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Abstract: Duplex stainless steels (DSSs) have excellent mechanical properties, owing to their austenitic-
ferritic microstructure. The phase equilibrium strongly depends on solidification conditions and
chemical composition, where elemental nitrogen significantly stabilizes the austenitic phase. When
DSSs are processed by laser powder bed fusion (L-PBF) under an argon atmosphere, the rapid cooling
rates result in an undesirable fully ferritic microstructure. To better understand the microstructure
formation, this study examined the influence of the L-PBF process atmosphere on the porosity, mi-
crostructure, and mechanical properties of DSS AISI 318LN. Gaseous argon and nitrogen were used as
a protective atmosphere, and specimens were analyzed in the as-built and post-processed conditions
via optical and electron microscopy, electron backscatter diffraction, and tensile testing. Specimens
processed under a nitrogen atmosphere showed a lower initial density in the as-built conditions, and
tended to form more lack-of-fusion and gas pores compared to specimens processed under argon. The
different defect types in nitrogen-processed specimens were still present after solution-annealing and
quenching, leading to a 13% lower tensile strength and 43% lower elongation at fracture. Differences
in phase equilibrium caused by the process atmosphere could not be established. All differences
in porosity can be minimized by hot isostatic pressing, thus resulting in comparable mechanical
properties of argon- and nitrogen-processed specimens.

Keywords: laser powder bed fusion; process atmosphere; duplex stainless steel; mechanical properties;
additive manufacturing

1. Introduction

Interest in additive manufacturing (AM) for industrial applications has increased
among the research community over the past several years. AM allows for direct produc-
tion, from CAD data, of highly complex structures and components that otherwise could not
be machined through conventional manufacturing techniques [1]. Laser powder bed fusion
(L-PBF) is of special interest because it is among the most promising AM processes for the
production of metallic components with very high accuracy [2]. L-PBF is a well-established
process and manufacturing route for stainless steels (SSs). The most commonly used types
of SS in L-PBF are austenitic grades, such as AISI 316L (DIN X2CrNiMo17-12-2, material
no. 1.4404) and precipitation-hardening martensitic AISI 630 (DIN X5CrNiCuNb17-4-4,
material no. 1.4548), whereas duplex stainless steels (DSSs), such as AISI 318LN (DIN
X2CrNiMoN22-5-3, material no. 1.4462) and AISI F53 (DIN X2CrNiMoN25-7-4, material no.
1.4410), have rarely been investigated [3]. DSSs have higher strength than fully austenitic
SS, and greater impact toughness than fully ferritic steel, as well as excellent corrosion re-
sistance against intergranular, pitting, and crevice corrosion. These outstanding properties
arise from the duplex microstructure comprising nearly equal phase fractions of ferrite and
austenite. However, DSSs are also prone to embrittlement caused by undesirable precipi-
tates, such as carbides, nitrides, and σ- and χ-phases [4], thus indicating the importance of
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L-PBF parameters, solidification conditions, and subsequent thermal post-processing [5–8].
When processed via L-PBF, DSSs tend to solidify predominantly in a ferritic microstructure,
whereas small amounts of austenite precipitate along the grain boundaries in the form of
Widmanstätten plates [6]. This finding has been attributed to the rapid solidification of
molten material, with typical cooling rates between 104 K s−1 and 106 K s−1 in the L-PBF
process [2,9]. Subsequent solution-annealing and quenching (SA + Q) treatment leads to the
precipitation of secondary austenite along the grain boundaries [10]. The obtainable phase
equilibrium between austenite and ferrite strongly depends on the solution-annealing
temperature, and can range from 40:60%-vol. to 50:50%-vol. for a temperature range
between 950 ◦C and 1100 ◦C [8]. A loss of austenite-stabilizing elements—such as nitrogen
or carbon, owing to vaporization during the L-PBF process—markedly influences the phase
equilibrium and, therefore, decreases the obtainable austenite phase fraction to well below
40%-vol. [5].

