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Abstract

:

Selective laser melting (SLM) forms specimens that often exhibit anisotropic mechanical properties. Most existing research only explains that the mechanical properties of specimens perpendicular to the build direction are superior to those parallel to the build direction. In this paper, the mechanical properties of SLM 316L SS specimens with different surfaces and different directions are compared. Finally, it was found that the mechanical properties of specimens on Face 3 are stronger than those on Face 1 and Face 2, while the mechanical properties of specimens on Face 1 and Face 2 are similar. For specimens in different directions on the same surface, the mechanical properties of Face 1 and Face 2 exhibit clear anisotropy, while the mechanical properties of Face 3 tend to be isotropic. In this paper, the EBSD technique was used to analyze the specimens. It was found that the anisotropy of the mechanical properties of Face 1 and Face 2 are attributed to the presence of texture and columnar crystals in the sample. This paper can provide accurate and reliable material performance data for the practical application of SLM 316L SS, thereby guiding the optimization of engineering design and manufacturing processes.
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1. Introduction


316L SS is an austenitic stainless steel with a wide range of applications. The composition (in wt.%) of grade 316L SS is as follows: Cr (16–18), Ni (10–14), Mo (2–3), C (≤0.03), Mn (≤2), Si (≤0.75), P (≤0.05), S (≤0.03), N (≤0.1), and Fe (Balance); the ‘L’ denotes low carbon concentration [1]. 316L SS has been recognized as an important alloy for a wide range of industrial applications, from household goods to aerospace and nuclear industries, due to its superior properties such as high ductility, weldability, medium yield strength, high corrosion resistance, and relatively low cost [2]. SLM, an emerging additive manufacturing (AM) technology, is receiving increasing attention due to its superior ability to produce high-performance parts with complex geometries [3,4]. Nowadays, SLM has been widely used in the manufacturing of various 316L SS parts. Some specialized applications, such as directionally solidified turbine blades, require anisotropic properties along specific planes. However, anisotropic mechanical properties might be undesirable for structural applications [5]. In order to provide more accurate and reliable material performance data for practical applications and to guide the optimization of engineering design and manufacturing processes, it is necessary to conduct a more comprehensive study on the anisotropy of the mechanical behavior of SLM 316L SS.



In recent years, numerous studies have demonstrated that in laser additive manufacturing (LAM), the strength of samples perpendicular to the building direction is higher than that of samples parallel to the building direction [6,7,8,9,10,11,12,13].



In order to obtain a more comprehensive understanding of the anisotropic performance of mechanical properties, researchers have studied the mechanical properties of AM 316L SS with different directions and different surfaces. V. Ajay et al. [5] studied wire arc additively manufactured 316L SS and found that the columnar grain growth along the build direction results in a {001} <100> crystal texture in the deposit. The crystal texture negatively affects the elastic properties, leading to the lowest yield strength and elastic modulus being achieved along the build direction. The tensile test performance along the diagonal direction is significantly superior to that along the build direction. Lan Kang et al. [14] studied the mechanical properties and microstructure of LAM 316L SS and found that the mechanical properties of LAM 316L SS on the plane parallel to the building direction exhibit noticeable anisotropy. The microstructure analyses revealed a distinct layered structure perpendicular to the building direction and some columnar crystals perpendicular to the layer plane crossing the boundary, which might explain the reasons causing the high anisotropy of the macroscopic mechanical properties of LAM steels. Som Dixit et al. [15] studied LPBF 316L SS and found that the strength of the sample in the horizontal direction was higher than that of the sample in the vertical direction, while the ductility in the Z direction sample was the highest. The XY45° sample exhibited higher YS and UTS than the X and Y samples at all levels. Crystal orientation and dislocation density are the primary factors contributing to the anisotropy of mechanical properties.



Similar results have been found in the study of other materials. Beibei He et al. found that the anisotropy of the mechanical properties of the XZ plane in SLM Ti6Al4V specimens is more obvious than that of the XY plane [16]. Yupeng Ren et al. studied the mechanical properties of cold-sprayed AM 7075 Al coating and found that the mechanical anisotropy primarily existed between the deposition direction (Z) and the XY plane. When the tensile direction changes from the X/Y direction to the Z direction, the ultimate tensile strength gradually decreases [17]. A. Charmi et al. found that the yield strength of the specimen increased as the angle between the specimen sampling direction and the substrate decreased [18]. L. Palmeira Belotti et al. studied the anisotropy of stainless steel parts fabricated by thick-walled arc additive manufacturing, and found that under uniaxial tensile loading conditions, the material exhibited an anisotropic mechanical response in the TDBD plane along the transverse, 45° from the transverse (diagonal), and BD directions [19]. L. Hitzler et al. found that the variation in mechanical characteristics resulting from altering the inclination between the loading and the layers differed, and was demonstrated to be highly dependent on the material [20].



In existing research, it has been found that there are different variations of anisotropy between the plane perpendicular to the construction direction and the plane parallel to the construction direction in AM technology. Researchers attribute the anisotropy of mechanical properties to manufacturing defects [21], textures [15,18,22,23,24,25], dislocations [15], and grain size and shape (columnar crystals) [26,27,28], among other factors.



When manufacturing parts, we can determine the optimal direction based on the material’s anisotropy in order to achieve the necessary mechanical properties. However, existing research lacks a comprehensive description and micro-interpretation of the anisotropy of mechanical properties of SLM 316L SS samples in different planes and directions. Therefore, it is necessary to study the anisotropy of SLM 316L SS. This paper analyzes the mechanical properties of SLM 316L SS from different planes and directions, and establishes the anisotropic laws of these properties. The causes of the anisotropic mechanical properties were investigated using the EBSD technique, focusing on grain size and shape, dislocation, and texture. Finally, through the comparison of the mechanical properties of the fabricated specimens, the most favorable combination of printing parameters is identified in this paper, offering a reference to other researchers in the selection of optimal process parameters for SLM 316L SS.




2. Materials and Methods


In this study, the 316L SS powder used was provided by Beijing e-Plus 3D Tech. Co., Ltd., Beijing, China. In the SLM process, the physical properties of the powder, such as particle size distribution, fluidity, and bulk density, significantly influence the structure, shape, and mechanical properties of the specimen. First, the chemical composition of the powder will directly influence the density and chemical stability of the formed parts, as well as the chemical properties of the formed parts. Second, the particle size distribution of the powder will influence the surface smoothness and strength of the formed part. Bulk density will influence the porosity and compactness during the sintering process. The flowability will directly influence the accuracy of forming and the surface quality during the forming process. The oxygen content will influence the extent of oxidation and the mechanical properties of the formed parts. The sphericity of the powder also influences the sintering process of the formed part, as well as the final density and surface quality. The chemical composition of the 316L SS powder used in this experiment is shown in Table 1, and the physical properties of the powder are shown in Table 2.



The LAM equipment used in this paper is the EP-M150 small-size mainstream metal AM equipment produced by Beijing e-Plus 3D Tech. Co., Ltd., Beijing, China. as shown in Figure 1. The equipment includes a printing system, a control system, and a filtering system. The printing system utilizes a maximum laser power of 500 W, with a minimum spot diameter of the laser beam at 40 μm, and a maximum laser scanning speed of 8000 mm/s. The size of the forming chamber of the printing system is Φ153 × 100 mm3. In order to prevent oxidation of the metal powder during the forming process, a sealed cavity is utilized, and argon gas is introduced as a protective gas, with an oxygen content of less than 0.02%.



In the LAM process, the quality of formed products is mainly influenced by factors such as laser power, scanning spacing, scanning speed, and scanning strategy. These factors will significantly impact the surface and internal microstructure of the formed parts, thereby significantly affecting the quality of the formed parts. This paper investigates the impact of laser power, scanning speed, and scanning spacing on the mechanical properties of the sample, without delving deeply into the scanning strategy and powder thickness.



In Liang Hao’s [29] study, it was observed that 316L samples, formed at various laser power and scanning speed settings, exhibited high forming rates and hardness when the laser power ranged from 200 to 300 W, coupled with scanning speeds of 600 mm/s, 900 mm/s, and 1100 mm/s. In line with the optimal parameters for SLM 316L SS identified by Baris Sener, the scanning spacing was set to 0.1 mm [30]. Therefore, the laser power of this experiment was set to 200–300 W, the scanning speed was set to 850–1000 mm/s, and the scanning spacing was set to 0.08–0.14 mm. The scanning strategy employed in the experiment involved deflecting the adjacent layer by 67°, with a power layer thickness of 0.03 mm. The specific parameter settings for this experiment are shown in Table 3.



The printed sample and pick-up position of the SLM are shown in Figure 2. In this paper, we refer to the XY plane as Face 3, which is perpendicular to the building direction. Additionally, we refer to the XZ plane as Face 1 and the YZ plane as Face 2; both are parallel to the building direction and perpendicular to each other. Specimens were taken from each surface in three directions: 0°, 45°, and 90°, with two specimens taken in each direction. The mechanical properties of the two samples taken from the same position are similar, and the stress-strain curves derived from the experimental data also exhibit similarity. Therefore, the stress-strain curves in the Results and Discussions section are derived from the data of the sample with superior mechanical properties.



