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Abstract

:

Recently, high-entropy alloys (HEAs) have attracted much attention because of their superior properties, such as high strength and corrosion resistance. This study aimed to investigate the influences of process parameters on the microstructure and mechanical properties of CoCrFe NiTiMo HEAs using a laser-based powder bed fusion (LPBF) process. In terms of laser power and scan speed, a process map was constructed by evaluating the density and surface roughness of the as-built specimen to optimize the process parameters of the products. The mechanical properties of the as-built specimens fabricated at the optimum fabrication condition derived from the process map were evaluated. Consequently, the optimum laser power and scan speed could be obtained using the process map evaluated by density and surface roughness. The as-built specimen fabricated at the optimum fabrication condition presented a relative density of more than 99.8%. The microstructure of the as-built specimen exhibited anisotropy along the build direction. The tensile strength and elongation of the as-built specimen were around 1150 MPa and more than 20%, respectively.
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1. Introduction


Additive manufacturing (AM), particularly powder bed fusion (PBF), is extensively applied to manufacture complex-shaped products that are difficult to obtain using other metal processes in the aerospace and medical fields [1,2,3,4]. Metallic materials such as stainless steel, titanium alloys, Ni-based superalloys, and aluminum alloys have been widely utilized in AM fields [5]. These materials fabricated using the AM process have high strength, which is equivalent to the wrought materials. Besides, the development of high strength, high heat resistance, and high corrosion resistance alloys are required. High-entropy alloys (HEAs) have recently gained attention as one candidate [6,7].



HEAs were proposed by Yeh et al. [8] and Cantor et al. [9] in 2004. HEAs are defined as alloys composed of five or more multiple principal elements with equiatomic or near equiatomic percentages [6,7]. Thus, various HEAs have been developed, and the material design and material characteristics of HEAs have been actively reported [7,10,11,12,13,14,15,16]. However, it is difficult to manufacture HEA products by conventional processes such as casting or machining. Recently, AM technology capable of manufacturing complex-shaped products has been recognized as a promising production process [17]. The microstructures, mechanical properties, and corrosion properties of the HEAs produced via powder bed fusion (PBF), directed energy deposition (DED), and binder jetting (BJT) have been reviewed [17,18,19,20,21].



Many HEAs have been developed based on the Cantor (CA) alloy, an equiatomic alloy composed of Fe, Cr, Mn, Ni, and Co proposed by Cantor et al. [9]. The CA alloy with FCC single-phase shows excellent mechanical properties and corrosion resistance compared to other alloys such as stainless steel and Ni-based superalloys [7]. Moreover, new HEAs have been developed using the AM process by adding Cu, Al, Ti, and other elements into the CA alloy [17,18]. Brif et al. [22] assessed the microstructures and tensile properties of the FeCoCrNi HEA fabricated by LPBF. Regarding the CA alloy, Johnson et al. [23] investigated the fabrication condition by creating a process map. The strengthening mechanism of microstructure and the effect of heat treatment on the microstructure and mechanical properties of the alloy were investigated [24,25,26,27,28,29,30,31,32,33]. Shiratori et al. [34] studied the relationship between microstructures and mechanical properties of the AlCoCrFeNi HEA formed by the electron beam powder bed fusion (EPBF) process. Kuwabara et al. [35] investigated the microstructure, mechanical properties, and corrosion resistance of the AlCoCrFeNi HEA fabricated by EPBF. Karlsson et al. [36] constructed AlCoCrFeNi alloy strengthened by a hierarchical microstructure with nano-sized precipitates using the BJT process and heat treatment. Sun et al. [37] explored the hot tearing mechanisms of CoCrFeNi HEA manufactured by LPBF. Ishimoto et al. [38] developed new TiNbTaZrMo HEA for bio-materials using the LPBF process.



Concerning the CoCrFeNiTi HEA treated in this work, Fujieda et al. [39] studied the microstructure, mechanical properties, and corrosion resistance of CoCrFeNiTi HEA fabricated by EPBF. In addition, Fujieda et al. [40] compared the mechanical properties and corrosion resistance of CoCrFeNiTi HEA fabricated by EPBF and LPBF. However, they did not investigate the influence of the process parameters on the microstructure or mechanical properties.



