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Diamond-like Carbon (DLC) coatings are well known for their use in protection against fretting wear due to their low friction and wear properties. DLCs are metastable, allowing them to graphitise under applied load to create a graphitic transfer layer which reduces friction. Their high intrinsic residual stresses also enable them to resist cracking effectively under fretting. Few studies have analysed the lubricated fretting performance of DLC coating systems. This work focuses on a series of lubricants with different additives and friction modifiers to explore their effects. This study analyses the performance of a DLC coating system (a-C:H) applied to hardened M2 tool steel and 316L stainless steel under loads of 20 and 40 N under dry fretting and lubricated fretting conditions. Lubricated uncoated substrates were also analysed for comparison. The counterfaces used were 10 mm diameter 52,100 steel balls. The lubricants tested included a base oil and a fully formulated oil, with and without the addition of MoDTC. Gross slip fretting was achieved using a bespoke electrodynamic shaker unit. Nanoindentation was employed to measure the mechanical properties of the coatings and substrates. Contact pressure and lubricant type had significant effects on the running-in behaviour of the coatings. Increased contact pressure led to instability in the running-in period. Lubrication reduced the dissipated energy in the contact, thereby decreasing wear. However, fully formulated oils and those containing MoDTC performed worse due to their higher viscosity, which impacted oil entrainment in the contact area. This study provides insights into the lubricated fretting performance of DLC coatings showing that these coatings can perform well, with the potential for further improvements with optimisations to the lubricant to the system. Performance improvements can be gained in automotive components such as high pressure bearings and gears.
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1 INTRODUCTION
Fretting occurs due to small amplitude oscillatory wear between two surfaces in contact, typically under vibration (Waterhouse, 1976; 1984). Fouvry et al. analysed palliatives to fretting damage and recommended foremost the modification of the interface to reduce fretting contact loading but when this cannot be accommodated, the introduction of residual compressive stresses (protection against cracking) and the application of a liquid lubricant (Fouvry et al., 2006).
Diamond-like carbon coatings (DLC) are metastable amorphous carbon coatings with properties varying dependent upon the sp2/sp3 ratio, level of hydrogenation and presence of dopants (Robertson, 1992; 2002; Pierson, 1993; Grill, 1999; Lifshitz, 1999; Hainsworth and Uhure, 2007; Donnet and Erdemir, 2008). Generally, DLCs are hard chemically inert and exhibit low coefficients of friction (Grill, 1993; 1999; Hainsworth and Uhure, 2007). The low friction generally attributed to DLC coatings is typically applicable to hydrogenated DLCs. Their coefficient of friction rises with humidity (from 0.001–0.02 to 0.05–0.2). Hydrogen-free DLC has a high coefficient of friction in dry conditions (0.4–0.7), which reduces to the levels of hydrogenated DLC with high humidity (Ronkainen and Holmberg, 2008).
DLCs typically experience large compressive residual stresses however this varies with the substrate bias applied during deposition (Zhang et al., 1999; Pauleau, 2008). These high compressive residual stresses can protect against cracking phenomena as in the work of Fouvry et al., the further presence of the protective coating also adds protection so long as the substrate is not exposed (Fouvry et al., 2006).
Previous work has analysed oil lubrication in fretting contacts (against steel) with varying viscosity of oil and stroke length. The viscosity of the lubricant was noted to affect the coefficient of friction as a product of stroke length (and resulting fretting regime). Lower viscosity oil resulted in an overall lower coefficient of friction with smaller peak in the stick-slip region. This was attributed to the lubricant’s ability to penetrate and shield the fretting zone and inhibit oxygen access. The generation of surface damage and debris aided the lubricant entrainment at higher stroke lengths and a reasonable correlation was found between coefficient of friction and wear (Shima et al., 1997). Other work on the oil properties and their effect on the fretting wear of steel found no significant correlation between fretting wear volume and oil viscosity; the oil viscosity and its influence on the fretting wear is dependent on the boundary lubrication properties of the oil. In general, the presence of any oil at the interface decreases the fretting wear drastically (Neyman, 1992). In investigating the efficiency of worm gearboxes, Skulić et al. found that increasing the lubricant viscosity increased efficiency by 1%–2%. Furthermore, the material pairings were found to be extremely important by maintaining an oil film, resulting in better tribological performance (Skulić et al., 2022).
Kalin and Vizintin analysed the performance of DLC coatings under oil-lubricated fretting conditions (Kalin and Vižintin, 2006). The wear of the DLC/DLC and steel/DLC contacts in the fretting regime was 3–10 times lower as the DLC in the contact eliminated the adhesive wear and debris generation. With an increase in stroke length approaching sliding wear, the wear rate for the various contacts became similar and was dependent on the lubrication conditions. The friction of DLC/DLC contacts was noted to be two times lower due to the absence of adhesion and debris interlocking, the transition to gross-slip from partial slip promotion lubrication effects and low conformity between the self-mated DLC contacts resulting in lower real contact area and friction. Kalin and co-workers also reviewed the boundary lubrication mechanisms of DLC coatings (Kalin et al., 2008). Noted findings were that non-doped DLC coatings can react with different additives such as friction modifiers but the contact conditions and temperature plays an important role in the reactions. Hydrogen content in the DLC coatings significantly affected their tribological performance when interacting with additive-containing oils; MoDTC and ZDDP-containing oils were noted to have low friction with self-mated DLC contacts. The particular lubricating mechanisms were noted to not be understood but their beneficial effects were clear. Yue et al. also investigated the fretting behaviours of self-mated DLC contacts, hydrogenated DLC was found to have a lower friction coefficient but a larger wear volume when compared with Cr doped DLC. Adhesion was noted to contribute to the wear at the centre of the contact surface, and abrasive wear was noted at the contact edge. The generation of a third body layer occurred after run-in, this layer was gradually graphitised under fretting (Yue et al., 2023).