The numbering rule for uniaxial tensile specimens follows the format of ‘process parameters–plane of the pick-up–direction of the pick-up’. For example, in ‘1-2-DH’, ‘1’ represents the parameter selected from Table 3 for the printing process, ‘2’ indicates that the specimen is taken from Face 2 of Figure 2, ‘D’ denotes that the specimen is a uniaxial tensile specimen, and ‘H’ indicates the direction of the specimen. There are three forms of ‘H, T, and V’ representing the directions of the sample. ‘H’ corresponds to 0°, ‘T’ corresponds to 45°, and ‘V’ corresponds to 90°, as shown in Figure 2. The specimen’s shape design and the static tensile test method for metal materials refer to GB/T 228-2010. The specific size of the uniaxial tensile specimen is shown in Figure 3, and the specimen is obtained by wire cutting.



In this paper, the mechanical properties of materials are obtained through uniaxial tensile testing. The uniaxial tensile equipment used in this study is the Instron 5982 universal testing machine manufactured by Instron Company, Chicago, IL, USA, as shown in Figure 4. The maximum load can reach 100 KN. The strain rate used in the uniaxial tensile test is 0.035 mm/s.



Through uniaxial tensile testing the load-displacement data of SLM 316L SS can be obtained, and the test used DIC equipment to measure the strain of 316L SS. The displacement and load data obtained from the tensile equipment were imported into the DIC equipment calculation software Bluehill Universal 4.08 to calculate engineering stress and engineering strain data. Subsequently, the data can be processed by the following formula to obtain the corresponding true stress-strain curves of ten groups of tensile specimens with different process parameters. According to the formula, the true stress-strain curve can be obtained. The material’s elasticity modulus, yield strength, tensile strength, elongation, and other mechanical properties are further obtained according to the true stress-strain curve.



The equations for calculating the true stress and true strain are as follows:


   σ 0  =  F   A 0    ,  



(1)






   ε 0  =   Δ l    l 0    ,  



(2)






   σ t  =  σ 0  ( 1 +  ε 0  ) ,  



(3)






   ε t  = ln ( 1 +  ε 0  )  



(4)




where F is the value of the tensile force during the tensile test; A0 is the original cross-sectional area of the tensile specimen at a distance from the specimen; Δl is the amount of change in the length direction of the scalar segment of a tensile specimen during a tensile test; l0 is the original length of the scale section of the tensile specimen; σ0 and ε0 are engineering stress and engineering strain, respectively; and σt and εt are the true stress and true strain, respectively.



In this study, electron backscatter diffraction (EBSD) was used to observe the samples. The EBSD device is from Oxford, UK. The working parameters of the EBSD test were as follows: the test voltage was 20 kv, the step size was 2 um, and the sample inclination angle was 70°. The sample preparation method was mechanical polishing.




3. Results and Discussions


The mechanical properties of 316L stainless steel under different laser powers, scanning speeds, and scanning spacings were analyzed, in order to determine the anisotropic laws of its mechanical properties and explain the underlying causes of its mechanical behavior from a microscopic perspective. Comparing the mechanical properties of the specimens with different printing parameters, the printing parameters used in the specimens with better mechanical properties in this test were selected.



3.1. Anisotropic Laws of Mechanical Properties


Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14 show the true stress-strain curves and mechanical properties corresponding to each process parameter. In each figure, (a), (b), and (c) show the true stress-strain curves in different directions of Face 1, Face 2, and Face 3 under the corresponding printing parameter, respectively, while (d) shows the mechanical properties of specimens under the corresponding printing parameter. The specific data of mechanical properties can also be obtained from Table A1.



From Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14, it can be found that the true strain of most uniaxial tensile specimens exceeds 0.3. The uniaxial tension specimens with true strains below 0.2 were the T direction on Face 1 of parameter 2, the T and V directions on Face 2; the T direction on Face 3 of parameter 4; the V direction on Face 1 of parameter 5; all directions on Face 1 of parameter 6, the T and H directions on Face 3; the V direction on Face 1 parameter 8; the H and V directions on Face 2; and the V direction on Face 1 of parameter 9. Among them, the specimens with a true strain below 0.2 are mainly concentrated in the T and V directions on Faces 1 and 2. During the initial stages of printing of some specimens, black dots appeared during the powder spreading process, so we conjecture that the smaller true strain is the result of printing defects.



If the true stress-strain curves of the printed specimens in different directions on each surface are similar under different printing parameters, it shows that the mechanical properties of the surface are isotropic. If the true stress-strain curves are significantly different, it shows obvious anisotropy. Based on this judgment, from Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14, we can observe that Face 1 and 2 of Parameters 1, 2, 3, 5, 7, 8, 9, and 10 show obvious anisotropy, whereas the anisotropy of Face 3 is less pronounced. The results for Parameters 4 and 6 are significantly different from the rest of the parameters. All faces of Parameter 4 exhibit anisotropy. Face 2 of parameter 6 exhibits isotropy, while Faces 1 and 3 exhibit anisotropy.



From this, we can observe that the anisotropy of SLM 316L SS is primarily evident within Faces 1 and 2 (parallel to the stacking direction), whereas Face 3 (perpendicular to the stacking direction) exhibits good isotropy.



To better visualize the anisotropic laws of the mechanical properties, we compare the mechanical properties in the form of differences. The values of the mechanical properties are shown in Table A1. Here, given a criterion, when the difference in yield strength, tensile strength, and elasticity modulus between two specimens is less than 25 MPa, 100 MPa, and 25 GPa, respectively, we consider that their mechanical properties are close. In Figure 15 and Figure 16, the value of our judgment criterion is represented by ‘b’, and the actual value of the difference in mechanical properties is represented by ‘a’. From this criterion, we can see that a < (−b) (shown in red) indicates that the difference between the two mechanical properties is large, and the former is weaker than the latter; −b < a < b (shown in green) indicates that the difference between the two mechanical properties is not large; and a > b (shown in blue) indicates that the difference between the two mechanical properties is large, and the former is stronger than the latter.



Figure 15a–d are drawn according to Table A2, Table A3, Table A4 and Table A5 in Appendix A, respectively. Through Figure 15a–d, the mechanical properties of specimens with different directions in the same face are analyzed. From Figure 15a, it can be observed that the mechanical properties in the H and T directions are similar, while the mechanical properties in the V direction are inferior. From Figure 15b, it can be observed that the mechanical properties in Face 1 are T, H, V in order from good to bad; from Figure 15c, it can be observed that the mechanical properties in Face 2 are ‘T, H, V’ in order from good to bad; and from Figure 15d, it can be observed that the mechanical properties in the H, T, and V directions are similar in the three faces. This is consistent with the result that we obtain from the true stress-strain diagram that Face 3 tends to be isotropic. Moreover, we can also see that the strength of the specimen in Faces 1 and 2 perpendicular to the build direction is higher than that of the specimen parallel to the build direction.



Figure 16a–d are drawn according to Table A6, Table A7, Table A8 and Table A9 in Appendix A, respectively. Through Figure 16a–d, the mechanical properties of specimens with the same direction in different faces are analyzed. From Figure 16a, we can observe that Faces 1 and 2 have similar strength, while Face 3 is stronger. From Figure 16b, the mechanical properties of the three faces are relatively similar in the H direction. From Figure 16c, it can be observed that Face 1 is slightly stronger than Faces 2 and 3 overall in the T direction, while Face 2 is relatively similar to Face 3. From Figure 16d, it can be observed that Face 3 is stronger than Faces 1 and 2 in the V direction, while Face 1 is relatively similar to Face 2.




3.2. Microstructural Study


This section will explain the reasons for the anisotropy of mechanical properties in this study from three aspects: grain size and shape, texture, and dislocation density. Because the mechanical properties of the specimens printed with 10 parameters are better (see Section 3.3), and the law of anisotropy of mechanical properties is consistent with the law found in Section 3.1, this paper selects three different planes of samples with Parameter 10 for microscopic observation.



According to the Hall–Petch relation, the strength of the material increases as the crystal size decreases [31,32]. Smaller crystal size means more grain boundaries, which are the obstacles to dislocation movement. With an increase in the number of grain boundaries, dislocation movement requires higher stress, resulting in increased strength [14]. From Figure 17a–f, it is found that the grain size of Face 3 is significantly smaller than that of Face 1 and Face 2. The average grain sizes of Face 1, Face 2, and Face 3 are 35.0 µm, 52.8 µm, and 27.9 µm, respectively.



The dislocation structure is extremely important in adjusting the plastic deformation behavior of the sample [33]. The average orientation deviation can reflect the dislocation density [15]. The dislocation density increases with the increase in the average orientation deviation [15,34]. From Figure 17g–i, it can be seen that the dislocation density of Face 3 is significantly higher than that of Face 1 and Face 2. The average orientation deviations (θKAM) of Face 1, Face 2, and Face 3 are 0.61°, 0.67°, and 1.00°, respectively.



