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Abstract

:

Among the recently developed compositions tailored for the power bed fusion-laser beam process (PBF-LB), the novel Al-Mn-Cr-Zr alloy stands out. This composition exploits high solid solution strengthening, achieving a high hardness value in the as-built condition. The produced samples are inherently crack-free and have a good level of densification (~99.5%). The goal of this study is to investigate how this quaternary system is affected by the laser power while retaining a similar volumetric energy density. A comparison between the microstructural features and the mechanical performance was performed on a set of samples processed with power values ranging from 100 to 170 W. Microstructural features were investigated through optical microscopy, Electron Back Scattered Diffraction (EBSD) investigation and feature analysis using advanced microscopy to examine the amount, distribution, and shape of precipitates in the different process conditions. Although the quantitative feature analysis permitted analysis of more than 60 k precipitates for each power condition, all samples demonstrated a low level of precipitation (below 0.3%) with nanometric size (around 75 nm). The mechanical performances of this quaternary system as a function of the laser power value were evaluated with a microhardness test, recording very similar values for the different process conditions with a mean value of approximately 104 HV. The results suggested a very stable system over the tested range of process parameters. In addition, considering the low level of precipitation of nanometric phases enriched in Al-Mn, a supersaturated state could be established in each process condition.
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1. Introduction


Additive Manufacturing (AM) of metallic materials has attracted a growing and widespread interest in many industrial sectors, thanks to the progress in mechanical control systems and the evolution of advanced energy sources [1]. Among the many AM technologies, the powder bed fusion-laser beam (PBF-LB) process stands out for the possibility to produce complex-shaped functional parts [2]. In this process, the powder bed is melted by a focused laser beam in a layer-wise fashion with extremely high cooling rates (up to 105 K/s) [3]. The increasing interest of industry in high-strength and light-weight materials justifies the boom in demand for Al-based alloys [4]. Although the Al-based alloys are attractive for an excellent strength-to-weight ratio, their PBF-LB processing is often proven to be critical for both printability and strength [5]. The high reflectivity of the Al powder and the high thermal conductivity of the solidified material results in increased power demand [6]. A further significant problem in Al-based alloys processing is the susceptibility to solidification cracking, causing limited fatigue life and mechanical properties in general [7]. In order to improve the Al-based alloys processability, there is a growing body of literature that studies modifications of conventional compositions to make them suitable for PBF-LB production or develops novel compositions tailored to the PBF-LB process [8,9].



Despite pure aluminium being characterized by low yield strength (15 MPa), this can be brought up to 500–600 MPa by alloying [10]. For this reason, it is crucial to think of improved processability while developing novel compositions. The alloying of aluminium is traditionally aimed at exploiting solid solution strengthening, precipitation strengthening and the Hall-Patch effect with grain refinement. The new frontier in the development of tailored Al-based alloys for PBF-LB is the achievement of high supersaturation to exploit the solid solution strengthening in the as-built state and obtain fine and controlled precipitation after heat treatments. Identifying transition elements with a low diffusivity plays a crucial role in slowing down the nucleation and growth kinetics of secondary precipitates formed during PBF-LB remelting [11]. Du et al. studied the bulk diffusivities of different elements in Al at high temperatures (500–700 K) demonstrating that the diffusion coefficients of Fe, Mn, Cr and V are markedly lower than the common elements of Al alloys (Mg, Cu, Si) [12].



The addition of Mn in aluminium alloys was widely discussed due to its excellent workability, weldability, and corrosion resistance [13,14,15,16,17,18]. The presence of Mn in solid solution proved to be an excellent example for strengthening Al alloys [14]. In addition, the rapid solidification achieved during the PBF-LB process results in an extended Mn solubility [15]. As observed by Jia et al., the PBF-LB extremely high cooling rate can in fact retain up to 4.3 wt% of Mn in supersaturated solid solution, which greatly exceeds its equilibrium solubility (approx. 1.8 wt%) [16]. Along the grain boundaries, Mn-rich particles were found to play a role in delaying grain growth during the process [17]. However, as better explained by Kimura et al., an intensive grain refinement was not detected in the binary Al-3Mn, possibly due to the low solid solubility limits of Mn in aluminium alloys [18]. Nevertheless, Hori et al. demonstrated that grain refinement occurred when a small amount of chromium was added to rapidly solidified aluminium alloys [19]. Increasing attention was also paid to the addition of Zr into Al-based alloys due to its ability to be a good inoculant creating a very fine microstructure. Al3Zr precipitates are in fact known to be very effective in preventing recrystallization, even at high temperatures and to reduce coarsening kinetics [20].



