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Abstract

:

Nanocrystalline PEO (plasma electrolytical oxidation) coatings were performed on Al 6082 and Mg AZ31 alloys, resulting in hard, dense and wear-resistant surfaces to increase the wear resistance of those alloys. To soften the wear influence on the counter body side and to reduce friction in a tribological application, the high-performance polymer PEEK (poly-ether-ether-ketone) was added to the load-supporting PEO surface by a laser melting technique to avoid heat influence on the lightweight substrate. The usage of additives in the PEEK dispersion led to stable conditions in the tribological system by decreasing the wear on the coated substrate as well as the counter body to a minimum accompanied by a low coefficient of friction during the whole life-time. The adopted hybrid coating systems were characterized using laser scanning microscopy (LSM), secondary and back scattered electron microscopy (SEM) and energy dispersive spectroscopy (EDS). A pin-on-disc test was employed to analyze the wear behavior of the different PEO and hybrid coatings and the influences of these surfaces on the coefficient of friction.
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1. Introduction


Lightweight metals have become increasingly important in different industries such as automotive or machinery, since their application leads to a reduced fuel consumption and, thus, less environmental damage [1,2,3,4,5,6]. Furthermore, components like bearings are less expensive when made out of aluminium. The increasing application of aluminium and magnesium and their alloys led to a rising interest in the scientific and technological community in terms of surface engineering, whereas corrosion protection and wear resistance are the main issues [7,8,9,10,11].



The plasma electrolytical oxidation (PEO) process is an advanced surface treatment, whereas the process is dominated by plasma discharges on the substrate’s surface due to the high electrical voltage applied in the electrolytical process [12]. The resulting coating represents a hard and dense ceramic surface on lightweight alloys [13] which is commonly known to increase wear performance [14] on Al [15,16,17] and Mg [18,19,20,21,22] alloys. Furthermore, the PEO coating shows high corrosion protection performance [23,24], accompanied by good thermal barrier properties [25] with a high adherence to the substrate due to atomic bonding. However, the process creates a porous outer layer, which leads to a relatively high coefficient of friction and acts as a top surface against different counter body materials, while offering an underlayer for e.g., solid lubricants and other coating materials [26,27,28,29]. Therefore, there have been rent efforts to take advantage of the strong support structure and high adherence to the substrate of the PEO coating and reduce the friction through a further top coating. Liang et al. deposited DLC (diamond-like carbon) coatings on polished PEO surfaces, which increased the tribological performance of the Mg AM60 alloy, where the PEO coating provides load support, while the DLC top coating leads a to low coefficient of friction [30]. A low coefficient of friction accompanied by fretting wear reduction was also reported for duplex coatings on Al alloys of PEO and chameleon coatings by Liu et al. [30], while Samir et al. [31] combined PEO on an Al alloy with TiN PVD (physical vapor deposition) top coating.



While polymer top coatings, based on PTFE (Poly-Tetra-Fluoro-Ethylene) or PEEK (Poly-Ether-Ether-Ketone), are known to act as solid lubricants and lead to friction reduction [32,33], to date there have been only few efforts to combine PEO surfaces with a polymer top coating: Srinivasan et al. combined PEO surfaces on Mg AZ31 alloy with a poly(etherimide) Ultem 1000® top coating to increase the corrosion resistance [29], whereas Martini et al. reported wear and friction improvement resulting from a hybrid solution of PEO and PTFE top coating on the Ti–6Al–4V alloy [34]. Recently, efforts were made to include PTFE in caverns of the PEO coatings by mixing PTFE particles into the electrolyte [35,36] to achieve self-lubricity. The high-performance polymer PEEK provides advanced mechanical properties, chemical resistance and a low coefficient of friction, accompanied by good wear behaviour [37,38,39,40,41,42]. Further reduction of friction can be achieved by the reinforcement of PEEK by additives such as solid lubricants [43,44,45]. A comparison of PEEK-based coatings to PTFE- and fluorocarbon-based coatings showed an increased lifetime and tribological advantages of the PEEK coatings [37].