The mechanical properties of Face 3, as indicated by the grain size and dislocation density, are better than those of Face 1 and Face 2, which is consistent with the experimental results.



From Figure 18, it can be observed that Face 1 exhibits a weak {001} <110> plate texture and a weak <102>∥X silk texture. From Figure 19, it can be observed that Face 2 exhibits a strong {001} <100> texture, with a texture intensity of up to 11.88. From Figure 20, it can be observed that Face 3 exhibits a weak {001} <110> texture, with a texture intensity of up to 5.41. It is found that there are differences in mechanical properties along different directions of texture [15]. Meanwhile, influenced by the local maximum thermal gradient during the solidification process and the crystal orientation of the solidified material under the liquid melt [27,35,36], a columnar crystal formed at a 45° angle to the building direction on Face 1 and Face 2. The generation of columnar crystals results in varying grain boundary density and dislocation density, ultimately leading to anisotropy in the mechanical properties of the plane (Face 1 and Face 2) parallel to the construction direction. Therefore, we believe that the anisotropy of the mechanical properties of Face 1 and Face 2 are attributed to the presence of texture and columnar crystals in the sample.




3.3. Select Process Parameters


In this section, the yield strength, tensile strength, elastic modulus, and elongation of the samples produced using different process parameters will be compared. It will then identify the printing parameters corresponding to the samples with superior mechanical properties, providing a reference for other researchers to select the optimal process parameters.



The previous study indicates that, with the exception of Parameter 6, the specimens obtained on Face 3 exhibit minimal anisotropy and demonstrate excellent mechanical properties. Therefore, in this paper, the specimens form Face 2 of Parameter 6 and the specimens from Face 3 of the remaining parameters are selected for analysis.



3.3.1. Optimal Combination of Laser Power


According to the process parameters specified in Table 3, Parameters 1, 2, 3, and 4 were selected to investigate the impact of different laser powers on the forming properties of SLM 316L SS. In these four parameter sets, the scanning spacing and scanning speed were fixed at 0.10 mm and 1000 mm/s, while the laser power for Parameters 1, 2, 3, and 4 were 200 W, 230 W, 270 W, and 300 W, respectively. The optimal laser power was determined by analyzing the tensile properties of specimens under different laser powers. The true stress-strain curves of the specimens on Face 3 of Parameters 1, 2, 3, and 4 can be found in Figure 5, Figure 6, Figure 7 and Figure 8. Figure 21 shows the elongation of the corresponding specimens.



From the perspective of the proximity of stress-strain curves, the stress-strain curves in the three directions of Parameter 3 are closer. This means that among the specimens printed with these four groups of parameters, the specimens printed with Parameter 3 tend to be more isotropic. In addition, according to the mechanical properties’ indexes, the average yield strength, tensile strength, and elastic modulus of specimens in different directions of Parameter 3 were 490.57 MPa (the largest in the four groups), 861.09 MPa (the largest in the four groups), and 119.46 MPa (the second largest in the four groups), respectively. In addition, a comprehensive analysis of the elongation of a specimen with Parameter 3 in Figure 21 shows that the values for elongation in the three directions of ‘H’, ‘T’ and ‘V’ were 56.07%, 53.07%, and 55.73%, respectively, all of which are relatively high. Although the elongation of Parameter 1 is slightly higher, the specimen exhibits some anisotropy in the three directions of Parameter 1. The elongation in the ‘H’ direction is 61.07%, which is 5% higher than the other two directions. Therefore, from a comprehensive analysis perspective, the mechanical properties of Parameter 3 specimen are superior.




3.3.2. Optimal Combination of Scan Spacing


Parameters 4, 5, 6, and 7 in Table 3 were adopted to investigate the influence of different scanning spacings on the formability of SLM 316L SS. For these four sets of parameters, the laser power and scanning speed were set at 300 W and 1000 mm/s. The scanning spacings for Parameters 4, 5, 6, and 7 were 0.10 mm, 0.12 mm, 0.14 mm, and 0.08 mm, respectively. The optimal scanning spacing was determined by analyzing the tensile properties of specimens with different scanning spacings. The true stress-strain curves for Face 3 of Parameters 4, 5, and 7, and Face 2 of Parameter 6 can be obtained from Figure 8, Figure 9, Figure 10 and Figure 11. Figure 22 shows the elongation of the corresponding specimens.



From the perspective of the proximity of stress-strain curves, the stress-strain curves of Parameters 5 and 7 in three directions are closer. Therefore, the specimens printed using Parameters 5 and 7 tend to be more isotropic. As shown in Figure 22, although the elongation in the H and V directions of Parameter 5 is significantly different from that in the T direction, it is evidently superior to that of the printed specimen with Parameter 7. In addition, according to the mechanical properties’ indexes, the average yield strength, tensile strength, and elastic modulus of specimens in different directions of Parameter 5 reached 433.95 MPa (the second in the four groups, with a difference of 10 MPa from the first), 819.03 MPa (the largest in the four groups), and 128.30 MPa (the largest in the four groups), respectively. Therefore, from a comprehensive analysis perspective, the mechanical properties of Parameter 5 specimen are superior.




3.3.3. Optimal Combination of Scanning Speed


Parameters 7, 8, 9, and 10 in Table 3 were adopted to investigate the impact of different scanning speeds on the formability of SLM 316L SS. Among the four sets of parameters, the laser power and scanning spacing were set at 300 W and 0.08 mm. The scanning speeds of Parameters 7, 8, 9, and 10 were 1000 mm/s, 950 mm/s, 900 mm/s, and 850 mm/s, respectively. The optimal scanning speeds were determined by analyzing the tensile properties of specimens at different scanning speeds. The true stress-strain curve for Face 3 with Parameters 7, 8, 9, and 10 can be obtained from Figure 11, Figure 12, Figure 13 and Figure 14. Figure 23 shows the elongation of the corresponding specimens.



From the perspective of the proximity of stress-strain curves, the stress-strain curves of Parameters 7 and 10 in three directions are closer. Therefore, the specimens printed using Parameters 7 and 10 tend to be more isotropic. It can be observed from Figure 23 that the tensile properties of the specimen printed with Parameter 10 exhibit less variation in three directions and are significantly superior to the elongation of the specimen printed with Parameter 7. In terms of mechanical property indices, the average yield strength, tensile strength, and elastic modulus of specimens in different directions of Parameter 10 reached 453.38 MPa (the largest in the four groups), 852.54 MPa (the largest in the four groups), and 127.74 MPa (the smallest in the four groups, but differs little from the elastic modulus of the other three parameters, and differs by only 9 GPa from the maximum), respectively. Therefore, from a comprehensive analysis perspective, the mechanical properties of Parameter 10 specimen are superior.



Based on the analysis above, the optimal process parameter combination for the SLM 316L SS specimen in the printing parameters used in this paper are Process Parameters 3, 5, and 10.



In this study, no clear linear relation between the strength of mechanical properties and printing parameters are found. This lack of relation may be attributed to the small gradient set between each group of process parameters, which makes it difficult to discern the influence of each printing parameter on the mechanical properties of the specimen.






4. Conclusions


	(1)

	
The anisotropy of SLM 316L SS is primarily evident in Faces 1 and 2 (parallel to the building direction), while Face 3 (perpendicular to the building direction) shows good isotropy.




	(2)

	
The mechanical properties of specimens with different directions in the same face were analyzed. Overall, it can be observed that the mechanical properties in H and T directions are similar, while the mechanical properties in V direction are inferior. The order of mechanical properties from good to bad in Faces 1 and 2 is T, H, and V; the mechanical properties in the H, T, and V directions in Face 3 are similar.




	(3)

	
The mechanical properties of the specimen with the same direction in different faces were analyzed. Overall, it can be observed that the strength of Faces 1 and 2 are similar, while the strength of Face 3 is higher. Among them, the performance of the H direction for the three faces is relatively close; in the T direction, Face 1 is slightly stronger than Faces 2 and 3, while Face 2 is relatively close to Face 3. The mechanical properties of Face 3 in the V direction are the best, and the V directions of Faces 1 and 2 are relatively close.




	(4)

	
The superior mechanical properties of Face 3 are attributed to its smaller grain size and higher dislocation density. The anisotropy of the mechanical properties of Face 1 and Face 2 are attributed to the presence of texture and columnar crystals in the sample.




	(5)

	
The optimal process parameter combination for the SLM 316L SS specimen, based on the printing parameters used in this paper, is Parameters 3, 5, and 10.







This paper provides a comprehensive description of the anisotropy of mechanical properties of SLM 316L SS, offering valuable guidance for engineering design and practical manufacturing process optimization. Additionally, it offers essential references for researchers seeking to select the most suitable processing parameters. Future studies should prioritize the investigation of anisotropy in hardness and fatigue properties to further enhance the understanding and utilization of SLM 316L SS.
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Appendix A


The specific mechanical properties of the specimens in different planes and different directions in Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14d are summarized in Table A1. Figure 15a–d are drawn according to Table A2, Table A3, Table A4 and Table A5, respectively. Figure 16a–d are drawn according to Table A6, Table A7, Table A8 and Table A9 in Appendix A.





