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Abstract

:

Erosion of materials is one of the major causes that lead to the malfunction of equipment and facilities, and surface texturing can be a solution for enhancement of erosion resistance. In this work, superwetting (superhydrophilic/superhydrophobic) titanium (Ti) alloy surface with periodic microstructure was prepared by a facile laser-based surface texturing approach which combines laser surface texturing and low-temperature annealing. The effect of laser-induced surface texture and wettability on the erosion resistance of the laser textured surface was studied. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were used to analyze the chemical surface microstructure and surface on the untreated and laser textured surfaces. The hardness and contact angle of the untreated surface, superhydrophilic surface and superhydrophobic surface were measured by microhardness tester and contact angle goniometer. Using an in-house built erosion experimental setup, the erosion resistance of the untreated surface, superhydrophilic surface and superhydrophobic surface was investigated. The experimental results demonstrate that micro-bumps are formed after laser surface texturing. In the meantime, the surface hardness for the laser textured surface with a step size of 150 μm is increased by 48% under the load of 1.961 N. Compared with the untreated surface, the erosion resistance is increased by 33.9%, 23.8% and 16.1%, respectively, for the superhydrophobic surface. The SEM results show that the untreated surface has large and deep impact pits, while the superhydrophobic surface only has small and shallow impact pits, indicating that the erosion process resulted in less damage to the substrate. The EDS results shows that superhydrophobicity plays a critical role in protecting the substrate from erosion. It is thus believed that the superhydrophobic surface has pronounced effects for improving the hardness and erosion resistance of Ti alloy.
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1. Introduction


Titanium (Ti) alloy has some distinct advantages of high melting point, low density, high specific strength, high fatigue strength, good thermal resistance and biocompability, low thermal expansion coefficient and elastic modulus. Compared with the light metal and modern high-strength steel, Ti alloy appears to be a lightweight structural material with high reliability [1,2,3]. Ti alloy has been widely applied in aerospace, energy, marine engineering, defense and biomedicine [4]. However, its low hardness and poor abrasion resistance have limited the wider applications of the Ti alloy [3,5,6,7,8]. In petroleum and marine industries, corrosive wear induced by the erosion of materials is one of the major causes that lead to the malfunction of equipment and facilities, including oil tube, hydroturbine, pump and tubes used for transportation of solid particle. In this case, solid particle will combine with liquid forming liquid–solid two-phase flow and affect the component surface, leading to localized damage. Therefore, the working efficiency can be significantly reduced, and the production cost will increase. As some components would malfunction at a very early stage, safety issues will also be inevitable [9].



Surface properties of materials, including hardness, plasticity and toughness, will typically have pronounced effects on the erosion resistance. For the relationship between hardness and erosion rate, it is generally believed that the erosion rate of plastic materials is maximized and close to being saturated when the harness ratio between the erosion particles and material surface is higher than 1.2. When the ratio is lower than 1.2, the erosion rate will decrease as the ratio decreases [10]. The erosion mechanism of brittle materials and ductile materials is different, resulting in different erosion rates at different impact angles. At high impact angles, the brittle materials can produce cracks and result in higher erosion rate than ductile materials; on the contrary, at low impact angles, ductile materials are prone to produce a plasticity deformation and higher erosion rate than brittle materials.



As surface properties play a key role for enhancing the erosion resistance of materials, modification of surface functionalities is essentially needed to better achieve the target. In recent years, surface texturing has been widely utilized to modify the surface properties of various materials (including metals, polymers and glass) and elevate surface functions, thus obtained textured surface with improved erosion/corrosion resistance [11,12,13,14,15,16]. For example, by texturing the titanium (Ti) alloy surface, some key surface properties, including wettability and hardness, can be effectively modified and controlled, indicating the superior advantage of surface texturing techniques [17,18,19]. So far, many surface texturing techniques have been developed and utilized by academia and industries [20], and the most widely used techniques include Vibrorolling technique [21,22], UV-LIGA technique [23], deep reactive ion etching [24,25,26], surface peening [27] and laser surface texturing [28,29,30,31,32,33,34,35,36,37]. Among these surface texturing techniques, laser surface texturing has received considerable attention due to some distinct advantages such as flexibility, high precision, low cost, high processing efficiency and ease for industrial automation [38]. Therefore, laser surface texturing is considered as one of the most efficient and promising material processing technique.