Therefore, a hybrid of PEO and PEEK coatings is a promising candidate to overcome the challenges of using lightweight alloys in harsh tribological environments.



This study deals with such hybrid surface solutions on Al 6082 and Mg AZ31 alloys, whereas PEEK is applied by a laser-based sintering technique on the PEO surface. The laser-based sintering technique of the PEEK dispersions avoids hardness losses of Al or Mg substrates during the conventional PEEK coating process. While a combination of PEO and neat PEEK top coatings already leads to a high reduction of friction and wear under different tribological testing regimes, doping with additives of PEEK (dPEEK) is supposed to reduce the wear of the counter body.




2. Materials and Methods


As substrate materials cylinders of 6 mm height and 31 mm diameter were used. The initial surface roughness of both substrate materials was Ra = 0.5 µm (mean arithmetic roughness) and the Rz = 3.5 µm, achieved by precision tuning. The chemical composition of the Al 6082 and Mg AZ31 alloys was confirmed by X-ray fluorescence spectroscopy (XRF) measurements and can be found in Table 1.



PEO was performed by our inhouse Ultaceramic® process, which is described elsewhere [46]. The electrolyte for the Al alloy contains 4 g/L KOH, 10 g/L Si(OH)4 and 10 g/L Na4P2O7, while that for the Mg alloy contains 4 g/L NaOH, 15 g/L Na2SiO3 and 15 g/L Na4P2O.



The PEEK dispersions used were water-based and were produced in-house using a previously process [46]. Using a coating knife, the dispersions were applied to a wet coating thickness of 60 µm. After a drying period, the PEEK particles were sintered by a laser melting technique, whereas laser radiation was applied in a meandering scanning path [47,48]. For the neat PEEK dispersion, the solids contain is 35 wt%, whereas the concentration of the additive is 0.5 wt% for the doped PEEK dispersion. The resulting thickness of the PEEK coatings on the PEO surfaces can be found in Figure 1c.



To examine the tribological behavior a pin-on-disc tribometer from Anton Paar, Graz, Austria (TRB MZKO) was used. A 100Cr6 ball with a diameter of 6 mm acted as a counter body and the tribometer was operated in the oscillating mode, using two different modes to work out the difference between the fast and slow sliding speeds under different loads. The parameter sets are listed in Table 2.



During the sliding tests, the friction force was measured and, thereby, the coefficient of friction was determined. All the tests were conducted at room temperature. The worn volume (V) of both, coating and ball, was measured after the end of the sliding tests from the topographical view of the LSM (laser-scanning microscopy) records. This worn volume value was used to calculate the specific wear coefficient for both, the coating and the ball, using


   K n  =  V   F N  · l    



(1)




where Kn is the wear coefficient, FN the applied normal force and l is the overall testing distance.



For macro images of the samples a digital Keyence; Osaka, Japan, VHX 900F microscope was used, while the morphology of the coatings, the tribological traces and the cross sections were examined using a SEM (secondary electron microscope) (FlexSEM1000, Hitachi, Tokyo, Japan), equipped with an EDS (electron dispersive spectroscopy) detector, with Aztec 4.2 software. For topographical analysis of the wear traces on the coated surfaces as well as on the counter body 100Cr6-balls a laser scanning microscope (LSM, type: Keyence VK-X100 series) and the software VK analysis module, Keyence, Osaka, Japan, were used, whereas the 3D surface analysis was supported by Hitachi 3D Map software. Nano-hardness measurements were performed at the metallographic cross sections of the samples using an instrumented universal hardness tester (Helmut Fischer, Sindelfingen, Germany, HM2000) operated with a Vickers pyramid. All data presented are the mean values of ten measurements.




3. Results and Discussion


3.1. Morphology and Composition


Figure 2 represents the SEM and 3D depiction of the PEO surfaces on both alloys accompanied by a chemical phase analysis from the EDS results. It becomes obvious that the Mg PEO surface shows a more homogeneous and finer structure than the Al PEO surface, which is proven by the roughness values given in Figure 1a.