 





Table A1. Mechanical properties of each specimen.






Table A1. Mechanical properties of each specimen.





	
Print Parameter

	
Face

	
Yield Strength (MPa)

	
Tensile Strength (MPa)

	
Elasticity Modulus (GPa)




	
H

	
T

	
V

	
H

	
T

	
V

	
H

	
T

	
V






	
Parameter 1

	
Face 1

	
509.37

	
475.17

	
441.39

	
879.98

	
861.51

	
888.73

	
123.72

	
107.56

	
105.52




	
Face 2

	
472.86

	
468.58

	
435.61

	
853.76

	
896.97

	
887.02

	
146.78

	
134.1

	
106.93




	
Face 3

	
501.85

	
485.7

	
470.94

	
927.38

	
871.33

	
845.98

	
153.52

	
132.58

	
133.59




	
Parameter 2

	
Face 1

	
433

	
450.82

	
420.71

	
771.27

	
531.69

	
760.95

	
143.16

	
159.18

	
127.44




	
Face 2

	
422.11

	
447.99

	
379.89

	
752.1

	
543.25

	
427.33

	
118.41

	
129.8

	
75.7




	
Face 3

	
434.9

	
443.43

	
437.76

	
802.11

	
833.33

	
711.75

	
120.4

	
123.15

	
114.27




	
Parameter 3

	
Face 1

	
506.72

	
443.43

	
408.29

	
890.04

	
819.88

	
895.37

	
138.33

	
127.95

	
106.17




	
Face 2

	
479.45

	
479.43

	
423.88

	
862.48

	
905.44

	
875.02

	
139.43

	
140.43

	
126.02




	
Face 3

	
500.07

	
489.64

	
482.01

	
883.04

	
850.1

	
850.13

	
119.02

	
118.03

	
121.34




	
Parameter 4

	
Face 1

	
448.18

	
475.63

	
411.71

	
834.01

	
927.41

	
649.39

	
132.16

	
161.83

	
81.47




	
Face 2

	
451.36

	
463.21

	
407.44

	
816.3

	
891.11

	
629.23

	
122.07

	
117.96

	
85.77




	
Face 3

	
378.48

	
433.07

	
436.4

	
737.47

	
636.52

	
830.44

	
118.5

	
102.72

	
119.68




	
Parameter 5

	
Face 1

	
438.58

	
475.59

	
380.81

	
779.27

	
853.34

	
410.45

	
117.02

	
161.31

	
66.39




	
Face 2

	
437.52

	
432.42

	
391.04

	
692.51

	
680.02

	
624.97

	
104.95

	
83.47

	
96.05




	
Face 3

	
442.77

	
428.7

	
430.39

	
860.74

	
744.24

	
852.1

	
127.42

	
127.79

	
129.68




	
Parameter 6

	
Face 1

	
388.45

	
455.46

	
357.52

	
525.65

	
668.8

	
454.09

	
118.5

	
159.47

	
80.68




	
Face 2

	
432.25

	
434.68

	
436.84

	
851.1

	
801.59

	
778.29

	
120.94

	
118.45

	
108




	
Face 3

	
422.51

	
366.11

	
453.97

	
644.54

	
446.26

	
711.11

	
119.87

	
116.01

	
130.42




	
Parameter 7

	
Face 1

	
444.61

	
468.03

	
389.36

	
872.57

	
897.15

	
579.33

	
124.43

	
154.34

	
88.21




	
Face 2

	
435

	
437.68

	
379.31

	
809.5

	
847.05

	
603.3

	
119.55

	
141.65

	
85.02




	
Face 3

	
448.89

	
438.11

	
444.83

	
753.89

	
705.73

	
711.9

	
122.38

	
131.46

	
157.11




	
Parameter 8

	
Face 1

	
442.72

	
391.93

	
444.16

	
826.75

	
601.23

	
675.41

	
131.49

	
84.74

	
139.73




	
Face 2

	
382.27

	
427.72

	
376.99

	
534.15

	
758.49

	
544.55

	
116.98

	
107.14

	
75.49




	
Face 3

	
428.1

	
440.01

	
461.23

	
798.93

	
719.08

	
828.8

	
129.37

	
123.07

	
145.07




	
Parameter 9

	
Face 1

	
425.35

	
465.95

	
399.31

	
842.35

	
875.21

	
525.68

	
131.92

	
148.24

	
78.53




	
Face 2

	
401.71

	
375.12

	
430.22

	
681.32

	
608.66

	
819.49

	
120.95

	
76.84

	
104.93




	
Face 3

	
439.2

	
436.38

	
464.43

	
842.6

	
781.79

	
893.75

	
133.22

	
127.26

	
149.41




	
Parameter 10

	
Face 1

	
431.55

	
453.11

	
385.33

	
838.87

	
941.29

	
688.24

	
146.37

	
160.29

	
91.88




	
Face 2

	
436

	
425.36

	
391.15

	
748.36

	
790.63

	
650.35

	
111.35

	
122.38

	
87.84




	
Face 3

	
443

	
451.12

	
466.02

	
867.71

	
834.22

	
855.69

	
120.49

	
125.34

	
137.39











 





Table A2. After the mechanical properties of the specimens in different directions on the same plane are subtracted, each column is arranged from small to large.






Table A2. After the mechanical properties of the specimens in different directions on the same plane are subtracted, each column is arranged from small to large.





	
Yield Strength (MPa)

	
Tensile Strength (MPa)

	
Elasticity Modulus (GPa)




	
H − T

	
H − V

	
T − V

	
H − T

	
H − V

	
T − V

	
H − T

	
H − V

	
T − V






	
−67.01

	
−57.92

	
−87.86

	
−224.34

	
−138.17

	
−264.85

	
−44.29

	
−34.73

	
−54.99




	
−54.59

	
−33.13

	
−55.1

	
−143.15

	
−92.97

	
−229.26

	
−40.97

	
−16.9

	
−28.09




	
−45.45

	
−31.46

	
−52.23

	
−102.42

	
−66.57

	
−210.83

	
−29.91

	
−16.19

	
−25.65




	
−40.6

	
−28.51

	
−28.05

	
−93.4

	
−51.15

	
−193.92

	
−29.67

	
−15.7

	
−22.15




	
−37.01

	
−25.23

	
−21.22

	
−74.81

	
−33.26

	
−111.96

	
−22.1

	
−10.55

	
−22




	
−27.45

	
−23.02

	
−14.9

	
−74.07

	
−29.87

	
−109.72

	
−16.32

	
−8.24

	
−16.96




	
−25.88

	
−4.59

	
−6.72

	
−43.21

	
−12.54

	
−107.86

	
−16.02

	
−2.32

	
−14.41




	
−23.42

	
−2.86

	
−3.33

	
−42.96

	
−10.4

	
−75.49

	
−13.92

	
−2.26

	
−12.58




	
−21.56

	
−1.44

	
−2.16

	
−42.27

	
−8.75

	
−74.18

	
−11.39

	
−1.18

	
−12.05




	
−17.82

	
4.06

	
−1.69

	
−37.55

	
−5.33

	
−27.22

	
−11.03

	
6.13

	
−3.31




	
−11.91

	
5.28

	
5.67

	
−32.86

	
8.64

	
−21.47

	
−9.08

	
8.9

	
−1.89




	
−11.85

	
12.29

	
7.63

	
−31.22

	
10.32

	
−6.17

	
−4.85

	
12.94

	
−1.01




	
−8.53

	
12.38

	
14.76

	
−24.58

	
12.02

	
−0.03

	
−2.75

	
13.41

	
2.04




	
−8.12

	
18.06

	
30.11

	
12.49

	
32.91

	
9.95

	
−1

	
15.72

	
8.88




	
−2.68

	
26.04

	
32.97

	
18.47

	
41.99

	
23.3

	
−0.37

	
16.02

	
10.45




	
−2.43

	
30.91

	
33.78

	
32.94

	
67.54

	
25.35

	
0.99

	
18.2

	
14.41




	
0.02

	
30.93

	
34.21

	
33.49

	
71.56

	
30.42

	
2.49

	
19.93

	
21.78




	
2.82

	
36.47

	
35.14

	
48.16

	
72.81

	
55.05

	
3.86

	
23.51

	
27.17




	
4.28

	
37.25

	
41.38

	
49.51

	
81.4

	
115.92

	
4.11

	
32.16

	
31.65




	
5.1

	
42.22

	
50.73

	
56.05

	
90.36

	
121.58

	
5.96

	
34.53

	
31.74




	
10.43

	
43.92

	
55.55

	
60.81

	
98.01

	
140.28

	
6.3

	
36.22

	
32.19




	
10.64

	
44.85

	
55.77

	
70.16

	
150.63

	
213.94

	
9.84

	
36.3

	
34.54




	
10.78

	
46.22

	
58.37

	
72.66

	
151.34

	
214.71

	
10.38

	
37.82

	
54.1




	
14.07

	
46.48

	
63.92

	
79.85

	
184.62

	
243.75

	
12.68

	
39.85

	
56.63




	
16.15

	
55.25

	
66.64

	
100.95

	
187.07

	
253.05

	
15.78

	
41.49

	
66.13




	
26.59

	
55.57

	
67.78

	
116.5

	
206.2

	
261.88

	
16.16

	
42.71

	
68.41




	
34.2

	
55.69

	
68.1

	
198.28

	
293.24

	
278.02

	
20.94

	
50.63

	
69.71




	
50.79

	
57.77

	
78.67

	
208.85

	
316.67

	
317.82

	
21.48

	
50.69

	
78.79




	
56.4

	
67.98

	
94.78

	
225.52

	
324.77

	
349.53

	
44.11

	
53.39

	
80.36




	
63.29

	
98.43

	
97.94

	
239.58

	
368.82

	
442.89

	
46.75

	
54.49

	
94.92











 





Table A3. After the mechanical properties of the specimens in different directions on Face 1 are subtracted, each column is arranged from small to large.