An investigation of the impacts of process parameters on density, microstructure, and mechanical properties is essential to assure the quality of the parts. Therefore, the relationship between the process parameters and the density, microstructure, and mechanical properties was vigorously investigated. The (volumetric) energy density, E, which is one of the important process parameters, affects the microstructure remarkably, for instance, grain size and grain growth. The increase in energy density results in grain growth direction aligned with build direction [41,42,43,44,45] and decreased porosity [44,46,47,48]. However, the energy density poorly predicts the melt pool behavior, as reported as a limitation of energy density as a process parameter, according to Bertoli et al. [49,50]. Therefore, practically, laser power and scan speed, which are the main process parameters, are applied to fabricate sound parts and are determined using a process map [47,48,51,52,53]. The authors reported on the creation of process maps in various alloys [47,48].



In this study, the influences of process parameters of LPBF on the density and microstructure of CoCrFeNiTiMo HEA were investigated experimentally, and the mechanical properties of the alloy fabricated at the optimum condition were evaluated.




2. Experimental Procedures


2.1. Machine and Powder


A LPBF machine equipped with a 1 kW single-mode fiber laser and gas-atomized CoCrFeNiTiMo HEA powder was employed. The LPBF machine was a prototype one. A scanning electron microscopy (SEM) image and the chemical composition of the HEA powder are shown in Figure 1 and Table 1, respectively. The D10, D50, and D90 values in the particle size distribution measured using laser diffraction particle size distribution were 19.4, 34.3, and 57.4 µm, respectively.




2.2. Fabrication Conditions


2.2.1. Single Track Formation


It is essential to reveal the optimum fabrication conditions to manufacture high-quality parts. At first, the effect of laser power and scan speed on the single track was examined using the morphology of a single track (length: 10 mm) constructed using conditions described in Table 2 to reveal a moderate fabrication condition. Besides, the effect of laser spot size was investigated. The energy density EL (J/mm2) was calculated by Equation (1):


EL = P/vd,



(1)




where P is the laser power (W), v is the scan speed (mm/s), and d is the laser spot diameter (mm).




2.2.2. Fabrication of Cubic Specimens


The optimum fabrication condition was investigated using cubic specimens formed at the moderate conditions of laser power and scan speed obtained by the process map of single tracks. Cubic specimens with dimensions of 15 mm × 15 mm × 15 mm (Figure 2) were assembled using the conditions described in Table 3 to examine the density and microstructure. The (volumetric) energy density E (J/mm3) was calculated by Equation (2):


E = P/vht



(2)




where P is the laser power (W), v is the scan speed (mm/s), h is the hatch pitch (mm), and t is the layer thickness (mm).





2.3. Experimental Method


The density of the as-built specimens was measured with the Archimedes method. The relative density was calculated according to the reference density of 8.02 g/cm3. The microstructures of the as-built specimens were observed with an optical microscope (OM) after electrolytic etching in 10% oxalic acid solution. The surface texture was measured by coherence scanning interferometry (CSI) equipment (Zygo newview 9000). The surface texture of the printed final layer was measured without finishing. The microstructures of the specimens were observed with an SEM (JEOL JSM-7800F) equipped with energy-dispersive X-ray spectroscopy (EDS) and electron backscatter diffraction (EBSD) modules. In addition, an X-ray diffraction (XRD; Cu-Kα1 radiation) apparatus (Rigaku SmartLab_SE) was employed to analyze the phase of the microstructure. The tensile tests were conducted at room temperature.





3. Results and Discussion


3.1. Investigation of Process Parameters


3.1.1. Investigation of Process Parameters by Single Track Formation


The SEM images of single tracks and the process map in terms of laser power and scan speed evaluated using the morphology of single tracks fabricated by condition I (Laser spot diameter: 0.1 mm) are depicted in Figure 3. The black dot in the process map indicates a continuously stable track, while a black triangle indicates a discontinuously unstable track. The width of a single track became narrower with decreasing laser power and increasing scan speed. The discontinuous track was observed at lower energy density due to the balling effect.



