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Abstract: Nickel-stabilized austenitic stainless steels are widely used but increasingly con-17 

strained by economic, environmental, and health concerns. Nitrogen offers a sustainable alter-18 

native austenite stabilizer; however, its low solubility in molten steel and high volatility com-19 

plicate incorporation under ambient pressure. Here, we demonstrate a viable laser powder bed 20 

fusion (LPBF) materials-by-design approach to fabricate nickel-free, nitrogen-alloyed stainless 21 

steels using iron nitride (Fe−N) as a low-temperature nitrogen source under ambient condition. 22 

Optimized processing achieved near-full density (>99.5%) and retained up to ~0.45 wt% ni-23 

trogen, producing predominantly γ-austenite microstructure (~93%) with minor δ-ferrite. X-24 

ray diffraction and electron microscopy detected no secondary nitrides within diffraction limits, 25 

while systematic lattice expansion indicated interstitial solid-solution strengthening. The re-26 

sulting alloys exhibit high strength (YS ≈ 744–882 MPa, UTS ≈ 935–1062 MPa) with tunable 27 

ductility (El ≈ 10–21%), and modified corrosion behaviour relative to nitrogen-free counter-28 

parts, consistent with nitrogen-enhanced passivation. Although performance remains below 29 

that of Cr–N alloyed steels and SS316L, this approach avoids high-pressure processing and 30 

demonstrates that Fe–N precursors can effectively deliver nitrogen effectively during LPBF. 31 

These findings provide a foundation for the future optimization of sustainable, nickel-free 32 

stainless steels relevant to biomedical, energy, and structural systems. 33 

Keywords: Nickel-free stainless steel; Nitrogen alloying; Additive manufacturing; Laser pow-34 

der bed fusion (LPBF); Interstitial solid-solution strengthening  35 
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1. Introduction 36 

Stainless steels are indispensable in infrastructure [1-5], energy systems [6-10], and biomedical 37 

applications [11-14], with their corrosion resistance arising from chromium’s passive oxide 38 

film. Among these, austenitic Fe–Cr–Ni grades (300-series) dominate production owing to 39 

their nickel-stabilized γ-austenite (face-centered cubic, FCC), which suppresses δ/α-ferrite 40 

(body-centered cubic, BCC) formation and enables excellent corrosion resistance, weldability, 41 

and strength [15-20]. 42 

However, the reliance on nickel introduces challenges. Economically, nickel exhibits strong 43 

price volatility and is geographically concentrated [21, 22]. Medically, nickel hypersensitivity 44 

affects a significant population fraction [23-25]. In nuclear settings, Ni undergoes transmuta-45 

tion and segregation that degrades long-term performance [26]. Collectively, these concerns 46 

motivate the development of nickel-free austenitic stainless steels that retain the desirable at-47 

tributes of the 300-series alloys. 48 

Nitrogen has emerged as an effective and sustainable substitute for nickel [11, 27-44]. As an 49 

interstitial austenite stabilizer, it strengthens the FCC lattice, suppresses martensite formation, 50 

and provides solid-solution strengthening of approximately 70–100 MPa per 0.1 wt% N, with-51 

out the sensitization risk associated with carbon [36, 45]. Beyond mechanical strengthening, 52 

nitrogen enhances corrosion resistance by enriching chromium oxide film and accelerating re-53 

passivation, enabling conventionally processed Ni-free steels to outperform 316L in body flu-54 

ids and marine environments [35, 46-48]. Abundant, non-toxic, and inexpensive, nitrogen is 55 

therefore highly attractive for sustainable alloy design. 56 

Despite these advantages, nitrogen’s low solubility in molten iron (~0.05 wt% N in Fe at 1600 57 

ºC) and its volatility under ambient pressure severely limit uptake, historically necessitating 58 
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high-pressure metallurgy or specialized processing routes [49-51]. Manganese partially allevi-59 

ates this limitation by stabilizing γ-austenite and increasing nitrogen solubility. For example, 60 

in Fe–20Cr–20Mn, nitrogen solubility can reach ~0.6 wt% at 1600 °C, compared to ~0.05 wt% 61 

in pure Fe [52]. Consequently, Fe–Cr–Mn–N alloys have become the compositional backbone 62 

of modern nickel-free austenitic steel. 63 

Additive manufacturing, particularly laser powder bed fusion (LPBF), offers a fundamentally 64 

different paradigm for alloy design. Beyond geometric freedom, LPBF offers unique ad-65 

vantages for stainless steel design through localized melting, extreme thermal gradients, and 66 

ultrafast cooling rates (103–108 Ks-1). These non-equilibrium conditions enable solute trapping, 67 

refined cellular substructures, high dislocation densities, and controllable γ/δ phase balance, 68 

allowing access to microstructures that are difficult or impossible to achieve via conventional 69 

processing [53]. Importantly for nitrogen-alloyed systems, the short melt-pool lifetime and 70 

rapid solidification inherent to LPBF provide a kinetic pathway for retaining volatile interstitial 71 

elements such as nitrogen under ambient pressure. As a result, LPBF can be leveraged not only 72 

as a shaping technology but as a materials-by-design platform for tuning mechanical and cor-73 

rosion properties of stainless steel. 74 

Multiple nitrogen-introduction strategies have been examined –– from nitrogen-atomized pow-75 

ders [54] or as-atomized N-bearing powders [55-59] and nitrogen-rich shielding gases [60], to 76 

nitrogen steel wire feedstocks [61-66] or ceramic nitrides addition such as Si₃N₄ [67] and Cr−N 77 

[68, 69]. Collectively, these methods demonstrate nitrogen uptake, but they face practical limits. 78 

Gas-based routes depend strongly on atmosphere control; pre-alloyed powders require special-79 

ized atomization; and ceramic nitrides often exhibit poor flowability and high decomposition 80 

temperatures (e.g., Cr−N ≈900 ºC), impairing densification and promoting nitrogen loss under 81 
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LPBF’s intense thermal gradients. Reported porosity of 0.5–3% and limited nitrogen retention 82 

remains barriers to scalability [68, 69]. 83 

A low-temperature, composition-tunable nitrogen source therefore remains an unmet need. 84 

Here, we introduce iron nitride (Fe−N) as such a precursor, engineered to synchronize nitrogen 85 

release with LPBF’s thermal cycle. Fe−N decomposes between ~450–680 ºC [70], releasing 86 

nitrogen early in the thermal cycle, enabling nitrogen dissolution into the transient melt before 87 

peak temperatures are reached. Unlike ceramic nitrides, Fe−N fully dissolves within the metal-88 

lic matrix, avoiding undissolved residues that degrade flowability or mechanical response. This 89 

thermodynamic–kinetic approach enables efficient interstitial nitrogen trapping under ambient 90 

pressure, forming the basis for our Fe–N assisted LPBF design strategy. 91 

In this work, we systematically investigate the design logic of Fe−N assisted LPBF of Fe–Cr–92 

