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Abstract

:

Texture surface containing both micro-pits and a thin carbon coating was produced using laser surface texturing and magnetic-control vacuum sputtering. Tribological properties of the laser-textured surface coated with thin carbon were experimentally investigated at low-temperature (8–10 °C) under starved and lubricated conditions with a ring-on-ring test rig. The results indicated that the laser-textured surface combined with carbon coating (textured + coating) exhibited low wear intensity and friction coefficient under lubricated conditions, while moderate wear was observed under starved lubrication conditions as compared with the smooth, textured, and carbon-coated surfaces. The wear mechanisms of the lubricated, textured, coated surface under three working conditions (10 N and 1.25 m/s, 16 N and 0.25 m/s, and 50 N and 0.05 m/s) revealed plowing effect, corrosion, and adhesive wear, while oxidative and adhesive wears were observed under starved lubrication. Finally, the textured, coated surface was freely adaptable to different working conditions and exhibited additional effects for better tribological applications at low-temperature as compared with the smooth, laser-textured, and carbon-coated surfaces.
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1. Introduction


Inefficient systemic loss of energy in machinery can be minimized by a reduction of friction and wear in mechanical components [1,2]. For example, the indispensable cogs and bearings in the industrial machine are of interest, with the hope of bridging the gap between our desire for energy and adverse environmental effects [3]. Tribology design and surface engineering technologies are sought after for improving the effectiveness and reducing friction losses in mechanical systems. Available literature indicates that surface texturing is one potential strategy to improve energy efficiency and decrease waste disposal and emissions [2,4]. Textured surfaces, with some intricate microstructures (pits, craters, and grooves), have gained widespread acceptance in tribology because of their ability to achieve the micro-hydrodynamic bearing effect, acting as reservoirs for the continuous supply of lubricants, and trapping of wear debris by eliminating or reducing plowing effects of the working surfaces [5,6].



Among the surface texture fabrication techniques, laser surface texturing (LST) has become an established manufacturing method [7], owing to its advantages of being extremely fast, clean to the environment, and provides excellent control on shape and size of micro-structures [8,9,10,11]. It has been proved that LST is valid for tribological applications in mechanical face seal [12,13], thrust bearings [14,15], cutting tools [16,17,18], cams/tappets [19], drill bit [20], and piston rings [9,21,22]. LST is also used for the reduction of friction (or stiction) in magnetic storage devices [23] and for the minimization of wear and mechanical losses for micro-electro-mechanical system (MEMS) devices [24]. However, LST is deficient in the new challenges of improving the performances of tribological systems. Importantly, it fails to timely exhibit good transitional process from boundary (and dry) lubrication to full-film lubrication, or vice-versa, though the true state of the tribological system is complicated and filled with uncertainties. An important but little-known problem is the friction and wear mechanisms of textured surfaces with different lubrication regions, as well as effective measures to improve the transitional behavior in various lubrication regimes. LST can increase the range of hydrodynamic lubrication regime in the Stribeck curve [25,26]. Meanwhile, it is stated that the bulges at the edge of the dimple need to be optimized to have the positive effect of LST on lubrication regime transitions [27]. The friction coefficient is an important parameter for tribological performance, followed by wear loss, friction force, efficiency, and reliability, which are all critical to the operation of a special tribological system. In addition, it is necessary to understand the detailed wear and durability of laser-textured surfaces for different regions and working conditions.



Sputtered carbon coatings have been reported to have excellent tribological properties and, therefore, have the potential to be used as a hard solid lubricant and wear-resistant coatings [28]. The coating film is recommended for laboratories and plants for their overt properties, such as chemical stability, morphology, and anti-friction. Specifically, coated surfaces have been amenable to playing an active role in dry friction cases for several decades [29,30]. There is limited literature about the exaltation of tribological performances using appropriate coating film, under mixed film lubrication and boundary lubrication. Though some investigations have shown that carbon film is perfect and can offer a series of attractive properties for many applications [31,32,33]. Arslan et al. [34] reported two approaches to generate low-wear surfaces with diamond-like carbon (DLC) coating by laser surface texturing. Their results suggested that the tribological performance of a cylinder on a coated plate tribo-pair could be enhanced. Yasumaru et al. [35] investigated the tribological properties of DLC films’ nanostructured surfaces by femtosecond laser ablation, where a MoS2 layer on the nanostructured surface improved the friction properties. The creation of small and shallow cavities with a laser lithography technique on a DLC layer has allowed a significant reduction of the friction coefficient of DLC/steel contact [36]. Recently, an interesting investigation by Ding et al. [37] on carbon film with micro-dots has suggested that the influences of laser textures on the tribological performance of amorphous carbon film are strongly dependent on the friction pairs. For instance, LST has not improved the tribological performance of the friction pairs consisting of Si3N4 balls, whereas it is effective for the reduction of friction for the steel ball. Further, the DLC/LST composite specimens can obtain a low friction coefficient, which has been accounted for by the combined action of dimple-induced graphitizing transformation [38].



Previously conducted tribological studies have mostly focused on the suitable room temperature conditions for human beings to the detriment of outdoor industrial equipment (such as ships, kowtows, and wind turbines) that operates below room temperature. For extreme low-temperature conditions, the tribological researches focus on space and cryogenic aspects, which does not encourage technology development and theoretical progress. In the present research work, the tribological properties of the textured surface with thin carbon coating was compared with three different surfaces (smooth surface, laser-textured surface, and carbon-coated surface) under starved and lubricated conditions at below room temperature (8–10 °C). The result provided fundamental insights to guide the design and analysis of surface textures for wind turbine bearings, precision bearings, and precision actuators in places like northern China, Scandinavia, Alaska, and northern Russia, where temperatures often remain below room temperature for weeks or months during winter.




2. Materials and Methods


2.1. Preparation and Characterization


The material specimen utilized for the experimentation was industrially available 45 steel. The 45 steel material is used by numerous manufacturing industries for the fabrication of bearing because it has low friction properties. Before the laser surface texturing (LST), the front surfaces of the samples were ultrasonically cleaned with alcohol and polished by a self-created polishing machine with a diamond aerosol spray of W0.5 grid size for 10 min to a surface roughness of <0.56 μm. During the texturing process, a Q-switch Nd3+: YAG laser oscillator of 50 Watts (OWL, New York, USA) was used to modify the pulse. The single pulse interval processing method was utilized, as reported by Fu et al. [39,40], in the laser texturing process. This process can effectively alleviate the negative heat accumulation effect to accomplish proficient, accurate, and controlled laser micro-textures. The working principle of this process is to coordinate the laser pulse with the mechanical movement of the workpiece to make the laser pulse from the same position separated. The laser beam was focused on the surface of the ablated materials at normal incidence (along the Z-axis) using a convex lens with a focal length of 60 mm and a beam spot diameter of 60 μm. The specimen (small ring) was fixed on a three grasping chuck, which was mounted on a motor controlled two-dimensional stage, and the laser head Z was adjusted to a position so that the focus position was 0.



