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Abstract

:

We present the modification of Ti-6Al-4V surfaces with a diode end-pumped Nd:YVO4 laser by varying the distance between laser-produced micro(μ)-channels. We analyzed the influence of laser texturing on the morphology, microstructure, surface and corrosion properties of Ti-6Al-4V. SEM imaging reveals a characteristic μ-channel pattern with different scan line separations, while electron backscatter diffraction (EBSD) indicates that laser texturing with the current parameters influences the microstructure up to 2 µm deep with the most significant influence at the tips, where melting and rapid solidification occur. The Vickers hardness test indicates a surface hardening effect of the laser-textured compared to the as-received Ti-6Al-4V surfaces. The XPS analysis showed that the oxide layer on the laser-textured samples was considerably thicker compared to the as-received sample, at 20 and 7 nm, respectively. We observed that the wettability was strongly correlated with the scan line separation. The results show increased hydrophobicity with increased scan line separation. The corrosion resistance was improved for laser-textured surfaces compared to the as-received surface and increased with the scan line separation.
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1. Introduction


In the last three decades, modification of metallic surfaces by various coatings, organic or polymeric, has become a part of an important procedure in enhancing the surface properties such as scratch resistance, oxidation and corrosion [1,2]. The common idea of both basic and applied research is to prolong the lifetime of metallic parts implemented in various industrial components and to reduce the expenses connected with material failure. Corrosion protection of metallic surfaces is one of the most important steps in satisfying the needs of the demanding industrial applications. Protective coatings on metallic substrates are accepted as a well-tested effective physical barrier between the metal and its environment containing aggressive species, such as enhanced chloride ion concentration, O2 or H+. A variety of polymers have been known to serve for metallic surface protection, including epoxy resins, polyesters and polyurethanes [1,2,3]. To further improve the anticorrosion properties of polymer coatings and their mechanical properties, recently, different inorganic nanoparticles have been successfully incorporated into polymer matrices [4,5,6,7,8].



Lately, laser texturing has been addressed as an effective tool that can provide an additional degree of surface manipulation leading to unique surface properties [9,10,11]. Several studies report on laser-structured metallic surfaces that are initially superhydrophilic and turn superhydrophobic with time [12,13,14,15]. Manipulation of metal surface wettability and roughness is, on the other hand, also the key for successful protection against corrosion in aggressive media [16].



Titanium and titanium alloys have attracted considerable interest in various fields due to their high strength to weight ratio, high yield strength and toughness, good corrosion properties and biocompatibility [17]. In this paper, we studied the influence of laser texturing on the microstructure of Ti-6Al-4V substrate and surface and corrosion properties of laser-textured surfaces. We performed EBSD mapping of the cross-section of the laser-textured Ti-6Al-4V surface. The Vickers hardness (HV) test was performed to evaluate the influence of laser texturing on surface hardening. The X-ray photoelectron spectroscopy (XPS) was used to evaluate the surface chemical composition. We analyzed surface wettability and roughness and, finally, we performed the potentiodynamic measurements in a simulated physiological Hank’s solution.




2. Materials and Methods


Materials—Grade 5 Ti alloy, Ti-6Al-4V (6% Aluminium, 4% Vanadium), was used as a substrate (A.F. Trading s.r.l.). Titanium sheets were heated by an electric furnace for 1 h at a temperature of 830 °C (± 10 °C). The hold time was 1.5 h, and then the titanium sheets were air-cooled in the furnace. The alloy sheet with a thickness of 1.5 mm was cut into discs of 25 mm diameter that were cleaned with ethanol in an ultrasonic bath.



Surface laser-texturing—A Rofin Powerline E20 laser marker was used to produce the surface texture. It is equipped with a diode end-pumped Nd:YVO4 laser with 1064 nm wavelength and 20 W of output power. The marker is equipped with a standard F theta lens with a focusing length of 160 mm and a double galvano configuration, while the marking field is 120 × 120 mm. Programing of marking shapes (lines) was performed using Rofin Visual Laser Marking software. Scan line overlapping was set to 0, –50 and –200%, which gave the scan line separation ∆x = 100, 180 and 280 µm. The laser pulse width was 4.0 μs and the line width was set to 0.1 mm. The laser current for the marking of line shapes was 42 A, the marking speed was 30 mm/s and the laser frequency was set to 50 Hz. Before texturing, the surfaces were cleaned with acetone and texturing was performed with laser focus on the surface of the test coupon. Laser texturing was conducted at room temperature and in air atmosphere.



