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Abstract

:

A composite lubricating system that combines solid and liquid lubrication can create a synergistic effect by leveraging the strengths of both types of lubricants. Solid lubrication coatings possess advantageous load-bearing abilities and exhibit low volatility. By adopting this approach, the system retains the merits of solid lubrication while simultaneously harnessing the advantages of liquid lubrication. The unique properties of diamond-like carbon coatings (DLCs) offer the potential to create binding locations for lubricant additives by introducing dopant elements that have a high affinity with additives. In the present work, the combined use of europium-doped diamond-like carbon (Eu-doped DLC) with varying atomic concentrations of the dopant element (1.7 at. % and 2.4 at. %) and gadolinium-doped diamond-like carbon (Gd-doped DLC) with different atomic concentrations of the dopant element (1.7 at. % and 2.3 at. %) was studied alongside a pure DLC coating and the incorporation of an ionic liquid (IL) additive in a tribological block-on-ring system. The focus was on the 1-Ethyl-3-methylimidazolium diethylphosphate ionic liquid with a concentration of 1 wt. % in polyalphaolefin (PAO) 8. Among the investigated pairs, the coefficient of friction (CoF) of 1.7 at. % Eu-doped DLC coupled with the IL was the smallest in boundary, mixed, and elastohydrodynamic lubrication regimes. Quantification of wear was challenging due to minimal and localized wear on the DLC coating surfaces. The decrease in friction within the boundary lubrication regime underscores the promise of mechanical systems that integrate 1.7 atomic percent Europium-doped diamond-like carbon coatings with ionic liquids (IL). This study presents a compelling avenue for future scholarly exploration and research efforts focused on reducing friction and improving the efficiency of moving components, particularly in situations where tribological properties exert a substantial influence
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1. Introduction


The urgent requirement to decrease greenhouse gas emissions necessitates innovative measures to positively influence our planet’s condition in the coming years. Control of friction elements plays a direct role in enhancing the performance of systems by minimizing heat dissipation and reducing wear. This, in turn, enables significant energy preservation throughout the lifespan of the system. Effective friction management further extends the durability of components by reducing undesirable deterioration, leading to favorable energy conservation outcomes through the diminished necessity for component replacements [1,2,3]. Therefore, currently, there is a huge emphasis on creating advanced materials that can effectively reduce friction and enhance the durability of mechanical components in motion. To comprehensively explore this, significant studies in tribology are trying to understand how lubricants impact the behavior of moving parts. It is crucial to recognize that friction and wear are attributes of the entire system, not just the materials involved. Promising solutions include the utilization of ILs as additives to lubricants and thin DLC coatings [4]. Previous research works have proven the benefits of utilizing DLCs, ILs, or base lubricants alone or simultaneously to minimize friction or wear.



Lubricant additives are extensively utilized to amplify existing attributes or introduce supplementary tribological characteristics. These additives encompass chemical compounds capable of engaging with surfaces, resulting in the development of layers with diminished shear strength resistance, commonly termed as “tribofilms” [5].



Zinc dialkyl dithiophosphates (ZDDPs) have found application as additives within formulations of engine oils, a practice dating back to the 1940s. Their primary purpose has been to mitigate the effects of wear [6]. Extensive research has been dedicated to understanding the lubrication mechanism of ZDDP over the course of numerous years. The prevalent theory explaining how ZDDP reduces wear involves the development of uneven glassy phosphate coatings on surfaces. Despite their remarkable effectiveness in diverse conditions, these additives contain notable amounts of phosphorus, sulfur, and zinc. These elements are suspected culprits behind issues like filter blockages and catalyst deterioration within post-combustion treatment processes for car engines. Consequently, the environmental drawbacks linked to ZDDP application have drawn intensified criticism. This has prompted active exploration into alternative solutions to replace ZDDPs [6,7,8], giving precedence to the development of environmentally friendly biodegradable lubricants with diminished toxicity levels.



Numerous research endeavors have explored the incorporation of diverse metallic elements into DLC films, aiming to elevate their attributes and primarily rectify certain undesirable characteristics achieving beyond the already commendable tribological and mechanical capabilities exhibited by DLC coatings [9]. Commonly, properties of diamond-like carbon films are modified using two primary groups of alloying materials: non-carbide formers (such as copper and silver) and carbide formers (e.g., titanium, chromium, tungsten) [10,11,12,13,14,15,16].



Elevated residual stress within DLC films can result in inadequate adhesion, potentially leading to coating delamination, even during the process of film deposition. This observation is supported by multiple research studies [17,18,19,20,21]. The incorporation of metallic or non-metallic elements as dopants offers a means to diminish residual stress by regulating the microscopic arrangement, adhesion, sp3/sp2 ratio, and surface texture of DLC coatings. Consequently, the capacity to control the carbon bond structure and minimize residual stress emerges as a pivotal element for achieving the desired properties within a DLC film [19]. To minimize residual stress, DLC coatings have been doped with Ti [22,23], W [19,24], Si [25], N [26], F [21], Nb [18], and Au [17]. Doping additionally enhances the efficacy of thin DLC films in the realm of biomedical applications, such as for ureteral stents [27]. In the domain of hospital-utilized instruments necessitating antibacterial qualities, the addition of substances like Ag into DLC confers this specific attribute [14,28].