Mechanical properties and their derived ratios are a key metric in predicting performance in the tribology of dry contacts. H/E and H3/E2 are the most common ratios seen in literature and can be used to predict frictional performance via interfacial and ploughing components (Ni et al., 2004; Beake et al., 2013; Beake, 2022), elastic strain to break (Leyland and Matthews, 2000) and contact yield pressure respectively (Chen et al., 2019). For thin films such as DLC, nanoindentation is a key methodology for its ability to measure the properties of the coating independently of the substrate, so long as substrate effects are minimised (Beake et al., 2015; ISO, 2015; McMaster et al., 2023; 2023).
The synergistic interactions between MoDTC and DLC coatings has been previous studied by multiple authors. Kosarieh et al. investigated the effect of MoDTC friction modifier on DLC and the wear mechanisms of the coating (Kosarieh et al., 2013; 2016). High concentrations of the friction modifier was found to promote high wear of the coating but did reduce friction in sliding wear. The interaction with the iron counterface was found to accelerate wear of DLC with a proposed mechanism of acting as a catalyst for oxidation and/or dehydrogenation of the coating. De Feo et al. also explored the interaction of MoDTC with DLCs finding evidence that a MoS2 film is formed on the steel counterface which can then react with the DLC breaking the carbon network down eventually to the formation of a molybdenum carbide layer increasing the friction and wear rate (De Feo et al., 2016). Ueda et al. found that the presence of further additives in the oil contributed to a reduction in the wear of the DLC coating (Ueda et al., 2021).
More recent work by Fu et al. analysed the fluid-lubricated tribological performance of DLC films under sliding and fretting conditions (Fu et al., 2018). The fluids were ionic liquids and multipli-alkylated cyclopentanes. Under sliding conditions, the friction-reducing and wear resistance of the DLC were increased with the fluids; the ionic liquids performed best due to the physical absorption of the ionic liquid film. In fretting partial slip, the two fluid categories performed better than in gross slip as the fluid molecules were purported to cause the propagation of fatigue cracks. The wear resistance of the DLC films was improved due to the interplay of the physical absorption of formed lubricant films and the tribofilm formed during fretting.
Zhuang et al. investigated the fretting performance of DLC and MoS2 under fluid lubrication (Zhuang et al., 2019). Ionic liquids and multiply-alkylated cyclopentanes were investigated once again in addition to silicon oil and perfluoropolyethers at different applied loads. The fretting behaviour of both coatings was improved with all four fluids at higher loads due to graphitisation and transfer film formation at all material surfaces. Fretting damage of the DLC films under fluid lubrication was attributed to abrasive wear. The fluids were noted to change the fretting running regime but this was dependent upon the specific fluid performance characteristics.
More recent works have focused on the incorporation of nanocomposites in lubricant oils (Mousavi et al., 2019; Mousavi et al., 2020; Mousavi et al., 2021; Mousavi et al., 2024; Mousavi and Zeinali Heris, 2020; Aghaei Sarvari et al., 2022; Bukvić et al., 2023). These studies have explored additives such as MoS2, MnO2, TiO2 and MWCNT finding that the incorporation of the nanoparticles increased viscosity of the oil and reduced the coefficient of friction and wear.
This study analyses the friction and dissipated energy of a hydrogenated DLC applied to 316 stainless steel and hardened M2 tool steel under base oil and fully formulated oil with and without molybdenum dialkyldithiocarbamate (MoDTC). Hydrogenation in DLC generally benefits tribological performance due to interaction with dangling hydrogen bonds (Ronkainen and Holmberg, 2008). Additionally, the deposition methodology of plasma enhanced chemical vapour deposition allows for the engagement of a magnetron sputtering target to dope the coatings with metallic elements or lighter elements such as silicon (Beake et al., 2021). The friction coefficient across the fretting cycles was analysed to determine the effectiveness of the various lubricants and any adverse effects caused by the MoDTC. As the majority of studies of tribological interactions of DLC with MoDTC take place under the full sliding regime, the aim of this work is to explore how the well the friction modifier MoDTC will perform in the contact conditions of gross-slip fretting where replenishment of the lubricant is affected due to the centre contact region of unexposed wear surfaces. This is in contrast to full sliding, where replenishment will occur with each cycle. A high contact pressure was used to accelerate the testing to allow for analysis of the tribological behaviour in fewer fretting cycles however is it allows for exploration of the friction modifier is at higher contact pressures. This study is novel due to the lack of investigations on the use of MoDTC in fretting conditions. The results of this work can be used to improve the performance of high contact pressure bearings and gears in the automotive industry.
2 METHODOLOGY
2.1 Substrate preparation
The substrates were 316L stainless steel (SS) and hardened M2 tool steel (HTS). Coupons were prepared from cylindrical steel bars (Ø = 25 mm), cut to a thickness of 6 mm. A circular grinding/polishing wheel was used to polish the samples with varying grades of silicon carbide paper to successively finer grades of grit. The grit sizes were 120, 300, 450, 600, 800 and 1,200. Following surface grinding, polishing was performed to obtain the optimal surface roughness (Ra = 0.01 μm). Verdutex and MicroFloc fibre polishing cloths were utilised with polycrystalline diamond suspension (9 μm and 3 μm with Verdutex and 0.25 μm with Microfloc) to give a mirror finish (McMaster et al., 2020; 2023).
