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Abstract

:

Tribofilms, resulting from tribochemical reactions involving lubricants, additives, and metal surfaces, are pivotal in reducing friction, preventing adhesion, and minimizing wear. This study investigates the tribological characteristics of textured surfaces in boundary lubrication, emphasizing the impact of surface texturing on tribofilm formation. Untextured surfaces manifest high friction coefficients and low wear owing to the development of thick tribofilms. However, debris accumulation impedes further tribochemical reactions, necessitating more energy for sliding and resulting in higher friction coefficients. Additionally, molybdenum dialkyl dithiocarbamate-derived MoS2 oxidation diminishes the expected lubrication effect. Textured surfaces exhibit lower friction coefficients and higher wear because the structure aids debris removal, promoting the formation of thinner tribofilms. Despite increased wear from solid-to-solid contact, textured surfaces facilitate an early fluid lubrication transition and enhance cavitation capacity, leading to reduced friction coefficients. We also consider the impact of sliding direction angles on friction coefficients, revealing that lower angles parallel to the grooves heighten friction, whereas higher angles enhance cavitation capacity. Unexpectedly, a 90° sliding direction angle increases the friction coefficients, attributed to MoS2 distribution in the tribofilms. These results provide crucial insights for optimizing lubrication strategies and enhancing wear resistance in boundary lubrication scenarios.
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1. Introduction


Friction and wear are the primary concerns for moving parts and contact surfaces in mechanical operations. Approximately 23% of the global energy consumption is ascribed to frictional contacts [1]. Thus, reducing friction and minimizing wear are imperative for enhancing the efficiency, dependability, and longevity of mechanical components.



In the preceding two decades, surface texturing has emerged as a viable strategy for significantly enhancing the tribological design and application of mechanical components [2,3,4,5,6,7]. Surface texturing involves altering the surface topography to generate a consistent micro-relief characterized by systematically distributed protrusions or indentations. Numerous shapes, including triangles, rectangles, circles, stars, hexagons, sine textures, and composite textures using combinations of these shapes, have been investigated [8,9,10]. The surface depressions serve several purposes: first, they effectively reduce friction by capturing and removing wear particles from the surface [11,12]; second, they function as reservoirs for lubricant, providing secondary lubrication for the contacting surfaces and prolonging the lubricant’s residence time [13,14,15]; third, the surface texture can function as a microfluidic dynamic bearing between two parallel surfaces, generating hydrodynamic pressure by influencing cavitation and resulting in a reduced friction coefficient [16,17,18,19,20].



An alternative approach involves the development of effective tribofilms on contact surfaces [21,22,23]. Generally, tribofilms originate through chemical reactions occurring between additives and contacting surfaces under boundary lubrication conditions. In engine oils, zinc dialkyl dithiophosphate (ZDDP) is often added as an antiwear additive, and molybdenum dialkyl dithiocarbamate (MoDTC) is commonly used as a friction modifier. MoDTC typically exhibits a low friction coefficient, attributed to the formation of tribofilms containing MoS2 [24,25]. ZDDP-induced tribofilms exhibit rough, patched-like features composed of pyrophosphate or orthophosphate glasses within the bulk, featuring an external nanoscale stratum of zinc polyphosphates and a sulfur-enriched layer proximate to the metal surface, protecting the surface from wear [26,27]. Tribofilms formed by the addition of ZDDP+MoDTC on sliding steel surfaces exhibit a dual-phase composition, encompassing Zn/Mo phosphate glass and a carbon-abundant amorphous phase containing MoS2 sheets integrated within the phosphate glass. The synergy of ZDDP and MoDTC contributes to low friction and high anti-wear properties [28]. Initially formed at the contact region of sliding surfaces, the location and extent of tribofilm formation heavily depend on the surface morphology. ZDDP-derived tribofilm growth was elucidated by single-asperity sliding contacts, revealing an exponentially increasing growth rate with applied compressive stress or temperature, consistent with a reaction rate model activated by both thermal influences and stress [29,30]. However, the majority of tribofilm studies have focused on non-textured surfaces. Investigating tribofilm properties on textured surfaces is intriguing because the compressive stress is expected to improve owing to the reduced contact area, potentially influencing tribofilm formation.



