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Abstract

:

The aim of this paper was to compare duplex (DSS) and super duplex stainless steel processed by laser powder bed fusion (LPBF) based on the process parameters and microstructure–nanomechanical property relationships. Each alloy was investigated with respect to its feedstock powder characteristics. Optimum process parameters including scanning speed, laser power, beam diameter, laser energy density, and layer thickness were defined for each alloy, and near-fully dense parts (>99.9%) were produced. Microstructural analysis was performed via optical (OM), scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD). The samples were subjected to stress relief and high-temperature annealing. EBSD revealed the crystallographic orientation and quantified the phases in the as-built and annealed sample conditions. The as-built samples revealed a fully ferritic microstructure with a small amount of grain boundary austenite in the SDSS microstructure. High-temperature solution annealing resulted in the desired duplex microstructure for both alloys. There were no secondary phases present in the microstructure after both heat treatments. Nanoindentation generated nanomechanical (modulus) mapping grids and quantified the nanomechanical (both hardness and modulus) response; plasticity and stress relief were also assessed in all three conditions (as-built, stress-relieved, and annealed) in both DSS and SDSS. Austenite formation in the annealed condition contributed to lower hardness levels (~4.3–4.8 Gpa) and higher plastic deformation compared to the as-built (~5.7–6.3 Gpa) and stress-relieved conditions (~4.8–5.8 Gpa) for both alloys. SDSS featured a ~60% austenite volume fraction in its annealed and quenched microstructure, attributed to its higher nickel and nitrogen contents compared to DSS, which exhibited a ~30% austenite volume fraction.
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1. Introduction


Duplex stainless steels are iron–nickel–chromium alloys with a characteristic ferritic–austenitic microstructure at ambient temperatures. These alloys inherently offer advantageous mixing of the austenitic and ferritic phases. In comparison to ferritic stainless steel, duplex stainless steels demonstrate enhanced toughness and improved weldability, while they exhibit elevated strength and enhanced corrosion resistance when compared to austenitic stainless steel [1]. Their excellent engineering performance has driven their expanded utility across diverse applications, predominantly within corrosive surroundings like sour gas pipelines and chemical reaction vessels [2,3]. Recently, duplex stainless steel was also used for biomedical applications [4,5]. The most common grades of duplex stainless steel encompass DSS 2205, also known as UNS S31803 (with a composition of 22% Cr, 3% Mo, 5% Ni, and 0.15% N), and SDSS 2507, or UNS S32750 (comprising 25% Cr, 4% Mo, 7% Ni, and 0.25% N) [6,7]. Super duplex stainless steel (SDSS) contains higher contents of nitrogen (N) and molybdenum (Mo), leading to higher corrosion resistance, strength, and structural stability in comparison to DSS [8].



Given the challenges linked to machining and shaping duplex stainless steels, and recognizing the limitations of powder metallurgy free-form fabrication, such as the tendency to yield porous structures, utilizing laser powder bed fusion (LPBF) as an additive manufacturing (AM) technology for duplex stainless steels has become a potential state of the art in manufacturing [9]. Wire arc additive manufacturing (WAAM) [10,11], laser-directed energy deposition (L-DED) [12], and laser powder bed fusion (LPBF) represent the dominant metal AM methods for the production of DSS and SDSS parts [13].



LPBF-produced components have unique microstructures due to high-temperature gradients and rapid solidification in the melt pool. These result in an epitaxial-to-columnar grain structure aligned with the build direction. The morphology, crystallography, and average grain size vary significantly with changes in process parameters and laser scanning. LPBF’s ability to create fine grains and substructures enhances mechanical properties compared to traditionally manufactured wrought and cast parts [14,15].



Studies can be found in the literature where the process optimization of commercially available duplex and super duplex stainless steel powders is presented [16,17]. In some studies, the focus is on the analysis of the microstructure and the impact on mechanical properties [18,19,20], and in others, research is performed to quantify phases and their effect on corrosion resistance [21,22]. Different methodologies for the parameter optimization of DSS and SDSS LPBF processing were based on experiments exploring a wide range of the processing parameters combined with statistical analyses, or on thermodynamic calculations studying the formation of embrittling phases upon laser processing or post-AM heat treatment [9,15,16,17,18,20,22]. Other studies correlated microstructure evolution and second-phase precipitation with mechanical properties (ultimate tensile strength, elongation at break, microhardness) and/or corrosion behavior [15,20,23,24]. In other studies, the authors developed new alloys, suitable for LPBF, by the dry mixing of elemental powders and/or pre-alloyed powders, allowing them to create custom duplex and super duplex powder blends with tailored chemical compositions. The aim was to promote austenite formation in the as-built condition [25,26,27].



In equilibrium conditions (low cooling rates), duplex stainless steels are solidified according to ferritic–austenitic solidification, where the ferrite solidifies first followed by austenite formation [28,29]. When non-equilibrium conditions (high cooling rates up to 105–106 °C/s for LPBF) prevail [30], ferrite dominates the microstructure since the solidification mode alters from ferrite–austenite (FA) to only ferrite (F) [31]. Thus, the duplex and super duplex stainless steel microstructure is mainly ferritic as reported in numerous LPBF-related studies [16,20,32,33,34]. Given the prevalence of ferrite in the LPBF as-built microstructure, an excess of nitrogen (N) saturation within the ferrite matrix has been reported to induce the formation of chromium nitride precipitates [15,20]. Secondary phases (sigma, chi), chromium nitrides, and carbides comprise the most common precipitations of duplex stainless steels when they are subjected to temperatures ranging from 600 °C to 1000 °C [35]. However, during the LPBF process, extremely high cooling rates inhibit the formation of sigma and chi phases. Nano-secondary phases (α’, G) usually precipitate under 600 °C and specifically within the temperature range of 300 °C to 550 °C after prolonged heat exposure [36,37]. Thus, in various studies, the authors used solution annealing at high temperatures (>1000 °C) as a post processing step. These studies showed an Increase in the austenite content in the microstructure, producing a phase balance between austenite and ferrite while avoiding the precipitation of secondary phases and dissolution of chromium nitrides, which are deleterious for mechanical/anti-corrosion properties [15,20,33,34]. With respect to the microstructural constituents, in duplex stainless steels, the ratio between austenite and ferrite phases significantly governs the properties related to strength and corrosion resistance [38,39]. The critical phase balance between phases within DSS and SDSS can be disrupted due to alterations in composition and thermal effects associated with cooling rates during fabrication [32].



After annealing and subsequent quenching, the ductility is restored with the formation of austenite and microstructure reallocation, while hardness, yield, and tensile strength are reduced [15,33,34]. More specifically, the reported findings concerning the mechanical properties of the constituent phases (ferrite and austenite) of conventionally manufactured DSS/SDSS at the nanoscale display considerable variation [40,41,42]. The hardness and elastic modulus of the austenitic phase can differ—being higher, lower, or on par with those of the ferritic phase. These variations hinge on diverse factors such as the processing approach under scrutiny.