2.2 Coating deposition
Coatings were deposited with the Hauzer Flexicoat 850 Physical Vapour (PVD) and plasma-assisted chemical vapour (PACVD) coating system located in the School of Mechanical Engineering at the University of Leeds.
The coating layer structures were a Cr adhesive layer, WC gradient layer and the top DLC. The deposition steps for the coating were as follows (McMaster et al., 2020; 2023):
	i. Chamber heating
	ii. Target cleaning
	iii. Plasma surface etching
	iv. Cr layer deposition
	v. Cr/WC layer deposition
	vi. a-C:H deposition

The DLC coating in this paper was a-C:H of the same type identified in previous work by McMaster et al. however the final deposition step (a-C:H deposition) was carried out for 360 min to give a thicker top DLC layer (McMaster et al., 2020; 2023). Further details can be found in those works.
2.3 Mechanical characterisation
Mechanical properties were determined by load-controlled partial load nanoindentation using a NanoTest Vantage system (Micro Materials, United Kingdom) with a Berkovich diamond indenter. This results in a depth-sensitive measurement of mechanical properties however surface extrapolations have been used for this study. The plateau value was used for hardness and extrapolation to the surface was used for elastic modulus (Fischer-Cripps, 2006). A total of 10 indentations with 40 loading points, in a range of 0–500 mN, per sample, was used. The indenter contact velocity was set to 0.50 μms−1. The load and unload time for each indentation step was 2 s. A 1 s dwell was used at the maximum load to ensure there was no creep. A 60 s dwell period in the final unload step was used for thermal drift correction. The area function of the indenter was found by indentation into a fused silica reference sample. Hardness (H) and elastic modulus (E) were calculated by applying Oliver-Pharr analysis (Pharr and Oliver, 1992). E and ν (0.2) are Young’s modulus and Poisson’s ratio for the coating; Ei (1,140 GPa) and νi (0.07) are the same quantities for diamond respectively (Pharr and Oliver, 1992).
The roughness of all samples was measured using a topography scan performed in the scanning module of the NanoTest Vantage platform. A 4.5 µm radius spheroconical probe was used with a 200 µm scan distance and a probe velocity of 10 µms−1. The load applied during this topographic scan was 0.1 mN. A total of five scans were performed across the surface of one sample. Each scan was performed with a lateral separation distance of 500 μm from the previous scan.
2.4 Coating structures
Coating thickness was studied by Calotest with a 30 mm diameter ball and confirmed with FIB-SEM (FEI Helios G4 CX Dualbeam SEM). This diameter of Calotest wearing ball allows for the generation of a wear scar to reveal the coating layers and was used in our previous works (McMaster et al., 2020; 2023). The adhesive (Cr) layer was 0.29 ± 0.03 μm for all coatings. The gradient (WC) layer was 0.89 ± 0.08 μm for all coatings. The DLC coating thickness was 5.18 ± 0.07 μm on SS and 3.82 ± 0.09 μm on HTS. This resulted in total coating thicknesses of 6.36 ± 0.11 μm on SS and 5.00 ± 0.12 μm on HTS respectively. Pt was deposited to protect the coating surface during the focused-ion beam procedure. The FIB-SEM cross section of the coating structure can be seen in Figure 1.
[image: Scanning electron microscope image showing a cross-section of a material sample with a layered structure. The top layer appears smoother, while vertical streaks are visible beneath it. The scale bar indicates 5 micrometers.]FIGURE 1 | Cross-section FIB SEM micrograph of DLC coating on SS. Note the small defect in the WC gradient layer.2.5 Fretting
Gross slip fretting conditions were simulated using a bespoke electrodynamic shaker unit, with 10 mm diameter 52,100 steel balls as counterfaces. The electrodynamic shaker unit can be seen other studies carried out at the University of Leeds by Wade et al. (Wade et al., 2020a; 2020b). A bespoke LabVIEW program controlled the system. Tangential force was monitored via a load cell. A feedback loop control system was used wherein an optical displacement sensor adjusts the displacement of the shaker to maintain displacement within the parameters specified. Two load levels, 20 N and 40 N, were employed, achieving high contact pressures ranging from 1.20 to 1.55 GPa. Contact pressures in this range/order of magnitude has been utilised by Januszewski et al. in the study of false brinelling damage (Januszewski et al., 2023), Kalin et al. in the study of phase transformations in fretting (Kalin and Vižintin, 2001), Lin et al. in the study of lubricated fretting wear of high nitrogen stainless bearing steel (Lin et al., 2020) and Zhuang et al. in the analysis of fretting performance of DLC and MoS2 films under fluid lubrication (Zhuang et al., 2019). Equation 1 used to predict the maximum Hertzian contact pressure (Pmax) in the initial contact was:
Pmax=3L2πa2(1)
where L is the applied load and a is the contact radius (Fischer-Cripps, 2000).
The sliding ratio (D) was used to ensure that fretting in the gross-slip regime was obtained with values above 0.26 and less than 1, required for gross-slip (Fouvry et al., 1995). Equation 2 was used to calculate the sliding ratio:
D=δ0δ∗(2)
where δ0 is the displacement at zero load is and δ∗ is the displacement amplitude at the maximum magnitude of friction force.
