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Abstract

:

The appearance of a surface is a crucial characteristic of a part or component. Laser-based micromachining gets increasingly important in generating tailored surface topographies. A novel structuring technique for surface engineering is surface structuring by laser remelting (WaveShape), in which surface features are created without material loss. In this study, we investigated the evolution of surface topographies on Ti6Al4V for a laser beam diameter of 50 µm and scan speeds larger than 100 mm/s. Surface features with aspect ratios (ratio of height to width) of almost 1:1 were achieved using the WaveShape process. Furthermore, wavelengths smaller than 500 µm could be effectively structured using scan speeds of up to 500 mm/s. The experimental results showed further that the efficiency of the WaveShape process in terms of achieved structure height per unit time significantly increases for high scan speeds.
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1. Introduction


Surface structuring processes have long been established for industrial manufacturing processes. As a result of the manufacturing processes, surfaces are often designed and produced according to specific customer requirements. The development of structuring techniques requires, among other things, miniaturization of surface structures in the respective field of application. In general, mechanical tools are often used for surface processing. In the field of micro- and nanomachining of surfaces, however, the use of tools is only possible to a limited extent. Therefore, contactless, laser-based surface structuring techniques utilizing small interaction areas are becoming increasingly important.



Surface structuring in laser beam-based processes is often achieved by partial vaporization of the surface. Chichkov et al. [1] laid a basis for a deepened understanding of (ultra) short pulsed laser ablation of solids. Since then, hundreds of studies have been conducted to further investigate the specific interdependencies, characteristics, and outcomes for laser ablation processes on all kinds of materials. A recent example for ns-ablation of metals is the study of Zhang et al. [2], in which a good agreement was achieved between simulation and experiments for laser ablation of stainless steel. Additionally, laser ablation by ultra-short pulses is a topic of high scientific and potentially industrial relevance. For example, Finger et al. [3] showed that high-precision surface modifications are feasible without excessively increasing surface roughness using fs laser pulses. Nonetheless, laser ablation is still a subtractive method in this regard similar to traditional mechanical techniques and material is lost during processing. Alternatives to subtractive methods are energy beam processes, which achieve a redistribution of molten material at the surface. Currently, there are particularly three different processes of high scientific and industrial relevance, which achieve a material redistribution in the molten phase: DLIP, SurfiSculpt, and WaveShape.



Direct laser interference patterning (DLIP) results from two or more coherent laser beams interfering at a workpiece surface [4] (for ns-pulses [5] or for ps-pulses [6]). The superposition of coherent laser beams creates a defined interference pattern, which is directly transferred/imprinted on a surface by a variety of different processes, e.g., photo-physical, photo-thermal or photo-chemical processes [7]. Since the interference patterns often show a periodicity in the submicrometer or micrometer range, DLIP typically creates surface features with sizes in the same order of magnitude [5]. This process seems to be particularly applicable on surfaces with a low surface roughness, since the periodicity and size of features are typically in the micrometer range (e.g., Ra < 100 nm) [8]. Alternatively, the creation of hierarchical, periodical structures are a feasible and promising way to combine surface features in the millimeter range with periodic patterns from the DLIP process [9]. Specifically, the combination of direct laser writing (DLW) and DLIP was already investigated to successfully create these kinds of hierarchical, periodical surface features on Ti6Al4V samples [10]. The fundamental mechanisms of DLIP are thought to be the redistribution of molten material. The melt pool dynamics as a result of thermal gradients induced by the interference pattern at the work piece surface are assumed to be the main physical effect for surface structure formation [11]. In terms of processing speed, Lasagni et al. [12] showed that area rates of up to 60 cm2/s (or approx. 167 s/m2) are already feasible on stainless steel. Overall, DLIP is a promising surface texturing technique, but also has its limitations, e.g., in terms of achievable dimensions of the generated surface features.



Initially, the Surfi-Sculpt© process primarily utilized an electron beam to create surface features from a molten state. Dance and Buxton [13] introduced this technique and the TWI (The Welding Institute, GB) patented the Surfi-Sculpt© process. The process is best known for its characteristic surface features, since it is primarily used to generate spikes with a large aspect ratio of height to width [14]. Blackburn and Hilton [15] showcased that not only an electron beam could be used for Surfi-Sculpt© but also a laser beam source, e.g., a fiber laser. The authors already demonstrated that surface features could be created on a broad variety of different materials such as stainless steel, titanium alloy Ti6Al4V, and nickel-based superalloy Inconel 718. Furthermore, Buxton et al. [16] showcased that the process is not limited to metals but can also be used for glasses, ceramics, and polymers. In terms of the theoretical understanding and modeling of the process, Earl et al. [17] found indications that laser induced thermocapillary flow is a main reason for surface structure formation. Therefore, melt pool inherent material flow is thought to be mainly responsible for the redistribution of the molten material. Additionally, since a keyhole is thought to be created in the process, vapor pressure is assumed to play another key role in the formation of surface features [18]. Particularly, the keyhole dynamics lead to partly unsolved challenges in the prediction of the exact dimension of the resulting surface features generated in the Surfi-Sculpt© process [19]. Typical drawbacks of Surfi-Scuplt are the resulting surface roughness, the singular character of the surface features, and the partly unpredictable feature dimensions.



Surface structuring by laser remelting (WaveShape) is a novel surface structuring process used for structuring metallic surfaces in the micro- and millimeter range by power modulation of a laser beam source. In contrast to other laser structuring processes, surface features are not generated by localized ablation but created by redistribution of molten material at the surface [20,21]. An attempt for modeling of the WaveShape process of Ti6Al4V was presented by Sharma et al. [22]. Although their model showed already some surprisingly good agreement with experimental results [23], Temmler and Pirch [24] pointed out some deficiencies of this model and introduced an overhauled, enhanced model. This model not only showed a good agreement with experimental results on tool steel H11, but also could be further improved (implementing effects from vapor pressure) to show an even better agreement with experimental results for the WaveShape process on Inconel 718 [25]. Arnaud et al. [26] could further expand the range or processable materials to a variety of steels and AlMg alloys. Since the surface roughness of the workpiece is simultaneously smoothed during structuring, Bordatchev et al. [27] could showcase a promising application of the WaveShape process for light guiding structures in lighting and automotive applications. Overall, the WaveShape process closes a gap for structures in the micro- and millimeter range and can achieve predictable, periodic, and aperiodic structures with heights from the micrometer to the millimeter range, while reducing surface roughness at the same time. However, the minimum size of the achievable structures is limited by the laser beam diameter and the dynamics of the laser beam source [28].



This study significantly extends previous investigations on the WaveShape process for small laser beam diameters (dL = 50 µm) and high processing speeds (vscan ≥ 100 mm/s) on Ti6Al4V. The foci of this study are to achieve significantly smaller wavelengths, to reduce processing time, and to increase process efficiency. Furthermore, high aspect ratios shall be achieved by high-speed multi-processing. The titanium alloy Ti6Al4V was chosen since it has a wide range of industrial applications, particularly for aviation, aerospace, and medical engineering. Additionally, Ti6Al4V proved to be well suited for laser remelting processes in general and for WaveShape in particular [23].




