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Abstract

:

High-current pulsed electron beam (HCPEB) irradiation commonly induces crater-like cavities on irradiated surfaces, making them tribologically resemble textured ones. However, the effect of crater-like cavities on the lubricated tribological properties of HCPEB-treated surfaces has not been reported in the literature. This work was aimed at exploring the potential texturing effect of the crater-like cavities. Surfaces with continuous and uniform crater-like cavities were prepared through HCPEB irradiating a 400-nm thick Ta coating that was pre-deposited on polished M50 steel. Their boundary tribological behaviors were studied while sliding in chemically inert, low-viscosity hydrocarbon fuel JP-10 against a Si3N4 ball under 2.0–4.0 GPa. At 2.0 GPa, the coefficient of friction (COF) and wear rate of the polished M50 steel were above 0.16 on average, with large fluctuation, and 1.49 × 10−5 mm3/N·m (a rectangle-like profile of 167.9 μm × 8.1 μm), respectively. In comparison, the HCPEB-treated Ta coating had a stable, marginally fluctuant COF of 0.11 and a near-zero wear rate. Under other higher loads, the HCPEB-treated Ta coating still exhibited a stable COF of 0.11 on average with small fluctuation, and its wear track width was only half that of the M50 steel. The analysis of the wear topographies indicates that the substantial reduction in both the COF and wear rate was mainly due to the texturing effect originating from the crater-like cavities.
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1. Introduction


High-current pulsed electron beam (HCPEB) irradiation has been developed as an ever-increasingly attractive technique for the surface modification and alloying of metallic materials [1,2,3,4]. Low-energy (up to 40 keV), high-current (up to 40 J/cm2) electron beams rush into the top surface layer within a pulse duration on a microsecond scale (~2–3 μs), causing superfast heating, melting, evaporation, and solidification (~107–9 K/s), together with thermal stress and shock waves. This superfast heating–cooling thermal cycle leads to significant change in the surface microstructure with modified physical and chemical properties, e.g., hardness [5,6,7,8], corrosion resistance [6,8,9,10,11] and oxidation resistance [12,13,14].



Recently, the effect of HCPEB irradiation on the tribological properties of treated samples has received more and more attention. Dry sliding friction tests by Guo et al. [8] showed that the wear resistance of Ti6Al4V alloy almost remained unvaried before and after HCPEB irradiation. Xu et al. [15] found that HCPEB irradiation significantly weakened the wear resistance of M50 steel when dry sliding against a Si3N4 ball in ambient atmosphere, which was attributed to the increase in austenite content in the melted layer. In contrast, a reduction in both the friction coefficient and wear rate was reported with AZ91HP magnesium alloy [10] and Al–Pb alloy [16] after HCPEB treatment in atmospheric dry sliding conditions. Ivanov et al. [17] found that HCPEB-irradiated commercial drills exhibited an enhanced wear resistance in comparison with unirradiated ones and TiN-coated ones. More studies have demonstrated that various HCPEB-treated alloys and steel achieved an improved wear resistance, but the number of pulses [5,9,18,19] and energy density [20,21] had a significant impact on the wear resistance. Irradiated films/coatings were also proven to be more wear-resistant than the bare substrate and as-deposited state by atmospheric dry friction tests. For example, fretting tests by Dong et al. [22] showed that the original D2-Cr12Mo1V1 alloy had less than 100 cycles prior to the failure point when the friction coefficient rose abruptly while sliding against a GCr15 bearing steel ball, but the cycle number was increased to nearly 2000 after HCPEB-irradiating a Cr coating on the alloy surface, indicating that the surface alloying by Cr significantly enhanced the fretting wear resistance. Rotshtein et al. [23] found that HCPEB-irradiated copper film exhibited a lower friction coefficient and a narrower wear track than the original film (512 ± 30 nm) sputtered on austenitic steel SS 316 in pin-on-disc wear tests with a WC indenter. Despite large amounts of work focused on dry friction performance and relevant wear mechanisms, there has been little research that has studied the lubricated tribological properties of HCPEB-irradiated surfaces.



The electron beam irradiation causes a near-surface layer (several microns) to melt and erupt [6,24,25,26]. As a result, large numbers of crater-like cavities are formed, which are commonly the most typical feature of HCPEB-treated surfaces [8,15,24,25,26,27,28,29], and are also viewed as a category of surface defect [12,30]. The cavity size is greatly influenced by irradiation parameters and substrate materials, with diameters ranging from several microns [30] to tens of microns [15,25,26,28,31,32], even to a few hundred microns [6,29], and depth from a few microns [26,29,32] to tens of microns [24]. The amount of cavities is intimately dependent on the HCPEB pulse number [6,8,12,24,27,28,29,30,32] and energy density [29,30,33]. In particular, the presence of crater-like cavities makes the irradiated surfaces resemble textured ones from the viewpoint of tribology [27,28,30,31,32]. Since the pioneering work of Hamilton et al. [34] and Anno et al. [35], it has been well-recognized that surface texture can co-work with the counterpart to produce additional fluid hydrodynamic pressure to increase the total load-carrying capacity [36], thereby reducing friction and wear under boundary lubrication conditions. Surface texture has been widely employed to improve the tribological performance of various components, including thrust bearings [37,38], journal bearings [39,40], piston rings [41,42], mechanical seals [43], and magnetic storage devices [44]. However, the effect of crater-like cavities on the tribological performance of HCPEB-treated surfaces under lubricated conditions has not been reported in the literature.