Table 1 shows the predicted contact pressures and sliding ratios for the test configurations.
TABLE 1 | Predicted contact pressures in GPa and sliding ratio conditions for fretting testing.	Load (N)	Substrate	Coating	Predicted Pmax (GPa)	Predicted sliding ratio
	20	SS	Uncoated	1.26	0.58
	DLC	1.24	0.57
	HTS	Uncoated	1.23	0.57
	DLC	1.20	0.56
	40	HTS	Uncoated	1.55	0.45
	DLC	1.52	0.45


The coefficient of friction (COF) for 15,000 cycles (at 5 Hz and a displacement amplitude of ±50 μm) was analysed along with the cumulative dissipated energy in the fretting contact. Each test lasted 50 min with the parameters specified. The effective maximum mid-stroke velocity was 250 μms−1. At least two repeats were performed to confirm the repeatability of the results. All tests were conducted in laboratory conditions with a temperature of 22°C and a humidity of 34%. No external heating was applied during testing. The Poisson’s ratio for the 52,100 steel, SS and HTS were 0.285 (AZoM, 2012a), 0.27 (Azom, 2013) and 0.285 (AZoM, 2012b) respectively. The same stated value of Poisson’s ratio for the DLC was used (0.2) (Pharr and Oliver, 1992).
The lubricants were the following:
	• Base oil (BO): Yubase 4 without additives.
	• Base oil (BO) + MoDTC): Yubase 4 with the addition of MoDTC friction modifier.
	• Fully formulated oil (FFO): Yubase 4 with additive package and viscosity modifier.
	• Fully formulated oil (FFO) + MoDTC: Yubase 4 with additive package, viscosity modifier and friction modifier.

Lubricants were provided by Croda. MoDTC added to 1% weight which is equivalent to 500 ppm.
3 RESULTS
3.1 Mechanical properties
The mechanical properties and surface roughness of the coatings and substrates are shown in Table 2. The surface mechanical properties of the coatings are determined by extrapolating the multi-cycle nanoindentation data (determined from load partial unload) to the surface (zero contact depth). The hardness (H) was found by taking the plateau value from the measurement series as the initial indents will be lower than the true hardness (Fischer-Cripps, 2006). The values are less than the 1/10 relative indentation depth recommended by ISO 14577-4 (ISO, 2016, p. 145) ensuring that they were not affected by substrate plasticity. The elastic modulus (E) was determined by taking the mean of the maximum range (extrapolating to the surface, zero depth) to negate any surface contact effects that reduce the modulus at low contact depths (Fischer-Cripps, 2006). The standard deviation for these DLC coating systems has been estimated to be ∼0.7 GPa and ∼5 GPa for hardness and elastic modulus, respectively (McMaster et al., 2023). This methodology has been reported in previous works by McMaster et al (McMaster et al., 2020; 2023).
TABLE 2 | Mechanical Properties of the coating systems and uncoated substrates.	Substrate	Coating	DLC coating thickness (µm)	Surface roughness (nm Ra)	Hardness, H (GPa)	Elastic modulus, E (GPa)	H/E	H3/E2 (GPa)
	SS	Uncoated	N/A	26 ± 4	2.6 ± 0.1	223 ± 5	0.012 ± 0.001	0.00040 ± 0.00003
	SS	DLC	5.18 ± 0.07	20.3 ± 5.1	24.2	218	0.111	0.298
	HTS	Uncoated	N/A	26 ± 4	10.0 ± 0.3	239 ± 7	0.042 ± 0.002	0.017 ± 0.001
	HTS	DLC	3.82 ± 0.09	84.0 ± 32.7	21.6	205	0.105	0.240


The substrates have distinct mechanical properties differences with the HTS having a much higher hardness of 10.0 GPa compared to 2.6 ± 0.1 GPa. The elastic moduli are quite similar for both materials. The H/E and H3/E2 differences for the substrates are therefore the result of the hardness differences. Both substrates were polished to the same surface roughness of 26 ± 4 nm Ra. The DLC coating deposited on HTS had a markedly higher surface roughness of 84.0 ± 32.7 nm Ra compared to the DLC on SS with 20.3 ± 5.1 nm Ra. Despite the same deposition times (360 min), the DLC on SS had a DLC thickness of 5.18 ± 0.07 µm. The overall DLC mechanical properties are similar across both substrates.
3.2 Friction results
The friction results are displayed as averages of specific cycle numbers across the whole testing regime. At least two repeats were performed for each material/coating configuration.
3.2.1 Uncoated
The analysis of uncoated fretting performance serves to compare against the lubricated conditions and can model the friction of a starved contact. Figure 2 shows the friction results of uncoated SS at 20 N load corresponding to a contact pressure of 1.26 GPa. The early fretting cycles display an increase in the coefficient of friction caused by the running-in period. The base oil (BO) had the highest friction in the running in period (0.77 ± 0.08) and also the highest standard running friction coefficient. The lowest friction coefficient was recorded with the FFO. After 2,500 cycles, the systems settle into standard running.