Round dimples were created on the surface of the ring utilizing the single pulse laser for the tribological investigation. The dimples on the surface of the ring specimen were uniformly arranged in a rectangular array with dot pitch L1 (circumferential space of the micro-pits) and the line pitch L2 (radial space of the micro-pits) given as 150 μm. The desired micro-pits diameter was 60 μm with the design texture density (Td) of 12.6 %. The lumps or burrs around the edges of the dimples amid the laser texturing process were expelled by a gentle polishing process. It has been tentatively exhibited that these hardened lumps or burrs around the edges of the dimples negatively affect the tribological performance of contacting surfaces [27].



Conventionally, magnetron sputtering is one of the physical vapor deposition (PVD) methods with high deposition rates and low equipment costs [30] employed in surface coating. After the surface texturing, the nano-carbon coating was then deposited on the target surface by the method of magnetron sputtering with an argon plasma using a turbo chromium coater K575 (Quorum Technologies Ltd., Lewes, UK). A flow chart of the carbon sputtering is shown in Figure 1. Four types of surfaces (i.e., smooth, coated, textured, and textured and coated) were processed for the friction and wear test, as illustrated and presented (Figure 2).



Surface characterization has spontaneously been one meaningful issue in tribological analysis. The processed surfaces with micro-textures were characterized in 2D parameters and 3D topographies. Abbott curve is widely appreciated by many scientists and engineers, and thus such curves for different surfaces were plotted for comparison. A non-contact optical measuring instrument (WYKO NT1100 of Veeco, Tucson, AZ, USA) was used for the surface topography and characterization (Figure 3).



The bulk 45 steel was finished by quenching in forced air to harden the surface at HRC40~43 and surface roughness of Ra < 0.56 μm. Dimples of depths 10~15 μm were produced on the surface of the quenched steel to form the textured sample with a roughness value of Ra < 0.8 μm and hardness value of HRC45~48 after the texturing process. A 0.12 μm thick layer of carbon was then coated on the surface of the quenched 45 steel to form the coated sample with a roughness of Ra < 0.5 μm. Finally, the quenched textured steel was coated with a 0.12 μm thickness layer of carbon to form a textured, coated sample. The technologies with technical parameters employed in preparing the various surfaces (smooth, LST, coating, LST + coating) for the friction and wear test are given in Table 1. Prior to the friction and wear tests, the contact surfaces of the rings were polished by fine silicon carbide paper (grit number P1000, Shanghai, China) to render the surface finish for all the test specimens at the same level.




2.2. Tribological Experiments


A configuration of a thrust washer and ring specimen as a friction pair on a whirling rig (MMW-1A, China) was utilized to investigate the tribological performances for the various surfaces, as shown in Figure 4. The upper sample (thrust washer, made of mid-carbon-steel after quenching) was set in the grip holder by a fastening screw. This holder is self-leveling to ensure face-to-face contact during the tests. The lower sample is a circular steel ring with an internal diameter of 16 mm and an external diameter of 32 mm. There are two symmetrically distributed holes on the lower sample for position limitation during the rotation of the principal axis of the testing rig. Besides, there is a small hole on the side surface of the lower sample (2.5 mm from the contact surface) for installing the thermocouple to indirectly test the temperature rise of the contact surface. During the experiment, SC40 (H100) engine oil with the society of automotive engineers (SAE) viscosity of 14.21 mm2/s was applied. All the experiments were done at a temperature range of (8–10 °C) and relative humidity of 45 ± 3% for a test duration of 1 h.



Three kinds of PV-values, which reads the load capacity of sliding bearings and is expressed the product of bearing pressure and sliding speed, were examined by the friction test. For simplicity, the bearing pressure was replaced by the normal force P. The test conditions are presented in Table 2.



During the experiments, the normal load P and friction torque Tf were recorded simultaneously to determine the coefficient of friction. The friction coefficient of the small thrust washer-ring pair was derived as follows.


  f = F / P =  T f  /    R s  · P    



(1)




where F is the frictional force, Rs is the equivalent contact radius of the ring given by Rs = (d1 + d2)/4. d1 and d2 are the external and internal radius of the ring, respectively. Wear behaviors of the surfaces were evaluated by combining both qualitative and quantitative methods. The wear intensity Iw as an index was interpreted by expression (2).


   I w  = Δ m /     P /  A a    · L    



(2)




where Δm is the change in mass of the specimen before and after the friction test. The values were obtained by reading from an electric balance scale (Ohaus discovery, semi-micro, and analytical balances with 10 microgram readability). P is the normal load, Aa is the apparent area of contact during sliding, calculated from    A a  = π    d 1 2  −  d 2 2    / 4  , and L is the sliding distance during the whole test duration. The friction and wear test of each condition was repeated three times, and the average values were presented to ensure the repeatability of the results.





3. Results


3.1. Surface Characterization


Through analysis and comparison, a compound characterization of the 2D critical parameters and 3D topographies are presented. The Ra gives a general description of the surface amplitude, and Rq means the average of the measured height deviations taken within the evaluation length of the area. They are meant for traditional characterization in tribological applications. Specifically, they are critical in illustrating the friction stability and wear resistance. Rt is very sensitive to large deviations from the mean line and from scratches and also reads the uniformity of the surface roughness. In addition, Rpk indicates the top portion of the surface that is worn away in the run-in period, and Rvk reads the lowest part of the surface that retains the lubricant. Furthermore, the values of bearing ratios obtained from the bearing ratio curve (Abbott–Firestone curve) are Mr1 and Mr2. The ideal value of Mr1 is small, while the value of Mr2 is large. After the analysis of the measured results, some useful parameters obtained are presented in Table 3. The surface characterization of the smooth surface is illustrated in Figure 5. It is observed that the smooth surface has a uniform roughness in horizontal and vertical directions, although it has a different waviness and texture after the characterization of the surface parameters. The Abbott–Firestone curve further supports this illustration for the bearing ratios of two sections (S1 and S3), which present a high consistency. The laser-textured surface has a higher roughness as compared with the smooth surface. Inversely, the surface roughness of the coated surface is lower than the smooth surface. The coated surface has the lowest roughness parameters (Ra, Rq, Rt, Rpk, Rvk), while the textured surface has the highest roughness. The textured surface has a higher value of Rvk than the other surfaces. These values reveal that a given surface has excellent properties of abrasive resistance under uniform materials and working conditions.



