sides of the wear scar. Raman spectra of balls scars produced with different loads usually displayed similar characteristics (with the occasional exception of the layer at the center, which was not always measurable). The spectra shown in Fig. 9 illustrate the differences between adhered debris in point (c), which is significantly richer in carbon, and point (b), which is richer in WS2.  Peaks corresponding to carbon were relatively weak in the spectra acquired at the center of the scar, point (a). A large peak at ~940 cm-1 was attributed to iron oxides originated from the ball material.

The wear tracks were rough with deep scratches sometimes reaching well below 50% of the functional layer (see Fig. 6). The wear rate of the coating was rather high (5.2∙10-6 mm3/Nm for 5 N, 5000-cycles test), but the ball wear rates were very low (0.04∙10-6mm3/Nm). 

3.3 Tribological properties – patterned samples


The tribological behaviour was significantly affected by the presence of the grooves on the surface. For tests carried out with a load of 5 N for 5000 cycles, the coefficient of friction of the polished sample was 0.11. The patterned samples C – F displayed overall higher friction, above 0.15, with the highest value of 0.20 observed for sample E, i.e. the sample with the highest density of grooves. However, the coefficient of friction measured for samples A and B (0.10 and 0.09, respectively) was slightly lower than that of the polished sample. Typical friction curves (examples shown in Fig. 6) showed that the friction coefficient during running-in was somewhat erratic, although it usually stabilized within 500 cycles.
Similar to polished samples, the average friction of samples A and B decreased with load, see Fig. 5. Fig. 10 shows the friction coefficient over one cycle during the running-in (sample A, load 1 N). Six transitions were separated in six regular intervals matching well the grooves on the sample. However, these transitions disappeared when the steady-state wear regime was reached and, then, the friction was stable.

On polished samples, we averaged the measurements of the wear track cross-section areas in different spots along the wear track to determine the wear rate as the worn volume per sliding distance per load. For the patterned samples, wear rates were not calculated since there were clear changes in the worn volume from one spot to another. 3D profilometry of the wear tracks after the sliding tests revealed that the grooves were completely filled up in the wear tracks. 


An interesting wear behavior could be observed in the vicinity of the grooves. In the following analysis the cross-section area is used to characterize the wear instead of the wear rate, since it allows direct comparisons between different sections or positions in the wear tracks. Using this approach, we could observe that the wear was significantly lower immediately after the grooves on sample A. The sudden drop was followed by a slower increase up to values comparable to those observed before the grooves (see Fig. 11). Moreover, the wear tracks after the grooves were much smoother and shallower.

Quantification of the wear track recovery, i.e. decrease of the wear track cross-section area after the grooves, was not straightforward since the cross section was not constant along the wear track even in the case of polished (non-patterned) samples. This was primarily due to the conditions of the tribological tests, such as sample position in respect to loaded arm with the ball. Moreover, the grooves are not identical due to the method used for their preparation. To minimize the effect of the wear track area fluctuations, Fig. 11 shows the wear track area for every single groove. It can be clearly seen that there was always a significant drop of the area immediately after the groove. Sample B with 6 equally-spaced grooves with different widths exhibited similar trend, see Fig. 12.
When the wear tests were performed on sample C, the angle between the sliding direction and the grooves periodically changed from 0 (parallel) to 90° (perpendicular). High average friction of 0.2 clearly demonstrates that the density of the grooves was too high to achieve a positive effect. The variation of the friction clearly depended on the ball position. For perpendicular sliding (i.e. the ball crossed the grooves at a right angle), the friction reached the maximum about 0.27, whereas a minimum value of 0.13 was observed for parallel sliding. Sample D, with an orthogonal matrix of grooves, exhibited friction > 0.25, which was independent of the ball position.

The wear of sample F increased rapidly when the ball entered the patterned region, see Fig. 13. It should be noted that the maximum wear occurs far from the first groove, i.e., it increases progressively within the patterned area until reaching maximum value. Then, it decreases smoothly during sliding the non-patterned zone.

