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Abstract

:

Laser powder bed fusion (LPBF) has the advantages of high resolution and geometric freedom but can be susceptible to process failures and defects caused by inappropriate process parameters and powder conditions. This study aims to reveal and quantify the moisture effect on the qualities and properties of as-built parts with various process parameters. The results showed that the density was decreased by 7.86% with humid powder (60.0% relative humidity (RH)) compared to dry powder (3.4%RH). Expectedly, the observed low density led to the property degradation in the hardness, yield strength (YS), and ultimate tensile strength (UTS) of the humid powder by 11.7, 15.02, and 21.25%, respectively, compared to that of dry powder (3.4%RH). Interestingly, the elongation at break of the parts fabricated with humid powder (60.0%RH) was increased by 2.82%, while their YS and UTS were decreased significantly. It seems that the water molecules on the powder surface hindered the reaction between the N2 shielding gas and melted powder, which resulted in the reduction in the austenite (γ) phase by up to 4.05 wt.%. This could be mainly responsible for the decrease in both the YS and UTS of the humid powder by approximately 100 and 150 MPa, respectively. This study demonstrates that the moisture of the metal powder used for LPBF should be carefully controlled to ensure desirable as-built qualities and properties.
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1. Introduction


Laser powder bed fusion (LPBF) or selective laser melting (SLM) is one of the additive manufacturing (AM) techniques using a laser or an electron beam to fabricate customized products with a high resolution and complex geometries. However, there are challenges in applying LPBF to various industrial fields such as aerospace, automobile, vessel, and medical fields due to its high level of complexity [1,2]. Initially, LPBF was used to produce prototypes to validate product performance, but LPBF is now capable of producing high-quality products with minimal defects as significant effort is placed on the optimization of process conditions along with the prediction of product quality [3,4,5,6,7].



Despite the developments in LPBF technology, process failures and defects such as cracks, delamination from the substrate, pores, and low quality of the fabrication can still occur due to inappropriate process conditions and powder management [8,9,10,11]. To address these limitations, researchers have investigated the effects of the process and powder conditions on the material and mechanical properties of as-built parts [12,13,14]. It was confirmed that the quality of as-built parts is primarily influenced by the volumetric energy density (VED = P/(v·l·t) (J/mm3)), which is calculated by considering process conditions including the laser power P (W), scan speed v (mm/s), line spacing l (mm), and layer thickness t (mm).



Relative density and material hardness, which significantly affect printing quality, are prone to increase at a higher VED [15,16,17] and decrease at a lower VED or high scan speed (v ≥ 1300 mm s−1) [9,18]. However, it is observed that both the relative density and hardness of materials are undesirably degraded with the formation of keyhole and gas-entrapped pores at excessively high VEDs [19,20,21]. Therefore, appropriate process conditions should be determined with VEDs to manufacture as-built parts with minimal pores and high properties [9,15,17,18,22,23]. Additionally, it is important to ensure a lower surface roughness of the as-built parts because it can significantly deteriorate the quality of subsequent layer spreading and also cause defects such as a lack of fusion resulting from the presence of thick powder layers [18]. Typically, an increase in the VED results in improved surface roughness [24]. However, an excessively high VED can have an adverse effect, leading to a decrease in the surface roughness. Therefore, it is essential to determine an appropriate VED by using an ex-characterization method that takes into account the specific process conditions and materials involved. Moreover, some studies have demonstrated that the use of more spherically shaped powders [22] with higher VEDs leads to a higher relative density [9] and ensures a higher yield strength (YS) and ultimate tensile strength (UTS). A reduction in pores resulting from an optimized VED is able to improve mechanical properties [25].



