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Abstract

:

Laser surface texturing has attracted growing interest, particularly in functional surface modification. Lasers with nanosecond pulse widths and infrared wavelengths are commonly used for metallic surface texturing because of their low cost and potential for fabricating a large range of textures. In this research, a laser with a nanosecond pulse width and infrared wavelength was used for the surface texturing of 316 stainless steels. Standard grooved and near-isotropic surface textures, as well as novel porous texture and feather-like dendrite texture, were fabricated through single-time laser texturing. Water contact angle tests were performed on the post-process surfaces, and they showed wettability changes from superhydrophilic to superhydrophobic according to different types of textures. Discussion on the relationship between water contact angle and surface roughness, groove width/depth ratio, surface carbon and oxygen contents indicated that it is the surface morphology that impacts changes in wettability. The comprehensive formation mechanism of different textures and the wettability control mechanism through different textures have been systematically discussed. For the first time, the three-level (point-line-area) laser surface ablation mechanism has been established. The proposed findings can be used for future laser texturing process designs on metals using lasers with a nanosecond pulse width and an infrared wavelength for various applications including wettability modification.
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1. Introduction


Among all laser-based processing techniques, laser surface texturing (LST) is widely used to fabricate surface features with precisions from micro- to nano-scales. LST is employed in many applications, such as tribology [1], colouring [2], biology [3], wettability modification and corrosion resistance [4]. Combined with the advantages of laser processing, LST can create a range of surface patterns from grooves [5], protrusion or pillars [6], and pores [7] to hierarchical surface features [8] through a contactless, fast, tailorable process. This allows for the modification of the surfaces of different materials during various manufacturing processes, avoiding pre-/post-production surface treatments.



LST through a nanosecond pulsed laser on metal is more difficult to control compared with picosecond and femtosecond pulsed lasers. This is because nanosecond pulsed lasers involve more heating effects, such as heating effect zones [9], melting, cracking and recrystallisation behaviours [10]. However, the good availability and affordability of this type of laser still attract many researchers and manufacturers in the industry. Different types of textures have been fabricated through nanosecond lasers. Groove surface texture is one of the common types of surface patterns made by a nanosecond pulse width and infrared wavelength. For example, Ta et al. [11] fabricated the microgroove textures on copper and brass using a nanosecond laser with a 1064nm wavelength for potential use in sensing devices. Another study from Boinovich et al. [12] fabricated microgrooves on aluminium alloys with excellent corrosion, wear, and thermal stress resistance. The commonly fabricated groove texture is ideal for initially understanding the controlled texturing process. Apart from grooved textures, a laser with a nanosecond pulse width and infrared wavelength has also been used for surface roughening or surface melting, which could manufacture isotropic or near-isotropic surface textures. Zupančič et al. [13] created nano-micron hierarchical surface textures, which showed enhanced boiling heat transfer compared with the original surface. Pacquentin et al. [14] used a nanosecond infrared laser on 304 stainless steel to improve the corrosion resistance via surface melting. With these possible applications, isotropic or near-isotropic surface textures can be used to analyse controlled texturing. Other types of textures have also been achieved using lasers with a nanosecond pulse width and infrared wavelength, such as hexagonal honeycomb micro-structure on titanium [15]. There are also other examples like the dual-scale porous surface fabricated by Long et al. [16] using a nanosecond laser on copper. In general, nanosecond pulsed lasers have the potential to fabricate different types of textures.



Controlled texturing via lasers has another important function, which is the modification of surface wettability, especially for materials used in biomedical devices. Wettability modifications through LST techniques have been achieved in the past few decades through different types of texture morphologies, since texture morphology has important effects on surface wettability. Seid et al. [17] demonstrated that grooved surface textures produced through laser surface texturing of 304 stainless sheets of steel have an increased surface roughness and hydrophilicity after using the Ti: sapphire femtosecond laser at 30 fs, 10 kHz and 200 µJ. Razi et al. [18] produced 316L stainless steel surfaces with near-isotropic to isotropic textures (micro-bumps and micro-pits) with an Nd: YAG laser with both a 1064 and a 532 nm wavelength at 12 ns and 5 Hz. The LST increased the hydrophilicity of 316L stainless steel. Many other experiments revealed the impressive superhydrophobicity properties induced by LST [7,19,20,21]. However, surface chemistry has also been proved to be functional in surface wettability modification [22,23]. Considering that it is difficult to separate surface morphology modification and surface chemistry modification for the LST process in air, understanding the contribution of surface morphology and chemistry to wettability change is vital for wettability control through LST.



Modification of surface wettability can be used in other applications. For example, surface texturing was applied to surface treatment of stainless steel and various types of metal alloys to improve their corrosion resistance by modifying surface wettability [24]. Modifying surface wettability can potentially improve the biocompatibility of materials used as implants. Kedia et al. [25] demonstrated increased adhesion, alignment, and spreading of bone cells on 316L stainless steel surfaces fabricated using a nanosecond laser. Li et al. [26] used the LST method to texture stents in a nitrogen environment and achieved a threefold increase in cell adhesion and an eightfold increase in proliferation. Liang et al. [27] fabricated laser-induced periodic surface structures to encourage endothelialisation. Thus, understanding controlled LST is highly beneficial for controlled wettability.



In this research, fabrication methodology with a nanosecond pulsed laser on 316 stainless steel for six types of textures has been researched, including the smooth/rough grooved texture, smooth/rough near-isotropic texture, porous texture and feather-like dendrite texture-covered groove textures. The formation mechanisms for the textures have been discussed for a better understanding of the texturing process control. The wettability control methodology of different types of textures was found to be different, and they were discussed following the texturing control process in this research. The contribution of surface morphology and surface chemistry has also been revealed.