The goal of this present work was to explore the potential texturing effect from the crater-like cavities by ball-on-disc friction tests under boundary lubrication. HCPEB-treated surfaces with continuous and uniform crater-like cavities were prepared by first depositing and then HCPEB-irradiating a Ta coating on M50 bearing steel. Ta is known for its excellent high temperature stability and chemical inertness [45], and these properties can minimize the impact of tribochemistry on its tribological behaviors. Chemically inert, low-viscosity hydrocarbon fuel Jet Propellant-10 (JP-10, C10H16) [46] and a Si3N4 ball were used as the lubricating medium and counterpart in the friction tests, respectively. A significant reduction in both friction coefficient and wear rate was achieved by the HCPEB-treated Ta coating in a series of high-load conditions (2.0–4.0 GPa) compared to bare M50 steel, which was primarily due to the texturing effect originating from the crater-like cavities.




2. Materials and Methods


2.1. Preparation of HCPEB-Treated Ta Coating


Quenched M50 bearing steel with a hardness of around 62.5 HRC was used as the substrate for Ta coating deposition. Commercial M50 steel sample was austenitized at 1100 ± 5 °C for 35 min in a vacuum furnace followed by gas quenching. Then, the sample was subjected to three tempering cycles. The tempering process temperature and duration were 550 ± 10 °C and 120 min, respectively. Finally, the quenched M50 steel was composed of martensite, retained austenite, and a small quantity of carbides, and its nominal chemical composition (wt. %) is as follows [27]: C, 0.75–0.85 wt. %; Si, ≤0.35 wt. %; Mn, ≤0.35 wt. %; Cr, 3.75–4.25 wt. %; Mo, 4.00–4.50 wt. %; V, 0.90–1.10 wt. % and Fe, balance. The steel specimen was machined to φ50 mm × 5 mm discs. One of the flat surfaces of a disc was polished to mirror finish with a surface roughness (Ra) of 0.05–0.08 μm.



A 400-nm thick Ta coating was first deposited on polished M50 steel in argon at a pressure of 0.5 Pa by direct current magnetron sputtering in a DLZ-01 system including film/coating deposition and HCPEB treatment units [47]. A pure Ta target (φ50 mm × 5 mm, 99.95% in molar fraction) was used for the deposition. The sputtering system was operated at direct current of 1000 V and 2 A. Other sputtering parameters were: a substrate bias voltage of −100 V, a target power of 140 W, a sputtering power of 35 W, and a sputtering time of 720 s. With a constant target voltage (350 V) and current (0.06 A), the deposited thickness was controlled by the sputtering time (depositing time). After the deposition, the coating side was rotated to face the electron gun (electron beam diameter ≤100 mm) for HCPEB irradiation [47]. The electron beam unit (RITM-2M) mainly consisted of an electron gun (a plasma anode and an explosive emission cathode), a high-voltage pulse generator, a control system, and a power supply. The HCPEB treatment was carried out in argon at a pressure of 4 × 10−2 Pa with the following specific parameters: a pulse duration of 2.5 μs, an energy density of 6 J/cm2, the irradiation number 10 with a pulse interval time of 10 s, an acceleration voltage of 33 kV, and the distance from substrate to cathode of 130 mm.




2.2. Morphology Characterization


Surface and cross-section morphologies of the HCPEB-treated Ta coating were examined by scanning electron microscope (SEM, Quanta 200FEG, FEI Instruments Co., Ltd., Hillsboro, OR, USA) equipped with energy-dispersive X-ray spectroscopy (EDS) to acquire morphology and chemical composition information. A SEM/EDS topography characterization is shown in Figure 1. Figure 1a shows that the topography was mainly featured by crater-like cavities continuously and uniformly distributed across from the surface. A typical cavity was depicted in region A, and its high-magnification image in Figure 1b clearly exhibits the internal volcanic appearance: it is concave in the center and convex at the edge. The EDS area-scanning spectrum (Figure 1c) of Ta in region A and point spectra 1–3 (Figure 1d–f) reveal that the element Ta was primarily distributed in the convex areas, and that almost no Ta was detected on the bottom. With high-current electron beam irradiation, the several-micron-thick near-surface layer of the underlying M50 steel substrate melted and explosively erupted [27], causing the upper Ta magma to spatter. Due to the ultra-rapid solidification (~107–9 K/s) [1,2,3,4] of Ta magma, Ta was mainly accumulated around the eruption site. Adjacent eruption increased the accumulation in the same area, thereby forming the wave-like appearance of “hills and valleys”, as illustrated by the overview topography in Figure 1a. A cross-section SEM image of a typical protrusion is shown in Figure 1g, which indicates that the Ta alloying layer was packed uniformly and densely with a thickness of about 8 μm. Almost no sharp coating/substrate interface was observed due to the welding effect between the coating and the steel substrate, which considerably raised the interfacial bonding strength.



The Ta alloying layer surface was also observed under laser confocal scanning microscope (LCSM, OLS3000, Olympus Co., Shinjuku, Tokyo, Japan). A 1.28 mm × 1.28 mm LCSM graph is shown in Figure 2a, in which two crossed profiles (a horizontal line at 956.3 μm and a vertical line at 406.2 μm) were selected to illustrate the dimension of the crater-like cavities. The cavity diameter (or width) varied, ranging from several dozen to a few hundred microns, while the depth remained relatively stable at approximately 35 ± 5 μm. The profiles indicate that the surface roughness of the top and near-top areas of protrusions was relatively low. The obvious fluctuation of the profiles in the bottom areas was caused by the presence of carbide particles [27]. The carbide particles have different physical properties (e.g., melting point) from the quenched M50 steel matrix, and are believed to be the cores of eruption where crater-like cavities are formed during HCPEB irradiation. With an increasing number of pulses, the amount of craters decreases due to the dissolution of the carbide particles. The graph was further transformed into a color-filled contour graph as shown in Figure 2b, which vividly depicts the HCPEB-treated Ta coating surface appearance as “hills and valleys”.