Table A3. After the mechanical properties of the specimens in different directions on Face 1 are subtracted, each column is arranged from small to large.





	
Yield Strength (Mpa)

	
Tensile Strength (Mpa)

	
Elasticity Modulus (Gpa)




	
H − T

	
H − V

	
T − V

	
H − T

	
H − V

	
T − V

	
H − T

	
H − V

	
T − V






	
−67.01

	
−1.44

	
−52.23

	
−143.15

	
−8.75

	
−229.26

	
−44.29

	
−8.24

	
−54.99




	
−40.6

	
12.29

	
30.11

	
−102.42

	
−5.33

	
−75.49

	
−40.97

	
15.72

	
2.04




	
−37.01

	
26.04

	
33.78

	
−93.4

	
10.32

	
−74.18

	
−29.91

	
18.2

	
21.78




	
−27.45

	
30.93

	
35.14

	
−74.07

	
71.56

	
−27.22

	
−29.67

	
32.16

	
31.74




	
−23.42

	
36.47

	
63.92

	
−32.86

	
150.63

	
214.71

	
−16.32

	
36.22

	
66.13




	
−21.56

	
46.22

	
66.64

	
−24.58

	
151.34

	
253.05

	
−16.02

	
37.82

	
68.41




	
−17.82

	
55.25

	
67.78

	
18.47

	
184.62

	
278.02

	
−13.92

	
50.63

	
69.71




	
34.2

	
57.77

	
78.67

	
70.16

	
293.24

	
317.82

	
10.38

	
50.69

	
78.79




	
50.79

	
67.98

	
94.78

	
225.52

	
316.67

	
349.53

	
16.16

	
53.39

	
80.36




	
63.29

	
98.43

	
97.94

	
239.58

	
368.82

	
442.89

	
46.75

	
54.49

	
94.92











 





Table A4. After the mechanical properties of the specimens in different directions on Face 2 are subtracted, each column is arranged from small to large.






Table A4. After the mechanical properties of the specimens in different directions on Face 2 are subtracted, each column is arranged from small to large.





	
Yield Strength (Mpa)

	
Tensile Strength (Mpa)

	
Elasticity Modulus (Gpa)




	
H − T

	
H − V

	
T − V

	
H − T

	
H − V

	
T − V

	
H − T

	
H − V

	
T − V






	
−45.45

	
−28.51

	
−55.1

	
−224.34

	
−138.17

	
−210.83

	
−22.1

	
8.9

	
−28.09




	
−25.88

	
−4.59

	
−2.16

	
−74.81

	
−33.26

	
9.95

	
−11.39

	
12.94

	
−12.58




	
−11.85

	
5.28

	
32.97

	
−43.21

	
−12.54

	
23.3

	
−11.03

	
13.41

	
10.45




	
−2.68

	
37.25

	
34.21

	
−42.96

	
−10.4

	
30.42

	
−1

	
16.02

	
14.41




	
−2.43

	
42.22

	
41.38

	
−42.27

	
67.54

	
55.05

	
2.49

	
23.51

	
27.17




	
0.02

	
43.92

	
50.73

	
−37.55

	
72.81

	
115.92

	
4.11

	
34.53

	
31.65




	
4.28

	
44.85

	
55.55

	
12.49

	
98.01

	
140.28

	
9.84

	
36.3

	
32.19




	
5.1

	
46.48

	
55.77

	
49.51

	
187.07

	
213.94

	
12.68

	
39.85

	
34.54




	
10.64

	
55.57

	
58.37

	
72.66

	
206.2

	
243.75

	
21.48

	
41.49

	
54.1




	
26.59

	
55.69

	
68.1

	
208.85

	
324.77

	
261.88

	
44.11

	
42.71

	
56.63











 





Table A5. After the mechanical properties of the specimens in different directions on Face 3 are subtracted, each column is arranged from small to large.






Table A5. After the mechanical properties of the specimens in different directions on Face 3 are subtracted, each column is arranged from small to large.





	
Yield Strength (Mpa)

	
Tensile Strength (Mpa)

	
Elasticity Modulus (Gpa)




	
H − T

	
H − V

	
T − V

	
H − T

	
H − V

	
T − V

	
H − T

	
H − V

	
T − V






	
−54.59

	
−57.92

	
−87.86

	
−31.22

	
−92.97

	
−264.85

	
−9.08

	
−34.73

	
−25.65




	
−11.91

	
−33.13

	
−28.05

	
32.94

	
−66.57

	
−193.92

	
−4.85

	
−16.9

	
−22.15




	
−8.53

	
−31.46

	
−21.22

	
33.49

	
−51.15

	
−111.96

	
−2.75

	
−16.19

	
−22




	
−8.12

	
−25.23

	
−14.9

	
48.16

	
−29.87

	
−109.72

	
−0.37

	
−15.7

	
−16.96




	
2.82

	
−23.02

	
−6.72

	
56.05

	
8.64

	
−107.86

	
0.99

	
−10.55

	
−14.41




	
10.43

	
−2.86

	
−3.33

	
60.81

	
12.02

	
−21.47

	
3.86

	
−2.32

	
−12.05




	
10.78

	
4.06

	
−1.69

	
79.85

	
32.91

	
−6.17

	
5.96

	
−2.26

	
−3.31




	
14.07

	
12.38

	
5.67

	
100.95

	
41.99

	
−0.03

	
6.3

	
−1.18

	
−1.89




	
16.15

	
18.06

	
7.63

	
116.5

	
81.4

	
25.35

	
15.78

	
6.13

	
−1.01




	
56.4

	
30.91

	
14.76

	
198.28

	
90.36

	
121.58

	
20.94

	
19.93

	
8.88











 





Table A6. After subtracting the mechanical properties of the specimens in different planes in the same direction, each column is arranged from small to large.






Table A6. After subtracting the mechanical properties of the specimens in different planes in the same direction, each column is arranged from small to large.





	
Yield Strength (Mpa)

	
Tensile Strength (Mpa)

	
Elasticity Modulus (Gpa)