Among numerous suggested solutions to supplement or substitute ZDDPs, ILs have garnered significant interest from the research community. ILs consist of an anion and an organic cation, constituting liquid salts with melting points below 100 °C [29,30]. In many ILs, the absence of metallic elements does not preclude their interaction with metal substrates or the debris they produce.



In this research study, 1-Ethyl-3-methylimidazolium diethyl phosphate was selected as an additive to PAO8. This particular ionic liquid exhibited superior lubricating properties compared to polyalphaolefin, effectively reducing friction. Nanao et al. [31] examined the tribological characteristics of 1-Ethyl-3-methylimidazolium diethyl phosphate at room temperature. The mentioned IL was discovered to exhibit superior lubricating properties, effectively reducing friction compared to polyalphaolefin.



Several research studies have investigated the incorporation of dopant elements in DLC coating to improve their tribological efficacy when exposed to ILs. In a study by Milewski et al. [32], the tribological performance of two distinct ionic liquids (named as 1-butyl-3-methylimidazolium tetrafluoroborate and trihexyltetradecylphosphonium bis(trifluoromethy-lsulphonyl) amide was examined on an a-C:H type diamond-like carbon coating deposited on a 100Cr6 steel disk which was sliding against a 100Cr6 steel ball under a boundary lubrication regime. The specimens coated with a-C:H type diamond-like carbon and lubricated with 1-butyl-3-methylimidazolium tetrafluoroborate ionic liquid exhibited the lowest friction value among all observed values.



Gonzalez et al. [33] investigated the effectiveness of a chromium-doped DLC coating used in a system lubricated with two different ionic liquids named as ethyl-dimethyl2-methoxyethylammonium tris(pentafluoroethyl)trifluorophosphate [(NEMM)MOE] [FAP] and 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate [BMP] [FAP]. These ionic additives had concentrations of 1 wt% in a polyalphaolefin base oil. The study revealed that both ionic liquids helped to decrease friction, particularly noticeable at the lowest tested load (20 vs. 40 N).



In other studies [34,35] researcher conducted a study examining the friction and wear interactions between three distinct ILs and a type of W-DLC coating. The ionic liquids studied were Tributylmethylphosphonium dimethylphosphate, trimethylammonium dimethylphosphate, and 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate ([BMP][FAP]). When applied to the surface of tungsten-doped DLC (W-DLC), the IL additives containing dimethylphosphate anions displayed a noteworthy performance, surpassing even the ZDDP performance under experimental conditions. In contrast, the IL containing the trifluorophosphate group exhibited the least favorable properties among all the ILs tested against W-DLC surfaces.



Khanmohammadi and colleagues [5] undertook a comprehensive examination of the tribological performance involving three categories of diamond-like carbon coatings (DLCs): pure DLC, tungsten-doped DLC, and silver-doped DLC. These DLCs were tested in conjunction with three distinct groups of ionic liquids, namely tributylmethylphosphonium dimethylphosphate (PP), 1,3-dimethylimidazolium dimethylphosphate (IM), and 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate. They identified two distinct additive-adsorption mechanisms that predominantly influence the frictional characteristics. In the case of Ag-DLC, an activation process involving triboelectrochemical phenomena was observed, whereas in W-DLC, a mechanism involving electron transfer was identified. Both mechanisms led to a significant reduction in friction during contact, providing insights into the efficient friction reduction achieved in these systems.



PAO 8, a prominently branched lubricant, has been subject to several studies aimed at enhancing its tribological effectiveness when employed to lubricate DLC coatings. Lanthanides, encompassing elements such as europium and gadolinium, are regarded as exerting a beneficial influence on the development of tribolayers when utilized as additives in conjunction with ILs. This is attributed to their notable affinity for ionic liquids, which enhances their potential for enhancing tribological interactions [36,37]. These coatings, renowned for their advantageous tribological characteristics, find widespread application in the automotive sector [38]. Conversely, while earlier research has demonstrated the strong chemical attraction of lanthanides, such as europium (Eu) and gadolinium (Gd), towards ILs, and in certain instances, ILs have been employed in the extraction of rare earth metals, the potential benefits of leveraging this affinity to enhance the tribological interplay between ILs and La-DLC films have not been comprehensively explored [36,37,39]. Therefore, this research initiative investigates the influence of introducing europium (Eu) and gadolinium (Gd) dopants into DLC coatings, fabricated through HiPIMS. The primary focus is on comprehending the tribological relationships between these doped diamond-like carbon films with a newly formulated IL called 1-Ethyl-3-methylimidazolium diethylphosphate. To facilitate this study, 1-Ethyl-3-methylimidazolium diethylphosphate is introduced as an additive (1 wt. %) to polyalphaolefin 8 (99 wt.%), serving as the fundamental base oil. The investigation of tribological performance is conducted under varying lubrication conditions, achieved by modifying the rotational speed of the ring component within a block-on-ring setup (at room temperature). The outcomes are subsequently compared with samples lubricated solely with the base oil (without additives). The objective is to underscore the advantages of incorporating two rare earth elements (Gd and Eu) into diamond-like carbon films in relation to the tribological behavior of DLCs in the presence of 1-Ethyl-3-methylimidazolium diethylphosphate, an additive to PAO8—a lubricant commonly employed in car engines [2]. If further investigations are performed (such as corrosion characterization), the outcome of the present work can be applied in internal combustion engines.