2. Experiments and Methodology


2.1. Materials


Rectangular sheets of 316 stainless steels (316 SS) were provided by RS component (Corby, UK), originally with a size of 300 mm (width) × 500 mm (length) × 0.5 mm (thickness). The chemical composition of the materials is shown in Table 1 [28]. The 316 stainless steel plates were cut by CO2 laser into smaller 50 mm × 50 mm plates. On each plate, square-shaped areas were processed via LST, and the central part of the squares was selected for further surface characterisation.




2.2. Laser Processing


All samples were manufactured using a 70 W Innolas MMS-SPI redENERGY® fibre laser (SPI Lasers UK Ltd., Rugby, UK). This infrared laser has a 1060 nm wavelength and several pre-set waveforms. Pulse width for this laser ranges from 10 ns to 520 ns for different waveforms. The laser setup and laser scanning path are shown in Figure 1. Spot size measurements were taken with the laser settings as shown in Table 2, and the spot size at focus on the samples processed for this work was 70.76 ± 1.72 µm. Fluence [29], energy density [29], pulse overlap, and line overlap were calculated using Equations (1)–(4):


  F =   4 I   P   m     π   d   2   f    



(1)




where F is the fluence (J/cm2), I is the intensity (%), Pm is the full average laser power (70 W), d is the beam spot diameter (cm), and f is the laser pulse frequency (Hz).


  P =   4 I   P   m     π t   d   2   f    



(2)




where P is the power density (W/cm2), and t is the pulse width (μs).


  P u l s e   o v e r l a p   ( P O ) = 1 −   v   d f    



(3)






  L i n e   o v e r l a p   ( L O ) = 1 −   p   d    



(4)




where p is the pitch (mm), and PO or LO were set to 0 if the calculated results were less than 0.



Laser parameters used to prepare samples are shown in Table 2, and the samples prepared by each process were named S1 to S19, respectively.




2.3. Surface Characterisation


The map of the sample surface and the corresponding textured and characterisation areas are shown in Figure 2. A Hitachi TM3030 (Hitachi High-Technologies Corporation, Tokyo, Japan)/Joel 7800F (JOEL Ltd., Tokyo, Japan) scanning electron microscope (SEM) was used to characterise the sample. SEM images were taken from three locations in the central part of each ablated area (see Figure 2 square marked with red lines). Alicona InfiniteFocuseTM 3D profilometer (Bruker Alicona, Raaba, Austria) was used for surface topography and surface roughness analysis. The 3D scanning area on each textured sample was 713.1878 μm × 541.0390 μm in the middle region.



Str measurement was used to identify the grooved and near-isotropic structures. One of each 3D scanning data of each textured sample was selected for Str measurement. Ra was measured at the bottom of the grooves. Three grooves from each 3D scanning of each sample were selected, and six groove areas were used in total for Ra measurement.




2.4. Water Contact Angle Test


Three different locations around the middle part of each textured square were selected, and 8 μL deionised water was dropped on each location through the pipette used for each measurement. After dropping the water on the surface, the images of the water droplets were taken, and the water contact angle (WCA) was measured by ImageJ 1.53t with the LB-ADSA plugin [30]. Because WCA will change with time due to the oxidation of surfaces and adsorption from the ambient environment, samples were cleaned with isopropanol in an ultrasonic bath for 15 min to remove contamination from absorption in the ambient environment. WCA of the control sample was measured by selecting the 4 points in untreated areas on each sample plate, and in total, 12 points were measured. According to Law [31], a hydrophilic surface has WCA < 90°, a hydrophobic surface has WCA > 90°, and a superhydrophobic surface has WCA > 145°. And the superhydrophilic surface has WCA = 0°.




2.5. X-ray Photoelectron Spectroscopy Characterisation


X-ray photoelectron spectroscopy (XPS) is a surface chemistry characterisation which uses X-rays to initiate and detect the emission of electrons. In this chapter, the Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer was used. It has an Al K-alpha monochromatic source (1486.6 eV). The XPS high-energy resolution (Hi-Res) scans of C1s and O1s were used to determine the carbon and oxygen composition. The scanning area at the centre of each laser-textured square is a circle with a 400 µm diameter, as shown in Figure 3.





3. Results and Discussion


3.1. Morphology and Surface Roughness Characterisation of Textures


The first important finding is that several textures were produced through one-time laser scanning, including the commonly found grooved and near-isotropic textures and novel porous and feather-like textures. These results proved the ability to fabricate a large range of textures by LST with nanosecond laser on stainless steel.



Commonly found textures have been classified through Str and Ra. Str is the texture aspect ratio and the value of Str is calculated by dividing the horizontal distance in the direction in which the auto-correlation function decays to 0.2 the fastest by the horizontal distance in the direction of the slowest decay of the auto-correlation function to 0.2. Str is the roughness data showing the uniformity of the texture, and the value of Str is between 0 and 1. The closer to 0 the value is, the more anisotropic the texture is, and the closer to 1 the value is, the more isotropic the texture is. Because the samples were fabricated through one-time scanning, low Str means the surface is more grooved (Str = 0 means fully grooved), and high Str means the surface is more isotropic (Str = 1 means fully isotropic). Ra is the roughness average and is calculated by the arithmetic average of the absolute values of the profile height from the mean level. The laser textured samples S1 to S14 (see Table 2 for corresponding process parameters) were classified into four basic groups of textures: smooth grooved (SG) samples, rough grooved (RG) samples, smooth near-isotropic (SS) surfaces and rough near-isotropic (RS) surfaces, according to their morphology and Str and Ra measurement. Str and Ra measurement confirmed the differences between the four groups of textures: low Str (typically lower than 0.1) was classified as grooved, and high Str was classified as near-isotropic, which is highly isotropic but not fully isotropic; low Ra (typically lower than 2 µm) was classified as smooth surface and high Ra was classified as rough surface. Both 3D (Str) and 2D (Ra) surface roughness measurements are shown, respectively, in Figure 4 and Figure 5, and the SEM images has been shown in Figure 6. SG samples present low Str and low Ra values, while low Str and high Ra values characterise RG samples. SS samples have high Str and low Ra values. Finally, RS samples present high Str and high Ra. In addition, two special structures, porous surface (P) and feather-like dendrites texture-covered grooves (F), were also observed in samples S15 to S19 (see Figure 7a,b).