Meanwhile, several studies have noted that the quality of additively manufactured parts can be affected by the conditions of the metal powder, such as the storage conditions, relative humidity (RH), etc. [26]. Grubbs et al. [27] demonstrated that the repeated exposure of metal powder to ambient conditions had negative effects on their flowability. Cordova et al. [28] reported that high moisture in the metal powder can cause agglomeration, low flowability, and low relative density, which can decrease the quality of the manufactured parts and increase the likelihood of process failures. Dutta et al. [29] also noted that the moisture on the powder surfaces could reduce the powder flowability due to capillary effects. Cordova et al. [30] investigated the fact that a high moisture content caused low flowability, a low relative density, and the formation of an oxide film layer due to the absorbance of water molecules on the surface of the metal powder. Hovig et al. [31] found that the moisture and dissolved hydrogen in the powder can affect the formation of hydrogen pores. Furthermore, the mechanical properties of as-built parts fabricated by using recycled powder with high oxygen content could be deteriorated due to the increase in process failures, especially the powder agglomerates and high porosity [32]. Therefore, it can be concluded that using preheated powder could be a methodology to reduce the hydrogen content in the powder.



However, there seems to be no comprehensive investigation of the effects of coupled VEDs with moisture on both the as-built qualities and properties, which can still give rise to challenges in ensuring the as-built qualities even if one of them is optimized. Particularly, compared with other additive manufacturing techniques, such as wire arc additive manufacturing, it is believed that humidity could have a more negative effect on as-built parts fabricated by the LPBF process [33]. To address these issues, this study aims to systematically investigate the effect of powder moisture and VEDs on the as-built qualities of 17-4PH stainless steel parts by evaluating the melt pool dimension, density, and hardness. The as-built microstructures, fabricated by using the dry powder (3.4%RH) and humid powder (60.0%RH), were carefully evaluated through X-ray diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDS). Finally, the tensile properties were characterized and compared by analyzing the microstructures and chemical composition. This study quantitatively analyzed the effects of moisture on the as-built qualities and properties, highlighting that the moisture of metal powder should be managed to guarantee the high printing quality without process failures and defects.




2. Materials and Methods


In this study, 17-4PH stainless steel powders with a density of 7.80 g/cm3, supplied by AM Solutions (Uiwang, Republic of Korea), were used with three different moisture contents: 3.4 (dry powder), 30.0, and 60.0%RH. The dry powder was heated for three days by using a high-temperature furnace supplied by U1TECH (Suwon, Republic of Korea), and the other two types of powder were moisturized to 30.0 and 60.0%RH by using a lab-scale humidity chamber for three days. 17-4PH is a martensitic precipitation-hardening stainless steel exhibiting high strength, corrosion resistance, and toughness [9,18]. The particle size distribution of the 17-4PH powders ranged from 15 to 53 μm in diameter. The chemical composition of the powders in this study is shown in Table 1. The as-built parts were fabricated by SITI-SLM250 and supplied by the Shanghai Industrial Technology Institute (Shanghai, China) with different combinations of laser power (190–400 W), scan speed (250–1000 mm/s), line spacing (80 μm), and layer thickness (40 μm).



2.1. Ex Situ Characterization


Ex situ characterization was conducted by measuring the melt pool characteristics, density, and hardness of the as-built parts. To characterize the melt pool dimension, the cross-section area of the as-built parts was cut in the building direction and observed by an optical microscope (OM, Nikon, Tokyo, Japan) to estimate the melt pool width and depth with different combinations of laser power (190–400 W), scan speed (250–1000 mm/s), line spacing (80 μm), and layer thickness (40 μm). The as-built parts were polished by using a mechanical polisher (GLP Korea, Uiwang, Republic of Korea) with 6 different sandpapers (80, 200, 360, 720, 1200, and 2000 grits) and 1 μm alumina suspension to achieve a mirror-like finish. Finally, the polished samples were etched in an etchant solution (150 mL of H2O, 25 mL of HNO3, 25 mL of HCl, and 1 g of CuCl2) at room temperature, as shown in Figure 1a.



Density was measured three times for each part according to the Archimedes principle [34] by using Equation (1):


  ρ =  ρ  f l u i d   ⋅    W  a i r      W  a i r   −  W  f l u i d      



(1)







The Vickers hardness was calculated with a 0.5 kgf (HV0.5) load and 15 s indentation time, and the width and height were measured by using Leopard 12.0 software (Zootos, Anyang, Republic of Korea) with Equation (2):


  H V = 1.8544  F     (     d 1  +  d 2   2   )   2     



(2)




where F is the force applied to the diamond in kilogram force and d1 and d2 are the dimensions of the indentation, as shown in Figure 1b.