2. Materials and Methods


2.1. Opto-Mechanical Setup


The “FluidStruc” laboratory system (Figure 1a) was used, which contains an end-pumped SPI fiber laser (SPI G3, 40 W, λemit = 1062 ± 3 nm).



This laser beam source emits multimodal laser radiation typically at a beam quality of M2 = 2.8–3.6. In this study, laser radiation was used in continuous wave (cw) mode with a maximum laser output power of approx. PL = 36 W at the workpiece surface. The laser beam was coupled into the optical setup (breadboard + optical elements) via an optical fiber and collimation with a collimated raw beam diameter of rLaser = 5.5 mm. Using various combinations of fused silica lenses and f-theta objectives, enables a wide range of different laser beam diameters on the workpiece for laser processing. In this setup, the lenses were used as a relay system in an 1:1 imaging configuration and an f-theta objective with a focal length of fT = 163 mm (Figure 1b) was used for focusing the laser beam. Laser processing took place in a process chamber, in which particularly the oxygen content was monitored and controlled. The resulting laser beam caustic and intensity distribution in the focal plane were measured for this investigation (Figure 2).



The measured beam characteristics (MicroSpotMonitor, Primes GmbH, Pfungstadt, Germany) were as follows: M2 = 3.2, Rayleigh length zR = 0.58 mm, depth of focus DoF (5%) = 0.19 mm, beam divergence Θf = 87 mrad, and laser beam diameter dL = 50.0 (±2.4) µm (86% energy inclusion).




2.2. Material and Sample Preparation


The material investigated in this work was the titanium alloy Ti6Al4V (material no. 3.7165) which has very high strength and corrosion resistance. Ti6Al4V is categorized as light metal due to the low density and is often used in aerospace and medical applications. Table 1 shows a tabular overview of the elementary composition of Ti6Al4V.



Cylindrical round specimens made of Ti6Al4V and titanium are used to perform the experimental investigations. The diameter dSample of the round samples is 80 ± 1.0 mm, while the thickness tSample is 18 ± 0.5 mm. The initial surface was remelted, milled, and ground to a homogenous surface roughness of Sa = 0.31 ± 0.04 µm.




2.3. WaveShape Process


The active principle of surface structuring by laser remelting (WaveShape) is based on a remelting process of a surface boundary layer of a metal surface, while simultaneously modulating laser power in a controlled manner. Since the laser power is limited by melting and ablation thresholds, typically no material is removed during the process (Figure 3b). The controlled modulation of laser power (often sinusoidally) results in a continuous variation of the melt pool volume, which subsequently leads to formation of structure features such as periodic surface waves (Figure 3a). Since the surface solidifies from a molten state, the generated surface features typically show a small (micro-)roughness, which allows combining surface structuring and laser polishing in one process step. The active principle is explained in more detail in Temmler et al. [24].



In the WaveShape process, structuring is carried out by means of a remelting process that avoids material evaporation. The material is in a molten state during structuring. In a preliminary investigation, suitable process windows were determined for each combination of laser beam diameter and scan speed. This process window consists of an upper limit (Pmax) and a lower limit (Pmin), which span the process window between which the laser power was modulated during surface structuring (Equation (1) and Figure 3b):


   P L   x  =  P M  +  P A  · sin      x λ  · 2 π     .  



(1)







In addition, the determined average laser power PM and maximal laser power amplitude PA,max were adjusted to the respective scan speed in order to ensure that the tests were always carried out within the process limits. The linear fit is done arithmetically with a straight-line function. The resulting process parameters and range are shown in Table 2.



To avoid unwanted oxidation of the remelted surface, laser processing took place in a sealed process chamber and a residual oxygen content of less than 100 ppm was used in all experiments. Process or test fields each had the shape of a square with a side length of 5 mm. The side length in the machining direction is called scan vector length (SVL), which corresponds to the length of a single track. The individual tracks generated in a processing field were each processed unidirectionally.



An overview of the essential process parameters and their range of investigation is shown in Table 2. The track offset dy is the distance between the individual tracks. To avoid interfering heat effects of neighboring tracks, the track offset was set to 0.5 mm. The Scan speed vscan was investigated between 100 and 500 mm/s. The wavelength of laser power modulation was investigated between two times (2·dL) and eight times (8·dL) the laser beam diameter dL, since the most significant effects were expected in this range. The number of passes n were mainly investigated in the range from 1 to 32, since more repetitions lead to structure characteristics (height to width ratio), which made it impossible to be comprehensively measured by WLI.




2.4. Surface Analysis


The surface analysis is based on white light interferometry (WLI) images of the remelted tracks. Based on a longitudinal section along the middle of a remelted track a fast Fourier transformation was conducted to calculate the dominant spatial frequency and the corresponding amplitude. The dominant spatial frequency corresponds to the structuring wavelength λ and the amplitude corresponds to structure height h. At least four single tracks of 5 mm length were used to determine the structure height. The specifics of this method are described in detail in various publications [20,23,24,25,28].





3. Results


3.1. Track Width


At first, the track width was determined as function of laser power and scan speed. This was helpful when an appropriate process window and a suitable track offset for areal structuring needed to be determined. For each set of laser power and scan speed, five single tracks with a length of 10 mm and a track offset of dy = 1 mm were structured and analyzed by microscopy (Figure 4a).



Typically, minimal laser power is not chosen to be directly at the melting threshold, but a little bit higher, so that the effective width of the remelted track is approximately half of the nominal laser beam diameter. This ensures that no discontinuous remelting occurs, which could negatively affect the continuity of the sinusoidal track profile [24,29]. Figure 4b shows that the remelted area (roughly approximated by the squared track width) is approximately a linear function of laser power, which indicates a 1D heat conduction condition (track width >> melt depth) similar to pulsed laser processing [30].




3.2. Laser Power Amplitude


Previous work of Bordatchev et al. [27] and Temmler et al. [28] demonstrated that the laser power amplitude typically has a significant effect on the obtained structure height and was therefore investigated first. The laser power amplitude PA was varied in five equidistant steps. The investigation was carried out for a laser beam diameter of dL = 50 µm and for scan speeds of vscan = 100 to 500 mm/s. The maximum laser power amplitude was deliberately exceeded by 25%, resulting in material vaporization and discontinuous processing. This was done to ensure that the process parameters were within reasonable limits. In this case, the lower or upper laser power limits for the laser power amplitude were specifically undershot or exceeded, respectively. As an example, the achieved structure heights h are shown as function of the varied laser power amplitude PA and the wavelength λ at constant scan speed vscan = 200 mm/s. The wavelength was investigated in the range λ = 0.1 to 0.4 mm (in equidistant steps of 0.1 mm).



Figure 5 shows that the structure height h increases linearly as function of laser power amplitude. For example, the structure height obtained at a wavelength λ = 0.1 mm was approx. 0.19 µm at PA = 1.15 W and increased almost linearly to approx. 0.96 µm at PA = 5.75 W. Compared to the structures generated at other wavelengths, the structure height obtained was greatest at a wavelength λ = 0.2 mm (four times the laser beam diameter). Temmler et al. [24] showcased that exceeding the determined maximum laser power amplitude leads to a deviation of the structure cross-section from a sinusoidal shape. With regards to the continuity of the remelting process, longitudinal sections of the generated structures at vscan = 200 mm/s and wavelength λ = 0.2 mm (four times the laser beam diameter) are shown in Figure 6.