Grooved surfaces were fabricated at a higher pitch. And the adjacent laser scanning lines were more separated compared with near-isotropic morphologies. Some of the samples have clear edges of each groove stacked from the molten material (S2–S6). Other groove samples have the groove ridges merged from adjacent grooves (S1, S7–S8). Typical SG and RG sample topography is shown in Figure 8a. The SG sample has smooth groove ridges and valleys and the ring structure is clearly observed inside the grooves. The RG sample has rough groove ridges and valley areas. The surface was full of heating marks of balls, debris and splatters. The irregular porous surface was also found due to the irregular stacking of molten materials. The groove dimensions of SG and RG samples are shown in Figure 8b,c. SG samples usually have a high width/depth ratio, and RG samples usually have large groove depth.



Surface textures with near-isotropic morphology were fabricated at a lower pitch. Adjacent laser scanning lines strongly affected each other at a low pitch. The groove structure was rarely observed at extremely low pitch (such as 10 µm, compared to the spot size of 70.76 ± 1.72 µm) and the treated surface showed a more uniform texture (such as S10 and S11 shown in Figure 9). SS sample had an even and smooth surface morphology, as Figure 9a shows. The height fluctuation of the surface in z direction is negligible according to Sa data and 3D structure (Figure 9b). Heat marks were not commonly found on this type of surface texture. This could be due to the high overlapping which remelted a large number of heating marks and the energy density was below the ablation threshold. Although the surface roughness is still higher than the original surface (Sa = 0.236 ± 0.006 µm), this series of laser settings has the potential to smooth the rough surfaces. RS samples were created by high energy and low pitch settings. They are covered with large amounts of micron splatters, protrusion, pores and nano oxidations, as Figure 9c shows. The Sa of RS also confirms the observation from SEM images, as Figure 9d shows. This type of surface texture has a hierarchical surface pattern with pores and holes due to the irregular splatters.



Two further interesting textures have also been successfully fabricated in this study using single-time nanosecond laser scanning. Compared with the SG and RG samples, P samples (S15–S17) and F samples (S18–S19) were produced at extremely high pulse overlapping (≥99%) but through different mechanisms. P samples were produced through a reduction in feed speed, as Figure 10a shows. The pulse overlapping for samples S15, S16, and S17 is extremely high (>99%), as shown in Table 2. The violent ablation and laser-materials interaction resulted in the porous structure of P samples. Some researchers have fabricated porous surface structures through femtosecond laser [32] or multiple laser scanning [33] on metals. Our findings suggest a more convenient and cheaper way to achieve a porous structure. Additionally, it is possible to process the entire surface by simply reducing the scanning pitch from 0.08 mm (S15) to 0.04 mm (S17), as shown in Figure 10b. Coverage of porous structures has the potential for some biomedical applications such as drug carriers [34]. The increased surface areas also demonstrate the potential for altering cell behaviour [35]. Successful fabrication of P samples proved the potential to make large areas of porous surface structure through a one-time, simple and cheap manufacturing process. F samples were fabricated by extremely high frequency values (500 kHz). These surfaces were covered by feather-like textures (Figure 11a). This surface structure was classified as a grooved structure, but the groove is shallow and there are some protrusions in the middle. However, both Sa and Ra are relatively low (Table 3). The direction of feather-like texture was from the groove edges to the groove middle and aligned with the laser scanning direction. Star-like features could also be observed between feather structures. These star-like features were highly possibly the start-point of the growth of feather-like textures. This feather-like dendrites crystal structure is commonly observed in casting [36] and additive manufacturing processes [37] and is rarely observed in laser texturing. It is the first time these feather-like dendrite textures have been found in the surface texturing process.




3.2. Formation Mechanism of Grooved and Near-Isotropic Textures


Understanding the mechanism is important for controlling the LST process through a nanosecond laser on stainless steel. It is believed that the formation mechanism of different types of textures is the outcome of a serious accumulation effect at hierarchical levels (see Figure 12), from single-pulse ablation to single-line scanning and multiple-line scanning, with additional considerations of heating effects from thermal dynamic effects and accumulative heating energy caused by pulse overlap and line overlap.



Several steps occur during the nanosecond laser manufacture of a single-pulse ablation on metal. The three key laser and metal interactions are non-thermal ablation, the plasma reflection (thermal process) and Marangoni flow as shown in Figure 13. Firstly, the laser energy absorptions and material excitation increase the temperature of the surface. Then, non-thermal ablation occurs due to energy absorption (Figure 13a). Further temperature increase evaporates the material and forms the plasma. The materials’ vapour and plasma formed are then forced to press the surface in a process called plasma reflections (Figure 13b). Eventually, the plasma is ejected into the air and the shock wave continues to transmit to the base materials. Marangoni flow also continues until cooling down (Figure 13c). Other researchers have also depicted these series of interactions to aid the explanation of the ablation mechanisms [38,39,40,41,42].