Among the many tried and tested compositions containing Mn, Cr and Zr, the novel Al-Mn-Cr-Zr alloy designed by Mehta et al. stands out [21]. Combining solid solution and precipitation strengthening, crack-free and high-strength samples were produced. Despite most of the alloying elements being preserved in solid solution, Mn-rich nanometric precipitates were observed along melt pool boundaries and grain boundaries, probably caused by the re-melting phenomenon. However, in order to overcome the problem of high reflectivity in aluminium, only the maximum value of the PBF-LB machine (170 W) was tested in their work and investigations at lower powers to minimise the effect of re-melting were not conducted. In addition, the amount and size distribution of these precipitates were not established in their work.



The aim of the present work was to investigate the effect of the used power value on the Al-Mn-Cr-Zr system. For this purpose, 100, 125, 150 and 170 W were set as power values for the bulk production with the volumetric energy density (VED) fixed around 37 Jmm−3. Moreover, the amount and size distribution of Al-Mn nano-precipitates were investigated in-depth, in order to understand how their formation is affected by varying power and how their presence influences the mechanical properties of the alloy.




2. Materials and Methods


2.1. Material


For this study, gas atomized Al-Mn-Cr-Zr powder provided by Höganäs AB, Höganäs, Sweden was selected. The alloy chemical composition based on ICP-AES values is reported in Table 1.



As it is possible to observe in the Scanning Electron Microscope (SEM) micrograph (Figure 1), the provided powder is characterized by particles with a spherical shape. The particle size distribution parameters, reported in Figure 1, were measured by Malvern, UK, at RISE, Mölndal using a Mastersizer 3000.




2.2. PBF-LB Processing


10 × 10 × 10 mm3 cubic samples were built using an EOS M100 machine from EOS GmbH, Krailling, Germany. This is a PBF-LB system with a cylindrical build volume of 100 mm as diameter and 100 mm as height equipped with a Yb-fibre laser with a spot size of 40 µm and a maximum power of 200 W (nominal 170 W). Before proceeding with the PBF-LB production of the samples, the powder was dried at 353 K for 4 h. All samples were produced with a layer thickness of 30 μm and a hatch distance (hd) of 100 μm. 100, 125, 150 and 170 W were selected as power values resulting in a VED fixed at approximately 37 Jmm−3, applying Equation (1).


  V E D =  P  l × h d × v    



(1)







The parameters used for bulk production are summarised in Table 2.




2.3. Characterization


The as-built samples were cut from the build platform using a cold saw along the planes indicated in Figure 2.



After cutting, all the samples were mounted on a conductive resin called Polyfast (from Struers, Copenaghen, Denmark). Then all the cut samples were polished using Struers’ standard metallographic procedure for Al-Si cast alloys [22]. The relative density was determined using a ZEISS Axioscope 7 (Zeiss, Wetzlar, Germany) optical microscope (OM) by image analysis. With this instrument, it was possible to create a stitched version of images taken of the entire samples with an optical zoom of 10×. After obtaining stitched images for XZ, YZ and XY planes of each process condition, these were processed using ImageJ (1.52t version, developed by National Institutes of Health, Bethesda, Rockville, MD, US) in order to obtain the percentage of pores area and thus the relative density value of each sample. To make the melt pools visible to the OM, the samples were etched for 8–10 s with Keller’s reagent (90 mL water, 2.5 mL HNO3, 1.5 mL HCl and 1 mL HF) following the standard procedure for Al-based alloys. Since the power affects the shape and depth of the melt pool, a morphological investigation was carried out by means of an OM analysis on etched samples. Ten measures for each process condition were performed. The measurements were all taken on the last printed layer as it had not been affected by re-melting. A Zeiss Gemini 450 SEM (Zeiss, Wetzlar, Germany) with back scattered electron (BSE) detector was used in combination with AZtec v5.0 software by Oxford Instruments, Abingdon-on-Thames, UK for the analysis of precipitates. This software performs the feature analysis, identifying precipitates as grey contrast. To perform the feature analysis, the SEM was set at 5 kV with 2 nA as probe current, and the imaging was done at 1024 resolution. The area selected for each process condition was 0.3 × 0.3 mm2 and 10k was set as magnification which permitted detection of a 30 nm feature as a minimum feature. The X-Ray Diffraction (XRD) analyses were conducted at Höganäs AB, Höganäs, Sweden at 45 kV and 40 mA in a Bragg Brentano configuration, with a Cu source (Kα = 1.5406 Å). A step size of 0.007°, a time step of 1 s and a 2ϴ range between 20° and 100° were considered for the full pattern. After that, a detailed analysis was conducted in a limited area of the pattern using 2ϴ = 37.5–45.6°, step size = 0.003° and time per step = 1 s. The Zeiss Gemini 450 SEM was equipped with a symmetry EBSD detector (Oxford Instruments, Abingdon-on-Thames, UK) and analysed using the Aztec software. EBSD orientation maps were recorded at 250× magnification and a step size of 1 µm. The SEM was operating at 10 kV and 5 nA and the samples were used in a pre-tilted sample holder at 70° tilt. The working distance for EBSD was kept around 15 mm. Hardness tests were carried out in order to investigate the mechanical behaviour for each process condition. The microhardness tests were performed as per ASTM standards E92, E384 on all the samples using a DuraScan system (from Struers, Copenaghen, Denmark). The microhardness analysis was carried out keeping sixteen measurements for each XZ and XY plane and setting a load of 0.3 kg with a hold time of 10 s.