In the absence of a comparative study between duplex and super duplex stainless steels, the current investigation sought to assess DSS (2205) and SDSS (2507) for their printability via LPBF technology. The comparison between these alloys was focused on microstructural investigations via relevant microscopy and diffraction techniques. Based on the existing literature and industrial standards, common heat treatment procedures for DSS and SDSS were selected to assess their impact on microstructure evolution, namely stress relief and solution annealing followed by water quenching. In addition, nanoindentation tests were carried out to measure the nanomechanical properties in all three conditions (as-built, stress-relieved, and annealed), and the results were effectively correlated with their respective microstructures. The objective of this study was to facilitate comprehensive comparisons between the two alloys in the as-built and heat-treated conditions, observe their nanomechanical response, and link these to their microstructure constituents and the chemical composition of the powder feedstock.




2. Materials and Methods


2.1. Feedstock Materials


Gas-atomized duplex stainless steel grade 2205 (1.4462) (MARS F51, Mimete S.r.l., Biassono, Italy) and super duplex stainless steel 2507 (1.4410) (MARS F53, Mimete S.r.l., Biassono, Italy) metal powders were used as feedstock. Their chemical compositions are illustrated in Table 1. Both metal powders were extensively studied in terms of their powder characteristics (apparent density, tap density, flowability, particle shape and morphology, and D10, D50, and D90 values) and chemical composition. A small quantity of metal powder was collected according to the procedures recommended under ASTM B215-20. Tap and apparent density were measured according to the ASTM B527-22 and ASTM B212-21 standards, correspondingly. Flowability was tested according to the ASTM B213-20 standard. D10, D50, and D90 values and the equivalent circle diameter (ECD) were measured with static image analysis through Morphologi 4 (Malvern Panalytical Ltd., Malvern, UK) according to the ISO 13322-1:2014 standard [43]. The chemical composition of the powders was analyzed via electron dispersive spectroscopy (EDS) with 0.1% accuracy integrated to a Phenom ProX (Thermo Fisher Scientific Inc., Waltham, MA, USA) scanning electron microscope (SEM). Furthermore, powders of both alloys were mounted, ground, and polished in order to assess internal porosity via SEM analysis.




2.2. LPBF Parameter Optimization and Post-AM Heat Treatment


Processing of metallic powders was carried out using an LPBF machine (INTECH, SF1 iFusion150, Intech Additive Solutions Ltd., Bangalore, India), which features a 500 W ytterbium-fiber laser operating at 1064 nm with an 80 μm laser spot size. The samples were built on a 150 mm-diameter platform composed of AISI 304 stainless steel. Throughout the manufacturing process, the build plate was preheated and consistently maintained at a temperature of 150 °C. The build chamber was maintained under an inert atmosphere using high-purity argon gas (Grade 5.0) whilst oxygen levels were carefully controlled to remain below 0.5 ppm. Data preparation was carried out using the AMBuilder software developed by INTECH (Intech Additive Solutions Ltd., Bangalore, India). Initial experimental trials were conducted using 2205 duplex and 2507 super duplex stainless steels, with variations in laser power, scan speed, and hatch distance to establish a narrow range of suitable process parameters. To determine the optimal set of process parameters, the volumetric energy density (VED) was calculated using Equation (1):


   E =   P   v ⋅ h ⋅ t   ( J /   m m   3   )   



(1)




where P is the laser power in W, v is the laser scan speed in mm/s, h is the hatch distance between adjacent laser scan tracks in mm, and t is the layer thickness of the powder in mm. The resulting optimum VED for both alloys was found in the range falling within 59–65 J/mm3. It is important to highlight that the variations in energy densities were attributed to changes in laser power, scan speed, and hatching distance, as detailed in Table 2 and Table 3 for DSS and SDSS, respectively. The layer thickness remained consistent at 40 μm, and the hatch distance varied between 100 and 120 μm. To facilitate easy removal from the substrate, cylindrical samples were manufactured with a diameter of 12.5 mm and a height of 8 mm, utilizing 3 mm support structures. The samples were removed from the substrate by cutting the supports with a bandsaw machine (FEMI N310 DA DG, Castel Guelfo di Bologna, Italy). The experimental plan was divided into 2 builds per alloy comprising different samples on the substrates, and their respective VED is shown in Figure 1. Heat treatments of the optimum as-built samples were conducted in a high-temperature electrical furnace (THERMANSYS BOX-AS20–1600, Thessaloniki, Greece) under atmospheric conditions as described below: (1) stress relief annealing at 300 °C for 4 h to minimize/eliminate residual stresses and (2); solution annealing at 1100 °C for 1 h followed by water quenching to restore the duplex microstructure by the nucleation and growth of austenite without secondary-phase precipitation [38,39,40].




2.3. Density and Microstructure of LPBF-Processed As-Built and Heat-Treated Samples


Metallographic preparation was performed on all as-built samples, including cutting using a micro-cutting machine (Mecatome T210, precision micro-cutting machine, PRESI, Paris, France), mounting, grinding, and polishing using the Tegramin system (STRUERS, Birmensdorf, Switzerland). This preparation aimed to evaluate and quantify defects like cracks or pores in the samples. The specimens were sequentially grounded with coarser grades up to a 2000-grit finish, followed by polishing using a 3 μm diamond paste and finally a 1 μm polishing. After polishing, two different chemical solutions were utilized for the etching of as-built and heat-treated samples. The as-built and stress-relieved samples were chemically etched with Beraha’s etchant (100 mL H2O + 20 mL HCL + 1 gr Potassium Metabisulfite) to unveil the microstructure and obtain the optimal phase differentiation between austenite and ferrite. The etching duration ranged from 5 to 20 s considering the freshness of the etching solution and mostly in the time interval between the last polishing step and etching. Beraha’s etchant selectively darkens the ferrite phase while leaving the austenite phase unaffected and bright in duplex stainless steels [44]. The annealed samples were electrolytically etched with sodium hydroxide solution (NaOH, 20% w/v) and an applied voltage of 5 V for 10 s. NaOH solution proved to be a better choice than Beraha for the annealed samples, especially for SEM microstructure observations. The density of the printed samples as well as the phase quantification of ferrite/austenite in the annealed and water-quenched microstructures was determined using ImageJ (1.54 d, NIH and LOCI, Madison, WI, USA). The average density values were calculated for each sample by analyzing optical micrographs captured in XY and XZ planes (5 micrographs per plane, i.e., 10 micrographs per sample). The phase quantification in the annealed and water-quenched microstructures was conducted on SEM micrographs due to their higher image quality favored for thresholding (average of 5 micrographs per sample). The micrographs were selected from the bottom, the middle, and the top side of the XZ plane for each sample in order to have a representative number of measurements. The characterization and quantification of phases was validated through EBSD.