While the maximum valley depth (Rv) values are comparable, the maximum peak height (Rp) value for the Al PEO is remarkably higher, resulting in a higher value for Ra. The chemical analysis gives rise to the assumption that the high and solid peaks on the Al PEO surface consist mainly of ceramic Al2O3 phases, while the valleys show a finer structure with a higher concentration of electrolyte components (K, Si). The cross section exhibits a dense layer (green in the phase diagram) of mainly Al2O3 with only 1.6 wt% of Si and 0.4 wt% of K, while the porous outer layer (red in the phase diagram) contains 12 wt% Si and 2 wt% K.



The elemental contribution on the Mg PEO surface appears more homogeneous, ceramic MgO results in a softer surface with a superfine microstructure, whereas the electrolyte components are distributed homogenously and in lower amounts. The outer layer, depicted in red in the cross-sectional phase diagram, contains only 3.2 wt% of Si and 2.4 wt% of P.



The coating thicknesses achieved, depicted in Figure 1c, are measured in the metallographic cross section. Here, the Mg PEO coating is comparably thin. The hardness, which was measured with a force of 200 mN in the case of the PEO coatings, decreases from 1389 HV for Al PEO to 518 HV for the Mg PEO coating, which is due to the lower hardness of the MgO-phases in comparison to the Al2O3 phases.



The hybrid coatings on Al and Mg PEO show pores which exhibit the PEO surface (see Figure 3, left). The lowest porosity was achieved for the neat PEEK layer on the Al alloy (values in Figure 1b). Due to these pores the resulting Ra and Rv values of the hybrid coatings are somewhat higher than those of the underlying PEO surfaces, while the Rp values decrease for the hybrid surfaces. The additives, which can be seen as white spots in the SEM figures in Figure 3e,k, are sticking outwards the polymer surface for around 50 nm.



The hardness of the PEEK top coatings (see Figure 1c), measured with 5 mN, is around 73 HV for both hybrid coatings on the Al PEO surface. Here, the doping with additives seems to have no influence on the hardness in contradiction to Hou et al. [44], who reports a correlation between the content of fillers and the nano hardness of the unfilled and filled PEEK composite. In the case of the hybrid coatings on the Mg substrate, there are very low hardness values for the PEEK top layer (40 and 28 HV), while these coatings show higher porosity. While Al on its own is a better thermal conductor than Mg, the thicker and denser PEO coating on the Al alloy may act as a better thermal barrier, which leads to a long-lasting thermal effect during the laser coating process. Therefore, the temperature on the surface remains high for a longer time, leading to higher crystallinity and, thus, a higher hardness in the PEEK top layer, while the melted PEEK has a longer time to flow during the coating process, which results in the lower porosity on Al PEO.



The cross sections of the hybrid coatings, shown in the right of Figure 3, show the good adherence of the PEEK layers to the PEO surfaces. The hybrid coating system creates an interface between PEO and PEEK, which is dominated by a diffusion of PEEK in the superficial caverns of the PEO surface. Furthermore, the PEEK layers on the Mg samples show an uneven surface, which is due to the low hardness, resulting in flow during the cross section grinding and preparation.




3.2. Wear and Friction Behaviour


3.2.1. Wear of PEO Surfaces


The macroscopic pictures of the traces resulting after the sliding tests of the PEO surfaces are shown in Figure 4e,f. In the case of the pure PEO surface on both, the Al and Mg alloy, there appears to be a dark trace under both sliding conditions, which indicates an iron oxide layer as a result of abrasion from the 100Cr6 ball. In the case of the Mg PEO surface, the traces appear darker, indicating somewhat different wear behavior.



Figure 4a,b show the LSM recordings of the resulting traces and the corresponding ball appearance after the slow sliding tests, while Figure 4g,h represent the pictures of the fast sliding regime. The slow testing regime leads, on both, Al and Mg PEO surfaces, to a ridge-like boundary of the sliding trace containing the worn particles of the ball, which shows deep abrasive grooves. The wear of the ball increases with the load, whereas the coating shows somewhat more prominent marks in the fast sliding regime.