2.3. Nano-Indentation Tests


The hardness and elastic modulus of the HCPEB-treated Ta coating were determined by the Oliver–Pharr method [48] from nano-indentation tests by MTS Nano Indenter XP (MTS Systems Co., Eden Prairie, MN, USA) at room temperature. A three-sided diamond pyramid (Bercovich) probe was used, and the tests were based on the continuous stiffness measurements mode. The indentation depth limit was approximately 1000 nm, and Figure 3a shows the load–displacement curve. The hardness (Figure 3b) and elastic modulus (Figure 3c) virtually witnessed the same variation trend with the depth: sequentially a sharp and gradual increase to peak values (approximately 14.7 GPa and 260 GPa at around 400 nm, respectively) followed by a slight fall to about 10.7 GPa and 230 GPa at the maximum depth, respectively. The synchronous drop in hardness and elastic modulus from around 500 nm could be attributed to the influence of the underlying M50 steel substrate according to Bueckle’s rule [49].




2.4. Friction Tests


Friction tests of HCPEB-treated Ta coating were performed using the ball-on-disc model of the Universal macro Materials Tester 3 (UMT-3, Tribology and Mechanical Testing Unit, Bruker Co., Billerica, MA, USA) at room temperature in ambient atmosphere. The counterpart was a Si3N4 ball with Ra 0.03–0.04 μm and hardness of 90 HRC, and pure JP-10 was directly used as the lubricating medium as received.



JP-10 is essentially a single-component hydrocarbon, i.e., exo-tetrahydrodicyclopentadiene (C10H16), which is synthetically produced by the hydrogenation of dicyclopentadiene [46,50,51,52]. The molecular configuration of JP-10 is shown in Figure 4a, which is present as a strained cyclic structure without any functional group. Due to the special strained cyclic geometry, JP-10 has high volumetric energy density, and therefore, it is an ideal fuel for volume-limited combustion chambers [53,54]. Figure 4b shows the hydrogen and carbon atoms with numberings. There are only C–C and C–H bonds in the saturated molecule. In particular, the JP-10 molecule is nearly non-polar (dipole moment 0.02 Debye) and has no symmetry plane [55,56]. JP-10’s viscosity is around 2.7 mPa·s at room temperature [46,57], which is quite approximate to that (1 mPa·s) of water, but far lower than those (10–1000 mPa·s) of conventional lubricating oils, suggesting that JP-10 is a low-viscosity liquid with good low-temperature fluidity.



To maintain bath lubrication under which the potential texturing effect from the crater-like cavities would not be obstructed, the tribopair was completely steeped in JP-10 throughout a friction test. The disc was driven to perform a clockwise rotational motion against the stationary Si3N4 ball. The tribological system can partly mimic the contact form of fuel pump ceramic ball hybrid bearings (M50 steel raceways and Si3N4 balls) in gas turbine engines without conventional oil lubrication systems. The sliding speed v was set at a constant value of 100 mm/s and the applied normal loads FN were 9.1 N, 45.6 N, 78.9 N, 125.2 N, and 187.5 N, corresponding to the theoretical maximum Hertz contact pressures P of 2.0 GPa, 2.5 GPa, 3.0 GPa, 3.5 GPa, and 4.0 GPa, respectively. The selected speed and loads can effectively simulate the boundary lubrication conditions of fuel pump bearings at starting-up and shutting-down moments. According to the force-measuring ranges of UMT-3 sensors DFM-2 (0.2–20 N) and DFH-100 (10–1000 N), φ3.96-mm Si3N4 balls were used for friction tests under 9.1 N, while φ6.35-mm Si3N4 balls were used under other high loads. To show the reality and endurance of the tribological performance, the total cycle number n was set at 10,000 for a friction test. Thus, the sliding distance l depended on the sliding radius r of the ball on the disc. To show the effect of surface modification on the tribological performance, bare (polished) M50 steel was used as reference. The friction test conditions are listed in Table 1. Prior to a test, the tribopair was cleaned in an ultrasonic alcohol bath for 5 min. During a test, the friction curve was recorded in situ. After friction tests, all of the wear tracks were examined by LCSM and/or coupled SEM/EDS to develop an insight into the wear topography and chemical composition to reveal the wear rate and wear mechanisms.





3. Results


3.1. Coefficient of Friction


Figure 5 shows the friction curves of the polished M50 steel and HCPEB-treated Ta coating while sliding in pure JP-10 against a Si3N4 ball under 2.0–4.0 GPa. “M50 COF” and “Ta COF” are used to designate the coefficients of friction (COFs) of the M50 steel and HCPEB-treated Ta coating, respectively. Figure 5a shows that the Ta COF was always significantly lower than the M50 COF throughout the friction test at 2.0 GPa. The former virtually remained constant at around 0.11, while the later gradually increased from an average of 0.12 to above 0.16 as the friction test proceeded. Another remarkable feature is that the Ta COF fluctuated marginally compared to the M50 COF. These sharp contrasts in COF were also observed under 2.5–4.0 GPa, as shown in Figure 5b–e. The increase in load almost did not change the value of Ta COF, yet made the fluctuation a little stronger. In contrast, the M50 COF increased and became more fluctuant under these higher loads. Overall, the Ta COF was significantly lower, far more stable, and considerably less fluctuant than the M50 COF in these testing load conditions.




