

  applsci-13-00882




applsci-13-00882







Appl. Sci. 2023, 13(2), 882; doi:10.3390/app13020882




Article



Investigation of the Effect of Laser Fluence on Microstructure and Martensitic Transformation for Realizing Functionally Graded NiTi Shape Memory Alloy via Laser Powder Bed Fusion



Paola Bassani, Jacopo Fiocchi[image: Orcid], Ausonio Tuissi and Carlo Alberto Biffi *[image: Orcid]





National Research Council of Italy, Institute of Condensed Matter Chemistry and Technologies for Energy, Unit of Lecco, CNR ICMATE, Via Previati 1/E, 23900 Lecco, Italy









*



Correspondence: carloalberto.biffi@cnr.it; Tel.: +39-03412350111







Academic Editors: Ana M. Camacho and Mehrshad Mehrpouya



Received: 8 November 2022 / Revised: 12 December 2022 / Accepted: 23 December 2022 / Published: 9 January 2023



Abstract

:

Nowadays, additive manufacturing (AM) of NiTi shape memory alloy is a challenging topic for the realization of 3D functional parts. Particularly, Laser Powder Bed Fusion (LPBF) of NiTi powder is one of the most challenging processes belonging to AM, thanks to its best performances in terms of productivity and precision of geometrical complexity. The control of the functional performances in NiTi components requires a strong interaction between technological and metallurgical approaches. In fact, a strong correlation among the process conditions, the microstructure, and the final functional performances, beyond the defects associated with the process are needed to be understood and analyzed. In the present work, the correlation between the feasibility map of processability and the obtained microstructure, which can be tailored according to the use of different energy density values, of Ni-rich NiTi powder processed with LPBF is investigated. In detail, discrete energy density values, in the range 60–300 J/mm3, were correlated to microstructure, Ni:Ti ratio, and transformation temperatures of the martensitic transformation, analyzed with SEM, EBSD, EDX, and DSC characterizations, respectively. An increase in laser energy density was found to promote Ni evaporation, which induced a change of the microstructure from austenite to martensite at room temperature. A consequent shift of the transformation temperatures to higher values and a change in microstructural texture was achieved. These achievements can support the identification of the feasibility range for manufacturing functionally graded NiTi SMA, requiring tailored functional properties located in selected positions in the 3D parts.
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1. Introduction


Among Shape Memory Alloys (SMAs), intermetallic near equiatomic NiTi compound is the most diffused and well-known smart metallic material, which can offer unique properties, among which the more characteristic are shape memory effect (SME) and pseudoelasticity (PE) [1]. These peculiar characteristics depend on a diffusionless phase transformation occurring in the solid state, namely martensitic transformation (MT), which occurs, to a first approximation, above room temperature in Ti-rich NiTi, and below room temperature in Ni-rich NiTi alloys [2]. Transformation temperatures of the MT and stable, functional characteristics are strongly affected not only by Ni/Ti ratio but also by microstructural features such as grain size, texture, and eventual secondary phases or precipitates. All these features are intimately related to the thermal history of the material during production: this correlation imposes a strict control of the manufacturing parameters for fixing the final functional performances of NiTi SMA parts [3,4].



In the last years, the most studied advanced manufacturing process of NiTi SMA has been 3D printing, or additive manufacturing (AM), which is able to offer flexibility in designing complex structures integrating the functional performances of this smart material [5,6,7]. Literature reports several scientific works regarding significant issues to be taken into account, including Ni loss [8], suitable heat treatments [9], and functional performance optimization of the parts [10]. The most diffused and investigated AM process is the Laser Powder Bed Fusion (LPBF) or Selective Laser Melting (SLM). Other relatively new metal additive manufacturing methods, such as Wire Arc Additive Manufacturing (WAAM) process, have the advantage of higher deposition rates and the capability of producing larger components but suffer from lower accuracy [11,12,13]. Thus, LPBF or SLM can offer much superior accuracy and greater flexibility in geometry design. In this process, a high-power laser beam melts a portion of the powder bed locally: this indicates very high cooling rates can be achieved, provoking the generation of fine and oriented grains. Anyways, due to high thermal gradients induced by the laser beam scans, some local chemical inhomogeneities can also be another typical issue of the SLM process.