The substantial influence of alloying elements on phase equilibrium and solidification
in DSSs is well known, particularly for nitrogen [11]. When cooling from the liquid phase,
DSS begins to solidify into a fully delta-ferritic microstructure. After full solidification
and slow cooling, in contrast to the high cooling rates in L-PBF, diffusion-controlled solid-
state precipitation of austenite begins. The phase fraction of austenite gradually increases
with declining temperatures, and ultimately reaches a maximum stable fraction after
quenching [12]. The stability of the austenitic and ferritic phases depends on the chemical
composition. Elements such as Cr, Mo, Si, and W stabilize the ferritic phase, whereas
elements such as Ni, Mn, N, and C stabilize the austenitic phase. The effectiveness of these
elements can be expressed according to the chromium equivalent for ferrite-stabilizing
elements and the nickel equivalent for austenite-stabilizing elements [13,14].

Nieq = Ni + 30 × C + 30 × N + 0.5x × Mn (1)

Creq = Cr + Mo + 1.5 × Si + 0.5 × Nb (2)

Because nitrogen has a factor of 30 in the nickel equivalent, this element is important
in the austenite phase fraction and equilibrium. Therefore, L-PBF-induced local or global
variation in composition results in microstructural inhomogeneity.

Furthermore, nitrogen has major effects on the mechanical properties of DSS, owing
to strengthening effects caused by solid–solution strengthening and nitrogen-enhanced
grain size strengthening [15]. The positive influence of nitrogen as an alloying element
in steels was first reported by Frehser et al. [16], and also applies to steels processed via
L-PBF [17–19].

To prevent the loss of nitrogen due to vaporization during the AM process, the
shielding gas can be changed from standard argon to gaseous nitrogen, as described by
Bermejo et al. for laser metal deposition of DSS AISI 318LN [20]. The same strategy can be
applied to the L-PBF process, although the nitrogen concentration in specimens has not
been the main focus of prior studies, and L-PBF of DSS has not been investigated under
a nitrogen atmosphere. Pauzon et al. investigated the effect of L-PBF process gas on the
properties of austenitic AISI 316L SS [21]; they observed no loss of elemental nitrogen
when gaseous argon, nitrogen, and helium were used as the process gas, and maximal
nitrogen concentrations within the specimens when nitrogen was used as the process gas.
However, the nitrogen concentration was not found to be correlated with better mechanical
properties, because no differences were observed between specimens processed under
argon and nitrogen atmospheres in tensile tests. Similarly, no differences in porosity could
be observed, regardless of the process gas [22]. Studies on the influence of the process
gas on the properties of L-PBF-processed AlSi10Mg and AlSi12 have revealed little-to-no
influence on microstructure, porosity, or mechanical properties [23–25]. However, Dai
et al. reported a substantial difference in melt pool fluctuation behavior, with a decreased
tendency for keyhole defect formation when argon was used [26]. Dong et al. reported a
higher initial density and higher nitrogen concentrations in specimens when nitrogen was
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used as the process gas for the L-PBF of tungsten, and mechanical properties surpassing
the values for specimens processed under argon [27]. Pauzon et al. have also reported on
the influence of the process gas during L-PBF of Inconel 718, observing a nitrogen loss for
all specimens, but a lower loss with high-purity nitrogen [28,29].

This study aimed at investigating process-gas-induced differences in AISI 318LN DSS
processed under argon and nitrogen protective atmospheres with L-PBF. The investigations
included high-resolution microstructural characterization by microscopy and electron
backscatter diffraction, chemical analysis with special consideration of argon and nitrogen
loss or pick-up, and static–mechanical testing via hardness and tensile testing. Because
the phase fractions of austenite and ferrite are directly influenced by the nitrogen content,
and are highly important in achieving the outstanding properties of DSSs, two subsequent
post-processing routes for as-built AISI 318LN specimens were chosen: a single solution-
annealing and quenching process, and an additional densification process via hot isostatic
pressing before solution-annealing and quenching.

