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Abstract

:

Complex thermo-kinetic interactions during metal additive manufacturing reduce the homogeneity of the microstructure of the produced samples. Understanding the effect of processing parameters over the resulting mechanical properties is essential for adopting and popularizing this technology. The present work is focused on the effect of laser power, scanning speed, and hatch spacing on the relative density, microhardness, and microstructure of 316L stainless steel processed by laser powder bed fusion. Several characterization techniques were used to study the microstructure and mechanical properties: optical, electron microscopies, and spectrometry. A full-factorial design of experiments was employed for relative density and microhardness evaluation. The results derived from the experimental work were subjected to statistical analysis, including the use of analysis of variance (ANOVA) to determine both the main effects and the interaction between the processing parameters, as well as to observe the contribution of each factor on the mechanical properties. The results show that the scanning speed is the most statistically significant parameter influencing densification and microhardness. Ensuring the amount of volumetric energy density (125 J/mm3) used to melt the powder bed is paramount; maximum densification (99.7%) is achieved with high laser power and low scanning speed, while hatch spacing is not statistically significant.
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1. Introduction


Metal additive manufacturing (AM), also known as 3D metal printing, is a cutting-edge manufacturing technology that has revolutionized the creation of intricate and complex metal components. Unlike traditional subtractive manufacturing methods, which involve cutting and shaping metal from a solid block, metal AM builds objects layer by layer, offering unparalleled design freedom and efficiency [1]. In the realm of metal AM, powdered metal alloys are meticulously deposited layer upon layer, fused together using various techniques, such as laser or electron beam melting, to construct intricate parts and assemblies with remarkable precision [2]. This transformative technology has found applications across numerous industries, including aerospace, automotive, and healthcare [3,4,5], pushing the boundaries of what is possible regarding material performance, geometric complexity, and customization.



Laser-based powder bed fusion (LPBF) is a metal AM technology that utilizes high-power lasers to selectively melt and fuse metal powder layers, building up a three-dimensional object layer by layer, using data from CAD software. Homogenizing the microstructure of additively manufactured samples stands out as a pivotal challenge in enhancing the technology’s robustness and cost-effectiveness [6,7]. LPBF leads to the development of anisotropic microstructures caused by a wide range of applied thermo-kinetics. This includes intricate process influences like reheating within individual layers and due to adding new layers, elemental segregations, and creating residual stresses, often leading to an anisotropic response [1,8,9].



It is essential to optimize the processing parameters to achieve components with superior mechanical properties compared to those conventionally produced. Defects emerge when the values of these processing parameters are inadequately chosen [10]. Typical flaws include porosities, incomplete fusion holes, delamination, and cracks [11]. Pores negatively affect the performance of additively manufactured components [12,13,14]. According to Al-Maharma et al. [15], surface porosity affects corrosion resistance, subsurface porosity fatigue strength, spherical porosity stiffness, and irregular porosity mechanical strength.



The need to find a processing window to avoid phenomena like unmelted material and spatter from molten material indicates a limitation in controlling the LPBF process, which is a function of the laser energy density (Equation (1)).


  V E D =   P   v × h × l   ,  



(1)




where VED is the volumetric energy density (J mm−3), P is the laser power (W), v is the scanning speed (mm s−1), h is the hatch distance (mm), and l is the layer thickness (mm).



Several studies have been developed to evaluate the effect of the processing parameters on the microstructure of parts processed by LPBF [16,17,18,19]. As stainless steel (SS) exhibits adequate processability, good mechanical properties, and excellent corrosion resistance, it is one of the most used materials in LPBF [14]. Nevertheless, due to the high thermal gradient and cooling rate, a much finer structure is achieved than the one obtained by casting or forging [20]. In this context, Laleh et al. [21] reported an average grain size of around 6 µm for additively manufactured 316L SS samples, compared to over 15 µm for conventionally processed SS. Lin et al. [22] concluded that grain refinement improves the mechanical properties of the manufactured pieces. Therefore, the parts manufactured by LPBF should have greater resistance and hardness [23].