Continuous remelting no longer occurred at a laser power amplitude of PA = 5.75 W and led to an additional deviation from a sinusoidal longitudinal section. The shape deviation shown in Figure 6 at PA = 5.75 W occurred since the laser power fell below the minimum laser power limit Pmin. In this case, no material was molten for a short time. Subsequently, the melt pool was formed again when the laser power was within the process limits again. However, this led to a significant shape deviation of the structure profile from an ideal sinusoidal form. Furthermore, this shape deviation was only observed at larger wavelengths (λ ≥ 0.2 mm). In addition, a pronounced high-frequency structural noise was observed on the resulting surface topography. Due to the small laser beam diameter, a comparatively small amount of material was remelted during processing. Thus, the initial surface roughness had a larger influence on the resulting surface topography.




3.3. Wavelength


The laser power amplitude PA and wavelength λ determine the maximal laser power gradient. At constant laser power amplitude, the wavelength has a significant influence on the local laser power gradient and hence temperature gradient and was therefore investigated in detail. The wavelength was investigated as multiples of the laser beam diameter (λ = 0.1 mm to λ = 0.8 mm, in 0.05 mm steps) and scan speeds vscan (vscan = 100 mm/s to vscan = 500 mm/s; in 100 mm/s steps). The achieved structure heights as function of wavelength for different scan speeds are shown in Figure 7.



At a scan speed of vscan = 100 mm/s, the maximum structure height h was approx. 1.23 µm at a wavelength of λ = 0.15 mm. The respective structure height achieved at twice and three times the laser beam diameter was approx. 0.84 and 0.9 µm, respectively. At vscan = 200 mm/s, the maximum structure height was h = 1.1 µm, also at a wavelength of λ = 0.15 mm. The structure height is h = 0.92 µm at λ = 0.1 mm and h = 1.03 µm at λ = 0.2 mm. When using even larger scan speeds from vscan = 300 to 500 mm/s, structuring at small wavelengths (λ = 0.1 mm or 0.15 mm) only occurred with a reduced laser power amplitude, since technical limits in terms of the maximal modulation frequency of laser beam source or control card were exceeded. The maximum structure height at a scan speed of vscan = 300 mm/s was generated at the wavelength λ = 0.15 mm and is approx. 0.87 µm. The maximum structure height is achieved at wavelength λ = 0.2 mm for scan speeds of vscan = 400 mm/s (h = 0.79 µm) and vscan = 500 mm/s (and h = 0.69 µm). In general, the achieved structure height became smaller as the scan speed increased, even though the laser power was adapted to the scan speed and laser beam diameter (Figure 7).



Figure 8 shows longitudinal sections of single tracks for vscan = 200 mm/s at a wavelength of λ = 0.1 mm and λ = 0.4 mm, respectively. In general, the structure profile was only slightly skewed at the wavelength where the maximum structure height was achieved. The achieved structures were skewed in or against the scan direction when wavelengths were significantly larger and smaller, respectively, than the wavelength at which the maximum structure height was achieved (λ = 0.15–0.2 mm). Thus, the shape was deviating from the ideal sinusoidal shape along a longitudinal section.




3.4. Number of Repetitions


The investigations to this point have been carried out exclusively on the basis of single processing. A consequence is that only comparatively small structure heights were achieved so far (using large scan speeds and small laser beam diameters in the correspondingly adapted process window). Maximum structure heights in single track processing were obtained at wavelengths in the range λ = 0.15–0.25 mm for scan speeds from 100 to 500 mm/s. The maximum structure height hmax = 1.23 µm was generated at vscan = 100 mm/s and λ = 0.15 mm. However, previous studies often showed that a significant increase in structure height was obtained by multiple processing.



Therefore, the influence of repetitions n of a processing step on the achieved structure height h was investigated. A single track was unidirectionally remelted n times with the same modulated laser power signal. The number of passes n was investigated in the range from one to thirty-two passes in six steps. Thereby, the number of repetitions was doubled stepwise in each case. The generated structure height after sixty-four passes is already so large that it can no longer be measured using WLI. The dependence of the generated structure height on the number of passes n was investigated exemplarily for the wavelength range λ = 0.1 mm to λ = 0.4 mm in four steps, while the scan speed was investigated in the range from vscan = 100 mm/s to vscan = 500 mm/s in five equidistant steps. The process limit was adapted based on the process parameter combination used and the maximum laser power amplitude was used. The dependence of the obtained structure height h on the number of passes/repetitions n is exemplarily shown for wavelengths λ = 0.1–0.4 mm and scan speeds of vscan = 100 mm/s and vscan = 400 mm/s (Figure 9).



A significant increase of structure height h was achieved by multiple processing. However, at wavelength λ = 0.1 mm and scan speed vscan = 100 mm/s, the increase in structure height is small. Furthermore, it is noteworthy that almost no increase in structure height occurs at λ = 0.1 mm and vscan = 100 mm/s when the number of passes n is greater than four (n ≥ 4). At n = 1 and vscan = 100 mm/s, the structure height h was approx. 0.86 µm. Processing twice (n = 2) increased the structure height to h ≈ 1.47 µm. This corresponds to a magnification factor of approx. 1.79. However, at n = 32, the structure height was only increased to approx. 2.69 µm. The magnification factor with respect to n = 1 is thus only approx. 3.1. At the wavelength λ = 0.2 mm, a significant increase in the structure height was observed from n = 1 to n = 16. After single processing (n = 1), the structure height was approx. 0.94 µm. The structure height h at n = 16 was approx. 7.48 µm and the magnification factor corresponds to approx. 8. The structure height increased further at n = 32, but the magnification factor in comparison to n ≤ 16 decreases. The achieved structure height was approx. 8.36 µm at a magnification factor of approx. 8.9. When structuring of wavelengths λ > 0.2 mm, the achieved structure height was further increased when the number of passes was increased (n ≥ 16). For example, at λ = 0.4 mm, the structure height h ≈ 0.63 µm at n = 1 was increased by a factor of approx. 21 to h ≈ 13.29 µm at n = 32.



The increase of the structure height at small wavelength λ = 0.1 mm is comparatively small, while the largest structure height is obtained at the largest investigated wavelength λ = 0.4 mm and the most repetitions n = 32 (h ≈ 12.57 µm). For wavelengths of λ > 0.2 mm, the structure height became larger when the number of repetitions was increased at wavelengths λ = 0.1 mm or λ = 0.4 mm. While the maximum structure height was achieved in the range between λ = 0.15 mm and λ = 0.25 mm for single processing, the preferred working range for multiple laser processing is at a comparatively large wavelength (e.g., λ = 0.4 mm) and a large number of repetitions (e.g., n = 32).



An undesirable micro-roughness often remains after single processing on the structured single track. Due to the small laser beam diameter, only a comparatively small amount of material was remelted, so that the initial roughness was relatively large compared to the generated structure height. A reduction of the high frequency structural noise (micro-roughness) was achieved by multiple processing. A change of the structural cross section for an increasing number of repetitions n is shown in Figure 10. The initial surface roughness was significantly reduced by multiple processing and is exemplarily shown for vscan = 400 mm/s and λ = 0.2 mm (n = 1, n = 8, n = 32).