2. Materials and Methods


2.1. Preparing Samples


The substrate material chosen for the DLC film was an AISI M2 steel, characterized by a coin shape with 12.5 mm radius and 4 mm thickness. Silicon wafers sized 20 × 20 mm and 1 mm thick were chosen for analyzing the film characteristics, namely, the film thickness and morphology. The M2 steel specimens were polished using abrasive grinding papers of varying grit sizes: 240-, 320-, 400-, 600-, 800-, and 1200-grit. For achieving a polished mirror finish (Ra ≈ 0.1 μm), a paste containing diamond abrasive particles (6 and 3 μm) was applied. A meticulous cleaning process involving multiple ultrasonic baths with acetone and after ethanol, each lasting for 15 min, was carried out for all substrates [2,9]. Chemical composition of AISI M2 Steel is depicted in Table 1.




2.2. Coatings Deposition


The DLC film production was carried out by magnetron sputtering with a HiPIMS Cyprium plasma generator, provided by Zpulser Inc. Throughout the deposition, the substrate holder support rotated at a consistent rate of 23.5 revolutions per minute. The distance between the substrates and the targets was consistently maintained at 80 mm. Two targets were employed, chromium (99.99% purity) and graphite (99.95% purity), measuring 150 × 150 × 10 mm3. These targets were responsible for depositing the adhesion interlayers and the diamond-like carbon films, respectively. The pure graphite target underwent modification by introducing circular grooves with a diameter of 10 mm and a depth of 2 mm. These grooves were designed to accommodate doping pellets (either gadolinium or europium pellets) as targets for deposition. In cases where non-doped diamond-like carbon coatings were being deposited, the mentioned holes were filled with graphite pellets to create a pure carbon target.



A base pressure of 3.0 × 10−5 Pa was achieved before the production of all coatings. Improving the adherence of the diamond-like carbon coatings to the substrates involved applying two interlayers before the final diamond-like carbon coating. The process initiated with an interlayer of chromium (Cr), proceeded by an interlayer of chromium nitride (CrN).



The three primary steps of the deposition procedure were as follows:




	
Etching process: Cleaning of the C target involved applying a HiPIMS charging voltage of 400 V at a working pressure of 4.0 × 10−1 Pa for a duration of 10 min. A similar cleaning procedure was carried out on the Cr target, using a DC power of 250 W at a working pressure of 3.5 × 10−1 Pa. Simultaneously, the substrates were subjected to pulsed power (120 kHz, 1616 ns) for 60 min.



	
Interlayer deposition: The chromium (Cr) interlayer was deposited at a working pressure of 3.0 × 10−1 Pa, with a bias of −60 V and a DC power of 1200 W applied to the Cr target. This step lasted for ten minutes. The gas composition was gradually adjusted by increasing the percentage of nitrogen (N2) and reducing the percentage of argon (Ar) to facilitate the deposition of the CrN layer. Both interlayers had a thickness of approximately 400 nm.



	
DLC coating deposition: The final step involved depositing the DLC coating for 60 min at a pressure of 4 × 10−1 Pa. The deposition procedure utilized micro-pulsing with a duration of 6 μs for each micro-pulse, separated by intervals of 150 μs. The entire pulse cycle spanned 1800 μs. A substrate voltage bias of −80 V was applied, and the average power was maintained at 600 W. Figure 1 presents an overview of the deposition procedure [2].









2.3. Lubricants


To comprehend the influence of introducing Gd and Eu elements into DLC films, an initial investigation utilized a basic lubricating oil devoid of any additives. Subsequently, this base oil was mixed with IL additives to observe how the films responded when exposed to an oil blend containing these additives. The primary objective of this research was to analyze the tribological aspects, including friction, wear, and lubrication behavior, of the DLC coatings under these compound lubricating conditions. Within the context of car engines, interactions between the piston ring and cylinder liner primarily occur in two lubrication states: hydrodynamic lubrication and mixed lubrication. Typically, during the piston’s motion, mixed and hydrodynamic lubrication states predominate. However, at the upper limit of the piston stroke, the boundary lubrication state becomes notably more significant. This specific condition underscores the necessity for specialized coatings to enhance lubrication. The chosen lubricant for the study was a commercial oil named polyalphaolefin 8 (PAO 8). This selection was made based on the fact that PAO 8 serves as a foundational oil in various commercial engines. Additionally, it has been extensively researched and serves as a reference in numerous scientific studies [2]. The utilization of this base lubricating oil, both in its pure form and in combination with additives, allowed for a comprehensive analysis of the coatings’ performance throughout various lubrication conditions [40,41,42]. For the purposes of this research, the IL known as 1-Ethyl-3-methylimidazolium diethylphosphate was employed. To formulate the lubricant mixture, 1 g of this specific ionic liquid was carefully combined with 99 g of polyalphaolefin 8. This blending process resulted in the development of a lubricant solution containing 1 wt. % of 1-Ethyl-3-methylimidazolium diethylphosphate [2]. The volume of lubricants was 100 mL.




2.4. Characterization Methods


Nano-indentation measurements were employed as a technique to obtain the reduced Young’s modulus and hardness of the material. This process involved the utilization of a nano-indenter equipped with a Berkovich indenter. To ensure accurate results, it was essential to keep the depth of indentation minimal, specifically less than 10% (a maximum load of 0.01 N was applied) of the coating’s thickness. For every sample, sixteen assessments at different points were conducted. These evaluations aimed to establish both the mean value and the standard deviation of the acquired parameters. This comprehensive approach allowed for a robust understanding of the material’s mechanical properties through multiple data points and statistical analysis [2,43,44].