The SEM images of single tracks and the process map in terms of laser power and scan speed evaluated using the morphology of single tracks fabricated by condition II (Laser spot diameter: 0.2 mm) are presented in Figure 4. The width of a single track became narrower with decreasing laser power and increasing scan speed. Compared to the single track fabricated using condition I, the continuously stable tracks were fabricated over a wide region of laser power and scan speed.



Johnson et al. [23] created a process map of CoCrFeMnNi HEA via a finite element thermal model and compared the experimental results obtained with a laser power of 50–200 W and a scan speed of 100–2000 mm/s. A meltpool formed in the conduction mode and solidified into the sound track around a laser power of 100 W and a scan speed of 1000 mm/s. However, the sound track could be fabricated under higher laser power conditions.



Consequently, it was found that the region in laser power and scan speed capable of fabricating a continuously stable track under condition II was wider than that of condition I, and the moderate laser power and scan speed were 100–400 W and 200–800 mm/s, respectively. Therefore, the cubic specimens were fabricated at a laser power of 100–400 W and a scan speed of 200–800 mm/s under the laser spot size of 0.2 mm to construct the process map.




3.1.2. Investigation of Process Parameters by Fabrication of Cubic Specimens


The variation of relative density of the as-built specimens as a function of energy density and the representative optical micrographs are shown in Figure 5. The relative density increased with increasing laser power. The maximum relative density of the as-built specimen fabricated at 300 W and 400 W was 99.8% around an energy density of 60–80 J/mm3. The relative density of the specimen fabricated at 100 W and 200 W showed a peak at lower relative density, while that of the specimens fabricated at 300 W and 400 W decreased with increasing energy density after the maximum value. Many lack-of-fusion defects were observed in the microstructure of the specimen fabricated at E = 20.8 J/mm3 (a), whereas tiny pores were found at E = 83.3 J/mm3 (b). A large pore existed in the microstructure of the specimen fabricated at E = 333 J/mm3 (c). The effect of energy density on the density of specimens was investigated previously [44,46,47,48], and a similar tendency reported.




3.1.3. Density-Based Process Map in Terms of Laser Power and Scan Speed


The density-based process map in terms of laser power and scan speed using the cubic specimens fabricated at various conditions is depicted in Figure 6. The symbols (A)–(F) indicate the fabrication conditions of laser power and scan speed, as shown in Figure 6. The high-density (≧99.7%) area, the so-called process window (red and orange area), was at a laser power of 300–400 W and a scan speed of 600–800 mm/s. This result was similar to that of Inconel 718 obtained previously [47]. The relationship between fabrication condition and defects was reported using a process map in terms of laser power and scan speed [47,48,51,52,53]. The representative microstructure of (a), (b), and (c) presented in Figure 5 can be explained as follows. For lower laser power and higher scan speed, lack-of-fusion defects (a) were formed by the unstable meltpool due to the shortage of input energy. On the other hand, in the case of higher laser power and lower scan speed, keyhole pores remained by formation of keyhole due to excess energy and high laser power (c). Thus, the relative density and the morphology of defects strongly depend on laser power and scan speed.





3.2. Evaluation of the Surface Texture and Microstructure of the As-Built Specimen


3.2.1. Surface Texture Parameter-Based Process Map in Terms of Laser Power and Scan Speed


The surface texture parameter (Sa)-based process map in terms of laser power and a scan speed of cubic specimens fabricated at various conditions is depicted in Figure 7. In the figure, three-dimensional surface images are demonstrated with the energy density value in the top-left corner and the arithmetical mean height (Sa) value in the bottom right corner. The Sa is one of the surface texture parameters defined in ISO 25178-6. The lower Sa values represent the even surface, and the higher values the uneven surface. The symbols of (A)–(F) in Figure 7 correspond to those in Figure 6.