3.5. Influence of Scan Speed and Number of Passes at Constant Processing Time


An investigation of the obtained structure height at constant processing time tB was conducted for the range of scan speeds from vscan = 100 mm/s to vscan = 500 mm/s. The investigated wavelengths were λ = 0.1 mm, λ = 0.2 mm, λ = 0.3 mm, and λ = 0.4 mm. Depending on the scan speed and the number of passes, the processing time for each single track is calculated as follows: tB,single track = SVL · vscan−1 · n (neglecting additional auxiliary times). For example, the generation of a 5 mm long single track with vscan = 100 mm/s requires tB,single track = 50 ms. At a scan speed of vscan = 500 mm/s, the number of repetitions was increased to n = 5, so that the processing time remained the same. This was done analogously for all scan speeds.



In Figure 11a, the achieved structure heights h are plotted as function of the wavelength λ for different scan speeds vscan with a corresponding number of repetitions n. A maximum structure height of approx. 3.17 µm was achieved at a scan speed of vscan = 500 mm/s and a wavelength of λ = 0.3 mm. The structuring of small wavelengths λ = 0.1 mm and large scan speeds vscan = 400 mm/s and vscan = 500 mm/s was not meaningful due to the technical limitations of the system technology. A significant increase in structure height was achieved at large wavelengths and high scan speeds. The largest structure height was produced at vscan = 500 mm/s and λ = 0.3 mm (h = 3.07 µm).



The magnification factor Δh was calculated as the quotient of structure height h (vscan = j·100 mm/s; n = j) and structure height at vscan = 100 mm/s and n = 1 according to Equation (2):


  ∆ h =   h      v  s c a n   = j · 100   mm / s ;   n = j       h      v  s c a n   = 100   mm / s ;   n = 1     ;   j ∈   2 ,   3 ,   4 ,   5   .  



(2)







Figure 11b shows the magnification factor Δh as a function of the examined scan speeds at different wavelengths and for the same processing time. The largest increase in magnification factor occurred at a larger wavelength λ = 0.4 mm and was approx. 3.87 at vscan = 500 mm/s. No significant increase in the magnification factor occurred at a larger scan speed with a corresponding number of repetitions for the wavelength λ = 0.1 mm. Overall, the magnification factor significantly decreases for smaller wavelengths.



For structuring at high scan speed and the corresponding number of repetitions, larger structure heights were achieved (exception λ = 0.1 mm). This suggests that structuring using high scan speeds has a significant advantage due to the corresponding multiple processing, and thus greater structure heights will be achieved in the same processing time. Additionally, a smoother structure profile was produced at the same time due to multiple processing.




3.6. Areal Structuring and Track Offset


In this section, structuring at a constant processing time tB,area is investigated on the basis of two-dimensional, areal processing. In the previous single track investigations, the track offset was approximately ten times the laser beam diameter to avoid cross-interaction of neighboring tracks. To achieve two-dimensional machining, the track offset is reduced to such an extent that an overlap of the remelt tracks occurs during machining. The achieved structure heights at constant processing time are investigated for scan speeds from 100 to 500 mm/s. The product of scan speed and track offset dy remains constant, so that the processing time remains constant (Equation (3)).


   t  B , a r e a   =   S V L    v  s c a n     ·   B L   d y   =  A   v  s c a n   · d y   = c o n s t .      →  A = c o n s t .      v  s c a n   · d y = c o n s t .  



(3)







The scan speed is varied in the range vscan = 100 to 500 mm/s in five equidistant steps. The track offset is set to dy = 12 µm at the scan speed vscan = 100 mm/s, so that a significant track overlap is ensured even at the laser power minimum (Figure 4). For higher scan speeds, the track offset is adapted in each case according to Equation (3) and is shown in Table 3. In this case, the examined wavelengths are λ = 0.2 mm, λ = 0.3 mm, and λ = 0.4 mm.



First, areal processing was investigated for singular processing. Figure 12 shows representative WLI images of structured surface topographies at different scan speeds and adapted track offsets after n = 1 repetition on Ti6Al4V.



In areal processing, larger structure heights were achieved due to the overlap of single tracks (Figure 13). A significant increase in structure height was particularly evident at vscan = 500 mm/s from h = 6.88 µm at λ = 0.2 mm to h = 7.9 µm at λ = 0.3 mm. For a scan speed of vscan = 100 mm/s, the maximum structure height is approx. 2.78 µm at λ = 0.2 mm and decreases to 1.79 µm at λ = 0.4 mm. For a scan speed of vscan = 200 mm/s, the maximum structure height is approx. 5.5 µm at λ = 0.2 mm and decreases to approx. 4.55 µm at λ = 0.4 mm. At constant processing time, the choice of a high scan speed and multiple processing is beneficial since larger structure heights were produced.



In general, a reduction of the track offset dy is qualitatively equivalent to multiple machining. Therefore, an investigation of the influence of multiple machining on the structure height was carried out for areal structuring at constant processing time. Using the same process parameter combinations, the number of repetitions was set to n = 4 and n = 16 for the wavelengths λ = 0.2 mm, λ = 0.3 mm, and λ = 0.4 mm (Figure 14).



In the case of quadruple processing (n = 4), the structure height is increased by a factor of 3 to 4 with respect to single processing. For multiple processing n = 16, a maximum of approx. 14 times the structure height was produced compared to structuring for n = 1. The maximum structure height was generated at vscan = 500 mm/s, dy = 2.4 µm, and n = 4 (h ≈ 29 µm at λ = 0.3 mm). Furthermore, the maximum structure height at n = 16 was approx. 90 µm (vscan = 400 mm/s; λ = 0.3 mm; dy = 3 µm).



For n = 4 as well as for n = 16, there was a significant increase in the achieved structure height for increasing scan speed. Furthermore, structuring at vscan = 500 mm/s was not advantageous compared to structuring at vscan = 400 mm/s at wavelength λ = 0.2 mm as well as λ = 0.3 mm. This may be caused by the fact that the efficiency of multiple processing decreases when the number of repetitions is increased or more likely that the modulation frequency at vscan = 500 mm/s is already limited and results in a reduction of the laser power amplitude. The dependence of the structure height on scan speed at different wavelengths leads to the conclusion that areal processing using high scan speeds and multiple processing steps is beneficial to generated larger structures, particularly for “large” wavelengths. Moreover, for a combination of small wavelengths and many repetitions/remelting cycles, there was no advantage expected in structuring at large scan speeds, since a decrease in wavelength-dependent efficiency has been observed in multiple studies [25,28]. However, even for a wavelength of λ = 0.2 mm a structure height up to approx. 85 µm was achieved.





4. Discussion


4.1. Track Width and Laser Power Amplitude


The results for laser power amplitude show that structure height increases linearly as function of the laser power amplitude. This is in good agreement with experimental results for larger laser beam diameters on the same material [23] and for numerical/experimental results on tool steel H11 [24] or on nickel-based super alloy Inconel 718 [25]. The approximately linear function of remelted area on laser power indicates that the track width is much larger than the remelting depth and leads to an 1D heat conduction approximation as it is common, e.g., for pulsed laser remelting in laser polishing of steel [31], laser micro polishing of Ti6Al4V [32] or in pulsed laser micro melting [33]. Overall, the smaller laser beam diameter leads to significantly smaller volumes of the melt pool and, thus, to comparatively small structure heights of up to 1.5 µm, if no material ablation is aimed for. This is in good agreement with the current understanding of the active process principle [24].