Mn stainless steels and map the process–composition–microstructure–property links that gov-93 

ern nitrogen retention, γ-austenite / δ-ferrite balance, and final mechanical and corrosion prop-94 

erties. By validating an ambient-pressure, non-equilibrium route to nitrogen supersaturation, 95 

this study demonstrates a scalable materials-by-design pathway for sustainable, nickel-free 96 

stainless steels, providing a foundation for future process and compositional optimization rel-97 

evant to biomedical, structural, and energy systems.  98 
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2. Experimental procedure 99 

2.1. Powders and blending 100 

Gas-atomized Fe–Mn, Fe–Cr, and Fe–N powders were blended to formulate a nickel-free, 101 

high-manganese feedstock designed for γ-austenite stability. The Fe–Mn (49.6 wt% Mn, 20–102 

60 μm), Fe–Cr (46.2 wt% Cr, 20–60 μm), and Fe–N (6.7 wt% N, <20 μm) powders were mixed 103 

at 150 rpm for 24 h using zirconia media to achieve a nominal Fe–18Cr–20Mn–1.3N (wt%) 104 

feedstock. The blend recipe is given in Table 1; detailed powder characteristics are provided 105 

in Supplementary Information SI Figure S1 and SI Table S1. Powder X-ray diffraction (XRD) 106 

confirmed Fe–Mn to exhibit a FCC crystal structure, Fe–Cr a BCC crystal structure, and Fe–N 107 

a mixed Fe3N/Fe12N5/Fe4N phases. 108 

Table 1 Nominal compositions, blend ratios, and calculated elemental concentrations of the 109 

powder mixtures used in this study. 110 

Powder Ratio 
(wt%) 

Composition (wt%) 

Fe Cr Mn N C Si P S Mo O 

Fe–Mn 40 Bal. - 49.60 - 0.02 0.36 <0.01 0.02 - 0.04 

Fe–Cr 39 Bal. 46.20 - - 0.02 0.75 <0.01 0.02 - 0.06 

Fe–N 21 Bal. - - 6.7 - - - - - - 

Blended powder 100 Bal. 18.02 19.84 1.26 0.02 0.44 0.01 0.02 0.00 0.04 

2.2. LPBF fabrication 111 

LPBF processing was conducted on a BLT-S210 LPBF system under high-purity argon atmos-112 

phere. Two specimen geometries were fabricated: 10 × 10 × 10 mm cubes for process-param-113 

eter mapping and microstructural analysis, and 48 × 12 × 10 mm bars with 67° rotation between 114 

layers for tensile testing (SI Figure S2).  115 
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Process variables were systematically explored: laser power (50–450 W), scan speed (250–116 

2000 mm s-1), and hatch spacing (0.08–0.15 mm). Layer thickness and beam diameter were 117 

fixed at 30 μm and 100 μm, respectively. These parameters were explored to identify condi-118 

tions that maximize densification while minimizing nitrogen volatilization. 119 

2.3. Sample preparation and characterization 120 

Built samples were sectioned using wire electric discharged machining (EDM), mechanically 121 

ground, and mirror-polished to 0.03 μm finish. Phase morphologies were revealed by chemical 122 

etching (6H₂O + HNO₃ + 2HCl by volume). Unetched surfaces were used for porosity meas-123 

urements. 124 

Porosity was determined by optical image analysis (Olympus BX53M Microscope) of polished 125 

cross-sections. Multiple fields of view were acquired per sample, and pore area fractions were 126 

quantified using threshold segmentation to obtain an average relative density. 127 

Bulk chemical compositions were measured by optical emission spectrometry (spark-OES, Hi-128 

tachi OE750), with local variations mapped via energy dispersive X-ray spectroscopy (EDX, 129 

JEOL JSM-7600F). Nitrogen was quantified using inert-gas-fusion (IGF, ASTM E1019) for 130 

high-accuracy assessment under varying process conditions. 131 

Thermal decomposition of Fe–N powders was characterized using differential scanning calo-132 

rimetry/thermogravimetry (DSC/TGA, NETZSCH STA449 F1 Jupiter) from 50 to 1400 °C at 133 

10 °C min-1 under argon (Al2O3 crucible). The data established the temperature window (≈450–134 

680 °C) for nitrogen release relevant to the LPBF thermal cycle. 135 
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Phase constitution and lattice parameters were quantified by laboratory X-ray diffraction 136 

(Bruker D8 Advance, Cu Kα, λ = 1.5406 Å, 2θ = 20–100°) with Rietveld analysis using TOPAS 137 

v5). To enhance sensitivity to minor secondary phases, selected samples were examined by 138 

high-resolution synchrotron XRD at the Australian Synchrotron (λ = 0.688678 Å, calibrated 139 

using NIST LaB6 standard material). This approach enables detection of crystalline secondary 140 

phases down to low volume fractions; however, nanoscale precipitates below diffraction de-141 

tection limits cannot be fully excluded. Austenite/ferrite phase fractions were determined from 142 

Rietveld analysis and independently cross-validated using electron backscatter diffraction 143 

(EBSD). 144 

EBSD was performed using a JEOL IT500HR microscope equipped with an Oxford Symmetry 145 

detector. Data was processed in AZtecCrystal to obtain inverse pole figure (IPF), phase, and 146 

geometrically necessary dislocation (GND) density maps, used here as a proxy for dislocation 147 

substructures formed during LPBF. 148 

Mechanical properties were assessed at multiple scales: Vickers microhardness (InnovaTest 149 

Falcon 5000, 1 kgf/15 s), nanoindentation across FCC/BCC regions (KLA-Tencor G200, 150 

Berkovich), and tensile testing of machined bars with video extensometer (INSTRON 5900R, 151 

0.3 mm min-1). 152 

Corrosion properties were assessed using potentiodynamic polarization performed in 3.5 wt% 153 

NaCl electrolyte at room temperature (Metrohm Autolab PGSTAT300) in a three-electrode 154 

cell (Pt counter, Ag/AgCl 3M KCl reference). Samples with 1 cm2 exposed area were held at 155 

open circuit potential (OCP) for 120 min before scanning from −0.2 V to +1.0 V vs OCP at 1 156 

mV s-1. 157 
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2.4. Reference materials: Fe−Cr−Mn (Ni-free N-free), Fe−Cr−Mn−N (alloyed using Cr-N), 158 

SS304 and SS316L 159 

For benchmarking, Fe−N builds developed in this work were compared against LPBF-pro-160 

cessed reference alloys:  161 

(i) Ni-free, N-free Fe–Cr–Mn stainless steel [68], 162 

(ii) Cr–N-alloyed Fe–Cr–Mn–N stainless steel [68], and 163 

(iii) conventional austenitic stainless steel SS304 and SS316L fabricated by LPBF. 164 

The Ni-free, N-free Fe–Cr–Mn alloy comprised approximately Fe–18Cr–24Mn (wt%) with no 165 

intentional nitrogen addition. The Cr–N-alloyed Fe–Cr–Mn–N reference had a similar Fe–Cr–166 

Mn base composition but contained ~0.87 wt% N introduced via Cr–N addition, representing 167 

a nitrogen-rich benchmark achieved using ceramic nitride precursors.  168 

Commercial LPBF SS304 is a Mo-free austenitic stainless steel containing ~18–20 wt% Cr, 8–169 