3.2. Wear Topography


3.2.1. Polished M50 Steel


Figure 6a shows the SEM wear topography of polished M50 steel after the friction test in pure JP-10 under 2.0 GPa, which was featured by dark coverings. The high-magnification image (Figure 6b) of a typical region A exhibits scale-like appearance (large cracks) and partial spalling (e.g., point 1) of the covering layer, indicating that the covering layer had been subjected to serious fatigue wear caused by repeated shear contact. EDS analyses were carried out at points 1 and 2, representing the exposed surface after spalling and the dark covering, respectively. Spectrum 1 in Figure 6c shows that the detected chemical composition was very approximate to that of original M50 steel; thus, this exposed surface was fresh M50 steel matrix. Spectrum 2 in Figure 6d reveals that an extra, large amount of oxygen (up to 19.7 wt %) was detected at point 2, indicating that the covering layer had been heavily oxidized during the friction test. Except for fatigue cracking and spalling, the covering layer was also uniformly peeled off along the sliding direction under ploughing action from the counterpart (Figure 6a), indicating the occurrence of considerable abrasive wear. The analysis of the wear topography reveals that the wear loss was primarily from the partial fatigue spalling and large-scale ploughing peeling off of the thick oxidation-covering layers. Apparently, serious oxidation significantly lowered the resistance of fatigue and abrasion of M50 steel. Therefore, it is the tribo-oxidation that dictated the friction and wear behaviors of M50 steel while sliding in pure JP-10 against the Si3N4 ball at room temperature in ambient atmosphere. The relevant wear mechanism was a combined mode of tribo-oxidation-based fatigue and abrasive wear. The wear topography feature and wear mechanism did not change in other higher load conditions (2.5–4.0 GPa).




3.2.2. HCPEB-Treated Ta Coating


Figure 7 displays the LCSM wear topographies and corresponding contour graphs of the HCPEB-treated Ta coating after the friction tests in pure JP-10 under the series of load conditions (2.0–4.0 GPa). These LCSM images unambiguously show that the most attention-drawing feature for all of the wear tracks was the interruption of friction contact (the dark areas) at cavities. At 2.0 GPa, the real contact area (Figure 7(a1)) almost cannot be identified by the color difference (reflecting height difference) in the contour graph in Figure 7(a2). To illustrate wear loss, a profile at 421.6 μm was carefully selected, crossing a typical protrusion corresponding to the boxed area in Figure 7(a1). However, the profile was unable to show the wear loss of this protrusion that had undergone 10,000 repeated hard sliding contacts. At such a typical protrusion, the wear loss was around zero; thus, it can be believed that there was almost no wear loss in other contact areas. After raising the load to 2.5 GPa, wear loss in the contact areas, e.g., at the profile of 877.2 μm, was identifiable in the contour graph in Figure 7(b2). With further increasing the load, the wear track became wider, indicating a larger wear loss, especially at the protrusions. As indicated by Figure 7(b2,c2), the basic wave-like appearance of “hills and valleys” remained relatively intact after the friction test under 2.5 GPa and 3.0 GPa, although identifiable wear occurred. In comparison, the protrusion areas experienced apparent damage under 3.5 GPa and 4.0 GPa, as shown in Figure 7(d2,e2).



Figure 8a shows the SEM wear topography of the HCPEB-treated Ta coating under 2.0 GPa. The friction contact was interrupted at cavities, as observed with LCSM. The high-magnification image (Figure 8b) of protrusion A shows that thin furrows were almost the only feature on the wear scar, indicating that abrasion was the predominant wear mechanism. Figure 9 shows the SEM/EDS characterization of the HCPEB-treated Ta coating after the friction test under 3.5 GPa and 4.0 GPa. Entire crater-like cavities were frequently observed on the widened wear tracks. High-magnification images of cavity regions A in Figure 9(a1,b1) are shown in Figure 9(a2,b2), respectively. Except for the cavities, furrows were the main feature of the wear topographies. Despite the considerable wear loss, Ta was still rich on the wear scars, as indicated by the EDS spectra in Figure 9(a3,b3). Compared to the unrubbed area, a small quantity of extra oxygen (approximately 3 wt. %) was detected in the contact area. The presence of oxygen was due to the oxidation of the Ta alloying layer [58]. In particular, thick and dark oxidation layers were not formed, whose ploughing peeling off and fatigue spalling were the primary reasons for the aggressive wear of bare M50 steel (Figure 6). Therefore, abrasion was predominantly responsible for the wear. The abrasion and oxidation should be weaker in the lower load conditions.





3.3. Specific Wear Rate


The insert in Figure 10a shows the rectangle-like wear profile of the polished M50 steel after the friction test under 2.0 GPa. The cross-section dimension was around 167.9 μm × 8.1 μm; thus, the specific wear rate we was approximately 1.49 × 10−5 mm3/N·m, as calculated by the following equation:


     w e  =  V   F N  · l      



(1)




where V is the wear volume in mm3; FN is the normal load in N; and l is the sliding distance in m. In contrast, the specific wear rate of the HCPEB-treated Ta coating was approximately zero in the same testing condition, as suggested by the LCSM wear topography in Figure 7(a1) and contour graph in Figure 7(a2). Figure 10a shows the wear rate comparison at 2.0 GPa.