Figure 5 shows the summarized results of the Kn values and average COF (coefficient of friction) for all tested samples. It is obvious that the wear coefficient of the ball (blue line) is almost the same for both PEO surfaces under both testing conditions. The different alloys and testing regimes have more influence on the coating’s wear coefficient (green line): The PEO on Mg shows somewhat lower wear than the Al PEO under both testing conditions, while the fast testing condition leads to lowering wear on both substrate alloys.



By comparing the SEM and EDS results of the PEO surfaces after the slow testing regime in Figure 6, it becomes clear, that this condition leads to an increased oxide layer and broader areas of iron oxides on the Al PEO surface. Taking into account the roughness values (Figure 1a) and the morphology of the PEO coatings (Figure 2), one can conclude, that the smoother and softer surface of the Mg PEO leads to more even wear effects, while the harder and rougher Al PEO surface acts like a rasp on the ball. EDS results indicate, that after the sliding tests Al2O3-phases appear as higher islands, which are smoothed within the sliding process, and a thin iron oxide layer (around 1 µm) forms on the plateaus (see results in Figure 6). The wear tracks are mainly abrasive grinding tracks of the steel ball, as was observed by Qi et al. [14]. Interpreting the resulting roughness values after the sliding traces in Figure 1a, the roughness peaks of the coating decrease, while the value of the valley depth stays constant. In the case of Mg PEO, the slow sliding trace shows indentations and cracks within the coating being evidence of the weakness of the substrate, which buckles due to the load. While in the middle of the sliding trace there seems to be a lower amount of iron for the Mg PEO than for the Al PEO surface, the dead point shows huge iron containing flakes for Mg PEO, being evidence of high wear of the ball and a high static friction. Therefore, the coefficient of friction is higher under the slow testing regime for the Mg PEO surface and appears almost stable during the whole testing time, while the Al PEO coating shows a running-in with a low COF (compare Figure 4c,d). Thus, in that case the peaks of the coating are smoothening in the first 7 m; afterwards, the wear of the steel ball dominates. Similar effects were reported by Qi et al. [14], who supposed, that in a wear application, the microstructure like volcanoes peaks of Al2O3 first made contact with the grinding ball, and then peeled off under shear stress. The main failure mode of the coatings were abrasive wear and spalling failure for Al PEO.



Under the fast testing regime, Al PEO shows a high variation in the COF after the running-in phase (Figure 4i). The SEM and EDS analyses (shown in Figure 7a,b) indicate fine abrasive particles of iron and a fissured PEO surface. Therefore, it can be concluded, that there are rearranging processes during the whole testing time. Toulabifard et al. supposed the particles spalling from the surface and debris accumulation at the scar edge intensify the wear damage and lead to the increase in COF [17]. The dead point area exhibits a low amount of Fe flakes, which is in accordance with the lower COF at the dead points (Figure 4i). The wear of the ball is higher than that for the Mg PEO surface under the fast testing regime, whereas the Mg PEO sliding trace exhibits smeared oriented flakes of the iron oxide (Figure 7d,f). Due to the softer surface of MgO the adhesive effect dominates in this system, leading to a smoother development of the friction coefficient, which stabilizes after a running-in phase around 0.7. Furthermore, the wear of the Mg PEO surface is much lower, indicating almost no wear on the coating side. Therefore, it is evidence of the advantage of the low roughness and hardness of the Mg PEO surface, which leads to improved sliding behavior and a low wear rate, in contradiction to other studies [25,49], which report a failure of the PEO coating on Mg alloys at increased loads above 5 N. At the dead point broad Fe scalls can be found (Figure 7e), which might have formed during the running-in phase (Figure 4j), whereas the friction at the dead points is notably higher than in the stroke region. As indicated in Figure 7e,f, some cracks in the PEO surface are signs of the substrate weakness under 10 N normal force, since the thin PEO coating of around 10 µm does not provide enough influence volume for the high load.