According to the (A)–(D) series with the same energy density value, their Sa values decreased with laser power and scan speed; namely, the surface roughness was improved. With low laser power and slow scan speed (A), the surface texture showed unevenness. The meltpool seemed to be aggregated due to the slow scanning speed. With moderate laser power and scan speed (B)–(D), which were in the process window, the surface texture (B) presents as being less even than that of (C) and (D). The difference between (B) and (C) and (D) was considered due to the stability of the meltpool. The meltpool was in the conduction mode having a shallower depth at the lower laser power of (B), leading to spattering [51]. On the other hand, at higher laser power and higher scan speed, (C) and (D), the surface texture was more even because the meltpool was too deep to be pinned down to the substrate, which might be due to keyhole mode formation [51,52].



In the case of low laser power and high scan speed (E), the lowest energy density, the surface texture exhibited fine roughness due to lack of energy density, whereas in the case of high laser power and low scan speed (F), the highest energy density, the surface texture was uneven due to excess energy density. Thus, the surface texture also strongly depended on laser power and scan speed. A similar relationship was previously reported between the surface texture and the laser power and scan speed in the Inconel 718 superalloy (IN718) [47]. Moreover, the process window evaluation of Sa was almost consistent with that of the evaluation of relative density (Figure 6). The arithmetical mean height Sa of the specimen fabricated at 300 W and 600 mm/s was 14.5 µm which was almost equal to that of IN718 [47].



Thus, it was found that the high density and superior surface texture specimens could be fabricated at a laser power of 300–400 W and a scan speed of 600–800 mm/s and that the process window was indicated both by the density-based process map and by the surface texture parameter (Sa)-based one.




3.2.2. Effect of Process Parameters on the Microstructure of the Specimens


The effect of process parameters on the microstructure of the as-built cubic specimens was investigated. As described above, the relative density significantly depended on the energy density. The microstructures of the as-built specimens fabricated at the energy density of 20.8, 83.3, and 333 J/mm3 are presented in Figure 8. In the case of an energy density of 20.8 J/mm3 (i.e., a laser power of 100 W, scan speed of 800 mm/s, hatch pitch of 0.12 mm, and layer thickness of 0.05 mm), lack-of-fusion defects were observed between meltpool traces because the meltpool became unstable due to lower energy density. On the other hand, in the case of 83.3 J/mm3 (i.e., a laser power of 400 W, a scan speed of 800 mm/s, hatch pitch of 0.12 mm, and layer thickness of 0.05 mm), the meltpool traces presented a parabolic shape with a depth of about 100 µm and width of 100–200 µm, and few defects were observed. Furthermore, in the case of 333 J/mm3 (i.e., a laser power of 400 W, a scan speed of 200 mm/s, hatch pitch of 0.12 mm, and layer thickness of 0.05 mm), the meltpool traces showed a flatter shape with a depth of 100–200 µm and width of over 100 µm or partially over 400 µm. The excess energy density affected the width and depth of meltpools, as previously reported for high-speed tool steel, the H13 alloy, fabricated using 1 kW multi-mode fiber laser [48]. The meltpool traces here presented remarkably different aspect ratios with energy density.



Figure 9 depicts the EBSD results of the as-built cubic specimens fabricated at various energy densities of 20.8, 83.3, and 333 J/mm3 for the vertical section (xz) to the base plate. The microstructure of the vertical section (xz) was characterized by elongated grains along the build direction (z). Especially in the microstructures fabricated with 83.3 J/mm3 and 333 J/mm3, epitaxial grain growth occurred as presented in inverse pole figure (IPF) maps. The aspect ratio of the grains increased with the energy density. Fujieda et al. [40] investigated the difference between the microstructures of CoCrFeNiTi HEA fabricated by EPBF and LPBF and reported that the former showed higher anisotropy than the latter due to the solidification rate of EPBF being much slower than that of LPBF due to preheating at high temperatures. The microstructure of 83.3 J/mm3 in Figure 9b resembles their finding. In addition, the distributions of grain size of the specimens fabricated at various energy densities of 20.8, 83.3, and 333 J/mm3 are presented in Figure 9. The grain size increased with energy density; in particular, the grain size of the specimen fabricated at 333 J/mm3 was much larger than that of the specimens fabricated at 20.8 J/mm3 and 83.3 J/mm3. An extraordinary grain size (156 µm) could be observed at 333 J/mm3. Thus, the grain size and shape were significantly affected by the energy density.