12 wt% Ni, and <0.1 wt% N, while LPBF SS316L contains ~16–18 wt% Cr, 10–14 wt% Ni, 170 

2–3 wt% Mo, and <0.1 wt% N. SS304 provides a compositionally closer Mo-free austenitic 171 

reference for comparison with the present Fe–N alloys, whereas SS316L serves as a widely 172 

used performance benchmark with enhanced corrosion resistance due to Mo addition. 173 

The full nominal compositions are summarized in Table 2 for direct comparison with the Fe–174 

N alloys developed in this work.  175 
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3. Results 176 

3.1. A low-power LPBF window maximizes density while preserving nitrogen 177 

To identify processing conditions that simultaneously enable near-full density and effective 178 

nitrogen retention, laser power (P), scan speed (v), and hatch spacing (h) were systematically 179 

varied at fixed layer thickness and beam diameter (Figure 1, full dataset in SI Table S2, etched 180 

microstructures in SI Figure S3-S4, additional analysis in SI Figure S5). For each parameter 181 

set, relative density, chemical composition, phase fractions, and hardness were evaluated. 182 

Relative density was quantified from polished cross-sections using optical microscopy com-183 

bined with image analysis, in which the pore area fraction was quantified from polished cross-184 

sections using threshold-based image analysis. Bulk chemical composition, including nitrogen 185 

content, was initially measured using spark-OES. As the instrument was not calibrated for the 186 

full nitrogen range, these values were used only to track compositional trends. For accurate 187 

quantification, representative samples were subsequently analyzed by inert-gas fusion (IGF), 188 

and those values are reported and discussed in later sections. Phase constitution and FCC/BCC 189 

phase fractions were quantified by Rietveld refinement of XRD diffraction patterns, with the 190 

results cross-validated by EBSD phase mapping. 191 

The coupled responses of densification and nitrogen retention were mapped across a broad 192 

volumetric energy density (VED, (Eq. 1) range of ~22–600 J mm-3 (Figure 2a). 193 

VED �
J

mm3� =
P (W)

v �mm
s � × h (mm) × t (mm)

 
(Eq. 1) 
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At low laser power (P ≤ 100 W), insufficient energy input led to lack-of-fusion porosity, with 194 

densities falling below 84.1% and in extreme cases approaching 61.7% (Figure 2b). Increasing 195 

power improved consolidation; however, excessive power progressively reduced retained ni-196 

trogen and manganese despite high density, consistent with volatilization loss. For example, at 197 

P = 450 W, retained N fell to ~0.19 wt% and the γ-austenite fraction declined to ~51.9–66.5%. 198 

(Figure 2c-e). 199 

Scan speed (v) exerted a strong influence on both densification and nitrogen retention. At fixed 200 

P, reducing v enhanced melt consolidation but penalized N retention unless balanced by P or 201 

hatch spacing (h). A moderate speed of v ≈ 500 mm s-1 at P = 150–250 W balanced these effects, 202 

delivering dense parts (>99.5%) with spark-OES N ≈ 0.29–0.31 wt% (SI Figure S6). 203 

Hatch spacing further modulated thermal accumulation. Excessively large h produced lack-of-204 

fusion porosity, whereas overly small h increased remelting and nitrogen volatilization. Match-205 

ing h to the melt-pool width provided full track overlap without excessive re-melt. The optimal 206 

condition was identified near P = 150 W, v = 500 mm s-1, and h = 0.10 mm, yielding >99.5% 207 

density with ~0.29 wt% nitrogen by spark-OES and a γ-austenite fraction approaching 93%. 208 

These results demonstrate that nitrogen retention is governed primarily by melt-pool thermal 209 

history rather than volumetric energy density alone. Operating at moderate power minimizes 210 

volatilization while ensuring adequate fusion, enabling simultaneous densification and nitrogen 211 

uptake. 212 
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 213 

Figure 1 Influence of LPBF processing parameters on densification and nitrogen retention. 214 

Relative density, elemental composition, phase fractions, and hardness as a function of laser 215 

power, scan speed, and hatch spacing.  216 
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 217 

Figure 2 Effect of laser power and scan speed on (a) energy density, (b) part density, (c) nitro-218 

gen content, (d) manganese content, (e) γ-austenitic content and (f) Vickers hardness at fixed 219 

laser spot size (0.10 mm), layer thickness (0.03 mm) and hatch spacing (0.10 mm).  220 
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3.2. Fe-N delivers ~0.27–0.45 wt% nitrogen without secondary nitrides, shift phase balance 221 

to up to 93% γ-austenite (FCC), raise hardness by ~25% 222 

During process mapping (Section 3.1), bulk chemical composition was quantified using spark-223 

OES. Due to the wide range of nitrogen content, the OES equipment was not calibrated for the 224 

full range of nitrogen content. Therefore, IGF was used for precise quantitative testing of re-225 

tained nitrogen content on representative builds (SI Table S3). For subsequent analyses, IGF-226 

measured nitrogen contents are reported as the composition of record (Table 2). 227 

The blended feedstock contained a nominal 1.26 wt% N and 19.84 wt% Mn. Fabricated sam-228 

ples retained 0.27 to 0.45 wt% N, depending on laser power (Table 2). At low power (150 W), 229 

samples retained the highest nitrogen (~0.45 wt%) with near-nominal Mn (~19.75 wt%). As 230 

power increased to 450 W, nitrogen dropped toward ~0.27 wt% alongside reduced Mn (~18.48 231 

wt%), despite densities remaining above 99.5%. 232 

Rietveld analysis of laboratory XRD patterns revealed only γ-austenite (FCC) and δ-ferrite 233 

(BCC) across the processing window. No reflections of Cr–N, Fe–N, or related nitride families 234 

were detected. Additional high-resolution synchrotron scans of the high-N, high-γ state like-235 

wise showed no nitride peaks above background (Figure 3). Within the detection limits labor-236 

atory and synchrotron diffraction (~5–10%) [71, 72], these results indicate that nitrogen is re-237 

tained predominantly in solid-solution rather than as discrete nitride precipitates. 238 

Phase analysis showed nitrogen enrichment directly promoted γ-austenite stability (Figure 4a), 239 

raising hardness by ~25% (Figure 4b). As shown in Figure 4a, the γ-austenite fraction in-240 

creases with nitrogen content and approaches a saturation plateau at high N. Within the exper-241 

imentally accessible Fe–N LPBF window (0.27–0.45 wt% N), the FCC fraction exhibits an 242 

approximately linear dependence on nitrogen content (R2 ≈ 0.95), which may be expressed as: 243 
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fγ (%) = 143 N (wt%) + 28      (R2 ≈ 0.95) (Eq. 2) 

Corresponding to an increase of ~14–15% FCC for every 0.10 wt% increase in nitrogen. With 244 

the BCC fraction given by: 245 

fδ (%) = 100 − fγ  (Eq. 3) 

At higher nitrogen contents (Cr–N reference alloys, N ≈ 0.9–1.1 wt%), the FCC fraction ap-246 

proaches a saturation plateau of ~95–100%, consistent with the bounded nature of phase frac-247 

tions. This trend is consistent with the strong austenite-stabilizing effect of interstitial nitrogen 248 

and highlights diminishing returns once near-single-phase FCC is achieved. 249 

Lattice parameter analysis further supported interstitial N rather than nitride precipitation: the 250 