The primary objective of this investigation was to scrutinize the influence of surface texture on the tribological attributes of tribofilms formed by ZDDP and MoDTC. It is anticipated that the findings of this study will offer significant insights into the optimization of lubrication strategies and the enhancement of wear resistance in boundary lubrication scenarios, including, but not limited to, the lubrication of piston/cylinder contacts, crankshaft bearings, and conformal contact components in compressors.



In this study, employing femtosecond laser technology, we generated surface textures with a depth of 20 µm on AISI 52100 steel. Friction tests were conducted using a ball-on-disk friction tester to demonstrate the influence of these fabricated textures on friction. Finally, X-ray photoelectron spectroscopy (XPS) was employed to characterize the tribofilms, revealing the correlation between tribofilm formation and surface texture.




2. Materials and Methods


2.1. Samples


In the test, AISI 52100 steel disks measuring 20 mm in diameter and 5 mm in thickness were employed. The surface roughness was maintained at the roughness of Ra 0.047 µm and RMS 0.061 µm through mirror polishing. A subsequent laser process was conducted using a femtosecond laser with a wavelength of 343 nm. Figure 1a shows the top view, Figure 1b shows the 3D geometry, and Figure 1c shows the cross-sectional profile of the parallel grooves fabricated on the disk surfaces. As previously indicated, grooves can capture wear debris. Notably, the groove width must exceed the XPS analyzed area unless the analysis encompasses wear debris entrapped in the grooves. The XPS minimum analysis area was set at 20 µm in diameter; hence, the grooves were fabricated with dimensions of 20 µm in width, 40 µm in pitch, and 20 µm in depth.



The lubricant comprised two additives with surface-active properties: specifically, ZDDP at a concentration of 1 mass% and MoDTC at a concentration of 1 mass%. Synthetic oil polyalphaolefin (PAO6) was used as the base oil, which has a viscosity of 31 mm2·s−1 at 40 °C and 5.8 mm2·s−1 at 100 °C. The base oil and additives were supplied by MORESCO Corporation (Kobe, Japan).




2.2. Tribological Tests


A reciprocating ball-on-disk friction tester (Heidon-14DR, SHINTO Scientific Co., Ltd., Tokyo, Japan), as depicted in Figure 2, was employed for evaluating friction coefficients. The testing apparatus utilized a ball composed of AISI 52100 steel with a 6.35 mm diameter. A velocity of 10.0 mm·s⁻¹ was imposed, and a uniform load of 5 N was applied for all friction tests. In this scenario, the maximum Hertzian contact stress reached 1.08 GPa under the ball-on-flat contact condition. While the friction tests were initially anticipated to encompass higher contact conditions, the experimental constraints were imposed by the load capacity limitations of the friction tester. The sliding stroke was fixed at 5.0 mm, and each test session extended for a duration of 1 h.



Preceding each trial, the ball and disk underwent cleaning with acetone and hexane to eliminate surface contaminants. Subsequently, upon mounting the disk onto the friction tester, an oil volume of 3 mL was applied to the disk surface, initiating the formation of a consistent and stable oil film. Because tribofilms derived from ZDDP and MoDTC are generally formed between 60 and 80 °C, all the tribological tests were carried out under elevated temperatures, with the lubricant oils precisely regulated at 70 ± 2 °C using a built-in heater situated underneath the disk. The relative humidity was 40~60%. Each test condition was replicated at least three times.



The friction tests were conducted at the sliding direction angles of 0°, 15°, 30°, 45°, 60°, 75°, and 90° relative to the parallel grooves of the surface texture, as shown in Figure 3.




2.3. Characterization


Following the completion of the friction tests, the specimens underwent a hexane rinse to eliminate any surplus lubricant. Subsequently, the wear tracks on both the disks and balls were examined using a confocal laser scanning microscope (OLS5000, Olympus, Tokyo, Japan).



