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Abstract

:

Molybdenum nitride layers were deposited onto the substrates of high-speed steel using high-power impulse magnetron sputtering. To control the tribological properties of these wear-resistant surfaces, a sophisticated pretreatment of the substrates was performed. Both the topography and the composition of the surfaces were modified on a length scale of a few micrometers before the deposition of MoN. For that purpose, a microembossing technique was applied that used specifically prepared diamond stamps. Compositional variations are realized by an additional deposition of silver. Modifying the properties of the wear-resistant surface via this substrate engineering method allowed a significant reduction in the coefficient of friction, a change of the dominant wear process and a possible lifetime increase. Changing the surface topography led to a reduction of friction and, therefore, to reduced mechanical work supplied to the surface. Occurring wear was reduced accordingly. The introduction of silver further reduced the mechanical energy that was available for the abrasion process and led to an additional increase in the lifetime of the surface. It was concluded that not only the wear volume, but also the relevant wear mechanisms could be influenced via a substrate modification.
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1. Introduction


Wear-resistant coatings of transition metal nitrides or carbides are ubiquitous in all types of mechanical systems containing surfaces that are in contact under relative motion. In particular, molybdenum nitride has become interesting because of its high performance under extreme conditions (severe deformation under a large load, dry sliding and high temperatures) and its outstanding hardness [1,2,3]. In addition, it has been found that the introduction of surface structures on a micron scale can be a valuable tool to decrease both friction and wear under dry sliding conditions [4,5,6,7,8,9]. Very low coefficients of friction (COFs) are found when combining adequate microstructures with liquid [10] or solid lubricants [11,12,13,14]. From carbide coatings, it has been revealed that laser sintering can also lead to wear-resistant surfaces exhibiting extreme lifetimes [15]. Due to the significant wear resistance of nitride and carbide surfaces, it has been established that it is highly desirable to avoid direct patterning of the material. A sophisticated possibility has been given by the application of so-called “smart substrates”. Using substrates that are thoroughly structured before the deposition of wear-resistant material surfaces, improved properties can be generated [5,6,16].




2. Preparation


In this work we used MoN films that were grown on two series of substrates composed of high-speed steel with a high percentage of chromium and molybdenum (AISI M2; DIN 1.3343). The material was selected for its toughness, high compressive strength and especially its high wear resistance. We used substrates with a modified surface topography that were prepared by a mechanical microembossing process. A second series of substrates was prepared by filling the imprinted voids with a second material; in our case, silver. Silver modified the mechanical properties of the substrate and could, when reacting with the molybdenum nitride film, lead to the formation of lubricant silver molybdates [17]. All of these “smart substrates” were subsequently coated with thin MoN films.



The deposition of MoN was performed using high-power impulse magnetron sputtering (HiPIMS) [18,19,20,21,22,23,24] as it was first published by Kouznetsov et al. [25]. A 3″ sputtering cathode with an Mo-target (purity 99.95 at.%) was operated in a reactive mode. The following process parameters were chosen, as used by Kommer et al. [6]: HiPIMS-pulse pattern: ton = 14 μs, T = 2000 μs, p(N2) = 0.4 Pa and p(Ar + N2) = 0.8 Pa. The peak current density was measured to be i(Peak) = 1.95 A/cm2, resulting in a peak power density of 1.6 kW/cm2 at a target voltage of 840 V. The average target power was 300 W. The substrates were externally biased with U(DC) = −50 V. The coating thickness was about 2 μm as measured by tactile profilometry on a coating step gained by covering a part of the substrate with a razorblade segment. The adhesion of the films was determined to be class HF 2 (very good) by using the Daimler Benz Rockwell C adhesion test (VDI 3198). The indentation hardness was HIT (0.003/10/10/10) = 23 ± 1 GPa (Fischerscope H100 xy p, Helmut Fischer GmbH, Sindelfingen, Germany). This resulted in a film composed of a nanocrystalline γ-Mo2N/δ-MoN phase mixture [6]. The pretreatment of the substrates basically used two particular steps. First, microstructuring was performed using mechanical stamps, similar to the method of Pettersson et al. [26]. The surface of the stamp consisted of microdiamonds with diameters of 10 or 25 µm. These diamonds were partially embedded into a nickel matrix that was deposited onto a body of tungsten carbide (WC). This was achieved by electrochemical dispersion coating. The thickness of the nickel film was typically chosen to be 50% of the size of the respective diamonds. The other half of the diamonds was elevated from the nickel surface and could be used for mechanical embossing. As the tungsten carbide surface at the back of the diamonds exhibited significant hardness, we observed a penetration of the diamonds into the steel substrate.