	
Face 1 − Face 2

	
Face 1 − Face 3

	
Face 2 − Face 3

	
Face 1 − Face 2

	
Face 1 − Face 3

	
Face 2 − Face 3

	
Face 1 − Face 2

	
Face 1 − Face 3

	
Face 2 − Face 3






	
−79.32

	
−96.45

	
−84.24

	
−325.45

	
−441.65

	
−290.08

	
−29.66

	
−70.88

	
−72.09




	
−43.8

	
−80.69

	
−74.87

	
−324.2

	
−368.07

	
−284.42

	
−27.32

	
−68.9

	
−69.58




	
−36

	
−73.72

	
−65.52

	
−293.81

	
−301.64

	
−284.25

	
−26.54

	
−63.29

	
−50.42




	
−35.79

	
−65.12

	
−61.26

	
−214.52

	
−257.02

	
−264.78

	
−26.4

	
−49.74

	
−49.55




	
−30.91

	
−55.47

	
−58.13

	
−157.26

	
−181.05

	
−227.13

	
−23.06

	
−45.51

	
−44.48




	
−15.59

	
−49.58

	
−57.87

	
−132.79

	
−167.45

	
−205.34

	
−22.4

	
−38.33

	
−44.32




	
−10.23

	
−48.08

	
−45.83

	
−85.56

	
−153.39

	
−201.21

	
−19.85

	
−38.21

	
−38.57




	
−5.82

	
−46.21

	
−39.35

	
−35.46

	
−132.57

	
−173.13

	
−12.48

	
−29.8

	
−33.91




	
−4.45

	
−34.06

	
−37.49

	
−23.97

	
−118.89

	
−168.23

	
−4.3

	
−28.07

	
−33.63




	
−3.18

	
−29.55

	
−35.33

	
−11.56

	
−117.85

	
−161.28

	
−2.44

	
−25.02

	
−26.66




	
1.06

	
−24.69

	
−34.21

	
1.71

	
−81.47

	
−119.35

	
−1.41

	
−15.17

	
−22.47




	
2.83

	
−17.07

	
−28.99

	
17.71

	
−47.4

	
−108.6

	
−1.1

	
−10.4

	
−22.42




	
4.27

	
−17.05

	
−28.96

	
19.17

	
−30.84

	
−74.26

	
3.19

	
−5.34

	
−15.93




	
5.78

	
−13.85

	
−25.76

	
20.16

	
−30.22

	
−73.62

	
4.04

	
−1.37

	
−12.39




	
6.59

	
−11.45

	
−20.62

	
20.35

	
−28.84

	
−64.22

	
4.88

	
−1.3

	
−12.27




	
9.61

	
−10.53

	
−17.13

	
26.22

	
−9.82

	
−50.01

	
10.09

	
2.05

	
−9.14




	
10.05

	
−4.28

	
−17.12

	
27.56

	
−0.25

	
−43.59

	
10.97

	
2.12

	
−6.74




	
10.89

	
−4.19

	
−13.89

	
36.3

	
7

	
−20.56

	
12.07

	
9.92

	
−2.96




	
12.42

	
−1.9

	
−12.79

	
37.89

	
27.82

	
24.89

	
12.69

	
13.17

	
−2.83




	
20.78

	
1.99

	
−12.29

	
50.1

	
42.75

	
25.64

	
14.51

	
13.66

	
−1.99




	
23.64

	
6.65

	
−10.21

	
63.07

	
45.24

	
39.41

	
24.75

	
19.31

	
1.07




	
27.27

	
7.39

	
−7

	
86.76

	
49.2

	
41.04

	
29.38

	
20.98

	
1.52




	
27.75

	
7.52

	
−5.25

	
90.51

	
93.42

	
55.34

	
35.02

	
22.76

	
2.44




	
30.35

	
14.62

	
−0.43

	
130.86

	
96.54

	
55.61

	
37.91

	
22.88

	
3.57




	
36.51

	
29.57

	
3.72

	
150.66

	
107.07

	
67.18

	
41.02

	
25.88

	
4.68




	
40.82

	
29.92

	
4.56

	
161.03

	
109.1

	
78.83

	
43.87

	
33.52

	
6.65




	
43.17

	
42.56

	
9.74

	
173.32

	
118.68

	
141.32

	
51.74

	
34.95

	
10.19




	
60.45

	
46.89

	
30.14

	
266.55

	
191.42

	
206.56

	
64.24

	
36.03

	
15.24




	
67.17

	
69.7

	
68.57

	
292.6

	
222.54

	
254.59

	
71.4

	
43.46

	
20.41




	
90.83

	
89.35

	
72.88

	
333.62

	
290.89

	
355.33

	
77.84

	
59.11

	
22.4











 





Table A7. After subtracting the mechanical properties of the specimens in different planes in the H direction, each column is arranged from small to large.






Table A7. After subtracting the mechanical properties of the specimens in different planes in the H direction, each column is arranged from small to large.





	
Yield Strength (Mpa)

	
Tensile Strength (Mpa)

	
Elasticity Modulus (Gpa)




	
Face 1 − Face 2

	
Face 1 − Face 3

	
Face 2 − Face 3

	
Face 1 − Face 2

	
Face 1 − Face 3

	
Face 2 − Face 3

	
Face 1 − Face 2

	
Face 1 − Face 3

	
Face 2 − Face 3






	
−43.8

	
−34.06

	
−45.83

	
−325.45

	
−118.89

	
−264.78

	
−23.06

	
−29.8

	
−22.47




	
−4.45

	
−13.85

	
−37.49

	
17.71

	
−81.47

	
−168.23

	
−2.44

	
−10.4

	
−12.39




	
−3.18

	
−11.45

	
−28.99

	
19.17

	
−47.4

	
−161.28

	
−1.1

	
−1.37

	
−12.27




	
1.06

	
−4.28

	
−20.62

	
26.22

	
−30.84

	
−119.35

	
4.88

	
−1.3

	
−9.14




	
9.61

	
−4.19

	
−13.89

	
27.56

	
−28.84

	
−73.62

	
10.09

	
2.05

	
−6.74




	
10.89

	
−1.9

	
−12.79

	
63.07

	
−0.25

	
−50.01

	
10.97

	
2.12

	
−2.83




	
23.64

	
6.65

	
−7

	
86.76

	
7

	
−20.56

	
12.07

	
13.66

	
−1.99




	
27.27

	
7.52

	
−5.25

	
90.51

	
27.82

	
55.61

	
14.51

	
19.31

	
1.07




	
36.51

	
14.62

	
9.74

	
161.03

	
96.54

	
78.83

	
24.75

	
22.76

	
3.57




	
60.45

	
69.7

	
72.88

	
292.6

	
118.68

	
206.56

	
35.02

	
25.88

	
20.41











 





Table A8. After subtracting the mechanical properties of the specimens in different planes in the T direction, each column is arranged from small to large.






Table A8. After subtracting the mechanical properties of the specimens in different planes in the T direction, each column is arranged from small to large.





	
Yield Strength (Mpa)

	
Tensile Strength (Mpa)

	
Elasticity Modulus (Gpa)




	
Face 1 − Face 2

	
Face 1 − Face 3

	
Face 2 − Face 3

	
Face 1 − Face 2

	
Face 1 − Face 3

	
Face 2 − Face 3

	
Face 1 − Face 2

	
Face 1 − Face 3

	
Face 2 − Face 3






	
−36

	
−48.08

	
−61.26

	
−157.26

	
−301.64

	
−290.08

	
−26.54

	
−38.33

	
−50.42




	
−35.79

	
−46.21

	
−25.76

	
−132.79

	
−117.85

	
−173.13

	
−22.4

	
−25.02

	
−44.32




	
2.83

	
−10.53

	
−17.12

	
−85.56

	
−30.22

	
−64.22

	
−12.48

	
9.92

	
−15.93




	
6.59

	
1.99

	
−12.29

	
−35.46

	
−9.82

	
−43.59

	
12.69

	
20.98

	
−2.96




	
12.42

	
7.39

	
−10.21

	
−11.56

	
93.42

	
25.64

	
29.38

	
22.88

	
1.52




	
20.78

	
29.57

	
−0.43

	
36.3

	
107.07

	
39.41

	
37.91

	
33.52

	
2.44




	
27.75

	
29.92

	
3.72

	
50.1

	
109.1

	
55.34

	
41.02

	
34.95

	
6.65




	
30.35

	
42.56

	
4.56

	
150.66

	
191.42

	
141.32

	
43.87

	
36.03

	
10.19




	
43.17

	
46.89

	
30.14

	
173.32

	
222.54

	
254.59

	
71.4

	
43.46

	
15.24




	
90.83

	
89.35

	
68.57

	
266.55

	
290.89

	
355.33

	
77.84

	
59.11

	
22.4











 





Table A9. After subtracting the mechanical properties of the specimens in different planes in the V direction, each column is arranged from small to large.






Table A9. After subtracting the mechanical properties of the specimens in different planes in the V direction, each column is arranged from small to large.





	
Yield Strength (Mpa)

	
Tensile Strength (Mpa)

	
Elasticity Modulus (Gpa)




	
Face 1 − Face 2

	
Face 1 − Face 3

	
Face 2 − Face 3

	
Face 1 − Face 2

	
Face 1 − Face 3

	
Face 2 − Face 3

	
Face 1 − Face 2

	
Face 1 − Face 3

	
Face 2 − Face 3






	
−79.32

	
−96.45

	
−84.24

	
−324.2

	
−441.65

	
−284.42

	
−29.66

	
−70.88

	
−72.09




	
−30.91

	
−80.69

	
−74.87

	
−293.81

	
−368.07

	
−284.25

	
−27.32

	
−68.9

	
−69.58




	
−15.59

	
−73.72

	
−65.52

	
−214.52

	
−257.02

	
−227.13

	
−26.4

	
−63.29

	
−49.55




	
−10.23

	
−65.12

	
−58.13

	
−23.97

	
−181.05

	
−205.34

	
−19.85

	
−49.74

	
−44.48




	
−5.82

	
−55.47

	
−57.87

	
1.71

	
−167.45

	
−201.21

	
−4.3

	
−45.51

	
−38.57




	
4.27

	
−49.58

	
−39.35

	
20.16
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−108.6

	
−1.41

	
−38.21
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−29.55

	
−35.33

	
20.35

	
−132.57

	
−74.26

	
3.19

	
−28.07

	
−33.63




	
10.05

	
−24.69

	
−34.21

	
37.89

	
42.75

	
24.89

	
4.04

	
−15.17

	
−26.66




	
40.82

	
−17.07

	
−28.96

	
130.86

	
45.24

	
41.04

	
51.74

	
−5.34

	
−22.42




	
67.17

	
−17.05

	
−17.13

	
333.62

	
49.2

	
67.18

	
64.24

	
13.17

	
4.68











References


	