2. Materials and Methods
2.1. Material

In this study, gas-atomized AISI 318LN (DIN X2CrNiMoN22-5-3, material no. 1.4462)
DSS steel powder was used. The atomizing process was conducted under a nitrogen
atmosphere, and the powder was supplied by Deutsche Edelstahlwerke GmbH (Krefeld,
Germany). The chemical composition of the powder (Table 1) was measured through
optical emission spectroscopy with a SPECTROMAXx LMX07 instrument (SPECTRO Ana-
lytical Instruments GmbH, Kleve, Germany), whereas carbon and nitrogen contents were
measured with a LECO CS300 (LECO Instrument GmbH, Moenchengladbach, Germany)
CS analyzer as well as a Bruker GALILEO G8 (Bruker Corp., Billerica, MA, USA) ONH
analyzer. The elemental composition according to the EN 10088-3 standard [30] indicated a
powder composition within the defined ranges. The argon content in virgin powder and
bulk specimens was measured with a Trace GC 600 (Thermo Fisher Scientific, Waltham,
MA, USA) quadrupole mass analyzer at Bodycote Specialist Technologies Deutschland
GmbH, according to the Swedish SS 118000:2018 standard [31]. The sample mass for argon
measurements was 0.5–1.0 g, and the lower limit of detection was 0.049 ppm. The argon
content was determined as the ratio between the detected argon mass and the specimen
mass. In Figure 1, a scanning electron microscopy (SEM) image of the used powder is
depicted. The powder particles were nearly spherical in shape, and very few satellites
were observed. The desired particle size distribution of d10 = 26 µm, d50 = 39 µm, and
d90 = 53 µm was achieved by sieving and determined using a Partica LA-950 particle size
distribution analyzer (Horiba Ltd., Kyoto, Japan). The uniform particle size distribution is
shown in Figure 2.

Table 1. Chemical composition of AISI 318LN powder and the corresponding material standard in wt%.

Combustion Analysis Optical Emission Spectroscopy
Element C N Si Mn P S Cr Mo Ni Fe
Powder in this study 0.02 0.15 0.70 1.10 0.01 0.01 21.30 2.50 5.00 Bal.
EN 10088-3 <0.03 0.10–0.22 <1.00 <2.00 <0.035 <0.015 21.00–23.00 2.50–3.50 4.50–6.50 Bal.

2.2. L-PBF Processing and Specimen Production

A Realizer SLM 100 machine (Realizer GmbH, Borchen, Germany) equipped with a
pulsating ytterbium fiber laser with a wavelength λ = 1070 ± 2.5 nm and a maximum laser
power of 200 W was used for the specimen production. Nitrogen 5.0 and argon 5.0, with a
purity of 99.999%, were used as the protective atmosphere and to flush the build chamber,
with a fluctuating excess pressure between 15–30 mbar above ambient pressure. The
specimens were built with a layer thickness of 50 µm, a build plate preheating temperature
of 200 ◦C, and a stripe scanning strategy, with a stripe width of 2.7 mm and stripe overlap
of 0.1 mm. Each subsequent layer was rotated by 90◦, while the interlayer time was
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approximately 45 s. Further parameters were selected according to a previous study using
the same L-PBF machine [7]. A hatch distance of 100 µm, a laser power of 175 W, an
exposure time ts of 36 µs, and a point distance dp of 40 µm were used, whereas the scan
velocity, defined by dp and ts, was 1111 m/s. Round cylinders with a diameter of 10 mm
and a height of 65 mm were produced for tensile testing in a vertical standing position,
with the specimens’ rotating axis along the Z-axis of the L-PBF machine. The final shape of
the tensile specimens was achieved by machining.

Figure 1. SEM-micrograph of AISI 318LN powder particles.

Figure 2. Particle size distribution of AISI 318LN powder.

2.3. Microstructural Analysis

For microstructural analysis and hardness testing, additional cubic samples with
an edge length of 10 × 10 mm2 were cut vertically along the axis of the build direction,
as well as perpendicularly to the build direction. The surface was then ground and
polished. Light optical microscopy on unetched specimens was used to determine the
relative density through quantitative image analysis. For this purpose, 42 images of the
whole polished area of one specimen were taken at a magnification of 200× and stitched
together. The stitched image was then binarized and processed by greyscale separation,
with a threshold value of 148 in the software ImageJ [32]. The porosity was then determined
by the proportion between black pixels (pores) and white pixels (material) in the total
area of the specimen’s cross-section. For each condition, eight samples were considered
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(corresponding to a 10 × 10 mm2 investigated area) and analyzed, thus resulting in a mean
value and corresponding standard deviation. The pore circularity was analyzed with the
circularity plugin in ImageJ, wherein a value of 1.0 indicates a perfectly round circle. The
circularity is defined as followed:

circularity = 4 × π ×
(

area
perimeter

)2
(3)