For the examination of the tribofilms developed on friction surfaces, XPS analysis was conducted utilizing a PHI X-tool scanning X-ray microprobe (ULVAC-PHI, Kanagawa, Japan). The excitation of photoelectrons was achieved through monochromated Al-Kα at 5 W and 15 kV. Scanning X-ray images facilitated the identification of convex features on the textured surface, aiding in the distinction between wear tracks and external areas. Ar+ sputtering was used for XPS depth profiling to investigate the thickness and elemental composition of the tribofilms. The puttering rate was 9.61 nm·min−1, and the calibrated depth for the comprehensive analysis, utilizing a SiO2 film, was 200 nm. Spectra were acquired with a beam diameter of 20 µm, a pass energy of 112 eV, and a step size of 0.1 eV. The collection was performed at a take-off angle of 45°. To calibrate the binding energies of the spectra, alignment was carried out based on the maximum C 1 s peak at 284.8 eV.





3. Results and Discussion


3.1. Effect of Surface Texture on the Friction Coefficient


Figure 4a–h depicts the evolution of friction coefficients over time for both the untextured surface and textured surfaces with varying sliding directions. Initially, the untextured surface exhibited a declining trend in the friction coefficient, followed by a rapid increase, stabilizing at a higher value of approximately 0.118. In contrast, the textured surfaces displayed a reduction in the friction coefficient during the running-in process, eventually reaching a stable state. Furthermore, the friction coefficient for textured surfaces decreased as the sliding angle increased. These findings indicate that the impact of surface texturing on friction was significantly influenced by the sliding direction.



The average steady-state friction coefficients derived from the curves presented in Figure 4 are summarized in Figure 5. The untextured surface exhibited the highest friction coefficient, registering at 0.116, and the friction coefficient only decreased to 0.107 for the textured surface with a parallel sliding direction to the grooves (i.e., a sliding direction angle of 0°). An increase in the sliding direction angle to 15° resulted in a significantly lower friction coefficient of 0.067. As the sliding direction angle continued to increase, the friction coefficient gradually decreased, reaching a minimum friction coefficient of 0.054 at a sliding direction angle of 75°, marking a 53% reduction compared with the untextured surface. Despite a relatively higher friction coefficient of 0.063 at a sliding direction angle of 90°, the surface texture exerts a favorable overall influence on the friction coefficient.




3.2. Effect of Surface Texture on Wear


Figure 6 presents 2D images, surface profile curves, and 3D representations of the worn surfaces on the disks. Wear scars are observable on these surfaces, with the untextured surface exhibiting a wear scar width of 358.2 µm, surpassing those on the textured surfaces. However, the surface profile indicates minimal wear occurring at the center of the untextured rubbing surface, as most of it is covered with a tribofilm up to 1 µm thick. This thick tribofilm acts as a cushion, augmenting the contact area and friction [31]. Conversely, on the textured surfaces, the grooves display wear, and no discernible tribofilm is formed on the rubbing surface. Additionally, the groove depth beneath the rubbing surface diminishes, signifying the accumulation of wear debris in the grooves.



Figure 7 shows the morphologies of friction tracks and surface profiles on the steel balls. The y direction denotes the sliding orientation. Evident wear manifested on the ball surface when the friction test was carried out on the untextured disk surface. The wear scar exhibited an almost circular morphology, with a diameter of approximately 355 µm, aligning seamlessly with the width of the wear scar on the disk surface, as depicted in Figure 6a. Additionally, discernible tribofilms were found on the worn surface, indicating their formation on both sides of the contact interfaces. Conversely, when the friction test was carried out on the textured surface and the sliding direction was parallel to the grooves (i.e., the sliding direction angle of 0°), a friction track on the spherical surface assumed a rounded rectangular form. In this scenario, the spherical shape of the surface profiles implied negligible wear, while the roughness of the surface profiles within the contact region signified the development of tribofilms. Surface texturing on disks helped to reduce the wear of counterfaces. Furthermore, tribofilms were evident beyond the confines of the rounded rectangular area, aligning with the grooves on the disk. This recurrent phenomenon persisted on the textured surface, irrespective of the sliding directions. It is known that Hertz theory finds application in ball-on-disk experiments when the disk surface is flat, and plastic deformation is absent. Consequently, wear scars on the balls adopt an almost circular configuration when sliding on untextured disk surfaces. However, on textured surfaces, the pressure distribution along the x direction became uniform, resulting in a rounded rectangular shape within the contact zone [32].