According to Ghayoor et al. [41], at low energy density, the combined effect of the local change in the direction of heat flux due to defects and the Marangoni convection in the meltpool, led to a greater collision of grains, resulting in a fine grain size, whereas at high energy density, the heat flow combined with sufficient time to solidify led to the preferred orientation and larger columnar grains. In general, the orientation of the grain is essentially affected by the direction of the heat flow [41,42,43,44,45,46].



The XRD patterns of the as-built cubic specimens fabricated at various energy densities of 20.8, 83.3, and 333 J/mm3 for the horizontal section along the build direction are presented in Figure 10. These diffraction peaks correspond to the single-cubic (SC) and face-centered cubic (FCC) phases, as reported by Fujieda et al. [40]. The diffraction peaks of TiCo2 or MoFe2 intermetallic compounds were not detectable (Figure 10), unlike the observations of Fujieda et al. [40], for the LPBF specimens fabricated at 61.5 J/mm3. The patterns of 20.8 J/mm3 were almost equal to that of the powder. The (200) peak became higher with increasing energy density. The microstructure of the specimens of 333 J/mm3 showed a stronger orientation than that of the others. This result is consistent with the EBSD result, the <100> direction of the grains preferentially oriented along the build direction for the specimen formed with a larger energy density.



Thus, it was found that as the grain size increased, the grains were preferentially oriented in the <100> direction with increasing energy density.





3.3. Mechanical Properties


3.3.1. Results of Tensile Tests


The mechanical properties of the as-built specimens were investigated by tensile test. The round bars for tensile test specimens were fabricated at the optimum conditions obtained from the process window in the process map (Figure 6 and Figure 7), as shown in Table 4. The round bars (diameter: 14 mm, length: 100 mm) were fabricated in the direction of 0°, 45°, and 90° to the horizontal plane of the base plate (Figure 11). The round bar in the 0° direction lay horizontally or parallel to the base plate surface, and the round bar in the 90° direction stood vertically on the base plate. The round bars were machined to the tensile test specimens (diameter: 5 mm, gage length: 25 mm), following which. a tensile test was conducted using an Instron-type machine.



The stress–strain curves and the mechanical properties of the as-built specimens are demonstrated in Figure 12 and Table 5, respectively. The values of tensile strength of the specimens fabricated in the direction of 0°, 45°, and 90° were 1183 MPa, 1156 MPa, and 1165 MPa, respectively. The values of 0.2% proof strength, or yield strength, of the specimens fabricated in the direction of 0°, 45°, and 90° were 861 MPa, 817 MPa, and 744 MPa, respectively. The values of elongations of the specimens fabricated in the 0°, 45°, and 90° directions were 21%, 25%, and 26%, respectively. The tensile behavior of the specimens fabricated in the 0° direction was different, which may be because of the difference in the microstructure of the as-built specimen in the build direction. Thus, the tensile strength was over 1150 MPa, and the elongation over 20% in any direction. This result was similar to that reported by Fujieda et al. [40].




3.3.2. Relationship Between Microstructure and Tensile Properties


Figure 13 exhibits the IPF map and distribution of grain size of the xy section (vertical section along the axial loading direction) of tensile test specimens before the tensile test fabricated in the direction of 0°, 45°, and 90°. The microstructure of the 0° specimen showed smaller and more elongated grains (Figure 13a), while that of the 45° and 90° specimens presented more random crystallographic orientation with larger and less elongated grains (Figure 13b,c). Figure 14 demonstrates the fractured surfaces of the specimens fabricated in the direction of 0°, 45°, and 90°. The fractured surface of the 0° specimen showed a small elongated pattern (Figure 14a), while that of the 45° specimen presented a small dimple pattern (Figure 14b), and that of the 90° specimen presented a small dimple pattern as well as a small elongated pattern (Figure 14c). Thus, the fracture surfaces of the specimens corresponded well with the grain size and shape of the specimens.