FCC lattice expanded by ~0.40% (Δa ≈ +0.015 Å) at ~0.45 wt% N (Figure 4c), whereas the 251 

BCC lattice varied only weakly by ~0.29% with composition (Δa ≈ +0.008 Å, Figure 4d). 252 

Microstructural imaging found no evidence of nitride dispersions at the resolution of EBSD; 253 

grains were larger in high γ-austenite state, with smaller grains and more δ-ferrite grains as 254 

power increased, mirroring the diffraction trend (Figure 5). Elemental maps showed Fe/Cr/Mn 255 

homogeneity and only qualitative N contrast, as expected near the EDX sensitivity limit; these 256 

maps were used for uniformity screening rather than quantification (SI Figure S7). 257 

Nanoindentation maps confirmed the increase in hardness in both γ-austenite (FCC) and δ-258 

ferrite (BCC) regions for the higher-N state, with comparable spread, consistent with interstitial 259 

strengthening rather than the emergence of a hard second phase (Figure 6). 260 
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Taken together, these findings demonstrate that Fe–N precursors enable significant interstitial 261 

nitrogen uptake (~0.45 wt%), stabilize γ-austenite fractions approaching 93%, and enhance 262 

hardness by ~25%, all without detectable secondary nitrides. 263 

Table 2 Composition, density, hardness and phase fractions of LPBF-processed samples fab-264 

ricated under different process conditions, together with reference alloys. * Indicates that N 265 

content reported was measured using inert gas fusion technique; the rest of elements were 266 

measured using Spark-OES (n = 5, SD < 0.1 wt%). Chemical composition of SS316L is based 267 

on materials datasheet. 268 

Method Sample Laser 
Power  Fe Cr Mn N Ni C Si P S Mo Ref 

  (W) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)  

LPBF Ni free, N free 175 Bal. 19.3 22.6 - - 0.02 0.6 0.01 0.01 - [68] 

LPBF Ni free, Cr-N 175 Bal. 19.0 20.2 0.87* - 0.02 0.01 0.01 0.01 - [68] 

LPBF SS316L 120 Bal. 16.5–
18.5 2.0 0.10 10-13 0.03 0.75 <0.01 <0.01 2.0-2.5 [73] 

              
LPBF Ni free, Fe-N 450 Bal. 18.59 18.48 0.27* - 0.05 0.42 0.01 0.01 - This work 

LPBF Ni free, Fe-N 350 Bal. 18.45 19.92 0.33* - 0.05 0.42 0.01 0.01 - This work 

LPBF Ni free, Fe-N 250 Bal. 18.51 19.57 0.36* - 0.06 0.44 0.01 0.01 - This work 

LPBF Ni free, Fe-N 150 Bal. 19.11 19.75 0.45* - 0.06 0.47 0.01 0.01 - This work 

 269 

Method Sample Laser 
Power Density Hardness FCC  FCC Lattice 

Parameters  BCC  BCC Lattice 
Parameters  Ref 

  (W) (%) (HV) (wt%) (Å) (wt%) (Å)  

LPBF Ni free, N free 175 99.89 266 ± 13 9.91 (17) 3.615(13) 90.09 (7) 2.87777(4) [68] 

LPBF Ni free, Cr-N 175 99.54 384 ± 16 100 3.638(74) - - [68] 

LPBF SS316L 120 99.94 224 ± 5 100 3.60095(61) - - [73] 
          

LPBF Ni free, Fe-N 450 99.82 325 ± 13 66.5(2) 3.61619(17) 33.5(2) 2.88135(16) This work 

LPBF Ni free, Fe-N 350 99.75 344 ± 11 77.27(19) 3.61946(18) 22.73(19) 2.88177(17) This work 

LPBF Ni free, Fe-N 250 99.71 342 ± 12 75.6(3) 3.62127(18) 24.4(3) 2.8828(2) This work 

LPBF Ni free, Fe-N 150 99.60 326 ± 19 92.89(18) 3.6268(3) 7.11(18) 2.8863(4) This work 

 270 
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 271 

Figure 3 Synchrotron X-ray diffraction patterns of LPBF-processed Fe–19Cr–20Mn–xN al-272 

loys fabricated at different laser powers, together with the nitrogen-free Fe–19Cr–23Mn refer-273 

ence. Indexed reflections correspond to γ-austenite (FCC) and δ-ferrite (BCC). 274 
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 275 

Figure 4 Effect of nitrogen content on (a) phase balance, (b) Vickers hardness, (c) γ-austenite 276 

(FCC) lattice parameters and (d) δ-ferrite (BCC) lattice parameters. 277 
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 278 

Figure 5 EBSD characterization of LPBF-processed samples fabricated at different laser power. 279 

As shown are (a) forward-scattered electron (FSD) images, (b) phase maps, (c) geometrically 280 

necessary dislocation (GND) density maps, and (d) inverse pole figure (IPF) map, highlighting, 281 

γ-austenite (FCC) and δ-ferrite (BCC) distributions. 282 

50 µm

150 W
Fe-19.11Cr-19.75Mn-0.45N
XRD: 93% FCC 7 % BCC

(Fixed parameters) laser spot size: 0.10 mm; layer thickness: 0.03 mm; hatch spacing: 0.10 mm; laser scan speed: 500 mm/s

250 W
Fe-18.51Cr-19.57Mn-0.36N
XRD: 76% FCC 24% BCC

350 W
Fe-18.45Cr-19.92Mn-0.33N
XRD: 77% FCC 23% BCC

450 W
Fe-18.59Cr-18.48Mn-0.27N
XRD: 66% FCC 34% BCC

a 
FS

D
 (x

 1
,0

00
)

b 
Ph

as
e 

(x
 1

,0
00

)
c 

G
N

D
 (x

 1
,0

00
)

d 
IP

F-
Z 

(x
 1

,0
00

)

111

001

101

z (build direction)

x 0 1 2 3 4 5

GNDFCC (γ-austenite)

BCC (δ-ferrite)



20 
 

 283 

Figure 6 Nanoindentation and EBSD characterization of LPBF-processed samples fabricated 284 

at different nitrogen contents. Shown are (a) forward-scattered electron (FSD) images, (b) in-285 

verse pole figure (IPF-Z) maps, (c) geometrically necessary dislocation (GND) density maps, 286 

(d) phase maps, and (e) nanoindentation hardness measured across γ-austenite (FCC) and δ-287 

ferrite (BCC) regions. 288 
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3.3. Grain refinement with increasing laser power 289 

Increasing laser power promotes δ-ferrite formation and systematic grain refinement. Raising 290 

laser power reorganized the microstructure from predominantly γ-austenite (FCC) to a dual-291 

phase γ/δ state (Figure 5). Grain sizes in both phases reduce with increasing power: maximum 292 