Due to the presence of cavities on the wear tracks, the wear rate of HCPEB-treated Ta coating cannot be calculated by Equation (1). Figure 10b gives the wear track widths in comparison with those of polished M50 steel under 2.0–4.0 GPa. The wear track width of HCPEB-treated Ta coating was almost only half of that of polished M50 steel at 2.5–4.0 GPa, indicating that the wear rate was significantly lowered after alloying Ta coating in these high-load conditions. The theoretical Hertz contact radius a between an Si3N4 ball and an HCPEB-treated M50 steel surface can be calculated by Hertz contact formula with the parameters in Table 2:


    a =     3  F N  D  8   (    1 −  μ 1 2     E 1    +   1 −  μ 2 2     E 2     )   3     



(2)




where FN is the normal load applied onto the ball, N; D is the ball diameter, m; E is the elastic modulus, Pa; and μ is the Poisson ratio. After HCPEB treatment, the elastic modulus of M50 steel decreases from 260 GPa to around 210 GPa; thus, the Hertz contact radius of the irradiated M50 steel is slightly larger than that of the untreated M50 steel in the same load condition. The Hertz contact radius on the HCPEB-treated M50 steel should be approximate to that on the M50-steel-based HCPEB-treated Ta coating, because the Ta alloying layer was merely several microns thick. As can be seen from Figure 10b, both wear tracks were wider than the theoretical Hertz contact diameter b under each load, but the HCPEB-treated Ta coating wear track width was close to the Hertz contact diameter, indicating that the specific wear rate of the HCPEB-treated Ta coating was relatively low.





4. Discussion


4.1. Improved Boundary Tribological Performance


All of the COFs were above 0.1 (Figure 5), and a large scale of direct asperity-to-asperity contact occurred in every friction test (Figure 7, Figure 8 and Figure 9), indicating that the lubricating medium JP-10 did not separate the relatively sliding surfaces. Thus, the lubrication regime of all of the friction tests that were present in this work was boundary lubrication. The severe wear, accompanied by high and considerably fluctuant COF, indicates that the lubricity of JP-10 itself was unable to effectively protect the tribopart: the bare M50 steel. However, depositing and alloying the Ta coating gave rise to a shift of the wear mechanism from a combined mode of tribo-oxidation-based fatigue and abrasion to a single abrasion. This concomitantly led to a remarkable reduction in both COF and wear rate, indicating a substantial improvement in the boundary tribological performance of M50 steel while sliding in the pure, low-viscosity fuel JP-10 under a series of high-load conditions. In particular, the stable, marginally fluctuant COF of 0.11 and the wear rate of nearly zero under 2.0 GPa almost reflected the best tribological performance that was available under the boundary lubrication regime. COF’s variation and fluctuation usually cause noise and vibration, which could adversely impact the service life and reliability of tribosystems and other related components. The near-zero wear rate implies that almost no wear debris went into JP-10 after completing a sliding distance of up to 596.6 m. The blending of impurities from wear into fuel could degrade the combustion performance, and even damage the fuel injection equipment or engines, which should be absolutely avoided. Therefore, the considerable reduction in friction and wear demonstrates that proper surface modification is able to overcome the wear problems caused by the inadequate lubricity of low-viscosity fuel when directly used as a lubricating medium, making it promising to remove the conventional oil lubrication systems from fuel injection systems [59] and/or discard the incorporation of additives into fuel [60].




4.2. Texturing Effect from the Crater-Like Cavities


The severe tribo-oxidation of bare M50 steel indicates that atmospheric oxygen resolved into JP-10 and then oxidized the active surfaces exposed after asperity-to-asperity contact. It is well known that a Ta coating/film will be oxidized to form self-lubricious Ta2O5 with a low COF during ambient friction [58,61,62,63]. The M50 steel wear topography (2.0 GPa, Figure 6) clearly shows the formation of thick and dark oxidation layers on the wear track, but similar oxidation layers were not observed on the worn Ta alloying coating (2.0 GPa, Figure 8; 3.5 and 4.0 GPa, Figure 9). The EDS spectra in Figure 9 reveal that merely around 3 wt. % oxygen was detected on the worn HCPEB-treated Ta coating under 3.5 GPa and 4.0 GPa, which is far less than that (about 20 wt. %, Figure 6) on the worn M50 steel at 2.0 GPa. These comparisons in wear topography and chemical composition demonstrate that the tribo-oxidation of Ta alloying coating was quite weak. Yet, very thin protective Ta2O5 films could be formed on the worn surfaces, which effectively inhibited the invasion of oxygen toward the inner layer and M50 steel substrate [63,64,65,66]. Therefore, the excellent boundary tribological performance of HCPEB-treated Ta coating cannot be primarily attributed to the self-lubricious properties of the lubricious oxide films (e.g., Ta2O5) that were formed on the wear track during the friction test.



JP-10 has high thermal and oxidative stability, and its operation conditions involve highly elevated temperature (1000–2500 K) and pressure (1–100 bar) [50,51,57,67]. Therefore, it can be believed that JP-10 was not involved in the chemical reactions, but merely acted as an inert lubricating medium during the friction tests in the selected speed and load conditions at room temperature in ambient atmosphere. As there are only C–C and C–H bonds in the non-polar molecule, the JP-10 molecule did not chemically adsorb on the M50 steel, HCPEB-treated Ta coating, or Si3N4 ball to form a robust boundary layer. The JP-10 molecule might weakly and reversibly adsorb through simple physical adhesion driven by entropic force, forming a boundary layer that is different from the bulk phase. The JP-10 molecule is strained cyclic and has a low molecular weight of 136 g/mol, strongly suggesting that the physically adsorbed JP-10 molecule boundary layer was thin (i.e., a couple of molecules thick) and had a low load-carrying capacity. As indicated by the wear topography of M50 steel (Figure 6), the physically adsorbed JP-10 molecule boundary layer cannot effectively prevent large-scale direct contact at the lowest testing load of 2.0 GPa. Therefore, the adsorption of JP-10 was not the key factor that determined the tribological performance of the HCPEB-treated Ta coating.