The Kernel average misorientation (KAM) maps of the xy section of the tensile test specimens before the tensile test fabricated in the direction of 0°, 45°, and 90° are depicted in Figure 15. The KAM map, which proved the local misorientation in the specimens, was used to indicate local strain [46]. The local misorientation range was set between 0° and 5°. The local misorientation distributes not only at the grain boundaries but also in the whole area for the 0° specimen (Figure 15a) and locally along the grain boundaries for the 45° and 90° specimens. As shown in Figure 13, the grain size of the 0° specimen was smaller than that of the 45° and 90° specimens (Figure 15b,c). The local misorientation was extremely high at the fine-grain boundaries because the refined grains were hardly deformed. Dong et al. [54] reported that the fine grains of the minor BCC phase formed by remelting at the boundaries of the relatively large columnar grains of the dominant FCC phase of AlCoCrFeNi HEA led to an increasing amount of local misorientation. Additionally, because the 0° specimen bar lay along the base plate surface, the constraints by the base plate surface could cause thermal strain in the whole area of the cross-section in observing the microstructure (Figure 11). On the other hand, for the 45° and 90° specimens, although the formation of fine grains introduced the local misorientation at the grain boundaries, the thermal strain was smaller due to the lower constraint on the base plate (Figure 11).



Therefore, the tensile properties were different in the build direction because of the difference in strain distribution. As described above, the tensile strength of the 0° specimen was higher than the others. On the other hand, the elongation of the 0° specimen was lower than the others. In addition, the yield strength of the 0° specimen was higher than the others due to the smaller grain size, as Yoshida et al. [55] reported that the Hall–Petch relation could be applied in various HEA. As shown in Figure 13, the grain size of the specimens was, in the order, 90°, 45°, and 0°, namely, the yield strengths were considered to be, in the order, 0°, 45°, and 90° by Hall–Petch relation. Thus, the yield strength was supposed to be affected by the local strain around the grain boundaries and grain sizes.






4. Conclusions


In this study, the effects of process parameters of PBF-LB on the density and microstructure of the CoCrFeNiTiMo HEA were investigated experimentally. Moreover, the mechanical properties of the alloy fabricated at the optimum condition were evaluated. The results were as follows:




	(1)

	
The density-based process map in terms of laser power and scan speed was created using the as-built cubic specimens fabricated at various conditions. The process window by evaluation of Sa was almost consistent with that by evaluation of relative density




	(2)

	
The high density and superior surface texture specimens were fabricated at a 300–400 W laser power and a scan speed of 600–800 mm/s. The relative density and Sa of the specimen fabricated at 300 W, and 600 mm/s were 99.8% and 14.5 µm, respectively




	(3)

	
The grain size increased with energy density, and the grains grew preferentially oriented with their <100> direction along their build direction




	(4)

	
The microstructure of the as-built specimen exhibited anisotropy along the build direction. Therefore, the tensile properties are affected by the anisotropic microstructure and the existence of local strain




	(5)

	
Tensile strength and elongation of the as-built specimen fabricated by the optimum condition at any build direction were over 1150 MPa and over 20%, respectively. Yield strength is supposed to be affected by the local strain around grain boundaries and grain sizes.
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Figure 1. SEM image of HEA powder. 
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Figure 2. Cubic specimens fabricated at various conditions. 
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Figure 3. The SEM images of single tracks and the process map in terms of laser power and scan speed evaluated by the morphology of single tracks fabricated under condition I (Laser spot diameter: 0.1 mm). (a) SEM images of single tracks; (b) process map in terms of laser power and scan speed evaluated by the morphology of single tracks. 






Figure 3. The SEM images of single tracks and the process map in terms of laser power and scan speed evaluated by the morphology of single tracks fabricated under condition I (Laser spot diameter: 0.1 mm). (a) SEM images of single tracks; (b) process map in terms of laser power and scan speed evaluated by the morphology of single tracks.
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Figure 4. The SEM images of single tracks and the process map in terms of laser power and scan speed evaluated by the morphology of single tracks fabricated under condition II (Laser spot diameter: 0.2 mm). (a) SEM images of single tracks; (b) process map in terms of laser power and scan speed evaluated by the morphology of single tracks. 