For samples A and B, the Raman spectra obtained directly on the material accumulated in the grooves were almost identical with spectra obtained immediately before or after the grooves (always from the center of the wear track; see Fig. 4).
4. Discussion


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

The friction and wear observed on sample F indicates that the positive effect of sample patterns is limited to widely spaced grooves (samples A and B). When the grooves are too close, the low-friction tribolayer could not be formed when the ball passed between the grooves. As a consequence, both the material in sliding contact in the polished zone and the material trapped in the grooves were not identical to that of low friction layer observed in case of samples A and B (difference confirmed by Raman spectroscopy, see Fig. 4). Therefore, the friction in the non-patterned zones is higher and the grooves could not provide low-friction material. As a consequence, the average friction was very high. These assumptions are clearly in agreement with the results obtained with sample F, where a low-friction tribolayer could be progressively built when the sliding took place at flat (i.e. non-patterned) part of the substrate, and progressively destroyed in the patterned area (Fig. 13). Furthermore, all the other tested samples, C,D and E, where the grooves spacing is even lower, exhibited much higher friction and wear than polished samples.
Data presented in this paper suggest that there is an optimum distribution of patterns that decrease the average friction and wear. The rough shapes of the wear tracks and the cross-section variations made it difficult to design a precise wear model. When more experimental data are available, we should be able to predict optimum distribution and width of grooves to achieve minimum values of friction and wear.
Conclusion


W-S-C-Cr coating showed the ability to retain low friction and wear when the surface was covered by rough patterns simulating damage. During the sliding process the grooves were gradually filled up with material virtually identical with that of the tribolayer found on the wear track surface, and eventually started acting as reservoirs of tribomaterial. The effect of the patterning on the tribological behaviour depended on various factors, such as groove width, sliding test parameters (load, linear speed, etc), and particularly the distance between adjacent grooves. The accumulation of tribomaterial in the grooves and their subsequent role as a solid lubricant repository can occur only for certain distances between the grooves. Under optimum conditions, a significant decrease in coating wear rate together with a small decrease in friction was observed even in comparison to non-patterned samples. Based on our analysis, we found easy correlation between cross-section area representing the wear rate and sliding parameters.  
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Tables and Figures

Table 1 Chemical composition measured by EPMA.
Fig. 1 Prepared samples with different patterns.

Fig. 2 Tip of a groove (a) before and (b) after coating deposition (sample A).
Fig. 3 XPS acquired after surface etching – a0 W 4f region, b) Cr 2p region.
Fig. 4 Raman spectra acquired on a polished surface and inside the groove (as deposited film) and in the center of the wear tracks inside and outside of the grooves (samples A and B).

Fig. 5 Friction coefficient versus load, samples with and without grooves. Test duration was 5000 cycles. 
Fig. 6 Selected friction curves of non-patterned and patterned samples.

Fig. 7 IC/IWS2 ratio as a function of load.
Fig. 8 3D profile of the wear track produced under 5 N and optical image of correspondent ball wear cap (non-patterned sample).
Fig. 9 Raman spectra of the materials adhered to the steel ball in positions referred in Fig. 8, load 10 N, 5000 cycles.
Fig. 10 Friction coefficient over one cycle (sample A) during running-in stage.
Fig. 11 Cross sections immediately before and after grooves. Wear track produced under 5 N, 5000 cycles, 50 cm/s. In this wear track, the distance between each groove is 19.9 mm (sample A).
Fig. 12 Cross-section area of the wear track in the vicinity of the grooves (sample B).
Fig. 13 Cross-section area and IC/IWS2 ratio of the wear track as a function of position on the sample F, load 5 N, 5000 cycles.

References
[�] A.R. Lansdown, Molybdenum Disulfide Lubrication, Elsevier, 1999.


[�] Christophe Donnet, Ali Erdemir, Tribology of diamond-like carbon films: fundamentals and applications, Springer, 2008.


[�] T. Polcar, A. Cavaleiro, Review on self-lubricant transition metal dichalcogenide nanocomposite coatings alloyed with carbon. Surf. Coat. Technol. 206 (2011) 686-695.


[�] S. V. Prasad, N. T. McDevitt, J. S. Zabinski, Tribology of tungsten disulfide films in humid environments: The role of a tailored metal-matrix composite substrate. Wear 230 (1999) 24-34.


[�] J. Moser, F. Levy, F. Bussy, Composition and growth mode of MoSx sputtered films. J. Vac. Sci. Technol. A 12 (1994) 494.


[�] T. Polcar, M. Evaristo, M. Stueber, A. Cavaleiro, Surf. Coat. Technol. 202 (2008) 2418-2422.


[�] V. Fox, J. Hampshire, D. Teer, MoS2/metal composite coatings deposited by closed-field unbalanced magnetron sputtering: tribological properties and industrial uses. Surf. Coat. Technol. 112 (1999) 118-122.


[�] A. Nossa, A. Cavaleiro, Chemical and physical characterization of C(N)-doped W-S sputtered films. J. Mater. Res. 19 (2004) 2356.