Surface characterization—Scanning electron microscopy (SEM) analysis using field emission SEM JEOL JSM-6500F (JEOL, Tokyo, Japan) was employed to investigate the morphology of the laser-textured surfaces. FIB-SEM ZEISS Crossbeam 550 SEM with an energy-dispersive X-ray spectroscopy (EDS) analyzer and Hikari Super EBSD Camera was used to investigate the microstructure and EDS mapping of the laser-textured Ti-6Al-4V surfaces. Prior to analysis, the cross-sectioned samples, mounted in conductive Bakelite resin, grinded and polished using 1 µm diamond suspension and OPS (40-nm silica oxide colloidal suspension), were prepared.



The surface wettability was evaluated with static water contact angles on laser-textured Ti-6Al-4V surfaces by using a surface energy evaluation system (Advex Instruments s.r.o., Brno, Czech Republic). Water drops of 5 μL were deposited on at least five different spots of the substrates to avoid the influence of roughness and gravity on the shape of the drop. The drop contour was analyzed from the image of the deposited liquid drop on the surface and the contact angle was determined by using Young–Laplace fitting. To minimize the errors due to roughness and heterogeneity, the average values of the contact angles of the drop were measured approximately 20 s after the deposition. All the contact angle measurements were carried out at 22 °C and ambient humidity.



An optical 3D metrology system, model Alicona Infinite Focus (Alicona Imaging GmbH, Graz, Austria), was employed for the surface roughness analysis. The Alicona Infinite Focus IF-MeasureSuite Version 5.1 software was used for the roughness analysis further on. The software offers the possibility to calculate the average surface roughness, Sa, for each sample, based on the general surface roughness equation, Sa:


   Sa =   1   L x     1   L y       ∫ 0   L x        ∫ 0  Ly     |   z ( x , y )   |        dxdy  



(1)




where Lx and Ly are the acquisition lengths of the surface in the x and y directions and z(x,y) is the height. Five measurements per sample were performed at magnification 20× with a lateral resolution of 0.9 μm and a vertical resolution of 50 nm. The size of the analyzed area was 1.3 × 1.0 mm2. To level the profile, corrections were made to exclude the general geometrical shape and possible measurement-induced misfits.



The Vickers hardness HV20 was measured using an Instron Tukon 2100 B Vickers hardness tester.



XPS analyses were carried out on the TFA XPS spectrometer produced by Physical Electronics Inc (Chanhassen, Minnesota) equipped with an Al monochromatic X-ray source of photon energy of 1486.6 eV and a hemispherical electron energy analyzer. The analyzed area was 0.4 mm in diameter. The high-energy resolution XPS spectra were acquired at a resolution of about 0.6 eV and pass energy of 29 eV. A neutralizer electron gun was used to reduce surface charging. XPS depth profiling was performed by the 3 keV Ar+ ion beam rastering over an area of 3 × 3 mm2 with an etching rate of 1.0 nm/min.



Electrochemical measurements—The potentiodynamic measurements were carried out in a simulated physiological solution (Hank’s). We applied a BioLogic® Modular Research Grade Potentiostat Model SP-300 with EC-Lab® V11.27 software. A three-electrode system was used with the test specimen as the working electrode, a saturated calomel electrode (SCE, 0.242 V vs. SHE) as the reference electrode and a platinum mesh as the counter electrode (CE). The specimens were stabilized for 1 h prior to the measurement at the open-circuit potential (OCP). The measurements started at 250 mV vs. SCE more negative than the OCP. The potential was then increased, using a scan rate of 1 mV/s.




3. Results and Discussion


3.1. Surface Morphology


The as-received Ti-6Al-4V surfaces were textured by a diode end-pumped Nd:YVO4 laser with different scan line separations, ∆x = 100, 180 and 280 μm, which define the surface morphology (Figure 1b–g). The unprocessed Ti-6Al-4V surface is shown as a reference in Figure 1a. As shown in Figure 1, the laser-textured surface is characterized by a well-defined micro (μ)-channel pattern in one direction.



As varying the distance between the laser-produced μ-channels defines not only the surface morphology but also the surface roughness, we evaluated the average surface roughness parameter, Sa. Sa was therefore used as the main evaluation measure of the morphology difference between the laser-textured Ti-6Al-4V surfaces. We performed five measurements on each surface over 1.3 × 1.0 mm2. As listed in Table 1, laser texturing increases the average surface roughness Sa, and laser-textured surfaces are approximately two to three times rougher compared to the as-received Ti-6Al-4V surface. Furthermore, Sa of the laser-textured surfaces decreases with increasing scan line separation.