The literature provides several works focused on processability, microstructure, and functional properties of additive manufactured samples produced using Ni-rich NiTi and Ti-rich NiTi powders, specifically for biomedical and aerospace applications. A common finding is that MT temperatures comparable to those of the wrought alloy can be obtained [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]; at the same time, the modulation of MT through a strict Ni/Ti ratio control reveals to be a challenging issue [16,17]. SLMed and wrought NiTi also differ in other relevant issues: different texture orientations are generally observed, and local chemical compositions which arise from the manufacturing process characteristics, such as cooling rates and thermal gradients [18], proved to be critical for the former. The NiTi-built microstructure can be strongly textured due to the evident epitaxial grain growth, oriented along the building direction [19]. The obtained microstructure is able to tailor the functional properties, as reported in several works [20,21,22]. The usable incident laser fluence range can induce different cooling rates and modified melt pool sizes, which are able to induce the formation of microstructures exhibiting different levels of texturing. Indeed, most of the reported literature works make use of lasers working in continuous mode, limited laser fluence variation is considered, and comparison of works from different research groups can be difficult due to variated initial powder composition of ancillary production conditions. As a result, still, some aspects of the correlation between the process parameters and the microstructure and chemical composition are not completely understood, especially for pulsed laser processes, for which reported data are clustered around the lowest fluence values that guarantee sufficient high relative density in the produced specimen.



More specifically oriented to novel achievements in the use of NiTi powders processed by AM, the realization of functionally graded NiTi samples, in which the adjustment of the process parameters was carried out with the goal of changing the chemical composition, was recently studied [23]. By promoting a variation of the Ni:Ti ratio, a Ti-rich NiTi layer can be obtained starting from Ni-rich NiTi powder, inducing a variation of the corresponding functional behavior. In this work, only two blocks with fully SE and SME behaviors overlapped each other and were realized with a different set of process parameters.



In this context, the present work has the scope of exploring the evolution of microstructure, chemical composition, and martensitic transformation of NiTi samples built with a wide range of laser fluence, obtained with different sets of process parameters, selected for achieving almost full dense samples. These achievements can be useful for realizing functionally graded NiTi parts, having gradients of functional performances.




2. Materials and Methods


2.1. Material


The shape memory alloy considered in the present work is a Ni-rich NiTi, with composition of Ni50.8Ti49.2 (at.%). The material was provided in the form of rather spherical powder (see Figure 1), having a size approximately in the range 5–50 μm. BackScatter Electron micrographs of powder cross-section evidenced typical microstructure of atomized materials, with dendritic structures and segregations. DSC measurement evidenced the presence of MT below room temperature (see Figure 2); width of the peak can be related to chemical inhomogeneity and residual stresses due to atomization process.




2.2. Laser Powder Bed Fusion Process


An SLM system (mod. AM400 from Renishaw) was used to produce cylindrical samples (3 mm in diameter, 5 mm in height). The system is equipped with a pulsed wave laser with a maximum power of 400 W. From a previous work [24,25], the feasibility area of processability was studied in the range of laser fluence 60–300 J/cm3. A wide range of process parameters was taken into account for the realization of the NiTi samples, printed on a Ti6Al4V platform at room temperature. Typical variation of density with laser fluence was observed, with initially steep increasing density values, then a rather wide plateau followed by a gentle decrease. Among the numerous specimens, a selection of five specimens was highlighted, characterized by high density and very different fluence values. The adopted process parameters are listed in Table 1 and Table 2, together with the corresponding relative density values, measured via Archimede’s method.



The determination of the fluence, incident on the single powder bed, can be carried out as follows (see Equation (1)):


  F =   P ⋅  t    ex  P       d p  ⋅  d h  ⋅ t    



(1)




where P, texp, dp, dh and t indicate the laser power, the exposition time, the point distance, the hatch distance and the layer thickness, respectively.




2.3. Sample Characterizations


Relative density was derived, with the Archimedes method, on all the SLMed samples. Measurements were performed with a Gibertini E 50 S/2 balance equipped with a setup for density measurement purposes. The details of the relative density results are reported elsewhere [25].



Calorimetric properties of the SLMed NiTi samples were investigated through a differential scanning calorimeter (DSC, mod. SSC 5200 by Seiko Instruments), in the [−100 °C; 150 °C] range with heating/cooling rate of 10 °C min. Characteristic temperatures and corresponding transformation enthalpies were evaluated for both direct/reverse transformations upon cooling/heating at the second thermal cycle.