3. Results


3.1. Relative Density at Different Processing Parameters


The relative density of each sample built was firstly examined as a power function and the results are summarized in Figure 3.



As inferred from Figure 3, a slightly increasing trend can be noticed as the power increases but a good level of densification (over 99%) was achieved for all processing conditions. In addition, all samples proved to be crack-free.




3.2. Melt Pool Morphology and Depth


Figure 4 shows the metallographic images in the XZ section of etched samples produced with different process conditions.



The shape of the melt pool changes according to the different power values. Notwithstanding the measurements were taken in the last layer to avoid the remelting phenomenon and to clearly see the entire melt pool, the melt pools overlapped across the width due to the hatch distance (hd) set on 100 µm during the PBF-LB sample production. With these considerations, only the depths of the melt pools were measured and reported in Figure 5. In particular, it is possible to note that lower power results in shorter melt pools, while higher power results in longer melt pools.



The standard deviations are quite large for each process condition probably due to the irregularity of the last layer and the rotated scanning strategy. The latter results in an analysis plane that is not always perpendicular to the melt pool. However, a rising trend in both mean value and positive standard deviation with the increase in power could be noticed and explained by the remelting phenomenon that occurs at higher laser power.




3.3. Microstructural Investigation


In order to assess any change in grain size or orientation, the EBSD investigations were conducted and the results are reported in Figure 6. The majority of grains extend across several layers and grow along the building direction as demonstrated by the pole figures. A strong [100] orientation was in fact recorded in each sample. As indicated by the black arrows, rare randomly distributed melt pools reveal grain refinement along the grain boundaries in samples produced up to 150 W. In contrast, no evident refinement was noted for the sample produced at the highest power.



From the EBSD maps, grain sizes were analysed as a function of the equivalent circular diameter (ECD) index. The frequency reported in Figure 7 is a numeric frequency based on counting. As displayed in Figure 7, some differences in terms of grain size distribution can be found for samples processed with the four power values. In particular, with increased power values the contribution of finer grains markedly decreases (as indicated from the arrow in Figure 7). In addition, a peak at ECD of 25 µm appears increasingly marked as the used power increases.



All samples were also characterised with SEM in back scattered mode to recognize the grain contrast and the precipitate contrast as a grey contrast. In Figure 8, by way of example, only the SEM micrograph of a low power specimen was reported since no significant differences were noticed for the other microstructures.



The SEM analysis on the XZ plane revealed two categories of precipitates with different morphology and location in the microstructure. In Figure 8, numerous spherical precipitates are observed on the melt pool boundaries (marked in blue). In contrast, fewer precipitates with more oblong shapes seem to form on the grain and cell boundaries (indicated with black arrows). The quantitative and morphological analysis of precipitates was conducted using the Aztec software on 0.3 × 0.3 mm2 for each XZ sample. In Figure 9 the precipitates aspect ratio (AR) distributions were reported for each power condition. The AR is a function of the largest diameter and the smallest diameter orthogonal to it commonly used as a shape factor in particle analysis. The AR varies from close to one for perfectly spherical precipitate particles to higher values for more elongated ones. The graph displays no variation as the power varies. In particular, three main peaks can be highlighted: the most pronounced at 1.15 revealing nearly spherical particles, a minor peak at 1.7 denoting more elongated precipitates and a less pronounced one at about 2 indicating very elongated particles. The shape of the precipitates correlated to each peak is displayed in Figure 9.