Despite the persistent manifestation of contact surfaces in a rounded rectangular configuration, the contact area exhibited variability upon alteration of the sliding direction. For a quantitative assessment of this discrepancy, the parameter Lx denoted the width of the friction scar in the x direction, while Ly represented the width in the y direction. The ratio Lx/Ly approximated 4.5 when the sliding direction paralleled the grooves. As the sliding angle increased, the Lx/Ly ratio decreased to 3.9 at a sliding direction angle of 15° on the textured surface, 4.0 at 30°, 4.0 at 45°, 3.5 at 60°, 3.3 at 75°, and 3.3 at 90°. The diminishing Lx/Ly ratio was ascribed to the augmentation of the contact region between a designated groove and the sphere surface, concomitant with the elevation of the sliding direction angle.



Given the minimal wear observed on the balls during their movement across textured disk surfaces, it can be inferred that wear rate approached zero. Consequently, Figure 8 exclusively provides a summary of the wear scar widths and wear rates derived from the disks. Typically, the introduction of texturing is expected to entrap wear debris, thereby mitigating plowing and preventing abrasion [11,12]. However, in this study, the wear rate increased on textured surfaces despite the entrapment of wear debris. Tribofilms are commonly implicated in a dynamic evolution of formation and wear occurring amid friction [29,33]. On textured surfaces, the grooves facilitate the removal of debris particles from the contact surface, expediting the tribochemical reaction and consequently increasing wear. In contrast, on the untextured surface, the debris particles from the tribofilm remain, unable to escape the contact area, accumulating on the surface and providing protection against wear. Additionally, the heightened contact pressure resulting from a reduced contact area is a significant contributing factor.




3.3. Effect of Surface Texture on the Chemical Structure of the Tribofilm


The XPS analysis of tribofilms on disk surfaces was performed to elucidate the impact of surface textures on the chemical composition of these tribofilms. Figure 9 delineates the atomic percentages of C, O, P, S, Fe, Zn, and Mo within the tribofilms. In the initial 1.5 nm of sputtering on the untextured surface, the Fe proportion remains minimal (<10%), whereas the C proportion is high (>35%), signifying that the top layer of the film is predominantly composed of oligomers generated by the base oil. The proportions of P, S, Zn, and Mo remain relatively constant up to 200 nm, whereas the Fe proportion increases to approximately 73%. These findings indicate the formation of a tribofilm exceeding 200 nm on the untextured surface, as observed in Figure 6a.



On the textured surface, when the friction occurs parallel to the grooves (i.e., a sliding direction angle of 0°), the Fe proportion experiences a rapid increase with sputtering depth, leveling off at approximately 120 nm. This suggests that iron from the steel substrate was predominantly detected, with a tribofilm thickness of 120 nm. Additionally, the proportions of S and Mo remain above 5% until the sputtering depth reaches 20 nm, gradually decreasing and becoming negligible above 70 nm. This suggests an accumulation of debris derived from MoDTC in the top layer. Similar patterns are observed on the textured surfaces with different sliding directions, as depicted in Figure 9c–h.



From the XPS depth profile data, the predominant S 2p peak at 161.28 eV signifies the presence of sulfur, primarily in the form of metal sulfide. Simultaneously, the P 2p peak at 133.3 eV corresponds to metal phosphate [34]. In the Zn 2p spectrum, the primary peak at 1022.2 eV signifies the development of zinc sulfide [34,35]. The chemical states of S, P, and Zn on textured surfaces do not exhibit any discernible differences from those on the untextured surface.



In Figure 10, XPS Mo 3d spectra are presented with respect to sputtering depth. On the untextured surface, the Mo 3d spectra exhibit a prominent peak at 232.5 eV, suggesting the formation of molybdenum oxide [36]. Beyond a sputtering depth of 50 nm, a peak emerges at 229.1 eV, indicating the formation of molybdenum disulfide [36]. MoDTC typically exhibits a low friction coefficient, attributed to the development of a tribofilm containing MoS2. However, in this case, MoS2 is identified beneath the top layer, rendering it ineffective in providing lubrication to the contact surfaces, leading to a relatively high friction coefficient. Note that the top layer of the tribofilm is exposed to air, leading to the oxidation of MoS2 during the friction process [37].