All the experiments for each condition were conducted three times, and we calculated the average of their results.




2.2. Microstructure Characterization


The microstructures of the as-built parts fabricated with dry powder (3.4%RH, DP3.4, Figure 2a) and humid powder (60.0%RH, HP60, Figure 2b) at the determined optimum process condition in Table 2 were characterized by XRD and EDS mapping techniques, respectively. XRD measurements were conducted by SmartLab, supplied by Rigaku (Tokyo, Japan), to evaluate the phase of the as-built parts. The dislocation density difference (Δρ) between DP3.4 and HP60 was roughly calculated by using Equation (3) [35]:


  Δ ρ = Δ  β 2  /  (  4.35 ×  b 2   )   



(3)




where Δβ represents the difference in the full width at half maximum (FWHM) of the diffraction peaks and b is the magnitude of the Burgers vector (austenite (γ): 0.256 nm [35]). The as-built parts, with a dimension of 10 × 10 × 1.5 mm3, were prepared for the XRD analysis. The phase fraction of each sample was calculated by using the Rietveld method and MAUD v2.33 [36] software (https://luttero.github.io/maud/, accessed on 30 March 2023). The element contents of the as-built parts fabricated with dry powder (3.4%RH, DP3.4) and humid powder (60.0%RH, HP60) were analyzed and compared by using the EDS mapping method by using JSM-IT800 provided by JEOL (Tokyo, Japan).




2.3. Mechanical Properties


After evaluating the ex situ characterization, the optimum process condition which exhibited the greatest material properties was determined for the as-built parts fabricated with three different moisture contents. In order to investigate the effects of moisture on the mechanical properties of the as-built parts, three tensile specimens were fabricated by using the optimum process conditions (Table 2) for DP3.4 and HP60 in accordance with the modified ASTM E8M standards. Tensile tests were conducted by using a Salt-1002 universal testing machine (Salt company, Incheon, Republic of Korea) with a crosshead speed of 0.25 mm min−1. The moisture effects on the mechanical properties were characterized and compared by coupling with the microstructural characteristics.





3. Results and Discussion


3.1. Design of LPBF Process Conditions


3.1.1. Melt Pool Characterization


Table 3 shows whether the as-built parts were fabricated well or failed to print under various combinations of process conditions and three different RHs, as mentioned in Section 2.1. Most of the as-built parts with the higher RH failed to be fabricated because of powder agglomerates during the LPBF process. The melt pool width and depth of the as-built 17-4PH metallic parts are evaluated to determine the melt pool dimension by varying the process conditions including the laser power, scan speed, and RH of the powder. Figure 3 shows that the melt pool width and depth are significantly varied with respect to the laser power and scan speed, indicating that as-built qualities are highly dependent on the VED. It is experimentally observed that a keyhole dominant (Figure 4c) and lack of fusion (Figure 4a) are found when the parts have a VED greater than 100 and less than 60 J/mm3, respectively. Note that VED values in between 60 and 100 J/mm3 are considered to be desirable process conditions (Figure 4b). With the increase in the VED above 100 J/mm3, the fused powders can transfer proportionally higher energy to neighboring particles, causing them to melt together [35]. Such conditions resulted in keyhole pores, which increase the melt pool dimension and cause a large denudation zone [37,38]. Additionally, while the melt pool dimension proportionally increases with a higher VED up to a certain point, the dimension decreases with a further increase in the VED, as shown in Figure 3. This is because uneven spreading powders and pores (Figure 4) are caused by spattering and the low surface quality of the previous layer at a high VED (≥100 J/mm3) [25].