4.2. Wavelength


The minimum wavelength is limited due to two main effects. Firstly, the minimum wavelength could not be smaller than the doubled laser beam diameter, since the melt pool surface needs considerable space to be deformed [24]. Secondly, the dynamics of the laser beam source limit the minimum wavelength at a specific wavelength. The modulation frequency fMod is the quotient of scan speed vscan and wavelength λ (fMod = vscan·λ−1). Since this study aimed to investigate high scan speeds and small wavelengths, comparatively high modulation frequencies were reached. In general, a laser beam source requires considerable times for the rise and fall of the laser power. These rise and fall times limit the maximum modulation frequency of the SPI fiber laser to approx. 3 kHz, which is already significantly higher than in previous studies on the WaveShape process [20,23,28]. Nonetheless, if this modulation frequency was exceeded (e.g., vscan = 400 mm/s, λ = 0.1 mm), it led to an undesirable reduction of the achieved structure height-additionally to the existing limitation due to the size of the laser beam diameter. Exceeding the maximum modulation frequency only occurred for few combinations of scan speed and wavelength. Thus, using a laser beam diameter of approx. 50 µm, structures with small wavelengths such as λ = 0.1 mm, could be generated and investigated.



Overall, the achieved structure heights achieved in this study are significantly smaller than the structure heights achieved with higher laser power and larger laser beam diameters on Ti6Al4V [23]. Nonetheless, a reproducible micro-structuring with wavelengths significantly smaller than 1 mm was achieved.




4.3. Number of Repetitions and Process Time


The investigations showed that multiple processing with the same set of process parameters leads to a significant increase of structure height, which is also in good agreement with previous studies for larger laser beam diameters ([20,23,26,27,28]). However, the increase in structure height is largest for the largest wavelengths. This is presumably a consequence of the remelting process. Similar to laser polishing using continuous wave laser radiation [34,35,36], multiple processing steps lead to a reduction of the height of surface features due to material redistribution. This material redistribution primarily due to capillary forces-counteracts the surface structure formation in the WaveShape process. This process inherent material redistribution is expected to increase with higher number of repetitions, since any additional repetition presumably increases heat accumulation in the processing area, which would lead to larger melt pools. Furthermore, Ukar et al. [34] have shown that the surface roughness reduction in laser polishing/remelting gets more effective for larger surface features. Therefore, the larger the already achieved structure height, the more pronounced the smoothing effect gets due to remelting. Nonetheless, a surprising result of this section is that structure height is almost the same regardless of the scan speed used. Particularly, when multiple processing steps were used at high speed, significantly larger structure heights were achieved. This has not been observed in the Waveshape process and requires further investigations. Particularly, laser beam sources with high beam quality, high laser power, and high modulation frequencies are interesting for further detailed studies. One possible hypothesis is that local heat accumulation leads to higher temperatures in the processing areas and to partial ablation of small amounts of material. Hilton and Nguyen [18], for example, found that local heat accumulation is a considerable factor in the Surfi-Sculpt process and significantly affects the outcome of the structuring process in terms of geometrical dimensions of the generated surface features. Earl et al. [19] hypothesized that vapor pressure (in this case, however, from a keyhole) might also play a crucial role in the Surfi-Sculpt process. Therefore, vaporization might occur, and the correspondingly generated vapor pressure might help increase the structure height as has been hypothesized for Inconel 718 [25], and as has been shown for a hybrid structuring process on Ti6Al4V by Temmler et al. [37].




4.4. Areal Structuring and Processing Time


In areal processing, the track distance dy is decisive to achieve the interaction of neighboring tracks. The track width as function of laser power was used to determine a suitable minimum track distance to achieve the track overlap along the complete remelted track. A reduction in track offset is similar to multiple processing of single tracks and results in a significant increase of surface structures as has been reported for various materials, laser beam diameters, and scan speeds [20,23,25,26,27,28]. However, the interdependency of track offset dy, scan speed vscan, and number of repetitions n is surprising, since it clearly shows that the highest structures were achieved for the largest scan speed (at constant processing time). Additionally, the generated surface structures show a shape deviation from an ideal sinusoidal profile. These shape deviations are similar to those reported and discussed by Oreshkin et al. [29]. Depending on the track offset and the number of repetitions the profile is skewed in or against the scan direction (Figure 12). The difference between the rising and falling flank of the structure is probably caused by differences between heating rates and cooling rates in the WaveShape process. The heating rates are presumably dominated by the time for thermalization of the laser energy as well as scan speed and laser power. Cooling rates are also significantly affected by thermal diffusivity of the material (more than in heating of the material) and the global and local temperature of the surrounding bulk material. Furthermore, the spatial laser power gradient is determined by the laser power amplitude and the wavelength. Moreover, the temporal laser power gradient is affected by the scan speed. In sum, this leads to a complex interdependency of process parameters and thermophysical properties of the material. Typical heating and cooling rates for the WaveShape process using larger laser beam diameters on tool steel can be found in Temmler and Pirch [24].



Finally, Figure 14 shows remarkable results for the Waveshape process. Particularly that structures height between 85 to 90 µm could be achieved for a wavelength of λ = 0.2 mm. This is a new dimension for the WaveShape process, since surface features with an aspect ratio close to 1:1 (height:width) were generated. Typical for the WaveShape process are structure heights of approx. 50–100 µm at a wavelength of λ ≈ 1.0 mm [20,23,24]. A little drawback for practical use seems the rather long processing time per structured area, which was approx. 22 min/cm2. However, if structure height increases even further for higher scan speeds (as the results of this study indicate), a significant decrease in processing time can be expected. Moreover, if smaller aspect ratios are required, e.g., 1:5 or 1:10 as for light guiding surfaces [27], the processing time is significantly smaller at approx. 2–5 min per cm2 and might already be applicable for industrial processes such as structuring of tool inserts.




4.5. Physical and Technical Limitations


Physical limitations of the Waveshape process presumably result from the time required for thermalization and for heat conduction of the thermalized energy. Usually laser radiation is thermalized on the order of femtoseconds and melting due to heat conduction typically requires up to several picoseconds [38]. In the WaveShape process, melting starts at the surface and travels in the material limited by the speed of sound [39]. Practically, melting speeds of hundreds of meters per second were already measured [40]. The time required for melting is typically approximated by the quotient of melt depth and speed of sound [38]. Thus, a 5 µm deep melt pool requires approx. 1 ns to be generated, if the speed of sound is thought to be on the order of ~5 × 103 m/s. In this case, the maximum modulation frequency would be on the order of approx. 1 GHz. However, as studies for heat accumulation in pulsed laser processing show [41,42], many materials require considerably longer times for cooling than for heating, which makes the remelting process often strongly asymmetrical. Temmler et al. [25], for example, found cooling rates on the order of 106–107 K/s for Inconel 718 (T > 1.500 K), while Nüsser [32] found cooling rates on the order of 108 K/s (T > 1500 K) in laser micro polishing of Ti6Al4V. This indicates that a physical limit regarding modulation frequencies might be in the range between hundreds of kHz and several tens of MHz. Currently available fiber lasers from renown laser companies achieve maximum modulation frequencies of approx. 50 kHz. These systems or laser beam sources with even higher capabilities in terms of modulation frequency (rise and fall time) are specifically worthwhile for further investigations to increase processing speed and structure height. However, not only the available modulation frequency of the laser beam source might be a bottleneck, but also control and command frequencies of the auxiliary equipment necessary to achieve a controlled, reproducible, and space-resolved control of the laser power signal. High modulation frequencies as well as control and command frequencies might be achieved by external modulators, e.g., acousto-optical or electro-optical modulators. In sum, further investigations on the significance of thermophysical properties such as thermal diffusivity on usable modulation frequencies in the WaveShape process are highly relevant for future applied and scientific studies.