Figure 4. The SEM images of single tracks and the process map in terms of laser power and scan speed evaluated by the morphology of single tracks fabricated under condition II (Laser spot diameter: 0.2 mm). (a) SEM images of single tracks; (b) process map in terms of laser power and scan speed evaluated by the morphology of single tracks.
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Figure 5. Variations of relative density of the as-built specimens as a function of energy density and the representative optical micrographs (a–c) of the as-built specimens. 
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Figure 6. Density-based process map in terms of laser power and scan speed using the as-built cubic specimens fabricated at various conditions. 
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Figure 7. Surface-texture parameter (Sa)-based process map in terms of laser power and scan speed using the cubic specimens fabricated at various conditions. 
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Figure 8. OM images of horizontal (xy) section and vertical (xz) section to the base plate of the as-built cubic specimens fabricated at various energy densities. 
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Figure 9. Inverse pole figure (IPF) maps, pole figures, and distribution of grain size of the as-built cubic specimens fabricated at various energy densities. (a) E = 20.8 J/mm3; (b) E = 83.3 J/mm3; (c) E = 333 J/mm3. 
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Figure 10. XRD patterns of the as-built specimens fabricated at various energy densities. 
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Figure 11. Round bars for tensile test specimens in the direction of 0°, 45°, and 90° to the horizontal plane of the base plate. 
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Figure 12. Stress–strain curves of the as-built specimens fabricated in the direction of 0° (horizontal direction on the base plate), 45°, and 90° (vertical direction on the base plate). 
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Figure 13. IPF maps and distribution of grain size of the xy section of tensile test specimens fabricated in the direction of (a) 0°, (b) 45°, and (c) 90° before the tensile test. 
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Figure 14. Fractured surfaces of the as-built specimens fabricated in the direction of (a) 0°, (b) 45°, and (c) 90°. 
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Figure 15. Kernel average misorientation (KAM) maps of the xy section of tensile test specimens before the tensile test fabricated in the direction of (a) 0°, (b) 45°, and (c) 90°. 
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Table 1. Chemical composition of HEA (mass%).
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	Co
	Cr
	Fe
	Ni
	Ti
	Mo





	Bal.
	16.39
	17.84
	27.83
	7.56
	2.93
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Table 2. Fabrication conditions of single tracks.
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	Process Parameters
	Condition I
	Condition II





	Laser power, P
	100–400 W
	100–400 W



	Scan speed, v
	200–1400 mm/s
	200–1400 mm/s



	Layer thickness, t
	0.05 mm
	0.05 mm



	Laser spot diameter, d
	0.1 mm
	0.2 mm



	Energy density, EL
	0.71–20.0 J/mm2
	0.36–10.0 J/mm2
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Table 3. Fabrication conditions of cubic specimens.
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	Process Parameters
	Conditions





	Laser power, P
	100, 200, 300, 400 W



	Scan speed, v
	200, 400, 600, 800 mm/s



	Hatch pitch, h
	0.12 mm



	Layer thickness, t
	0.05 mm



	Laser spot diameter, d
	0.2 mm



	Energy density, E
	20.8–333.3 J/mm3
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Table 4. Fabrication condition of round bars.
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	Process Parameters
	Conditions





	Laser power, P
	300 W



	Scan speed, v
	600 mm/s



	Hatch pitch, h
	0.12 mm



	Layer thickness, t
	0.05 mm



	Laser spot diameter, d
	0.2 mm



	Energy density, E
	83.3 J/mm3
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Table 5. Mechanical properties of the as-built specimens fabricated at the optimum condition.
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	Build Direction
	0°
	45°
	90°





	Tensile strength (MPa)
	1183 ± 6
	1156 ± 19
	1165 ± 1



	0.2% proof strength (MPa)
	861 ± 14
	817 ± 15
	744 ± 6



	Elongation (%)
	21 ± 1
	25 ± 4
	26 ± 0



	Reduction in area (%)
	25 ± 2
	27 ± 6
	30 ± 4
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