Considering the pronounced peak close to unity and with the aim to simplify the data interpretation, the precipitates were evaluated as spherical particles. Therefore, the precipitates size distributions were reported as ECD function in Figure 10.



Observing Figure 10, the ECD are mainly in a range of 0.03–0.5 µm for each power condition. The main peak is centred around 0.075 µm of ECD for each process condition. Although samples built with 125 and 150 W exhibit an identical trend, the specimens with the lowest and highest power show slightly different trends. In particular, the sample produced with 100 W shows a global increase in the number of precipitates and a very pronounced peak for small precipitates. Moreover, the sample produced with the highest power (170 W) has a further small peak around 0.2 µm. In order to quantify the precipitation contribution for all different process conditions, the portion of the area covered by precipitates in relation to the total analysed area (0.3 × 0.3 mm2) was assessed and reported in Figure 11.



Higher precipitation in the sample produced at 100 W is evident from the graph in Figure 11. A growing trend is then visible between 125 and 170 W. It is important to note that for all conditions the precipitation is below 0.3% and thus extremely low.




3.4. Phase Identification


A preliminary XRD investigation was carried out on all samples processed with four power conditions. According to Figure 12a, in this generic analysis no considerable differences in the patterns can be noticed. In order to make the smallest peaks more visible and to easily understand if phase differences can be found varying process parameters, a more accurate and focused scan was carried out (Figure 12b).



The two main peaks shown in Figure 12b are centred at 38.6° and 45.2° respectively and for them no marked shift can be observed when the used powder value is changed. However, a slightly pronounced hump (probably a combination of peaks) can be detected around 41.7° and its intensity rises with increasing power (blue rectangle in Figure 12b). Furthermore, as highlighted by the black circle in Figure 12b, an additional peak at around 44.2° is found in the 100 W pattern. An accurate analysis using HighScore software (v4.0, Malvern Panalytical, Malvern, UK) revealed that these peaks are attributable to Al-Mn phases with various stoichiometric coefficients (Al6Mn and Al12Mn) and Al3Zr phase.




3.5. Microhardness Testing


The mechanical properties were investigated by performing Vickers microhardness tests on XZ and XY planes for each sample. As no difference was highlighted between the two planes of all samples, the average results with their standard deviations were reported in Figure 13. A mean microhardness value of about 104.5 HV was recorded on all samples. The slight variations that can be noticed in varying power values become insignificant when the standard deviations and the intrinsic measurement errors are considered.





4. Discussion


As it is widely known for Al-Mn or Al-Cr based systems, solid solutions containing much more than the equilibrium limit of manganese or chromium in aluminium can be obtained by rapid solidification [15]. Considering the low bulk diffusivity of Mn and Cr, the rapid solidification process can produce highly concentrated Al-Mn or Al-Cr based alloys restricting precipitation [12,18]. By exploiting the high cooling rates of the PBF-LB process, a supersaturated state can be in fact induced in the as-built state. Additionally, Mn and Cr have high lattice misfits, thus providing a strong solid solution effect. This condition, after heat treatment, leads to the controlled formation of finely dispersed precipitates [23]. On the basis of these potentialities, several Al-Mn systems have been studied and, among the many, the Al-Mn-Cr-Zr developed by Mehta et al. stands out [21]. In the work of Mehta et al. the nominal power of their PBF-LB machine (170 W) was set to deal with the high reflectivity of aluminium, but Mn-rich particles precipitated to a certain finite extent during the AM process [21]. The purpose of the present study was to understand if there is a difference in microstructure in terms of amount of precipitation, supersaturation in the matrix, and texture generated at different power regimes. For this purpose, 100, 125, 150 and 170 W were set as power values for the sample production with the VED fixed at 37 Jmm−3. Samples processed with all power conditions demonstrated a very good level of densification (around 99.5%).