However, when a relatively low VED is used to fabricate the as-built parts fabricated with dry powder, a fluctuation in the melt pool width can be found, which is marked by red circles in Figure 3a,c. It is believed that some of the as-built parts fabricated with dry powder under a relatively low VED have pores caused by lack of fusion, which could affect the measurement of the melt pool dimension [10]. For the as-built parts fabricated with humid powder, the fluctuation in the melt pool width can also be observed when a higher VED is used, which is marked by a red rectangle in Figure 3a. This instability could be induced by keyhole phenomena at an excessively high VED [39].



Moreover, it is importantly noted that the melt pool dimension was found to be detrimentally decreased with the addition of moisture. As the RH increases from 3.4% to 60.0%, more and more powder agglomerates (Figure 2b) are observed, which results in the uneven spreading quality and lack of fusion. This can result in a decrease in the density, and most of the as-built parts with humid powders (30.0% and 60.0%RH) are not successfully fabricated at a high scan speed or low laser power (Table 3 and Figure 3c,d). Consequently, compared to the as-built parts with dry powder (3.4%RH), the melt pool width and depth of the as-built parts with humid powder (60.0%RH) are decreased by 0.81% to 25.47% and by 3.79% to 9.85%, respectively, by varying the laser power from 190 to 400 W (Figure 3a,b). Similarly, for the scan speed from 300 to 600 mm/s, the melt pool width and depth of the as-built parts with humid powder are decreased by 0.89% to 29.80% and by 1.96% to 28.65%, respectively (Figure 3c,d). It can be concluded that both the melt pool width and depth are found to be decreased when the as-built part is fabricated with moisture on the 17-4PH powders.




3.1.2. Density


The density of the as-built parts is found to gradually increase with the rising laser power (Figure 5a) and the decreasing scan speed (Figure 5b). However, the density with a high VED over 100 J/mm3 decreases as a result of the keyholing, which causes entrapped pores (Figure 2) [8,39]. This can lead to a higher porosity inside the as-built parts during the fabrication. It is observed that at a VED of below 60 J/mm3, the undesirably developed lack of fusion leads to the small and shallow melt pools inducing the pore formation [10]. Moreover, the powders are not sufficiently melted, causing process failures such as detachment from substrate and recoater crashing.



In addition, the decrease in the density of the as-built parts is observed with the increase in moisture, which results in defects induced by the low flowability and poor spreadability of the powders [28]. As the RH increases from 3.4% to 60.0%, compared with the dry powder (3.4%RH), the density of the as-built parts with humid powder (60.0%RH) is decreased by 0.09% to 7.86% under the wide range of the laser power (Figure 5a), whereas that of the as-built parts with humid powder is only decreased by 0.07% to 0.46% under various scan speeds (Figure 5b).




3.1.3. Hardness


The hardness of the as-built parts is characterized by the Vickers hardness test. By varying the laser power from 190 to 400 W, as shown in Figure 6a, the hardness is improved as the VED increases up to 100 J/mm3 while it decreases when the VED is above 100 J/mm3. This is likely because of the formation of the keyhole and gas pores, which would decrease the density [40] and generate a higher stress concentration when the as-built part is compressed by a hardness tester [41]. Similarly, the hardness is increased until the scan speed is increased to 600 mm/s, while it is decreased above 600 mm/s as shown in Figure 6b.



Importantly, the decrease in the hardness of the as-built parts with humid powder (60.0%RH) is also evaluated with the increase in moisture. In comparison with the as-built parts with dry powder (3.4%RH), the hardness of the as-built parts with humid powder is decreased by 1.86% to 11.67% in the range of laser powers investigated in this study (Figure 6a) and by 4.15% to 11.75% under various scan speeds (Figure 6b) when the RH of the powders increased from 3.4% to 60.0%. This phenomenon can be interpreted as the water molecules on the surface of the 17-4PH powders being transformed into hydrogen pores [31] during the LPBF process, and this can induce powder agglomerates with adjacent powders to result in a lack of fusion [42].



Therefore, it can be concluded that it is crucial to control the RH of the powders to avoid process failures such as a lack of fusion [43] and keyhole pores and ensure a high printing quality during the LPBF process of the as-built parts.





