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Abstract

:

In this work, the microstructural features and mechanical properties of an additively manufactured 316L stainless steel have been determined. Three types of samples were characterized: (i) as printed (AP), (ii) annealing heat treated (AHT), and (iii) hot isostatic pressed and annealing heat treated (HIP + AHT). Microstructural analysis reveals that the AP sample formed melt pool boundaries with nano-scale cellular structures. These structures disappeared after annealing heat treatment and hot isostatic pressing. The AP and AHT samples have similar grain morphologies; however, the latter has a lower dislocation density and contains precipitates. Conversely, the HIP + AHT sample displays polygon-shaped grains with twin structures; a completely different morphology compared to the first two samples. Optical micrography reveals that the application of hot isostatic pressing reduces the porosity generated after laser processing. The tensile strengths of all the samples are comparable (about 600 MPa); however, the elongation of the HIP + AHT sample (48%) was superior to that of other two samples. The enhanced ductility of the HIP + AHT sample, however, resulted in lower yield strength. Based on these findings, annealing heat treatment after hot isostatic pressing was found to improve the ductility of as-printed 316L stainless steel by as much as 130%, without sacrificing tensile strength, but the sample may have a reduced (40%) yield strength. The tensile strength determined here has been shown to be higher than that of the hot isostatic pressed, additively manufactured 316L stainless steel available from the literature.
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1. Introduction


Additive manufacturing (AM) technology is a layer-by-layer deposition technique to form a solid material using a computerized three-dimensional model [1]. The integration of this technology with various commercial applications represents one of the innovations of Industry 4.0 [2]. Various manufacturing sectors are aggressively exploring AM due to its benefits, such as reduced manufacturing steps, higher material utilization, and the capability of complex design [3]. Although there are numerous types of AM [4], laser powder bed fusion (LPBF) is one of the most common techniques being explored due to its ability to generate complex shapes and geometries [5,6]. The method employs a laser gun to selectively melt metallic powders in a layer-by-layer fashion until a final product is achieved. The LPBF process is being extensively studied to produce parts and components using nickel-based alloy, titanium alloys, aluminum alloys, steels, high-entropy alloys, shape memory alloys and copper alloys [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21]. AM products currently produced by LPBF have a wide range of applications in the aerospace, defense, automotive, medical, and oil and gas sectors.



Austenitic stainless steel is one of the most commonly used alloys in the marine, biomedical and aerospace industries because of its superior ductility and superb corrosion resistance [22,23,24]. Products using this material are widely fabricated using traditional manufacturing techniques, such as casting, forging, extrusion and machining. However, such methods limit the manufacturing of objects with intricate features and they generate significant material waste. Consequently, the manufacturing sector is actively exploring the use of AM technology to overcome these limitations.



To date, a significant amount of research has been done to produce 316L austenitic stainless steel via the LPBF process [15,25,26]. For example, the process parameters, such as laser power, scan speed, layer thickness, and hatch spacing, have been optimized to minimize the presence of porosity, which is detrimental to the mechanical properties of the material [5,27,28]. These process parameters can also be tailored to control the crystallographic texture during solidification [29]. Additively manufactured 316L stainless steel usually requires post-processing heat treatment cycles (i.e., recovery, homogenization, and annealing) to maximize the strength and ductility. The application of heat treatment removes the melt pool boundaries and microsegregation in the as-printed alloy. This process results in the improved mechanical properties of the material by modifying the microstructure. However, despite the improvement of the properties, the heat treatment process is not presently designed to remove any porosity inherent in the AM process.



To date, although there are numerous studies related to post-processing techniques of as-printed 316L stainless steel [30,31,32,33,34,35,36,37], there is very limited data available regarding the annealing heat treatment of a hot isostatic pressed sample. This technique is known to increase the relative density of the material. The goal of this work is to understand the effect of annealing heat treatment (AHT) after the hot isostatic pressing (HIP) of additively manufactured 316L stainless steel. Although annealing heat treatment requires an additional manufacturing step, any improvement in the mechanical properties would potentially expand the application of AM 316L stainless steel to industries that require higher strength/ductility (combined with superior corrosion resistance). Note that the mechanical properties of additively manufactured alloys remain an issue with respect to the certification of AM components. This research is the initial step to explore the possibility of further increasing the mechanical properties of AM alloy following HIP.