One of the most prominent features of laser-processed materials is the cellular/columnar microstructure. The formation of the cellular colonies results from constitutional supercooling, related to the diffusion of elements in liquid and solid phases. Enrichment of cell walls with Cr and Mo segregation has been observed in austenitic stainless steel [24]. Rotating successively deposited layers improves cell connections between molten pools [25]. In addition, the average cell size varies from the scanning strategy. According to Salman et al. [26], the stripe strategy leads to a lower average cell size linked to a smaller grain size.



The solidification process has a direct influence on microstructure formation. Grain growth, morphology, and orientation depend highly on the temperature gradient (G) and solidification rate (R) [27]. The solidification speed ratio (G/R) in laser-based material processing is high enough to facilitate planar and cellular growth [28]. Furthermore, as the magnitude of G×R increases, a refinement of the resulting grain is obtained.



The mechanical properties are intricately linked to the microstructure, particularly in laser powder bed fusion (LPBF). The rapid heating and cooling cycles induced by laser–material interactions in LPBF give rise to challenging-to-control mechanisms. These include the dimensions of the molten pool, Marangoni convection, unfused material, oxidation of the base material, and various other factors [8,29]. This behavior is repeated layer by layer, resulting in anisotropy.



On the other hand, one of the main requirements for using parts manufactured by LPBF is to obtain the highest relative density. Table 1 summarizes the relative density response of 316L SS fabricated by LPBF, highlighting the processing parameters, energy density, and machines/models. It is worth noting that previous work shows that both power and scanning speed are key factors in obtaining higher relative density [26,27,28,29,30,31,32,33,34,35].



In addition to the manufacturing parameters and scanning strategy, the base material properties are of great importance. The morphology of the powder is a crucial factor for its processability, where a spherical shape is preferred as it improves its fluidity and adhesion between layers. Yap et al. [3] found that an important parameter to consider is the laser absorption of the base material since it can be completely different from bulk materials compared to powder materials. In the case of aluminum and copper, due to their high reflectivity and thermal conductivity, irregularities are generated in the molten zone, generating residual stresses that cause the material to contract and, in combination with existing porosities, cause cracking and delamination [27]. Given that 316L SS powder has adequate properties for its processability and excellent resistance to oxidation and corrosion, it is one of the most used materials in AM.



With the motivation to determine the effect of laser power, scanning speed, and hatch spacing over the relative density, microhardness, and microstructure, a full factorial study was designed and statistically analyzed.




2. Materials and Methods


Austenite stainless steel metallic powders grade AISI 316L was provided by General Electric Additive, with a powder size distribution from 20 to 50 µm, an average of 31 µm; the nominal composition is detailed in Table 2.



Prismatic samples measuring 15.8 × 10.2 × 6.35 mm³ (Figure 1) were fabricated using a Concept Laser equipment model MLAB 200R through laser powder bed fusion (LPBF). The equipment has a 200 W (Nb: YAG) fiber laser featuring a focused beam diameter of approximately 80 μm and a wavelength of 1070 nm. The working chamber was sealed during operation and supplied high-purity nitrogen, reducing the oxygen content to less than 800 ppm. The powders were deposited on a 16 mm thick 316L stainless-steel support plate of 100 mm × 100 mm in area. The processing parameters are reported in Table 3. A meander scan pattern was employed, with the scan direction rotated by 67° in each successive layer.



A full factorial study of three factors at three levels was designed (Table 3); the design of experiment (DOE) levels was obtained based on previous work [6,10] to maximize relative density. A constant layer thickness of 30 µm was employed since it coincides with the average size distribution of the powder. Two replicates of each experimental run were carried out to ensure the reliability of the results.



