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Abstract

:

Wear of TiAlCN coatings deposited on HCR (High Contact Ratio) gears was studied by the Niemann test during which the tested gears were loaded up to the 12th load stage. The resistance against scuffing was evaluated based on the criteria of allowable roughness (max. Rz 7 µm) and weight loss (max. 10 mg). The extent and character of wear were influenced by coating thickness, contact pressure and meshing frequency. The wear of thicker TiAlCN coatings on the tooth face started with the smoothing of surface protrusions. The next stage of wear was characterized by depletion of TiAlCN coating. After depletion to a thickness of about 2 µm, the layer was pressed into the soft substrate, and it subsequently cracked. At higher load stages, the layer was partially detached, but the critical roughness indicating scuffing was not exceeded. Thinner TiAlCN coating on the tooth flank cracked and fully detached at lower load stages compared to thicker layers and wear of uncoated soft substrate caused the increase in roughness above the critical value representing scuffing.
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1. Introduction


In the recent period, in connection with increasing the carrying capacity and reducing the noise level of automobile transmissions, further developments in the field of gears have also been implemented. The originally used standard involute gear, LCR (Low Contact Ratio), has been often replaced by non-standard involute gear with an extended contact ratio, which is called HCR (High Contact Ratio) [1]. The LCR gear is characterized by the contact ratio below 2, as there are less than two teeth meshing at the same time. The HCR gear wheel, in Figure 1, is characterized by the contact ratio greater than 2 and there are at least two teeth meshing at the same time. From the theory of meshing follows that the contact ratio significantly affects the distribution of the load on individual teeth and thus also the magnitude of contact pressures [2], noise and vibration reduction [3].



The surface bearing capacity of teeth affects the lifetime of gears [4]. It can be increased by standard technological methods (thermal, chemical–thermal processing) or by the application of coatings deposited on the surface of teeth. Its evaluation is based on calculation standards ISO, AGMA and DIN [5,6]. Experimental verification is carried out either from the point of view of scuffing or pitting capacity, where contact pressures are important parameters. If coated gears are tested, the depth of the grooves on the surface of teeth is an important criterion for scuffing and it can be measured by roughness of teeth surfaces [4,6,7].



Coating deposition on teeth surfaces is an effective process for increasing the lifetime of gears. This process has been researched since 1980 [8,9]. Nowadays the effects of contact pressures on the wear of coated gears have been mainly studied [10,11]. Hard TiC, WC and CrN coatings provide the resistivity against contact pressures [12,13,14,15] and MoS2 coatings supply the excellent sliding properties [16,17].



The TiAlCN coatings are very promising because of high wear resistance, good sliding properties and good corrosion resistance [18,19,20,21] also at elevated temperature [22]. They are usually deposited by PVD processes [18,19,20,21], or less frequently by CVD processes [23]. The advantages of PVD processes include their compatibility with industry, good film adhesion, excellent stoichiometric control and low temperature [23,24]. The TiAlCN coatings prepared by cathodic arc deposition at a temperature below 450 °C are characterized by microhardness of 22–41 GPa [18] and Young’s modulus of 240–300 GPa [25]. These values could be compared to TiBC coatings with a microhardness of 18–48 GPa and Young’s modulus of 146–235 GPa deposited by thermo-reactive diffusion in temperature intervals from 1000 to 1050 °C [26]. However, a relatively low deposition temperature of PVD processes is one of important parameters for achieving a required substrate hardness. The hardness of substrate above 55 HRC [27] is a precondition for good resistance against high contact pressures. For this reason, TiAlCN coatings are mostly deposited on hard substrates [28,29,30,31,32]. The gears made of structural steels are hardened, so the required substrate hardness could be easily achieved. TiAlCN coatings could also be applied on soft substrates when lower mechanical load is applied. Medical instruments [33,34,35] and substrates of structural steels worn at slipping are examples for lower load [36,37].



The wear of TiAlCN coatings deposited on HCR gears has not yet been studied. Therefore, the aim of this study was the evaluation of the resistance of HCR gear with deposited TiAlCN coating against scuffing and characterization of its wear.




2. Materials and Methods


The HCR gears with TiAlCN coatings were used for wear testing. The ASTM A576-B1 (C55) steel was chosen for the substrate of gears. This steel contains 0.57–0.65% C, 0.5–0.8% Mn, 0.15–0.4% Si, max. 0.04% P and max. 0.04% S. Its surface was hardened using Nd YAG laser to a hardness of 60 HRC. The TiAlCN coatings were prepared by cathodic arc deposition using Platit Pl1000 equipment. Ti and TiAl (75/25) targets were used for deposition at bias 180 V and a temperature of 430 °C for 8 h in mixed atmosphere of nitrogen and acetylene. After deposition, the gears were cooled up to 20 °C in air. Long deposition time at relatively high temperature caused a decrease in substrate hardness on 43–45 HRC.