Laser single-pulse fluence, energy density, and pulse width are the main factors affecting these laser–metal interactions in single-pulse ablation. Firstly, the non-thermal and thermal ablations depend on the laser energy absorbed, which is highly related to the laser single-pulse fluence (and further laser energy density), materials absorption and laser pulse duration. Secondly, the intensity of plasma reflection is affected by the corresponding amount of plasma produced and the duration of plasma reflection. Plasma induced by lasers with a long width and long wavelength on metals was usually dominated by heating effects such as melting, evaporation and boiling [42]. The plasma expansion can last a few microseconds, and the laser with a longer pulse width can interact more with plasma [39]. The plasma amount is proportional to the energy absorbed, and the duration of plasma reflection depends on the pulse duration.



Thirdly, the Marangoni effect is a consequence of temperature differences between the middle and the edges of laser points, here the laser ablation area (i.e., the groove) in the current study [43,44]. The temperature difference induces the difference in surface tension [45]; this will further induce the flow of molten materials. The mathematical model from Siao and Wen [46] indicates two different flow directions. Figure 13c shows the inward direction from the edge to the middle of the melting pool. This happens when the sulphur content is lower than 140 ppm, and the surface tension is positive [46], which is the condition in this research, since 316SS has a sulphur content higher than 140 ppm. It should also be mentioned that Siao and Wen [46] also pointed out that the molten pool width and depth are mainly controlled by the Marangoni effect at low energy levels but by the keyhole phenomenon at high energy levels, during which the materials inside the molten pool evaporate from pores and holes [47]. The inward Marangoni flow and low feed speed can enhance the keyhole phenomenon [48]. The temperature difference for the Marangoni effect depends on the energy absorbed, i.e., laser energy density and pulse duration. Hence, laser energy density and pulse duration are the main factors affecting the morphology of a single-pulse laser irradiation. During the ablation process at a high energy density, the plasma reflection and Marangoni co-effect force the molten materials to flow to the edge of the ablated areas to make a sunk structure, as shown in Figure 13d. When these two forces are high enough, the flow of molten can be solidified to form splatters, balls, and particles at the edges (Figure 8a).



During laser line scanning on metals by a pulse laser, the processing resulted in a grooved structure. The processing of groove structures could be described using the schematic diagrams shown in Figure 14a. After processing the first single-pulse ablation, another laser pulse was irradiated with a bit of overlapping and defocusing at overlapping areas. The pulse ablation edge formed by the slight defocusing has a “half-ring” structure with a bit of ball and splatters. This half-ring structure is shallower than the edge of the grooves due to the defocusing. Each pulse ablation still has thermal and nonthermal ablation and Marangoni flow. Overlapping of pulse ablation ablates more materials and ejects more molten to the groove edges. The overlapping ablation finally builds up the groove structures with a high ridge and lower groove valleys with the ring structures. Because the molten materials are forced to the edge of the grooves and the adjacent areas, including the adjacent ablated areas, there are some thermal structures such as “half rings”, splatters and balls inside the grooves, as depicted in Figure 14b.



The accumulation effects of each single-pulse ablation lead to the formation of rough or smooth grooves (see Figure 15e and Figure 16e), depending on the combination of laser parameters. Adjusting pulse overlap could change the groove structure from smooth to rough. Schnell et al. [49] textured Ti6Al4V while changing pulse overlaps from 40% to 90%. The groove changed from a smooth groove with a clear surface structure to a rough groove with many secondary features from excessive heating, such as cracks. Another study from Kittiboonanan et al. [50] showed similar surface textures after increasing pulse overlap from 10% to 90%. Their results also revealed that the features were enhanced and amplified at a higher pulse overlap. Additionally, the surface became more porous due to the excessive heating.



Scanning pitch is important for morphology of multiple-line scanning. It is the key to ablate areas of a surface. A reduction in pitch resulted in more remelting and re-solidification of previously ablated areas. Surfaces textures with near-isotropic morphology can be achieved at a lower pitch. The groove structure is rarely observed at extremely low pitch (e.g., 10 µm, compared to the spot size of 70.76 ± 1.72 µm). Also, the treated surface showed a more uniform texture. Figure 17 and Figure 18 show the formation mechanism of SS and RS samples. Figure 17a shows the schematic line of laser scanning routes. At the beginning of the scan route, the laser first fabricated a smooth groove. Then, multiple-line scanning in parallel and adjacently resulted in the formation of a smooth surface with uniform, low-height features due to overlapping, but also led to more heating, resulting in higher surface roughness (Sa = 1.127 ± 0.266 µm) than the as-received surface (Sa = 0.236 ± 0.006 µm). In Figure 18, the RS samples showed a texture with micro-protrusions covered with nano features (Figure 18c) and porous structures. The overlapping of multiple rough grooves created this rough surface, and that large amount of splatters resulted from melting and resolidification, which is similar to the results from Cocean et al. [51]. Excessive heating induced a lot of oxidation on the surface. SEM images and the 3D surface structure in Figure 17a,b and Figure 18a,b show many features, including the small height amplification bump on SS samples and large height amplification protrusions on RS samples. These are both the consequences of the complex ablation, melting, solidification, remelting and re-solidification between each spot ablation and line ablation, as shown in Figure 17c,d and Figure 18d,e. Wu et al. [52] indicated similar results in their research, in which a diamond surface was ablated through a sub-nanosecond pulsed laser with a different scanning pitch. The results indicated that the surface at a low scanning pitch has an isotropic surface 3D structure with micron features, found at a high scanning pitch, but is more randomly spread across the surface. Xie et al. [53] have also absorbed isotropic surface textures at a low scanning pitch through femtosecond laser ablation on aluminium samples. The micron features on the isotropic textures at a low scanning pitch could also be observed at a high pitch but were enhanced by large line overlaps. Their result also has a similar irregular rough surface to that of the S11–S14 sample in this research. The results from this literature supported the importance of scanning pitch and the accumulation effects from single-line to multi-line laser scanning.