On the textured surfaces, the consistent presence of peaks at 229.1 eV suggests the presence of MoS2 within the outer layer of the tribofilm. Despite the unavoidable oxidation of MoS2 during the friction process, both oxidized and unoxidized tribofilms can be eradicated by friction because the debris is entrapped within the grooves. The removal of the tribofilm from the contact surface prompts the generation of a new tribofilm through tribochemical reactions between additives and metal surfaces. Consequently, MoS2 is consistently detected on the surface. Conversely, on the untextured surface, the debris cannot easily escape from the contact surfaces. The debris particles amalgamate, forming thicker films on the surface, hindering subsequent tribochemical reactions between additives and metal surfaces.




3.4. Discussion


Our observations validate that the non-textured surface displays an elevated friction coefficient and reduced wear, attributed to the presence of a substantial tribofilm. The initial interaction between the ball and the disk induces a heightened friction coefficient due to the inherent surface roughness. This condition persists until the surface gradually becomes smooth, leading to a decreasing trend in the friction coefficient. However, upon the removal of the metal surface layer, a newly exposed, highly active surface interacts with the lubricant and additives, triggering subsequent tribochemical reactions and the formation of tribofilms. During the friction process, debris from the tribofilm accumulates on the contact surface. On the untextured surface, depicted in Figure 11a, these debris particles cannot easily escape from the contact surfaces, resulting in their coalescence and the formation of thicker films on the surface. This impedes further tribochemical reactions between additives and metal surfaces. Concurrently, solid-to-solid contact is minimized, reducing wear. Given that the thick tribofilms typically comprise oligomers, more energy is required for the ball to slide on the tribofilm, leading to a higher friction coefficient. Additionally, the oxidation of MoS2 derived from MoDTC diminishes the lubrication effect of MoDTC.



On textured surfaces, the friction-induced removal of debris from the tribofilm is facilitated by the grooves, as depicted in Figure 11b. This mechanism reduces the coalescence of debris on the top surface, resulting in the formation of thinner tribofilms. Traditionally, tribofilms are considered to undergo a dynamic evolution of formation and wear occurring amid friction. In this dynamic process, avoiding solid contact is not recommended because it leads to increased wear. In this particular scenario, the surface texture exhibits a detrimental effect on the wear resistance.



In contrast, the textures expedite the swift transition to fluid lubrication. Moreover, the grooves serve as an array of micro-bearings, augmenting cavitation capability. Cavitation enhances the separation between contacting surfaces, ensuring a continuous provision of lubricant oil by intensifying hydrodynamic lift [38,39]. Consequently, the friction coefficient on textured surfaces is diminished in comparison to untextured surfaces.



Moreover, the friction coefficient decreases with an increase in the sliding direction angle, as illustrated in Figure 5. A lower sliding direction angle approaches a direction almost parallel to the grooves, whereas a higher sliding direction angle approaches a near-perpendicular orientation to the grooves. As suggested in Figure 12, cavitation capacity becomes negligible at a sliding direction angle of 0°, resulting in a higher friction coefficient. As the sliding direction angle increases, cavitation capacity proportionally increases, and the maximum cavitation capacity is anticipated when the sliding direction is set to 90°. Most of the observed friction coefficients are consistent with this assumption. However, the friction coefficient at a sliding direction angle of 90° increased compared with that at 75°, suggesting the presence of other contributing factors. Figure 13 depicts the MoS2 thickness in the tribofilms according to the XPS depth analysis, revealing an inverse correlation between the depth of MoS2 in the tribofilm and the sliding direction angles above 15°. In addition to cavitation capacity, the distribution of MoS2 significantly affects the friction coefficient.





4. Conclusions


Tribofilms form through intricate tribochemical reactions involving lubricants, additives, and metal surfaces, playing a vital role in diminishing friction, preventing adhesion, and minimizing wear. The present work focuses on the tribological characteristics of textured surfaces in boundary lubrication conditions, emphasizing the impact of surface texturing on tribofilm formation and behavior. The primary findings are outlined below.