In this work, as-printed 316L stainless steel samples were subjected to two types of post-processing: (i) annealing heat treatment, and (ii) a combination of HIP and AHT. The effects of such post-processing techniques on the porosity, microstructures, mechanical properties and fracture mechanisms were evaluated. The mechanical properties were then compared to the data from hot isostatic pressed, additively manufactured 316L stainless steel available from the literature.




2. Materials and Methods


Samples of 316L stainless steel used in this study were manufactured and supplied by the voestalpine Additive Manufacturing Center Ltd., Mississauga, ON, Canada (vAMC). Gas atomized powders of the alloy, with diameters in the range of 15–25 μm, were processed by LPBF utilizing an EOS M290 machine (EOS, Krailling, Germany). The chemical composition of the powder and the build is provided in Table 1. This composition was confirmed using an inductively coupled plasma process following ASTM D1976-18Mod and ASTM E1019-18. No significant changes in the composition were observed after manufacturing.



A scanning electron microscope (SEM) image of the powders is displayed in Figure 1a using a Tescan Vega3 electron microscope (Tescan, Kohoutovice, Czech Republic). The particle size distribution is also presented in Figure 1b. This information was obtained using digital image processing from CAMSIZER X2 Retsch Technology (Retsch Technology GmbH, Haan, Germany). The Hall flow rate of the powders was 14.89 s per 50 g. Printing was performed using a deposited volumetric energy density from 30 to 40 J/mm3 employing a striped meander scanning with a rotation angle of 55° and a stripe width of 12 mm. The laser power was 350 W, laser speed 1000 mm/s, and the layer thickness 60 μm. A hatch distance of 200 μm was employed. The chamber was filled with argon gas to minimize oxidation.



Two types of samples were fabricated: (i) 10 mm cubes for the initial microstructural analysis, and (ii) cylindrical samples with lengths and diameters of 86 mm and 14 mm, respectively, for tensile testing. For the cylindrical samples, two types were manufactured: (i) with lengths parallel to the building direction (BD), and (ii) with lengths parallel to the transverse direction (TD). These samples allowed for the measurement of the physical properties in both directions.



The as-printed (AP) samples underwent two types of heat treatment: (i) annealing (AHT) at 900 °C for 2 h followed by nitrogen quenching at 5–6 bar until 65 °C, and (ii) hot isostatic pressing (HIP) at 1163 °C for 3 h at a pressure of ~1 Mbar followed by the same AHT process in (i) above. Both heat treatment cycles utilized an argon gas atmosphere. The AP, AHT and HIP + AHT samples were polished using silicon carbide papers with grit from 400 to 1200. The rough polishing was followed by fine polishing using 3 and 1 μm diamond suspensions.



The samples for SEM imaging were electro etched by 10% oxalic acid with an applied voltage of 5 V for 10 s at room temperature to prepare the microstructures for analysis. Another separate set of samples was subjected to final polishing using a Buehler Vibromet 2 polisher (Buehler, Lake Bluff, IL, USA) with 0.02 μm silica suspension for 24 h (for electron backscatter diffraction (EBSD) analysis). Electron microscopy was carried out using a Thermo scientific Scios 2 electron microscope (Thermo Fisher Scientific Inc, Waltham, MA, USA) and a Hitachi SU70 (Hitachi, Tokyo, Japan) equipped with a HKL Channel 5 software (5.11.20405.0, HKL Channel 5, Abingdon, United Kingdom). The SEM images were obtained using secondary electron imaging mode employing 20 kV. For all the EBSD images, a step size of 0.5 μm was used.