The results derived from the experimental work were assessed using Minitab 19®. An analysis of variance (ANOVA) was performed to identify the primary effects, analyze their interaction graphs, and assess the contribution of each factor.



The surface roughness (Ra) of the printed samples was measured on each face using a roughness tester (SRT-6200, Merit-mi) with a resolution of 0.001 μm.



The chemical composition of the printed samples was determined by glow discharge emission spectrometry (GDOES) bulk analysis (GDA 750 HR, Spectruma Analytik GmbH, Hof, Germany). The average of three spots on three samples was recorded.



The relative density (RD) of each sample was determined using Archimedes’ principle on distilled water by Equation (2):


  R D     %   =       m   a   ×   ρ   w       m   a   −   m   w           100     ρ   S S        



(2)




where ma is the mass of the sample in the air, ρw is the density of the distilled water, mw is the mass of the distilled water, and ρSS is the theoretical density of 316L SS.



For the metallographic analysis, the samples were first ground using SiC paper for metallographic inspection, starting from 120 down to 2000 grit, and then finely polished using diamond paste. The microstructure was revealed by chemical etching immersion in Aqua regia solution (20 mL HNO3 and 60 mL HCl) for 50 s. Surface morphology was inspected by optical microscopy (OM) (MEIJI IM 7200). For the analysis by scanning electron microscopy (SEM), (TESCAN—MIRA 3) equipped with energy-dispersive spectroscopy (EDS) was used. The OM and SEM micrographs were processed and analyzed using Fiji software (National Institutes of Health, MD, USA) to study microstructural features and evaluate porosity through the threshold tool [40].



Microhardness was evaluated using a Vickers automated hardness tester (TUKON 2500), using 500 g force and 10 s dwell time, applying the ASTM E384 standard. Mean values were recorded through five measurements.




3. Results


3.1. Surface Roughness


Figure 2a shows the printed samples, where the first characteristic that stands out is the poor surface quality. Figure 2b,c show a magnification of 5 and 60×, respectively, to appreciate the balling formation on the surface of the additively manufactured specimens. The as-built roughness (Ra) at the surfaces was around 10 ± 2 μm.




3.2. Relative Density Assessment


The sample with the highest densification (98.3%) was produced with the following parameters: laser power of 160 W, scanning speed of 700 mm/s, and a hatch spacing of 40 µm. The specimens manufactured at a lower scanning speed have a higher relative density (RD). The average RD at 700 m/s is 96.29 ± 1.02%, the RD at 900 mm/s is 94.62 ± 1.24%, and the RD at the highest speed was 93.64 ± 1.55%.



Figure 3 shows a representative image of the porosity level, illustrating the scanning speed effect on the processed samples. At the same laser power (160 W) and hatch spacing (40 µm) but at different scanning speeds, at a scanning speed of 1100 mm/s, there were irregular porosities due to insufficient VED to melt the metal powders, which can compromise the mechanical properties and integrity of the parts (Figure 3a). Figure 3b shows round porosities associated with gas entrapped inside the metal powder, which can also affect the structural performance of the samples [41]. Finally, Figure 3c shows a more homogenous surface topography (700 mm/s). The cross-section porosity measured by image analysis shows a relative density of 96.68%, 97.41%, and 99.70%, respectively.



Figure 4 shows that a higher relative density is obtained as the volumetric energy density increases. It is worth noting that despite having VED with close values, the relative density results vary. This is because some processing parameters have a greater influence on the relative density, as detailed in Table 4. It should be noted that these results are specific to the manufacturing equipment used. Therefore, higher VED can be obtained with the same scanning speed and hatch spacing parameters in higher-power laser equipment. In addition, the geometry and the scanning strategy also influence the densification of the specimens.



Table 4 shows the results of the analysis of variance (ANOVA), where the scanning speed appears as the only statistically significant factor (p-value < 0.005). These results validate the observations presented in Figure 3.