The preparation of the silver islands was undertaken in three steps. First, a thin titanium layer was deposited by DC sputtering onto the embossed surface to guarantee sufficient adhesion. Subsequently, a 5 µm-thick silver layer was deposited on top. Finally, the silver layer was removed by mechanical polishing whereas the silver inside the voids remained. It was not possible to prepare the MoN films with reasonable properties on a closed silver layer. In this case, insufficient adhesion would lead to non-beneficial results.




3. Results


All coated surfaces were mechanically analyzed using oscillation tribometry under dry conditions. During the measurements, the coefficient of friction was determined. The resulting wear tracks were imaged by white-light interferometry. The volume and surface of the wear tracks were analyzed, finally allowing the identification of the individual wear mechanisms. All displayed results were examples from the measurement series that were collected from various MoN films from about 80 individual experiments. The majority of them performed with films on engineered substrates.



Figure 1 depicts the surface of four characteristic substrates that were used in this work.



The panels in the left column of Figure 1 show the MoN films on embossed surfaces using 10 µm diamonds (top left, red) and 25 µm diamonds (top right, blue). The right column depicts the MoN films on equivalently embossed surfaces where the imprints were filled with silver (bottom left, green and bottom right, yellow). All images show the surfaces after a subsequent deposition of a 2.2 µm-thick MoN layer. A comparison with the corresponding surface before the MoN deposition (inset, top left) shows that the used HiPIMS process basically conserved the topography of the substrate.



For comparison, a MoN film was deposited onto a polished substrate. The substrate and film exhibited a roughness in the order of Ra = 0.013 µm. The surfaces that were prepared by the microembossing process exhibited stochastically distributed imprints with average diameters of 9.7 µm and a depth in the range of 1.3 µm in the case of the 10 µm diamonds and average diameters of 16.4 µm and a depth in the range of 5.0 µm in the case of the 25 µm diamonds, respectively. The surface of the silver-filled imprints was nearly smooth; however, remains of the imprinted structures could be detected. In particular, this was found in the 25 µm structures where the final polishing step removed an amount of silver from the imprints. The typical depth of the remaining structures was up to 0.2 µm.



The tribological properties of these surfaces were analyzed by oscillation tribometry using an Optimol®SRV3 (Optimol Prüfsysteme GmbH, Munich, Germany).



We used a 100Cr6 counterbody (62 HRC) under dry conditions. This set-up was chosen because of its relevance for such applications and to warrant a comparability with previous results [5,6]. The counterbody had a spherical shape with a diameter of d = 10 mm and the used normal force was FN = 50 N.



We chose this extraordinarily large load to realize severe damage to the highly wear-resistant MoN surface. Furthermore, an oscillation frequency of 2 Hz was used with an amplitude of 0.5 mm, leading to a maximal relative velocity in the experiment of vmax = 6.3 mm/s.



Figure 2 shows exemplary measurements of the coefficient of friction (COF) extracted from the oscillation tribometry. The diagram displays the COF during a measurement period of t = 15 min. The colors refer to the images of Figure 1; the polished surface that acted as the reference is depicted in grey.



In all curves, COF values between 0.6 and 0.9 were found. After a running-in period of a few minutes, we observed quite constant COFs for all surfaces. The MoN film on a pristine surface (grey) exhibited the largest COF of about µ = 0.88. Statistics on a series of similar surfaces led to a confidence interval of µ = 0.87 ± 0.02. For the embossed substrates, a significantly smaller µ ≈ 0.65–0.7 was found, which was a reduction of more than 20% [5]. Considering the surfaces of the silver-containing substrates, values were found that were in-between. As mentioned above, the surface was not completely flat in these cases, leading to a reduction in the COF as well. For the silver-filled 25 µm structures, the effect was more pronounced due to the larger volume of the voids created in the polishing step. The exemplary curves in Figure 2 show that the introduction of the engineered substrates with the subsequent deposition was a practicable way to directly influence the occurring friction forces.



To correlate the wear created during the mechanical load with the observed friction curves, we performed detailed investigations of the corresponding wear tracks. Figure 3 depicts the cross-sections of the wear tracks that were generated during the tribometry process. In all cases, a measurement period of 60 min was chosen to reduce the influence of the variations that occurred during the initial part of the wear process.



After this intense mechanical treatment, the surfaces were analyzed by white-light interferometry and a cross-sectional profile was extracted perpendicular to the track. The presented profiles were horizontally averaged over 800 µm.