The general purpose of surface texturing is to modify and control surface properties, and a key one of these properties is surface wettability. Achieving extreme surface wettability scenarios, including superhydrophobicity and superhydrophilicity, has great significance for various industrial and biomedical applications [39]. There are two main methods for fabrication of surfaces with extreme wettabilities: one method is by depositing hydrophilic or hydrophobic coatings onto the substrate, which includes crystal growth [40,41] and electrochemical processing [42], and the other method directly creates microstructures on the substrate, which includes photolithography [43], micromachining [44], laser surface texturing [45,46] and so forth [47].



As manifested by various researchers, surfaces with extreme wettabilities, especially those with a superhydrophobic surface, can effectively enhance the erosion resistance of materials [48,49,50]. Thus, in the past few decades, laser surface texturing has also been utilized for fabrication of erosion-resistant surfaces. AA Siddiquie et al. [51] prepared an AlxCu0.5FeNiTi high-entropy alloy coating by premixed high-purity mixed Cu, Fe, Ni and Ti powders on top of the AA 1050 substrate using laser surface alloying, in order to improve the microhardness and erosion resistance. The erosion behavior of the AlxCu0.5FeNiTi coating was evaluated using an air jet erosion experimental setup. The experimental results indicate that the microhardness of the AlxCu0.5FeNiTi high-entropy alloy coating is 17 times higher than that of the AA1050 aluminium substrate, and the erosion resistance is also significantly improved using the coating. Wahab and Ghazali [52] fabricated microgrooves on the surface of a plasma sprayed alumina-13% titania (Al2O3-13%TiO2) coating using laser surface texturing. Several key surface properties, including hardness, phase composition and erosion wear resistance, were studied and compared with the non-textured coating. Through slurry pot erosion test at different impact angles and microstructural analysis using scanning electron microscope, it is concluded that the cumulative mass loss can be effectively reduced and the erosion resistance is distinctly enhanced on the laser surface textured coating surface. Yu et al. [53] obtained amorphous Fe base alloy coating using laser melting and found that a denser coating can be formulated using the laser remelting process, which can better resist the impact of 90°. Wu et al. [54] textured the Ti alloy using laser etching and raised the contact angle of the surface from 60.2° to 114.6°, indicating the laser etched surface became hydrophobic. The erosion test was conducted on both the laser-induced hydrophobic surface and the untreated surface. The experimental results show that the erosion rate of the laser etched surface is only a little higher than that of the untreated surface. This indicates the laser etching method can well retain the erosion resistance while enhance the anti-icing performance of Ti alloy.



The above-mentioned research efforts demonstrate that the laser-induced micro-textured surface can effectively enhance the corrosion resistance, thus plays a key role for applications of anti-friction and anti-erosion. This is mainly attributed to the existence of surface texture which could efficiently prevent the diffusion of cracks to the adjacent area. However, note that the investigation of erosion performance in liquid–solid two-phase flow for the laser textured superwetting Ti surface is still lacking.



In this work, a UV nanosecond laser is firstly utilized to prepare micro-texture on Ti-6Al-4V alloy, and a heat treatment of 150° is subsequently conducted to convert the surface wettability from superhydrophilicity to superhydrophobicity. The laser-induced surface texture is examined using scanning electron microscopy, and the wettability and surface chemistry are analyzed using contact angle goniometer and energy-dispersive X-ray spectroscopy, respectively. The erosion tests are conducted using an in-house built erosion experimental setup and the liquid–solid two-phase flow liquid mixed with silica sand particles and DI water is used as the testing solution. The erosion performance for the laser textured surfaces with different step sizes and wettability is evaluated and compared with that of the untreated surface, in order to investigate the effect of laser processing parameters and surface wettability on the erosion resistance of Ti alloy.