The elemental composition of the doped-DLC films underwent analysis on the Synthesis, Irradiation and Analysis of Materials platform (SIAM), utilizing ERD (Elastic Recoiling Detection) and RBS (Rutherford Backscattering Spectrometry) techniques. The specimen’s positioning, alpha beam examination, data processing, and cross-section function measurements were all integral steps in analyzing the thin film’s elemental composition and characteristics. To perform the evaluation, the sample was inclined at an angle of 70° and subjected to an alpha beam analysis at an energy level of 2.3 MeV. Throughout this process, backscattered particles were collected using a stationary detector positioned at a 30° angle relative to the incident beam’s path. Comprehensive elemental depth profiles were generated by processing the collected data using Data Furnace [45]. Specifically, five spectra were recorded for each specimen, and cross-section functions were measured through the application of SigmaCalc data. SigmaCalc data were employed for determining cross-section values [2,46].



Scanning electron microscopy (SEM), using the Zeiss Merlin equipment, was carried out to investigate the morphology and the thickness of the DLC films, obtained from the surface area and a cross-section, respectively. The SEM images were achieved with a 2 keV electron high tension (EHT) voltage.



Raman spectroscopy, a non-destructive method, was used to examine the coating’s structure, namely the graphitization of DLC. The spectra were collected using a Renishaw inVia microRaman equipped with a He-Cd laser at 442 nm. For all measurements, the spectral range was 50 to 4000 cm−1. In this investigation, Raman spectra were obtained at many locations to check for surface heterogeneity. Following the elimination of the linear background, peak fitting was conducted using Gaussian synthetic curves.



The SV-100 A&D viscometer instrument (A&D, Tokyo, Japan) was employed to gauge the viscosity–temperature–time properties of the lubricant, which works based on the tuning-fork vibration functions. This technique relies on an electromagnetic force to induce oscillations in a pair of slender sensor plates, which share similar natural frequencies. These plates vibrate with a designated amplitude in the viscometer based on the tuning-fork concept. By monitoring the electronic current required to maintain the sensor plates at a consistent amplitude, the viscosity of the sample liquid was determined. The sensor plates are characterized by extremely low thermal capacity, and the sample liquid’s movement is minimal. This design feature helps prevent fluctuations in the temperature and physical characteristics of the sample. For this research work, the viscosity value determination of two distinct lubricants was conducted at room temperature. Before conducting the tests, the viscometer was calibrated in accordance with the manufacturer’s guidelines. Furthermore, the container employed for the samples was meticulously cleaned using ethanol liquid and acetone liquid, followed by thorough drying. This precautionary measure was taken to prevent any potential contamination that could adversely impact the viscosity measurements.




2.5. Tribotest


The tribological testing was conducted using a block-on-ring setup (Table 2) according to ASTM G77-17, which mimicked a linear contact geometry [47]. The experimental setup consisted of a power supply, a sample holder, an oil reservoir, a counter body (a ring in this case), and two sensors for real-time force measurements. One sensor quantified the normal force, while the other measured the tangential force. Following Amontons’ 1st law, the tangential force demonstrated a direct proportionality to the normal force, where the coefficient of friction (CoF) represented the constant of proportionality. To maintain lubrication between the surfaces, a lubricant reservoir ensured complete submersion. The opposing surface was a ring made of steel (AISI 3415), measuring 115 mm in diameter and 12 mm in width. This steel ring underwent a polished surface treatment using 2000-grit sandpaper to replicate the typical surfaces found in car engines. For the testing conditions, a normal load of 25 N was applied. This load determination followed the principles of Hertzian contact theory, taking into account the specific contact geometry and recognizing the typical pressure of car engines, which is approximately 40 MPa. Block-on-ring tests were performed using different angular speeds corresponding to linear sliding speeds of 0.02, 0.05, 0.07, 0.13, 0.18, 0.4, and 0.66 m/s, respectively. This choice allowed for relevant and practical testing within the context of engine operation (covered all different lubrication regimes), and tests were performed once for every presented velocity, beginning with the highest velocity and ending in the lowest velocity. Figure 2 shows the block-on-ring setup employed in this research work [48], and Figure 3 indicates a detailed image of the block-on-ring contact geometry.



Hitachi SU-3800 Scanning Electron Microscope (SEM) equipped with Energy-Dispersive X-ray Spectroscopy (EDS) was employed to characterize the wear in the samples after tribology tests. The EDS enables the identification of dissimilar elements [2,49].





3. Results and Discussion


3.1. Chemical Composition, Structure, Hardness, and Reduced Young’s Modulus of Thin Films


The findings from the RBS and ERD examinations are detailed in Table 3. According to these results, Gd-doped DLCs consist of approximately 1.7 atomic percent (at. %) and 2.3 at. % of the doped element, while Eu-doped DLCs contain about 1.7 at. % and 2.4 at. % of Eu. Previous studies have proposed that elevated concentrations of Eu and Gd in doped diamond-like carbon films could potentially have adverse effects on the properties of the DLC coating [9]. For instance, an increase in Gd concentration has demonstrated the ability to lower the adhesion properties and hardness values when it comes to Gd-doped DLC. To mitigate these potential negative impacts, this study opted for coatings with low doping element concentrations (lower or equal to 2.4% at. of the dopant element). It is important to note that the presence of hydrogen in the samples is attributed to contamination that cannot be eliminated by vacuum pumps [2,9].