The scuffing resistance of the deposited coatings was determined by a Niemann tester which is also called the FZG test and is the equivalent of the ISO14635-1 [38] and ASTM D5182—19 standard [39]. Coated HCR gears consisting of the pinion with 21 teeth and the gear with 51 teeth were tested at gradual load stage which corresponded to gradually increasing torque from 2.5 Nm at the 1st load stage to 518.5 Nm at the 12th load stage. At every load stage, the pinion with 21 teeth accompanied 30,000 revolutions and the gear with 51 teeth accompanied 12,350 revolutions.



Two lubricants, OMV Biogear S150 and PP90 hydraulic oil, with the same equivalent SAE90 number were used during the tests. The OMV Biogear S150 lubricant is environmentally friendly and can be applied for bearings in agriculture machines [40]. The PP90 hydraulic oil had universal application and was tested to verify its application in gears. Temperature increases in lubricants during the test was used as the criterion for their evaluation and it should not exceed 80 °C.



Critical scuffing load stage during the Niemann test was determined by two different criteria. The first criterion for the Niemann test evaluation corresponded to the weight loss of 10 mg in two successive load stages [38]. This criterion is suitable mainly for gears without applied coatings [41,42]. The second criterion for the Niemann test evaluation corresponded to the maximal roughness of worn gear tooth surface Rz exceeding value of 7 µm. This criterion is suitable also for gears with coating as it can localize the wear on the most exposed parts of the gear tooth surface. The weight loss of the pinion, with total weigh of 1350 g, was determined using the Mettler Toledo PR2003 precision scale with the capacity of 2100 g and the resolution of 1 mg. The roughness of experimental gear teeth was measured by contact by a diamond tip using the Mitutoyo SJ-411 roughness tester.



SEM observation using JEOL JSM-IT300 microscope and EDS analysis using Oxford Instruments X-Max 20 spectrometer were used for characterization of deposited TiAlCN coatings and their wear. The wear of gear teeth was studied in three spots: on the face, pitch and flank of tooth. These spots were chosen to study the relationship between distribution of load, coating thickness, and wear extent. The measured values of roughness and wear extent were compared on the surfaces in contact with one another during meshing. Therefore, wear of the tooth pitch of the gear was compared with the tooth pitch of the pinion, the tooth face of the gear with the tooth flank of the pinion, and the tooth flank of the gear with the tooth face of the pinion.




3. Results and Discussion


3.1. Microstructure and Thickness of Applied Coatings


The TiAlCN coatings with different thicknesses are shown in cross sectional SEM images of teeth in Figure 2 and Figure 3. The TiAlCN coatings with their maximal thickness on the tooth face of the pinion are documented in Figure 2. The thickness decreased towards the tooth flank with its minimal value which can be seen in Figure 3.



The average thickness of the TiAlCN coatings was 4.4 µm on the tooth face, 2.9 µm on the tooth pitch and 1.1 µm on the tooth flank. The highest thickness of coating on the tooth face was the consequence of the most favourable conditions for the ions blasted from the cathode on this part of tooth during cathodic arc deposition. On other tooth parts, the deposition conditions were worsened by evolving incurvature which caused the decrease in layer thickness from the tooth face towards the tooth flank.



The chemical composition of the TiAlCN coatings was measured by EDS analysis on several points. Figure 4 shows an example of this analysis from the region which is marked in Figure 2 (Spectrum 1). The average values from all analyses were 73.5 wt.% of titanium, 18.7 wt.% of nitrogen, 5.5 wt.% of carbon and 2.3 wt.% of aluminium.




3.2. Temperature of Lubricants


As lubricant heats during the load of a gear, the operating temperature of lubricant is its evaluation criterion, and it should not exceed 80 °C. The evolution of temperature for Biogear S150 and PP90 experimental oil is compared in Figure 5 during the testing of gears with TiAlCN coatings. The temperature of both tested lubricants increased with loading stage during the Niemann test. The temperature of PP90 oil was slightly higher at all load stages when compared to Biogear S150 oil, but it did not exceed 70 °C at the end of the test.




3.3. Weight Loss of Gears


The weight loss exceeding 10 mg in two successive load stages during the Niemann test represents the scuffing resistance of the gear. The progress in weight loss of the pinion after different load stages and application of two different lubricants is presented in Figure 6. The weight loss above 10 mg was measured between the 8th and 9th load stage and irrespective of the application of either lubricant, Biogear S150 or PP90 oil. A significant reduction of weight was registered between the 11th and 12th load stage.



Based on slightly better results achieved with S150 oil compared to PP90 oil (Figure 5 and Figure 6), the next experiments were performed only with Biogear S150 oil.