Optical micrographs were acquired using a Zeta Instruments optical microscope (KLA Corporation, Milpitas, CA, USA). ImageJ analysis software (1.52A, ImageJ, Madison, WI, USA) was utilized for the measurement of relative density using five images to verify the validity of the measurements. The error bars were calculated based on the standard deviation from five measurements.



Tensile testing was performed in accordance with ASTM E8. The yield strength was determined using the 0.2% offset method. A total of five tests for each condition were performed to validate the accuracy of the results. The fractured surface was analyzed using SEM imaging and EBSD analysis.




3. Results and Discussion


It is well known that porosity can significantly alter the mechanical properties of additively manufactured alloys [38]. Thus, optical micrographs of AP, AHT, and HIP + AHT samples were obtained to measure the relative density of the samples. The AP and AHT samples displayed higher porosity compared to the HIP + AHT sample. These observations are reflected in Figure 2. The relative densities of the AP and AHT samples were 99.6% and 99.5%, respectively. Although the AHT sample provided better overall mechanical properties than that of the AP sample, it appears that the relative density was not affected, which was consistent with previous work [39]. On the other hand, the HIP + AHT sample attained a relative density of 99.9%. It appears that the applied pressure during HIP allows the material to flow and sinter at elevated temperatures. Thus, the pores created by laser processing can be annihilated, which translates to a higher relative density of the material.



3.1. Microstructural Characterization of as-Printed (AP) AM 316L Stainless Steel


Low- and high-magnification microstructures show cellular (Figure 3a) and dendritic (Figure 3b) structures due to the rapid solidification with a cooling rate of about 104–106 °C/s [40]. This cooling rate restricts the formation of precipitates during solidification. No evidence of the precipitates was found in the SEM images of the AP sample. The microstructural properties in the SEM images are consistent with the findings in the literature [41].



EBSD analysis was performed on the plane containing the building direction (BD) to understand the microstructural evolution during solidification (see Figure 4a–c). The EBSD map in Figure 4a displays columnar and elongate grains, with the growth direction aligned with the building direction. It appears that the growth of the grains was affected by the melt pool boundaries, as depicted by the shape of the grains. Visually, the grains do not have a preferred orientation despite having a growth direction during solidification. The same EBSD results were used to analyze the dislocation density present in the material after printing. Thus, grain boundary maps showing low angle (LAGBs) and high angle (HAGBs) grain boundaries were generated, as displayed in Figure 4b. The LAGBs represent those grains with misorientations between 2° and 15°. These boundaries are associated with the dislocation density of the material [42]. On the other hand, the HAGBs define the boundary between each grain and are characterized by grain misorientations of greater than 15°. The LAGB fraction of the as-printed sample along the BD was 44.8%. The crystallographic texture was also determined using an inverse pole figure (IPF) representation (Figure 4c). The reference direction for the map is the BD. For consistency, the same reference direction was utilized in all the IPF maps in this work. Although the (304) plane appears to be the preferred orientation after printing, note that the texture intensity factor was only 1.55. This value is reasonably low; thus, the overall texture of the material is considered as random.



A similar EBSD analysis was carried out on the plane normal to the BD, referred to here as the TD (transverse direction), as displayed in Figure 4d–f. The morphology of grains along the TD is more equiaxed, as shown in Figure 4d. The grains are also smaller. This morphology corresponds to the cross-sectional area of the columnar grains in Figure 4a. Interestingly, there are localized areas with fine grain microstructures (with grain sizes of around 5 μm), which may be due to static and/or dynamic recrystallization. The driving force for this phenomenon could be the residual stresses generated after printing as a result of rapid solidification [43,44]. The grain boundary map of the same EBSD data is displayed in Figure 4e. The fraction of LAGBs is 47.7%. This number is consistent with the one measured from the BD. The IPF representation of grains in the TD direction is shown in Figure 4f. Similar to the results from the BD (Figure 4c), the overall texture is considered as random due to the low-texture intensity factor (1.42), although the (001) and (214) planes appear to have the highest intensity.