Electron backscatter diffraction (EBSD) scans and concentric backscattered (CBS)
images were recorded with a Helios NanoLab DualBeam instrument (Thermo Fisher
Scientific, USA). The acceleration parameters were set to 15 kV and 5.5 nA, and the step
size for EBSD measurement was 0.6 µm, with an image resolution of 400 µm × 400 µm.
The EBSD analysis was performed with TSL OIM Data Collection 7 and OIM Analysis 7
(EDAX, AMETEK, Mahwah, NJ, USA). For the identification of phases and evaluation of
phase fractions, fcc austenite (a = 3.65 Å), bcc ferrite (a = 2.87 Å), and tetragonal σ-phase
(a = 9.17 Å, c = 4.741 Å) were considered.

2.4. Post-Processing by Solution-Annealing and Hot Isostatic Pressing

Because of the fully ferritic solidification in the as-built (AB) condition, and the sub-
stantial influence of subsequent annealing on the desired austenitic/ferritic duplex mi-
crostructure and mechanical properties, specimens for mechanical testing were subjected
to two post-processing routes. One set of specimens was solution-annealed in an oven
under a nitrogen protective atmosphere at 1080 ◦C and for a dwell time of 1 h, and then
quenched in water. The annealing temperature was chosen according to the chemical
composition of the AB specimens and thermodynamic equilibrium calculations by using
Thermo-Calc [33] with the TCFE9 database. The second set of specimens was additionally
hot isostatic pressed before solution-annealing and quenching in water (HIP + SA + Q). The
HIP densification at a pressure of 100 MPa applied by argon 5.0, a dwell time of 3 h, and a
temperature of 1150 ◦C was followed by furnace cooling without pressure. The additional
solution-annealing and quenching process, as described for the SA + Q specimens after
HIP, was conducted in order to fully dissolve unwanted brittle phases, such as carbides,
nitrides, and σ- and X-phases formed because of the slow cooling in the HIP vessel.

2.5. Tensile and Hardness Testing

Quasi-static tensile tests were performed on a ZwickRoell Zmart Pro (ZwickRoell AG,
Ulm, Germany) with a testing velocity of 0.06 mm/s, according to DIN EN ISO 6892-1:2020-
06 [34]. The specimen geometry was a type B 4 × 20 according to DIN 50125:2021-08 [35],
and was obtained by machining of cylinders with a 2 mm allowance in the conditions
SA + Q and HIP + SA + Q. The load was applied vertically and parallel to the building axis,
i.e., in the “weakest” direction [36]. Four specimens were tested for each heat treatment
condition and process gas, and the overall mechanical properties were determined as an
average of all specimens per group.

Vickers hardness testing (HV10) was conducted on AB, SA + Q, HIP, and HIP + SA + Q
specimens, in accordance with DIN EN ISO 6507-1:2018.07 [37]. The indentations were
placed on cross-sections on the vertically cut specimens.

2.6. Specimen Nomenclature

In the Results and Discussion section, specimens are categorized according to the
L-PBF process gas used—e.g., argon and nitrogen—as well as the specimen heat treatment
conditions. The specimen designation consists of the process gas followed by the condition,
e.g., Ar_SA + Q for specimens processed under an argon protective atmosphere in the
solution-annealed and quenched condition.
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3. Results and Discussion
3.1. Influence of Process Atmosphere on Porosity

The AISI 318LN steel powder was processed by L-PBF under an argon and nitrogen
protective atmosphere, and characterized in terms of porosity, pore size distribution, and
pore circularity. The porosity evolution over the entire process chain for both gases is
depicted in Figure 3. The L-PBF under an argon atmosphere resulted in highly dense
specimens with an initial porosity of 0.23 ± 0.09% in the Ar_AB condition. No cracks
were observed. The achieved density was similar to that reported by Hengsbach et al. [5],
and slightly lower than that reported by Papula et al. [8]. The subsequent densification
process by HIP further decreased the porosity to 0.06 ± 0.02% for the Ar_HIP condition,
which remained constant after final solution-annealing and quenching for Ar_HIP + SA + Q
specimens with a porosity of 0.07 ± 0.03%. This finding is in line with those from previous
studies by Kunz et al. [7]. In contrast, specimens processed under a nitrogen atmosphere
showed a higher initial porosity of 1.18 ± 1.01% in the N2_AB condition. Notably, the
standard deviation was substantially higher than that for the Ar_AB specimens, thus
indicating a more unstable L-PBF process and an unevenly distributed porosity. After HIP,
the porosity decreased to 0.08 ± 0.03%, thus leading to an alignment between the Ar_HIP
and N2_HIP specimens. Further solution-annealing did not influence the porosity, which
remained nearly constant at 0.09 ± 0.04% in the N2_HIP + SA + Q condition.