3.2. Microstructure Characterization


In order to study the effect of RH on the microstructure of the as-built parts, DP3.4 and HP60 samples are investigated.



From the XRD analysis of DP3.4 and HP60, as shown in Figure 7, the ferrite/martensite (α/α′) and γ phases are observed in both DP3.4 and HP60. However, DP3.4 exhibits a higher fraction of the γ phase compared to HP60. The presence of a higher nitrogen (N) content would promote the formation of γ in the as-built parts [44,45]. However, in the case of HP60, water molecules on the powder surface could hinder the reaction between the nitrogen gas and the 17-4PH powders [30]. Consequently, DP3.4 shows a higher fraction of the γ phase by approximately 4.05 wt.%.



The difference in the FWHM of the diffraction peaks of the γ phase, denoted as Δβ = 0.0538° between DP3.4 and HP60, is calculated. The difference in the dislocation density of the γ phase (Δρaus) between DP3.4 and HP60 is determined by using Equation (3), as discussed in Section 2.2.



Furthermore, the results of the EDS analysis (Table 4) show that DP3.4 had higher nitrogen (N) content compared to HP60. This is because when the N2 shielding gas was used during the LPBF process, the water molecules on the powders in HP60 could cause the formation of oxide film, preventing the reaction of N2 gas with the 17-4PH powders [30]. Additionally, a higher amount of carbon and nitrogen elements in the DP3.4 specimen (Table 4) could promote the formation of the γ phase through austenitic solidification mode [46] compared to HP60. Consequently, the fraction of the γ phase in DP3.4 was found to be greater than that in HP60 by up to approximately 4.05 wt.%. This higher fraction of the γ phase in DP3.4 can be primarily attributed to the increased carbon and nitrogen elements.




3.3. Mechanical Properties


The mechanical properties of the DP3.4 and HP60 with the optimum process conditions (Table 2) are characterized by the uniaxial tensile test in terms of the YS (σY), UTS (σUTS), and elongation at break (εbreak). As shown in Figure 8 and Table 5, a large difference in both the YS (~100 MPa) and UTS (~150 MPa) between DP3.4 and HP60 is observed.



Typically, there are three factors to improve the YS and UTS of DP3.4: a higher dislocation density of the γ phase, stronger solid solution strengthening, and higher γ phase fraction. First, the difference in the dislocation density of the γ phase can contribute to the greater YS observed in DP3.4, as calculated by using Taylor’s hardening law in Equation (4) [47]:


   σ  d i s , a u s   = M α G b Δ  ρ  a u s   0.5    



(4)




where σdis,aus, M, α, and G are the yield strength contributed by the γ phase dislocations, Taylor factor, constant about the dislocation obstacle efficiency, and shear modulus, respectively [48]. In this case, M is 3.06 [49], α is 0.30 [50], G is 81 GPa [48], and Δρaus is about 3.092 × 1012 m−2. Therefore, it is understandable that the YS of DP3.4 can be higher than that of HP60 due to the higher dislocation density of the γ phase in DP3.4, as discussed in Section 3.2 (Figure 7), contributing approximately 33.5 MPa to the strength improvement. Second, the more nitrogen elements in DP3.4, as shown in Table 4, can result in the strong solid solution strengthening of interstitial nitrogen atoms, further enhancing the YS and UTS of DP3.4 [51,52].



Finally, the higher fraction of the γ phase in DP3.4 can also, at least in part, contribute to the increase in the UTS, attributed to a higher transformation-induced plasticity (TRIP) effect during deformation [53]. In contrast, HP60 exhibits a lower dislocation density in the γ phase and the weaker solid strengthening of interstitial nitrogen atoms and the TRIP effect due to the detrimental effects of moisture. Consequently, both the YS and UTS of HP60 are decreased by 21.25% and 15.02%, respectively, compared with those of DP3.4. However, the elongation at break (εbreak) of HP60 is higher than that of DP3.4 up to 2.82% in Table 5. This might be because the higher dislocation density in DP3.4 can reduce its ability to store additional dislocations, which gives rise to the decrease in the strain hardening rate during deformation [54]. Additionally, the decrease in the ductility of DP3.4 can also be induced by its stronger solid solution strengthening of interstitial nitrogen atoms [55].