The working conditions of a friction pair usually change during operation. For comparison of surface topographies and parameters against the working conditions, three-dimensional topographies of the laser-textured surface with coating are presented after the wear tests under lubricated and starved conditions, respectively (Figure 6 and Figure 7). The wear traces of the laser-textured surface with a coating under lubrication is clear and shallow. The asperity contact undergoes a light load, and the friction pair forms hydrodynamic lubrication. The surface roughness is rather high after the wear test. This means a laser-textured surface with the coating is reliable and durable for lubrication conditions. Abbott curves showing the coincidence of cross-sections (S1 and S2, Figure 7) direct that the wear loss of the non-textured regions is isotropic in the horizontal and vertical directions. The peak region of the worn away section of S3 is larger than that of the S1 and S2, while the core region of S3 is less than S1 and S2. This means the vertical asperities cannot bear the large load, and the life of the friction pair is short. However, the valley region acts as a lubricant reservoir (S3 > S1, S2).



The wear trace width under lubrication is about 1 mm, whereas the width of the wear trace under starvation is about 1.35 mm. The roughness of the worn surface under starvation is lower than that of lubrication. The valley of the worn surface under starvation is shallow, which is due to the wear debris filling and the surface material flow during abrasive wear. In addition, the worn surface under starvation presents a complicated topography, which may be related to complicated wear mechanisms. Firstly, there is no lubricating medium between the friction pair, which can produce the so-called hydrodynamic lubrication and bearing force under dry friction. Importantly, the asperities of the friction pair on the LST surface are directly in contact, and the contact area is fairly small, resulting in high contact stress, which induces material deformation of the metal subsurface and the non-textured regions. Secondly, it is still the metal matrix material that plays a supporting role, although thin DLC coating on the contact surface. Under direct contact and shear action of the friction pair, material migration and accumulation deformation occur, and contact hot spots are formed in the rough friction area to cause local oxidation.




3.2. Friction Properties


The coefficients of friction of the different working surfaces are measured through friction tests, and the comparison is shown in Figure 8a. The smooth surface exhibits the highest friction coefficient and shows sustainable growth over the initial test period. The textured surface induced by the laser presents a stable friction coefficient trend during the test period. The laser texturing has some effects on the stable friction coefficient. The first aspect is the quenching effect and refinement of microstructure for a high quenching rate [41], which increases the surface hardness of the sample [42] and improves the abrasive resistance. According to the molecular-kinetic and mechanical model theories of the frictional behavior of elastic materials, the magnitude of the friction coefficient is inversely proportional to the hardness of steel surfaces [43]. The induced quenching effect by the laser increases the amount of martensite phase, which effectively decreases the surface friction coefficient and, consequently, improves the surface wear resistance. Secondly, the debris collection by the micro-pits hinders the attendance of the so-called third-body wear between the friction pair. Finally, the laser-material interaction on the surfaces and interfaces during the texturing process will result in recombination actions of the steel structure, which alter the surface chemistry, morphology, and crystal structure of the steel to form a new material structure with better tribological properties.



The carbon-coated surface exhibits a low friction coefficient as compared to the smooth and textured surface regardless of the test time. This is because of the carbon coating layer and the special full harden and steel surface through laser quenching. However, the friction coefficient shows a slowly growing trend. This might well be due to the failure of the carbon coating. Carbon coatings affect the plowing component of friction, while rough surfaces affect the degree of asperity penetration through the coating into the substrate [44]. In addition, diamond-like carbon has an amorphous lattice structure, with sp3, sp2, and sp bonding type coexisting, and the hardness varies from 1500 HV to 6000 HV [45]. All of these make the phase transformation occurs easily when the local temperature gets up to 250 °C or even higher; graphitization is an unexpected result [46]. However, the changes in the carbon films’ properties are beyond the recognition of engineering problems.



The friction coefficient of the textured surface with carbon coating shows more than one steady phase for the test duration. At the beginning of the test, the coefficient of friction shows a modest growing tendency. After 15 min, it goes into a steady-state with a considerable low value of about 0.17 for 20 min. The friction coefficient then passes into another steady-state after around 10 min. Theoretically, the friction binomial law indicates that the friction coefficient consists of two components. One is the mechanical interaction of the friction pair asperities on the macroscopic level, and the other is the molecular action of the surface film on the nanosomic scale. The in-depth mechanism of these components is considered in the analysis of the tribological performance. Laser surface texturing (LST) has a macro sense compared with the carbon thin film embedded on the flat surface. An attempt is made to search for a better tribological performance from a physiochemical standpoint. However, the result cannot fit comfortably with the superimposition of mechanical and molecular interpretation in this study because the water molecules play a prominent role in the frictional behavior of DLC films [47]. The friction coefficient of the four different samples in increasing order is as follows: textured + coating (0.2327), coating (0.339), textured (0.4746), and smooth (0.5744), as indicated in Figure 8b. Comparing with the smooth surface, the friction coefficient of textured, coated, and textured + coated surfaces are reduced by 17%, 41%, and 59%, respectively.



The curves of the friction coefficients for the textured surface with carbon-coated film for different working conditions are plotted in Figure 9a. In addition, the steady-state values are shown in, which are the average of the steady-state portion of the actual friction coefficient. The adulatory curve of friction coefficient provides a particularly sensitive monitor to an imperfect aspect of the carbon coating film. The data reveals that the coefficient of friction is fairly low under low-speed and heavy load conditions, referred to as (PV)3. The value is hardly higher than 0.2, but for the transitory fluctuation, it has resulted from the mechanical inertia of the test rig. The comparison test suggests a greatly higher value of friction coefficient for the whole duration under high-speed and lightly loaded conditions, referred to as (PV)1. However, it has a pretty good tendency to decrease following the test time. It is, therefore, easy to conclude that the textured surface with coated carbon thin film investigated in this study has a desirable performance under low-speed and heavy-load conditions in boundary lubrication for most engineering problems. For example, a piston in an internal combustion engine gets to the top dead center or bottom when the speed is very low, but carrying a heavy load. As discussed above, the coefficient of friction under the conditions of mid-velocity and moderate load, referred to as (PV)2, shows a phased fluctuation, which may be due to the so-called three-body abrasion. During the rest, there may be some generation, variation, and transfer of abrasive particles, which are moving from one subdomain to another and change with the occurrence of squeezing effect and surface deformation. The temperature diachronic curve obtained by using a thermocouple sensor arranged in the side hole of the thrust ring specimen is shown in Figure 9b. Considering the same material matrix, it can be considered that the temperature diachronic curve is an indirect measurement result of the friction temperature rise. It can also be seen that the friction temperature rise is closely related to the working conditions. In the initial stage, the friction temperature rise is lower at low and high-speed conditions (i.e., (PV)1, (PV)3) and then increases to a higher degree (about 3 min). Interestingly, the temperature rise curve corresponding to working condition (PV)2 is relatively high at the initial stage and then remains stable, which is different from the other two conditions. This indirectly reflects that the textured surface with carbon coating has good adaptability and application for medium-speed and medium-load conditions.