As seen in Figure 7, friction contact was mostly interrupted at crater-like cavities in any load condition. Figure 8 shows that the counterpart Si3N4 ball did not contact the valley bottom area between neighboring protrusions. Figure 9 shows that the counterpart slid over cavities (e.g., an ellipse-like cavity in Figure 9(a2) and a rectangle-like one in Figure 9(b2)), and did not touch the concave wall at all. Unambiguously, the wear topographies of the HCPEB-treated Ta coating are exactly the typical wear topographies of textured surfaces [68,69,70,71,72,73,74,75,76]. Therefore, the crater-like cavities were working as a surface texture while the HCPEB-treated Ta coating was sliding in JP-10 against the Si3N4 ball. During the relative motion, the Si3N4 ball and the cavity outward slope edges formed converging gaps where additional fluid hydrodynamic pressure of JP-10 was built up due to the wedging effect. This local pressure lift increased the load-carrying capacity of the JP-10 that was confined in these gaps. Consequently, local asperity-to-asperity contact strength was weakened, and even the amount of direct contact spots was effectively reduced, thereby leading to a substantial reduction in friction and wear. Additionally, the crater-like cavities made some other contributions [36]: (1) working as reservoirs to entrain JP-10 into the impending friction interface and cool contact spots to weaken adhesion, and (2) trapping wear debris to reduce abrasive wear.




4.3. HCPEB: a Potential Surface Texturing Technique


The presence of the crater-like cavities, indeed, makes the HCPEB-treated Ta coating tribologically resemble textured surfaces. Due to the uncontrollability of HCPEB irradiation, the distribution density, shape, size, and orientation of the cavities cannot be precisely acquired. However, the SEM and LCSM topographies in Figure 1, Figure 7, Figure 8 and Figure 9 show that the cavity distribution was still relatively continuous and uniform, and that the majority of the cavities were quite quasi-circular with approximate diameter and depth. Moreover, the crossed profiles in the LCSM contour graphs in Figure 2 and Figure 7 indicate that the wave-like surface was flat with a relatively low surface roughness except for the bottom areas. Overall, the HCPEB-treated Ta coating was a high-quality textured surface with excellent boundary tribological performance while sliding against a Si3N4 ball in the pure, low-viscosity fuel JP-10 under a series of high-load conditions (2.0–4.0 GPa). Therefore, this present work strongly suggests that HCPEB irradiation is a potential surface texturing technique that can induce texture-functioning crater-like cavities on the treated surfaces such as coatings/films for friction and wear reduction under lubricated conditions.





5. Conclusions


A high-current pulsed electron beam was used to irradiate a Ta coating that was pre-deposited on M50 bearing steel by magnetron sputtering. The boundary tribological behaviors of both polished M50 steel and HCPEB-treated Ta coating were studied while sliding in chemically inert, low-viscosity fuel JP-10 against a Si3N4 ball under a series of high-load conditions (2.0–4.0 GPa) at room temperature in ambient atmosphere. Based on an in-depth discussion on the friction curves and wear topographies, the following conclusions can be drawn:




	(1)

	
Polished M50 steel underwent severe wear due to tribo-oxidation under any testing load, accompanied by a considerably fluctuant COF of above 0.16 on average at a steady friction stage. After depositing and alloying the Ta coating, the COF became significantly lower, far more stable, and considerably less fluctuant. The wear track width of the HCPEB-treated Ta coating was almost only half that of M50 steel at 2.5–4.0 GPa. In particular, the wear rate of the HCPEB-treated Ta coating was nearly zero after sliding a distance of 596.6 m under 2.0 GPa, while it was about 1.49 × 10−5 mm3/N·m (a rectangle-like profile of 167.9 μm × 8.1 μm) for the bare M50 steel. The COF of HCPEB-treated Ta coating was almost load-independent, stably remaining at 0.11 on average with small fluctuation, whereas the wear loss increased with raising the load. These friction tests demonstrate that proper surface modification is promising to overcome the wear problems caused by the inadequate lubricity of pure, low-viscosity fuel.




	(2)

	
The presence of crater-like cavities makes the HCPEB-treated Ta coating tribologically resemble a high-quality textured surface. The analysis of the wear topographies indicates that the substantial improvement in the boundary tribological performance was mainly due to the texturing effect (additional fluid hydrodynamic pressure) originating from the crater-like cavities, strongly suggesting that HCPEB irradiation can be used to fabricate texture on tribological surfaces such as coatings/films.
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Figure 1. SEM/energy-dispersive X-ray spectroscopy (EDS) morphology characterization of a high-current pulsed electron beam (HCPEB)-treated Ta coating: (a) overview SEM topography; (b) high-magnification SEM image of region A; (c) EDS area-scanning spectrum of Ta in region A; (d–f) EDS spectra of points 1–3, respectively; (g) cross-section morphology. Note that the thickness of as-deposited Ta coating before HCPEB irradiation is 400 nm. 
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Figure 2. Laser confocal scanning microscope (LCSM) topography of HCPEB-treated Ta coating: (a) LCSM graph; (b) corresponding contour graph. 
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Figure 3. Nano-indentation tests of HCPEB-treated Ta coating: (a) load–displacement curve; (b) hardness with standard deviation; (c) elastic modulus with standard deviation. 
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Figure 4. Molecular configuration of JP-10 [46]: (a) in the form of hydrocarbon skeleton; (b) with hydrogen and carbon atoms with numberings. 
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Figure 5. Coefficients of friction (COFs) of bare (polished) M50 steel and HCPEB-treated Ta coating as a function of time while sliding in pure JP-10 against a Si3N4 ball at room temperature in ambient atmosphere: (a–e) 2.0–4.0 GPa, respectively. 
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Figure 6. SEM/EDS wear topography characterization of bare (polished) M50 steel after sliding in pure JP-10 against a Si3N4 ball under 2.0 GPa at room temperature in ambient atmosphere: (a) overview SEM topography; (b) high-magnification SEM image of region A; (c,d) EDS spectra of points 1 and 2, respectively. 
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Figure 7. LCSM wear topographies of HCPEB-treated Ta coating after sliding in pure JP-10 against a Si3N4 ball at room temperature in ambient atmosphere: (a1–e1) LCSM images under 2.0–4.0 GPa, respectively; (a2–e2) corresponding contour graphs of (a1–e1), respectively. 
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Figure 8. SEM wear topography of HCPEB-treated Ta coating after sliding in pure JP-10 against a Si3N4 ball under 2.0 GPa at room temperature in ambient atmosphere: (a) overview SEM image; (b) high-magnification SEM image of protrusion A in (a). 
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Figure 9. SEM/EDS wear topography characterization of HCPEB-treated Ta coating after sliding in pure JP-10 against a Si3N4 ball at room temperature in ambient atmosphere: (a1,b1) overview SEM images under 3.5 GPa and 4.0 GPa, respectively; (a2,b2) high-magnification SEM images of regions A in (a1,b1), respectively; (a3,b3) EDS spectra of points 1 in (a2,b2), respectively. 
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Figure 10. Wear loss characterization of bare (polished) M50 steel and HCPEB-treated Ta coating after sliding in pure JP-10 against a Si3N4 ball at room temperature in ambient atmosphere: (a) specific wear rate under 2.0 GPa (the inset is the wear profile of M50 steel); (b) wear track width under 2.0–4.0 GPa. Relative error of wear track width at different positions is less than 10%. 
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Table 1. Friction test conditions of bare (polished) M50 steel and HCPEB-treated Ta coating while sliding in pure JP-10 against a Si3N4 ball at room temperature in ambient atmosphere.