[image: Graph showing the coefficient of friction (COF) over cycles for different additives. Lines represent BO, BO + MoDTC, FFO, and FFO + MoDTC. BO has the highest initial COF, which decreases and stabilizes. FFO + MoDTC maintains a consistently low COF.]FIGURE 2 | Coefficient of friction (COF) evolution of lubricated uncoated SS at 20 N.Figure 3 shows the coefficients of friction of the uncoated HTS at 20 N (a) and 40 N (b). The effect of load is clearly distinguished between these two test configurations with Figure 3a displaying similar running-in phenomena to uncoated SS in Figure 2. Base oil once again had the highest friction in the running in period (0.41 ± 0.14) and the highest steady-state friction. The lowest steady-state friction was observed with FFO with MoDTC. At 40 N load, the running-in period was hugely extended overall and variable between the lubricant configurations. The highest friction of the running-in period was BO with MoDTC with a value of 0.50 ± 0.06. The standard deviation increase was much higher than this value throughout the tests, however. Friction for this lubricant only stabilised at 9,000 cycles. Steady-state friction was reached at 4,500 cycles for BO, 5,250 cycles for FFO and 6,250 cycles for FFO with MoDTC.
[image: Two graphs compare the coefficient of friction (COF) over cycles for four lubricants: BO, BO plus MoDTC, FFO, and FFO plus MoDTC. Graph (a) shows initial spike in COF, stabilizing around 0.1 for most lubricants, with BO higher. Graph (b) shows flutuating COF for all lines initially. BO stabilises first at 4500 cycles. Others are less stable.]FIGURE 3 | Coefficient of friction (COF) evolution of lubricated uncoated HTS at 20 N (a) and 40 N (b).3.2.2 Coated
The friction of the unlubricated DLCs is shown in Figure 4. DLC on SS and HTS at 20 N had an extremely short running-in period with both reaching steady state within 500 cycles. At 40 N on HTS, the frictional progression was much smoother with a high of 0.25 ± 0.07 before reducing to approximately steady state at 5,750 cycles however the coefficient of friction continued to steadily decrease for the duration of the test.
[image: Graph showing the coefficient of friction (COF) versus cycles for DLC coatings on different materials. Red squares: DLC on SS at 20 N; green triangles: DLC on HTS at 20 N; blue diamonds: DLC on HTS at 40 N. All exhibit initial spikes, then stabilize around COF values of 0.15 to 0.2 over 15,000 cycles.]FIGURE 4 | Coefficient of friction (COF) evolution of unlubricated coatings on SS (20 N) and HTS (20 N and 40 N).The lubricated friction traces of DLC on SS is shown in Figure 5. In lubricated conditions, this coating experienced a smooth reduction in the coefficient of friction from the beginning of fretting to approximately 5,000 cycles where steady state was reached by all coatings. The highest overall friction was experienced by FFO with MoDTC and BO gave the lowest overall friction. The variability across the cycles was greater for the fully formulated oils compared to the base oils.
[image: Graph showing the coefficient of friction (COF) over cycles for four conditions: BO, BO with MoDTC, FFO, and FFO with MoDTC. BO with MoDTC decreases gradually, while FFO with MoDTC remains higher throughout. Error bars indicate variability.]FIGURE 5 | Coefficient of friction (COF) evolution of lubricated DLC on SS at 20 N.Figure 6 shows the coefficient of friction progressions for DLC on the HTS substrate at 20 N (a) and 40 N (b). At 20 N, BO and FFO almost instantly reached steady state. FFO with MoDTC appeared to reach steady state but we can note that it began to decrease the coefficient of friction from 7,500 cycles onwards. BO with MoDTC saw its friction decrease much earlier (2,500 cycles) reaching the lowest steady friction in this figure. Increasing the load to 40 N generally increases the variance in the friction across the cycles (larger relative error bars) however FFO has an extremely low variance for all the fretting cycles. Comparing the MoDTC containing oils to their non friction modifier containing counterparts, we can see the positive effect with the friction reduction of each set.
[image: Two line graphs compare the coefficient of friction (COF) over cycles for four lubricant combinations: BO, BO with MoDTC, FFO, and FFO with MoDTC. Both graphs show COF on the vertical axis and cycles on the horizontal axis, with various trends depicted for each lubricant setup. Error bars are included. The legend differentiates the combinations by color and marker style. Graph (a) and graph (b) are labeled below each graph.]FIGURE 6 | Coefficient of friction (COF) evolution of lubricated coating A on HTS at 20 N (a) and 40 N (b).3.2.3 Average friction
The coefficients of friction as averaged across all the cycles is shown in Figure 7. It can be noted that configurations with large error bars correspond to those which had unstable friction traces across the full cycle such as lubricated uncoated HTS under 40 N load (shown in Figure 3b) or those with high friction running in periods as in lubricated uncoated SS (shown in Figure 2). These high initial friction in uncoated SS could be due to initial instabilities in entraining the lubricant in the fretting contact during running in. High friction such as this is observed in dry fretting tests as seen in the work of Kubiak et al (Kubiak et al., 2011). The lubricated DLCs display noticeably lower friction with low error bars showing reasonable stability across all the cycles. The lowest average COF was BO with MoDTC on lubricated DLC on HTS with a value of 0.08 ± 0.01. Comparing lubricated DLC on HTS at the different load levels shows that there is little difference in the average friction; the variance is slightly higher at 40 N however. The uncoated substrates have notably higher average friction and variance across the fretting cycles with the highest average being BO lubrication on uncoated SS with a value of 0.32 ± 0.20.