3.3. Wear Behavior


For the treated surfaces, a low coefficient of friction alone is insufficient to account for excellent tribological performance. Instead, extended humps for allowing adjacent carbon layers to slip over each other or over contacted material during the rubbing-in process, generally, have good wear-resistance. The wear intensities of the different surfaces are measured by an electronic balance with an accuracy of 0.01 mg, and the results are shown in Table 4 and illustrated graphically in Figure 10. Meanwhile, the wear scratches of the different surfaces under lubricated and starved conditions at different loads and velocities are tracked by SEM photos. To ensure that this is indeed the case, the energy-dispersive spectroscopy (EDS) (0~20 keV accelerating voltages) maps to study the inferred results on wear behaviors and mechanisms for textured and coated surfaces are illustrated. Although there is no significant reinforcement point in the SEM analysis, it is far from being a powerful surface analytical technique.



It is interesting to note that there are differences in the wear loss of the various surfaces, both quantitatively and qualitatively. Firstly, as illustrated in Table 4, there is an increase in wear for the smooth surface, and the wear intensity values are positive. This phenomenon occurs under starved lubrication conditions on the ground that the friction pair consists of homogeneous medium-carbon steel with excellent elasticity in sliding friction. However, under lubricated conditions, the wear has reduced, as the oil film is enough to engulf the asperities and be replaced by viscous drag. The value of the wear intensity under full lubrication is 30 times more than that under starved lubrication conditions. SEM micrographs of worn surfaces of the smooth surfaces in sliding experiments at (PV)2 are presented in Figure 11a and Figure 12a.



As demonstrated, the plowing component of friction is weakened due to the separation of crests and peaks between the working surfaces by the viscous fluid under the lubricated condition. However, there are micro-cracks in the perpendicular direction of the sliding motion. When two rough surfaces are pressed together, the high pressure will give rise to elastic and plastic deformation at the tips of the surface asperities [48]. The wear patterns suggest that there is an accumulation of material near the two sides of the contact zone on the sliding surface, which may be due to the plastic deformation of the metal materials within the contact interface. The working surfaces embedded with hard particles always produce furrows and grooves in the process of sliding motion under starved conditions. The so-called three-body wear is produced by the two contact surfaces, and the hard particles are detached from the surfaces. As a result, the plowing effect is exacerbated, and the debris cannot stand the overwhelming local pressure other than been crushed at a high friction temperature. Some of the free-form abrasive particles are thereupon transferred timely between the contact surfaces, as indicated in Figure 12b. The tremendous heat from friction provides the right conditions for oxidation wear of the releasing particles during the instantaneous frictional contact with the partial working surface, resulting in the formation of black carbon. Additionally, the hardness of the contact surfaces of the friction pairs is approximately equivalent and prone to create adhesive wear mechanism.



The wear intensity of the textured surface is negative both under lubricated and starved conditions at (PV)2, as illustrated in Figure 10. It can be inferred that the abrasive debris lost from the counter body with low surface hardness and adhesive action makes the grains fall into the micro-pits and on the nearby textured surface. SEM micrographs of worn surfaces of the textured surfaces in sliding experiments at (PV)2 are displayed in Figure 11b and Figure 12b. Under the lubricated conditions, the worn surface reveals light scratches on the textured surface with some free abrasion particles along with the sliding motion. This is attributable to the micro-bearings effects of the micro-pits array. The wear pattern demonstrates that the laser-textured surface has excellent skills to deal with lubricants and debris, with an interesting consequence for tribological behavior during the friction test under lubricated conditions. As presented, the carbon is no longer stable because of the increasing and accumulation of friction heat located in the contact zones under dry and loaded conditions.



Contrarily, the wear intensity of the coated surface under lubricated conditions is not negative. It confirms that carbon film could reduce the hardness of the working surface and then improve the abrasive resistance. Furthermore, the value is much less than the textured surface under the same conditions. SEM micrographs of worn surfaces of the carbon-coated surfaces in the sliding experiments at (PV)2 are exhibited in Figure 11c. As presented, adhesive wear becomes a predominant mechanism for the carbon-coated surface due to the low surface hardness of the carbon-coated film. Meanwhile, the viscous effect of the lubricants increases evidently due to the wetting mechanism of the carbon film, and the friction increases with the exposed asperities on the counterpart surface. This results in serious wear particles that are turned out under lubricated conditions. As shown in Figure 12c, dissimilarly, carbon film plays the role of solid lubricant during the sliding motion, which actively alleviates the action of asperity-to-asperity contact, and the friction process is no longer uneven with contradictions. Consequently, wear and vibration have been reduced by the carbon thin film and the enclosed particles. However, there exist hard particles as foreign matters stored within the subsurface, which turns out and becomes free debris as soon as the thin carbon coating is worn out.



As suggested in Table 4, under lubricated conditions, there is little difference in the values of wear intensities under different loads and sliding speeds for the textured surface with a carbon coating. By comparison, the wear intensity with positive values (PV)3 has been the smallest, while (PV)2 has been the highest. However, under (PV)1, the wear intensity is intermediate with a negative value. The wear intensity of the textured, coated surface with micro-pits array is positive, though its values are fairly high. From these values, we can induce that there are different wear mechanisms for the textured surface under different working conditions, as illustrated graphically in Figure 11d, Figure 12d and Figure 13.