Figure 3. Porosity evolution of AISI 318LN along the L-PBF process chain.

Further differences in the initial porosity between Ar_AB and N2_AB specimens
became evident through a comparison of the circularity and size of pores and, thus, the
type of porosity. The differentiation between gas pores and lack-of-fusion (LOF) pores can
be indicated by circularity, because gas pores tend to be more spherical than irregularly
formed LOF pores [3,38]. Figure 4 shows the cumulative percentage of the observed pore
circularity within one representative specimen, wherein a value of 1.00 indicates a perfectly
spherical pore. Pores in the N2_AB specimens tended to be more irregularly formed,
with a mean circularity of 0.91, compared to pores in the Ar_AB specimens, with a mean
circularity of 0.96. The lower increase in the graph and narrower standard deviation of pore
circularity of 0.09 for Ar_AB specimens, compared to the standard deviation of 0.14 for
N2_AB specimens, clearly indicated a greater number of nearly spherical pores. Therefore,
we concluded that N2_AB specimens tend to have more LOF pores. A possible explanation
for the differences in porosity formation is the differences in melt pool fluctuations, as
described by Dai et al. [26].
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Figure 4. Cumulative percentage of pore circularity in the AB condition for specimens produced
under an argon and nitrogen protective atmosphere.

Figure 5 shows the measured pore sizes in the AB condition. The specimens built
under nitrogen had a high proportion of large pores > 50 µm, representing LOF pores.
Furthermore, N2_AB specimens also showed more pores with a size of ~5 µm than Ar_AB
specimens. Therefore, N2_AB specimens tended to form many large and irregularly shaped
LOF pores, as well as many small gas pores. This finding was evident in a comparison of
microsections of specimens built under an argon and nitrogen protective atmosphere, as
shown in Figure 6. The representative N2_AB specimen exhibited very large and irregular
pores, as well as small gas pores, whereas the Ar_AB specimen showed gas pores in only a
small-to-medium size range.

Figure 5. Histogram of pore size in the AB condition for specimens produced under an argon and
nitrogen protective atmosphere.
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Figure 6. Representative microsections with indicated porosity types in the AB condition under an
(a) argon atmosphere or (b) nitrogen atmosphere. BD: building direction.

3.2. Influence of Process Atmosphere on Grain Structure and Orientation

No significant differences in microstructure were observed according to the use of
nitrogen and argon as a process gas for the L-PBF-processed AISI 318LN, as shown in the
etched light optical microscopy microsections in Figure 7a,b. This finding was consistent
with those of Boes et al., who investigated the influence of the process gas on a fully
austenitic SS with increased C and N content [19]. All specimens exhibited a columnar,
strongly hierarchical, and near-epitaxial grain growth, with elongated grains along the build
direction, in the AB condition. The width of the melt tracks approximately corresponded to
the hatch distance, with little-to-no expansion into neighboring melt tracks, thus indicating
no significant mutual influence and resolidification between single tracks.

Figure 7. Microstructure of AB L-PBF-processed AISI 318LN under an (a) argon atmosphere or
(b) nitrogen atmosphere. BD: building direction.

Figure 8 shows CBS SEM images of a single melt-track for Ar_AB and N2_AB spec-
imens. At this higher magnification, the epitaxial and columnar grain growth was more
evident. Grains began to form at the elliptical melt track boundary, indicated by white lines,
and showed high directionality with respect to the center of the melt pool, as indicated
by white arrows. Fine circular precipitations were visible within the microstructure, and
formed primarily just below the melt pool boundary when argon was used. EDX measure-
ments indicated the presence of oxides in the form of white and black precipitates. These
oxides were likely to be spinel-phase (MnCr2O4) and rhodonite-type (MnSiO3) oxides, as
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described by Iams et al. [39]. However, owing to the small sizes of the precipitates and poor
measurement quality, EDX results are not presented herein, and the types of precipitates
could not be determined.