OM was employed to capture images of the sample’s overall microstructure, at magnifications ranging from 50X to 500X using a 40–800X Trinocular Metallurgical Polarization Microscope equipped with an 18 MP Digital Camera from AMScope (United Scope LLC., Irvine, CA, USA). For higher magnification imaging, SEM was utilized to capture images with magnifications up to 150,000X. The sample microstructures were analyzed with the same SEM as the one utilized in 2.1, using an acceleration voltage of 15 KeV, in combination with EDS for compositional analysis.



EBSD was conducted on an FEI Nova NanoSEM 650 scanning electron microscope (FEI, Brno, Czech Republic) with a TSL EBSD camera to gain knowledge of how the ferritic and austenitic phase fractions were formed and arranged in the additively manufactured samples. Grain size measurements and fraction quantification of austenite and ferrite phases were also conducted. The analysis was conducted using an electron beam acceleration voltage of 20 keV and a working distance of 20 mm with a step size of 1 µm for the as-built samples and 0.5 µm for the annealed and quenched samples, a binning factor of 4 × 4, and an exposure time of about 12 ms. The analysis of the EBSD results was conducted by using the Aztec software (version 3.3, Oxford Instruments, PLC, Abingdon, Oxfordshire, UK). The HKL Channel 5 software (Oxford Instruments, Oxford, UK) was also utilized for grain size analysis. The grain sizes of the austenite grains were calculated excluding grains at the edges of the investigated area. The ferrite grains were, in some cases, intermittent by austenite grains and were not continuous. In other cases, the ferrite grains were made up of several sub-grains with minor differences in orientations. Both of these characteristics made it difficult to detect the number of ferrite grains automatically; therefore, they were counted manually. Their total area was calculated from the phase ratio multiplied by the area investigated. Finally, the average area of a grain was calculated and converted to the diameter of a circle, also known as the equivalent circle diameter (ECD). The 0.5 μm step size for the annealed and quenched samples was selected to capture the smaller austenite grains. Thus, the examined area was also reduced. For EBSD analysis, the same metallographic preparation was used. An additional polishing step was applied using a colloidal silica suspension (0.04 μm) to remove scratches after grinding and polishing steps and achieve a pristine surface conducive for high-quality EBSD data.




2.4. Nanoindentation Testing of LPBF-Processed As-Built and Heat-Treated Samples


A Bruker TS77 TriboLab® Nanomechanical Test Instrument (Minneapolis, MN, USA) was employed for the nanoindentation testing (the instrument capabilities enable loading from 1 × 10−3 mN to 30 mN and with a high load and displacement resolution of 1 nN and 0.04 nm, respectively). The instrument is equipped with a scanning probe microscope, in which a probe tip moves in a scan pattern across the sample surface using a three-axis piezo positioner. In this study, a Berkovich tip with a radius of 80 nm was selected. Nanomechanical properties were assessed using the Oliver–Pharr model [45]. A grid-mapping protocol of a 20-by-20-point array was selected, with 10-micron spacing, employing 40 s loading, 3 s hold time, and 40 s unloading time under displacement control (set at 200 nm of displacement). The load range was carefully selected according to [46] where values of reduced modulus were stable within the 3000–7000 μN range. At first, contour maps were generated in order to reproduce the surface topographical variation of local mechanical properties, due to distinct phase occurrence. Within the maps, recurrent patterns were identified and correlated with SEM images of the grid (nanoindented samples were subjected to SEM analysis after the measurements).





3. Results


3.1. Powder Characterization


The SEM micrographs in Figure 2 illustrate the morphology of both feedstock powders and their respective chemical compositions as revealed through EDS. The chemical composition of EDS analysis is in agreement with the chemical composition provided by the supplier (Table 1). Most of the particles were spherical. However, in each sample, trace amounts of satellites, agglomerations, and elongated particles were observed.



In Figure 3, cross-sections of DSS 2205 and SDSS 2507 powders are illustrated. A very small number of particles featured internal porosity that did not affect the melting behavior or relative density of the final parts [47,48].



The flowability and apparent and tapped density values of DSS 2205 and SDSS 2507 powders are presented in Table 4, which were almost identical for both powder alloys. The equivalent circle diameter (ECD) for particles of each powder was determined using static image analysis. The minimum, maximum, and mean diameters for each powder were calculated, along with the D10, D50, and D90 values that are presented in Table 5. The cumulative curves of volumetric particle size distribution (Figure 4) were used to obtain the D10, D50, and D90 values for each powder. Both powders exhibited similar values for minimum, maximum, and mean EC diameter. Also, the D10, D50, and D90 values were identical for both powders, indicating a similar width in volume distribution as shown in Figure 4.




3.2. Density–Porosity Analysis of LPBF Samples


The sectioned and polished samples revealed that keyhole pores were evident for VED exceeding 80 J/mm3, whereas a lack-of-fusion porosity was observed mainly for VED values below 55 J/mm3. The small differences in the chemical composition, and the PSD of the DSS and SDSS feedstock metal powders, can justify minor differences in density and processing regime. It must also be noted that different LPBF machines might use a different optimum processing parameter set to produce near-fully dense samples because there are differences and restrictions imposed by the hardware such as the type of laser, wavelength, laser beam diameter, maximum laser power, etc. [16]. The porosity of the as-built samples with various processing conditions is presented in Figure 5 and Figure 6. It is evident that the porosity is influenced by the volumetric energy input during the LPBF process.



For duplex (2205) stainless steel, the optimum VED resulted in a relative density of 99.98% in the XY plane and 99.97% in the XZ plane. Similarly for super duplex (2507) stainless steel, the optimum VED resulted in a relative density of 99.95% in the XY plane and 99.96% in the XZ plane, respectively.



Images of cross-sectioned areas of the samples that were subjected to fine polishing were converted to 8-bit grey-scale images, thresholding was applied, and the total surface area of pores was measured. In Figure 7, optical micrographs with the optimum near-fully dese duplex and super duplex stainless steel samples are presented.




3.3. DSS and SDSS Microstructural Analysis


3.3.1. As-Built DSS 2205


In Figure 8, (a) LOM and (b) SEM micrographs illustrate a fully ferritic microstructure of DSS 2205 with columnar ferrite grains nucleating from both sides of the melt pool and slightly inclined towards the center of the melt pool in the XY plane. In the XZ plane, the columnar ferrite grains nucleate, following the direction of the heat source [49]. Also, melt pool boundaries can be distinguished in the XZ plane, as well as laser melt tracks in the XY plane.