3.3. Porous and Feather-like Dendrites Crystal Textures


The novel textures, porous and feather-like textures were both formed at extremely high pulse overlap. The mechanisms of the formation of these two textures are different from classical textures, with more consideration of heating effects. Before the detailed analysis of mechanisms, the thermal heating–cooling cycle of extremely low feed speed and extremely high frequency has been shown in Figure 19. Extremely low feed speed did not affect the cooling stage since it does not change the time between pulses as Figure 19a shows. The single-pulse fluence is also higher than the condition with high frequency, according to Equation (1). An extremely high frequency shortened the cooling time, because high frequency resulted in a low intermediate time between pulses (Figure 19b). The single-pulse fluence was also low, according to Equation (1). During the laser single-line scanning, the temperature rising during laser ablation was increased with the laser move-in and decreased with the laser move-out. According to Newton’s law of cooling, the cooling rate was proportional to the temperature difference between the spots and the environment [54]. With the understanding of this information, a detailed analysis of formation mechanisms is discussed below.



Feather-like dendrites textures (see Figure 20b) were also observed in the current study with extremely high pulse overlap, which is >99% at 500 kHz and 100 mm/s for S19, as shown in Table 2. It was possible that these feather-like textures were a dendrite crystalline structure, which is commonly observed in casting [36], additive manufacturing [37] and welding processes [55] and is rarely observed in laser texturing processes. Increasing the frequency from 20 to 500 kHz decreases the intermediate time between the adjacent pulse from 50 to 2 µs, greatly increasing the disturbance of the cooling process of previous laser irradiation by the following laser irradiation, as shown by the temperature–time curve in Figure 20a. Decreasing single-pulse fluence at a high frequency led to a reduction in the energy irradiated on the surface. This further reduced the ablation intensity and plasma formation. The low fluence further limited the rate of temperature increase in each laser irradiation. Because the temperature of the materials increased with laser irradiation, the extremely high pulse overlapping for S19 at an extremely high frequency kept the same areas in a higher range of temperature. As a result, firstly, the materials were kept at a higher temperature range, and the cooling rate was slowed down; secondly, fewer materials were pressed out of the ablated area and the resulting grooved structures were shallow (Figure 20c); thirdly, the Marangoni flow of materials was enhanced by high temperatures. These surface conditions favoured the crystallisation shown in Figure 20b. Because the crystals started to grow along a positive temperature gradient [56,57], the feather-like crystals grew from the edge of each melting pool (i.e., the edge of each pulse ablation and each groove) in the laser beam moving direction (Figure 20d). Marangoni flow also enhanced crystal growth because the Marangoni flow was in the same direction as crystal growth. Additionally, the crystallisation at an extremely high frequency could be enhanced with the reduced feed speed, as Figure 20e shows. This is because the reduced feed speed further increased the pulse overlap according to Equation (3) (Table 2).



Unlike increasing frequency, reduced feed speed could increase the pulse overlap independently without changing the single-pulse fluence. The reduction in feed speed increased the laser overlap and, thus, laser energy irradiated in the same areas. If a low pulse frequency is used (<20 kHz), the intermediate time between two pulses is long (>50 μs), and each laser pulse ablation process is not affected by adjacent pulse ablation. Because of the high pulse overlap at a low feed speed, the same area was heated and ablated by multiple pulses, and the corresponding temperature change is shown in Figure 21a. Since increasing pulse overlaps did not reduce the single-pulse fluence through decreasing feed speed, as that happened during the increasing frequency, the highest temperature in each heating–cooling cycle was high, and the heating–cooling rate remained high. Due to the long intermediate time between two pulses, the surfaces had more time for cooling during each cycle compared with Figure 20a, and the temperature fluctuation was large. Even with a similar high pulse overlap, the heating effects and ablation of laser processing at a low feed speed were more dramatic than at a high frequency. Suppose high energy and/or long pulse width are used; in that case, the excessive heating from repeated irradiation in the same areas can create excessive heating marks entangled with each other, leading to porous structure formation (240 ns samples in Figure 21b). If a short pulse width is used, non-thermal ablation dominates the process, and the surface explodes because of the enhanced non-thermal ablation (20 ns samples in Figure 21b). These results could be further explained with keyhole effects, as stated in Section 3.2. The low feed speed and inward Marangoni flow enhanced the keyhole effects and left more poles and holes inside the molten materials [47]. These pores and holes remained after solidification.



Collectively, laser parameters can be fine-tuned to control the effects of laser ablation to produce various types of surface textures. High fluence or energy density directly increased the energy irradiated to the surface. A large pulse width increased the energy absorption time and thus increased the energy absorbed. The decrease in feed speed and pitch reduced the pulse overlap and line overlapping, respectively, while increasing the repetition of all laser ablation steps in the same areas; increasing the frequency also increased the pulse overlap but with a decrease in fluence due to the pre-set waveform in the experiments. Hence, a nanosecond pulse width and infrared wavelength laser can be applied to fabricate various topographic features and surface patterns on micro and nanoscales.




3.4. Wettability Modification


After discussing the morphology and fabrication mechanism of different types of textures, the application of wettability control has been tested and further discussed. In the current study, the wettability of different types of surface textures is shown in Figure 22, with WCA ranging from 0 to around 170 degrees.