Figure 5 illustrates the effect of each factor on the relative density and the interaction between processing parameters. Figure 5a shows that the slope of speed is steeper with respect to power and hatch. Therefore, its effect on the relative density is greater. With regard to the effect of hatching, it is observed that the slope does not change and maintains the trend, i.e., the lower the hatch, the higher the density. As for the power, when it increases from 140 to 160 W, there is an increase in slope, becoming a main effect. Figure 5b presents the interaction between factors. The only visible interaction is between power and speed. However, the trend is clear: the higher the power and the lower the speed, the higher the relative density.



Figure 6 shows the contour plots of the interaction between scanning speed with laser power and hatch spacing. In Figure 6a, the highest relative density was obtained with the lowest speed and the highest power. In Figure 6b, the highest relative density was obtained with the lowest speed and hatch spacing.




3.3. Microstructure Evaluation


Table 5 shows the chemical composition results by GDOES and EDS techniques.



OM micrograph is presented in Figure 7, where the stacking of molten pools and elongated grains of the sample with the highest relative density is observed. It can be distinguished that the grains grow parallel to the building direction, and in some cases, these columnar grains grow for distances of more than 300 µm, which is consistent with similar reports by several authors [22,33,34,35,36,37,42,43,44,45]; this is observed more clearly in the SEM images (Figure 8).



Figure 8a shows a representative SEM micrograph of the molten pool. Within each molten pool (Figure 8b), it is possible to observe the formation of both cellular and columnar sub-grains. The green arrows indicate the direction of growth of the columnar grains. Epitaxial growth is favored by the direction of the thermal gradient, which leads to the formation of large columnar grains, as shown in Figure 7.




3.4. Microhardness


The microstructure of a material is directly connected to its mechanical properties. In the context of additively manufactured samples, the yield strength, microhardness, and wear resistance are significantly influenced by the characteristics of the grains and sub-grains, as recently reported in [46,47]. Figure 9 shows a representative indentation response of the austenitic stainless steel beneath a molten pool.



The average microhardness obtained was around 237 ± 9 HV0.5. These results agree with those reported in [32,35,39,48]. Moreover, microhardness shows a linear relationship with relative density, i.e., the higher the density, the higher the microhardness (Figure 10) [49]. It is worth noting that, despite having relative densities with close values, the microhardness results vary. This is because some processing parameters have a greater influence on the microhardness, as detailed in Table 6.



Table 6 shows the ANOVA results, where each factor’s significance is determined using the p-value; a p-value of less than 0.05 indicates that the factors are statistically significant. Therefore, and under the experimental design employed, the scanning speed is the only statistically significant factor (p-value ≤ 0.005). Figure 11 shows the effect of each factor on the microhardness and the interaction between factors. Again, speed appears as the factor with the steepest slope and, therefore, the greatest contribution of its effect on microhardness (Figure 11a). Figure 11b presents the interaction between factors. The only visible interaction is between power and speed: the higher the power and the lower the speed, the higher the microhardness.





4. Discussion


The results have shown that the densification of the 316L stainless steel manufactured by LPBF is governed by the speed (v) of the laser beam. If the v used is more than 700 mm/s, the heat source (laser) cannot completely melt the metal powders, causing a lack of fusion. It was shown that the different types of porosity are linked to the processing parameters. When insufficient VED is supplied (<100 J/mm3), irregular porosities are generated, even with unmelted powder particles. It was also observed that entrapped gas porosity was associated with the porosity of the feedstock [14]. In most cases, spherical porosity was observed (Figure 3) with an average diameter of less than 9 ± 2 µm.