The image depicted in Figure 4 illustrates the cross-sectional scanning electron microscope (SEM) representation of either pure DLC or doped-DLC samples. This visual aid enables the clear observation of the coating’s four discernible sections (comprising the interlayers and DLC thin film) formed atop the substrate.



The identical profile morphology, characterized by a columnar microstructure spanning the entire film, persists across all examined samples, irrespective of the doping element type and its atomic concentration. Within the films, an orderly arrangement of alternating dark and bright bands is discernible. The initial three layers, developed above the substrate, consist of a chromium layer, succeeded by a region with a gradient of nitrogen resulting from the establishment of the interlayers, and proximal to this region lies the chromium nitride layer. Concluding this stratified structure is the topmost layer—a thin DLC film. The Cr and CrN interlayers, deposited onto the Si (100) substrate, measure approximately 900 nm in thickness, while the DLC thin film maintains a consistent thickness of roughly 700 nm across all samples.



The Cr and CrN interlayers exhibit an open columnar microstructure known for inducing tensile stresses [50], which serve to counterbalance the compressive stress generated subsequent to the deposition of the DLC coating [51]. This consistent pattern of structural composition and stress distribution is observed consistently throughout the analyzed samples.



The surface morphologies of DLC coatings, deposited by HiPIMS, are shown in Figure 5 as a function of the dope element and atomic concentration.



The consistent presence of cauliflower-like topography was evident across all film specimens, with the sizes of these granules within surface agglomerates exhibiting an incremental growth corresponding to higher atomic concentrations of doping elements. Specifically, in samples doped with elevated atomic percentages of Gd (2.3 at. %), the nodular size surpassed that of undoped DLC or DLC doped with lower atomic concentrations. In the case of Eu-doped samples, their morphology closely resembled those with lower Gd content, aligning with similar patterns observed in the lower concentration Gd samples. These findings strongly suggest that the concentration of the dopant significantly influences the resultant surface morphology variations in doped-DLC films.



As outlined by Lin et al. [52], Hatem et al. [53], and Sharifahmadian et al. [54], the size of nodules has a discernible impact on film density, with smaller nodules yielding denser films. Samples such as pure DLC or doped-DLC featuring lower atomic concentrations exhibit denser coatings characterized by increasingly compacted columnar microstructures.



The densification of films leads to noteworthy enhancements in properties such as hardness and wear resistance [51,55,56,57]. This disparity observed in film density directly correlates with the quantity of sp2 and sp3 hybridized bonds present, which significantly govern and delineate the properties of DLC coatings [38,58].



Raman spectroscopy served as the method to investigate the structure of C-based coatings. A widely accepted approach within the research community working on thin-film carbon was employed that displays two primary peaks: the D-peak approximately at 1350 cm−1 and a G-peak around 1580 cm−1. These peaks correspond, respectively, to the stretching of sp2 clusters and the in-plane C-C stretching mode of sp2 hybridized carbon atoms [59].



To interpret the Raman spectra, the D and G bands were meticulously analyzed using a two-peak Gaussian peak fitting method, considering a spectral range between approximately 1000 and 1800 cm−1, aligning with the methodologies described in the study conducted by Schmidt et al. [60].



Various studies have established a correlation between the intensity of the D peak (ID) and the intensity of the G peak (IG) with the concentration of sp3, wherein a lower ID/IG value signifies a higher proportion of sp3 content within a DLC film. As outlined in Table 4, an increase in the dopant fraction resulted in a rise in the ID/IG ratio of pure DLC, escalating from 0.73 to 0.88 for Gd and to 0.80 for Eu. Although limited studies focus on incorporating lanthanides as dopants in DLC films, Foong et al. [59] observed a similar trend in their research.



The evaluations of Young’s modulus (Y) and hardness (H), as illustrated in Figure 6, indicate that both the 1.7% Gd-doped diamond-like carbon coating and the pure diamond-like carbon coating demonstrate enhanced hardness in comparison to the other coatings, considering the margin of error represented by the error bars. Similarly, in terms of Young’s modulus, both 1.7% Gd-doped DLC and pure DLC display the highest values for this property, considering the variability indicated by the error bars. DLC coatings are primarily composed of two types of carbon bonds, resembling the hybridizations found in both graphite (addressed as sp2 hybridization) and diamond (addressed as sp3 hybridization). This unique combination contributes to the exceptional H and Y observed in DLC. However, it is important to note that diamond-like carbon films are also characterized by relatively high stresses [61,62]. In the literature, some characteristics are linked to the prevalence of sp3 hybridization within the films. Research indicates that as the proportion and density of sp3 hybridization increase, so do the levels of hardness. Enhanced hardness of surfaces leads to increased resistance against abrasive wear [9,16,38,63,64,65]. If 1.7% Gd-doped DLC and 2.3% Gd-doped DLC are compared, note that the hardness values and elasticity modulus decrease as the percentage of the dopant element increases [2].




3.2. Lubricant Viscosity


Table 5 presents the viscosity data for the employed lubricants. The results indicate that the incorporation of the IL additive into polyalphaolefin 8 did not bring about a significant change in viscosity. The viscosity of Newtonian fluids plays a crucial role as a transitional factor in the lubrication regime. In the experiments conducted, an increase in viscosity caused a transition in the lubrication state toward the hydrodynamic phase. As a result, under the same sliding velocity, the film thickness expanded in comparison to polyalphaolefin 8 without additives [2].