3.2.2. Wear of Hybrid Surfaces


The tribological results of the PEO + PEEK hybrid coatings on both alloys after the two sliding test conditions are shown in Figure 8. Looking at the friction results, it becomes obvious, that in all cases the hybrid surfaces lead to a decrease in the friction in comparison to the naked PEO surface. Therefore, the PEEK top coating acts as a solid lubricant in this system. Especially, in the case of the slow sliding regime on the Al PEO + PEEK surface, the sliding curve exhibits smooth and stable behavior after a certain running-in distance. In the case of Mg PEO + PEEK there are some break-ins in the COF curve, indicating a slip-stick behavior in this tribological system under those testing parameters. This might be due to the higher number of pores in the Mg PEO + PEEK, as well as the deeper valleys in this coating (see Figure 1). Furthermore, the lower hardness of the PEEK top layer on the Mg alloy may lead to a higher adhesive wear behavior. In both cases (Al and Mg PEO + PEEK coatings) the dead points (Figure 9a,b) are governed by grooves, which are due to microcutting effects in the regions of highest wear. Additionally, adhered material can be found. At the middle of the trace, where the velocity t is on its highest, the grooves are less dominant. Here, viscous flow and material transfer might be the dominating wear mechanisms, as reported by Zhang and Schlarb for PEEK surfaces for a pressure of 4 MPa [50]. The trace of Al PEO + PEEK under the slow sliding regime exhibits a thin layer of Fe, as marked in Figure 9a. Furthermore, the amount of iron measured by EDS at the dead points is much higher than that for the Mg PEO + PEEK surface, which is in agreement with the determined lower wear coefficient for the ball (see values in Figure 4a). The middle of the trace of Mg PEO + PEEK does not exhibit any iron content but pulled-out PEEK fragments and ripple-like structures perpendicular to the sliding direction, which are also witnesses of the slip-stick effect [51].



Under both testing regimes the Mg PEO + PEEK coating leads to higher wear on the coating side than the corresponding coatings on the Al alloy, while in the fast testing regime the Mg PEO + PEEK coating exhibits a worn-through PEEK top layer, which is visible in Figure 9d and is the reason for the increased COF in that experiment at around 700 m sliding distance (see Figure 8j). Since the friction remains low after this, the PEEK still acts like a solid lubricant, stored in the cavities of the PEO surface, whereas the wear of the ball remains the same as for the intact Al PEO + PEEK coating (see Figure 5). Thus, the higher wear of the coating has no negative effect on the counter body. The dominating wear appearance of the neat PEEK hybrid coatings under the fast testing conditions is third-body-abrasion, which is due to the abrasive particles of the counter body ball acting in the tribo-contact and leading to grooves parallel to the sliding direction in the middle of the sliding trace (see Figure 9c,d). Both tested systems show a smoothening of the surface peeks accompanied by a filling of the valleys (see Figure 1a), so that a smooth PEEK surface results within the sliding tests. Since PEEK has a low resistance to plastic deformation [52], the surface shows typical grooves in the sliding direction in the middle of the sliding trace, accompanied by smearing effects and ploughing, which are typical for PEEK wear behavior [43,51].



The dead point of the fast sliding test on Al PEO + PEEK exhibits a thick layer of iron, while for the Mg PEO + PEEK surface besides iron debris, debris of the exhibited PEO surface can be found (Figure 9c,d). Due to the high pressure of 10 N and a zero velocity at the dead points, the counter body sinks in the PEEK top layer, while the adhesive forces are strong by the acceleration leading to high adhesive wear on the ball. This effect might be increased by the softer Mg PEO + PEEK surface. Furthermore, the PEO interface might have more influence on the sliding behavior, which is reflected in the friction force: The development exhibits some irregularities. The wear of the 100Cr6 ball appears as a circle-like grinded area, while the wear coefficient is unrepentant from the substrate material.