Microstructural investigations were mainly conducted with Scanning Electron Microscopy (SEM). To derive texture information, Electron Back Scatter Diffraction (EBSD) analyses were performed, while average qualitative composition was obtained with Energy Dispersive X-ray Spectroscopy (EDXS) on the xz views (orthogonal to the building platform) for the five selected samples (FEG-SEM mod. SU70 from Hitachi, EBSD and EDX from ThermoFisher Scientific, Waltham, MA, USA). Sectioned specimens were included in graphite-loaded hot mounting resin, and after conventional metallographic preparation, a final polishing step with colloidal silica was applied.





3. Results


The investigated process conditions were selected according to two criteria: significant distance in fluence values and the highest density (among the samples processed with different processing parameters that provide similar fluence). The laser fluence values ranged from 63 J/mm3 up to 297 J/mm3 (see Table 1); these values fit well with the indications achievable from the literature regarding the processability of NiTi SMA powder through the PBPF process [26].



In Figure 2, the evolution of the martensitic transformation (MT) of the initial NiTi powder and the NiTi-built samples, produced at varying laser fluence, is depicted. Each sample was analyzed with three complete heating/cooling cycles in the DSC scans. It can be recognized that all the analyzed samples exhibit the peaks of the martensitic transformation and good overlapping of the DSC signals, indicating good thermal stability of the martensitic transformation.



In detail, the initial powder shows a multistage phase transformation upon cooling, which can be associated with chemical inhomogeneities and residual stresses formed during the gas atomization process, as confirmed by BSE micrographs of powders (Figure 1). The corresponding transformation temperatures, measured at the second DSC cycle and plotted in Figure 3, confirm that the NiTi powder is austenitic at room temperature (25 °C). The sample built at the lowest fluence shows a broad single-stage transformation upon both heating and cooling. By increasing the laser fluence in the building of NiTi samples, it can be observed that the direct martensitic transformation tends to evolve to a better-defined but still broad transformation peak, with two-stage transformation upon cooling and increasing transformation temperatures. The sample built with the highest fluence, conversely to all other specimens, shows a two-stage transformation upon heating, definitely shifted to a temperature higher than room temperature, as depicted in Figure 3.



In particular, martensite start (Ms) and finish (Mf) temperatures and the austenite start (As) and finish (Af) temperatures are plotted in Figure 3a,b, respectively. It was found that Ms decreased from 10 °C down to 0 °C upon increasing the laser fluence from 63 up to 222 J/mm3, while it increased up to 20 °C at 297 J/mm3. The trend of Mf was associated with some oscillations, due also to the sluggish shape of the peaks, that hinder a precise determination of start and finish temperatures. Nether the less, a tendency trend can be marked, suggesting an increase in the Mf from low to high laser fluence up to −55 °C. Regarding the reverse martensitic transformation, As was almost constant (−60 °C) in the range 63–127 J/mm3, while it increased significantly up to −25 °C; on the contrary, Af decreased from 30 °C down to 0 °C in the range 63–160 J/mm3, then it started to increase up to 50 °C as well.



Figure 4 shows the trend of the transformation enthalpies upon heating and cooling obtained from the DSCs of the fabricated NiTi samples. The enthalpy values of the direct and reverse martensitic transformation of the initial powder were 8 J/g and 7 J/g, respectively. These values are largely lower than the typical ones of the cast and heat-treated NiTi SMAs, reasonably due to chemical inhomogeneity and residual stress left from the atomization process. Regarding the printed NiTi samples, the enthalpies of both the direct and reverse martensitic transformation showed the same trend: they increased from 5 J/g, obtained in correspondence with the lowest laser fluence, up to 13 J/g and 19 J/g, respectively, at the highest fluence value. These latter values are closer to the average values of transformation enthalpies for cast NiTi SMAs [27].



EDXS measurements were performed on XZ sections of the as-built samples; nine area measurements of about 0.5 × 0.5 mm2 were acquired for each specimen, spread over a total area of about 2.5 × 2 mm. Figure 5 shows the semiquantitative trend of Ni and Ti content, expressed in atomic percentage (at. %), at varying laser fluence.