3.4. Roughness of Gear Tooth Surfaces and Their Wear


The local wear of the gear, which express its scuffing resistance, was evaluated by measuring the roughness on the tooth face, pitch and flank (Figure 1). After every load stage, the maximal roughness Rz was measured on the pinion and gear teeth surfaces. Subsequently, average values of Rz roughness were calculated and compared with the criterion for the scuffing, the maximal roughness exceeding a value of 7 µm. The results of roughness measurements are presented in several graphs, where the pairs of gears in contact are compared respecting the following system: the tooth pitch of the gear is compared with the tooth pitch of the pinion, the tooth face of the gear is compared with the tooth flank of the pinion, and the tooth flank of the gear is compared with the tooth face of the pinion.



3.4.1. Roughness and Wear on the Tooth Pitch of Gear and on the Tooth Pitch of Pinion


Figure 7 shows the development of average roughness Rz on the tooth pitch of the gear and pinion. The error bars in Figure 7, which represent the spread of data from 11 values, show that the measured values overlap partially, until the eighth load stage. The same average coating thickness of 2.9 µm was measured on the tooth pitch of the pinion and gear and the contact pressure is identical on both tooth pitches. The roughness on the tooth pitch of the gear with lower meshing frequency was steady up to the ninth load stage. Later, it decreased until the end of the test when it reached the minimal value of 4.0 µm. The development of roughness on the tooth pitch of the gear can be explained based on the observation of wear in the vicinity of the tooth pitch surface. During the initial stage of the test, small protrusions of deposited coatings were in contact which significantly increased the contact pressures. High contact pressures probably caused pushing the lubricant from the contact areas and in consequence of it, the wear started in conditions of dry or boundary lubricated sliding friction. The surface of the deposited TiAlCN coating was smoothed by progressive removal of coating material from layer protrusions and roughness of surface decreased up to the ninth load stage (Figure 7). In Figure 8, the worn surface of the gear in the vicinity of the tooth pitch is seen after the test end. Smoothed areas are marked by arrows in Figure 8, and these were worn preferentially.



A more intensive load of the pinion in consequence of its higher meshing frequency was expressed by roughness decrease after the seventh load stage (Figure 7). Roughness of pinion achieved minimal value after the 10th load stage and subsequently increased after 12th load stage to the same value as before the test. More intensive wear of the surface on the tooth pitch of the pinion compared to wear of the gear is documented in Figure 9. The boundary between smoothed coating (C) and substrate (S) can be seen in Figure 9.



The increase in roughness after the 10th load stage was caused by detachment of smoothed layer and exposing the pinion substrate with the roughness higher than smoothed coating. The boundary between coating and substrate is visible in a cross section of the worn tooth in Figure 10. The coating on the tooth pitch was worn from 2.9 µm up to the thickness of about 2 µm by removal of surface protrusions in consequence of the effects of contact pressures. This thickness of the layer can be considered critical for the wear mode. It can be assumed that the layer with critical thickness was pressed in soft substrate during the subsequent load. Later, the layer cracked and its part which was nearer to the tooth flank subsequently detached. This is confirmed by both the rest of the cracked coatings in Figure 10 and by the still compact coating with the critical thickness in Figure 11, which is significantly cracked.



The TiAlCN coatings with a thickness above 2 µm are characterized by high scuffing resistance which made them promising for industrial applications in high speed revolution gears used, for example, in electromobiles.




3.4.2. Roughness and Wear on the Tooth Flank of Gear and on the Tooth Face of Pinion


The development of roughness on the tooth flank of the gear and the tooth face of the pinion is compared in Figure 12. The roughness values on the tooth flank of the gear are higher compared to the tooth face of the pinion even when considering the error bars in Figure 12. The roughness of the thinner layer on the tooth flank of the gear did not change up to the seventh load stage. Later, it decreased up to the 10th load stage and subsequently increased until the end of the test. The tooth flank of the gear was worn in a similar way as the tooth pitch of the pinion. This can be seen in the boundary between the smoothed coating (C) and substrate (S) in Figure 13. The decrease in roughness from the 7th to 10th load stage can be explained by smoothing of surface protrusions and the increase in roughness after the 10th stage is the consequence of detachment of coating from uneven substrate. The roughness of thicker TiAlCN coating on the tooth face of the pinion was steady up to the 9th load stage, and later decreased at the end of the test. The worn surface of the tooth face of the pinion (Figure 14) had a lower portion of smoothed area on surface protrusions (marked by arrows) compared to tooth pitch of the gear (Figure 8). This was the consequence of smaller contact pressures so there were more favourable lubrication conditions even at higher meshing frequency for the pinion compared to the gear.