There are two ways to ensure the proper fusion of the powder bed: (1) reducing the speed and (2) increasing the laser power. For instance, a VED higher than 125 J/mm3 is recommended. However, to make this technology cost-effective, reducing the scanning speed implies a longer manufacturing time, reducing its competitiveness. For this reason, using a higher-power heat source is recommended; in this work, 160 W was chosen as the maximum power; however, a power of up to 200 W could be used according to the manufacturer’s limitations. In order to corroborate this statement, additional experiments were carried out. When a power of 180 W was used, the relative density increased to 99.41 ± 0.23%. However, at higher powers (>180 W), the relative density started to decrease again to <98% due to overheating of the molten pool.



In addition to laser power and scanning speed, the effect of the hatch spacing was also evaluated. According to the statistical analysis, it was found that the smaller the hatch, the higher the densification. Nevertheless, this parameter has a similar effect to speed, where reducing the hatch implies a longer printing time, that is, the competitiveness of this technology is reduced. In the contour plots (Figure 6), it can be observed that the difference between using a hatch of 40 and 60 μm is minimal, so it is suggested to use a hatch spacing of 60 μm.



Processing parameters influence molten pool dimensions. By examining Figure 12, it is possible to infer that when the hatch spacing is excessively large, and the supplied volumetric energy density (VED) is insufficient, the molten pool width fails to surpass the hatch. Consequently, a lack of fusion occurs due to insufficient VED, as indicated near the red molten pools. Conversely, when there is an excess of VED, the occurrence of balling is observed as the molten pool becomes excessively large or deep [27], as denoted by the yellow molten pools. It is essential for the molten pool depth to be adequate to penetrate the layer thickness and melt a percentage of the previous layers (illustrated by the orange molten pool), while the molten pool depth serves as a determinant of melting efficiency. Typically, the width exceeds the diameter of the laser beam. In the case of a layer thickness of around 30 μm, the depth is recommended to fall within the range of 50 to 80 μm to ensure proper anchoring to the layer below. Additionally, the width should not be less than the laser focus, for instance, 100 μm.



It is worth noting that the scanning strategy plays a fundamental role in the densification of parts manufactured by LPBF. The thermal gradient and the solidification rate can be altered depending on this. If a constant strategy is used (without rotations), an ordered stacking of molten pools would be obtained and a completely anisotropic material would be designed, as observed in the results obtained by Yang et al. [50]. The studies of Bahshwan et al. [51,52] highlighted that the sudden changes in laser energy density occur at the end of the laser path, causing more porosity at the beginning and end of scan lines. In addition, Salman et al. [26] conclude that the highest densification is obtained with a unidirectional pattern as long as the contour is previously scanned since the contour acts as a limit for heat transfer. It is important to consider that heat transfer varies depending on the part’s geometry to be manufactured. Hence, a more detailed study of its effect is necessary.



The molten pool shows the solidification behavior in the plane parallel to the building direction (Figure 8a), but it should also be considered that the solidification occurs in the three dimensions. Temperature gradients (G) and solidification rates (R) are pivotal parameters in solidification. It is worth noting that both the G and the R are linked to the processing parameters, especially the laser power, scanning speed, and scanning strategy [8]. In laser powder bed fusion, the generation of high thermal gradients (106 K/m) and ultra-fast cooling rates (106 K/s) [6] manifests as cellular/dendritic microstructures, exemplified in Figure 8b. The cellular microstructure favors the accumulation of dislocations in the subgrains, which increases the strength and hardness of the materials processed by LPBF [46].



Due to the high crystallization rate, a boundary layer enriched with solute develops ahead of the solid–liquid interface, approaching conditions conducive to constitutional supercooling. In LPBF, the solid–liquid interface within the melt pool exhibits a complex shape since the temperature gradient continuously changes along with the interface. The maximum temperature gradient is observed at the bottom of the melt pool, gradually diminishing along the interface towards the ends and sides of the molten pool. Conversely, the solidification rate is minimal at the bottom but reaches its peak at the ends and sides of the molten pool [53]. When the temperature gradient is steep, the material undergoes crystallization in a cellular fashion. Conversely, if G is gently sloping, it leads to the direct solidification of dendrites with well-developed arms.