Two theories are accepted in the literature to explain the effects of surface topographic features on WCA change: the Wenzel model [58] and the Cassie–Baxter model [59]. The Wenzel model is applied when the surface is hydrophilic, and the wettability of the original untreated surface is enhanced by the surface roughness. The Cassie–Baxter model is used to predict the WCA of surface porosity effects to a hydrophobic surface when water on the surface is supported by air trapped between the pores. An intermediate condition was further established by Giacomello et al. [60], considering size effects of air bubbles in porous structures. A critical air bubble size was identified, above which surfaces transform to Cassie–Baxter conditions and below which surfaces stay in the intermediate condition. Samples in the proposed research showed clear trends related to these three conditions: Wenzel, Cassie–Baxter and the intermediate condition.



The WCA of SG samples are from 55.53° ± 4.44° to 103.54° ± 6.10° (see Figure 22) and are highly related to the groove width/depth ratio instead of surface carbon or oxygen contents, as shown in Figure 23 and Figure 24. Sample S2 showed a larger standard deviation. It might be because the thin 316 stainless steel plates crimped during LST due to the high temperature, causing a processing error during LST. Except for this large standard deviation, the WCA decreased with an increase in the groove width/depth ratio, which is consistent with the finding from Seemann et al. [61]. According to the ideal gas law [62] and the relationship of force, areas and pressure, due to the larger water–air contact in the textured sample with a large width/depth ratio, the supporting force from the air of samples (e.g., S6) will be smaller than the samples with a smaller width/depth ratio (e.g., S2). RG samples also showed the same trend (see Figure 25). Hence, the WCA of grooved samples should be considered as the intermediate conditions, as the size and shape of groove cavities are crucial to control the WCA of the grooved structure. Another interesting and important finding is that it is hard to find a clear relationship between the WCA and carbon and oxygen contents (Figure 24). For example, samples S1 and S5 have similar carbon and oxygen contents but a different WCA; samples S3 and S6 have a similar WCA but different carbon and oxygen contents. The increased carbon content was mainly from the ageing process and did not reveal an obvious link to the WCA. Ageing has a significant influence on surface wettability due to the possible effects from CO2 deposition [63], or organic compounds [64]. The increased oxygen content was mainly from metal oxidation and organic content, or -OH groups were also found on the surface. These organic contents are possibly absorbed from the ambient environment and due to the reaction between surface and water from the air. Similar oxygen contents and compositions could be found in the existing literature [65,66]. Although all the samples had increased oxygen and carbon content compared with the as-received sample, the content difference between different groups of samples is not clearly related to WCA. This indicated the domination of surface morphology to control the wettability of SG samples in this experiment.



The near-isotropic surfaces fabricated in this study all represent the Wenzel model. The relationship of the WCA and surface roughness of SS and RS is shown in Figure 26, and the trend observed is consistent with the Wenzel theory. Additionally, the shape of the trend shown in Figure 26 is same as that in the research of Nakae et al. [67] Interestingly, Hejazi et al. [68] indicated that the wettability of rough hierarchical surface structures is much more complex than the standard Wenzel and Cassie–Baxter models. However, the hierarchical nano-micron structure of RS samples fabricated in this research provided a great number of porous structures that have pores with sizes small enough to generate capillary force to drag water droplets inside the cavities, resulting in very hydrophilic and even superhydrophilic surfaces (Figure 27). It should be pointed out that the domination of surface morphology on the water contact angle change was still found across SS and RS samples, as shown in Figure 28. Again, all the samples had increased oxygen and carbon content compared with the as-received sample, and the oxygen and carbon composition were the same as those in SG samples. It needs to be pointed out that RS samples S11–S13 have a decreased laser processing speed, decreased carbon content, and increased metal oxide content with a decreased WCA. But considering the overall relationship across all near-isotropic textures, the relationships between the WCA and surface chemistry in Figure 28 are not as clear as those of WCA–Sa (Figure 26).



Porous samples (P) are the most hydrophobic and superhydrophobic surfaces (Figure 29). Their hydrophobic properties are similar to those found in the research of Leese et al. [69]. Their research indicated the superhydrophobic properties of porous anodic alumina, with pore diameters ranging from around 100 nm to around 250 nm. The porous structures of P samples in our research are in the range of sub-micrometres, which can provide similar support to the water droplet for a superhydrophobic surface. Feather-like texture-covered grooved samples (F) showed a slightly more hydrophobic surface (77.48° ± 2.88° for S18; 80.97° ± 4.45° for S19) than the original surface (70.04° ± 8.14°). One reason is that F samples are grooved and still follow the trend of the WCA changing with the groove aspect ratio. But the F samples were more hydrophobic with a relatively low groove depth, which could be due to the formation of textures on the surface; therefore, the protrusions in the middle of the grooves made the surface more hydrophobic.



In summary, it is possible to control the wettability of stainless steel by surface structuring using a nanosecond infrared laser, which is an environmentally friendly and high-value manufacturing process. The findings from SG, SS, and RS samples proved the domination of surface morphology instead of surface chemistry in wettability control. The topographic effects on surface wettability are important for materials used in medical devices, such as self-clean surfaces. These topographic effects could be combined with the laser effects on topography discussed in Section 3.1 and Section 3.2 to further control the surface wettability. In addition, these surface structures with dramatically increased surface areas have much more potential to be applied in biomedical applications, attributed to the topographic effects on cellular interactions for materials used in medical devices, such as cardiovascular stents [70].