Vukkum, V.B.; Gupta, R.K. Review on Corrosion Performance of Laser Powder-Bed Fusion Printed 316L Stainless Steel: Effect of Processing Parameters, Manufacturing Defects, Post-Processing, Feedstock, and Microstructure. Mater. Des. 2022, 221, 110874. [Google Scholar] [CrossRef]

	



Sander, G.; Thomas, S.; Cruz, V.; Jurg, M.; Birbilis, N.; Gao, X.; Brameld, M.; Hutchinson, C.R. On The Corrosion and Metastable Pitting Characteristics of 316L Stainless Steel Produced by Selective Laser Melting. J. Electrochem. Soc. 2017, 164, C250–C257. [Google Scholar] [CrossRef]

	



DebRoy, T.; Wei, H.L.; Zuback, J.S.; Mukherjee, T.; Elmer, J.W.; Milewski, J.O.; Beese, A.M.; Wilson-Heid, A.; De, A.; Zhang, W. Additive Manufacturing of Metallic Components—Process, Structure and Properties. Prog. Mater. Sci. 2018, 92, 112–224. [Google Scholar] [CrossRef]

	



Zhang, K.; Fu, G.; Zhang, P.; Ma, Z.; Mao, Z.; Zhang, D. Study on the Geometric Design of Supports for Overhanging Structures Fabricated by Selective Laser Melting. Materials 2018, 12, 27. [Google Scholar] [CrossRef]

	



Ajay, V.; Nakrani, J.; Mishra, N.K.; Shrivastava, A. Anisotropic Fatigue Crack Propagation in Wire Arc Additively Manufactured 316L Stainless Steel. Int. J. Fatigue 2023, 177, 107976. [Google Scholar] [CrossRef]

	



Wang, C.; Lin, X.; Wang, L.; Zhang, S.; Huang, W. Cryogenic Mechanical Properties of 316L Stainless Steel Fabricated by Selective Laser Melting. Mater. Sci. Eng. A 2021, 815, 141317. [Google Scholar] [CrossRef]

	



Jiang, Z. Deformation Effect of Melt Pool Boundaries on the Mechanical Property Anisotropy in the SLM AlSi10Mg. Mater. Today Commun. 2023, 36, 106879. [Google Scholar] [CrossRef]

	



Wang, Z.; Jiang, B.; Wu, S.; Liu, W. Anisotropic Tension-Compression Asymmetry in SLM 316L Stainless Steel. Int. J. Mech. Sci. 2023, 246, 108139. [Google Scholar] [CrossRef]

	



Casati, R.; Lemke, J.; Vedani, M. Microstructure and Fracture Behavior of 316L Austenitic Stainless Steel Produced by Selective Laser Melting. J. Mater. Sci. Technol. 2016, 32, 738–744. [Google Scholar] [CrossRef]

	



Suryawanshi, J.; Prashanth, K.G.; Ramamurty, U. Mechanical Behavior of Selective Laser Melted 316L Stainless Steel. Mater. Sci. Eng. A 2017, 696, 113–121. [Google Scholar] [CrossRef]

	



Kramer, S.L.B.; Jones, A.; Mostafa, A.; Ravaji, B.; Tancogne-Dejean, T.; Roth, C.C.; Bandpay, M.G.; Pack, K.; Foster, J.T.; Behzadinasab, M.; et al. The Third Sandia Fracture Challenge: Predictions of Ductile Fracture in Additively Manufactured Metal. Int. J. Fract. 2019, 218, 5–61. [Google Scholar] [CrossRef]

	



Chang, K.; Wang, X.; Liang, E.; Zhang, R. On the Texture and Mechanical Property Anisotropy of Ti6Al4V Alloy Fabricated by Powder-Bed Based Laser Additive Manufacturing. Vacuum 2020, 181, 109732. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, S.; Hong, X. Pulsed SLM-Manufactured AlSi10Mg Alloy: Mechanical Properties and Microstructural Effects of Designed Laser Energy Densities. J. Manuf. Process. 2018, 35, 492–499. [Google Scholar] [CrossRef]

	



Kang, L.; Chen, F.; Bradford, M.A.; Liu, X. Experimental Study of Mechanical Properties of Laser Additively Manufactured 316L Stainless Steels. Structures 2023, 54, 221–235. [Google Scholar] [CrossRef]

	



Dixit, S.; Liu, S.; Murdoch, H.A.; Smith, P.M. Investigating Build Orientation-Induced Mechanical Anisotropy in Additive Manufacturing 316L Stainless Steel. Mater. Sci. Eng. A 2023, 880, 145308. [Google Scholar] [CrossRef]

	



He, B.; Wu, W.; Zhang, L.; Lu, L.; Yang, Q.; Long, Q.; Chang, K. Microstructural Characteristic and Mechanical Property of Ti6Al4V Alloy Fabricated by Selective Laser Melting. Vacuum 2018, 150, 79–83. [Google Scholar] [CrossRef]

	



Ren, Y.; Tariq, N.U.H.; Liu, H.; Zhao, L.; Cui, X.; Shen, Y.; Wang, J.; Xiong, T. Study of Microstructural and Mechanical Anisotropy of 7075Al Deposits Fabricated by Cold Spray Additive Manufacturing. Mater. Des. 2021, 212, 110271. [Google Scholar] [CrossRef]

	



Charmi, A.; Falkenberg, R.; Ávila, L.; Mohr, G.; Sommer, K.; Ulbricht, A.; Sprengel, M.; Saliwan Neumann, R.; Skrotzki, B.; Evans, A. Mechanical Anisotropy of Additively Manufactured Stainless Steel 316L: An Experimental and Numerical Study. Mater. Sci. Eng. A 2021, 799, 140154. [Google Scholar] [CrossRef]

	



Palmeira Belotti, L.; Van Nuland, T.F.W.; Geers, M.G.D.; Hoefnagels, J.P.M.; Van Dommelen, J.A.W. On the Anisotropy of Thick-Walled Wire Arc Additively Manufactured Stainless Steel Parts. Mater. Sci. Eng. A 2023, 863, 144538. [Google Scholar] [CrossRef]

	



Hitzler, L.; Hirsch, J.; Heine, B.; Merkel, M.; Hall, W.; Öchsner, A. On the Anisotropic Mechanical Properties of Selective Laser-Melted Stainless Steel. Materials 2017, 10, 1136. [Google Scholar] [CrossRef]

	



Vilaro, T.; Colin, C.; Bartout, J.D. As-Fabricated and Heat-Treated Microstructures of the Ti-6Al-4V Alloy Processed by Selective Laser Melting. Met. Mater Trans A 2011, 42, 3190–3199. [Google Scholar] [CrossRef]

	



Kunze, K. Texture, Anisotropy in Microstructure and Mechanical Properties of IN738LC Alloy Processed by Selective Laser Melting (SLM). Mater. Sci. 2014, 620, 213–222. [Google Scholar] [CrossRef]

	



AlMangour, B.; Grzesiak, D.; Yang, J.-M. Selective Laser Melting of TiB2/H13 Steel Nanocomposites: Influence of Hot Isostatic Pressing Post-Treatment. J. Mater. Process. Technol. 2017, 244, 344–353. [Google Scholar] [CrossRef]

	



Kumar, D.; Shankar, G.; Prashanth, K.G.; Suwas, S. Texture Dependent Strain Hardening in Additively Manufactured Stainless Steel 316L. Mater. Sci. Eng. A 2021, 820, 141483. [Google Scholar] [CrossRef]

	



Kumar, D.; Shankar, G.; Prashanth, K.G.; Suwas, S. Control of Texture and Microstructure in Additive Manufacturing of Stainless Steel 316L. J. Alloys Compd. 2023, 976, 173040. [Google Scholar] [CrossRef]

	



Li, K.; Klecka, M.A.; Chen, S.; Xiong, W. Wire-Arc Additive Manufacturing and Post-Heat Treatment Optimization on Microstructure and Mechanical Properties of Grade 91 Steel. Addit. Manuf. 2021, 37, 101734. [Google Scholar] [CrossRef]

	



Sun, Z.; Tsai, S.-P.; Konijnenberg, P.; Wang, J.-Y.; Zaefferer, S. A Large-Volume 3D EBSD Study on Additively Manufactured 316L Stainless Steel. Scr. Mater. 2024, 238, 115723. [Google Scholar] [CrossRef]

	



Kong, D.; Ni, X.; Dong, C.; Zhang, L.; Man, C.; Cheng, X.; Li, X. Anisotropy in the Microstructure and Mechanical Property for the Bulk and Porous 316L Stainless Steel Fabricated via Selective Laser Melting. Mater. Lett. 2019, 235, 1–5. [Google Scholar] [CrossRef]

	