Figure 13 shows the crystallization process of 316L stainless steel processed by LPBF. Initially, the nuclei appear stochastically (green color), then they serve as a substrate for other nuclei to grow around them (blue color). As the temperature decreases, grains with different orientations start to crystallize. Epitaxial nucleation has been reported for austenitic steels, aluminum, and nickel alloy processing [54]. Epitaxial growth involves the initiation of new grains on a polycrystalline substrate, inheriting their crystallographic orientation from parental grains, as illustrated in Figure 7 and Figure 8. These grains develop with a favored crystallographic orientation and align with the heat flow direction due to a high solidification rate [55]. In LPBF, there is a dynamic interplay between the alignment of various crystallographic directions with the build direction and the competition between thermal gradient-driven and epitaxial growth [56].



During the solidification process, various types of defects are also produced, such as pores that act as stress concentrators affecting the mechanical response, as shown in Figure 10. When there is a near full dense material, a maximum microhardness (248 HV) is reached, while when there is high porosity, the microhardness drops to 222 HV.




5. Conclusions


This work evaluates relative density, microhardness, and microstructure evolution in the LPBF process. The main results can be summarized as follows:




	
It has been found that there is a direct relationship between scanning speed and the porosity level. Enough volumetric energy (125 J/mm3) density must be provided to avoid fusion errors and balling phenomena to obtain pieces with maximum relative density. Within the levels evaluated in the design of experiments, it was found that scanning speed is the most statistically significant factor that affects the relative density and microhardness of the 316L SS processed by LPBF.



	
The maximum densification reached was 99.41%, obtained with Archimedes’ principle, equivalent to 99.9% by image correlation, utilizing 180 W of laser power, 700 mm/s of scanning speed, and a hatch spacing of 40 μm. To increase productivity, it is recommended to use a laser power greater than 160 W and a hatch spacing of 60 μm.



	
Microstructurally, it was found that the samples are composed of stacked molten pools, one on top of the other, aligned in the build direction; columnar sub-grains can be distinguished within the elongated grains with an extension that sometimes exceeds 300 µm.



	
Densification in additive manufacturing processes has reached porosity levels comparable to conventional processes (>99%). Therefore, the laser powder bed fusion technique is suitable for manufacturing mechanical elements.
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Figure 1. Schematic diagram of the experimental procedure of the LPBF process: (a) feedstock; (b) studied processing parameters; (c) scanning strategy of the fabricated sample. 
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Figure 2. (a) Top view of the printed samples (printing area of 100 mm × 100 mm); (b) 5×; (c) 60× magnification. 
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Figure 3. Optical microscopy images of samples produced at different scanning speeds: (a) 1100 mm/s; (b) 900 mm/s; (c) 700 mm/s. Laser power of 160 W and hatch spacing of 40 µm. 
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Figure 4. Relative density as a function of the energy density in 316L stainless steel processed by LPBF. 
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Figure 5. Summary of the effects of processing parameters over relative density in 316L stainless steel processed by LPBF: (a) main effects plot; (b) interactions plot. 
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Figure 6. Contour plot of interaction between scanning speed and (a) laser power and (b) hatch spacing. 
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Figure 7. The optical micrograph of the 316L stainless steel processed by LPBF shows the molten pools’ stacking and the columnar grain growth. 
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Figure 8. SEM micrograph of the 316L stainless steel processed by LPBF: (a) molten pool detail; (b) sub-grains (cellular and columnar). 
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Figure 9. Microhardness evaluation of the 316L stainless steel processed by LPBF. 
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Figure 10. Microhardness as a function of the relative density in 316L stainless steel processed by LPBF. 
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Figure 11. Effects of processing parameters over microhardness in 316L stainless steel processed by LPBF: (a) main effects plot; (b) interactions plot. 
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Figure 12. Schematic representation of the effect of molten pool dimensions on the densification process. 
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Figure 13. Schematic crystal nucleation and grain growth representation during laser-based powder bed fusion solidification: (a) nuclei of crystallization; (b) crystal growing; (c) grain formation; (d) grain boundaries. 
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Table 1. Summary of literature data of processing parameters on relative density response of 316L SS fabricated by LPBF.
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	Power