Figure 9 and Figure 10 show the EBSD inverse pole figure (IPF) and phase maps of the as-built DSS sample in the XY and XZ directions, respectively. The “mosaic” structure arising from the selected scanning strategy was evident [50]. EBSD confirmed the fully ferritic microstructure (100%) for both directions (XY and XZ). Austenite traces were also observed, but in <0.1% of the total area of the sample. The fraction of the zero solution was ≤0.3% for both directions. Ferrite grains featured a mixed orientation, mostly along the <101> and <111> crystallographic directions. The average grain size corresponded to an equivalent circle diameter of 12.6 μm and 15.9 μm for XY and XZ directions, correspondingly. In the phase map, austenite is shown in blue, ferrite is shown in red, zero solution in white (Figure 9b and Figure 10b), and the scale bar is 200 µm for all micrographs.




3.3.2. Heat-Treated DSS 2205


In Figure 11 and Figure 12, the microstructures of stress-relieved DSS and annealed and water-quenched DSS are illustrated, correspondingly. The stress-relieved sample showed the same microstructure as the as-built DSS sample. There was no grain growth or intermetallic phase formation, such as sigma and chi, visible under SEM after the stress relief heat treatment. In the annealed and quenched microstructure, there were tangible changes regarding the austenite volume fraction, grain morphology, and the overall microstructure. In Figure 12, an increased austenite volume fraction can be observed while the solidification structure (melt pool boundaries and laser melt tracks) is not visible in comparison to the as-built DSS microstructure. The austenite in the annealed and water-quenched microstructure exhibited various morphologies, including grain boundary austenite (GBA), intragranular austenite (IGA), and secondary austenite (γ2). The EDS analysis aided in the phase identification of different grains by measuring the wt.% of austenite (Ni, Mn) and ferrite-stabilizing elements (Cr, Mo, Si). As expected, austenite exhibited increased Ni (approximately 2 wt.% higher nickel content compared to ferrite) and Mn content, while ferrite showed an approximately 3 wt.% higher chromium content compared to austenite. In Table 6 the EDS results of ferrite and austenite are presented for the annealed/water-quenched DSS sample.



The increased austenite volume fraction was confirmed and quantified through image analysis. In Figure 13, a representative SEM image before and after thresholding is presented as well as the average of each phase volume fraction for the annealed/water-quenched DSS sample being equal to 34% and 66% for austenite and ferrite, respectively.



Figure 14 shows the EBSD results of the XY plane in the annealed DSS sample. (a) Inverse pole figure map: <001> directions shown in red; <101> directions in green; <111> directions in blue. (b) Phase map. (c) Inverse pole figure map for ferrite only. (d) Inverse pole figure map for austenite only.



In Figure 15, the EBSD IPF and phase maps of the annealed/water-quenched DSS sample in the XY and XZ planes are presented. As also depicted through SEM, the microstructure changed considerably due to the formation of austenite. The “mosaic” structure arising from the selected scanning strategy was still visible, but far less evident. The austenite grains were small and well dispersed. Austenite is shown in blue, ferrite is shown in red, zero solution in white, and the scale bar is 100 µm for all micrographs. The phase fraction of austenite was measured equal to 31.1% and 31.6% in the XY and XZ planes, respectively, which were similar to the values obtained via image analysis.



The fraction of the zero solution was ≤1.0% for both directions. Ferrite grains featured a mixed orientation along the <001> and <111> crystallographic directions, mostly for the XY plane, and a strong orientation along the <101> crystallographic direction for the XZ plane. Austenite grains featured a mixed orientation along the <111> and <101> crystallographic directions, mostly for the XY plane, and mixed orientation along the <001>, <111>, and <101> crystallographic directions for the XZ plane. The average grain size corresponded to an equivalent circle diameter of 22 µm and 25 µm for ferrite as seen in the XY and XZ directions, and 3.3 µm and 3.4 µm for austenite, as seen in the XY and XZ directions, respectively.




3.3.3. As-Built SDSS 2507


Columnar ferrite grains were observed in the SDSS 2507 microstructure as well as micro-crystalline grain boundary austenite (GBA) (Figure 16). Grain boundary austenite nucleated between the ferrite grains, along the ferrite–ferrite grain boundaries [20]. SEM showed the allotriomorphic shape and morphology of the austenitic phase exhibiting greater grain size near intersections of melt pool boundaries. More specifically, the volume fraction of austenite was higher near the intersections of the melt pool boundaries in the XZ plane and near the overlaps of the laser melt tracks in the XY plane (Figure 16b). Table 7 includes the EDS analysis of the characteristic microstructural constituents. Similar to the DSS case, the weight percentage differences of austenite/ferrite-stabilizing elements was used to identify grain boundary austenite and ferrite. The main difference was detected in Mo concentrations being equal to 7 wt.% for ferrite and 4 wt.% for grain boundary austenite, respectively. Furthermore, in Figure 16b, a Ni-rich micro-segregation was observed as well as sub-micro-grains along the length of melt pool boundaries (XZ plane) and laser melt track boundaries (XY plane). The Ni-rich segregation region was also identified through EDS analysis (23.1 wt.% Ni) (Table 7).



In Figure 17 and Figure 18 the EBSD IPF and phase maps are presented for the as-built SDSS sample in the XY and XZ planes, respectively. There were many similarities with the as-built DSS samples. The “mosaic” structure was evident, and the microstructure was fully ferritic. The ferrite phase fraction was 100%. Austenite was observed, but in <0.1% of the sample. The fraction of the zero solution was 1.7% and 3.6% for the XY and XZ planes, respectively. The average grain size, however, was smaller than the as-built DSS sample and corresponded to an equivalent circle diameter of 10.5 µm and 11 μm in the XY and XZ planes, respectively. The austenite is shown in blue, ferrite is shown red, and zero solution in white (Figure 17 and Figure 18). The scale bar in all micrographs is 200 μm.




3.3.4. Heat-Treated SDSS 2507


In Figure 19 and Figure 20, the stress-relieved and annealed SDSS samples are presented, respectively. As expected, after stress relief heat treatment, no phase transformation took place, and no grain growth or intermetallic phases like sigma and chi could be observed, similar to the as-built DSS sample. A high amount of austenite could be seen in the annealed state, and no melt pool boundaries and laser melt tracks could be identified compared to the as-built microstructure. The annealed and water-quenched microstructure displayed diverse austenite morphologies, such as grain boundary austenite (GBA), intragranular austenite (IGA), and secondary austenite (γ2). Table 8 displays the EDS analysis results of both ferrite and austenite. It was observed that austenite had approximately 5 wt.% higher nickel content compared to ferrite, while ferrite exhibited around 4 wt.% higher chromium content than austenite.



In Figure 21, the results of image analysis indicated a composition of 65% austenite and 35% ferrite for the DSS sample that was subjected to annealing and water quenching.