Specifically, the wear tracks on the textured, coated surface under lubrication at (PV)1 is illustrated in Figure 13a. It shows that the plowing effect under the conditions of the high-speed and light load is not dominant alone, but being accompanied by corrosion and adhesive wear. This may be as a result of the combined micro-plowing, micro-cutting, and micro-cracking mechanisms in the micro-texture during the friction test. The worn tracks on the textured surface with carbon coating under full lubrication at (PV)2 is expressed in Figure 11d. As seen, shallow and burnished scratches on the friction surface denote that micro-plowing is the predominant wear mechanism. Furthermore, wear traces on the textured surface with coating and micro-pits under lubrication at (PV)3 is expressed in Figure 13b. On the one hand, the plowing effect is the primary wear mechanism for the friction pair consisting of conformal surfaces; on the other hand, adhesive wear exists as a secondary mechanism. Unlike the preceding results at (PV)2, there are wormlike wear particles along the sliding direction. Lastly, the wear tracks under starved conditions are exhibited in Figure 12d, which shows that there are oxidative and adhesive wears. Surprisingly, the micro-textured structure on the bulk material is buried with some deformation.



The energy-dispersive X-ray spectroscopy (EDS) examination spectrums of the novel laser-textured surfaces with carbon coating after the friction tests are presented in Figure 14. There are significant differences in the element intensity in the contact point within the wearable zones after the friction test under different working conditions. Specifically, the iron contents within the textured, coated surfaces decrease variably under different lubrication conditions, but the emerging oxygen seems to present some.



Comparing the three PV conditions under lubrication, the iron content is high under (PV)2 (Figure 14b) condition but is decreased under (PV)3 (Figure 14c), while the datum (PV)1 (Figure 14a) condition does not offer any evident information. For the steel substrate, the decrease in iron content suggests that the friction and wear on the surface material are severe, while the increase in iron content shows that the novel surface is wearable. The added iron content illustrated on the material of the sliding counterpart may be lost and less on the treated surface. There are two illustrations for the causes of the unapparent change of iron content under (PV)1 condition. One may be that the contact surfaces of the friction pair are anti-friction. The other may be that the friction pair consisting of the same material has the same physicochemical properties, leading to the dissolution occurring on the contact surfaces of the pairs. It can clearly be seen that these cases are consistent with the results mentioned before the friction test.





4. Discussion


In this study, the laser-textured surface with DLC coating displays different tribological behaviors during the friction and wear test, and these behaviors are related to the bulk materials and micro-pits and the DLC-coated layer. Firstly, laser surface texturing can be seen as a partial laser machining on the surface of carbon steel by laser ablation gasification, accompanying laser transformation hardening (also known as laser quenching) [49]. The heating effects of the laser beam need some attention. The heat is absorbed rapidly (10−1–10−7 s) in a small area on the surface of the workpiece, and the temperature rises sharply [50]. The solid phase transformation occurs between the melting point of the material and the critical temperature of austenite transformation. After self-quenching, martensite is obtained, and the transformation hardening of the workpiece surface is realized, resulting in the complete hardening of the 45 steel surface with partially quenched areas. The microstructure consists of fine needle-like martensite [51], although material structure, heating, and cooling speed are important factors for the transformation of hardening behavior [52]. This results in improved strength and hardness of the surface. Specifically, due to the steep temperature field distribution, there is a sharp transition from the laser hardened layer to the matrix and the second characteristic of local diffusion of carbon, and the hardness drop is as high as HV400–600 [50]. Besides the laser nitriding, other recombination actions might well exist during the surface texturing to improve the tribological properties for the nitrogen as the assist gas during LST processing. The surfaces of the dimples also contribute to improving the tribological properties, especially for the contribution of low and steady friction [53]. Importantly, the hardness of hydrogenated DLC films, which is typically around 10–20 GPa depending on the sp2 to sp3 ratio and the hydrogen content, will act as anti-friction and anti-abrasion film [54]. Generally, TK8869, as a target material for carbon coatings, tends to be amorphous carbon material and is accepted as a soft coating for anti-friction and anti-abrasion. Therefore, the DLC carbon coating is adaptive to the boundary lubrication and mixed lubrication conditions for controlling friction and wear. Conclusively, emphasis should be placed on the effect of surface texture and coating on the surface friction properties. Regulation of the friction coefficient and the expansion of the Stribeck curve are available for the novel surface, treating with combined LST and DLC coating. After the tribological experimental data by Kalin et al. [55], the friction coefficients obtained are analyzed, and the results are shown in Figure 15. As shown, the friction coefficients increase initially with the Stribeck parameter and then decrease with a further increase of the parameter in the measurable range. LST and DLC are effective in regulating the behaviors of friction couples under different working conditions. Specifically, LST can expand the contact parameters for hydrodynamic lubrication and induce the friction transition on the Stribeck curve [27]. Meanwhile, DLC coating exhibits comfortable friction properties under boundary lubrication by forming a low friction film on the surface. Additionally, the friction properties can be highly improved by using extreme-pressure and anti-wear additives [56,57]. In this study, the experimental results, by considering the compound influence of LST and DLC coating, are far from that of the literature [55]; they may be accounted for the clear difference in the initial surface roughness and lubrication oil. However, compared with the LST surfaces, friction transitions occur on the Stribeck curve of the novel design LST surfaces with DLC coating.



Wear mechanisms of LST surface with carbon coating is complicated for the given full-range lubrication and friction conditions. After the transformation of hardening through the LST process, the occurred grain refinement can improve the plastic deformation resistance and fracture strength, increase the stress caused by cracks, and increase the wear resistance [50]. Meanwhile, the DLC film is acknowledged for the low friction coefficient, good wear resistance, and high hardness [58]. However, the composite response of LST and DLC film is not usually comfortable during the friction and wear behavior by some working conditions, such as contact pressure, temperature [19], texture geometry [36], and lubricated medium [59]. Further, the combined investigation of LST and DLC film is far from the universal conclusion for different engineering applications, although these works have been conducted by enough research teams [19,34,35,36,37,60,61,62,63]. Note that the order of surface texturing and DLC coating is different, and most of these investigations are conducted on the textured surface of DLC coating samples. For carbon steel samples, micro-cracking that results from tensile stress tends to occur within the smooth surface during sliding motion [64]. As known, micro-cracks are usually a bad sign of delamination wear, which consists of several basic steps, such as plastic deformation of the subsurface layer, subsurface crack nucleation, propagation, and generation of loose wear sheets [65]. Obviously, it is a fact that subsurface deformations, void elongation, and crack formation in medium-carbon steel are detrimental to the mating part and should be avoided by taking any surface protection measures. Thus, surface treatments, such as coating and texturing, are better methods of improving the tribological performance and properties of mechanical components [34,63,66], resulting in a clear difference in the worn surfaces after friction and wear experiments (see Figure 10 and Figure 11).