3.2. Microstructural Evolution after Annealing Heat Treatment (AHT)


The as-printed sample was subjected to annealing heat treatment at 900 °C for 2 h (see Figure 5a,b). The annealing process did not significantly change the shape of the grains, although the melt pool boundaries, scan tracks and nano-scale cellular and dendritic structures disappeared. Moreover, nano-scale precipitates, which nucleated along the grain boundaries are now evident. For reference, the precipitates were marked with red arrows. These precipitates played an important role in strengthening the alloy [45,46]. There were also nano-scale twin-like structures; however, these were not detected in the EBSD analysis below.



The EBSD analysis after annealing heat treatment was displayed in Figure 6. The EBSD map of the BD (see Figure 6a) has a similar morphology with the as-printed sample in Figure 4a. The grains have columnar and elongated features, with the growth direction aligned with the building direction. The grain growth also appears to be affected by the presence of melt pools. The fraction of LAGBs in Figure 4b was determined, and the results show a lower value than that of the as-printed samples, which is 41%. The overall crystallographic texture (see Figure 4c) depicts a random orientation, as supported by the low-texture intensity factor of 1.52, although some planes are more apparent, such as (001) and (102).



The EBSD-acquired microstructure was also obtained from the TD, as displayed in Figure 6d–f. Although the morphology of the grains in Figure 6d is similar to that of the as-printed samples in Figure 4d, there is a reduced region of fine grain structure. The grain size is ~10 μm, and is larger than the AP condition due to the grain growth during AHT. Similar to the microstructure of the as-printed sample, an equiaxed feature associated with the cross-sectional area of the elongated grains is observed (Figure 6a). The fraction of LAGBs in the TD is 36.8% (see Figure 6e). This value is lower than the measured values in the as-printed condition since the heat treatment process is known to reduce the dislocation density in the alloy. Thus, in this work, the AHT sample has a lower dislocation density than that of the AP sample. In addition, although the (102) accounts for the highest orientation, the general crystallographic texture is random with a texture intensity factor of 1.75, see Figure 6f.




3.3. Microstructural Evolution after Hot Isostatic Pressing and Annealing Heat Treatment (HIP + AHT)


The electron microscopy images of the sample after hot isostatic pressing followed by annealing heat treatment are depicted in Figure 7a,b. The morphology of the grains is completely different than that of the AP and AHT samples in Figure 3; Figure 5, respectively. Polygon-shaped grains with sizes of up to 100 μm can be observed. It also appears that there may be micro-scale twins that developed as a result of the applied pressure during the HIP process. The nano-scale twin-like structure, similar to that of the AHT sample, is also evident.



Similar to that of the microstructure of the AHT sample, the presence of precipitates in the SEM images is evident (see red arrows). However, note that the precipitates in the HIP + AHT sample are not constrained to grain boundaries. It appears that the precipitates are more homogeneously distributed in the microstructure. Note that the HIP process generates dislocation density inside the grains, which can act as nucleation sites of precipitation during the high-temperature post-processing treatment.



To better understand the microstructures, EBSD analysis was performed on the HIP + AHT sample. The results are presented in Figure 8. The EBSD map in the BD direction confirms the polygonal morphology of the grains in the SEM image above (Figure 8a). There is also a significant fraction of twins as a result of the applied pressure during the HIP. Interestingly, the fraction of LAGBs was only 2.3% (Figure 8b). The two-stage heat treatment process at 1163 °C and 900 °C assisted in the annihilation of dislocations that were generated after printing. At an elevated temperature, the application of pressure, combined with the inherent residual stress due to printing, can induce the static and dynamic recrystallization [47] of austenitic grains. This phenomenon is depicted by a fine grain size (<10 μm). The general texture in the BD was also obtained using an IPF representation (Figure 8c). The texture intensity factor (2.45) is higher than that of the AP and AHT samples in the BD, but the microstructure still possesses a reasonably random texture. This might be due to the applied pressure that may lead to a slight rotation of grains. The deformation allows rotation of the crystal structure, which results in a higher texture intensity factor. The highest intensity has a (213) orientation.