[�] T. Polcar, F. Gustavsson, T. Thersleff, S. Jacobson, A. Cavaleiro, Complex frictional analysis of self-lubricant W-S-C/Cr coating. Faraday Discuss. 156 (2012) 383–401


[�] P. Andersson, J. Koskinen, S. Varjus, Y. Gerbig, H. Haefke, S. Georgiou, B. Zhmud, W. Buss, Microlubrication effect by laser-textured steel surfaces. Wear 262 (2007) 369-379.


[�] A. Blatter, M. Maillat, S.M. Pimenov, G.A. Shafeev, A.V. Simakin, E.N. Loubnin, Lubricated sliding performance of laser-patterned sapphire. Wear 232 (1999) 226–230.


[�] M. Wakuda, Y. Yamauchi, S. Kanzaki, Y. Yasuda, Effect of surface texturing on friction reduction between ceramic and steel materials under lubricated sliding contact. Wear 254 (2003) 356-363.


[�] X. Wang, K. Adachi, K. Otsuka, K. Kato, Optimization of the surface texture for silicon carbide sliding in water. Appl. Surf. Sci. 253 (2006) 1282-1286.


[�] A.A. Voevodin, J. Bultman, J.S. Zabinski, Investigation into three-dimensional laser processing of tribological coatings. Surf. Coat. Technol., 107 (1998) 12–19.


[�] A.A. Voevodin, J.S. Zabinski, Laser surface texturing for adaptive solid lubrication. Wear 261 (2006) 1285-1292.


[�] P. Basnyat, B. Luster, C. Muratore, A.A. Voevodin, R. Haasch, R. Zakeri, P. Kohli, S.M. Aouadi, Surface texturing for adaptive solid lubrication. Surf. Coat. Technol. 203 (2008) 73-79.


[�] J.H. Zimmerman, C.G. Guleryuz, J.E. Krzanowski, Fabrication and tribological properties of titanium nitride coatings incorporating solid lubricant microreservoirs. Surf. Coat. Technol. 202 (2008) 2023-2032.


[�] A. Moshkovith, V. Perfiliev, D. Gindin, N. Parkansky, R. Boxman, L. Rapoport, Surface texturing using pulsed air arc treatment. Wear 263 (2007) 1467-1469.


[�] C.D. Wagner, W.H. Riggs, C.E. David, J.F. Moulder, and G.E. Muilenberg in: Handbook of X-ray photoelectron spectroscopy, Perkin-Elmer Corporation, 1979.


[�] M. Oku, S. Suzuki, N. Ohtsu, T. Shishido, K. Wagatsuma, Comparison of intrinsic zero-energy loss and Shirley-type background corrected profiles of XPS spectra for quantitative surface analysis: Study of Cr, Mn and Fe oxides. Appl. Surf. Sci. 254 (2008) 5141-5148.


[�] M. Bouchard, D.C. Smith, C. Carabatos-Nédelec, An investigation of the feasibility of applying Raman microscopy for exploring stained glass. Spectrochim. Acta A 68 (2007) 1101–1113.


[�] J.E. Maslar, W.S. Hurst, W.J. Bowers Jr., J.H. Hendricks, M.I. Aquino, I. Levin, In situ Raman spectroscopic investigation of chromium surfaces under hydrothermal conditions. Appl. Surf. Sci. 180 (2001) 102-118.


[�] P.M. Sousa, A.J. Silvestre, N. Popovici and O. Conde, Morphological and structural characterization of CrO2/Cr2O3 films grown by laser-CVD. Appl. Surf. Sci. 247 (2005) 423-428.


[�] X. Hou, K.-L. Choy, Synthesis of Cr2O3-based nanocomposite coatings with incorporation of inorganic fullerene-like nanoparticles. Thin Solid Films 516 (2008) 8620-8624.


[�] J.V. Pimentel, T. Polcar, A. Cavaleiro, Structural, mechanical and tribological properties of Mo-S-C solid lubricant coating. Surf. Coat. Technol. 205 (2011) 3274-3279.


[�] J.V. Pimentel, T. Polcar, M. Evaristo, A. Cavaleiro, Examination of the tribolayer formation of a self-lubricant W-S-C sputtered coating. Tribol. Int. 47 (2012) 188-193.


[�] M. Evaristo, A. Nossa, A. Cavaleiro, W-S-C sputtered films: Influence of the carbon alloying method on the mechanical properties. Surf. Coat. Technol. 200 (2005) 1076-1079.


[�] T. Polcar, M. Evaristo, A. Cavaleiro, Friction of self-lubricating W-S-C sputtered coatings sliding under increasing load. Plasma Process. Polym. 4 (2007) S541-S546.


[�] T. Polcar, M. Evaristo, A. Cavaleiro, Self-lubricating W-S-C nanocomposite coatings. Plasma Process. Polym. 6 (2009) 417-424.





14