Figure 22 and Figure 23 show the EBSD IPF and phase maps of the SDSS sample annealed in the XY and XZ planes, respectively. The formation of austenite has changed the microstructure considerably with the austenite grains being fine and well distributed. Yet, the change was different from what had been observed in the annealed and water-quenched DSS sample. The “mosaic” structure was not visible, and the phase fraction of austenite was increased. Specifically, the phase fraction of austenite was 62.8% and 61.8% in the XY and XZ planes, correspondingly, similar to the values obtained via the image analysis method (65%). The fraction of the zero solution was ≤1.1% for both planes. Ferrite grains featured a mixed crystallographic orientation along the <001> and <101> crystallographic directions, mostly for both the XY and XZ planes. Austenite grains featured a strong orientation along the <101> crystallographic direction for both the XY and XZ planes. The average grain size corresponded to an equivalent circle diameter of 18 µm and 19 µm for ferrite as seen in the XY and XZ planes, and 3.1 µm and 3.3 µm for austenite as seen in the XY and XZ planes, respectively. The phase fractions and the grain size for all conditions are summarized in Table 9. The grain size is expressed as the diameter of a circle with the same area as the particle (equivalent circle diameter—ECD) in µm.





3.4. Nanoindentation


The elastic modulus (E) was selected in order to generate the 2D map representation, revealing the difference in nanoindentation response due to phase properties underneath the indenter [25]. In Figure 24, elastic modulus grid maps obtained through nanoindentation are presented. It is evidenced in all cases (DSS and SDSS in both XY and XZ planes) that phase regions of higher E are formed in the annealed samples.



Both hardness (in red) and elastic modulus values (in black) are presented below (Figure 25), in relation to contact depth (residual depth after maximum penetration at 200 nm of displacement), for all samples. All axes are set to specific ranges for comparison; the positioning of the hardness value scatter regarding range (relative) and extent (in contact depth) were attributed to residual stresses occurring in the as-built state (higher H range corresponds to compressive residual stresses [51]), which was also confirmed by the stress-relieving process and plastic deformation, as higher contact depth corresponded to higher plastic deformation.



Ferrite exhibits more noticeable plasticity and residual deformation compared to austenite. This is attributed to the lower yield strength and work-hardening exponent of ferrite in comparison to austenite [46]. Relevant literature studies often draw the conclusion that both ferrite and austenite exhibit identical values measured through nanomechanical testing, which can vary; ferrite has been referenced either to be easier [52] or harder [15] to indent than austenite. In Figure 26, hardness distribution density for all samples is presented in all three states: as-built, stress-relieved, and annealed, respectively. The values corresponded to discrete imprints located within individual phase grains (ferrite and austenite), the combination of the two, and/or regions containing phase boundaries.





4. Discussion


In LPBF, porosity can be classified into three types: gas pores, keyhole pores, and lack-of-fusion pores. Gas pores, also known as hydrogen porosity, are spherically shaped and small. Keyhole pores are elongated in shape, aligning parallel to the build direction (ΧΖ plane) and appear spherical when viewed from a direction perpendicular to the build direction (XY plane). These pores are also characterized by their large size. Lack-of-fusion pores are also characterized by a large size, often comparable in scale to the melt pool size, and they exhibit irregular shapes. Gas pores are created at slow scanning speeds from gases trapped within the melt pool or evolve from the powder during consolidation. Keyhole pores result from an overabundance of input energy during the melting process. The excessive laser power leads to an over-penetration of the metal powder, leaving a pore near the base of the solidified melt pool. In contrast, lack-of-fusion pores originate from an insufficient supply of energy to the powder bed during the melting process. This reduced energy input results in the incomplete melting of the metal powder, leading to the formation of voids within the final structure [52,53,54]. In Figure 5 and Figure 6, it was observed that pores originating from lack of fusion decreased with an increase in VED, while maintaining the other two parameters stable. However, the occurrence of lack-of-fusion pores increased notably when the hatch distance was increased, especially when the VED and scan speed were maintained at 50 J/mm3 and 1000 mm/s, respectively. Nevertheless, an excessive increase in VED (>80 J/mm3) resulted in the formation of keyhole pores. All types of pores were decreased when the hatch distance and scan speed values were near 100–110 μm and 1100 mm/s, correspondingly, with VED values close to 60 J/mm3. In the current study, the optimal LPBF process variables and VED yielding near-fully dense samples were identified, also taking into account the physical and morphological DSS and SDSS powder characteristics (lack of internal pores, agglomerates, contaminations, elongated particles, and PSD values within specifications). The inherent high cooling rates of the LPBF process resulted in ferrite nucleation and growth because there was not sufficient time for austenite formation through solid-state diffusion. This resulted in nearly zero content of austenite in the microstructure of DSS (Figure 8) and very low austenite content in the microstructure of the SDSS sample (Figure 16). EBSD phase maps displayed a 100% ferrite volume fraction in the as-built microstructure of both alloys. In the SDSS sample, the EBSD phase maps (Figure 17 and Figure 18) exhibited a higher fraction of the zero solution in comparison with the DSS EBSD phase maps (Figure 9 and Figure 10). The higher percentage of the zero solution in the SDSS microstructure may be attributed to the micro-crystalline GBA, which was observed in the SEM micrographs (Figure 16b). It has been reported that phases with concentrations below 5%, including chromium nitrides, micro-crystalline austenite, and process-related defects, such as pores and cracks, are identified by the EBSD detector as a fraction of zero solutions. Therefore, they are excluded from the calculation of the ferrite and austenite phase fraction [18]. The crystallographic orientation is influenced by the LPBF process parameters [34]. Therefore, they are excluded from the calculation of the ferrite and austenite phase fraction [18]. In this case, the DSS and SDSS process parameters of optimum samples were almost identical in terms of laser power, scan speed, and hatch distance. Thus, ferrite grains of DSS and SDSS in the as-built microstructures had a similar mixed crystallographic orientation (Figure 9, Figure 10, Figure 17 and Figure 18). The 67-rotation scanning strategy resulted in crystallographic anisotropy of the as-built samples [38]. The ECD average grain size of the as-built SDSS sample was slightly smaller than that of the as-built DSS sample (Table 9).



The presence of austenite in the as-built SDSS microstructure can be attributed to the higher Ni content in the feedstock material in comparison to DSS (Table 1). This, in conjunction with the secondary energy input from the melting and cooling of the subsequent layers (reheating), allows sufficient time for the formation of a higher volume fraction of the austenite phase in SDSS [55]. Heat-affected areas or heat-affected zones (HAZs) were observed between and near the overlaps of laser melt tracks. An increased austenite presence was observed in HAZs (Figure 16b). Reheating promotes the nucleation and growth of grain boundary austenite that nucleates first at high temperatures (1350–800 °C) [56]. In this experimental analysis, intermetallic phases were not observed. Nonetheless, previous research has documented the presence of chromium nitride precipitation in the as-built microstructure of DSS, which was identified and observed using transmission electron microscopy (TEM) [20]. Studies indicate that elevated nitrogen content in duplex stainless steels can lead to an increased presence of chromium nitrides due to non-equilibrium cooling rates [57]. Hence, it is reasonable to assume the presence of chromium nitrides in the microstructure of DSS and SDSS.