2. Materials & Methods


2.1. Materials


Commercially available Ti-6Al-4V sheets are used as the test samples, which have been machined with a dimension of 50 mm × 50 mm × 2 mm. The samples are cleaned successively with acetone, ethanol and deionized (DI) water in order to remove the contaminants.




2.2. Laser Texturing Experiments


Laser surface texturing experiments utilize a laser marking machine (TH-UV200A, Tianhong Laser, Suzhou, China) which is equipped with a UV laser source of 355 nm (AWAVE 355-15W-30K, Advanced Optowave, Ronkonkoma, NY, USA). The laser beam is guided by a set of pre-aligned reflective mirrors and directed into the scan head configured with an f-theta objective. The laser power intensity and laser beam diameter are controlled by the attenuator and beam expander, respectively. The focusing lens of the scan head ensures that the focal spot diameter during the laser texturing experiments is ~40 µm. During the laser texturing process, an area of 30 mm × 30 mm is textured using unidirectional line profiles, and the step sizes (distance between each two-line scans are set as 150, 200, 250 and 300 µm, as schematically illustrated in Figure 1). The detailed laser processing parameters used in this work can be found in Table 1.



Immediately after laser surface texturing, the Ti-6Al-4V surface will enter a saturated Wenzel regime after being textured in the ambient air, thus exhibiting superhydrophilicity. To achieve the conversion from superhydrophilicity to superhydrophobicity, a conventional oven is utilized to thermally treat the laser textured surface with an annealing temperature of 150 °C. The whole heat treatment process lasts for two hours.




2.3. Surface Characterizations


To determine and analyze the laser-induced periodic surface structures and the chemical compositions on the surface, a scanning electron microscope equipped with an energy-dispersive X-ray spectroscopy (EDS) detector (JSM-6390A, Japan Electronics Co. Ltd., Tokyo, Japan) is utilized. The water contact angle is measured using a contact angle goniometer (SDC-200, Sindin Precision Instrument Co. Ltd., Dongguan, China), and multiple contact angle measurements are performed on four different locations of the surface and the average value is reported. The surface microhardness is experimentally measured using a Vickers microhardness tester (HXD-1000TMC/LCD, Shanghai Qinming Optical Instrument Co. Ltd., Shanghai, China). The test load is set at 200 gf, and the dwell time is set as 15 s. Five hardness measurements are taken at different locations on each test sample, and the average value is reported.




2.4. Liquid–Solid Two-Phase Flow Erosion Tests


The erosion tests are conducted using an in-house built erosion experimental setup, which can be found in Figure 2a. The liquid–solid two-phase flow liquid is prepared by mixing the silica sand particles with DI water, the mass ratio of sand is 1%, and Figure 2b demonstrates the irregular shape of the silica sand particles. The test sample is clamped on the holder, while the distance between the test sample and the nozzle is set as 14 mm. The mixed fluid is then poured into the agitation tank, and the holder is put into the mixed fluid. Subsequently, the agitation tank is launched first. As the mixed fluid is stirred well, the centrifugal pump is launched as well. The fluid will eject from the nozzle and hit the test sample. After the flow rate is stabilized at 10 m/s, the actual erosion test will start. The whole erosion duration is set as 150 min. For every 50 min, the test sample will be released from the holder for weight measurement, and then put back until the end of the erosion test.