To understand the impact of the laser texturing on the microstructural-crystallographic characteristics, we performed SEM imaging and EBSD mapping of the cross-section of the laser-textured Ti-6Al-4V surfaces with different scan line separations (Δx = 100, 180 and 280 μm). Here, we present the results for the sample with Δx = 100 μm only as the laser channels and the newly forming thin layer at the channel walls is similar for all scan line separations due to the same laser processing parameters. Figure 2 presents the SEM micrograph of Ti-6Al-4V with Δx = 100 μm obtained by the secondary detector. As reported by the manufacturer, the as-received sheets were annealed at the α + β region and slowly cooled down to obtain polycrystalline α grains with some β structures. Additional laser texturing with selected parameters influenced the original microstructure up to 2 μm deep where melting and rapid solidification occurred. On both sides of the channel, a visible ejection of material is observed in the form of a 5 to 15 μm high-branched fan. The direction of the material ejection follows the radial angle of the channel. Figure 3 represents the detail of the edge of the laser channel by the EBSD band contrast image, where microstructure features are based on Kikuchi patterns quality, and overlapping with the phase map image. It is observed that the bulk material is not affected by this type of laser texturing, which is reflected in the characteristic polycrystalline α + β grain structure with grain size up to 4 µm. It is known that at high cooling rates, Ti-6Al-4V alloy is solidified to α’ prime martensite [18]. The band contrast image shows microstructure features based on Kikuchi patterns. Due to the rapid solidification, the microstructure of the laser-textured part consists of very fine needles of α’ prime martensite.




3.2. Vickers Hardness Test


We compared the Vickers hardness of the as-received Ti-6Al-4V surface and laser-textured surfaces with different scan line separations under 20 kg load. The measured values of HV20 are listed in Table 2. We observed a significant increase in HV20 on laser-textured surfaces compared to the as-received (unprocessed) surface. This indicates surface hardening after laser texturing most probably due to the formation of the α’ prime martensite phase. No cracks were observed near the hardness indentation.




3.3. XPS Measurements


To understand the influence of the laser texturing of Ti-6Al-4V surfaces, we performed XPS surface chemical analysis of the as-received and laser-textured samples with ∆x = 100 μm. Survey spectra are presented in Figure 4. The detailed elemental composition is summarized in Figure 5. We can observe an increase in the amount of titanium on laser-textured surfaces in comparison with the as-received sample. We also observed a slight increase in the concentration of aluminium and vanadium, which may be ascribed to the contaminants removal after the laser texturing. The relative amount of oxygen increased after laser texturing due to the formation of larger amounts of metal oxides on the surface. On the other hand, the amount of carbon was higher on the as-received sample compared to laser-textured surfaces due to the surface contamination removal after laser texturing. The XPS analysis also showed that the oxide layer on laser-textured samples was considerably thicker compared to the as-received sample. The thickness was assessed from XPS depth profiles and was aproximately 20 nm for laser-textured samples compared to aproximately 7 nm for the as-received sample (Supplementary Data, Figures S1 and S2).




3.4. Surface Wettability


We compared the wettability of the as-received Ti-6Al-4V surface and laser-textured surfaces with different scan line separations. We performed five static water contact angle measurements, θ, with 5 μL droplets of deionized water on different spots all over the sample and used them to determine the average contact angle values.



As listed in Table 3, the as-received (unprocessed) Ti-6Al-4V surface is neutrally wet with a contact angle of ~90o. With laser texturing, on the other hand, we were able to fabricate both hydrophilic and hydrophobic surfaces. The results show that the static water contact angle increases with increasing the scan line separation, from a strongly hydrophilic to moderately hydrophobic surface, which is also correlated with decreased average surface roughness (Table 1). This suggests that the Ti-6Al-4V surface is in the Wenzel wetting regime [19] and allows us to significantly change the surface wettability in comparison to the as-received Ti-6Al-4V surface by modifying surface roughness with laser texturing. Laser texturing therefore serves as a promising tool to manipulate Ti-6Al-4V surfaces with desirable properties.




3.5. Electrochemical Measurements


We evaluated the potentiodynamic behaviour of as-received and laser-textured Ti-6Al-4V surfaces in Hank’s solution (Figure 6). A significant increase in the corrosion potential (Ecorr) can be observed for laser-textured surfaces with values from −250 to −320 mV (SCE) compared to the as-received Ti-6Al-4V surface with a value of −650 mV (SCE). We calculated the corrosion current density (icorr) and the corrosion rate (vcorr) according to ASTM G102–89 (2015) [20]. We also observed a decrease in icorr and vcorr for laser-textured surfaces compared to the as-received Ti-6Al-4V surface, and the values are summarized in Table 4. The improved corrosion resistance can be directly correlated with the wetting properties presented in Table 3. The observed decrease in icorr and vcorr with increasing scan line separation is ascribed to the increased surface hydrophobicity. Furthermore, the improved corrosion resistance is also attributed to the grain refinement of laser-textured surfaces which was confirmed by the EBSD band contrast image (Figure 3). The grain refinement improves the passive film formation due to the increased grain boundary density and homogenization [21]. Other authors also reported on the corrosion improvement after the laser texturing of Ti-based alloys [21,22,23]. Tian et al. [24] reported that after the laser texturing of Ti alloy, a layer of martensite is formed on the surface with an additional Ti oxide layer on the top, which results in increased corrosion resistance. Here, we also observed the α’ prime martensite phase in the form of very fine needles due to the rapid solidification (Figure 3). In addition, XPS results confirmed the formation of a thicker Ti oxide layer leading to increased corrosion resistance.