Thus, the PEEK top layers have thicknesses of 12–20 µm, they do not show a worn-through exempt Mg PEO + PEEK under the fast testing regime, as was reported for PEEK coatings on steel by Hou et al. [44], while the COF is comparable for the reported pure PEEK coating against steel [39,40,44,46,52]. The influence of the sliding speed and load on the coefficient of friction reported by Laux et al. [53] could not be found for the coatings, studied here, since the average friction is mostly stable under both testing regimes for the two substrate materials.



The positive influence of doping with additives of the dPEEK dispersion can be observed in Figure 10: Under the slow testing regime, the development of the friction is very stable and low for both substrate materials, the slip-stick behavior, which was found for the naked PEEK top layer, is repressed. The main wear effect is a formation of a desirable tribo-film on the 100Cr6 ball, whereas the wear of the coating is extremely low.



As can be seen in the SEM images of the worn surfaces in Figure 11, the slow sliding regime produced small amounts of Fe debris on the hybrid surfaces doped by additives. No Fe layer was formed, as it was the case for the pure PEEK top layers, shown in Figure 9. For the dPEEK top layers, small iron particles were surrounded by additive particles in the middle of the trace. On both substrate materials ripple-like structures perpendicular to the sliding direction were found, indicating an adhesive force leading to tangential deformation [52]. At the dead points some iron particles were found in such slipping depressions. The viscoelastic ploughing effect leads to material removal [43], which was observed for the native PEEK top layers as a main wear mechanism, but did not take place in the dPEEK top layers in the slow testing regime.



Figure 12 shows the cross-sections in the middle of the sliding traces. No iron was found on the surface for the slow testing regime of the Al PEO + dPEEK surface (see Figure 12a); the dPEEK coating thickness remained between 14–17 µm, also indicating the low wear of the coating, as determined in Figure 4. A crack in the porous outer layer of the Al PEO surface appeared, indicating high stress due to the low sliding velocity. In the case of Mg PEO + dPEEK the dPEEK thickness in the slow sliding trace remained still 14–16 µm, indicating almost no wear of the top layer under those testing parameters. The interface between PEEK and PEO did not show any peculiarities. The softer PEEK top layer and the lower roughness of the Mg PEO had a positive influence on the wear behavior in this system.



Under the fast testing regime an improvement in the friction behavior can also be observed for the dPEEK systems. The PEO + dPEEK on the Al substrate shows almost no slip-stick behavior, as it was the case for the native PEEK top layer (see Figure 10i). Here, the additives acted like imbedded load dumpers. The SEM observations indicated a thin iron layer in the middle of the trace (see Figure 11c), which was also visible in the cross section in Figure 12b. The iron particles were embedded in the dPEEK top layer, while the remaining thickness of the dPEEK was around 6.5–8 µm. For the doped hybrid surface on the Mg substrate no iron particles were detected in the cross section, the remaining dPEEK thickness was around 6–7 µm (Figure 12d); as it was the case for Mg PEO + PEEK system a wearing-through, did not occur here. The surface SEM observation showed an ultrafine distribution of additives and a very thin iron layer in the depressions at the dead points of the fast sliding trace (see Figure 11d). The middle of that trace exhibited a very low amount of iron, a coarser ripple-like structure and almost no grooves parallel to the sliding direction.



The resulting roughness values after the fast sliding regime on the Mg PEO + dPEEK surface showed an increase in the peak’s height, as shown in Figure 12a. This can be confirmed by the cross-sectional view in Figure 12d and is due to the adhesive behavior and the formation of the ripple-like structure mentioned before.



One can conclude that the particles reduce the coating deformation during the sliding tests and reduce the true contact area, as was suggested by Hou et al. [44] when incorporating inorganic fullerene-like nanoparticles in PEEK coatings, in contradiction to this publication, though, the higher hardness of the coating did not lead to a lower wear in our experiments.