(W)
	Speed

(mm/s)
	Hatch

(μm)
	Layer Thickness

(μm)
	Energy Density

(J/mm3)
	Machine/

Model
	Relative Density

(%)
	Reference





	200
	750–1000
	50
	110
	35–50
	-
	97.97
	[2]



	120–160
	800–1200
	60–80
	20–40
	32–130
	Concept Laser

Mlab200
	96.6
	[7]



	150
	400–800
	40
	80
	60–120
	Self-developed 500W
	96.82
	[22]



	80–100
	300–1700
	20
	40–120
	20–400
	EP-M100T
	98.77
	[30]



	150–300
	700–1300
	20
	60–120
	36–350
	FS271M
	98.52
	[31]



	100
	111–250
	50
	110–120
	66–400
	SLM 125
	96.00
	[32]



	150–200
	446–1667
	30
	80–140
	20–180
	SLM 280HL
	98.59
	[33]



	125–175
	180–260
	40
	20–60
	200–1200
	RENISHAW AM 400
	98.62
	[34]



	220
	960
	40
	80
	70
	BLT S200
	95.61
	[35]



	100
	400–600
	30
	30–150
	40–280
	REALIZER SLM 100
	96.50
	[36]



	70–130
	700–1200
	20
	60
	50–150
	MYSINT100
	96.84
	[37]



	175
	668
	30
	120
	70
	SLM 250 HL
	99.05
	[26]



	150
	125–200
	50
	90
	160–260
	RENISHAW 125
	96.40
	[38]



	200
	2000
	30
	60
	55
	AFS-M120
	97.38
	[39]










 





Table 2. Nominal chemical composition of the AISI 316L stainless steel powders.
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Elements (wt%)

	




	
Fe

	
Cr

	
Ni

	
Mo

	
Mn

	
Si

	
C

	
P

	
S






	
Bal.

	
16.5–18

	
10–13

	
2–2.5

	
0–2

	
0–1

	
0–0.03

	
0–0.04

	
0–0.03











 





Table 3. Factors and levels of the design of experiments.
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Factors

	
Levels




	

	
−1

	
0

	
1






	
Laser power (W)

	
120

	
140

	
160




	
Scanning speed (mm/s)

	
700

	
900

	
1100




	
Hatch spacing (µm)

	
40

	
60

	
80











 





Table 4. ANOVA results for the relative density assessment.
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	Source
	DF
	Adj SS
	Adj MS
	F-Value
	p-Value





	Laser Power (W)
	2
	0.02534
	0.01267
	1.22
	0.317



	Scanning speed (mm/s)
	2
	0.20629
	0.10315
	9.91
	0.001



	Hatch spacing (um)
	2
	0.05160
	0.02580
	2.48
	0.109



	Error
	20
	0.20815
	0.01041
	
	



	Total
	26
	0.49138
	
	
	







DF: degrees of freedom; SS: sum of squares; MS: mean square; F and p-value: statistics.













 





Table 5. Chemical composition of the fabricated AISI 316L stainless steel determined by GDOES and EDS.
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Glow Discharge Emission Spectrometry (GDOES)




	
Element (wt%)




	
Fe

	
Cr

	
Ni

	
Mo

	
Si

	
Mn

	
Co




	
Bal.

	
18.9 ± 1.6

	
12.5 ± 0.9

	
2.7 ± 0.2

	
0.9 ± 0.2

	
0.5 ± 0.03

	
0.1 ± 0.01




	
Energy Dispersive Spectroscopy (EDS)




	
Element (wt%)




	
Fe

	
Cr

	
Ni

	
Mo

	
Si

	
Mn

	
Co




	
Bal.