4. Conclusions


Laser texturing of Ti-6Al-4V surfaces was used to fabricate surfaces with different surface characteristics and corrosion behaviors. Surface morphology was defined by scan line separation, resulting in a characteristic µ-channel structure. Microstructure analysis of laser-textured surfaces indicated that laser texturing with chosen parameters influenced the Ti-6Al-4V microstructure up to 2 µm deep with melting and rapid solidification of the tips into a crystalline structure with much finer grains. Due to the rapid solidification, the microstructure of the laser-textured part consists of very fine needles of α’ prime martensite. The α’ prime martensite phase was also attributed to the surface hardening after laser texturing, which was reflected in increased HV on laser-textured surfaces compared to the as-received surface. The bulk, on the other hand, remained unaffected α+β alloy. The average surface roughness decreased with increasing scan line separation. Laser texturing also defined the wettability of surfaces and enabled us to significantly change the surface wettability in comparison to the as-received Ti-6Al-4V surface, either into strongly hydrophilic or to moderately hydrophobic. Laser texturing therefore serves as a promising tool to manipulate Ti-6Al-4V surfaces with desirable properties. Improved corrosion resistance for laser-textured surfaces was observed and attributed to the grain refinement which improved the passive film formation. This was confirmed by XPS results, showing the formation of a thicker Ti oxide layer after laser texturing. On the other hand, wetting, which is very much related to the distance of the channels, probably has a decisive influence on corrosion. In addition, wetting is also affected not only by the shape of the channel formed by the laser but also by the ejected material at the edge of the channel.
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Figure 1. SEM images (a–d) and light microscopy images (e–g) of (a) the as-received unprocessed Ti-6Al-4V surface and laser-textured Ti-6Al-4V surfaces with different scan line separations: (b,e) 100, (c,f) 180 and (d,g) 280 μm. 
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Figure 2. SEM micrograph of a laser channel obtained by the secondary detector. The black square marks the location of EBSD as shown in Figure 3. 
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Figure 3. EBSD band contrast image overlapping with the EBSD phase map. 
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Figure 4. XPS survey spectra of as-received and laser-textured Ti-6Al-4V (∆x = 100 μm) samples. 
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Figure 5. Surface element composition of as-received and laser-textured Ti-6Al-4V (∆x = 100 μm) samples. 
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Figure 6. Potentiodynamic curves for as-received and laser-textured Ti-6Al-4V surfaces in Hank’s solution. 
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Table 1. Average surface roughness parameter Sa of as-received and laser-textured Ti-6Al-4V surfaces.
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	Surface
	Sa [μm]





	As-received
	0.89 ± 0.15



	∆x = 100 μm
	2.98 ± 0.10



	∆x = 180 μm
	1.86 ± 0.12



	∆x = 280 μm
	1.47 ± 0.12
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Table 2. Vickers hardness HV20 of as-received and laser-textured Ti-6Al-4V surfaces.






Table 2. Vickers hardness HV20 of as-received and laser-textured Ti-6Al-4V surfaces.





	Surface
	HV20





	As-received
	325 ± 5



	∆x = 100 μm
	350 ± 5



	∆x = 180 μm
	344 ± 5



	∆x = 280 μm
	338 ± 5
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Table 3. Wettability of as-received and laser-textured Ti-6Al-4V surfaces.






Table 3. Wettability of as-received and laser-textured Ti-6Al-4V surfaces.





	Surface
	Contact Angle [o]





	As-received
	91.6 ± 1.4



	∆x = 100 μm
	21.1 ± 2.2



	∆x = 180 μm
	64.5 ± 2.1



	∆x = 280 μm
	113.4 ± 1.9
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Table 4. Electrochemical parameters determined from the potentiodynamic curves.
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	Ecorr (mV)
	Icorr (uA)
	vcorr (um/year)





	As-received
	−647 ± 5
	2.1 ± 0.5
	18.7 ± 0.7



	∆x = 100 µm
	−283 ± 2
	1.2 ± 0.4
	10.8 ± 0.6



	∆x = 180 µm
	−325 ± 3
	0.6 ± 0.2
	5.8 ± 0.4



	∆x = 280 µm
	−238 ± 2
	0.5 ± 0.2
	4.6 ± 0.4
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