The untextured surface exhibits a high friction coefficient and low wear due to the formation of thick tribofilms. Debris tends to accumulate, forming thicker tribofilms and impeding further tribochemical reactions, ultimately reducing wear. However, more energy is needed to slide on the tribofilm, resulting in a higher friction coefficient. Furthermore, the oxidation of MoS2 derived from MoDTC compromised the lubricating effectiveness of MoDTC.



In contrast, textured surfaces display lower friction coefficients and higher wear. The textured structure aids in debris removal, mitigating coalescence and promoting the formation of thinner tribofilms. Although solid-to-solid contact increases wear, textured surfaces facilitate early fluid lubrication transition and enhance cavitation capacity, contributing to reduced friction and energy consumption in mechanical operations.



Evident wear was discerned on the surface of the ball during sliding on the non-textured surface, manifesting as a circular wear scar. In contrast, no discernible wear was observed on the ball surface during sliding on the textured surface, where a friction track characterized by a rounded rectangular shape within the contact zone was identified. It can be inferred that textured surfaces offer potential advantages in minimizing wear on contacting surfaces.



The study also considers the impact of sliding direction angles on friction coefficients. Lower angles (i.e., sliding directions almost parallel to the grooves) increase friction, whereas higher angles (i.e., sliding directions almost perpendicular to grooves) enhance cavitation capacity. However, the friction coefficient at a 90° sliding direction angle exhibits an unexpected increase, attributed to factors other than cavitation capacity, such as the distribution of MoS2 in the tribofilms.



Clarifying the intricate relationships among surface texturing, tribofilm formation, and sliding conditions provides valuable insights for optimizing lubrication strategies and improving wear resistance in boundary lubrication scenarios.
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Figure 1. Surface texture fabricated on the AISI 52100 steel disk. (a) Top view; (b) 3D view; (c) cross-sectional profile. 
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Figure 2. Image and illustration of the reciprocating friction tester. 
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Figure 3. The sliding directions employed during friction tests. 
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Figure 4. Change in the friction coefficient over time. (a) Untextured surface; (b) 0° on the textured surface; (c) 15° on the textured surface; (d) 30° on the textured surface; (e) 45° on the textured surface; (f) 60° on the textured surface; (g) 75° on the textured surface; (h) 90° on textured surface. 
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Figure 5. Effect of surface textures and sliding direction on the average friction coefficient. 
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Figure 6. 2D images, surface profile curves, and 3D images of worn disk surfaces. (a) Untextured surface; (b) 0° on the textured surface; (c) 15° on the textured surface; (d) 30° on the textured surface; (e) 45° on the textured surface; (f) 60° on the textured surface; (g) 75° on the textured surface; (h) 90° on the textured surface. Note that the surface profile was measured perpendicular to the sliding direction. 
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Figure 7. Wear morphologies and surface profiles on the balls. (a) Untextured surface; (b) 0° on the textured surface; (c) 15° on the textured surface; (d) 30° on the textured surface; (e) 45° on the textured surface; (f) 60° on the textured surface; (g) 75° on the textured surface; (h) 90° on textured surface. 
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Figure 8. Effect of surface texture and sliding direction on the wear scar width and wear rate of disks. 
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Figure 9. Atomic percent of different elements in the tribofilms as a function of sputtering depth. (a) Untextured surface; (b) 0° on the textured surface; (c) 15° on the textured surface; (d) 30° on the textured surface; (e) 45° on the textured surface; (f) 60° on the textured surface; (g) 75° on the textured surface; (h) 90° on the textured surface. 
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Figure 10. XPS Mo 3d spectra. (a) Untextured surface; (b) 0° on the textured surface; (c) 15° on the textured surface; (d) 30° on the textured surface; (e) 45° on the textured surface; (f) 60° on the textured surface; (g) 75° on the textured surface; (h) 90° on the textured surface. 
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Figure 11. Illustration comparing tribofilm formation on the (a) untextured and (b) textured surfaces. 
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Figure 12. Schematic of cavitation capacity on textured surfaces. 
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Figure 13. Correlation between the friction coefficient and the depth of MoS2 in tribofilms formed on untextured and textured surfaces. 