3.3. Stribeck Curves


Stribeck curves (SC) are illustrated by graphing the CoF against the Hersey number or λ (lambda ratio, which is a metric employed to characterize the lubrication regime). The Hersey number, a dimensionless quantity, is computed as the product of the dynamic viscosity of the lubricant (η) and the linear speed (u), divided by the applied load (P) per unit of contact length (m). In the context of these experiments, as velocity was the sole variable, fluctuations in the Hersey parameter were solely influenced by changes in the sliding speed. The applied load remained consistently around 25 N throughout all of the experiments [48,66,67].



Figure 7 illustrates the SC derived from experimental data gathered at varying velocities. According to the figure, four distinct lubrication regimes can be identified [2,40,68].



In the boundary lubrication (BL) regime, characterized by λ < 1, the load is borne by the microscopic surface irregularities, as there is no continuous lubricating film [2,66,68,69,70,71,72]. The intermediate state, termed mixed lubrication (ML) within the parameter range of 1 < λ < 3, combines attributes from both elastohydrodynamic lubrication (EL) and BL. This means that while some regions of the contact area benefit from a lubricating film, other areas involve the interaction between surface imperfections, lacking a continuous liquid film to separate them [2,69,71]. In the EL condition, the lubricating film thickness is significantly reduced compared to the hydrodynamic regime (HL) [2,68,69,73]. Extending beyond HL, the EL condition (3 < λ < 5) involves the deformation of the contacting surfaces. Finally, in the HL regime (where λ > 5), the entire load is supported by the lubricant film [2,66,68,69,70,71,72,73].



Upon scrutinizing the SC of different DLC films, it was observed that the addition of the IL to the polyalphaolefin 8 lubricant typically led to a reduction in the CoF at the minimum attainable sliding velocity in the employed tribometer (which falls within the boundary regime in this example). This effect was particularly noticeable in the case of 1.7 atomic % Eu-doped DLC. When evaluating the tribological pairs lubricated with polyalphaolefin 8 + 1 wt. % additive, as illustrated in Figure 5, a distinct alteration in the CoF becomes apparent across all pairs in the BL regime. Remarkably, within this regime, the 1.7% Eu-doped DLC coating exhibits superior performance compared to all other coatings. In both the EL and HL regimes, the CoF for coatings like pure DLC, 1.7% Gd-doped DLC, 2.3% Gd-doped DLC, and 2.4% Eu-doped DLC, when coupled with polyalphaolefin 8 + 1 wt. % additive, shows higher values in contrast to the same coatings coupled with pure polyalphaolefin 8. However, the performance of 1.7% Eu-doped DLC coupled with polyalphaolefin 8 + 1 wt. % additive remains comparable to the DLC coatings coupled with pure polyalphaolefin 8, particularly in mixed and elastohydrodynamic lubrication regimes.



In the previous reviews [74], two mechanisms have been proposed to explain how the use of ILs additives can reduce the CoF. One is the capability to facilitate motion since they possess small values of shear stress resistance. In this mechanism, the anionic constituent of an ionic liquid is attracted to the surface which usually has positive charges, resulting in the adsorption of these ions onto the surface [74]. Subsequently, the cationic element can bind to another anionic element, giving rise to the buildup of single or multi-layer adsorbed configurations on the surface. These configurations create a layer over the contact surface characterized by feeble interlayer forces. This quality contributes to the reduction of friction and facilitates the motion between the interacting surfaces [5,75,76,77]. The second mechanism explored in the literature pertains to the formation of a tribofilm on surfaces. These separating layers are generated through chemical reactions occurring between the components of IL and wear particles generated in contact, serving to protect and reduce wear [5,70,75].



The Higginson [78] equation is employed to compute the minimum film thickness (    h   0    ) and the λ value (the ratio of     h   0     to composite surface roughness). These calculated values are presented in both Table 6 and Table 7. For both lubricants, the lubrication condition commences from a fully hydrodynamic state. As the velocity decreases, the λ ratio also diminishes, eventually transitioning to the BL condition. In this latter stage, the surfaces come into direct contact without a lubricant film between them, potentially resulting in the wear and degradation of both surfaces. Importantly, due to the higher viscosity of the polyalphaolefin 8 + 1 wt. % additive, the film thickness in this scenario is increased, causing a slight rightward shift of the entire curve. This modification leads to a relatively prolonged hydrodynamic regime [2].




3.4. Wear Track Analysis


The assessment of wear degradation of the samples after tribological testing (refer to Table 8) was conducted by utilization of optical microscopy. Given the inherent difficulty in quantifying wear for DLC coatings due to their high wear resistance, wear track images obtained through optical microscopy were subject to comparative evaluation. At lower sliding speeds, the lubrication regime transitions into the BL or ML regime, potentially leading to direct surface-to-surface contact and the formation of localized wear scars on the confronting surfaces. As inferred from the calculations shown in Table 6 and Table 7, the lubrication condition shifts to a BL or ML state at lower velocities. This shift may lead to direct surface-to-surface contact, ultimately leading to the degradation on confronting surfaces. When comparing results for the same coating before and after the addition of IL into PAO 8, a noticeable reduction in wear is evident across all thin films. However, drawing clear comparisons among these films when used with IL is not straightforward based solely on this technique [2].