No significant O content was observed, without any variation among the position in the specimens; consequently, it was disregarded from calculations. In the graph, two regions can be clearly observed; at low laser fluence values up to 63–160 J/mm3, the compositions of the specimens are quite constant and in good agreement with the nominal composition of the starting powder, i.e., Ni content of about 51.0 ± 0.3 at. %, quite close to the nominal 50.8%at. By increasing further the laser fluence, up to 297 J/mm3, Ni content decreased down to 50.4 ± 0.2 at. %, with a consequent increase in Ti content, was detected from 49.0 ± 0.3 at. % up to 49.6 ± 0.2 at. %. The latter values are well in agreement with the observed increase in the transformation temperature in DSC analyses.



EBSD analyses were carried out in as-built conditions at room temperature. Figure 6 shows the evolution of the orientation imaging microscopy (OIM), inverse pole figures (IPF), and calculated (100) pole figures of the samples sectioned along the Z direction, i.e., the building direction (orthogonal to the platform). It can be seen that the PW laser emission mode can induce a significant variation of the microstructure and crystallographic texture at varying laser fluence. The samples, processed with laser fluence up to 160 J/mm3, exhibit a full austenitic phase, as shown in Figure 6a–c; at 222 J/mm3, the sample shows small areas not recognized by EBSD as austenite; therefore, traces of martensite can be indirectly identified (see Figure 6d). At the highest value of laser fluence (297 J/mm3), during the first analysis, most of the analyzed area could not be recognized by EBSD and exhibited very low pattern quality. After a thermal cycle (heating with hot water, then cooling again to room temperature), EBSD analysis was repeated (Figure 6e); still, some areas were nonindexed as observable, but most of the specimen was indexed as austenite; the nonindexed regions in the first analyses were clearly related to the region of the samples in which martensite could be easily formed upon cooling during specimen preparation, by washing with too cold tap water, that easily transformed back upon moderate heating. Indeed DSC analyses show that Martensite formation started at about 20 °C. The other nonindexed regions can be ascribed hence at chemical inhomogeneity or residual stresses-retained martensite [28].



Change in the microstructure of the specimen can be clearly seen from OIM: at low fluence values, a rather homogenous microstructure is observed, characterized by small grains, while at increasing fluence, a coarser microstructure can be observed, characterized by bands parallel to the Z direction, composed by columnar grains.



In Figure 7, the pattern quality maps of small areas of the analyzed surfaces are reported; in order to highlight melt pool shape and size, red lines were added to representative melt pool boundaries to guide the eyes. At the lowest value of laser fluence (63 J/mm3), rather small semi-spherical liquid pools are generated. At increasing fluence rate, melt pools widen both laterally and in-depth; extensive remelting occurs, especially on the sides of the melt pools. Concurrently, in the smaller melt pools, both grains extend from one boundary to another, and smaller grains contained inside the melt pool can be observed. At the higher fluences, almost only columnar grains can be noticed, thinner and thinner, with several of them sharing similar orientations.



From the analysis of IPF and PF, it can be stated that the change in the morphology of the microstructure is also combined with a corresponding modification of crystallographic texture; at 63 J/mm3, no evident preferred orientation of the texture can be detected from the EBSD investigation (see Figure 6f,k) along the (001) orientation.



By increasing the laser power density and the overheating of the melt pools, columnar to cellular/planar grain growth is favored instead of dendritic and equiaxed ones. Moreover, also epitaxial growth is favored. As depicted in Figure 6g,l, just a few epitaxial grains can be observed at 127 J/mm3, and this trend becomes more and more evident with increasing the laser fluence from 160 J/mm3 up to 297 J/mm3; under these conditions, grains nucleates in melt pool and grew through several building layers. The texture orientation remains mainly oriented to (001) under irradiation up to 160 J/mm3; on the contrary, higher laser fluence (i.e., 222 J/mm3) induced a double preferential orientation of the microstructural texture along both (001) and (101) orientations. This change in texture does not correlate with DSC results; the orientation of a grain does not change the MT heat effect but is extremely important for mechanical properties and MT effects such as SMA and SE effects [18].



Finally, a relevant amount of martensite was detected at the highest value of laser fluence (297 J/mm3). This was also observed in the manufacturing of NiTi lattice structures [28], in which martensite could be induced by a change of chemical composition, in terms of Ni:Ti ratio, or induced by residual stress, which may be promoted by the large thermal gradients.