Figure 8. CBS SEM micrographs of single melt tracks of AB L-PBF-processed AISI 318LN under an
(a) argon atmosphere and (b) nitrogen atmosphere. BD: building direction.

The grain size distribution for all conditions is depicted in Figure 9. For Ar_AB and
N2_AB specimens, the distribution was not uniform, and showed strong scattering over the
entire grain size range. The average grain size for Ar_AB specimens was 10.6 µm, whereas
N2_AB specimens exhibited an average grain size of 8.9 µm. Because of the solution-
annealing and quenching process, recrystallization occurred along the grain boundaries
and inside existing grains. The average grain size was thus refined to an average of
3.7 µm for Ar_SA + Q and 4.2 µm for N2_SA + Q specimens, thus leading to a more
uniform and near-Gaussian distribution. An additional HIP process for the HIP + SA + Q
condition led to grain coarsening because of the dwell time at elevated temperatures,
thus leading to an average grain size of 9.7 µm for Ar_HIP + SA + Q and 8.1 µm for
N2_HIP + SA + Q specimens. The grain orientation in the X–Y-plane is shown via inverse
pole figure (IPF) maps. The microstructure in this orientation was directly affected by the
scan strategy. Because of the 90◦ rotation of the scanning direction between each layer,
the microstructure in the AB condition showed a chessboard-like pattern, as depicted
in Figures 10a and 11a. The precipitation of fine-dispersed new grains along prior grain
boundaries after solution-annealing and quenching was clearly evident, as shown in
Figures 10b and 11b, as was the previously described grain coarsening due to the HIP
process, as shown in Figures 10c and 11c. The precipitation of new grains is indicated with
white arrows.
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Figure 9. Evolution of AISI 318LN grain size along the L-PBF process chain.

Figure 10. IPF maps of L-PBF AISI 318LN processed under an argon protective atmosphere: (a) AB
condition, (b) SA + Q condition, (c) HIP + SA + Q condition. BD: building direction.

Figure 11. IPF maps of L-PBF AISI 318LN processed under a nitrogen protective atmosphere: (a) AB
condition, (b) SA + Q condition, (c) HIP + SA + Q condition. BD: building direction.
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EBSD phase mapping for both process gases in the AB, SA + Q, and HIP + SA + Q
conditions was performed to investigate the influence on the austenite and ferrite phase
fractions. The results for specimens processed under an argon atmosphere are depicted in
Figure 12a–c. Because of the rapid cooling and solidification in the L-PBF process, DSS AISI
318LN built under argon solidified to be fully ferritic, as described in previous studies [5,7,8].
The subsequent solution-annealing process resulted in the diffusion-controlled precipitation
of secondary austenite along the prior grain boundaries. An austenite phase fraction of
42%-vol. was determined, whereas an additional HIP process before solution-annealing
and quenching resulted in an austenite phase fraction of 43%-vol. Similar results were
achieved when nitrogen was used as a process gas, as shown in Figure 13. In contrast to
the Ar_AB specimens, a small phase fraction of 1%-vol. austenite was measured along the
grain boundaries. However, this very small phase fraction did not appear to be substantial.
Further post-processing of N2_AB specimens resulted in an austenitic phase at 40%-vol. in
the SA + Q condition and 43%-vol. in the HIP + SA + Q condition. Therefore, no significant
difference between argon- and nitrogen-processed specimens was established.

Figure 12. EBSD phase maps of L-PBF AISI 318LN processed under an argon protective atmosphere:
(a) AB condition, (b) SA + Q condition, (c) HIP + SA + Q condition. BD: building direction.

Figure 13. EBSD phase maps of L-PBF AISI 318LN processed under a nitrogen protective atmosphere:
(a) AB condition, (b) SA + Q condition, (c) HIP + SA + Q condition. BD: building direction.
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3.3. Influence of the Process Atmosphere on Nitrogen and Argon Content

Figure 14 shows the nitrogen and argon content in specimens for the SA + Q and
HIP + SA + Q conditions. Specimens processed under a nitrogen atmosphere rather than
an argon atmosphere exhibited higher nitrogen content. In the SA + Q condition, the
difference was 0.1351 wt.% for N2_SA + Q specimens and 0.1326 wt.% for Ar_SA + Q
specimens, whereas the difference in the HIP + SA + Q condition was 1345 ± 14 ppm for
N2_HIP + SA + Q specimens and 0.1287 wt.% for Ar_HIP + SA + Q specimens. Comparison
of these values with the initial measured nitrogen content of 0.15 wt.% for virgin AISI
318LN powder, as depicted by the dashed line, indicated that all bulk specimens exhibited
a loss in nitrogen content. Overall, the difference between argon and nitrogen as the process
gas did not appear to be substantial. However, a tendency toward higher retained nitrogen
content for specimens built under a nitrogen protective atmosphere was visible, and is
plausible [21,22].