γ-austenite size decreased from ~17 µm at 150 W to ~7 µm at 450 W, while δ-ferrite grains 293 

refined from ~11 to ~6 µm over the same range (SI Figure S8). Both phases maintained elon-294 

gated grain shape with aspect ratios of ~2, characteristic of directional solidification under 295 

LPBF conditions. 296 

In parallel with grain refinement, γ-austenite exhibits a progressive increase in geometrically 297 

necessary dislocation (GND) density, rising from 1.9 ± 0.9 × 1014 m-2 at 150 W (9.0 ± 8.2 µm 298 

grains) to 2.6 ± 0.9 × 1014 m-2 at 450 W (5.1 ± 1.9 µm grains). This increase reflects the devel-299 

opment of LPBF-induced cellular dislocation substructures, where dislocation cell walls form 300 

on the submicron scale under extreme thermal gradients and rapid solidification. In contrast, 301 

δ-ferrite exhibits relatively constant GND (~2.1–2.2 × 1014 m-2), consistent with its already fine 302 

and stable grain size distribution (SI Figure S8). 303 

Overall, increasing laser power refines both γ and δ grains while selectively elevating disloca-304 

tion density in γ-austenite. The emergence of δ-ferrite under the present LPBF conditions co-305 

incides with restricted γ grain growth and the formation of a finer dual-phase microstructure 306 

characterized by hierarchical grain and sub-grain scale features.  307 
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3.4. Mechanical performance 308 

Tensile testing reveals a tunable strength–ductility balance governed by the relative fractions 309 

of γ-austenite and δ-ferrite (Table 3, Figure 7). In the γ-rich condition (150 W; ~93% γ, 0.45 310 

wt% N), specimens achieved YS = 744 ± 42 MPa, UTS = 935 ± 57 MPa, and elongation = 20.8 311 

± 3.9%. At higher power (450 W; ~67% γ, 0.27 wt% N), strength increased to YS = 882 ± 80 312 

MPa and UTS = 1062 ± 44 MPa, but elongation declined to 10.5 ± 4.3%. Replicate statistics 313 

and full stress-strain curves are provided in SI Table S4 and SI Figure S9. 314 

Relative to reference alloys, the Fe–N pathway exhibits distinct mechanical trade-offs. Com-315 

pared with the Ni-free, N-free build (YS ≈ 498 MPa, UTS ≈ 604 MPa, El ≈ 15%), retaining 316 

nitrogen in the γ-rich state improves strength by ~55% and ductility by ~38%. In comparison 317 

with Cr–N alloyed builds at higher N (~0.87 wt%), the 150 W state offered higher ductility at 318 

slightly lower strength, whereas the 450 W state surpassed prior UTS values at the expense of 319 

elongation. For context, LPBF SS316L displays high ductility (El ≈ 59%) but substantially 320 

lower strength (YS ≈ 514 MPa, UTS ≈ 605 MPa). 321 

These results establish that modest variations in retained nitrogen and resulting γ-austenite / δ-322 

ferrite fractions enable systematic tuning of tensile properties. Ultimate tensile strength exceed-323 

ing 1 GPa can be achieved while maintaining moderate ductility (~20%) under the present 324 

LPBF conditions, approaching the strength levels commonly associated with duplex stainless 325 

steels while retaining an austenite-dominated microstructure and avoiding secondary nitride 326 

formation.  327 
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Table 3 Mechanical and electrochemical performance of LPBF-processed nickel-free stainless 328 

steels fabricated under different conditions, together with reference alloys.  329 

Method Sample Laser 
Power 

Yield 
Strength 

Ultimate 
Tensile 
Strength 

Elongation 
Corrosion 
Potential 

Ecorr 

Current 
Density 

Icorr 

Pitting  
Potential 

Pitting  
Current 

  (W) (MPa) (MPa) (%) (mV) (μA cm-2) (mV) (μA cm-2) 

LPBF Ni free, N free 175 498 604 15.0 –358 ± 30 2.5 ± 1.4 - - 

LPBF Ni free, Cr-N 175 817 ± 6 969 ± 1 12.1 ± 1.5 –134 ± 11 0.2 ± 0.1  497 ± 69 6.8 ± 3.9 

LPBF SS316L 120 514 ± 12 605 ± 9 59.1 ± 3.5 –129 ± 9 0.1 ± 0.02 474 ± 116 0.5 ± 0.1 

LPBF SS304  - - - - - 495 ± 32 2.9 ± 0.2 

Hot Rolled Mild Steel - - - - –689 ± 31  0.6 ± 0.4 - - 

          

LPBF Ni free, Fe-N 450 882 ± 80 1062 ± 44 10.5 ± 4.3 - - - - 

LPBF Ni free, Fe-N 150 744 ± 42 935 ± 57 20.8 ± 3.9 –400 ± 33 2.7 ± 1.4 - - 

  330 
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 331 

Figure 7 Engineering stress-strain curves of LPBF-processed Fe–Cr–Mn–N alloys fabricated 332 

under different processing conditions, compared with nitrogen-free Fe–Cr–Mn steel, LPBF 333 

SS316L, and representative literature data [74, 75].  334 
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3.5. Corrosion resistance performance 335 

Potentiodynamic polarization was performed in 3.5 wt% NaCl using a three-electrode cell with 336 

Ag/AgCl (3M KCl) as the reference electrode. Corrosion potential (Ecorr) and corrosion current 337 

density (Icorr) were extracted from the polarization curves to compare general corrosion ten-338 

dency, while the pitting potential (Epit) and pitting current (Ipit) were used to evaluate localized 339 

corrosion resistance where a distinct breakdown was observed (Table 3, Figure 8). Replicate 340 

statistics and full polarization curves are provided in SI Table S5 and SI Figure S10. 341 

Among the stainless steel benchmarks, LPBF SS304 and LPBF SS316L exhibit the most noble 342 

corrosion potentials and the lowest general corrosion currents, with Ecorr = –121 ±0.3 mV and 343 

Icorr = 0.067 ±0.007 μA cm-2 for SS304, and Ecorr = –129 ±9 mV and Icorr 0.121 ±0.025 μA cm-344 

2 for SS316L. Both alloys show stable passive behavior followed by pitting breakdown, with 345 

comparable pitting potentials (Epit = 495 ±32 mV for SS304 and Epit = 474 ±116 mV for 346 

SS316L). The associated pitting currents (Ipit = 2.936 ±0.212 μA cm-2 for SS304 and Ipit = 3.740 347 

±0.977 μA cm-2 for SS316L) indicate sustained pit propagation once breakdown occurred. 348 