4. Conclusions


In the present study, novel hybrid coatings for lightweight alloys with high wear resistance and by low friction were introduced and examined. Pure and dense PEO coatings on lightweight alloys represent a wear-resistant surface solution, but induce high abrasive wear on the counter body under different tribological testing regimes, accompanied by a high coefficient of friction. PEEK has been applied as a top coating on PEO surfaces in a novel laser-guided process, leading to hybrid surfaces, whereas PEEK acts as a solid lubricant, reducing friction and wear on the counter body side. The tribological effects of those hybrid surfaces were studied and interpreted by taking into account the mechanical, morphological and topographical issues of the surfaces.



The following conclusions can be drawn:




	
While the PEO surface acts as a hard and dense shell for the lightweight alloy, the hybrid solution in combination with doped PEEK coating leads to low friction and improved wear behavior.



	
Lower stiffness of the PEEK on the Mg alloy results in elastic deformation and, thus, a higher absorbance of impact energy, leading to most remarkable positive wear and friction influences on the hybrid surface of the Mg alloy.



	
After a wear down of the PEEK top coating the stored PEEK in the caverns of the PEO surface is still acting as a solid lubricant keeping the coefficient of friction low.



	
The doped PEEK hybrid coating leads to an improved wear behavior of the surface, whereas the additives act like dumpers.



	
By introducing additives into the PEEK dispersion, the wear mechanism is changed from ploughing and third-body abrasion to adhesive deformation and transfer film forming accompanied by almost no wear of both, coating and counter body side.



	
The wear on the counter body side can be reduced by three orders of magnitude by the doped hybrid surface solutions.



	
Thus, doped hybrid coatings are attractive solutions for aggressive sliding conditions.








Therefore, the applicability of lightweight alloys can be increased by such hybrid surfaces.
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Figure 1. (a) Roughness values for all observed surfaces before and after the sliding tests; (b) porosity of the hybrid coatings, (c) coating thicknesses of all systems with the hardness values for the corresponding top layers. 
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Figure 2. SEM, 3D and energy dispersive spectroscopy (EDS) results of the plasma electrolytical oxidation (PEO) surfaces on (a) Al 6082 and (b) Mg AZ31. 






Figure 2. SEM, 3D and energy dispersive spectroscopy (EDS) results of the plasma electrolytical oxidation (PEO) surfaces on (a) Al 6082 and (b) Mg AZ31.



[image: Lubricants 08 00065 g002]







[image: Lubricants 08 00065 g003 550] 





Figure 3. Morphology of the hybrid coatings: (a–c) Al PEO + PEEK; (d–f) Al PEO + dPEEK; (g–i) Mg PEO + PEEK; (j–l) Mg PEO + dPEEK; left: 3D overview of the surfaces; middle: SEM zoomed in on the surfaces; right: cross-sectional view. 






Figure 3. Morphology of the hybrid coatings: (a–c) Al PEO + PEEK; (d–f) Al PEO + dPEEK; (g–i) Mg PEO + PEEK; (j–l) Mg PEO + dPEEK; left: 3D overview of the surfaces; middle: SEM zoomed in on the surfaces; right: cross-sectional view.



[image: Lubricants 08 00065 g003]







[image: Lubricants 08 00065 g004 550] 