3. Experimental Results


3.1. Surface Morphology


The surface morphology of the untreated Ti surface and laser-textured Ti surfaces with different wettabilities are evaluated using SEM, as shown in Figure 3. The untreated Ti surface can be found in Figure 3a,b, with the magnifications of 500× and 1000×, respectively. From Figure 3a, it can be observed that the untreated surface is relatively flat with a few scratches. From the figure with higher magnification (Figure 3b), it can be seen that there are some tiny particles on top of the untreated surface. The SEM images of the laser textured superhydrophilic surface using the step size of 150 µm are shown in Figure 3c,d, with the magnifications of 500× and 2000×, respectively. With the irradiation of laser beam, the surface is strongly ablated and evaporated [55], thus forming the micro-scale textures (micro-bumps in this work) on the surface. Some tiny particles, holes and cavities are also formed on top of the micro-bumps. The micro-bump formation is mainly attributed to the interaction effects between the recoil pressure and Marangoni flow [56]. The SEM images of the laser textured superhydrophobic surface using the step size of 150 µm are shown in Figure 3e,f, with the magnifications of 500× and 2000×, respectively. From Figure 3e,f, it can also be observed that laser surface texturing induces periodic micro-bumps along the scanned profiles, while irregular particles are ejected and deposited on top of the micro-bumps due to the strong interaction between the laser beam and the substrate. Overall, the sample of superhydrophobic surface has textured lines, which have been well defined in comparison with the sample of superhydrophilic surface.




3.2. Surface Chemistry


The surface chemistry of the untreated Ti surface and laser-textured Ti with different wettabilities is shown in Figure 4. It is demonstrated in Figure 4a that the elements of carbon (C), aluminum (Al) and Ti can be detected on the untreated surface. After laser texturing, the element of oxygen (O) can be detected on the surface, as shown in Figure 4b,c. This indicates that the Ti surface has been oxidized during the laser texturing process. This is mainly attributed to the strong affinity between O and Ti, thus rendering the formation of TiO2 with high hardness and a small amount of Al2O3, which can help to explain the high hardness of the laser textured Ti surface to be discussed in Section 3.4. The formation of oxides also leads to the reduction on the atomic percentage of Ti and Al on the laser textured surface [20,57]. It can also be found that the elemental composition of C and O is relatively different in Figure 4b,c, which indicates that the surface chemistry of the laser-textured Ti with different wettabilities is also remarkably different.




3.3. Surface Wettability


The surface wettability of the untreated Ti surface and laser textured Ti with different wettabilities is evaluated by static contact angle measurement, as shown in Figure 5. It is shown in Figure 5a that the untreated surface exhibits a contact angle of 64.8° ± 2.9°, meaning the surface is hydrophilic. Immediately upon laser texturing, the laser-textured surface shows a contact angle of 0°, indicating the surface becomes superhydrophilic, as shown in Figure 5b. With the heat treatment, the contact angle of the laser textured Ti surface is increased to 155.0° ± 2.9°, demonstrating that the heat treatment can effectively convert the laser textured Ti surface from superhydrophilicity to superhydrophobicity.




3.4. Surface Microhardness


The surface microhardness is measured at five different locations on top of the untreated Ti surface and laser-textured Ti surfaces with different wettabilities, and the average value is reported. It can be seen in Figure 6 that the microhardness of the laser-textured surface is drastically increased compared with that of the untreated surface. In the meantime, the microhardness values for the laser-textured surfaces using different steps size are also quite different, and it is found that the microhardness increases as the step size decreases. This is mainly ascribed to the following reasons: Laser surface texturing can potentially refine the grain. In the meantime, as the texture spacing reduces, the grains become finer and more grain boundaries are generated. Due to the increased number of grain boundaries, dislocations will get stuck at the grain boundary and the microhardness will be distinctly increased [58,59,60]. This indicates that the laser surface texturing using the nanosecond laser pulses can effectively generate microtextures on the surface and enhance the surface functionalities.