4. Conclusions


This study quantitatively investigated the effects of process conditions coupled with moisture on the as-built qualities and properties of 17-4PH stainless steels. With various process parameters, the main defect mechanisms during the LPBF process were observed by ex situ characterization. The keyholing generated entrapped pores with a high VED (≥100 J/mm3) while the lack of fusion with a low VED (≤60 J/mm3) caused nonmelted powders and process failures.



Additionally, it was noted that the moisture had significant detrimental effects on the as-built qualities and properties under the optimum process condition. The moisture of the 17-4PH powders led to the powder agglomeration, which deteriorated the spreading quality and surface roughness and further contributed to the lack of fusion, pore formation, and process failures. As a result, under the same process conditions, the melt pool width and depth of the as-built parts with humid powder (60.0%RH) were reduced by 1.96% to 28.65% and by 0.81% to 29.80%, respectively, compared with the dry powder. In addition, these reductions in the melt pool dimension resulted in higher surface roughness and internal pores inside the as-built parts. Consequently, the density and hardness of the as-built parts with humid powder (60.0%RH) were reduced by 0.07% to 7.86% and by 1.86% to 11.75%, respectively.



Moreover, the as-built parts with dry powder (3.4%RH) exhibited a higher YS (401.9 MPa) and UTS (1005.1 MPa) compared to that (YS: 316.5 MPa; UTS: 854.1 MPa) of the as-built parts with humid powder (60.0%RH). These differences could be attributed to the difference in the γ fraction (~4.05 wt.%), the solid solution strengthening of the interstitial nitrogen atoms, and the TRIP effect. As a result, the moisture had a negative impact on the mechanical properties of the as-built parts, leading to a 21.25% decrease in the YS and a 15.02% decrease in the UTS but a 2.82% increase in the elongation at break for the as-built parts with humid powder (60.0%RH).



Therefore, this research confirms the crucial role of powder management in conjunction with process optimization for achieving high-quality component fabrication. The insights provided by this work will be valuable for guiding the preparation and manufacturing processes in the context of the LPBF technique.
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Figure 1. The ex situ characterization of (a) melt pool dimension and (b) Vickers hardness. 
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Figure 2. The morphology of (a) dry powder (3.4%RH, DP3.4) and (b) humid powder (60.0%RH, HP60) observed by OM. The dashed red lines indicate the powder agglomerates due to the moisture effect. 
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Figure 3. Variations in melt pool width and depth of the as-built parts with three different moisture contents as a function of (a,b) laser power and (c,d) scan speed. 
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Figure 4. Cross-section images of melt pool with respect to VED: (a) 59.375 J/mm3 (lack of fusion), (b) 96.875 J/mm3 (desirable process condition), and (c) 118.75 J/mm3 (keyhole dominant). The dashed red lines indicate pores generated by each process defect. 
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[image: Metals 13 01550 g004]







[image: Metals 13 01550 g005] 





Figure 5. The density of as-built parts with three different moisture contents as a function of (a) laser power and (b) scan speed. 
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Figure 6. The hardness of as-built parts with three different moisture contents as a function of (a) laser power and (b) scan speed. 
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Figure 7. (a) XRD results of DP3.4 and HP60 and (b) a detailed view of peak regions. 
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Figure 8. Tensile properties of DP3.4 and HP60. The difference between two dashed lines shows the YS difference between DP3.4 and HP60 calculated by 0.2% strain offset line. 
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Table 1. The chemical composition of 17-4PH stainless steel powder (wt.%).
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	Material
	Fe
	C
	Cr
	Cu
	P
	Si
	Mn
	Nb+Ta
	Ni
	Si





	17-4PH
	Bal
	0.07
	15.5–17.5
	3.0–5.0
	0.03
	1.0
	1.0
	0.15–0.45
	3.0–5.0
	0.04










 