5. Concluding Remarks


In this study, surface structuring by laser remelting (WaveShape) using a SPI fiber laser at high scan speeds (vscan,max = 500 mm/s) and small laser beam diameters (dL = 50 µm) was investigated for the material Ti6Al4V. The objectives were to achieve larger structure heights in a shorter processing time for small wavelengths. In general, some fundamental characteristics of the WaveShape have been confirmed for smaller laser beam diameters, high scan speeds, and small wavelengths. Firstly, the largest structure heights were achieved at a wavelength of approximately three to four times the laser beam diameter (n = 1). Secondly, structure height was significantly increased by multiple processing (single tracks) or choosing adapted track offsets (areal processing). Thirdly, structuring of wavelengths smaller or equal than two times the laser beam diameter is not efficiently possible.



Nonetheless, the study also came to some surprising results. Firstly, structure height is almost the same regardless of the scan speed used. Particularly, when multiple processing steps were used at high scan speed, significantly larger structure heights were achieved. Secondly, the interdependency of track offset dy, scan speed vscan, and number of repetitions n was surprising, since it clearly showed that the highest structures were achieved for the largest scan speed (at constant processing time).



Overall, periodic structures with wavelengths smaller than λ = 0.5 mm were generated and structure heights larger than a few micrometers were achieved. Furthermore, scan speeds higher than vscan = 100 mm/s have been systematically investigated and it has been shown that the processing time can be significantly reduced using high scan speeds, adapted laser power modulation, and an adapted number of repetitions. In addition, a structure height to wavelength ratio of approx. 1:1 was achieved for a wavelength of λ = 0.2 mm with a processing time of less than 30 s/mm2 (Figure 15).



Above all, structuring at high scan speeds has advantages for achieving large structure heights on the one hand and small process times on the other. Both are fundamental advances to further advance surface structuring by laser remelting (WaveShape) towards a broad variety of potential applications.







Author Contributions


Conceptualization, A.T.; methodology, A.T.; software, A.T.; validation, A.T.; formal analysis, A.T. and S.Q.; investigation, S.Q.; resources, A.T.; data curation, S.Q.; writing—original draft preparation, A.T. and S.Q.; writing—review and editing, A.T.; visualization, A.T. and S.Q.; supervision, A.T.; project administration, A.T.; funding acquisition, A.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Volkswagen Stiftung, grant number I/86673 within the collaborative research project “WaveShape-Shaping of Functional and Design Surfaces by Laser Remelting”.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


Personal thanks go to our former, highly regarded colleagues Konrad Wissenbach and Edgar Willenborg from the Fraunhofer Institute for Lasertechnology ILT (Aachen, Germany) for their general, long lasting support of the WaveShape process.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Chichkov, B.N.; Momma, C.; Nolte, S.; Von Alvensleben, F.; Tünnermann, A. Femtosecond, picosecond and nanosecond laser ablation of solids. Appl. Phys. A 1996, 63, 109–115. [Google Scholar] [CrossRef]

	



Zhang, J.-J.; Zhao, L.; Rosenkranz, A.; Song, C.-W.; Yan, Y.-D.; Sun, T. Nanosecond Pulsed Laser Ablation on Stainless Steel—Combining Finite Element Modeling and Experimental Work. Adv. Eng. Mater. 2019, 21, 1900193. [Google Scholar] [CrossRef]

	



Finger, J.; Kalupka, C.; Reininghaus, M. High power ultra-short pulse laser ablation of IN718 using high repetition rates. J. Mater. Process. Technol. 2015, 226, 221–227. [Google Scholar] [CrossRef]

	



Mücklich, F.; Lasagni, A.; Daniel, C. Laser interference metallurgy—periodic surface patterning and formation of intermetallics. Intermetallics 2005, 13, 437–442. [Google Scholar] [CrossRef]

	



Rosenkranz, A.; Hans, M.; Gachot, C.; Thome, A.; Bonk, S.; Mücklich, F. Direct Laser Interference Patterning: Tailoring of Contact Area for Frictional and Antibacterial Properties. Lubricants 2016, 4, 2. [Google Scholar] [CrossRef]

	



Alamri, S.; Fraggelakis, F.; Kunze, T.; Krupop, B.; Mincuzzi, G.; Kling, R.; Lasagni, A.F. On the Interplay of DLIP and LIPSS Upon Ultra-Short Laser Pulse Irradiation. Materials 2019, 12, 1018. [Google Scholar] [CrossRef] [PubMed]

	



Sola, D.; Lavieja, C.; Orera, A.; Clemente, M. Direct laser interference patterning of ophthalmic polydimethylsiloxane (PDMS) polymers. Opt. Lasers Eng. 2018, 106, 139–146. [Google Scholar] [CrossRef]

	



Aguilar-Morales, A.I.; Alamri, S.; Lasagni, A.F. Micro-fabrication of high aspect ratio periodic structures on stainless steel by picosecond direct laser interference patterning. J. Mater. Process. Technol. 2018, 252, 313–321. [Google Scholar] [CrossRef]

	



Huerta-Murillo, D.; Morales, A.I.A.; Alamri, S.; Cardoso, J.T.; Jagdheesh, R.; Lasagni, A.-F.; Ocaña, J.L. Fabrication of multi-scale periodic surface structures on Ti-6Al-4V by direct laser writing and direct laser interference patterning for modified wettability applications. Opt. Lasers Eng. 2017, 98, 134–142. [Google Scholar] [CrossRef]

	



Ocaña, J.L.; Huerta-Murillo, D.; Lasagni, A.F.; Aguilar-Morales, A.I.; Alamri, S.; Cardoso, J.T.; Beltran, A.G.; Cordovilla, F.; Angulo, I. Modification of Ti6Al4V surface properties by combined DLW-DLIP hierarchical micro-nano structuring. Adv. Opt. Technol. 2020, 9, 121–130. [Google Scholar] [CrossRef]

	



Voisiat, B.; Milles, S.; Lasagni, A.F. Impact of Molten Pool Dynamics on Resultant Surface Structures during Direct Laser Interference Patterning. J. Laser Micro/Nanoeng. 2021, 16. [Google Scholar] [CrossRef]

	