Figure 13. Correlation between the friction coefficient and the depth of MoS2 in tribofilms formed on untextured and textured surfaces.



[image: Lubricants 12 00091 g013]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 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 (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
Weight

Lubrica{wt C—) _Ball
N A
e

> heater






media/file26.jpg
Spuncn g, o
©

prem—

o0 3 £
Spaning dpt .
)

Spunsin ey o1

Spunsn g o
®

Spusing g o
()





media/file27.png
Atomic percent

IOO T T T T IOO T T T T

—+~Carbon ——Carbon
—=Oxygen ——(Oxygen

80 ——Phosphate . 80 ——Phosphate )
—<—Sulphur P o odbg ——Sulphur

60 L = Zinc VAR ) | 60 ——7inc

Ca B ——Molybdenum
——Molybdenum g &% o 5

40

Atomic percent

20 |4

< pox [6c, Kok Siocaned ¥ K2 of ) X ;

O SeniiERRN iGN s Ao AN ) T a2 A N, . 7L
0 50 100 150 200 200
Sputtering depth, nm Sputtering depth, nm

(a) (b)





media/file35.jpg
Kedes UONENAED BuISEaIOU]

Cavitation

o
Q5

Sliding
—





media/file31.png
120%:’
1000:’
800:
600:
400:
200:

0.

C/IS

Binding Energy(eV)

(a)

200

— T 1T T 1 17T 17T "7 71" !
242 240 238 236 234 232 230 228 226 224

<l

Depth (nm)

50

0-
1000

800
C/S 600 -
400 ';/,_‘_/ﬂ

200+

B

0

238 236 234 232 230
Binding Energy (eV)

(c)

! I
228

—
226

200
UV

150

100 : 5 —
: — e
Depth (nm) == _&
; 2 ?%‘f-b_'—(/ e g

C/S 600
4001

200

0

| T L | T T 1 T T T T 1
238 236 234 232 230 228 226
Binding Energy (eV)

Depth (nm)
50

i

1000 -
800-
c/s 600
400-

2004

0

T ¥ T ¥ T ’ T T T T T T T
238 236 234 232 230 228 226
Binding Energy (eV)

(d)





media/file12.jpg





media/file3.jpg
Weight

Lubricant





media/file18.jpg
.

g

[

g

g
e

P e
@
T

B
T

®
=

z
T

P






media/file22.png
Height, um

—x-direction
——y-direction

30

(h)

160 240 320 400 480 560 640

Position, um





media/file19.jpg





media/file7.jpg
012 e

o 9| S
i
008 2 008
£
006 g o0
008 £ om
002 T
&t oo o0 o 0 0 &l oo o 0 0 T
e e
(@ (b)
o o
o o
H
o ™
W E
006 2 0
008 H™
002 = o
°G 500 1000 1500 2000 2500 3000 3500 °F 5001000 1500 2000 2500 3000 3500
e e
() (d)
o o
o o
: :
2 oo 2 o008
H H
% o Boml
£ o £ o
= om = o
© G500 7000 1300 2000 2300 3000 3500 © 0500 1000 1300 2000 2300 3000 3500
(e) ®
o o
o o
: £
£ oo 2 oos
i H
2 006 g o0s
£ o £ o
= o0 T om
© 6560”1000 1300 2000 2300 3000 3500 © 6560 1000 1300 2000 2300 3000 3500
T T

(8 (h)





media/file28.png
100

o)
-

~
o

Atomic percent

20

100

~
o

Atomic percent

20

100

o)
-

~
o

Atomic percent

20

——Carbon
—#—(xygen
——Phosphate

" ——Sulphur

——[ron
——7in¢

. ——Molybdenum

»\ R\ /)
A s CZAN SRS _\:x

50

Sputtering depth, nm

(c)

100 1

50

VAN

100

60 +

Atomic percent

]
3

200

Sputtering depth, nm

(e)

—s—(Carbon
—=—(Oxygen
——Phosphate
——Sulphur
——[ron

——7inc
——Molybdenum

——(Carbon
—=—(Oxygen
——Phosphate
—<—Sulphur
—e—[ron
——Zinc
——Molybdenum

Sputtering depth, nm

(d)