For the nickel-free reference alloys, the LPBF Fe–Mn–Cr (N-free) material displays a substan-349 

tially more active response, with Ecorr = –358 ±30 mV and Icorr = 2.537 ±1.422 μA cm-2, re-350 

flecting weaker passivation and higher general dissolution relative to SS304 and SS316L. Mild 351 

steel exhibits the most active potential (Ecorr = –689 ±31 mV) and a measurable corrosion cur-352 

rent (Icorr = 0.597 ±0.431 μA cm-2), consistent with the absence of stable passivation in chloride 353 

media. 354 

Introducing nitrogen via ceramic nitride addition (Cr–N route) markedly improves electro-355 

chemical nobility and reduces general corrosion current relative to the Ni-free, N-free baseline. 356 
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The LPBF Cr–N alloy showed Ecorr = –134 ±11 mV and Icorr = 0.159 ±0.095 μA cm-2, approach-357 

ing the behavior of conventional austenitic stainless steels. A distinct pitting breakdown is ob-358 

served with Epit = 497 ±69 mV and Ipit = 6.780 ±3.920 μA cm-2, indicating that while passivation 359 

is strong, localized breakdown under chloride exposure can occur once the critical potential is 360 

exceeded. 361 

In contrast, the LPBF Fe–N alloy developed in this work exhibit more active corrosion poten-362 

tial (Ecorr = –400 ±33 mV) and higher general corrosion currents (Icorr = 2.736 ±1.440 μA cm-363 

2) compared with Cr–N route and commercial austenitic references. This behavior is consistent 364 

with the presence of δ-ferrite and γ/δ phase heterogeneity, which promote micro-galvanic cou-365 

pling and reduce passive film stability, as discussed in Section 4.5. Notably, no distinct stable 366 

pitting breakdown is observed for the Fe–N alloys within the tested potential window, suggest-367 

ing that localized corrosion is dominated by metastable pit events rather than sustained pit 368 

growth. Despite the elevated Icorr, the polarization response remains less active than that of mild 369 

steel, indicating that nitrogen addition still modifies interfacial electrochemistry relative to 370 

fully nitrogen-free alloys, albeit without achieving the passivation levels of Cr–N or Ni-con-371 

taining stainless steels. 372 
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 373 

Figure 8 Potentiodynamic polarization curves of LPBF-processed Fe–Cr–Mn–N alloys, nitro-374 

gen-free Fe–Cr–Mn steel, and reference alloys measured in 3.5 wt% NaCl using an Ag/AgCl 375 

(3 M KCl) reference electrode.  376 
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4. Discussion 377 

4.1. Mechanism of nitrogen retention in LPBF using Fe–N precursors 378 

During LPBF, Fe–N precursors decompose between ~450–680 °C [70] (SI Figure S11-12), 379 

releasing nitrogen early in the transient thermal cycle. As powder ahead of the laser preheats 380 

through this temperature window, nitrogen is released and can dissolve into the forming melt 381 

pool, which reaches temperatures on the order of ~2000–3000 °C before cooling below 382 

~500 °C on the order of ~1 s [76, 77]. This brief liquid lifetime is crucial: operating at lower 383 

laser powers (~150 W) reduces recoil pressure and volatilization losses, favoring net nitrogen 384 

uptake. Subsequent rapid solidification traps nitrogen interstitially in the solid and biases the 385 

solidification path towards direct liquidus (L) → γ [78], consistent with the higher nitrogen 386 

solubility in γ-austenite (≤10.3 at% N, ~2.8 wt%) compared to δ/α-ferrite (≤0.4 at% N, ~0.1 387 

wt%) [70]. 388 

Experimentally, inert-gas fusion confirms ~0.27–0.45 wt% nitrogen retention across the pro-389 

cess map, peaking in the low-power window (Table 2). Retained nitrogen co-varies with man-390 

ganese, consistent with their coupled solubility behavior in Fe–Cr–Mn melts. High-resolution 391 

synchrotron diffraction and EBSD identify γ-austenite and δ-ferrite as the dominant phases, 392 

with no nitride reflections detected within diffraction limits, while the systematic γ lattice ex-393 

pansion with nitrogen content and the strengthening response are consistent with nitrogen being 394 

predominantly accommodated in interstitial solid-solution (Figure 3-8); nanoscale clustering 395 

below diffraction detection limits cannot be fully excluded without higher-resolution tech-396 

niques. 397 

A simple mass balance shows that LPBF retains ~21–36% of the blended nitrogen (0.27–0.45 398 

wt% retained vs. nominal 1.26 wt% in the feed), implying that ~0.8–1.0 wt% N is lost during 399 



29 
 

processing. This loss likely arises to several concurrent mechanisms: (i) volatilization from the 400 

high-temperature melt pool, enhanced by recoil pressure; (ii) escape of gas bubbles formed as 401 

nitrogen is rejected during solidification; and (iii) rejection during δ-ferrite formation once its 402 

limited solubility is exceeded. Furthermore, because the build chamber atmosphere is argon 403 

rather than pressurized nitrogen, nitrogen replenishment at the melt pool surface is limited. 404 

Compared with higher decomposition temperature precursors such as Cr–N (~900 °C onset, SI 405 

Figure S12), Fe–N offers a better kinetic match to LPBF’s short thermal cycle, enabling nitro-406 

gen delivery without undissolved residues. However, the combination of volatilization and 407 

bubble escape caps retention below ~0.5 wt%, highlighting both the opportunity and current 408 

limitation of precursor-based nitrogen alloying under ambient-pressure LPBF. 409 

4.2. Solidification path governs N retention and phase selection 410 

In Ni-free, N-free Fe–19Cr–23Mn, solidification followed the path L → δ → δ + γ, producing 411 

coarse δ-ferrite grains with fine γ-austenite along prior boundaries (Figure 6d). This matches 412 

the Fe–Cr–Mn–N phase map at 0 wt% N, where the absence of strong γ-austenite stabilizers 413 

biases primary δ-ferrite formation (Figure 9, red arrow). 414 

With Fe–N alloying, precursor decomposition and partial nitrogen uptake shift the composition 415 

trajectory toward γ-austenite stabilization. In the Fe–Cr–Mn–N phase map, three representative 416 

conditions can be identified (highlighted in Figure 9): 417 

Point 1: The observed depletion of Mn and N suggests that local melt-pool temperatures are 418 

sufficiently high to exceed the Fe melting point (~1500 °C) and, under certain processing con-419 

ditions, may approach temperatures at which Mn volatilization becomes significant (boiling 420 

point ≈ 2061 °C), although peak temperatures were not measured directly. 421 
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Point 2: In both 150 W (~0.45 wt% N) and 450 W (~0.27 wt% N) builds, the microstructure 422 

consists of dual-phase γ-austenite and δ-ferrite. This corresponds to an initial L → δ solidifica-423 

tion step, followed by entry into the two-phase δ + γ field during cooling. 424 

Point 3: In contrast, Cr–N alloying (~0.87 wt% N) produced a fully γ-austenitic microstructure 425 

[68], consistent with a direct L → γ solidification path and subsequent stabilization entirely 426 

within the γ-austenite field. 427 

Collectively, these observations indicate that nitrogen retention and manganese stability govern 428 

phase selection during LPBF, such that higher retained nitrogen favors γ-austenite stabilization, 429 

while increased volatilization at higher powers promotes δ-ferritic formation. 430 

The presence of δ-ferrite in Fe–N alloys play a dual role: it restricts γ-austenite grain growth 431 

and promotes microstructural refinement (Figure 5), but increasing δ-ferrite fraction reduces 432 

ductility and alters corrosion behavior (Table 3). Thus, the phase balance in Fe–N alloys is 433 

controlled by nitrogen retention and volatilization, which directly determine δ-ferrite fraction 434 

and thereby influence both microstructure and properties. 435 
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 436 