As extensively discussed in literature, the process parameters significantly influence the scanning depth and thus the morphology of the melt pool [24,25,26]. In order to investigate this phenomenon, a study of the melt pool morphology was carried out through an optical microscope analysis on etched samples. Considering evidence from the literature, power impacts melt pool morphology considerably more than scan speed [24,26]. For this reason, the study of the melt pool morphology was performed only considering the powder values used. According to Figure 4 and Figure 5, the depth measurements in the last layer revealed an increase in depth when the power used increased. This perfectly aligns with the PBF-LB scan theory of deeper melt pools for higher power and shallower melt pools for lower power [26]. However, the differences in melt pool depths were not extremely pronounced, which can be justified since the VED was kept constant. Moreover, the standard deviations reported in Figure 5 increased with the power used and this is due to the increasing uneven layer production probably caused by the remelting phenomenon of the previous layers.



The remelting phenomenon noticed through melt pools investigations in the sample built with 170 W was confirmed with the EBSD analysis. In fact, if some grain refinement phenomena at the melt pools boundaries were detected in EBSD maps at lower powers (Figure 6), these were not observed in the sample produced at 170 W, supporting the remelting thesis. However, in the lower power samples, the refinement was only noted in a few random melt pools in contrast to what was expected due to the alloyed Zr. An important body of literature studied as the presence of Zr in Al base alloys results in the formation of the inoculant phase Al3Zr [27,28,29]. However, the percentage of Zr is a crucial factor to consider because by increasing the percentage of Zr above 0.77 wt% grain refinement was noted [30]. The analysed composition has a Zr content of 0.59 wt% because grain refinement was not strictly desired when this alloy variant was developed. Nevertheless, as proved in other published papers, another important condition for enhancing the effect of Al3Zr as inoculant phase, is the presence of alloyed Mg, which is not present in the composition studied in the present work [16,31]. Future investigations to attribute the real causes of the random grain refinement need to be conducted. Displaying the grain sizes as a function of the ECD, no significant difference was found for the two lower power values. Nevertheless, when the power increases, the number of more refined grains markedly decreases and the contribution of grains with ECD between 25 and 40 µm increases (Figure 7). These considerations could support the assumption of the remelting phenomenon occurring at high powers.



The microstructural evaluation continued with a feature analysis of Mn-rich precipitates for each explored power condition. In line with what was observed by Mehta et al., numerous spherical precipitates were observed on the melt pool boundaries and a lower number of precipitates with an elongated shape were identified along the grain and cell boundaries (as indicated in Figure 8) [21]. The conducted quantitative feature analysis permitted analysis of more than 60 k precipitates for each power condition. When the precipitate’s aspect ratio distributions were displayed as a function of power value, no variation can be observed changing the process conditions. The trends revealed three main peaks: the most pronounced at 1.15 AR correlating with nearly spherical particles, a minor peak at 1.7 AR denoting more elongated precipitates and a less pronounced peak at about 2 AR indicating very elongated particles (Figure 9). The results corroborate the optical analysis and align with the observations of Mehta et al. [21]. The precipitates size distribution, reported in Figure 10, showed similar trends for the 125 and 150 W processed samples, but separate considerations are needed for the lowest and highest power samples. Looking closer, an overall increase in the number of precipitates and a very pronounced peak for small precipitates were found in the sample made at 100 W. This can be correlated to the additional peak around 44.2° found in the XRD pattern of Figure 12 which is not visible in higher power samples. Moreover, a small additional peak around 0.2 µm was visible for the sample built at the highest power (170 W). This could be caused by the increased precipitation of a new class of Mn-rich precipitates formed as a result of the remelting phenomenon occurring with higher powers. This is in line with what was observed during the XRD analysis where a small hump (or set of peaks) around 41.7° became more evident by raising the power (Figure 12). However, it is important to point out that the trend resulting from the quantity analysis showed a level of precipitation significantly below 0.3% for every condition, as highlighted in Figure 11.



Considering the low level of precipitation, the differences observed during the feature analysis in the precipitation reactions are not reflected in the recorded mechanical performance. In fact, the hardness response, reported in Figure 13, was revealed to not be power sensitive. The recorded hardness mean values appear considerably high (104.5 HV) and in line with that reported by Mehta et al. [21].



All these considerations indicate that, with the fixed VED value (37 Jmm−3), a supersaturation condition can be reached regardless of the power values used during the PBF-LB process. In fact, the system proved to be non-power sensitive, achieving densification, microstructural and mechanical properties that are well suited to future heat treatment developments. Achieving a predominantly supersaturated condition in the as-built state with extremely limited nanoscale precipitation is an optimal condition for the development of fast and effective heat treatments. Under these assumptions, a time-consuming and energy-intensive treatment such as solubilisation is not considered necessary and faster heat treatments such as direct aging can be attempted in future studies.