[image: Bar chart comparing coefficients of friction (COF) for different surface treatments and lubricants. Categories include DLC Dry, SS DLC Lubricated, Uncoated SS Lubricated, HTS DLC Lubricated, and more. Each treatment shows multiple bars representing lubricants such as SS, HTS, and FFO. Error bars indicate variability.]FIGURE 7 | Average coefficient of friction (COF). Results are averaged across all fretting cycles so high standard deviations correspond to high instability. HL indicates 40 N load.The friction of the dry DLCs was very similar for the different load levels on HTS. The variance at 40 N was 0.04 compared to 0.01 at 20 N. The friction of DLC on the SS substrate was 0.12 ± 0.01.
3.3 Dissipated energy
The total cumulative dissipated energy across all the fretting cycles is shown in Figure 8. The frictional force and displacement of each fretting cycle was integrated and summed to find the total dissipated energy. For a simplified interface, lower dissipated energy can correlate to lower wear in fretting but this does not hold for complex multi-layered materials where layer breakdown and varying wear rates complicate the relationship (Liskiewicz and Fouvry, 2005; McMaster et al., 2023). The addition of lubricants would additionally add complexities to the metric where the establishment of steady state may depend on the lubricant properties as we can see in Figures 2, 3, 5, 6. We can see that trends in friction from Figure 7 are generally magnified. The unlubricated DLCs in Figure 4 may be described by the wear and energy relation previously explored (McMaster et al., 2023). The highest cumulative dissipated energy was measured with BO lubricated uncoated HTS at 40 N with a value of 15.2 ± 1.5 J.
[image: Bar chart showing total cumulative dissipated energy (in joules) for different lubrication and coating conditions. Categories include DLC Dry, SS DLC Lubricated, Uncoated SS Lubricated, HTS DLC Lubricated, HTS DLC Lubricated HL, HTS Uncoated Lubricated, and HTS Uncoated Lubricated HL. Each category has multiple bars representing specific lubrication formulations: SS, HTS, HTS HL, BO, BO + MoDTC, FFO, and FFO + MoDTC. The highest energy dissipation is observed under DLC Dry with HTS HL. Error bars indicate variability across measurements.]FIGURE 8 | Average cumulative dissipated energy. HL indicates a 40 N load.3.4 Wear images
The effect of load on DLC coated HTS is shown in Figure 9. Abrasive marks are shown in the centre of the wear scars for both loads with a larger amount of wear debris ejected at 40 N (Zhu and Zhou, 2011). Zhuang et al. also noted that the wear mechanism was mainly attributed to abrasion (Zhuang et al., 2019). There were no signs of fatigue or coating delamination. No signs of coating wear through are shown with no delamination present indicating that the coating has protected the substrate.
[image: Microscopic images showing the wear on material surfaces. Panel (a) displays a central worn area with visible scratches and dark debris accumulation, set against a granular texture. Panel (b) shows a similar worn region, also with scratches and dark debris, surrounded by a densely textured background. Both images are marked with a 200-micrometer scale for reference.]FIGURE 9 | Wear scars of dry conditions on DLC on HTS. (a) Dry conditions on DLC on HTS at 20 N load. (b) Dry conditions on DLC on HTS at 40 N load.Figure 10 shows the wear scars of lubricants on DLC coated HTS. In (a), mild abrasive marks are displayed when lubricated with base oil and 20 N load. Increasing the load to 40 N (b) generates small wear particulates that are likely generated early in the fretting before the lubricated fretting has stabilised. Some indications of abrasion are present also.
[image: Microscopic images comparing surfaces. Image (a) shows a relatively smooth surface with fine scratches, measured at one hundred micrometers scale. Image (b) displays a surface with prominent linear scratches and dark patches, measured at two hundred micrometers scale.]FIGURE 10 | Wear scars of lubricated DLC on HTS and SS. (a) Base oil lubricated DLC on HTS at 20 N load. (b) Base oil lubricated DLC on HTS at 40 N load.4 DISCUSSION
Zhou and Vicent, in a review of lubrication in fretting, found that oil and grease lubrication was suitable for the gross slip regime (Zhou and Vincent, 1999). Oil lubrication in fretting is known to be affected by viscosity, boundary lubrication properties, the presence of additives and the deposition process (McColl et al., 1995). Shime et al. explored the behaviour of oil lubrication in fretting contacts and created a schematic comparing the friction against stroke length across the stick-slip and gross slip regions for unlubricated contacts and different viscosities of lubricant (Shima et al., 1997). Low viscosity lubricants were found to have a lower increase in friction in the stick-slip region (low stroke length) and lower friction as stroke increased (progressed into gross-slip). In this work, the fully formulated oil included a viscosity modifier. This corresponds to base oil having a lower coefficient of friction in Figures 5, 6. However, for Figures 2–4, we likely observe the effects of the MoDTC reducing the friction in these tests, especially as both surfaces were ferrous (Okubo et al., 2018). Januszewski et al. investigated lubricant properties and contact conditions in false brinelling damage. They found that in fretting conditions, lower viscosity oils reduced the amount of false brinelling damage. Frictional performance was also improved with the use of lower viscosity oils. It was noted that despite this, the contact still operated in boundary lubrication. In contrast, higher viscosity along with higher contact pressures and reciprocating frequencies caused the contact to be dry with friction coefficients of 0.5 for short periods (Januszewski et al., 2023).