Figure 4. Wear and friction results of the PEO surfaces: (a,b) show the wear trace and the corresponding ball surfaces of Al and Mg PEO surfaces after the slow testing regime, respectively. (c,d) show the corresponding coefficient of friction of the slow regime in the upper part. The lower part shows selected positions within that curve. (e,f) show the macroscopic view of the sliding traces on the samples. (g,h) show the wear trace and the corresponding ball surfaces of Al and Mg PEO surfaces after the fast testing regime, respectively. (i,j) show the corresponding coefficient of friction of the slow regime in the upper part. The lower part shows selected positions within that curve. 
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Figure 5. Summarized results of the sliding test in terms of coefficients of friction (bars) and wear coefficients of the coating (green) and the ball (blue): (a) slow testing regime, (b) fast testing regime. 
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Figure 6. PEO surfaces after the slow sliding test regime: (a) SEM, 3D and EDS phase analysis of Al PEO surface; dead point of Al PEO surface; cross section of Al PEO in the middle of the sliding trace (b) SEM, 3D and EDS phase analysis of Mg PEO surface; dead point of Mg PEO surface; cross section of Mg PEO in the middle of the sliding trace. 
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Figure 7. SEM results for the ‘fast’ tested PEO surfaces: (a,b) Al PEO trace and dead point, (c) cross section of Al PEO with EDS distribution of Fe; (d,e) Mg PEO trace and dead point; (f) cross section of Mg PEO with EDS distribution of Fe. 
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Figure 8. Wear and friction results of the hybrid PEO + PEEK surfaces: (a,b) the wear trace and the corresponding ball surfaces of Al and Mg PEO + PEEK surfaces after the slow testing regime, respectively; (c,d) the corresponding coefficient of friction of the slow regime in the upper part. The lower part shows selected positions within that curve; (e,f) the macroscopic view of the sliding traces on the samples; (g,h) the wear trace and the corresponding ball surfaces of Al and Mg PEO + PEEK surfaces after the fast testing regime, respectively; (i,j) the corresponding coefficient of friction of the slow regime in the upper part. The lower part shows selected positions within that curve. 
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Figure 9. SEM observations of the resulting worn hybrid PEO + PEEK surfaces: (a) Al PEO+PEEK surface after the slow sliding regime, trace and dead point; (b) Mg PEO+PEEK surface after the slow sliding regime, trace and dead point; (c) Al PEO+PEEK surface after the fast sliding regime, trace and dead point; (d) Mg PEO+PEEK surface after the fast sliding regime, trace and dead point. 
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Figure 10. Wear and friction results of the hybrid PEO + dPEEK surfaces: (a,b) the wear trace and the corresponding ball surfaces of Al and Mg PEO + dPEEK surfaces after the slow testing regime, respectively; (c,d) the corresponding coefficient of friction of the slow regime in the upper part. The lower part shows selected positions within that curve; (e,f) the macroscopic view of the sliding traces on the samples; (g,h) the wear trace and the corresponding ball surfaces of Al and Mg PEO + dPEEK surfaces after the fast testing regime, respectively; (i,j) the corresponding coefficient of friction of the slow regime in the upper part. The lower part shows selected positions within that curve. 
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Figure 11. SEM observations of the resulting worn PEO + dPEEK hybrid surfaces doped by additives: (a) Al PEO+dPEEK surface after the slow sliding regime, trace and dead point; (b) Mg PEO+dPEEK surface after the slow sliding regime, trace and dead point; (c) Al PEO+dPEEK surface after the fast sliding regime, trace and dead point; (d) Mg PEO+dPEEK surface after the fast sliding regime, trace and dead point. 
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Figure 12. Cross-sections of the doped hybrid surfaces after the sliding tests: (a) Al PEO + dPEEK after slow testing regime; (b) Al PEO + dPEEK after fast testing regime; (c) Mg PEO + dPEEK after slow testing regime; (d) Mg PEO + dPEEK after fast testing regime. 
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Table 1. Chemical composition of the substrate materials.
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	Element in wt%
	Al
	Mg
	Si
	Fe
	Cu
	Mn
	Zn
	Ti





	Al AW6082
	balance
	0.6–1.2
	0.7–1.3
	0.5
	0.1
	0.4–1.0
	0.2
	0.1



	Mg AZ31
	2.5–3.5
	balance
	0–0.1
	-
	0–0.5
	0.2–1.0
	0.6–1.4
	-
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Table 2. Testing parameters for the pin-on-disc modes ‘slow’ and ‘fast’.
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	Parameters
	Slow
	Fast





	f/Hz
	0.6
	1.4



	vmax/cm/s
	0.64
	29.7



	FN/N
	4
	10



	path length/mm
	3
	40



	l total distance/m
	80
	1000











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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