3.5. SEM/EDS Analysis


SEM and EDS were employed to assess the impact of using ionic liquid additives on coatings. However, this technique proves inadequate for effectively identifying the development of a tribofilm in this context. Its limitations lie in its inability to provide insights into chemical bonding; it solely provides elemental information. Consequently, employing more advanced methods for detecting chemical structures (for instance, ToF-SIMS or NR analysis) would be preferable for disclosing the development of the tribofilm. Within this section, exclusively, the outcomes for doped DLCs with lower atomic concentrations of dopant elements are provided (Figure 8, Figure 9, Figure 10 and Figure 11). In the situation of the 1.7% Gd-doped DLC coating combined with polyalphaolefin 8 + 1 wt. % additive, there are areas where the DLC layer has been removed, revealing the presence of chromium which comes from the interlayer. Additionally, traces of oxygen are found on the worn tracks, indicating the development of oxide layers on the worn surface. Iron is not detected in the worn tracks which indicates that the interlayer has not been completely removed (because iron is only present in the substrate). In the scenario involving the 1.7% Eu-doped DLC coating along with polyalphaolefin 8 + 1 wt. % additive, certain areas exhibit a lack of the diamond-like carbon coating, exposing chromium from the interlayer. Furthermore, hints of oxygen are identified on the worn pathways, suggesting the development of oxides on the worn sections. The fact that iron is not detectable in the worn tracks implies that the interlayer has not been completely eliminated [2].





4. Conclusions


The present investigation concentrated on assessing the influence of incorporating 1 wt. % of the additive 1-Ethyl-3-methylimidazolium diethylphosphate ionic liquid into the PAO8 lubricant. This was conducted in lubricated pairs involving AISI 3415 steel coated with five distinct DLC coatings (specifically, 1.7% Gd-doped DLC, 2.3% Gd-doped DLC, 1.7% Eu-doped DLC, 2.4% Eu-doped DLC, and pure DLC films). The following key observations can be inferred from this study:




	
Among the five coatings examined, the 1.7% Gd-doped DLC coating displayed the highest hardness value. While 1.7% Gd-DLC, 1.7% Eu-DLC, and 2.4% Eu-DLC showed almost similar ID/IG values, 2.3% Gd-DLC has the highest ID/IG value which corresponds to lower percentage of sp3 content in its structure.



	
In scenarios where PAO8 served as the primary lubricant without added ionic liquids, the pure diamond-like carbon film demonstrated the least friction when interacting with the opposing surface.



	
Upon the addition of 1 wt. % of ionic liquid additive to PAO8, a noteworthy reduction in the CoF was observed across all lubrication conditions for the 1.7% Eu-doped DLC coating, outperforming all other pairs.








While the measurement of wear degradation posed challenges, a comparison of wear scars, based on images obtained through optical microscopy, between PAO8 without additives and polyalphaolefin 8 + 1 wt. % IL additive revealed a significant reduction in wear for all coatings. Nevertheless, due to limitations in scientifically proven wear measurement methods, a precise quantitative comparison of wear among these five films in the presence of IL additive could not be achieved.
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Figure 1. An overview of the deposition procedure. (Numbers show the steps followed sequentially). 
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Figure 2. Block-on-ring setup used in this work. 
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Figure 3. Image of the tribometer used during experiments with the two different load cells: (a) global view; (b) detail of the block-on-ring contact geometry. 
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Figure 4. Showcases the cross-sectional profile delineating the pure DLC sample, delineating the presence of Cr and CrN interlayers along with the gradient of nitrogen distribution between these layers. 
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Figure 5. The SEM surface morphology of pure-DLC, Gd-, and Eu-DLC. 
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Figure 6. H and Y of the diamond-like carbon films. (The purpose of the lines connecting the measured points is to provide visual guidance for the reader, without representing any specific measured values or a continuous trend). 
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Figure 7. SC obtained for polyalphaolefin 8 and polyalphaolefin 8 with IL additive for various DLC specimens. (The purpose of the dashed lines connecting the measured points is to provide visual guidance for the reader, without representing any specific measure). 
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Figure 8. Top image depicts the SEM image of the 1.7% Gd-doped DLC surface combined with polyalphaolefin 8 + 1 wt. % additive without revealing elements post the tribology test. Bottom image represents the elemental analysis of the top image, captured through EDS methodology (25 N applied load and after 0.02 m/s sliding speed test). 
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Figure 9. Element mapping of the 1.7% Gd-doped DLC coating combined with polyalphaolefin 8 + 1 wt. % additive following the tribology test: (a) carbon; (b) chromium; (c) oxygen; (d) gadolinium; (e) iron (analyzed using EDS technique). 
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Figure 10. Top image displays the SEM image of the 1.7% Eu-doped DLC surface in conjunction with polyalphaolefin 8 + 1 wt. % additive, excluding elements observed after the tribology test. Bottom image depicts the elemental analysis of the top image, captured through EDS methodology (25 N applied load and after 0.02 sliding speed test). 
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Figure 11. Element mapping of the 1.7% Eu-doped DLC coating combined with polyalphaolefin 8 + 1 wt. % additive following the tribology experiment: (a) carbon; (b) chromium; (c) oxygen; (d) europium (analyzed using EDS equipment). 






Figure 11. Element mapping of the 1.7% Eu-doped DLC coating combined with polyalphaolefin 8 + 1 wt. % additive following the tribology experiment: (a) carbon; (b) chromium; (c) oxygen; (d) europium (analyzed using EDS equipment).