The graph in Figure 3 displays the results obtained from the microembossed surfaces; an untreated reference is shown in grey. We observed wear tracks with a width of about 450 µm and a maximum depth of up to 1.7 µm. As the thickness of the MoN films was 2.2 ± 0.1 µm, we could rule out the possibility that the wear process reached the substrate material in all considered cases.



It is important to note that there was a sharp edge of the wear track toward the unmodified surface beneath. We did not find any substantial modifications outside the wear track.



Figure 3 clearly shows that the depth of the wear track—and, therefore, the wear volume—was significantly reduced when embossed substrates were used. The comparison of the cross-sections provided a reduction in the wear volume for the 25 µm imprints (green) of about 20% and for the 10 µm imprints of close to 50% (red). This confirmed other, previous results [6] and could be explained by the capture of abrasion particles inside the imprints that led to reduced abrasion. Interestingly, the surface containing 25 µm imprints showed the most prominent wear scars with a typical width of 30–50 µm, suggesting that, in this particular case, large abrasion particles also played a role.



Figure 4 depicts the surface of a counterbody before and after tribological stressing. The spherical surface was worn out due to abrasion so that a flat circular area remained after conditioning. The volume of the missing spherical segment then geometrically determined the counterbody wear volume. The mechanical energy needed for this abrasion process was dependent on the final size of the Fe/FeO abrasion particles because they were crushed down in size after being removed from the counterbody, absorbing more initial energy. However, the energy used to damage the counterbody was estimated to be in the order of 1%–2% of the total energy consumption. The details will be published elsewhere.



These results were, in the next step, compared with the wear tracks that were generated on the silver-containing surfaces during an equivalent mechanical treatment. Figure 5 shows the respective cross-section of the wear track obtained from a surface with 10 µm silver-filled imprints after a mechanical treatment of 60 min.



When comparing the blue and the grey profiles, significant differences were apparent. Although the blue curve exhibited a similar width and depth of the wear track, there were significant differences when considering the edges of the track. With the blue curve, a prominent elevation of the surface with a height of about 2 µm was found aside the track. This clearly indicated a more complex wear mechanism compared with the other considered cases. To generate this type of surface topography, a certain amount of material was obviously transferred to the rim of the wear track. At the same time, the determination of an abrasion volume as previously achieved was not directly possible.



For that purpose, an FIB cut was prepared inside the wear track that allowed us to image the cross-section of the MoN film via scanning electron microscopy (SEM). We determined the thickness of the remaining MoN layer after the mechanical treatment to be still 1.69 µm. Comparing this number with the depth of the wear track, which could be extracted from Figure 4 to be in the order of 1.5 µm, we could clearly conclude that the depth of the wear track was not solely formed by the abrasion of MoN as seen in all the other investigated surfaces.



The silver content in the voids of the steel substrate obviously led to a plastic deformation of the substrate. The depth of the wear track increased without harming the wear-resistant layer that was pushed into the substrate. As the deformation process consisted of both the compression and displacement of the material, this could also explain the appearance of the bulges aside the wear track. Comparing the remaining thickness of d = 1.69 µm, which had a nominal thickness after deposition of d = 2.2 ± 0.1 µm, we observed an abrasion depth of MoN of about 0.5 µm. This was less than all the other cases discussed before.




4. Discussion


The abrasion volume V—i.e., the loss of MoN—is the quantity that is responsible for the lifetime of the coating. For pristine and embossed surfaces, this is considered to be equivalent to the volume of the wear track. It was directly extracted from the surface topography profiles, as shown in Figure 3.



The addition of silver to the substrate surface led to a more complex scenario because there was a substantial deformation of the surface, including a transfer of material to the rim of the wear track. To extract the volume loss of MoN, we determined the remaining thickness of the (deformed) MoN film in the center of the wear track from the SEM images and considered this thickness to be constant in the whole wear track. This overestimated the wear volume because the abrasion is usually the largest in the center of a track. However, the deformation of the surface led to a larger contact area to the counterbody during the whole test procedure, so the assumption of a constant film thickness was considered to be acceptable.



To find a reasonable description for the performance of the MoN coatings on different substrates, the wear rates—calculated as the wear volume divided by the travelling distance of the normal force times—were plotted versus the friction coefficient µ. The diagram is shown in Figure 6.