EBSD analysis was also performed in the TD section, and the EBSD map is presented in Figure 8d. Both the BD and TD sections have a similar grain morphology; thus, it resembles a material with isotropic properties. The fraction of LAGBs is significantly higher than that of the BD, which is 21.1%. Still, this number is significantly lower than the measurements taken from the AP and AHT samples. The general crystallographic texture was also calculated (see Figure 8f), in which the highest intensity has a (101) orientation. However, the texture intensity factor is low (1.89); thus, the microstructure resembles randomly oriented grains.




3.4. Mechanical Properties of the Three Conditions


The effects of post-processing heat treatment on the yield strength, tensile strength and the ductility of additively manufactured 316L stainless steel were evaluated via tensile stress–strain curves (Figure 9). A representative of the curve from multiple measurements was shown here since the measured mechanical properties have less than a 3% difference. In Figure 9a, the stress–strain curves of the as-printed sample along the BD and TD are presented. It is well known that the tensile strength along the TD was higher than that of the BD due to the epitaxial grain growth along the BD [48]. Although the present results validate the observations in the literature: the difference between their tensile strengths is only about 1%. The TD has a tensile strength of 585 ± 20 MPa, while the BD has a tensile strength of 579 ± 10 MPa. The elongations of both directions are 21% ± 2%. The yield strengths at TD and BD are 445 ± 20 MPa and 439 ± 5 MPa, respectively. Although the former has a slightly higher value, the numbers are comparable.



After annealing heat treatment, the tensile strengths along the TD and BD are 595 ± 10 MPa and 582 ± 5 MPa, respectively (see Figure 9b). As expected, the tensile strength along the TD is higher by about 2%. Both directions have comparable elongations: 29 ± 2% and 31 ± 3% for TD and BD, respectively. Similarly, the yield strengths are 370 ± 10 MPa (TD) and 365 ± 10 MPa (BD). In general, the ductility significantly increased by about 45% without any compromise in tensile strength. However, the yield strength decreased by approximately 15%.



The mechanical properties after hot isostatic pressing and annealing heat treatment were also measured (Figure 9c). Similar to the AP and AHT samples, the tensile strength of the HIP + AHT sample along the TD (611 ± 5 MPa) was slightly higher than the BD (592 ± 5 MPa) by about 3%. The elongations were comparable in both directions, 48 ± 3% and 47 ± 3% along the TD and BD, respectively. The yield strengths are 263 ± 5 MPa (TD) and 257 ± 5 MPa (BD). In this sample, the ductility increased significantly by approximately 130% as compared to the AP sample. The increase in ductility was also coupled with a slight increase in tensile strength by about 4%. This sample clearly overcomes the strength-to-ductility trade-off in material science [49]. However, note that the yield strength of the HIP + AHT sample led to a decrease of about 40%. Still, the benefit of increasing both the tensile strength and ductility is considered to be beneficial in designing components using additively manufactured alloys. Based on the SEM and EBSD images above, it appears that the presence of both nano-scale and micro-scale twins played a role in improving the ductility of the HIP + AHT sample.



A comparison of the mechanical properties between the AP, AHT, and the HIP + AHT samples is presented in Figure 9d,e for BD and TD, respectively. It can be directly observed that the tensile strengths of all the samples are similar. However, the ductility of the HIP + AHT sample is superior to those of the AP and AHT samples. The slope of the elastic region (modulus of elasticity) significantly changes after post-processing. For example, along the BD, the modulus of elasticity was initially 183 GPa after printing; then, it decreased to 166 GPa after AHT. The modulus of elasticity further decreased after HIP and AHT, from 183 to 150 GPa. The same trend was observed in the measurements along the TD, see Figure 9e.



The mechanical properties acquired from this work are summarized in Table 2. The raw data are presented in Table A1 in the Appendix A section. The standard deviation from five measurements was taken and these were accounted for as an experimental error.