4. Conclusions


In this research, a laser with nanosecond pulse width and infrared wavelength has been applied for LST on 316 stainless steels. By changing different laser parameters, various types of surface textures were successfully fabricated, including those with smooth grooves and rough grooves, smooth near-isotropic textures and rough near-isotropic textures, and porous and feather-like textures. Several findings and mechanisms have been discussed in this research:




	
Different types of textures were the results of accumulation effects, from single-pulse ablation to single-line scanning and finally to multiple-line scanning. Laser parameters have functions in different laser ablation steps. Laser pulse fluence and pulse width are essential for single-pulse ablation; frequency and feed speed are vital for line ablation; pitch is crucial to achieve isotropic and anisotropic surface textures. The analysis of accumulation effects from single-point to single-line and multiple-line ablation has rarely been found in the other literature. The comprehensive discussion to build up this three-level laser ablation mechanism could reduce the time for initial trials and help control laser surface texturing with a nanosecond laser.



	
Feather-like texture-covered grooved textures were successfully manufactured for the first time via laser surface texturing. These are the results of high pulse overlap caused by extremely high frequency. Porous textures were also successfully formed from single-pass laser scanning through simple nanosecond laser direct ablation due to an extremely low feed speed. These have the potential to be used for drug-loading applications.



	
Surface morphology contributes more to wettability modification than surface chemistry. Water contact angles of grooved surfaces were more sensitive to the change in groove depth and groove density. Water contact angles of near-isotropic textures were mostly affected by surface roughness. Feather-like textures did not affect the water contact angle, but porous structures increased it largely.
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Figure 1. Laser setup and scanning patterns. 
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Figure 2. Schematic diagram to show the characterisation area. 
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Figure 3. XPS scanning area. 
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Figure 4. Str of SG, RG, SS, and RS samples. 
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Figure 5. Ra of SG, SS, RG, and RS samples. 
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Figure 6. SEM images of SG, RG, SS and RS samples with original samples (in SS group). 
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Figure 7. (a) P samples and (b) F samples. 






Figure 7. (a) P samples and (b) F samples.



[image: Coatings 14 00467 g007]







[image: Coatings 14 00467 g008] 





Figure 8. (a) Typical topographies of SG and RG samples. (b) Depth and width of SG and RG samples. (c) Aseptic ratio of grooves of SG and RG samples. 
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Figure 9. (a) SEM image of SS sample (S10). (b) 3D surface structure of S10. (c) SEM image of one of RS sample (S11). (d) 3D surface structure of S11. 
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Figure 10. (a) Fabrication of P samples through reducing feed speed. Other laser parameters: 240 ns, 20 kHz, 35.58 J/cm2, 0.06 mm pitch. (b) Reducing pitch to make porous structures cover the whole surface. Other laser parameters: 240 ns, 20 mm/s, 20 kHz, 35.58 J/cm2. 
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Figure 11. (a) SEM images of feather-like texture-covered sample S19. (b) 3D surface structure of S19. 
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Figure 12. Accumulation effects from spot ablation to surface ablation. 
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Figure 13. Laser texturing mechanism for metals of single spot by nanosecond infrared laser. (a) Non-thermal ablation, (b) plasma reflection, (c) Marangoni effect. Part of the schematic diagram is adopted from Leitz et al. [38], Hamad [39], Lahaye et al. [40], He et al. [41] and Gaudiuso [42]. 
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Figure 14. Laser texturing mechanism of a single line scanning using a nanosecond infrared laser on metals. (a) The ablation of two adjacent pulse; (b) The morphology of “half ring”, balls and splatters. 






Figure 14. Laser texturing mechanism of a single line scanning using a nanosecond infrared laser on metals. (a) The ablation of two adjacent pulse; (b) The morphology of “half ring”, balls and splatters.
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Figure 15. Smooth groove surface texture: (a) SEM image of sample S5; (b) surface 3D structure of sample S5; (c) average cross-section view of sample S5; (d,e) two cross-section view of laser ablation mechanism. 






Figure 15. Smooth groove surface texture: (a) SEM image of sample S5; (b) surface 3D structure of sample S5; (c) average cross-section view of sample S5; (d,e) two cross-section view of laser ablation mechanism.
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Figure 16. Rough groove surface texture: (a) SEM image of sample S7; (b) surface 3D structure of sample S7; (c) average cross-section view of sample S7; (d,e) two cross-section view of laser ablation mechanism. 






Figure 16. Rough groove surface texture: (a) SEM image of sample S7; (b) surface 3D structure of sample S7; (c) average cross-section view of sample S7; (d,e) two cross-section view of laser ablation mechanism.
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Figure 17. Smooth near-isotropic structure: (a) SEM of S10, (b) surface 3D structure of S10, and (c,d) formation mechanism. 






Figure 17. Smooth near-isotropic structure: (a) SEM of S10, (b) surface 3D structure of S10, and (c,d) formation mechanism.
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Figure 18. Rough near-isotropic structure: (a) SEM of S11, (b) surface 3D structure of S11, (c) nano features covered micro-protrusion (S11), and (d,e) formation mechanism. 






Figure 18. Rough near-isotropic structure: (a) SEM of S11, (b) surface 3D structure of S11, (c) nano features covered micro-protrusion (S11), and (d,e) formation mechanism.
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Figure 19. (a) Full temperature–time curve during laser pulse and cooling. Sample with extremely low feed speed went through this process. The high temperature rising is due to the high single pulse fluence. (b) Temperature–time curve with shortened cooling time due to the shortened time between pulses. Sample with extremely high frequency went through this process due to the shortened intermediate time between pulses. The low temperature rising is due to the low single pulse fluence. (c) Explaining the temperature rise and temperature drop rate during single-line laser scanning. 