After the LST, the hardness of the surface is enhanced by the laser action, while the substrate material of the counterpart is soft. Thus, both the laser-textured and non-textured zones of the contact surfaces of the friction couple will be in a mess due to frequent plowing and heating effects during the friction process. This results in the active surface been in the inhomogeneous state without harmonized interaction with each other, leading to heat accumulation, which enhances oxidation and friction. Lastly, as oxidation is exacerbated, the sheet scuff peels off, causing serious wear and tear. Conversely, apart from the solid film for the friction reduction of coating surfaces under the lean oil condition, soft carbon coatings undergo the action of plowing and squeezing mechanisms, and the surface roughness changes by the process of scratching and penetration concurrently. This generates new debris, which brings some additional mechanisms of friction and wear [67]. Differently, hard coating usually affects the load-carrying capacity through coating strength and substrate deformation [68]. Throughout the contact, the reduction of the actual area and the interlocking materials affects chiefly the surface roughness, while the asperity fatigue leads to the generation of wear debris. The bearing capacity and wear resistance of friction pairs under lubrication conditions can be improved by the hydrodynamic lubrication, micro-oil pool effect, and micro-lubrication of LST technology. At the same time, the tribological properties of friction couples under dry friction, and the boundary lubrication conditions can be enhanced by DLC coating. Through the coupling and synergy of these two mechanisms, comprehensive tribological properties of friction pairs can be improved, and the working conditions and application fields of specific friction pairs can be expanded. Thereafter, the lubrication design principle of the textured surface with carbon coating is illustrated and shown in Figure 16.



The wear traces shown by SEM photographs indicate different wear mechanisms for the different friction pairs with various treated surfaces. Specifically, the textured surface with coating presents oxidative and adhesive wear mechanism under starved lubrication conditions. The oxidation is not an incomprehensible result because amorphous carbon film cannot hold stable inertia at a fairly high temperature. The flashing temperature may get to hundreds Centigrade owing to the micro-contact with a heavy load during the dry friction condition. Thus, local carbonization occurs at the actual zone rather than the apparent region. Additionally, carbon film has certain mobility during micro-plowing and micro-cutting, which are micro-abrasive mechanisms of generating wear and material migration. Superficially, it is undesirable to improve the abrasion resistance of the working surface with micro-pits and carbon film. However, the truth of the matter is quite different because the periodic temperature rise may be higher in starved friction. Consequently, the carbon film is softened occasionally, and sound solid lubrication might well be realized, with no great loss of the bulk material and the counterpart after friction. Moreover, diamond and diamond-like carbon cannot produce protective oxide layers with oxidation and volatile CO2. Additionally, for diamond-like carbon, H2O is formed, which will emerge at the oxidation temperature [46], and a water-mediated hydrogen diffusion mechanism may exist on the oxide surface at a normal temperature or less.



Surface roughness is an important factor in scuffing failure, whether it occurs under conditions of boundary lubrication or mixed lubrication [48]. In this study, the surface of the bulk materials is not very smooth with some initial defects, which might have affected the result of the test. The micro-pits array of the laser-textured surfaces contains an error in depth and profile induced by the laser pulses. In addition, it is not easy to design the thickness of the carbon film to get an excellent tribological performance. A fairly thin film would lose its effects in dry and starved conditions, whereas a thick film would rather weaken the interface characteristic of the textured surface contact resistance and heat transfer. Moreover, the friction coefficients for several surfaces under starved conditions are not available, which are constrained by the weak resistance to shock for torque sensors. Consequent upon these problems and oversights, friction and wear behaviors carried out are quantitative to an extent, accompanied by qualitative analysis. This result could not be set aside without a grave responsibility for tribological performances and behaviors. Surface oxidization and van der Waals attractive energy over the carbon structures with nanoscale conformity [69] lead to a novel, critical, and unfolding surface treatment, yet some sagging problems with physicochemical actions demand further study.




5. Conclusions


This study illustrated the tribological performances of a laser-textured surface combined with carbon coatings compared with three typical surfaces (smooth surface, textured surface, and coated surface). The advantages of the textured surface with coating were demonstrated by surface characterization and tribological tests on a ring-on-ring rig. The analyzed results made us understand the relationship between material properties, surface topographies, and tribological behavior, as outlined below.



(1) Engineering surfaces after texturing and coating could be characterized using classical roughness and Abbott–Firestone parameters. Worn regions were isotropic in the horizontal (parallel to the sliding direction) and vertical directions. Changes in surface topography of worn traces were related to the wear behaviors and friction mechanism.



(2) Laser-textured surfaces with carbon coating significantly improved the friction and wear properties of the 45 steel under lubricated conditions, by consistently maintaining a steady-state friction coefficient. Comparing to the smooth surface, the stable friction coefficient under lubricated conditions (medium speed and load) of the textured surface, coated surface, and textured and coated surface were reduced by 17%, 41%, and 59%, respectively.



(3) The trend of temperature rise of the textured surface with coating was not consistent with that of the friction coefficient under different working conditions, which has accounted for the significant difference in the influence of the degree of working conditions (i.e., speed and load) on the friction coefficient and temperature rise.



(4) Under lubricated conditions, the plowing friction was weakened by the viscous shearing of lubricating oil, and the micro-cracks in the perpendicular direction of the sliding motion were present. The textured surface with a coating underwent the plowing friction accompanied by corrosion and adhesive wear under the conditions of high-speed and light load.