3.5. Erosion Resistance


The multi-phase flow erosion behavior can be affected by many factors, such as impact angle, the size and of particles, material properties and surface properties [61]. This work mainly focuses on investigating the effect of surface properties on the erosion behavior of laser textured Ti alloy. Figure 7 shows the erosion rates of the untreated surface and laser textured surfaces with different wettabilities using the impact angle of 90° and the steady flow rate of 10 m/s. The experimental results indicate that the erosion rate of the untreated surface is 1.75 × 10−7 g/g after a 150 min erosion test. For the laser-textured surfaces with different wettabilities, the erosion rates of the laser-textured superhydrophilic surface are higher than that of the untreated surface, while the erosion rates of the laser-textured superhydrophobic surface are mostly lower than that of the untreated surface. The erosion rates for the laser textured superhydrophobic surfaces using the step sizes of 150, 200 and 250 μm are 1.16 × 10−7, 1.33 × 10−7 and 1.47 × 10−7 g/g, respectively, corresponding to an increase of 33.8%, 23.8% and 16.1% in terms of erosion resistance compare with the untreated surface. When the step size of 300 μm is used, the erosion rate reaches 1.97 × 10−7 g/g, which is relatively higher than but still comparable to that of the untreated surface. From the experimental results, it can be summarized that when the step size used during laser surface texturing is set within a certain range, the corrosion resistance of the laser textured superhydrophobic surface can be well enhanced. The optimal step size turns out to be 150 μm, which also results from its high hardness induced during the laser texturing process.





4. Discussions


The underlying mechanism for the enhancement of erosion resistance via laser textured superhydrophobic surface will be discussed in detail. After the liquid–solid erosion, the erosion morphology is mainly consisted of three concentric circles, as shown in Figure 8. Previously, Fan et al. [62] and Wang et al. [63] divide the three concentric circles inside the erosion-affected zone into three areas by combining simulation and experimental validation: Zone I is the center zone of erosion; Zone II is the zone close to the center of erosion; Zone III is the zone far away from erosion. The sizes of zones I, II and III are 3, 10 and 18 mm, respectively. They also analyze the erosion mechanisms in these three zones: the erosion in Zone I mainly leads to the formation of impact pits induced by the high-angle and low-speed particles; in Zone II, the erosion is largely caused by the high-speed and low-angle cutting, and also results in the formation of furrowing; and in Zone III, the low-speed and low-angle cutting gives rises to the erosion, and the surface is hit by some rebound particles with low speed and high impact angle, while some impact holes can be observed on the surface. The previous research efforts conclude that the particles in different zones can have very different impact angles and impact speeds.



To further reveal the effect of laser texturing and surface wettability on the enhancement of the erosion resistance for Ti alloy, the surface morphology of the untreated surface and laser-textured surfaces with different wettabilities after the erosion tests is analyze by SEM, as shown in Figure 9. Figure 9a,d,g shows the surface morphology of Zone I for the untreated surface, laser-textured superhydrophilic surface and laser-textured superhydrophobic surface, respectively. It can be found that the erosion in this area mainly results in the formation of impact pits. Compared with the untreated surface as shown in Figure 3a,c,e, there have appeared a large number of impact pits on the surfaces after the erosion tests. In the meantime, it is also clearly illustrated that the impact pits are relatively larger and denser on the untreated surface compared with those on the laser textured surface, indicating that the laser-induced surface texture can well protect the Ti alloy surface.



The surface morphology of Zone II for the untreated surface, laser-textured superhydrophilic surface and laser-textured superhydrophobic surface, can be found in Figure 9b,e,h, respectively. From these figures, it is shown that the surfaces still suffer from severe erosion induced by particles. However, the erosion-induced damage is relatively slighter compared with that in Zone I. The erosion in this area is mainly caused by cutting and furrowing, and the cutting mark is long. At this moment, the particle energy mainly acts on the horizontal direction. The furrows and cutting marks on the untreated surface are much deeper compared with those on the laser textured surfaces, and the number of these features is also much higher on the untreated surface. In the meantime, partial areas on the laser textured surfaces can be protected by the laser-induced bumps, which are not affected by the erosion process. This further indicates the laser-induced surface texture can help to protect the Ti alloy surface. Figure 9c,f,i shows the surface morphology of Zone III for the untreated surface, laser-textured superhydrophilic surface and laser-textured superhydrophobic surface, respectively. The erosion mechanism in this zone is similar to that in Zone II, which is mainly caused by cutting accompanied with a few furrowings. Compared with Zone I and Zone II, the surface damage in Zone III is much lessened, and the degree of damage for the laser textured surface is much reduced compared with that of the untreated surface, which further proves the advantage of laser-induced texture for protecting the Ti alloy surface.