Figure 9 Phase diagram of Fe–18Cr–18Mn–N system [52], with temperature plotted against 437 

nitrogen content and relevant phase fields indicated. 438 
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no peak splitting indicative of body-centered tetragonal martensite; diffraction consistently 446 

identifies only γ-austenite (FCC) and δ-ferrite (BCC) (Figure 3). Third, EBSD maps show thin 447 

BCC grains decorating prior melt-track and grain boundaries, lacking the clustered lath mor-448 

phology or Kurdjumov–Sachs/Nishiyama–Wassermann orientation relationships characteristic 449 

of martensite (Figure 5-6) [79]. 450 

This interpretation is further supported by compositional mapping. When projected onto a mod-451 

ified Schaeffler/DeLong diagram adjusted for high Mn and N contents (Figure 10, SI Table 452 

S6), both 150 W and 450 W conditions fall within the γ + δ regions, well away from the mar-453 

tensite wedge. The low-power condition lies near the γ-austenite domain, while the higher-454 

power state shifts deeper into γ + δ as Mn and N decrease — but neither approaches the mar-455 

tensite region. While Schaeffler-type maps are empirical and qualitative, particularly under 456 

LPBF’s far-from-equilibrium cooling rates, the predicted trends are consistent with measured 457 

phase fractions and sub-zero Ms estimates. 458 

Taken together, thermodynamic, diffraction, morphological, and map-level evidence converge 459 

on the conclusion that the BCC phase present in Fe–N builds originate from the solidification 460 

path (L → δ → δ + γ with partial δ retention), rather than from quenched martensitic formation. 461 
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 462 

Figure 10 Revised Schaeffler's diagram showing predicted phase regions as a function of chro-463 

mium and nickel equivalents, with experimentally measured compositions of LPBF-processed 464 

alloys overlaid. 465 

4.4. Strengthening mechanism and strength–ductility trade-off 466 
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(i) interstitial solid-solution strengthening by nitrogen in γ-austenite,  471 

(ii) grain refinement strengthening, and  472 

(iii) dual-phase (γ/δ) strengthening.  473 

Ferrite
(BCC)

Martensite
(BCC or BCT)

Martensite
+ Ferrite

(Target / Nominal) 
Fe-18Cr-19.8Mn-1.26N (wt%)

(350 W) 
Fe-18.5Cr-19.9Mn-0.33N (wt%)
XRD: 77 % FCC 23 % BCC

(250 W) 
Fe-18.5Cr-19.6Mn-0.36N (wt%)
XRD: 76 % FCC 24 % BCC

(150 W) 
Fe-19.1Cr-19.8Mn-0.45N (wt%)
XRD: 93 % FCC 7% BCC

(Reference: N-free) 
Fe-19.3Cr-22.6Mn (wt%)
XRD: 10 % FCC 90 % BCC

Austenite
(FCC)

Austenite + Ferrite

~ 0.8 wt% N loss 
during LPBF

(Reference: SS316) 
Fe-17Cr-10Ni-2Mn-2Mo (wt%)
XRD: 100% FCC (450 W) 

Fe-18.6Cr-18.5Mn-0.27N (wt%)
XRD: 67 % FCC 34 % BCC
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These mechanisms operate across different length scales and are inherently coupled within the 474 

LPBF microstructure. Consequently, a strict additive or exact numerical partitioning of their 475 

individual contributions is not uniquely determinable from bulk tensile data alone. The follow-476 

ing discussion therefore provides a mechanistically grounded, semi-quantitative assessment of 477 

their relative importance in differentiating strength among the present samples. 478 

Interstitial nitrogen provides the baseline strengthening relative to the N-free reference alloy. 479 

This is evidenced by the systematic γ-austenite lattice expansion with increasing nitrogen con-480 

tent (Figure 4c), the associated hardness increase (Figure 4b), and the absence of detectable 481 

nitride precipitates within diffraction limits. Nitrogen therefore acts primarily as a solid-solu-482 

tion strengthener that elevates the overall strength level of the Fe–N system. However, among 483 

Fe–N samples processed at different laser powers, nitrogen content decreases from ~0.45 to 484 

~0.27 wt%, while yield strength increases from 744 ± 42 MPa to 882 ± 80 MPa. This inverse 485 

trend indicates that interstitial nitrogen is not the dominant factor governing strength differ-486 

ences between processing conditions. 487 

Grain refinement contributes a secondary strengthening effect. EBSD analysis shows that γ-488 

austenite grain size decreases from ~17 μm to ~7 μm and δ-ferrite grain size from ~11 μm to 489 

~6 μm with increasing laser power (Figure 5, SI Figure S8). Based on Hall–Petch scaling for 490 

austenitic steels, this refinement is expected to contribute on the order of several tens of MPa 491 

in yield strength. The accompanying increase in geometrically necessary dislocation density in 492 

γ-austenite reflects the development of LPBF-induced cellular dislocation substructures, fur-493 

ther supporting a refinement-induced strengthening contribution. While significant, this effect 494 

alone cannot fully account for the observed strength increase. 495 
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Dual-phase (γ/δ) strengthening is therefore identified as the dominant factor governing strength 496 

differences among the present Fe–N samples. With increasing laser power, the δ-ferrite fraction 497 

increases from ~7% to ~33%, enhancing load partitioning and constraining plastic flow, which 498 

leads to higher yield and ultimate tensile strengths [80]. Importantly, δ-ferrite forms in situ 499 

during LPBF along γ-austenite grain boundaries, producing metallurgically bonded γ/δ inter-500 

faces that enable effective load transfer and coordinated deformation between phases [81]. At 501 

lower δ-ferrite fractions, the softer γ-austenite phase accommodates plastic strain while the 502 

harder δ-ferrite phase provides constraint, contributing to the relatively high ductility observed 503 

in γ-rich microstructures. As the δ-ferrite fraction and γ/δ interface density increase, plastic 504 

deformation becomes increasingly localized within the γ-austenite phase, promoting earlier 505 

necking. Thus, while interfacial integrity is essential for coordinated deformation, the 506 

FCC/BCC phase ratio remains the primary factor controlling the strength–ductility balance in 507 

the present dual-phase Fe–N alloys. 508 

4.5. Corrosion mechanisms and nitrogen’s role in passivation 509 

As presented in Section 3.5, Fe–N builds exhibit more noble corrosion potentials than the N-510 

free baseline but remain intermediate between Cr–N assisted stainless steels and conventional 511 

SS316L (Figure 8). This behavior reflects the coupled influence of retained nitrogen on both 512 

phase balance and passive film chemistry. 513 

Interstitial nitrogen in γ-austenite enhances corrosion resistance through two complementary 514 

mechanisms. First, it stabilizes γ-austenite, thereby limiting the formation of δ-ferrite, which 515 

can otherwise act as preferential sites for localized corrosion. Second, nitrogen modifies the 516 

chemistry and defect structure of the passive film by promoting chromium enrichment and 517 

facilitating rapid repassivation. This interpretation is consistent with prior reports that nitrogen 518 
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increases the donor density and conductivity of passive oxides [47, 82]. The absence of detect-519 

able nitride precipitation within diffraction limit, as assessed by synchrotron diffraction, further 520 

supports this mechanism: retained nitrogen remains predominantly in interstitial solid-solution 521 

where it contributes directly to passivation rather than forming CrN, which would otherwise 522 

locally deplete chromium and weaken the protective film. 523 

The comparatively lower corrosion resistance of Fe–N relative to Cr–N assisted alloys arises 524 

primarily from differences in achievable nitrogen content. With ~0.45 wt% retained nitrogen, 525 