Furthermore, the as-built microstructure of SDSS revealed the presence of micro-segregation and sub-micro-grain regions. EDS analysis indicated that the segregation areas exhibited a high nickel content. This segregation phenomenon can be attributed to the complex flow dynamics within the melt pool, driven by forces such as Marangoni, buoyancy, gravity, and recoil pressure [58]. Elemental segregation in additively manufactured samples can significantly influence corrosion resistance [59]. Sub-micro-grain zones near the melt pool and laser melt track boundaries were observed due to constitutional supercooling coupled with rapid solidification [60]. Research has shown that the formation of fine sub-micro-grains during the LPBF process enhances the yield strength of as-built SS316L [61]. Interestingly, in the as-built microstructure of DSS, no evidence of micro-segregation or sub-micro-grain regions was found.



In the case of the heat-treated samples, the stress-relieved samples (Figure 11 and Figure 19) exhibited no significant microstructural changes when compared to the as-built DSS (Figure 8) and SDSS (Figure 16) samples. However, the annealed and water-quenched samples (Figure 12 and Figure 20) exhibited distinct microstructural changes when compared to the as-built DSS and SDSS samples. These changes included the nucleation and growth of austenite, as well as the removal of melt pool boundaries and laser melt tracks. The annealing process at 1100 °C for 1 h led to a homogenized as-built SDSS microstructure by dissolving the segregations. Annealing also triggered the nucleation and growth of grain boundary austenite (GBA) and intragranular (IGA) and secondary γ2 austenite inside the ferrite grains. IGA and γ2 were observed within the ferritic grains as well as between the GBA (Figure 12 and Figure 20). Notably, in comparison to GBA, the formation of IGA and γ2 occurred at lower temperatures due to the higher activation energy required for their lattice diffusion [56,62,63].



Based on phase quantification obtained from SEM micrographs and EBSD analysis, SDSS exhibited a significantly higher austenite volume fraction (approximately 60% austenite) compared to DSS (approximately 30% austenite) when subjected to the same solution annealing process. This difference can be attributed to the higher nickel and nitrogen content in the SDSS chemical composition, which induced austenite nucleation as per the Ni equivalent formula of the WRC-1992 diagram [64]. During the heat treatment process, it is likely that chromium nitrides will dissolve. The nitrogen from these dissolved chromium nitrides, along with the nitrogen trapped within the ferrite matrix, will diffuse and contribute to the formation of austenite [15]. Grain size analysis revealed that both DSS and SDSS samples, which underwent annealing and quenching, exhibited a similar austenite grain size (with an average grain size of approximately 3 μm). However, the SDSS sample subjected to annealing and quenching displayed marginally smaller ferrite grains compared to the DSS sample that underwent the same treatment (Table 9). In the annealed and quenched SDSS sample, the austenitic grains predominantly exhibited a <101> crystallographic orientation, whereas the annealed and quenched DSS sample displayed a mixed crystallographic orientation. As for the ferritic grains, both DSS and SDSS samples subjected to annealing and quenching showed a mixed crystallographic orientation, with <001> and <101> being the prevailing crystallographic directions.



During the LPBF procedure, the intensive localized heating and rapid cooling of a melt pool, in addition to the layer-by-layer repetition of such a thermomechanical process, result in significant thermal gradients and heterogeneous residual stresses within a non-equilibrium microstructure [65,66,67,68]. The magnitude of these thermal gradients is influenced by many processing parameters, including bed temperature, laser power, metal powder morphology, thermophysical characteristics, extent of melt pool, etc. The synergistic occurrence of these parameters often results in a complex residual stress field. Studies of the macroscale residual stresses in AM materials have revealed various deleterious effects (e.g., loss of net shape, detachment from support structures, or failure of the build parts, etc.). However, how (and to what extent) microscale residual stresses influence the mechanical performance of AM materials, remain elusive [69] and are attributed to the difficulty in the measurement and understanding of the spatiotemporal evolution of residual stresses at the scale of individual grains or phases. Through the nanoindentation measurements conducted in this study, a higher contact depth range, which corresponds to higher plastic deformation, was revealed for the annealed state; in the stress relief state, the XY plane exhibited a narrower range denoting a robust deformation mechanism for both DSS and SDSS samples. For DSS, the hardness distribution in the XY plane revealed a gradual decrease when subjected to stress relief (avg. ~4.8 GPa), denoting compressive residual stresses in the as-built state (avg. ~6.3 GPa); hardness was decreased with high-temperature annealing and quenching (avg. ~4.3 GPa). For the XZ plane, the hardness distribution revealed a gradual decrease when subjected to stress relief (avg. ~5.08 GPa), denoting compressive residual stresses in the as-built state (avg. ~6 GPa); hardness decreased with annealing (avg. ~4.3 GPa), reaching the value of the XY plane. For SDSS, in both planes, the hardness distribution did not reveal significant changes in the as-built or stress relief condition. Also, there was no reduction in hardness for the as-built SDSS sample (avg. ~5.7 GPa) when subjected to stress relief annealing (avg ~5.8 GPa). The high-temperature annealing reduced the hardness of the as-built SDSS sample (avg. ~4.8 GPa). The reduction in average hardness in the annealed condition can be explained by the presence of austenite in the microstructure of both alloys. The higher hardness in the as-built state of both alloys can also be explained by the high dislocation density inside the material that results in hardening [50]. Moreover, chromium nitride precipitates can inhibit free dislocation slip/glide and contribute to hardening. The solubility of N in ferrite leads to solid solution strengthening. The precipitation of chromium nitrides increases the yield and tensile strength [70]. In contrast to the grains in the horizontal plane (XY), grains in the lateral and frontal planes (XZ and YZ) are expected to be elongated [71]. This is attributed to the thermal gradient being higher in the vertical (build) direction of the printed part. Consequently, the grains are expected to grow along several layers, and therefore give rise to elongated types of grains.