Meanwhile, it is found in Figure 7 and the erosion rates of laser textured superhydrophilic surface are higher. As shown in Figure 9d–i, the laser-induced textures are more severely destructed on the superhydrophilic surface, in which the whole surface is affected by the erosion process, while on the superhydrophobic surface, only the bump structures and the particles on top are scoured, and laser-induced surface textures can be well persevered. It is thus believed that the laser textured superhydrophobic surface can better protect the Ti alloy surface.



Figure 10 shows the EDS maps of the untreated surface, laser-textured superhydrophilic surface and laser-textured superhydrophobic surface after the erosion test of 150 min. It is found that compared with the untreated surface, the Ti element has a lower atomic percentage and the O and Si elements have a higher atomic percentage on the superhydrophilic surface. The increase of the O element is mainly associated with the formation of oxides during the erosion process, and increase of the Si element is caused by the adhesion of broken silica sand debris formed during the impact between silica sand and the surface. The EDS data also show a small amount of Mg and Ca, which is derived from quartz sand particles. This clearly indicates the chemical reactions occur on the superhydrophilic surface accompanied with the adhesion of silica sand. Due to the high water affinity and adhesion of the superhydrophilic surface, the silica sand debris is more likely to adhere to the surface [64]. Even though the microhardness of the superhydrophilic surface is increased, while superhydrophilicity leads to the increase of adhesion force between the liquid–solid two-phase flow and the surface. Here, the adhesion of liquid aggravates the corrosion effect leading to surface oxidation, and the adhesion of solid particles results in weight increase. Therefore, though the increase of microhardness reduces the amount of erosion, the weight increase induced by adhesion dominates and the total erosion rate increases.



Under the same condition, only Ti and Al elements have slight changes on the superhydrophobic surface before and after the erosion test, as shown in Figure 4c and Figure 10f. This demonstrates the surface chemistry almost remains unchanged on the superhydrophobic surface during the erosion test. The underlying mechanism of the improvement for the erosion resistance of laser textured superhydrophobic surface is schematically illustrated in Figure 11. On the one hand, with the impact angle of 90°, platelets are formed and then they will get peeled off from the surface and resulting the material weight loss. According to the erosion model proposed by Oka [65], at the impact angle of 90° during the erosion process, the microhardness shows negative correlation with the erosion rate. The higher the microhardness, the better the erosion resistance. In this work, the microhardness of the micro bumps induced by laser surface texturing is increased, while the microhardness of the untreated surface remains the same. The smaller the texture spacing, the larger the laser induced area and the microhardness is also higher. No matter whether the surface is superhydrophilic or superhydrophobic, the microhardness is increased, and thus the texture spacing is the main factor that affects surface microhardness and erosion rate. On the other hand, according to the EDS spectra in Figure 10, the oxidation corrosion rate for superhydrophobic surface is lower than that of the superhydrophilic surface. In the meantime, the adhesion between the solid particles and material surface is reduced for the superhydrophobic surface. Adhesion mainly occurs on the untreated surface area as shown in Figure 11, and as the texture spacing reduces, the untreated area becomes smaller leading to few adhered solid particles.



However, even though the microhardness of the superhydrophilic surface is increased, while superhydrophilicity leads to the increase of adhesion force between the liquid–solid two-phase flow and the surface. Here, the adhesion of liquid aggravates the corrosion effect leading to surface oxidation, and the adhesion of solid particles results in weight increase. Therefore, though the increase of microhardness reduces the amount of erosion, the weight increase induced by adhesion dominates and the total erosion rate increases for the superhydrophilic surface. To summarize, using the smaller texture spacing, the erosion resistance of the laser textured superhydrophobic Ti alloy surface can be effectively increased.




5. Conclusions


In conclusion, this work utilizes the combination of laser texturing and heat treatment to fabricated superwetting (superhydrophilic and superhydrophobic) surfaces with periodic surface structure. Furthermore, the surface microstructure, surface chemistry, surface wettability and microhardness are evaluated. Finally, using an in-house built erosion experimental setup, the erosion resistance is evaluated for the untreated surface and the laser textured surfaces with different wettabilities. Some main findings are summarized below.