[image: Lubricants 12 00018 g011]







 





Table 1. Chemical composition of AISI M2 Steel.






Table 1. Chemical composition of AISI M2 Steel.





	Material
	Fe
	C
	Cr
	Mo
	W
	V





	M2 Steel (wt. %)
	Balance
	1.0
	0.4
	5.0
	6.0
	2.0










 





Table 2. Information about the counterpart (ring) used in this work.
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Properties of the Counterpart (Ring)






	
Material

	
AISI 3415 steel




	
Diameter

	
115 mm




	
Width

	
12 mm




	
Young’s modulus

	
205 GPa




	
Poisson’s ratio

	
0.285











 





Table 3. Elemental composition of different DLC specimens.






Table 3. Elemental composition of different DLC specimens.





	
Specimen

	
Chemical Composition (at. %)




	
H

	
Ar

	
Gd

	
Eu






	
Pure DLC (or DLC)

	
6.5

	
3.6

	
0

	
0




	
1.7% Gd-doped DLC

	
5.8

	
4.3

	
1.7

	
0




	
2.3% Gd-doped DLC

	
3.1

	
2.3

	
2.3

	
0




	
1.7% Eu-doped DLC

	
8

	
3.4

	
0

	
1.7




	
2.4% Eu-doped DLC

	
5.9

	
3.7

	
0

	
2.4











 





Table 4. The positioning and magnitudes of the D and G peaks, coupled with the comparative intensity ratio between these peaks are outlined for Gd-DLC and Eu-DLC coatings.
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	DLC Samples
	xD
	ID
	xG
	IG
	ID/IG





	Pure DLC
	1367
	1110.2
	1554
	1511.6
	0.73



	1.7% Gd-DLC
	1387
	1223.7
	1547
	1501.8
	0.81



	2.3% Gd-DLC
	1376
	995.5
	1536
	1133.4
	0.88



	1.7% Eu-DLC
	1376
	1443.9
	1556
	1826.1
	0.79



	2.4% Eu-DLC
	1370
	1304.8
	1530
	1641.3
	0.80










 





Table 5. Values of viscosity at room temperature for various lubricants.
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	Lubricant
	Dynamic Viscosity (mPa·s)
	Kinematic Viscosity (mm2/s)





	PAO 8
	71.89
	86.48



	PAO 8 + additive (1 wt. %)
	76.89
	92.49










 





Table 6. Characteristics of lubrication film for polyalphaolefin 8 based on the velocity of the cylinder (u is the linear sliding speed of the rotating ring).
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	u (m/s)
	0.02
	0.05
	0.07
	0.13
	0.18
	0.4
	0.66





	    h   0     (m)
	4.44 ×     10   − 8    
	8.44 ×     10   − 8    
	1.06 ×     10   − 7    
	1.64 ×     10   − 7    
	2.06 ×     10   − 7    
	3.61 ×     10   − 7    
	5.13 ×     10   − 7    



	λ
	0.92
	1.75
	2.22
	3.42
	4.30
	7.53
	10.69



	Lubrication condition
	BL
	ML
	ML
	EL
	EL
	HL
	HL



	Hersey number
	8.08 ×     10   − 7    
	1.77 ×     10   − 6    
	2.91 ×     10   − 6    
	4.50 ×     10   − 6    
	6.26 ×     10   − 6    
	1.39 ×     10   − 5    
	2.26 ×     10   − 5    










 





Table 7. Characteristics of lubrication film for polyalphaolefin 8 + 1 wt. % additive based on the velocity of the cylinder (u is the linear sliding speed of the rotating ring).






Table 7. Characteristics of lubrication film for polyalphaolefin 8 + 1 wt. % additive based on the velocity of the cylinder (u is the linear sliding speed of the rotating ring).





	u (m/s)
	0.02
	0.05
	0.07
	0.13
	0.18
	0.4
	0.66





	    h   0     (m)
	   4.66   ×     10   − 8     
	   8.84   ×     10   − 8     
	   1.11   ×     10   − 7     
	   1.72   ×     10   − 7     
	   2.16   ×     10   − 7     
	   3.79   ×     10   − 7     
	   5.38   ×     10   − 7     



	λ
	0.96
	1.84
	2.33
	3.59
	4.51
	7.89
	11.21



	Lubrication condition
	BL
	ML
	ML
	EL
	EL
	HL
	HL



	Hersey number
	8.64 ×     10   − 7    
	1.89 ×     10   − 6    
	2.87 ×     10   − 6    
	4.81 ×     10   − 6    
	6.70 ×     10   − 6    
	1.49 ×     10   − 5    
	2.42 ×     10   − 5    










 





Table 8. Optical microscopy photos of various lubricated films.
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Pure DLC






	
[image: Lubricants 12 00018 i001]
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(a) PAO 8

	
(b) PAO 8 + 1 wt. % additive




	
1.7% Gd-doped DLC
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(a) PAO 8

	
(b) PAO 8 + 1 wt. % additive




	
2.3% Gd-doped DLC
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(a) PAO 8

	
(b) PAO 8 + 1 wt. % additive




	
1.7% Eu-doped DLC
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(a) PAO 8

	
(b) PAO 8 + 1 wt. % additive




	
2.4% Ed-doped DLC
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(a) PAO 8

	
(b) PAO 8 + 1 wt. % additive
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