5. Conclusions


The current study demonstrated the successful fabrication of duplex and super duplex stainless steels processed via laser powder bed fusion with a nearly balanced austenite–ferrite arrangement after suitable heat treatment. In the as-built condition, both DSS and SDSS exhibited a predominantly ferritic microstructure (~100%) attributed to the high cooling rates suppressing austenite nucleation. In the as-built SDSS microstructure, a trace of grain boundary austenite was evident, along with micro-segregations and cellular grains due to the melt pool driving forces and rapid solidification. The ferrite grains in the as-built DSS and SDSS samples displayed a mixed crystallographic orientation. Solution annealing at 1100 °C for 1 h contributed to austenite recovery in both the DSS and SDSS microstructures. SDSS exhibited a higher degree of austenite in its annealed and quenched microstructure (~60% austenite volume fraction), facilitated by its higher nickel and nitrogen content compared to DSS (~30% austenite volume fraction). In the annealed and water-quenched microstructure of SDSS, the austenitic grains aligned predominantly along the <101> crystallographic direction, while in the annealed and quenched microstructure of DSS, they displayed a more varied orientation. The stress-relieved samples retained the same microstructure as the as-built samples, with no intermetallic phases or carbides/nitrides observed in either the heat-treated or as-built microstructures using the methods and tools employed in this study. Nanoindentation was utilized to obtain hardness and modulus values, providing insights into the nanomechanical response of the selected materials in all three conditions. This method effectively revealed phase regions with higher E values after annealing, indicating new phase formation. The annealed state exhibited greater contact depth (~181–189 nm) and plastic deformation due to austenite nucleation and growth, while the stress-relieved state showed a narrower range in the XY plane (DSS: ~181–185 nm and SDSS: ~178–182 nm), indicating a more robust deformation mechanism for both DSS and SDSS samples. The hardness distribution analysis quantified the effect of the stress relief protocol in all cases.
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Figure 1. Images of (a) DSS (2205) and (b) SDSS (2507) samples for parameter optimization, prior to removal from the substrate. 






Figure 1. Images of (a) DSS (2205) and (b) SDSS (2507) samples for parameter optimization, prior to removal from the substrate.
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Figure 2. SEM micrographs of DSS 2205 and SDSS 2507 powders with their respective EDS chemical analysis. 
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Figure 3. SEM micrographs of polished cross-sections of the feedstock powder materials DSS 2205 and SDSS 2507. Internal porosity in powder particles is indicated by the red circles. 
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Figure 4. Volumetric EC particle size distribution for DSS 2205 and SDSS 2507. 
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Figure 5. Optical micrographs showing the evolution of porosity in DSS 2205 cylindrical samples built with increasing energy density due to variation of process parameters (scale bar for all micrographs is 50 µm). The green circle indicates the best sample in terms of relative density and the optimum processing parameters. 






Figure 5. Optical micrographs showing the evolution of porosity in DSS 2205 cylindrical samples built with increasing energy density due to variation of process parameters (scale bar for all micrographs is 50 µm). The green circle indicates the best sample in terms of relative density and the optimum processing parameters.
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Figure 6. Optical micrographs showing the porosity of SDSS 2507 cylindrical samples built with increasing energy density due to variation of process parameters (scale bar for all micrographs is 50 µm). The green circle indicates the best sample in terms of relative density and the optimum processing parameters. 
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Figure 7. Optical micrographs of near-fully dense duplex (2205) and super duplex (2507) stainless steel samples in the XY and XZ planes, processed with the optimum parameter set for each alloy. 
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Figure 8. As-built DSS microstructure. (a) LOM (light optical microscope) and (b) SEM (scanning electron microscope) micrographs transverse to build direction (XY plane) and parallel to build direction (XZ plane). F = ferrite. 
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Figure 9. EBSD results of the XY plane in the as-built DSS sample. (a) Inverse pole figure map: <001> directions shown in red; <101> directions in green; <111> directions in blue. (b) Phase map. 
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Figure 10. EBSD results of the XZ plane in the as-built DSS sample. (a) Inverse pole figure map: <001> directions shown in red; <101> directions in green; <111> directions in blue. (b) Phase map. 
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Figure 11. Stress-relieved DSS microstructure. (a) LOM (light optical microscope) and (b) SEM (scanning electron microscope) micrographs transverse to build direction (XY plane) and parallel to build direction (XZ plane). F = ferrite. 
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Figure 12. Annealed and water-quenched DSS microstructure. (a) LOM (light optical microscope) and (b) SEM (scanning electron microscope) micrographs transverse to build direction (XY plane) and parallel to build direction (XZ plane). F = ferrite; GBA = grain boundary austenite; IGA = intragranular austenite; γ2 = secondary austenite. 
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Figure 13. Annealed and water-quenched DSS image analysis results. 
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Figure 14. EBSD results of the XY plane in the annealed DSS sample. (a) Inverse pole figure map: <001> directions shown in red; <101> directions in green; <111> directions in blue. (b) Phase map. (c) Inverse pole figure map for ferrite only. (d) Inverse pole figure map for austenite only. 
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Figure 15. EBSD results of the XZ plane in the annealed DSS sample. (a) Inverse pole figure map: <001> directions shown in red; <101> directions in green; <111> directions in blue. (b) Phase map. (c) Inverse pole figure map for ferrite only. (d) Inverse pole figure map for austenite only. 
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Figure 16. As-built SDSS microstructure. (a) LOM and (b) SEM micrographs transverse to build direction (XY plane) and parallel to build direction (XZ plane). F = ferrite; GBA = grain boundary austenite. 
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Figure 17. EBSD results of the XY plane in the as-built SDSS sample. (a) Inverse pole figure map: <001> directions shown in red; <101> directions in green; <111> directions in blue. (b) Phase map. 
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Figure 18. EBSD results of the XZ plane in the as-built SDSS sample. (a) Inverse pole figure map: <001> directions shown in red; <101> directions in green; <111> directions in blue. (b) Phase map. 
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Figure 19. Stress-relieved SDSS microstructure. (a) LOM (light optical microscope) and (b) SEM (scanning electron microscope) micrographs transverse to build direction (XY plane) and parallel to build direction (XZ plane). F = ferrite; GBA = grain boundary austenite. 






Figure 19. Stress-relieved SDSS microstructure. (a) LOM (light optical microscope) and (b) SEM (scanning electron microscope) micrographs transverse to build direction (XY plane) and parallel to build direction (XZ plane). F = ferrite; GBA = grain boundary austenite.
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Figure 20. Annealed and water-quenched SDSS microstructure. (a) LOM (light optical microscope) and (b) SEM (scanning electron microscope) micrographs transverse to build direction (XY plane) and parallel to build direction (XZ plane). F = ferrite; GBA = grain boundary austenite; IGA = intragranular austenite; γ2 = secondary austenite. 
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Figure 21. Annealed and water-quenched SDSS image analysis results. 
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Figure 22. EBSD results of the XY plane in the annealed SDSS sample. (a) Inverse pole figure map: <001> directions shown in red; <101> directions in green; <111> directions in blue. (b) Phase map. (c) Inverse pole figure map for ferrite only. (d) Inverse pole figure map for austenite only. 