Lasagni, A.; Benke, D.; Kunze, T.; Bieda, M.; Eckhardt, S.; Roch, T.; Langheinrich, D.; Berger, J. Bringing the Direct Laser Interference Patterning Method to Industry: A One Tool-Complete Solution for Surface Functionalization. J. Laser Micro/Nanoeng. 2015, 10, 340–344. [Google Scholar] [CrossRef]

	



Dance, B.; Buxton, A. Surfi-Sculpt—A new Electron Beam Processing Technology. In Proceedings of the 8th International Conference on Electron Beam Technologies (Ebt’2006); Bulgarian Academy of Science: Varna, Bulgaria, 2006. [Google Scholar]

	



Zhang, Z.; Shan, J.; Tan, X.; Zhang, J. Improvement of the laser joining of CFRP and aluminum via laser pre-treatment. Int. J. Adv. Manuf. Technol. 2017, 90, 3465–3472. [Google Scholar] [CrossRef]

	



Blackburn, J.; Hilton, P. Producing Surface Features with a 200W Yb-fibre Laser and the Surfi-Sculpt Process. In Proceedings of the 6th International WLT-Conference on Laser in Manufacturing, Munich, Germany, 23–26 May 2011; Schmidt, M., Zaeh, M., Graf, T., Ostendorf, A., Eds.; WLT: Munich, Germany, 2011; pp. 529–536. [Google Scholar]

	



Buxton, A.; Oluleke, R.; Prangnell, P. Generating and assessing the quality and functionality of EB structured surfaces for dissimiliar material joints. In Proceedings of the 2nd International Electron Beam Welding Conference; German Welding Society (DVS): Dusseldorf, Germany, 2012; pp. 58–62. [Google Scholar]

	



Earl, C.; Hilton, P.; O’Neill, B. Parameter Influence on Surfi-Sculpt Processing Efficiency. Phys. Procedia 2012, 39, 327–335. [Google Scholar] [CrossRef]

	



Hilton, P.; Nguyen, L. A new method of laser beam induced surface modification using the Surfi-Sculpt® process. In Proceedings of the PICALO 2008 3rd Pacific International Conference on Laser Materials Processing, Micro, Nano and Ultrafast Fabrication, Beijing, China, 16–18 April 2008; Zhong, M., Ed.; LIA: Orlando, FL, USA, 2008; pp. 61–66, ISBN 978-0-912035-89-5. [Google Scholar]

	



Earl, C.; Castrejón-Pita, J.; Hilton, P.; O’Neill, W. The dynamics of laser surface modification. J. Manuf. Process. 2016, 21, 214–223. [Google Scholar] [CrossRef]

	



Temmler, A.; Küpper, M.; Walochnik, M.A.; Lanfermann, A.; Schmickler, T.; Bach, A.; Greifenberg, T.; Oreshkin, O.; Willenborg, E.; Wissenbach, K.; et al. Surface structuring by laser remelting of metals. J. Laser Appl. 2017, 29, 012015. [Google Scholar] [CrossRef]

	



Temmler, A.; Willenborg, E.; Wissenbach, K. Design surfaces by laser remelting. Mater. Werkst. 2015, 46, 692–703. [Google Scholar] [CrossRef]

	



Sharma, S.; Singh, A.; Ramakrishna, S.A.; Ramkumar, J. Numerical Simulation of Laser Surface Structuring By Remelting of Titanium Alloy. In Proceedings of the 2017 Conference COPEN 10, Chennai, India, 6–9 December 2017; pp. 222–226, ISBN 978-93-80689-28-9. [Google Scholar]

	



Temmler, A.; Walochnik, M.A.; Willenborg, E.; Wissenbach, K. Surface structuring by remelting of titanium alloy Ti6Al4V. J. Laser Appl. 2015, 27, S29103. [Google Scholar] [CrossRef]

	



Temmler, A.; Pirch, N. Investigation on the mechanism of surface structure formation during laser remelting with modulated laser power on tool steel H11. Appl. Surf. Sci. 2020, 526, 146393. [Google Scholar] [CrossRef]

	



Temmler, A.; Pirch, N.; Luo, J.; Schleifenbaum, J.; Häfner, C. Numerical and experimental investigation on formation of surface structures in laser remelting for additive-manufactured Inconel 718. Surf. Coat. Technol. 2020, 403, 126370. [Google Scholar] [CrossRef]

	



Arnaud, C.; Almirall, A.; Loumena, C.; Kling, R. Potential of structuring and polishing with fiber laser on homogeneous metals. J. Laser Appl. 2017, 29, 022501. [Google Scholar] [CrossRef]

	



Bordatchev, E.V.; Küpper, M.; Cvijanovic, S.J.; Willenborg, E.; Milliken, N.; Temmler, A.; Tutunea-Fatan, O.R. Edge-lit sine-shape wedged light guides: Design, optical simulation, laser-remelting-based precision fabrication, and optical performance evaluation. Precis. Eng. 2020, 66, 333–346. [Google Scholar] [CrossRef]

	



Temmler, A.; Comiotto, M.; Ross, I.; Kuepper, M.; Liu, D.M.; Poprawe, R. Surface structuring by laser remelting of 1.2379 (D2) for cold forging tools in automotive applications. J. Laser Appl. 2019, 31, 022017. [Google Scholar] [CrossRef]

	



Oreshkin, O.; Panov, D.; Kreinest, L.; Temmler, A.; Platonov, A. Shape Deviation of Surface Structures Produced by WaveShape (Structuring by Laser Remelting) on Ti6Al4V and a Method for Deviation Reduction. Micromachines 2021, 12, 367. [Google Scholar] [CrossRef]

	



Willenborg, E. Polieren von Werkzeugstählen mit Laserstrahlung, 1. Auflage; Shaker: Aachen, Germany, 2006; ISBN 978-3-8322-4896-3. [Google Scholar]

	



Temmler, A.; Ross, I.; Luo, J.; Jacobs, G.; Schleifenbaum, J. Influence of global and local process gas shielding on surface topography in laser micro polishing (LμP) of stainless steel 410. Surf. Coat. Technol. 2020, 403, 126401. [Google Scholar] [CrossRef]

	



Nüsser, C. Lasermikropolieren Von Metallen: Laser Micro Polishing of Metals, 1. Auflage; Apprimus Verlag: Aachen, Germany, 2018; ISBN 978-3-86359-618-7. [Google Scholar]

	



Pfefferkorn, F.E.; Morrow, J.D. Controlling surface topography using pulsed laser micro structuring. CIRP Ann. 2017, 66, 241–244. [Google Scholar] [CrossRef]

	



Ukar, E.; Lamikiz, A.; Martínez, S.; Tabernero, I.; de Lacalle, L.L. Roughness prediction on laser polished surfaces. J. Mater. Process. Technol. 2012, 212, 1305–1313. [Google Scholar] [CrossRef]

	



Perry, T.L.; Werschmoeller, D.; Li, X.; Pfefferkorn, F.; Duffie, N.A. The Effect of Laser Pulse Duration and Feed Rate on Pulsed Laser Polishing of Microfabricated Nickel Samples. J. Manuf. Sci. Eng. 2009, 131, 031002. [Google Scholar] [CrossRef]

	