The mechanical properties obtained from this work were then compared with other similar works employing HIP to additively manufactured (via LPBF) 316L stainless steel, as shown in Table 3. It can be observed that the tensile strength of the HIP samples from Lavery et al. [33], Saiedi [50], and Röttger et al. [32] were 542, 570 and 563 MPa. The present work (HIP + AHT) attained a maximum value of 611 MPa, at least 7% higher than the selected literature values that employed HIP alone. The yield strength of the present work was also the highest, which is around 263 MPa (14% higher). The elongation in this work (48%) was comparable to that of the literature values, though it is inferior to the values obtained by Röttger et al. [32], who reported an elongation of 81%.



The fractured surface of the AP sample after tensile testing was characterized using electron microscopy (Figure 10). Three different magnifications were used for fractography in order to provide general and local features of the fractured surface. Figure 10a–c is associated with tests along the BD. In the lowest magnification image (Figure 10a), the scan tracks and layers during printing are evident, as shown by the overlapping linear strips on the cross-section of the fractured surface. The stress applied along the building direction results in poor intralayer fusion, which then leads to fracture. In the high magnification imaging in Figure 10b,c, a combination of dimple structure and cleavage structure can be observed since the material has an appreciable elongation of about 21%. The observations in the BD direction are similar to the fractured surface found in the TD (Figure 10d–f).



Fractography was also performed on the AHT sample (Figure 11). Figure 11a–c is for the fractured surfaces from the tensile tests along the BD, while Figure 11d–f are for the TD. The lower magnification images (Figure 11a,d) display the scan tracks and layers that become unstable during testing. The higher magnification images in Figure 11b,c (BD), and Figure 11e,f (TD) show a significantly higher amount of dimple structure as compared to the AP sample in Figure 10. This observation is due to the improved elongation of the AHT sample (30%) compared to the AP sample (21%).



The SEM images in Figure 12 depict the fractured surface of the HIP + AHT sample after the tensile testing. The first three images (Figure 12a–c) are for the tests along the BD, while the last three micrographs (Figure 12d–f) are for the tests along the TD. The low magnification images in Figure 12a (BD) and Figure 12d (TD) have different features than that of the AP and AHT samples. Here, there are no unstable layers of material that can lead to premature failure. Since the HIP + AHT sample has a lower porosity, the fractured surface illustrates a denser surface after failure. By having a lower fraction of porosity, it allows for the delay of the coalescence of voids to form cracks that eventually propagate until fracture. As a result, this sample had the highest elongation (46%). The high magnification SEM images in Figure 12b,c and Figure 12e,f for the BD and TD, respectively, demonstrate mostly dimple structures, which is common for materials with high ductility. Note that the dimple structures in this sample are far more evident compared to the microstructures in Figure 10 (AP sample) and Figure 11 (AHT sample).



The deformed samples were analyzed via EBSD to understand the behavior of grains during straining. The results for the AP, AHT and the HIP + AHT samples are presented in Figure 13a–c, respectively. Note that the BD is parallel to the tensile direction. The tensile direction is along the vertical direction of the image. As expected, the grains become elongated as a result of applied stress. The deformation allows the formation of twins in the AP (Figure 13a) and the AHT (Figure 13b) samples, which commonly occurs in both additively and conventionally manufactured 316L stainless steel [51]. However, for the HIP + AHT sample that has twins prior to tensile testing, the twins are less evident. This may be due to the rotation of crystals during deformation at a preferred orientation. For this reason, the IPF configuration is presented alongside the EBSD images. Here it can be seen that the texture intensity factor increases, i.e., from 2.68 to 6.47, as the elongation increases, i.e., from 21% to 48%. The (111) planes become more evident during deformation. Note that the increase in elongation allows for more crystal orientation during deformation; thus, the textured material is depicted in Figure 13c, with an intensity factor of 6.47 and a preferred (111) orientation.