Figure 14. (a) Nitrogen and (b) argon content of L-PBF-processed AISI 318LN under an argon and
nitrogen atmosphere.

A marked difference in argon content was observed—the nitrogen-built specimens
exhibited no argon at all, whereas the specimens built under an argon protective atmosphere
showed an argon content between 0.10 ± 0.02 ppm in the HIP + SA + Q and 0.15 ± 0.03 ppm
in the SA + Q conditions, thus indicating argon pick-up during the L-PBF process. The
powder was gas-atomized under a nitrogen atmosphere and was free of argon before
processing; therefore, the L-PBF process was the only plausible source of argon through
which pick-up might have occurred. This phenomenon is well established, and argon
contents of over 0.50 ppm can lead to a significant decrease in the toughness of DSS [40–42].
However, these results also indicate the difficulties in measuring very small amounts of
argon just above the lower limit of detection of 0.049 ppm. The sample weight for these
measurements was between 0.5 and 1.0 g; therefore, the distribution of pores with argon
entrapped inside the specimens substantially influenced the results. This aspect might also
explain why the measured argon content was lower in the HIP + SA + Q condition than the
SA + Q condition.
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3.4. Influence of Process Atmosphere on Static–Mechanical Properties

The results of Vickers microhardness testing are shown in Table 2. In the initial AB con-
dition, the hardness value for Ar_AB specimens of 355 HV10 ± 11 HV10 was similar to the
358 HV10 ± 10 HV10 obtained for N2_AB specimens. No difference between process gases
was observed in any of the subsequent post-processing steps. In the SA + Q condition, the
hardness decreased to 250 HV10 ± 6 HV10 for Ar_SA + Q specimens, and to 248 HV10 ± 3
HV10 N2 + SA + Q specimens. A single HIP process on AB specimens, as well as a combined
HIP and solution-annealing process—as in the HIP + SA + Q condition—led to a further
decrease in hardness, with similar results. The hardness decreased to 234 HV10 ± 3 HV10
for Ar_HIP + SA + Q specimens, and to 236 HV10 ± 3 HV10 for N2_HIP + SA + Q spec-
imens. This decrease in hardness caused by thermal post-processing is known for all
types of L-PBF materials, and is attributed to a substantial decrease in dislocation density,
recrystallization, and grain growth [43,44].

Table 2. Vickers hardness values (HV10) of L-PBF-processed AISI 318LN in the conditions AB, SA +
Q, HIP, and HIP + SA + Q.

Gas
Condition

AB SA + Q HIP HIP + SA + Q

Argon (HV10) 355.1 ± 11.4 249.9 ± 6.1 237.3 ± 2.8 234.4 ± 3.1
Nitrogen (HV10) 358.1 ± 9.6 247.6 ± 3.2 237.4 ± 6.4 235.9 ± 2.8