3.4.3. Roughness and Wear on the Tooth Face of Gear and on the Tooth Flank of Pinion


The evolution of average values of maximal roughness Rz on the tooth face of the gear and the tooth flank of the pinion, which are mostly in contact during meshing, is shown in Figure 15. Higher roughness values on the tooth flank of the pinion, including the error bars, compared to the tooth face of the gear can be seen in Figure 15. The roughness of thicker TiAlCN coating on the tooth face of the gear was relatively stable up to the seventh load stage, later decreased till the end of the test. The wear of TiAlCN coating on the tooth face of the gear corresponded to the wear on the tooth pitch of the gear with similar characteristics as in Figure 8. The tooth flank of the pinion is the most intensive loaded part of whole gear mechanism because of high contact pressure and high meshing frequency. The layer thickness in this part is only 1.1 µm which is significantly below the critical thickness (2 µm) from point of view of coating detachment. The roughness of TiAlCN coating on the tooth flank of the pinion was relatively stable up to the 5th load stage, later decreased until the 10th load stage and subsequently increased until the end of the test. The development of roughness in Figure 15 indicates that thin TiAlCN coating was removed after the 5th load stage, later until the 10th load stage, the surface protrusions on relative soft substrate were smoothed. This process was explained in our previous works [43,44,45,46]. After smoothing, the substrate was worn by cutting which can be seen in Figure 16 where several wear grooves are marked by arrows. Significant wear of substrate was the consequence of both roughness increase in Figure 15, and weight loss of the pinion after the 12th load stage in Figure 6.






4. Conclusions


Wear of TiAlCN coatings deposited on HCR gears was studied using the Niemann test during which the tested gears were loaded up to the 12th load stage. The scuffing of the tested gears was evaluated based on the criteria of allowable roughness (max. Rz 7 µm) and weight loss (max. 10 mg). The extent and character of wear were influenced by coating thickness, contact pressure values and meshing frequency on loaded teeth surfaces.



Deposited TiAlCN coatings had the different thicknesses on different teeth parts. The thickest layers were measured on the teeth faces with an average value of 4.4 µm. The thicknesses of coatings decreased gradually toward the teeth flanks with their minimal values of 1.1 µm. The highest contact pressures arose during the contact of the tooth face of the gear and tooth flank of the pinion. The highest wear was observed on the tooth flank of the pinion, which had the thinnest layer and was loaded with the highest load at the highest meshing frequency.



Wear of thicker TiAlCN coating on the tooth face and tooth pitch started with the smoothing of surface protrusions. The intensity of smoothing was influenced by contact pressure values and meshing frequency of the pinion and gear. The next stage of wear was characterized by depletion of TiAlCN coating. After depletion to a thickness of about 2 µm, the layer was pressed into the soft substrate, and it subsequently cracked. During the increase in load, the layer was partially detached, but it did not cause the increase in Rz roughness of layer surface above the critical value of 7 µm.



The deposited thinner TiAlCN coating on the tooth flank cracked and detached at lower load stages compared to the thicker layer. After total delamination of the layer, the relative soft substrate of the pinion tooth was worn by cutting, which caused Rz roughness increase in surface layer above the critical value of 7 µm and weight loss surpassing 10 mg which are the parameters representing wear by scuffing.
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Figure 1. Meshing of HCR gear with three pairs of teeth (a) and with two pairs of teeth (b); where 1—pinion, 2—gear, C—contact point. 
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Figure 2. Cross sections of tooth face of pinion with maximal thickness of TiAlCN coating. 
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Figure 3. Cross sections of tooth flank of pinion with minimal thickness of TiAlCN coating. 
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Figure 4. EDS analysis of TiAlCN coating. 
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Figure 5. Temperature of Biogear S150 (S150) and PP90 (PP90) oil during the Niemann test of gears with TiAlCN coatings. 
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Figure 6. Weight loss of pinion with TiAlCN coating at application of Biogear S150 (S150) and PP90 (PP90) oil. 
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Figure 7. Roughness Rz on the tooth pitch of pinion and gear with TiAlCN coating. 
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Figure 8. Surface of TiAlCN coating with smoothed areas (marked by arrows) on the tooth pitch of gear. 
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Figure 9. The boundary between TiAlCN coating (C) and substrate (S) on the tooth pitch of pinion. 
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Figure 10. Rest of worn TiAlCN coating (C) on the tooth pitch of pinion. 
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Figure 11. Cracked TiAlCN coating (C) on the tooth pitch of the pinion. 
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Figure 12. Roughness Rz on the tooth face of pinion and the tooth flank of gear with TiAlCN coating. 
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Figure 13. The boundary between TiAlCN coating (C) and substrate (S) on the tooth flank of gear. 
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Figure 14. Surface of TiAlCN coating with smoothed areas (marked by arrows) on the tooth face of pinion. 
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Figure 15. Roughness Rz on the tooth face for gear and flank of pinion with TiAlCN coating. 
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Figure 16. Substrate with wear grooves (marked by arrows) on the tooth flank of pinion. 
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