	
16.98

	
11.14

	
2.10

	
0.56

	
0.75

	
0.65











 





Table 6. ANOVA results for the microhardness assessment.
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	Source
	DF
	Adj SS
	Adj MS
	F-Value
	p-Value





	Power (W)
	2
	9.74
	4.870
	0.18
	0.836



	Speed (mm/s)
	2
	380.51
	190.257
	7.06
	0.005



	Hatch (um)
	2
	89.46
	44.732
	1.66
	0.215



	Error
	20
	538.65
	26.932
	
	



	Total
	26
	1018.37
	
	
	







DF: degrees of freedom; SS: sum of squares; MS: mean square; F and p-value: statistics.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
| "’a'-f'l

W5 80 igr g v e
! .J' '{.'.‘.«"“ ¢l ’j
s W
NS 1 WL
A

i

o WS





media/file27.png





media/file18.png





media/file21.jpg
8 3

Microhardness [HV]
3

Speed (mmis]

Hateh fum]

0
Power (W]

o 20
=W
.- 160

Hateh
um)
]
]
- %0





media/file26.png
\l : Q/ [ :;zi:,m/

Remel ted

- .






media/file3.jpg





media/file22.png
Power [W] Speed [mm/s] Hatch [um]
242
240 -
>
L,
»
® 238-
=
ol
) -
©
.
[e}
§ 236
=
234
232 i | | 1 1 | | | I
120 140 160 700 1100 40 60 80
(a)
700 900 1100
246 i 1 1 1
Power [W]
—— 120
— W - 140
240 -
= e 160
Power [W]
234 -
- 246
Speed
« o (mmys]
—— 700
- 240
) A~ —® - 900
y . Speed [mm/s) . " -4-- 1100
e 3 ~ ]
" e o = 234
- -~ \. \\\. ***** ‘
246 -
L Hatch
\ [um]
—— 40
240 - T
.\ % —&- 60
% o -
\ NN Hatch [um] - 80
234 - S \’“‘\
. TTNe
L |
120 140 160 40 60 80





media/file19.jpg
250

[*°AH] ssaupeyosoiy

.
* *
: +
* o
-
N *
o, ?
*
.
.
00
.
. *
*
.
P T T T T
e o 9 g ® 9o
T § € 3 8§ 8
& & & & 8§ A

92 93 95 96 97 98 99
Relative density [%]

91





media/file7.jpg
Relative density [%]

o
&
!

o
S

©
@
L

©
@
L

©
L3
L

©
&
i

©
®
L

©
8
h

©
L

40

60

80 100 120 140 160
Energy density [J/mm?]

180

200






media/file10.png
Power [W] Speed [mm/s] Hatch [um]
96.5
96.0 -
&,
2 95.5
)
e
=
po 95.0
e
k:
& 945
94.0
93.5- 1 : 1 i 1 1 t T 2
120 140 160 700 900 1100 40 60 80
(a)
700 900 1100
92 '
Power [W]
—— 120
Power [W] - - 160
94+
- 98
Speed
[mm/s]
r: -9 —O— 700
— mm/ ~ — - 900
| /,,— Speed [ s] \.\\ oo oo
\.r~_b~ ‘-‘b"'bu‘ \‘ "94
{ . ~~~~~ . - _’
98 1
Hatch
[um]
98- —— 40
Hatch [um] - 60
e 80
94-
1&0 1:1»0 160 4'0 6'0 8'0





media/file14.png
r"#/’

v
Wt
Hyle

,a..,;“ e

ﬂ?’ﬁ « '@

'f

oz *‘.‘i ﬁm

-.,_‘. ‘1 "~

Y
) i





media/file11.jpg
Relative

density (%)

.
0 - 9
9 - o4

-0
- %
-9
- o
> %

%
o

Speed [