(5) Diamond-like carbon films, combined with microscopic bearing and pooling effects of surface textures, could significantly improve the hydrodynamic lubrication performance, whereas the available solid lubrication was available by the formation of low friction film under dry friction conditions. The additional effect provided a basis and scheme for lubrication adaptive design under complex working conditions.
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Figure 1. Flow diagram of preparation for carbon coating before tribological tests. 
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Figure 2. Illustration of a smooth surface (I), coated surface (II), textured surface (III), and textured and coated surface (IV). 
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Figure 3. Diagram of dimple surface characterization using an optical profilometer. 
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Figure 4. Apparatus for tribological tests of (a) the ring-on-ring test rig and (b) friction pair. 
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Figure 5. Surface characterization of the smooth surface of (a) 2D topography, (b) 3D topography, (c) texture, (d) roughness, (e) Abbott curve, and (f) waviness. 
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Figure 6. Surface characterization of the laser-textured and coated surface after wear test with 2D topography (a), 3D topography (b), section contour (c), Abbott curve (d) ((PV)2: lubrication). 
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Figure 7. Surface characterization of the laser-textured and coated surface after wear test ((PV)2: starvation): (a) 2D topography, (b) 3D topography, (c) section contour, (d) Abbott curve. 
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Figure 8. Friction coefficient vs. the sliding time (a) and the mean values (b) for four categories of surfaces under lubricated conditions at (PV)2, i.e., P = 16 N, v = 0.25 m/s. 
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Figure 9. Friction coefficient curves (a) and temperature diachronic curves (b) for the laser-textured surfaces with carbon coating under lubricated conditions at (PV)1, (PV)2, and (PV)3. Concretely, that is, v = 1.25 m/s, P = 10 N; v = 0.25 m/s, P = 16 N; v = 0.05 m/s, P = 50 N. 
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Figure 10. Wear intensities for the four categories of surfaces under different conditions. 
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Figure 11. SEM micrographs of smooth (a), textured (b), coated (c), and textured + coated (d) worn surfaces under lubricated conditions in the sliding experiments at (PV)2, (P = 16 N, v = 0.25 m/s). 
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Figure 12. SEM micrographs of smooth (a), textured (b), coated (c), and textured + coated (d) worn surfaces under starved lubrication conditions in the sliding experiments at (PV)2, (P = 16 N, v = 0.25 m/s). 
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Figure 13. SEM micrographs of worn surfaces of the laser-textured surfaces with carbon coating under a lubricated condition in the sliding experiments at (a) (PV)1 and (b) (PV)3 for 1 h. 
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Figure 14. Local energy-dispersive X-ray spectroscopy (EDS) maps of the laser-textured surfaces with carbon coating after friction tests at different working conditions: (a) lubrication and (PV)1, (b) lubrication and (PV)2, (c) lubrication and (PV)3, (d) starvation and (PV)2. 
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Figure 15. Illustration of the expansion of the Stribeck curve by laser surface texturing (LST) and diamond-like carbon (DLC) coating. 
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Figure 16. Illustration of the laser-textured surfaces for lubrication adaptive design. 
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Table 1. Details of the surface treating process and performance parameters.






Table 1. Details of the surface treating process and performance parameters.





	Type
	Material
	Technology
	Parameters
	Note





	Smooth
	45# steel *
	Quenching; Finishing
	Ra < 0.56 μm (L = 120 μm)

HRC 40~43
	* parallel to 10455 of ASTM



	LST
	45#steel;

Gas: N2
	Laser: 512 nm;

Nd3+:YAG;

50 Watts;

14 Ampere
	Space: 150 μm × 150 μm;

Diameter: 60 μm;

Depth: 10~15 μm;

Ra < 0.8 μm (L = 120 μm)

HRC 45~48
	TEM00;

Q-switch;

Frequency: 6.4 kHz;

Pressure: 0.15 Mpa



	Coating
	45#steel;

Target: carbon

(TK8869)
	Coater: K575;

Current: 120 mA;

Power: 110 W;

Time:12 min
	Thickness < 0.12 μm;

Ra < 0.2 μm (L = 120 μm)

HV 1800~2000
	Argon: 40 mL/L, 99.99%;

Delay: 4 min;

No. cycles: 6



	LST + coating
	45# steel
	Same as above
	Ra < 0.5 μm (L = 120 μm)
	Same as above







Note: “*” in the table reads that the steel is quenched before experiments.
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Table 2. Tribo-test conditions referring to ASTM D3702-94 (R99).






Table 2. Tribo-test conditions referring to ASTM D3702-94 (R99).





	Conditions
	Speed (m/s)
	Load (N)
	Temperature (°C)
	Humidity (%)
	Viscosity (mm2/s)





	(PV)1
	1.25
	10
	8~10
	45 ± 3%
	14.21



	(PV)2
	0.25
	16
	8~10
	45 ± 3%
	14.21



	(PV)3
	0.05
	50
	8~10
	45 ± 3%
	14.21







Note: (PV)i (i = 1, 2, 3) show three typical loading conditions of friction couples, that is, high-speed and light-load condition, middle-speed and middle-load condition, and low-speed and heavy load condition.
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Table 3. Roughness and Abbott–Firestone parameters of different surfaces before wear tests.
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	Parameters
	Smooth
	Textured
	Coated
	Textured + Coated





	Rt (μm)
	12.45
	11.51
	4.32
	9.45



	Ra (μm)
	0.553
	0.705
	0.126
	0.404



	Rq (μm)
	0.700
	1.130
	0.177
	0.593



	Rpk (μm)
	0.592
	0.728
	0.154
	1.287



	Rvk (μm)
	0.945
	3.321
	0.329
	0.487



	V1 (nm)
	21.29
	17.36
	5.75
	56.4



	V2 (nm)
	82.47
	375.49
	22.36
	26.38



	Mr1 (%)
	7.19
	4.76
	7.47
	8.76



	Mr2 (%)
	82.56
	77.38
	86.42
	89.17
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Table 4. Wear intensities for the four categories of surfaces under different test conditions.
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Working Condition

	
Wear Intensity Iw, × 10−6 (mg/N·m)




	
Smooth

	
Textured

	
Coated

	
Textured + Coated






	
Lubrication

	
2.8861

	
−3.2401

	
0.0476

	
0.9277

	
0.5542

	
−0.8515




	
Starvation

	
0.0959

	
−3.2742

	
−3.5881

	
2.4829

	
-

	
-




	
Note

	
(PV)2

	
(PV)2

	
(PV)2

	
(PV)2

	
(PV)3

	
(PV)1












© 2020 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/file13.jpg
18um

00um
st
=1 —
= s2
2o0s
5 o
2
=] 05
A5 -1
0 06 12 18 24 o 50 100
X (mm) Area fraction (%)

(©) (d)





media/file4.png
I

Texturing

Common

1\Y

Texturing & coating






media/file30.png
Coefficient of friction

0.8

0.6

0.4

0.2

Elasto-
hydrodynamic
lubrication

v —Kalin et.al., 2009

Hydrodynamic lubrication

XLST&DLC/steel

OLST/steel

© steel/steel

A DLC/steel

¢ DLC/DLC

Friction Contact P ) n
pairs geometry  (N) (m/s) __ (mPa-s)