(1) By laser texturing and heat treatment, Ti-6Al-4V surface with micro-bumps is formed. The contact angle measurements indicate that the untreated surface exhibits a water contact angle of 64.8° ± 2.9°, which is hydrophilic. The laser textured surface has a water contact angle of 0° exhibiting superhydrophilicity, while the water contact angle is increased to 155.0° ± 2.9° for the laser textured surface after heat treatment exhibiting superhydrophobicity. The microhardness measurements indicate that the microhardness of the laser textured surfaces is much higher that of the untreated surface.



(2) Through the analysis of the erosion rate for different surfaces, it is experimentally demonstrated that the erosion rates of the laser textured superhydrophobic surfaces with the step sizes of 150, 200 and 250 µm are lower than that of the untreated surface. The erosion resistance of the laser textured surface with the step size of 150 µm is increased by up to 33.9% compared with the untreated surface. The superhydrophobic laser textured surface can inhibit oxidation corrosion on the surface, and only very little amount of silica sand adheres to the surface.



(3) The erosion rates of the laser textured superhydrophilic surfaces is higher than that of the untreated surface because amount of silica sand adheres to the surface and result in the weight increase after erosion experiments.
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Figure 1. Schematic diagram of the cross-sectional area of the laser textured surface. 
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Figure 2. Schematic diagram of experimental device and micromorphology of sand used in the experiment. (a) Schematic diagram of experimental device (b) micromorphology of sand. 
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Figure 3. SEM of the samples used in the experiment: (a,b) the untreated surfaces, (c,d) the superhydrophilic surface and (e,f) the superhydrophobic surface. 
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Figure 4. Comparison of EDS spectrum of samples used in the experiment: (a) is the area 002 in Figure 3b; (b) is the area 001 in Figure 3d; (c) is 001 area in Figure 3f. 
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Figure 5. Diagram of contact angles of different surfaces: (a) untreated surfaces; (b) superhydrophilic surface; (c) superhydrophobic surface. 
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Figure 6. Microhardness of different texture spacing under the load of 1.961 N. (The blue line shows the microhardness of the untreated surface) 
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Figure 7. Comparison of erosion rates of titanium alloys with different wettability textures. (The blue line shows the erosion rate of the untreated surface) 
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Figure 8. Schematic diagram of three areas after erosion: (a) untreated surface; (b) superhydrophobic surface; (c) superhydrophilic surface. 
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Figure 9. Erosion morphology of samples without laser treatment and laser textured samples with different wettabilities: (a–c) the samples without texturing treatment; (d–f) superhydrophilic surfaces with texture spacing of 150 µm, respectively; (g–i) superhydrophobic surfaces with texture spacing of 150 µm, respectively. 
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Figure 10. EDS spectra after erosion: (a) the sample without texture treatment; (c,e) superhydrophilic and superhydrophobic surfaces with texture spacing of 150 µm, respectively; (b) the spectrum in area 001 of (a); (d) the spectrum in area 001 of (c); (f) area 001 of (e). 






Figure 10. EDS spectra after erosion: (a) the sample without texture treatment; (c,e) superhydrophilic and superhydrophobic surfaces with texture spacing of 150 µm, respectively; (b) the spectrum in area 001 of (a); (d) the spectrum in area 001 of (c); (f) area 001 of (e).



[image: Coatings 11 01547 g010]







[image: Coatings 11 01547 g011 550] 





Figure 11. Schematic for underlying mechanism of the improvement for the erosion resistance of laser textured superhydrophobic surface. 
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Table 1. Laser processing parameters used in this work.
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	Parameter
	Value





	Wavelength (nm)
	355



	Average power (W)
	14.7



	Repetition rate (kHz)
	30



	Pulse width (ns)
	20



	Scanning speed (mm/s)
	40, 70



	Step size (µm)
	150, 200, 250, 300



	Power intensity (GW/cm2)
	1.95



	Pulse energy (mJ)
	0.5
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