Fe–N alloy exhibit measurable passivation enhancement, but this effect is less pronounced than 526 

in Cr–N routes where ~0.87 wt% N can be stabilized. Higher interstitial nitrogen contents 527 

strengthen passivation more effectively, leading to lower corrosion current densities. Similarly, 528 

the benchmark SS316L benefits from nickel-stabilized γ-austenite, which suppresses δ-ferrite 529 

formation and supports the development of a robust Cr-rich passive film, accounting for its 530 

superior corrosion resistance. 531 

In addition to compositional effects, the spatial distribution of δ-ferrite contributes to the ob-532 

served corrosion behavior. δ-ferrite differs electrochemically from γ-austenite and typically 533 

exhibits a more negative corrosion potential, establishing local micro-galvanic couples in 534 

which δ-ferrite acts as the anodic phase and γ-austenite as the cathodic phase under chloride 535 

exposure [83, 84]. Moreover, δ-ferrite has a much lower nitrogen solubility, resulting in locally 536 

nitrogen-depleted regions with thinner, less chromium-enriched passive films and reduced re-537 

passivation kinetics [85]. Partitioning of alloying elements across γ/δ interfaces further intro-538 

duces local chemical heterogeneity, making these regions preferential sites for passive film 539 

breakdown and pit initiation. While minor δ fractions refine the microstructure and enhance 540 

mechanical strength, their electrochemical activity can promote localized corrosion [86]. 541 
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Taken together, these findings support the conclusion that nitrogen plays a dual role in corro-542 

sion protection of nickel-free stainless steels: it stabilizes γ-austenite to suppress δ-ferrite for-543 

mation and enhances passive film stability through interstitial solid-solution. Maximizing these 544 

benefits depends on achieving higher nitrogen retention, which remains the limiting factor for 545 

Fe–N route compared to Cr–N assisted alloying under the present LPBF conditions. 546 

4.6. Trade-off between mechanical performance and corrosion resistance 547 

The present results highlight a systematic trade-off between mechanical strengthening and cor-548 

rosion performance in LPBF-fabricated Fe–N stainless steels. As shown in Table 3 and Figure 549 

7, increasing δ-ferrite fraction with laser power leads to higher strength, accompanied by re-550 

ductions in ductility and corrosion resistance performance. For example, the γ-austenite rich 551 

condition at 150 W (~93% γ, ~0.45 wt% N) exhibits a yield strength of 744 ± 42 MPa with 552 

20.8 ± 3.9% elongation, whereas the δ-ferrite enriched condition at 450 W (~33% δ, ~0.27 wt% 553 

N) attains a higher yield strength of 882 ± 80 MPa but reduced ductility (10.5 ± 4.3%). 554 

This mechanical enhancement is accompanied by changes in corrosion response. As shown in 555 

Table 3 and Figure 8, the γ-austenite rich Fe–N condition exhibits a corrosion potential of –556 

400 ± 33 mV in 3.5 wt% NaCl, compared with –358 ± 30 mV for the N-free baseline and –134 557 

± 11 mV for the Cr–N alloyed reference. While the Fe–N alloys do not achieve the corrosion 558 

resistance of Cr–N or Ni-containing stainless steels, nitrogen addition nevertheless modifies 559 

passivation behavior relative to fully nitrogen-free alloys, as discussed in Section 4.5. 560 

This trade-off arises from the dual role of δ-ferrite. Mechanically, increasing δ-ferrite content 561 

and γ/δ interface density enhances load partitioning and constrains plastic deformation, thereby 562 

increasing strength. Electrochemically, δ-ferrite introduces local chemical and electrochemical 563 
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heterogeneity that promotes micro-galvanic coupling and passive film instability at δ-rich re-564 

gions (Section 4.5). Importantly, this behavior defines a tunable design space rather than a 565 

fundamental limitation, allowing LPBF processing parameters to be selected according to ap-566 

plication-specific priorities, such as maximizing strength or balancing ductility and corrosion 567 

resistance.  568 
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5. Conclusions 569 

This study demonstrates a viable approach for producing nickel-free, nitrogen-alloyed stainless 570 

steels by laser powder bed fusion (LPBF) using Fe–N as a low-temperature nitrogen source. 571 

The key conclusions are as follows: 572 

1. Fe–N decomposes at ~450–680 °C, enabling LPBF builds with near-full density (>99.5%) 573 

and interstitial nitrogen retention of ~0.27–0.45 wt%. No secondary nitrides were detected 574 

within diffraction limits, indicating that retained nitrogen predominantly accommodated in 575 

interstitial solid-solution. 576 

2. At a scan speed of 500 mm s-1, hatch spacing of 0.1 mm, layer thickness of 0.03 mm and 577 

laser spot size of 0.1 mm, low laser power (150 W) maximized nitrogen retention (~0.45 578 

wt%), producing ~93% γ-austenite (FCC) and ~7% δ-ferrite (BCC). Increasing laser power 579 

(450 W) reduced nitrogen retention to ~0.27 wt%, yielding ~67% γ-austenite and 33 % δ-580 

ferrite. 581 

3. Interstitial nitrogen provides the baseline strengthening relative to nitrogen-free alloys, 582 

while γ-austenite / δ-ferrite balance governs strength-ductility trade-offs across processing 583 

conditions. Relative to the Ni-free, N-free baseline, hardness increased from 266 HV to 326 584 

HV (~25%) and nanoindentation from 3.89 GPa to 5.04 GPa (~30%). Tensile properties 585 

ranged from YS ≈ 744 MPa, UTS ≈ 935 MPa, El ≈ 21% (γ-rich, ~0.45 wt% N) to YS ≈ 882 586 

MPa, UTS ≈ 1062 MPa, El ≈ 10.5% (δ-rich, ~0.27 wt% N). 587 

4. Nitrogen addition modified corrosion behavior relative to the Ni-free, N-free baseline in 588 

3.5 wt% NaCl, although the extracted corrosion current density remained elevated. Overall 589 

corrosion performance remained below that of Cr–N-alloyed steels and conventional 590 

SS316L, reflecting limitations in achievable nitrogen retention and the presence of δ-ferrite. 591 
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By demonstrating that interstitial nitrogen can be delivered and partially retained during LPBF 592 

without high-pressure apparatus or detectable nitride precipitation, this work provides a foun-593 

dation for designing next-generation nickel-free stainless steels. The ability to tune γ-austenite 594 

/ δ-ferrite phase balance, strength–ductility response, and corrosion resistance through process 595 

control positions Fe–N alloying as a promising platform for future optimization toward bio-596 

medical, structural, and energy-related applications. 597 
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