5. Conclusions


A growing body of literature recognises the importance of solid solution strengthening for the Al-based system. The aim of most research is to find new compositions by adding solutes with low diffusion coefficients in order to obtain an as-built supersaturated composition without precipitation. Among many, the high-performance Al-Mn-Cr-Zr alloy stood out. The main goal of the current study was to determine if there is a correlation between the power used and the microstructural and mechanical features of the alloy. For this purpose, the starting point for the present study was the power used in the work of Mehta et al. (170 W) and three additional powers were investigated: 100, 125 and 150 W.



After extensive microstructural investigations and Vickers tests, the following conclusions can be drawn:




	
All the examined process parameters resulted to be optimal for the achievement of a high level of densification (around 99.5%);



	
Melt pool analysis on etched samples revealed the presence of narrower and deeper melt pools for high power samples and wider and shallower ones for low power samples;



	
EBSD analysis revealed longitudinal grain growth on multiple layers along the build direction for each condition. Some randomly diffused grain refinement zones were observed in lower power conditions;



	
During the SEM feature analysis, a certain number of precipitates were observed and analysed in terms of amount, shape and distribution. Through the aspect ratio examination, the Al-Mn enriched precipitates can be divided into two categories: the spherical ones plentiful on the melt pool boundaries and the oblong ones observed along the grain and cell boundaries. Quantitative analysis revealed an overall higher number of fine precipitates for the lower power sample in line with the XRD observations. The presence of an additional peak of around 0.2 µm as ECD in the sample produced at 170 W denotes a slightly different precipitation behaviour also confirmed by XRD analysis;



	
The slight differences noted in grain distribution and in precipitation behaviour do not affect the hardness properties of the alloy. A constant mean value of 104.5 HV was recorded for all conditions.








Although more than 60 k precipitates were detected and studied for each power condition, the area covered by precipitates out of the total analysed area was always considerably less than 0.3%. So, it is possible to deduce that supersaturation was reached for all samples. The nearly complete supersaturation condition with minimal precipitation of extremely fine and well-dispersed precipitates represents an optimal starting point for future heat treatment developments. Rapid heat treatments such as direct aging are particularly suitable with this as-built microstructural condition and time-consuming and energy-intensive heat treatments such as solubilisation can be skipped. Furthermore, since the microstructural and mechanical results have not shown substantial differences, it is possible to conclude that the alloy is very stable for the set VED. Therefore, selecting the highest power condition is a time-saving choice because it would lead to a higher build rate from the printing process.
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Figure 1. Powder morphology observed with SEM with powder size distribution reported. 
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Figure 2. Cutting planes used for samples preparation. 
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Figure 3. Relative density of the Al-Mn-Cr-Zr samples at various power values. 
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Figure 4. Metallographic images on XZ plane as a function of used power values. The mean melt pool depths are indicated in red. 
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Figure 5. Results of melt pool morphology investigation as a function of laser power value used. 
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Figure 6. EBSD maps related to all power conditions. 
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Figure 7. Grain size distribution as a function of power value. 
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Figure 8. SEM micrographs of as-built PBF-LB processed Al-Mn-Cr-Zr. Melt pool boundaries marked in blue. 
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Figure 9. Precipitates aspect ratio distribution and Aztec images for each power condition. 
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Figure 10. Power-dependent size distribution of spherical precipitates. 
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Figure 11. Percentage of the analysed area covered by precipitates. 
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Figure 12. The complete XRD patterns for each power condition (a) and the detailed analysis in a 2ϑ range of 37.5–45.5° (b). 
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Figure 13. Results of Vickers microhardness tests for each power condition. 
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Table 1. Al-Mn-Cr-Zr chemical composition.
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	Element (wt%)
	Mn
	Cr
	Zr
	Fe
	Si
	Al





	Al-Mn-Cr-Zr
	5.0
	0.8
	0.59
	0.16
	0.16
	Remainder
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Table 2. PBF-LB parameters.






Table 2. PBF-LB parameters.





	
Power (W)

	
Hatch Distance (mm)

	
Layer Thickness (μm)

	
Scan Speed (mm/s)

	
VED (Jmm−3)






	
100

	
0.1

	
30

	
875

	
37




	
125

	
0.1

	
30

	
1125




	
150

	
0.1

	
30

	
1375




	
170

	
0.1

	
30

	
1500
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