Figure 19. (a) Full temperature–time curve during laser pulse and cooling. Sample with extremely low feed speed went through this process. The high temperature rising is due to the high single pulse fluence. (b) Temperature–time curve with shortened cooling time due to the shortened time between pulses. Sample with extremely high frequency went through this process due to the shortened intermediate time between pulses. The low temperature rising is due to the low single pulse fluence. (c) Explaining the temperature rise and temperature drop rate during single-line laser scanning.
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Figure 20. Feather-like dendrites texture-covered textures: (a) temperature–time curve at extremely high frequency; (b) SEM images of F sample S19; (c) surface 3D structure of S19; (d) formation of dendrites; (e) morphology change while reducing feed speed from 200 mm/s (S18) to 100 mm/s (S19). 






Figure 20. Feather-like dendrites texture-covered textures: (a) temperature–time curve at extremely high frequency; (b) SEM images of F sample S19; (c) surface 3D structure of S19; (d) formation of dendrites; (e) morphology change while reducing feed speed from 200 mm/s (S18) to 100 mm/s (S19).
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Figure 21. Surface textures at low feed speed: (a) temperature–time curve at extremely low feed speed; (b) SEM images of samples with various feed speeds and pulse widths, frequency 20 kHz, pitch 0.08, fluence 40.04 J/cm2 for 240 ns samples, fluence 80.09 J/cm2 for 240 ns samples. 






Figure 21. Surface textures at low feed speed: (a) temperature–time curve at extremely low feed speed; (b) SEM images of samples with various feed speeds and pulse widths, frequency 20 kHz, pitch 0.08, fluence 40.04 J/cm2 for 240 ns samples, fluence 80.09 J/cm2 for 240 ns samples.
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Figure 22. WCA of samples with their classifications, plus the control sample (untreated surface). 
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Figure 23. WCA change with groove width/depth ratio for SG samples. 
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Figure 24. WCA, carbon contents and oxygen contents of SG samples. 
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Figure 25. WCA change with groove width/depth ratio for RG samples. 
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Figure 26. WCA change with surface roughness for SS and RS samples. 
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Figure 27. SEM images of (a) hydrophilic RS samples, (b) superhydrophilic RS samples, with their WCA results. 
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Figure 28. WCA, carbon contents and oxygen contents of SS, RS samples. 
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Figure 29. SEM images of a P sample with WCA result. 
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Table 1. Chemical composition (wt%) of 316 stainless steels (ASTM A240) [28].






Table 1. Chemical composition (wt%) of 316 stainless steels (ASTM A240) [28].





	C
	Mn
	P
	S
	Si
	Cr
	Ni
	Mo
	N
	Fe





	0.08
	2.00
	0.045
	0.030
	0.75
	16.0–18.0
	10.0–14.0
	2.00–3.00
	0.10
	Bal.










 





Table 2. Laser parameters of samples.






Table 2. Laser parameters of samples.





	No.
	wfm
	Τ

(ns)
	I

(%)
	v

(mm/s)
	f

(kHz)
	p

(mm)
	F

(J/cm2)
	φ

(GW/cm2)
	PO

(%)





	C *
	0
	240
	100
	2000
	10
	0.08
	200.22
	0.83
	0



	S1
	7
	120
	40
	500
	100
	0.08
	7.12
	0.06
	92.93



	S2
	13
	65
	40
	500
	100
	0.08
	7.12
	0.11
	92.93



	S3
	25
	20
	40
	500
	100
	0.08
	7.12
	0.36
	92.93



	S4
	7
	120
	40
	500
	85
	0.08
	8.37
	0.07
	91.69



	S5
	13
	65
	40
	500
	85
	0.08
	8.37
	0.13
	91.69



	S6
	25
	20
	40
	500
	85
	0.08
	8.37
	0.42
	91.69



	S7
	0
	240
	40
	50
	20
	0.06
	35.58
	0.15
	96.47



	S8
	0
	240
	40
	50
	20
	0.04
	35.58
	0.15
	96.47



	S9
	0
	240
	40
	50
	20
	0.02
	35.58
	0.15
	96.47



	S10
	25
	20
	40
	100
	20
	0.01
	35.58
	1.78
	92.93



	S11
	0
	240
	40
	500
	20
	0.01
	35.58
	0.15
	64.67



	S12
	0
	240
	40
	200
	20
	0.01
	35.58
	0.15
	85.87



	S13
	0
	240
	40
	100
	20
	0.01
	35.58
	0.15
	92.93



	S14
	0
	240
	40
	50
	20
	0.01
	35.58
	0.15
	96.47



	S15
	0
	240
	40
	10
	20
	0.08
	35.58
	0.15
	99.29



	S16
	0
	240
	40
	10
	20
	0.06
	35.58
	0.15
	99.29



	S17
	0
	240
	40
	10
	20
	0.04
	35.58
	0.15
	99.29



	S18
	7
	120
	40
	200
	500
	0.07
	1.42
	0.01
	99.43



	S19
	7
	120
	40
	100
	500
	0.07
	1.42
	0.01
	99.72







No.: sample number; wfm: waveform; τ: pulse width (at 1%); I: intensity; v: feed speed; f: frequency; p: pitch; F: fluence; φ: energy density; PO: pulse overlap; LO: line overlap. * Sample C is the calibration sample and the sample for spot size measurements. Spot size has been measured as the average of three spots. The spot size is 70.76 ± 1.72 μm.













 





Table 3. Surface characterisation of F samples.






Table 3. Surface characterisation of F samples.





	Sample
	Sa

(µm)
	Ra

(µm)
	Groove Width

(µm)
	Groove Depth

(µm)





	S14
	0.493 ± 0.072
	0.166 ± 0.020
	49.83 ± 1.64
	1.38 ± 0.12



	S15
	0.575 ± 0.097
	0.173 ± 0.021
	66.00 ± 1.17
	1.79 ± 0.16
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