Hao, L.; Wang, W.; Zeng, J.; Song, M.; Chang, S.; Zhu, C. Effect of Scanning Speed and Laser Power on Formability, Microstructure, and Quality of 316L Stainless Steel Prepared by Selective Laser Melting. J. Mater. Res. Technol. 2023, 25, 3189–3199. [Google Scholar] [CrossRef]

	



Şener, B.; Çavuşoğlu, O.; Yuce, C. Effects of Process Parameters on Surface Quality and Mechanical Performance of 316L Stainless Steel Produced by Selective Laser Melting. Optik 2023, 287, 171050. [Google Scholar] [CrossRef]

	



Han, S.B.; Lee, Y.S.; Park, S.H.; Song, H. Ti-Containing 316L Stainless Steels with Excellent Tensile Properties Fabricated by Directed Energy Deposition Additive Manufacturing. Mater. Sci. Eng. A 2023, 862, 144414. [Google Scholar] [CrossRef]

	



Kashyap, B.P.; Tangri, K. On the Hall-Petch Relationship and Substructural Evolution in Type 316L Stainless Steel. Acta Metall. Mater. 1995, 43, 3971–3981. [Google Scholar] [CrossRef]

	



An, D.; Zhou, Y.; Liu, X.; Wang, H.; Li, S.; Xiao, Y.; Li, R.; Li, X.; Han, X.; Chen, J. Exploring Structural Origins Responsible for the Exceptional Mechanical Property of Additively Manufactured 316L Stainless Steel via In-Situ and Comparative Investigations. Int. J. Plast. 2023, 170, 103769. [Google Scholar] [CrossRef]

	



Im, Y.-D.; Kim, K.-H.; Jung, K.-H.; Lee, Y.-K.; Song, K.-H. Anisotropic Mechanical Behavior of Additive Manufactured AISI 316L Steel. Met. Mater. Trans. A 2019, 50, 2014–2021. [Google Scholar] [CrossRef]

	



Liu, W.; Dupont, J. Effects of Substrate Crystallographic Orientations on Crystal Growth and Microstructure Development in Laser Surface-Melted Superalloy Single Crystals. Mathematical Modeling of Single-Crystal Growth in a Melt Pool (Part II). Acta Mater. 2005, 53, 1545–1558. [Google Scholar] [CrossRef]

	



Wei, H.L.; Elmer, J.W.; DebRoy, T. Origin of Grain Orientation during Solidification of an Aluminum Alloy. Acta Mater. 2016, 115, 123–131. [Google Scholar] [CrossRef]








[image: Materials 17 02017 g001] 





Figure 1. EP-M150 metal additive manufacturing equipment. 
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Figure 2. The printed sample and pick-up position. 
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Figure 3. The specific size of uniaxial tensile specimen, Unit: mm. 
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Figure 4. Instron universal testing machine. (a) Instron universal testing machine; (b) tester collet. 
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Figure 5. Parameter 1: (a) true stress-strain curves of three specimens on Face 1; (b) true stress-strain curves of three specimens on Face 2; (c) true stress-strain curves of three specimens on Face 3; (d) the yield strength, tensile strength, and elastic modulus of the specimen with parameter 1. 






Figure 5. Parameter 1: (a) true stress-strain curves of three specimens on Face 1; (b) true stress-strain curves of three specimens on Face 2; (c) true stress-strain curves of three specimens on Face 3; (d) the yield strength, tensile strength, and elastic modulus of the specimen with parameter 1.
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Figure 6. Parameter 2: (a) true stress-strain curves of three specimens on Face 1; (b) true stress-strain curves of three specimens on Face 2; (c) true stress-strain curves of three specimens on Face 3; (d) the yield strength, tensile strength, and elastic modulus of the specimen with parameter 2. 
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Figure 7. Parameter 3: (a) true stress-strain curves of three specimens on Face 1; (b) true stress-strain curves of three specimens on Face 2; (c) true stress-strain curves of three specimens on Face 3; (d) the yield strength, tensile strength, and elastic modulus of the specimen with parameter 3. 
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Figure 8. Parameter 4: (a) true stress-strain curves of three specimens on Face 1; (b) true stress-strain curves of three specimens on Face 2; (c) true stress-strain curves of three specimens on Face 3; (d) the yield strength, tensile strength, and elastic modulus of the specimen with parameter 4. 
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Figure 9. Parameter 5: (a) true stress-strain curves of three specimens on Face 1; (b) true stress-strain curves of three specimens on Face 2; (c) true stress-strain curves of three specimens on Face 3; (d) the yield strength, tensile strength, and elastic modulus of the specimen with parameter 5. 
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Figure 10. Parameter 6: (a) true stress-strain curves of three specimens on Face 1; (b) true stress-strain curves of three specimens on Face 2; (c) true stress-strain curves of three specimens on Face 3; (d) the yield strength, tensile strength, and elastic modulus of the specimen with parameter 6. 
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Figure 11. Parameter 7: (a) true stress-strain curves of three specimens on Face 1; (b) true stress-strain curves of three specimens on Face 2; (c) true stress-strain curves of three specimens on Face 3; (d) the yield strength, tensile strength, and elastic modulus of the specimen with parameter 7. 
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Figure 12. Parameter 8: (a) true stress-strain curves of three specimens on Face 1; (b) true stress-strain curves of three specimens on Face 2; (c) true stress-strain curves of three specimens on Face 3; (d) the yield strength, tensile strength, and elastic modulus of the specimen with parameter 8. 
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Figure 13. Parameter 9: (a) true stress-strain curves of three specimens on Face 1; (b) true stress-strain curves of three specimens on Face 2; (c) true stress-strain curves of three specimens on Face 3; (d) the yield strength, tensile strength, and elastic modulus of the specimen with parameter 9. 
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Figure 14. Parameter 10: (a) true stress-strain curves of three specimens on Face 1; (b) true stress-strain curves of three specimens on Face 2; (c) true stress-strain curves of three specimens on Face 3; (d) the yield strength, tensile strength, and elastic modulus of the specimen with parameter 10. 
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Figure 15. Statistical results of mechanical properties comparison of specimens with different directions on the same face: (a) complete specimens; (b) Face 1; (c) Face 2; (d) Face 3. 
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Figure 16. Statistical results of mechanical properties comparison of specimens with different faces in the same direction: (a) complete specimens; (b) H direction; (c) T direction; (d) V direction. 
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Figure 17. Microscopic analysis: (a) grain boundary figure of Face 1; (b) grain size distribution of Face 1; (c) grain boundary figure of Face 2; (d) grain size distribution of Face 2; (e) grain boundary figure of Face 3; (f) grain size distribution of Face 3; (g) kernel average misorientation figure of Face 1; (h) kernel average misorientation figure of Face 2; (i) kernel average misorientation figure of Face 3. 
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Figure 18. Texture analysis of Face 1: (a) IPF coloring map parallel to X; (b) IPF coloring map parallel to Y; (c) IPF coloring map parallel to Z; (d) IPF maps; (e) pole figures. 
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Figure 19. Texture analysis of Face 2: (a) IPF coloring map parallel to X; (b) IPF coloring map parallel to Y; (c) IPF coloring map parallel to Z; (d) IPF maps; (e) pole figures. 
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Figure 20. Texture analysis of Face 3: (a) IPF coloring map parallel to X; (b) IPF coloring map parallel to Y; (c) IPF coloring map parallel to Z; (d) IPF maps; (e) pole figures. 
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Figure 21. Elongation of the corresponding specimens. 
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Figure 22. Elongation of the corresponding specimens. 
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Figure 23. Elongation of the corresponding specimens. 
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Table 1. Chemical composition of 316L SS powder.






Table 1. Chemical composition of 316L SS powder.





	Element
	C
	Mn
	Si
	Cr
	Ni
	Mo
	S
	P
	Fe





	Wt. (%)
	0.004
	0.99
	0.63
	16.79
	11.78
	2.43
	0.001
	0.022
	balance










 





Table 2. Physical properties of 316L SS powder.
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Material

	
Particle Size Distribution (um)

	
Bulk Density

	
Fluidity

	
Oxygen Content

	
Sphericity




	
D10

	
D50

	
D90

	
D97

	
(g/cm3)

	
(s/50g)

	
(ppm)






	
316L SS

	
18.04

	
33.72

	
59.98

	
75.46

	
4.37

	
13.34

	
330

	
0.881











 





Table 3. SLM process parameter setting.






Table 3. SLM process parameter setting.





	Number
	Laser Power (W)
	Scanning Spacing (mm)
	Scanning Speed (mm/s)





	Parameter 1
	200
	0.10
	1000



	Parameter 2
	230
	0.10
	1000



	Parameter 3
	270
	0.10
	1000



	Parameter 4
	300
	0.10
	1000



	Parameter 5
	300
	0.12
	1000



	Parameter 6
	300
	0.14
	1000



	Parameter 7
	300
	0.08
	1000



	Parameter 8
	300
	0.08
	950



	Parameter 9
	300
	0.08
	900



	Parameter 10
	300
	0.08
	850
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