Interactions of friction modifiers have generally been studied under reciprocating sliding or unidirectional pin-on-disk testing (De Barros’Bouchet et al., 2005; Sugimoto et al., 2013; De Feo et al., 2016; 2017; Garcia et al., 2021). Once steady state fretting had been established, all of the tests in this work were in the gross slip fretting regime as shown in Table 1 (sliding ratios from 0.45–0.58). The authors were unable to find studies that specifically considered the interaction of MoDTC friction modifier in this fretting regime. Comparing base oils and fully formulated oils in this study (Figure 7), we can see that the lowest coefficients of friction are achieved with base oil with the addition of MoDTC has seen with lubricated DLC on HTS at both 20 N and 40 N. The average COF with lubricated DLC on SS was also lower with the base oil lubricant variants however the lack of additive performed slightly better in this case.
The reasons for this performance difference could be a combination of viscosity as noted by Januszewski et al. (2023) but also additive interactions which require mechanistic investigation in fretting. Comparing the average COF in this work to sliding contacts, we can note that generally, friction in lubricated DLC fretting is lower with values less than 0.1 as opposed to around 0.12 in sliding with fresh oil. Aging for 2 h or more generally lowered the friction to 0.06–0.08 but friction rose with 8 h of oil aging (De Feo et al., 2015; De Feo et al., 2016; 2017; Ohara et al., 2017).
Several authors have investigated the wear mechanisms of DLC coatings interacting with MoDTC. Kosarieh and co-workers found a measurable reduction in friction, similar to Figures 5, 6 however, the wear coefficient was much higher at high MoDTC concentrations (Kosarieh et al., 2013; 2016). MoS2 formation and graphitisation reduced the friction in the contact but the molybdenum containing compounds were suggested to oxidise or dehydrogenate the coating thereby breaking down the DLC matrix. Espejo et al. also found MoS2 in sliding contact conditions and attributed the high wear to carbonaceous layer formation (Espejo et al., 2019). MoS2 was not found in additive containing fully formulated oil due to interactions with other additives in the oil. Sugimoto suggested that graphitisation was the main mechanism of DLC wear under boundary lubrication corresponding to the carbonaceous layer formation in Espejo’s work (Sugimoto et al., 2013). Al-Jeboori et al. found that MoDTC activation was enhanced in pure sliding in MTM testing (Al-Jeboori et al., 2018). We can note that the friction of the FFO with MoDTC was not the lowest in Figures 5, 6. Kassim et al. corroborated the tribological transformation with molybdenum containing compounds (Kassim et al., 2020). Raman observations were conducted by Okubo and coworkers who found Mo2C formed after MoS2 and MoO3 interaction were likely the cause of the DLC matrix breakdown (Okubo and Sasaki, 2017; Okubo et al., 2019). De Barros'Bouchet and coworkers have investigated the interactions of DLC with MoDTC and provided further evidence of the molybdenum containing intermediary compounds in breaking down the carbon matrix in the presence of a ferrous counterface (De Barros’Bouchet et al., 2005; De Feo et al., 2016; 2017). Further studies on the tribochemical interaction of MoDTC in fretting should explore the mechanisms of tribofilm formation and breakdown to elucidate the interplay between oil viscosity and additive interactions.
MoDTC interactions on steel also result from MoS2 formation. Temperature was found to be a factor in controlling the tribochemical process however heating was not utilised in this study. Carbonaceous material was also found in the contact however as the surfaces were ferrous, this was attributed to the base oil degradation. Increased load was found to increase the growth rate of MoS2 by supplying more mechanical energy to promote chemical reactions in the contact. As such the tribofilm formation was shown to be a mechanochemical process (Garcia et al., 2021). Figures 2, 3 show the effectiveness of the lubricants on the uncoated substrates.
Vengudusamy et al. explored the behaviour of DLC/steel contacts and presented Stribeck curves in the initial contact conditions and after 2 h of sliding (Vengudusamy et al., 2012). Friction for a-C:H (with steel and MoDTC) varied from 0.05–0.02 in the initial conditions and evolved to 0.06–0.02 in speeds varying from 0.007–5 ms−1. The speed of fretting was calculated to be 250 μms−1 in this work and was therefore too low to be captured in the Stribeck curve however the trend indicates, that at lower speed the friction coefficient will be higher as summarised in Figure 7.
Surface roughness in fretting has been explored in dry fretting (Kubiak et al., 2011). In these conditions, rougher surfaces had a lower coefficient of friction and the activation energy for wear was higher with smoother surfaces. In this work, the surface roughness was approximately the same for all surfaces apart from DLC on HTS as shown in Table 2 with a value of 84.0 ± 32.7 nm Ra compared to 20–26 nm Ra for the other surfaces. This may contribute to the frictional differences in Figure 4 and comparing DLC on SS and HTS in Figures 5, 6 respectively. The differences in surface roughness may affect lubricant entrainment as can be seen comparing DLC on SS in Figure 5 and DLC on HTS in Figure 6. The average friction was slightly lower on the lubricated HTS in Figure 7.
The mechanical properties of the fretted surfaces in this study were explored with nanoindentation (Table 2). In a previous work by McMaster and coworkers, the mechanical properties were found to correlate with the tribological performance, specifically an inverse correlation between wear volume and the ratios of H/E and H3/E2 (McMaster et al., 2023). Typically, H/E and H3/E2 can be used to relate tribological performance via the interfacial/adhesive component and ploughing contributions to friction (Ni et al., 2004; Beake et al., 2013; Beake, 2022), elastic strain to break (Leyland and Matthews, 2000) and contact yield pressure respectively (Chen et al., 2019). Comparing the mechanical properties shown in Table 2 and the average coefficients of friction in Figure 7 and dissipated energies in Figure 8, we can note that there is no correlation between the mechanical properties and tribological performance. As such the tribological performance, in this work is controlled by the lubricant behaviours as observed by other authors (De Barros’Bouchet et al., 2005; De Feo et al., 2016; Okubo et al., 2019; Januszewski et al., 2023).