It is worth to be noticed that the border of the liquid pools, in correspondence with 222 J/mm3 and 297 J/mm3, are more clearly visible, as shown in Figure 7, due to a wider region of not indexed point, with respect to grain boundaries. It can probably be assumed that the border of the laser tracks is decorated by martensite. As a justification of this behavior, it can be seen that by increasing the laser fluence up to 297 J/mm3, the generation of martensite is largely promoted (see Figure 7e).




4. Discussion


The increase in the laser fluence can dramatically change the microstructural features of the laser-melted NiTi SMA. As depicted in Figure 6, the evolution of the microstructure suggested a change in the solidification conditions, as can be observed by the passage from rather equiaxial small grains to bigger columnar grain growth oriented along the building direction. The marked difference in texture can be ascribed to geometrical constraints and changes in solidification structures. In detail, the equiaxial grains are associated with very quick cooling rates; in fact, under irradiation at limited laser fluence, the dimension of the liquid pool is small; therefore, the limited amount of liquid metal can experience fast cooling rates and consequent dendritic or columnar/dendritic grow. Fast cooling favors nucleation overgrowth from existing grains. On the contrary, high laser fluence can induce a larger amount of liquid material, requiring a longer time to be cooled and hence reduced, even if still high, cooling rates. As a result, in the latter process condition, the microstructure would be characterized by columnar grains that preferably grow epitaxially from existing grains along the direction of the thermal gradient. The latter can be assumed, as the first approximation, perpendicular to the melt pool boundary: at low fluence, melt pools are semicircular; hence, more growth direction can be experienced by the grains. At higher fluence, only the central part of the melt pools survives to subsequent melting passes; and they are aligned mostly parallel to the building plane. Consequently, grains with different growth directions are in less amount, as they were melted during subsequent steps. The different degrees of texture evidenced by the samples can be ascribed to the combination of different extend of epitaxial growth, combined with rotation at each pass of the laser scanning direction and different shape/remelted portions of melt pools.



The MT exhibits a modification of its transformation temperatures and enthalpies under the described increase in laser fluence, as depicted in Figure 2, Figure 3 and Figure 4. In this case, an almost continuous decrease in the Ni content is directly associated with the increase in the energy irradiated to the powder bed during the LPBF process; higher overheating temperatures are reasonably reached in the melt pool for longer times, promoting selective evaporation of Ni. This effect has already been observed for a similar process applied to NiTi SMAs [24,29]. Not only higher overheating of the melt occurs at higher fluence: the increased amount of transferred heat propagates to the previously built layers and promotes recovery and annealing phenomena in the heat-affected zones; this effect is witnessed by the increase in enthalpy at increasing fluence.



In fact, it is known that an excess laser fluence can typically induce porosity due to gas entrapment and potential local vaporization of elements. In particular, the presence of these defects can be explained by the energy required by the material to allow its melting and its partial vaporization, according to the following equation:


  E = A ⋅ ρ ⋅  {   C p  ⋅  [   T M  −  T i   ]  +  L M  +    m ′  ⋅  L V   }  ,  



(2)




where A is the absorption coefficient; ρ is the density; Cp is the thermal capacity; TM and Ti are the melting and initial temperatures, respectively; LM and LV are the latent heat of melting and vaporization, respectively; and m’ represents the percentage of liquid material that is subjected to vaporization, if present during the laser irradiation.



In the case of laser fluence, just sufficient for inducing a proper melting of the powder bed, the term m’ is equal to zero. On the contrary, if an excess of laser fluence is adopted during the SLM process, the parameter m’ is higher than zero; therefore, vaporization can take place, having Ni at a higher vapor pressure than Ti. The peak of the relative density vs. laser fluence curve exhibits a compromise between the defects related to lack of fusion and gas porosities, as extensively discussed in the literature [28].



The schematic of the laser beam/material interaction during the powder scanning, representative of the two extreme conditions previously mentioned, is depicted in Figure 8 [30]. Under low laser fluence, limited penetration depth can be achieved (see Figure 8a), and the potentially associated defect is correlated to the lack of fusion due to insufficient energy irradiated from the laser beam. The fusion of the powder bed takes place, creating a stable and uniform path of the liquid pool.



On the contrary, upon an increase in the laser fluence, the penetration depth can be significantly increased, thanks to the vaporization of a limited amount of liquid metal (proportional to the coefficient m’), and the principal defect is related to the formation of spherical pores, due to the entrapment of the residual vaporized material (see Figure 8b).