Steel/steel
DLC/steel ball/flat 10 0.01-0.41 38.55
DLC/DLC (Ref. Kalin et.al., 2009)
LST/steel thrust/ring 100 0.14-0.84 16.43
LST&DLC/steel _thrust/ring 10 1.25 16.43
LST/steel
DLC/steel thrust/ring 16  0.25 16.43
LST&DLC/steel
LST&DLC/steel _thrust/ring 50 0.05 16.43

Note: Friction test conditions

0 =
0.00000

0.0001 0.01
Hersey number, 7V/P

1

100





media/file18.png
Coefficient of friction

&
ce

&
=

&
=

&
b

(PV);

0.6

(PY),

(PV),

(PV),

(PV);

0 1000

(a)

2000

3000

4000

Temperature (°C)

20

12

(PV), (PV), (PV);

(PV),

2000 3000 4000

(b)





media/file21.jpg





media/file26.png
-‘.4»—»7_‘; v D’-v. --,;-r— g
-~

T B g .
--—-—\' = — =

— -;v;rmﬁi- -
e

— ey






media/file27.jpg





media/file3.jpg
Common "\ i
pa.\
/" Texturing & coating






media/file22.png
=
———

e e e RO g

e
’:’_‘:}":,’-’,;‘.‘.‘.,a; S Rr i,

(d)






media/file19.jpg
~

Wear intensity (mg/N-m)
b b oA oe

IS

#Lubricated

Ostarved

LST

327






media/file7.jpg
de
rm

Holder's hesd

Thrust washer

Sl ing.

Holding sage

(b)

Bo

> Thrast washer

Working surface

H Small ring.
Thermocouple
P





media/file28.png
400

Counts/cps
N
8

400

Counts/cps
N
8

Fe

Fe
A

(a)

5

Fe
Fe

e

Fe

Fe
L

(c)

5

8

400

8

Fe

Fe

(b)

Fe

Fe

Fe
y

(d)

5





media/file10.png
y (Hm)

o
()

o
w

o
w

-0.6

Profile section (um)
o

F =N
o
(o2]
o

—351

20 40 60
X (Mm)
0.5
e 4 e 4
L —33 0.25 —S3
E
>
-0.25
-0.5
oMr1 25 50 75 Mr2409 0 20 40 60
X (Mm)

Material component (%)

(e) (f)





media/file32.png
— : — Solid film vs.
| Macro-lubrication ‘Mlcro-lubncatlon ‘ Wear debris

/) N A
ool remon [T

Adaptive design






media/file14.png
0, v §18um

_—_— -.—----"-—_-.-?

S SosrveRssae s »:s»w = L4

0.6
04
0.0
(a) (b)
15 15
— 81 — S
P —
= S2
& 0.5
S 0
| s
-1 -0.5
1.5 =]
0 0.6 1.2 1.8 24 0 50 100
X (mm) Area fraction (%)

(©) (d)





media/file11.jpg
18pm
00um

(b)
15
! =
Sos —s3
z 0
g5
T
45
0 06 12 18 24 0 50 100
X (mm) Area fraction (%)

() (d)





media/file6.png
X Profile

X 69.7134 um

EEEENLEREL CEEENEERERL
|| 2|’ = = ! & bt = =t B 2| E| 8| &
— -] v o = | v o m
« = m
Z 0.6450 um Z 0.5892 um
-5 . - .
2 | u AN 3
§¢§ Plsss fr
258 s | [ase
o8 )
Mzzss 5352 e
rxzmag NS ”
-8 .uw
o5 [
= 8 -2
, ©% ”
as [
> w.... ...o.
-9 ..l”
4 A ) ”
§ L8
mwmA " » u.mm.A .
KeoZz Yoo 2 FT 3
XNE B sNS8 T
.Q—Q--h-ph- -Ml-—-h--%-—“--“- ‘ﬂ—---h--h -h--—-—\--%--—‘.-d—‘-
g CEEER
m . . . . .
w . . .
H
218 3|
9 a M4
2
- <l 5l X m M






media/file15.jpg
Y o
H o

Surface categories

Test time (5

(@ ()





nav.xhtml


  coatings-10-00929


  
    		
      coatings-10-00929
    


  




  





media/file16.png
Coefficient of friction

0.8

0.6

0.4 Wk

S - !
’m" ,wa W\, W w
Coating w .

0.2 -

Common

i 'lﬂﬁ'W"f*m'W '
My pasos

LST+coating

LST
Gl

1000 2000 3000
Test time (s)

(a)

4000

Mean value

&
o

S
o0

S
=

S
=

S
=)

Common

0.48

0.34
0.23

LST Coating LST+coating

Surface categories

(b)





media/file2.png
v

Start |—p| umpingto high »| Pump

vacuum hold

End [€— Coating |€— Cleaning oxidized
target

Bleeding gas
into chamber






media/file20.png
[\

[w—Y

Wear intensity (mg/N-m)
W N = o

|
P

2.89 ¢ Lubricated
' OStarved

g

(PV),

Common LST Coating

[-13—-2

% -3.59






media/file23.jpg





media/file5.jpg





media/file24.png
o S e i
v = SN = .






media/file29.jpg
1
XLSTADLCsteel
OLSThteed
o8 o steelsteel
H ADLCAtect
z “DLODLC
E06
H S AR
204 o S P i
H e ——
< A ——
02 o7y i
o Foch o
Kalin ctal, 2009
o
o001 0000t oot ' 0

Hersey number, 7V/P





media/file1.jpg
Stift Pumping to high | Pump
vacuum hold $
Bleeding gas
into chamber
. Cleaning oxidized
End [« Coating [« target (—






media/file31.jpg
- Solid film vs. |
Macro-lubrication | Micro-lubrication ‘Wear debris
e o

Adaptive design






media/file25.jpg





media/file12.png
18 1.5
1 1
= 05 E 05
= 0 E 0 <
>.0.5 2 .05 -
i
-1 I =
15 -1.5
0 0.6 1.2 1.8 2.4 0 50 100
X (mm) Area fraction (%)

(c) (d)





media/file9.jpg
—=
—=

® 0 ®
)

—s1
-

Profie secton (um)

Py

Materal component (%)

X (um)





media/file0.png





media/file8.png
[ 1] E
| Holder's head
——
I
" ’ Locking screw
Thrust washer
Small ring
—@ Holding stage
W //
1 Propeller shaft
/
Spring-loaded & . .
measurement system : Small ri ng
e Thermocouple
I I I Base P
| 1/ ’/I/

(a) (b)





media/file17.jpg
Coefficient of friction

"

N

%

v,

Temperature (-€)

»

O