Table 2. The optimum process condition of as-built parts (DP3.4 and HP60).
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Optimum

Process

Condition

	
Laser Power

	
Scan Speed

	
Line Spacing

	
Layer Thickness




	
310 W

	
1000 mm/s

	
80 μm

	
40 μm











 





Table 3. The as-built parts and their printing quality with respect to process conditions and three different RHs. A total of 80 μm of line spacing and 40 μm of layer thickness is used to fabricate as-built parts (O indicates the success of fabrication and X indicates the failure of manufacturing).
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No.

	
Laser Power

(W)

	
Scan Speed

(mm/s)

	
Energy Density

(J/mm3)

	
%RH

(Part Quality)






	
1

	
190

	
1000

	
59.375

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
2

	
200

	
1000

	
62.5

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
3

	
210

	
1000

	
65.625

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
4

	
220

	
1000

	
68.75

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
5

	
230

	
1000

	
71.875

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
6

	
240

	
1000

	
75

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
7

	
250

	
1000

	
78.2125

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
8

	
260

	
1000

	
81.25

	
3.4 (O)

	
30.0 (X)

	
60.0 (X)




	
9

	
270

	
1000

	
84.375

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
10

	
280

	
1000

	
87.5

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
11

	
290

	
1000

	
90.625

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
12

	
300

	
1000

	
93.75

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
13

	
310

	
1000

	
96.875

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
14

	
320

	
1000

	
100

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
15

	
330

	
1000

	
103.125

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
16

	
340

	
1000

	
106.25

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
17

	
350

	
1000

	
109.375

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
18

	
360

	
1000

	
112.5

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
19

	
370

	
1000

	
115.625

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
20

	
380

	
1000

	
118.75

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
21

	
390

	
1000

	
121.875

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
22

	
400

	
1000

	
125

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
23

	
200

	
250

	
250

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
24

	
200

	
300

	
208.333

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
25

	
200

	
350

	
178.571

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
26

	
200

	
400

	
156.25

	
3.4 (O)

	
30.0 (O)

	
60.0 (X)




	
27

	
200

	
450

	
138.889

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
28

	
200

	
500

	
125

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
29

	
200

	
550

	
113.636

	
3.4 (O)

	
30.0 (O)

	
60.0 (O)




	
30

	
200

	
600

	
104.167

	
3.4 (O)

	
30.0 (X)

	
60.0 (X)




	
31

	
200

	
650

	
96.154

	
3.4 (O)

	
30.0 (X)

	
60.0 (X)




	
32

	
200

	
700

	
89.286

	
3.4 (O)

	
30.0 (X)

	
60.0 (X)




	
33

	
200

	
750

	
83.333

	
3.4 (O)

	
30.0 (X)

	
60.0 (X)




	
34

	
200

	
800

	
78.125

	
3.4 (O)

	
30.0 (X)

	
60.0 (X)




	
35

	
200

	
850

	
73.529

	
3.4 (O)

	
30.0 (X)

	
60.0 (X)




	
36

	
200

	
900

	
69.444

	
3.4 (O)

	
30.0 (X)

	
60.0 (X)











 





Table 4. EDS mapping results of DP3.4 and HP60 showing chemical compositions of each specimen.
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	wt.%
	C
	N
	Si
	Cr
	Mn
	Fe
	Ni
	Cu
	Nb





	DP3.4
	13.7
	1.3
	0.5
	14.3
	0.4
	60.6
	4.0
	4.9
	0.3



	HP60
	7.5
	0.2
	0.7
	15.4
	0.5
	65.3
	4.6
	5.5
	0.3










 





Table 5. Tensile properties with respect to powder conditions.
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	Samples
	σY (MPa)
	σUTS (MPa)
	εbreak (%)





	DP3.4
	401.9 ± 8.4
	1005.1 ± 18.5
	31.32 ± 0.75



	HP60
	316.5 ± 30.2
	854.1 ± 23.1
	34.24 ± 1.06
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