The filled symbols in grey, green, red and blue refer to the surfaces investigated in this work; the colors were chosen according to Figure 3 and Figure 4. The open black symbols refer to data from [16]. The dashed line displays the simple model that the abrasion volume was proportional to the friction work that was provided by the tribometer [27]. This mechanical work Wmech could be simply calculated as the friction force F times the sliding distance d, where the friction force F was found by the product of the normal force FN and COF µ: Wmech = FN × µ × d.



The data of all molybdenum nitride surfaces that were deposited onto the substrates with different topographies (without silver) could be approximated reasonably well by the dashed line. The only datapoint that drastically deviated from this linear relation was the one obtained for the silver-containing substrate (blue), where we found an abrasion rate that was reduced by a factor of about three.



The simplified linear model suggested that the friction work provided during the mechanical testing procedure was responsible for the abrasion. Abrasion particles provided by the 100Cr6 counterbody were the origin of the evolution of the abrasion scars. This was considered to be the dominant mechanism of material removal. If cavities were offered that collected abrasion particles, this process was suppressed. As a consequence, both the COF and the wear volume were significantly reduced in the same way. The ratio of the wear rate and the provided mechanical work remained constant because particle-mediated abrasion was the dominant mechanism.



However, this picture included a number of approximations. An important one was that the surface/volume ratio of the abrasion particles had to be constant to result in a constant contribution of surface energies. This did not hold if the surface had prominent edges or ridges perpendicular to the motion of the counterbody. In this case, significant grooving led to larger abrasion particles and, therefore, larger volumes. However, such surfaces were not included in the data presented in Figure 6.



In the picture of “work” and “energy”, an explanation could be provided for the strong reduction in the wear rate for the silver-containing sample depicted in blue in Figure 6. A severe deformation of the substrate and film material was observed, which led to a substantial transfer of material to the edges of the wear track and to an elevation of the surface. This deformation consumed large parts of the provided mechanical work during testing. As a consequence, much less work remained for the abrasion process; in the considered case, roughly one-third. This indicated that the energy consumption of the deformation process could lead to an increase in the surface lifetime under a mechanical load, at least in the case of applications that did not suffer from deformations of the surface.




5. Conclusions


In this work, we examined the tribological behavior of thin MoN coatings on microengineered steel surfaces. We showed that a modified substrate topography led to MoN surfaces that exhibited strongly reduced friction and wear under dry conditions. The corresponding wear process was particle-mediated abrasion. In more detail, we showed that a reduced COF led directly to a reduction in the observed wear because the provided mechanical work during testing was the governing property for material removal. The introduction of silver to the substrate surface in the form of microislands led to a significantly different wear scenario and a further possible lifetime increase of the coating. A strongly increased deformation of the base material underneath the MoN film was observed, leading to a modified wear track. This deformation consumed large parts of the provided mechanical energy of the friction process. As a consequence, less abrasion was observed. Finally, we can state that a modification to the surface of a substrate on a microscale can be considered to be an efficient tool to control friction and wear on nitride-coated surfaces.
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Figure 1. Surface topography of MoN films deposited onto microengineered surfaces obtained by white-light interferometry. The left column displays the MoN surface on top of embossed substrates created with 10 µm (top, red) and 25 µm (bottom, green) stamps. The right column refers to equivalently embossed substrates where the imprints of 10 µm (top, blue) and 25 µm (bottom, orange) were filled with silver before the deposition of MoN. The inset in the top left corner displays the bare substrate after embossing. 
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Figure 2. COF extracted from oscillation tribometry over a period of t = 15 min. The grey curve provides data of the reference surface. Red and green refer to the MoN surfaces on embossed substrates; blue and orange contain silver-filled cavities. 
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Figure 3. Cross-sectional profiles of the wear tracks after oscillation tribometry. The surfaces on embossed substrates (red, green) exhibited a significantly reduced wear volume compared with the pristine case (grey). The inset shows the surface topography of the wear track from the 25 µm imprints. 
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Figure 4. Surface topography of an untreated, spherical counterbody with a surface quality of G20 (left) and a counterbody after being used in a tribological experiment (right). 
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Figure 5. (Top) Cross-sectional profile of the wear track on a silver-containing surface (10 µm, blue) in comparison with a reference (grey). The inset shows the corresponding wear track. (Bottom) Cross-section of the surface inside the wear track analyzed using a focused ion beam (FIB) cut and scanning electron microscopy. The arrows mark the remaining MoN layer. 
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Figure 6. Calculated wear rates versus the corresponding coefficient of friction (averaged after running-in) for the surfaces presented in this work (colors) and data from Schulz et al., 2021 [16]. The dashed line refers to the model that the provided work in the testing routing is proportional to the abrasion volume. 
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