4. Conclusions


In this work, LPBF-manufactured samples of 316L stainless steel were hot isostatically pressed and annealed. The effect of annealing heat treatment on the microstructure, porosity, mechanical properties and fracture behavior was investigated. The combination of hot isostatic pressing and annealing heat treatment significantly improved the ductility of the as-printed 316L stainless steel by as much as 130% without sacrificing tensile strength. The presence of nano-scale and macro-scale twins appears to contribute to the improved ductility of the material. Despite the improved elongation, this value is within the average values obtained from the literature that only employed HIP. The main advantage of the present method is the increase in yield and tensile strengths by at least 14% and 7%, respectively, from values cited in the literature. Since one of the issues in certifying AM components is the limited information concerning mechanical properties, this work provides additional post-processing data following HIP. This contributes to our knowledge of the yield and tensile strengths of AM 316L stainless steel components. Fracture surface analysis reveals that hot isostatic pressing and annealing heat treatment modifies the fracture mechanism of the material. This post-processing technique facilitates the enhanced ductile failure of 316L stainless steel.
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Appendix A. Raw Data Used in the Values of Mechanical Properties in Table 2


Table A1 below summarizes the obtained elongation, yield strength, and the tensile strengths from five measurements along the TD and the BD:
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Table A1. Measured mechanical properties along the BD and the TD of the AP, AHT and the HIP + AHT samples.






Table A1. Measured mechanical properties along the BD and the TD of the AP, AHT and the HIP + AHT samples.





	
Sample

	
Yield Strength, MPa

	
Tensile Strength, MPa

	
Elongation, %




	
TD

	
BD

	
TD

	
BD

	
TD

	
BD






	
AP-1

	
460

	
445

	
588

	
577

	
17.7

	
20.3




	
AP-2

	
431

	
433

	
586

	
584

	
21.1

	
18.7




	
AP-3

	
465

	
439

	
603

	
580

	
22.2

	
22.8




	
AP-4

	
452

	
441

	
596

	
588

	
22.7

	
23.0




	
AP-5

	
418

	
437

	
552

	
565

	
22.8

	
20.6




	
AHT-1

	
365

	
357

	
611

	
579

	
30.3

	
26.6




	
AHT-2

	
373

	
357

	
594

	
576

	
28.6

	
34.2




	
AHT-3

	
355

	
379

	
598

	
584

	
27.8

	
32.7




	
AHT-4

	
375

	
365

	
583

	
588

	
27.0

	
31.3




	
AHT-5

	
380

	
368

	
591

	
581

	
33.0

	
29




	
HIP-AHT-1

	
256

	
257

	
607

	
597

	
50.0

	
44.4




	
HIP-AHT-2

	
263

	
258

	
605

	
598

	
51.2

	
51.0




	
HIP-AHT-3

	
269

	
261

	
611

	
586

	
44.4

	
43.3




	
HIP-AHT-4

	
265

	
249

	
616

	
589

	
45.1

	
46.3




	
HIP-AHT-5

	
260

	
261

	
618

	
589

	
50.2

	
50.3
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Figure 1. (a) Scanning electron microscope image of the 316L powder; and (b) the powder size distribution. Q3 refers to the cumulative size distribution while q3 indicates the particle size distribution. The diameter of the powders was mostly in the range of 15–25 μm. 
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Figure 2. The measured relative densities from the optical micrographs reveal that the hot isostatic pressing (HIP) + annealing heat-treated (AHT) sample has the highest relative density. (n = 5). 
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Figure 3. Scanning electron microscopy images of the as-printed 316L sample taken from the plane normal to the building direction (BD) at (a) a lower magnification, and (b) at a higher magnification. 
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[image: Metals 10 00753 g003]







[image: Metals 10 00753 g004 550] 