Table 1. Friction test conditions of bare (polished) M50 steel and HCPEB-treated Ta coating while sliding in pure JP-10 against a Si3N4 ball at room temperature in ambient atmosphere.





	
Surface

	
Load P/GPa FN/N

	
Si3N4 ball Diameter D/mm

	
Sliding Speed v/mm·s−1

	
Sliding Radius r/mm

	
Cycle Number n






	
Bare M50 steel

(Ra: 0.05–0.08 μm)

	
2.0

	
9.1

	
3.96

	
100

	
9.5

	
10,000




	
2.5

	
45.6

	
6.35

	
100

	
17.0

	
10,000




	
3.0

	
78.9

	
6.35

	
100

	
12.5

	
10,000




	
3.5

	
125.2

	
6.35

	
100

	
14.0

	
10,000




	
4.0

	
187.5

	
6.35

	
100

	
15.5

	
10,000




	
HCPEB-treated Ta coating

	
2.0

	
9.1

	
3.96

	
100

	
9.5

	
10,000




	
2.5

	
45.6

	
6.35

	
100

	
12.5

	
10,000




	
3.0

	
78.9

	
6.35

	
100

	
11.5

	
10,000




	
3.5

	
125.2

	
6.35

	
100

	
17.0

	
10,000




	
4.0

	
187.5

	
6.35

	
100

	
18.5

	
10,000
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Table 2. Calculation parameters of theoretical Hertz contact radius of an HCPEB-treated M50 steel disc against an Si3N4 ball.






Table 2. Calculation parameters of theoretical Hertz contact radius of an HCPEB-treated M50 steel disc against an Si3N4 ball.





	
Hertz Contact

Radius/Diameter

a/b (μm)

	
Normal Load FN/P (N/GPa)

	
Ball Diameter D/mm

	
Si3N4 Ball

	
HCPEB-Treated M50 Steel Disc




	
Elastic Modulus E1/GPa

	
Poisson Ratio μ1

	
Elastic Modulus E2/GPa

	
Poisson Ratio μ2






	
46.61/93.22

	
9.1/2.0

	
3.96

	
295

	
0.26

	
210

	
0.3




	
93.36/186.72

	
45.6/2.5

	
6.35




	
112.08/224.16

	
78.9/3.0

	
6.35




	
130.73/261.46

	
125.2/3.5

	
6.35




	
149.57/299.14

	
187.5/4.0

	
6.35












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
(@) 030, (b) 030,

TP ot Tt 29GP TR e T 13 G
25| Pl Mt i aas]— Poihed o
o £ "
£ o) £ ol
T I
Time Time )
© 00 @ o0
© HCPEB-treated Ta coating 3.0 GPa @ HCPEB-treated Ta copting.
s Polished M50 sl 25| Polished Mspsest
£ o £
i 005 i 005,
o o
o e T TN T
Time Time )
a0
© HCPER treated Ta contio 4.0 GPa
as|— P N et
3 ol
o
T e SE T e T