It can be seen that from Figure 7, the shape and the size of the liquid pools versus the increase in the laser fluence follow the description suggested by Figure 8. In fact, low laser fluence (63 J/mm3) induced a melting with limited depth, while the increase in fluence provoked a deeper liquid pool, also having an irregular shape.



The high fluence values can promote vaporization, leading not only to gas porosities but also to a possible compositional variation. This is in good agreement not only with the evolution of the Ni and Ti content versus the laser fluence, as shown in Figure 5, but also with the trend on the relative density, listed in Table 1. According to this, the transformation temperatures and the corresponding transformation enthalpies are subjected to a variation, which is due to the Ni content shift and to residual stresses, too.



The achieved results are also confirmed by a previous work, in which the laser parameters were varied with the aim of obtaining austenite or martensite in different portions of the same built sample. In that case, functionally graded NiTi SMAs were produced by the LPBF process by the local evaporation of Ni under the irradiation of the laser beam, incident under different energetic values [23]. The passage from martensite to austenite at room temperature becomes a potentiality for designing and producing functionally graded parts.




5. Conclusions


The laser powder bed fusion process was used for producing fully dense or near full dense NiTi Shape Memory Alloy parts. The process parameters, including the laser power and the exposure time, were varied across a wide range. It was demonstrated that the variation of the laser power density in the range 63–297 J/mm3 could largely tune the Ni/Ti ratio due to the preferential Ni evaporation under the action of the laser beam; evident Ni loss up to 1% in atomic percentage was detected, resulting in an increase in the transformation temperatures of MT leading to Af from below room temperature, to higher than 40 °C. Moreover, it was found that low laser fluence can promote a rather equiaxed microstructure without a preferred orientation, while the increase in the laser fluence induced epitaxial growth of columnar grains aligned along the building direction, with preferred (100) or (101) orientation.



These results can be adopted for designing functionally graded NiTi structures, able to offer local PE or SME by controlling the evolution of the microstructure and chemical composition, or offering different mechanical performances, according to the degree and alignment of preferred texture.
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Figure 1. SEM image of the NiTi powder used for the LPBF process (a) overview of the powder shape (secondary electron micrograph), (b) powder section (Backscatter electron micrograph). 
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Figure 2. DSC measures of the initial NiTi powder and the NiTi samples, produced at varying the laser fluence. The DSC scans were splitted in cooling (a) and heating (b), respectively; tangent lines to the DSC profiles for detecting the transformation temperatures are depicted. 
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Figure 3. Evolution of the transformation temperatures of the direct (a) and reverse (b) martensitic transformation of the initial NiTi powder and the NiTi samples, produced at varying the laser fluence. 
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Figure 4. Evolution of the transformation enthalpies of the direct and reverse martensitic transformation of the NiTi powder and the NiTi samples, produced at varying the laser fluence. 
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Figure 5. Compositional analysis, carried out with EDS, of the NiTi built samples processed at different laser fluence values. 
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Figure 6. Texture information derived from EBSD analyses of xz section of NiTi samples manufactured upon increasing the laser fluence: orientation imaging microscopy (a–e), inverse pole figures (f–j) according to Z direction, i.e., Building Direction (vertical in the section) and (100) calculated pole figures (k–o). 
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Figure 7. EBSD analyses on xz section of NiTi specimens; pattern quality maps, with outlined some representative melt pool boundaries (a–e); increasing fluence. 
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Figure 8. Schematic of the laser beam/material interaction occurring at low (a) and high (b) laser fluence during the powder scanning [30]. 
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Table 1. List of variable process parameters used for the printing NiTi cylinders.
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	Power [W]
	Exposure Time [μs]
	Fluence [J/mm3]
	Relative Density [%]





	30
	125
	63
	97.7



	75
	100
	127
	98.4



	125
	75
	160
	99.9



	175
	75
	222
	99.2



	175
	100
	297
	98.3










[image: Table] 





Table 2. List of fixed process parameters used for printing the NiTi cylinders.
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	Parameters
	Values





	Scanning strategy
	Meander



	Atmosphere
	Argon



	Layer thickness
	30 μm



	Hatch distance
	50 μm



	Point distance
	50 μm



	Laser spot size
	65 μm



	Oxygen level
	<20 ppm
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