To investigate whether differences existed in the mechanical properties when using
nitrogen and argon as the L-PBF process gases for AISI 318LN, we performed tensile tests.
Because a fully ferritic microstructure was observed in the AB condition, as opposed to
the desired austenitic and ferritic duplex microstructure, tests were conducted after post-
processing. Representative stress–strain responses for samples built with both gases in both
post-treatment conditions are depicted in Figure 15, and all average results of the tensile ex-
periments are presented in Table 3. As indicated by the representative stress–strain curves,
all specimens in the SA + Q condition failed relatively early, with a uniform elongation Ag of
6.6 ± 1.3% for Ar_SA + Q specimens and 3.0 ± 1.2% for N2_SA + Q specimens. This finding
correlated with the severe LOF porosity and high amount of total porosity within the initial
N2_AB specimens. After the maximum load was reached, pores opened and appeared
on the surface of the specimens, thus leading to a more rapid decrease in the specimen
cross-section than that observed for specimens built under an argon atmosphere. Beyond
the difference in porosity, this different plastic behavior was also attributed to the slightly
higher amount of austenite phase in the Ar_SA + Q specimens. An additional HIP process
for the HIP + SA + Q condition led to an alignment of plastic behavior and a substantial
increase in Ag to 22.8 ± 0.4% for Ar_HIP + SA + Q and 23.2 ± 1.0% for N2_HIP + SA + Q
specimens. This increase in uniform elongation and elongation at fracture due to the HIP
densification is already known for L-PBF samples of AISI 316L [45–47]. However, a study
by Kunz et al. [7] on the influence of HIP on L-PBF-processed AISI 318LN did not show
similar results. A clear difference between both process gases was determined for the yield
strength Rp0.2 and ultimate tensile strength Rm in the SA + Q condition, because Ar_SA + Q
specimens showed results of 531.9 ± 7.6 MPa and 692.2 ± 20.6 MPa, respectively, as com-
pared with the N2_SA + Q results of 488.0 ± 20.9 MPa and 603.7 ± 48.8 MPa, respectively.
The difference became particularly evident through a comparison of the standard deviation,
which was twice as high for specimens built under an argon atmosphere. The additional
HIP process for the HIP + SA + Q condition led to a decrease in Rp0.2 to 500.1 ± 3.5 MPa
for Ar_HIP + SA + Q and 495 ± 6.3 MPa for N2_HIP + SA + Q specimens, whereas Rm
increased to 724.9 ± 2.1 MPa and 728.5 ± 2.2 MPa, respectively. Overall, no clear differ-
ences were determined after HIP, and all results showed substantial improvement, as
indicated by the markedly decreased standard deviation. The results for both Rm and Rp0.2
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surpassed the requirements in DIN EN 10088-3:2014 [30], and were in line with the findings
of Kunz et al., Köhler et al., and Papula et al. [7,8,10].

Figure 15. Representative stress–strain curves for L-PBF-processed AISI 318LN under argon and
nitrogen protective atmospheres in the SA + Q and HIP + SA + Q conditions.

Table 3. Results of quasi-static tensile testing of L-PBF-processed AISI 318LN under a nitrogen and
argon atmosphere.

Gas Condition Rm [MPa] Rp0.2 [MPa] Ag [%] A [%]

Argon SA + Q 692.2 ± 20.6 531.9 ± 7.6 6.6 ± 1.3 9.8 ± 1.3
HIP + SA + Q 724.9 ± 2.1 500.1 ± 3.5 22.8 ± 0.4 38.0 ±0.5

Nitrogen
SA + Q 603.7 ± 48.8 488.0 ± 20.9 3.0 ± 1.2 5.6 ± 1.8
HIP + SA + Q 728.5 ± 2.2 495.2 ±6.3 23.2 ± 1.0 37.2 ± 0.5

4. Conclusions

In this study, the influences of argon and nitrogen as process gases for the L-PBF
process on the porosity, microstructure, and tensile properties of AISI 318LN DSS were
investigated. The following conclusions can be drawn on the basis of all analyses:

• Specimens processed under a nitrogen protective atmosphere have a lower density
in the as-built condition. The predominant form of porosity in these specimens is
large and irregularly formed LOF pores. The use of nitrogen leads to higher retained
nitrogen concentrations. Specimens processed under an argon atmosphere form more
spherical gas pores due to argon pick-up during the L-PBF process. The difference
in density is aligned to higher values by a densification process via HIP. The density
remains constant upon additional solution-annealing and quenching;

• A fully ferritic microstructure is achieved in the as-built condition when argon is used
as a process gas. A small phase fraction of austenite in the range of 1% is achieved
when nitrogen is used. The differences in grain size and orientation between specimens
processed under argon and nitrogen are negligible;

• The main influencing factor on tensile strength in the solution-annealed and quenched
condition is porosity. Specimens processed under nitrogen show a lower density com-
pared to specimens processed under argon, thus resulting in lower ultimate tensile
and yield strength, as well as elongation. HIP neglects the influence of porosity on
static–mechanical properties. The remaining argon content of 1 ppm in specimens pro-
cessed under an argon protective atmosphere does not alter the mechanical properties
or elongation.
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