media/file13.png
(21) 2.0 GPa 7 F a Unit: pm

60.40 70.83 81.27 91.70 102.1 112.6 123.0

Unit: pm

1280

Unit: pm

1280

75.50 89.60 5 117.8 1319 146.0

Unit: pm

87.43 101.9 116.3 130.7

(el) 4.0 GPa i g : Unit: pm
v ' 4 : e

‘






media/file12.jpg





media/file18.jpg
s

£ R I L
. 1 e

fua e

;'“ H g 340

io . P

ol —

Polihed MSOsteel HCPEB-treted Ta coning. 225 30 a8 4o






media/file9.png
(a) 0.30 '(b) 0.30

| —— HCPEB-treated Ta coating 2.0 GPa | —— HCPEB-treated Ta coating 2.5 GPa
0.25 |—— Polished M50 steel 0.25 L — Polished M50 steel
= I - K
2 2
< 0.20 < 0.20
3 015 S 015
- -
3 2
&% 0.10 é 0.10
v i 5 s
S S
O 0.05fF O 0.05f
0.00 2 1 N 1 2 1 N 1 N 1 . 0.00 . 1 N 1 N 1 . 1 N 1 .
0 1000 2000 3000 4000 5000 6000 0 1780 3560 5340 7120 8900 10680
Time (s) Time (s)
(c) 0.30 (d) o030 :
| —— HCPEB-treated Ta coating 3.0 GPa | —— HCPEB-treated Ta coating 3.5 GPa
0.25 L— Polished M50 steel 0.25 |— Polished M50 steel
= - = 1
2 2
< 0.20 < 0.20
S 015 S 015
- | =
3 2
é 0.10 é 0.10
v i > !
S S
O 0.05fF O 0.05fF
0.00 2 1 N 1 N 1 . 1 N 1 . 0.00 . 1 N 1 N 1 . 1 N 1 .
0 1310 2620 3930 5240 6550 7860 0 1830 3660 5490 7320 9150 10980
Time (s) Time (s)
(e) 0.30 -
| —— HCPEB-treated Ta coating 4.0 GPa
0.25 | —Polished M5S0 steel
=
£
S 0.20
Q‘: S
3 015
=
S 0.10
g 0
= !
S
O 0.05F
0.00 M 1 A 1 M 1 M 1 A 1

0 1940 3880 5820 7760 9700 11640
Time (s)





media/file14.jpg
10um 10m
- —





media/file5.png
[
= -]

[y
N

Nano-indentation hardness (GPa) g

(S
9]

W =) =)

<

(@)

240
200- mE
I/./
160 o
e} ) g
Z. -
E 120} ~ d
"g L /./l/.
S 8o} Lz
3 ...'./
40 -
0 [ [ [ 1 2 [ 2
0 200 400 600 800 1000 1200
Indentation depth (nm)
© 300
aE I;£ Izé_EI =
- vl BBt
‘§~§\§\E\§ § ?3 =)
i ~$-3. > 200
i §\5\5\: = I
=
- B 150
£
&
" < 100
S |
=
: 50 i
0 200 400 600 800 1000 400 600 800 1000

Indentation depth (nm)

Indentation depth (nm)





media/file15.png





media/file19.png
<<<<<<<<<<<<<<<<
R RARALIARK
RRRRKRRKHKRARARRKK

>>>>>>>>>>>>>>>

HCPEB-treated M50 steel

7///) Polished M50 steel

] Theoretical Hertz contact diameter of

[ XY HCPEB-treated Ta coating

1
—
]

HCPEB-treated Ta coating

Polished M50 steel

2 [ | 1 1
— = = — — —
(o] u R < -
= >} o un en v
—

~
2 (wrl) yIpIm yoeay deap
2]
=5
&
~
(@\|
£
=
<
i7
o
—
uni |'g

2 1 2 1 2 1 2 1 2 1 2

¢ g e o e 9 =

— v— v — — < S
~ (. N/ o x) 96t Jeom dyadg

S
-’

Load (GPa)





media/file2.jpg
@ 1

g (B) gy,
B

Vertaldimension um)

o 2 snoe o am
Worzontal dimension (i)





nav.xhtml


  coatings-08-00355


  
    		
      coatings-08-00355
    


  




  





media/file11.png
Spectrum 1
Element wt. %
Fe
C
Cr
Mo
\Y%
Si
Mn

Spectrum 2

Element wt. %

Fe 55.7

Q)

C

Mo

Cr

Si






media/file6.jpg
(@)

Hyoa
w_ |
(b) s ® g = .
Ho, \ / u Y
\ \/ y
) / \( 2= \ s,
”—/ [ 2
.nn\(, ‘|7\(‘ a8
“/ H, lll 7
5 ;





media/file1.png
A 4

Ta alloying layer

Fe
C
Mo
Cr
A%
Si

Fe

Mo

C
Cr
Ta
A%

Si

Spectrum 1
Element wt. %

82.7
6.7
5.0
4.2
1.1

Spectrum 2
Element wt. %
73.4
11.9

7.3
33
2.3
1.7
0.7

Spectrum 3
Element wt. %
53.4
21.9
9.6
8.8
2.6
2.5
1.2

at. %
67.3
25.2
2.4
3.7
1.0

at. %
60.4
5.5
28.0
2.9
0.6
1.5






media/file10.jpg
Specram 2
Element






media/file7.png





media/file16.jpg
(2,)3.5GPa

A

(a,) 3.5 GPa

(@)35GPa






media/file3.png
(a) 130 —— Horizontal line = 956.3

Unit: pm (b) 1280
eg.

920 & Ry : 119.6 pm
\ 1"'“':‘__;‘_‘-. SN :
50 T T T T 1 S HESTRER : 9 G
~ 10244 108.2
0 256 512 768 1024 1280 g ") 1
: 1280 - - -
: » e 96.73
' - S 7684
1024 - £ e 85.30
£ snpf
= e
768 = = 73.87
2 8
E £ 2564 =
5 | = Lo 62.43
s »
(¢
Il RENTE S SRS
- . " ; e — 51.00
2 > 0 256 512 768 1024 1280
[\°)
N, Horizontal dimension (pm)
T






media/file17.png
(a,) 3.5 GPa (b,) 4.0 GPa

100 pm
el

(a,) 3.5 GPa (b,) 4.0 GPa

Spectrum 1 Spectrum 1
a;) 3.5 GPa
( 3) 35G Element wt. % ; Element wt. %

Fe ¥ . Fe
Mo . : Mo
C . N C
Ta g . Ta
0] . - (0]
Cr g . Cr
A% d . \%
Si . : Si






media/file4.jpg
W0 w0 o0 S0 100 1m0
depth (am)

E T T
ekt bt ey





media/file0.jpg