Figure 4. The (a) electron backscatter diffraction (EBSD) inverse pole figure (IPF)-Z map, (b) the grain boundary distribution map, and (c) the IPF representation of grains of as-printed 316L samples taken from the building direction. Similarly, the (d) EBSD IPF-Z map, (e) the grain boundary distribution map, and (f) the IPF representation of grains of as-printed 316L samples taken from the transverse direction. 
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Figure 5. Scanning electron microscopy images of the heat-treated 316L sample taken from the plane normal to the building direction at (a) low magnification, and (b) high magnification. 
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Figure 6. The (a) EBSD IPF-Z map, (b) the grain boundary distribution map, and (c) the IPF representation of the grains of annealing heat-treated 316L samples taken from the building direction. Similarly, the (d) EBSD IPF-Z map, (e) the grain boundary distribution map, and (f) the IPF representation of the grains of the annealing heat-treated samples taken from the transverse direction. 
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Figure 7. The scanning electron microscopy images of the 316L sample after hot isostatic pressing and annealing heat treatment at (a) lower magnification, and (b) higher magnification. 
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Figure 8. The (a) EBSD IPF-Z map, (b) the grain boundary distribution map, and (c) the IPF representation of the grains of hot isostatic pressing and annealing heat treatment taken from the building direction. Similarly, the (d) EBSD IPF-Z map, (e) the grain boundary distribution map, and (f) the IPF representation of the grains of the sample after hot isostatic pressing and annealing heat treatment taken from the transverse direction. 
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Figure 9. The engineering stress–strain curves of (a) the as-printed (AP) sample, (b) the AHT sample, and (c) the HIP + AHT sample. The stress–strain curves of each condition are compared in (d) the BD, and (e) the transverse direction (TD). 
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Figure 10. SEM images of the fractured surface of the AP sample tensile tested along the BD (a–c), and the TD (d–f). 
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Figure 11. SEM images of the annealing heat-treated sample tensile tested along BD (a–c) and TD (d–f). 
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Figure 12. SEM images of the hot isostatic pressed and annealing heat-treated sample tensile tested along the BD (a–c) and the TD (d–f). 
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Figure 13. The EBSD IPF-Z map and IPF representation of tensile tested samples: (a) as-printed, (b) annealing heat treated, and (c) hot isostatic pressed and annealing heat treated. 
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Table 1. Chemical composition (wt%) of the 316L stainless steel powders.
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	Sample
	Fe
	Cr
	Ni
	Mo
	Mn
	Si
	C
	N





	Powder
	Bal.
	17.3
	13.9
	2.79
	1.51
	0.24
	0.008
	0.07



	Build
	Bal.
	16.9
	13.8
	2.56
	1.52
	0.24
	0.008
	0.05
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Table 2. Summary of the mechanical properties of additively manufactured 316L stainless steel. (n = 5).
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	Mechanical Property
	AP (BD)
	AP (TD)
	AHT (BD)
	AHT (TD)
	HIP + AHT (BD)
	HIP + AHT (TD)





	Tensile Strength, MPa
	579 ± 10
	585 ± 20
	582 ± 5
	595 ± 10
	592 ± 5
	611 ± 5



	Yield Strength, MPa
	439 ± 5
	445 ± 20
	365 ± 10
	370 ± 10
	257 ± 5
	263 ± 5



	Elongation, %
	21 ± 2
	21 ± 2
	31 ± 3
	29 ± 2
	47 ± 3
	48 ± 3










[image: Table] 





Table 3. Comparison of the results (this work) with the published data on additively manufactured 316L steel.
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	Reference
	Manufacturing History
	Yield Strength, MPa
	Tensile Strength, MPa
	Elongation, %





	Lavery [33]
	As-printed
	385
	534
	22%



	Lavery [33]
	HIP (1125 °C, 137 MPa)
	227
	542
	41%



	Saiedi [50]
	As-printed
	456
	703
	45%



	Saiedi [50]
	Annealed
	419
	674
	51%



	Saiedi [50]
	HIP
	220
	570
	54%



	Röttger [32]
	As-printed
	427 ± 8
	522 ± 5
	15 ± 2



	Röttger [32]
	HIP (1150 °C, 150 MPa)
	231 ± 4
	563 ± 6
	81 ± 7



	This work
	As-printed
	445 ± 20
	585 ± 20
	21 ± 2



	This work
	Annealed
	370 ± 10
	595 ± 10
	29 ± 2



	This work
	HIP + annealed
	263 ± 5
	611 ± 5
	48 ± 3











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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