The mechanical properties of unwashed and solvent washed tribofilms have been explored previously on EN31 steel (Bec et al., 2004). In this work by Bec et al., the MoDTC tribofilm was found to have a low hardness (below 0.6 GPa) on both the washed and unwashed variants. The coefficient of friction was also explored in relation to mean contact pressure. The formed MoDTC tribofilm was unable to resist the contact pressure (less than 1 GPa) and therefore was ineffective at reducing friction in comparison to the MoDTC and ZDTP tribofilms. However, the lubricant containing MoDTC was able to reach low coefficient of friction values of 0.01–0.05. Analysing the friction coefficients obtained in Figures 2–6; we can note that friction was not this low however the conditions differed. In Bec et al.’s work, reciprocating sliding was achieved with an approximate contact pressure of 0.36 GPa to simulate the contact conditions of a cam/follower system in an internal combustion engine.
Multiple authors have utilised dissipated energy in the study of fretting wear. Korsunsky and Kim explored the energy per cycle (in plastic and elastic terms as well as the energy ratio) as it evolved with accumulated reciprocal sliding distance and found that total dissipated energy decreased throughout the test (Korsunsky and Kim, 2010). Liskiewicz and Fouvry utilised dissipated energy as a metric to compare coating endurance (Liskiewicz and Fouvry, 2005).
The authors of this study previously examined cumulative dissipated energy in fretting wear of DLC coatings and found a reasonable positive correlation with wear volume (McMaster et al., 2023). Under dry conditions, cumulative dissipated energy was found to have a weak positive correlation with wear volume. In these conditions, frictional energy input will drive tribological transformation of the coating and wear however in the present study (Fouvry et al., 2002; Sugimoto et al., 2013), the lubricant entrained into the contact will reduce direct wear (comparing Figures 9, 10). Furthermore, the dynamics of lubricant entrainment affect the fretting system’s setting of required displacement and possible tribofilm formation suggests that cumulative dissipated energy is not a reliable measure of wear in these conditions. Comparing the different loads (corresponding to varying contact pressures) of uncoated HTS and DLC on HTS in Figure 8, the dissipated energy was notably higher for the higher contact pressure. A higher load will input more energy into the contact thereby increasing the cumulative dissipated energy. Additionally, we can see the higher instability in friction caused by higher load by comparing the loads in Figures 3, 6.
5 CONCLUSION
In this study, the frictional performance of DLC coatings was analysed in base oil and fully formulated oil with the friction modifier MoDTC. Contact pressure was varied between 1.20 and 1.55 GPa with loads of 20 N and 40 N.
The following conclusions could be drawn:
	• Higher contact pressure created instabilities in the friction extending the time to reach steady state.
	• The surface roughness of the coatings and its interaction with the viscosity of the lubricants affected the frictional performance. Surface roughness was also the main variable affecting the fretting performance of the DLCs in dry conditions. Performance differences in the DLCs on HTS and SS can be mainly attributed to the coating surface roughness.
	• On DLCs on HTS, the higher viscosity of fully formulated oil performed worse, as the roughness of the coating may have affected entrainment. The activation of the MoDTC friction modifier in base oil and fully formulated oil was observable at both loads on DLC on HTS. On the smoother DLC on SS, the lower viscosity base oil performed best as it was likely entrained into the contact easily. As such, we can see that MoDTC was effective in reducing friction in the gross-slip fretting regime as it also is in full sliding.
	• On the uncoated substrates, the addition of the additive pack and MoDTC consistently improved friction performance, indicating their effectiveness and activation of the MoDTC respectively.
	• The instabilities in the fretting contact were captured in the cumulative dissipated energy however this metric is unlikely to be a reliable proxy for wear due to the fretting rig’s tendency to take several cycles to establish the desired fretting regime and the dynamics of lubricant entrainment that were also present.
	• The commonly reported deleterious effects of MoDTC interacting with DLC (De Barros’Bouchet et al., 2005; Kosarieh et al., 2013; De Feo et al., 2016; Kosarieh et al., 2016; De Feo et al., 2017; Al-Jeboori et al., 2018) were not observed in this study as any excess wear caused by the lubricant interaction was not captured in light of lubricant dynamics.

Future work exploring the tribology of lubricated DLC fretting contacts should explore the extent of the graphitisation and transfer film generation of the DLCs themselves. Longer tests should be carried out to ensure that a larger wear volume is generated and such that any coating interactions (and tribofilms generated) from the lubricant additives can be discerned by Raman spectroscopy (Khaemba et al., 2015; Vaitkunaite et al., 2022) or X-ray Photoelectron Spectroscopy (Morina et al., 2006). Different fretting regimes could be investigated, and external heating could be applied which could be paired with other DLC types and mixed additives. Further analysis should be performed to identify the specific lubrication regime attained in the lubricated fretting contact. Tomović et al. explored a methodology to predict oil thickness in a trochoidal pump which could extend this work to a further industrial application where cost analysis of the efficacy of the lubricants and DLCs could be undertaken (Tomović et al., 2021). These results can be used as the basis of a statistical study to predict the results of varying contact pressures once a larger dataset is assembled.
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