100
, 80
=
. § 60 |
]
oF
2
=
: s
<

—s—(Carbon
—=—(Oxygen
——Phosphate
——Sulphur
——[ron

——7inc
——Molybdenum

50

100
Sputtering depth, nm

(8)

150

100

—s—(Carbon
—#—(Oxygen
——Phosphate
——Sulphur
——[ron

——7inc
——Molybdenum

Sputtering depth, nm

(f)

Atomic percent

—s—Carbon
—=—(xygen
——Phosphate
—<—Sulphur
—e—I[ron
——7inc

——Molybdenum &

100
Sputtering depth, nm

(h)





media/file10.png
T\\\\\\\\\\ )
\\\\\\\\ ¥
I \\\\\\\\\\\w 8
| 122272

2222222






media/file15.png
T T e S kTN S
- --.v‘ * .-v Soaiee g h: -~

Height, um

Height, um

Height, um

Height, um

1 1 1 1 1 1 1

80 160 240 320 400 480 560 640

Position, um

(b)

80 160 240 320 400 480 560 640
Position, tm

(c)

100 200 300 400 500 600 700
Position, tm

(d)

100 200 300 400 500 600 700 800
Position, ptm

(e)

643.9um

644.5um

643.9um

644.5um






media/file33.jpg
Oil
Tribofilm

() Untextured surface (b) Textured surface





media/file32.png
200

150

100
Depth (nm) _

50
0~
1000 -+ =
800 ] 4 y vg;?'? ’!," i »{\\f‘i\_\\\&::__i:
ClSeeo ) ~— / oL o2 T
| =0~ /\\. v / el \\ \\‘b \\»;’\2%7 /
4004~ \ i;%*§§§//
200 //
0 T ¥ I . T T T T T . T . . {
298 || 238 ;294 ||| 232 || 230 | | (228 | || 226
Binding Energy (eV)
(e)
200.
150 — -
10
Depth (nm)
50
0
1000 -+
800 - g
C/S 600 - }{:}:;;f;;;,r
|
04 —
200 A /
0- — . ‘ . . y

1 T T T
238 236 234 232 230
Binding Energy (eV)

(8)

I
228

I
226

200.

150

100 o

Depth (nm)

50
10009
800 - :1;‘/_: i
C/S coo T~ —
il /»<:/’;_
] };~:;;;4,f
A0 | | s
| T
200 -
0 —

2og|| (248|234 || 232|280 | 228} | |228
Binding Energy (eV)

100
Depth (nm)
50,

10009
800:
C/S 600-

400-

200 - )

1 T T T
234 232 230 228 226
Binding Energy (eV)

(h)

0+———
238 236





media/file14.png
oo . . nm
Sliding direction : 15 - 3.311

Height, um

-1.5 - .

s : B i 2l 1 I 1 1 I I 1 |
=5 0 80 160 240 320 400 480 560 640
400.000um

Position, um

(a)






media/file11.jpg
RS 3





media/file6.png
R

L e L T

PR ...«vu. \l,t;l

P WP = -

0

s — -
. LLIPN

. - —iin
. - -
e -

ot e -





media/file36.png
| Ayoeded uorR)IABY FUISBAIOU] v

Cavitation





media/file37.jpg
Friction coefficient

0.12

0.1

0.08

0.06

0.04

0.02

0

—e—Friction coefficient

—a— Depth of Mo in tribofilm

untextured 0° 15" 30° 45" 60° 75° 90°

surface

textured surface

80

70

60

50

40

wu ‘wiigoqu ut ‘SO Jo yidaqt





nav.xhtml


  lubricants-12-00091


  
    		
      lubricants-12-00091
    


  




  





media/file16.png
Height, um

Height, um

Height, um

0 100 200 300 400 500 600 700

Position, um

(f)

0 80 160 240 320 400 480 560 640

Position, pm

(8)

0 8 160 240 320 400 480 560 640

Position, um

(h)

pm

7.855






media/file2.png
643.883 um

0.0

(a)

pHm
7.668

-32.62
644.464 pm

Height, um

28.433 um

128.705