Figure 22. EBSD results of the XY plane in the annealed SDSS sample. (a) Inverse pole figure map: <001> directions shown in red; <101> directions in green; <111> directions in blue. (b) Phase map. (c) Inverse pole figure map for ferrite only. (d) Inverse pole figure map for austenite only.
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Figure 23. EBSD results of the XZ plane in the annealed SDSS sample. (a) Inverse pole figure map: <001> directions shown in red; <101> directions in green; <111> directions in blue. (b) Phase map. (c) Inverse pole figure map for ferrite only. (d) Inverse pole figure map for austenite only. 
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Figure 24. Elastic modulus grid maps obtained through nanoindentation (values in axes correspond to position coordinates). 
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Figure 25. Both hardness (in red) and elastic modulus values (in black) in relation to contact depth (residual depth after maximum penetration at 200 nm of displacement), for all samples. 
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Figure 26. Hardness distribution density for all samples, in all three states: as-built, stress-relieved, and annealed, respectively. 
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Table 1. Chemical composition of the as-received feedstock powder materials in weight %.
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Duplex Stainless Steel 2205




	
C

	
S

	
N

	
Cr

	
Fe

	
Mn

	
Mo

	
Ni

	
P

	
Si

	
Cu




	
0.022

	
0.005

	
0.13

	
22.1

	
Bal.

	
1.03

	
3.2

	
5.2

	
0.01

	
0.51

	
-




	
Super Duplex Stainless Steel 2507




	
0.013

	
0.005

	
0.29

	
24.7

	
Bal.

	
0.77

	
3.6

	
8.0

	
0.011

	
0.45

	
0.01











 





Table 2. DOE and process parameter window for DSS (2205).
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	No. of Sample
	Laser Power

(W)
	Scan Speed

(mm/s)
	Hatch

Distance

(μm)
	Laser Beam

Spot Size

(μm)
	Layer

Thickness

(μm)
	Volumetric

Energy Density (J/mm3)





	1
	113
	357
	120
	80
	40
	65.94



	2
	204
	769
	100
	80
	40
	66.32



	3
	226
	940
	110
	80
	40
	54.64



	4
	269
	1058
	100
	80
	40
	63.56



	5
	296
	1130
	100
	80
	40
	65.49



	6
	304
	946
	110
	80
	40
	73.03



	7
	317
	1189
	100
	80
	40
	66.65



	8
	334
	963
	120
	80
	40
	72.25



	9
	347
	1242
	100
	80
	40
	69.84



	10
	363
	1056
	120
	80
	40
	71.61



	11
	425
	1329
	110
	80
	40
	72.68



	12
	467
	1346
	120
	80
	40
	72.28










 





Table 3. DOE and process parameter window for SDSS (2507).
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	No. of Sample
	Laser Power

(W)
	Scan Speed

(mm/s)
	Hatch

Distance

(μm)
	Laser Beam

Spot Size

(μm)
	Layer

Thickness

(μm)
	Volumetric

Energy Density

(J/mm3)





	1
	95
	331
	120
	80
	40
	59.79



	2
	125
	408
	110
	80
	40
	69.63



	3
	169
	590
	120
	80
	40
	59.67



	4
	182
	723
	100
	80
	40
	62.93



	5
	187
	566
	100
	80
	40
	82.59



	6
	189
	781
	120
	80
	40
	50.41



	7
	192
	661
	120
	80
	40
	60.51



	8
	262
	794
	110
	80
	40
	74.99



	9
	267
	894
	110
	80
	40
	67.87



	10
	305
	1174
	110
	80
	40
	59.04



	11
	336
	1230
	100
	80
	40
	68.29



	12
	347
	1016
	110
	80
	40
	77.62










 





Table 4. Duplex stainless steel 2205 and super duplex stainless steel 2507 powder characteristics.
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	Bulk Powder Characteristics
	DSS 2205
	SDSS 2507





	Apparent density (g/cm3)
	3.9
	4.0



	Tapped density (g/cm3)
	4.3
	4.4



	Flowability (s/50 g)
	18.9
	18.4










 





Table 5. Powder characteristics obtained through static image analysis.
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	Particle Size Measurements
	DSS 2205
	SDSS 2507





	Min. Equivalent Circle Diameter (μm)
	0.52
	0.52



	Max. Equivalent Circle Diameter (μm)
	84.8
	88.2



	Equivalent Circle Diameter Mean (μm)
	21.5
	25.4



	Equivalent Circle D10 (μm)
	21.9
	23.4



	Equivalent Circle D50 (μm)
	40.4
	39.4



	Equivalent Circle D90 (μm)
	62.5
	59.1










 





Table 6. EDS analysis results of annealed and water-quenched DSS.
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Elements (wt.%)




	
Annealed DSS

	
Si

	
Mn

	
Cr

	
Fe

	
Ni

	
Mo






	
Ferrite

	
0.700

	
-

	
24.500

	
66.300

	
4.100

	
4.400




	
Austenite

	
-

	
1.205

	
21.586

	
68.474

	
6.225

	
2.510











 





Table 7. EDS analysis results of as-built SDSS.
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Elements (wt.%)




	
As-Built SDSS

	
Si

	
Mn

	
Cr

	
Fe

	
Ni

	
Mo






	
Ferrite

	
1.7

	
-

	
26.4

	
58.8

	
6.2

	
6.9




	
Grain Boundary Austenite

	
-

	
0.9

	
25.8

	
62.4

	
7.0

	
4.1




	
Segregation

	
-

	
-

	
23.9

	
46.7

	
23.1

	
6.4











 





Table 8. EDS analysis results of annealed and water-quenched SDSS.
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Elements (wt.%)




	
Annealed SDSS

	
Si

	
Mn

	
Cr

	
Fe

	
Ni

	
Mo






	
Ferrite

	
0.6

	
-

	
27.2

	
62.0

	
5.4

	
4.8




	
Austenite

	
-

	
0.9

	
23.4

	
62.5

	
10.1

	
3.1











 





Table 9. Summary of phase fraction and average grain size in all samples as measured by EBSD for DSS and SDSS alloys.
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Sample

	
Phase Fraction, %

	
Grain Size (ECD/µm)




	

	
Austenite

	
Ferrite

	
Austenite

	
Ferrite






	
As-Built DSS XY

	
-

	
100.0

	
-

	
12.6




	
As-Built DSS XZ

	
-

	
100.0

	
-

	
15.9




	
As-Built SDSS XY

	
-

	
100.0

	
-

	
10.5




	
As-Built SDSS XZ

	
-

	
100.0

	
-

	
11.0




	
Annealed DSS XY

	
31.1

	
68.9

	
3.3

	
22




	
Annealed DSS XZ

	
31.6

	
68.4

	
3.4

	
25




	
Annealed SDSS XY

	
62.8

	
37.2

	
3.1

	
18




	
Annealed SDSS XZ

	
61.8

	
38.2

	
3.3

	
19
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