Richter, B.; Blanke, N.; Werner, C.; Vollertsen, F.; Pfefferkorn, F.E. Effect of Initial Surface Features on Laser Polishing of Co-Cr-Mo Alloy Made by Powder-Bed Fusion. JOM 2018, 71, 912–919. [Google Scholar] [CrossRef]

	



Temmler, A.; Liu, D.; Drinck, S.; Luo, J.; Poprawe, R. Experimental investigation on a new hybrid laser process for surface structuring by vapor pressure on Ti6Al4V. J. Mater. Process. Technol. 2020, 277, 116450. [Google Scholar] [CrossRef]

	



Rethfeld, B.; Sokolowski-Tinten, K.; Von Der Linde, D.; Anisimov, S. Timescales in the response of materials to femtosecond laser excitation. Appl. Phys. A 2004, 79, 767–769. [Google Scholar] [CrossRef]

	



Seitz, F.; Turnbull, D. Solid State Physics: Advances in Research and Applications; Academic Press: New York, NY, USA, 1956; ISBN 978-0-12-607703-2. [Google Scholar]

	



Sokolowski-Tinten, K.; Bialkowski, J.; Boing, M.; Cavalleri, A.; Von Der Linde, D. Thermal and nonthermal melting of gallium arsenide after femtosecond laser excitation. Phys. Rev. B 1998, 58, R11805–R11808. [Google Scholar] [CrossRef]

	



Weber, R.; Graf, T.; Freitag, C.; Feuer, A.; Kononenko, T.; Konov, V.I. Processing constraints resulting from heat accumulation during pulsed and repetitive laser materials processing. Opt. Express 2017, 25, 3966–3979. [Google Scholar] [CrossRef] [PubMed]

	



Cha, D.; Axinte, D. Transient thermal model of nanosecond pulsed laser ablation: Effect of heat accumulation during processing of semi-transparent ceramics. Int. J. Heat Mass Transf. 2021, 173, 121227. [Google Scholar] [CrossRef]








[image: Micromachines 12 00660 g001 550] 





Figure 1. (a) Experimental setup, and (b) schematic of laser beam path and optical elements. 
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Figure 2. (a) Laser beam radius as function of distance to the focal lens (close to the focal plane), and (b) 3D representation of intensity distribution of laser beam in focal plane (dL = 50 µm). 
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Figure 3. (a) Schematic for process strategy and crucial process parameters in WaveShape, and (b) schematic for sinusoidal modulation of laser power and process thresholds. 
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Figure 4. (a) Width of the remelted track as function of laser power and scan speed; (b) magnification for laser power PL = 8–12 W; and (c) squared track width as function of laser power (dL = 50 µm). 
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Figure 5. (a) Structure height h as function of laser power amplitude PA for different scan speeds (dL = 50 µm, λ = 0.3 mm, PM and PA adapted to vscan), and (b) structure height as function of laser power amplitude for different wavelengths (dL = 50 µm, PM = 12.2 W, vscan = 200 mm/s). 
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Figure 6. Longitudinal sections of single tracks after surface structuring using PA = 5.75 W and PA = 4.6 W (dL = 50 µm, vscan = 200 mm/s, λ = 0.2 mm, PM = 12.2 W). 
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Figure 7. Structure height h as function of normalized wavelength for five different scan speeds vscan (dL = 50 µm, PA and PM linearly adapted to vscan). 
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Figure 8. Representative longitudinal sections along the middle of the remelted tracks for λ = 0.1 mm and λ = 0.4 mm (dL = µm, vscan = 200 mm s−1, PM = 12.2 W, PA = 4.6 W). 






Figure 8. Representative longitudinal sections along the middle of the remelted tracks for λ = 0.1 mm and λ = 0.4 mm (dL = µm, vscan = 200 mm s−1, PM = 12.2 W, PA = 4.6 W).



[image: Micromachines 12 00660 g008]







[image: Micromachines 12 00660 g009 550] 





Figure 9. Structure height h as function of repetitions n for four different wavelengths at scan speeds of (a) vscan = 100 mm/s and (b) vscan = 400 mm/s (dL = 50 µm, PM and PA adapted to vscan). 
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Figure 10. Longitudinal section of single track after surface structuring using n = 1, 8, and 32 passes (dL = 50 µm, vscan = 400 mm/s, λ = 0.2 mm, PM = 14.5 W and PA = 5.5 W adapted to vscan). 
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Figure 11. (a) Structure height h as function of scan speed vscan and adapted repetitions n; (b) magnification of structure in comparison to the structure height achieved for the respective wavelength at vscan = 100 mm/s and n = 1 (dL = 50 µm, vscan = 200 mm/s, PM and PA adapted to vscan). 
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Figure 12. Representative WLI images of surface topographies after areal structuring using (a) vscan = 100 mm/s, dy = 12 µm, n = 1; (b) vscan = 200 mm/s, dy = 6 µm, n = 1; (c) vscan = 300 mm/s, dy = 4 µm, n = 1; (d) vscan = 400 mm/s, dy = 3 µm, n = 1; (e) vscan = 500 mm/s, dy = 2.5 µm, n = 1 (dL = 50 µm, tB = const., PM and PA adapted to vscan). 
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Figure 13. Structure height as function of wavelength λ for different scan speeds vscan at adapted track offsets dy for areal structuring (dL = 50 µm, vscan = 200 mm/s, PM and PA adapted to vscan). 
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Figure 14. Structure height h in areal structuring for the same processing time as function of wavelength at adapted scan speed and track offset after (a) n = 4 repetitions and (b) n = 16 repetitions (dL = 50 µm, PM and PA adapted to vscan). 
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Figure 15. Photo of Ti6Al4V sample with various demo fields (5 × 5 mm2) for areal structuring using small laser beam diameters and high scan speeds in the WaveShape process (dL = 50 µm, vscan = 200 mm/s, PM and PA adapted to vscan). 
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Table 1. Tabular overview of elementary composition (wt%) for Ti6Al4V.






Table 1. Tabular overview of elementary composition (wt%) for Ti6Al4V.





	Material/Element 1
	Ti
	Al
	V
	O
	Fe
	H
	C
	N
	Rest





	Ti6Al4V
	89
	5.5–6.5
	3.5–4.5
	0.2
	0.3
	0.015
	0.08
	0.05
	0.1–0.4







1 Based on supplier information.
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Table 2. Tabular overview of process parameters and range of investigation.
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Process Parameter

	
Range/Value






	
Laser beam diameter dL [µm]

	
50




	
Scan velocity vscan [mm/s]

	
100

	
200

	
300

	
400

	
500




	
Laser power range Pmin–Pmax [W]

	
6–15

	
7–17

	
8–19

	
9–20

	
10–22




	
Average laser power PM [W]

	
10.9

	
12.2

	
13.4

	
14.5

	
15.6




	
Laser power amplitude PA [W]

	
4.2

	
4.65

	
5.1

	
5.55

	
6




	
Shielding gas (residual oxygen)

	
Argon (<100 ppm)
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Table 3. Tabular overview of process parameters and range of investigation.






Table 3. Tabular overview of process parameters and range of investigation.





	
Process Parameter

	
Range/Value






	
Scan velocity vscan [mm/s]

	
100

	
200

	
300

	
400

	
500




	
Track offset dy [µm]

	
12

	
6

	
4

	
3

	
2.4
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