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A B S T R A C T

This study investigates the influence of microstructures on mechanical behavior and failure mechanisms of laser 
based powder bed fusion processed nickel-free and 316L stainless steels using small punch testing, nano
indentation, and miniaturized tensile testing. The as-printed 316L with a fully austenitic structure and high- 
density dislocation cells exhibited a nanohardness of 3.0 GPa, tensile strength of 600  MPa, and elongation 
close to 60 %, with failure occurring through ductile microvoid coalescence. In contrast, the as-printed nickel- 
free stainless steel with a fully ferritic matrix and random dislocation networks showed a high nanohardness of 
4.94 GPa, but poor ductility of 2 % and transgranular cleavage fracture. Heat treatment at 950 ◦C for 30  min 
transformed the nickel-free steel into a duplex microstructure (56 % ferrite and 41 % austenite, with a minor 3 % 
Chi phase), reducing dislocation density and inducing stacking faults. This resulted in moderate improvement in 
tensile strength as well as ductility and a mixed fracture mode. Post-mortem analysis revealed that Chi phase 
assisted crack initiation and strain localization was observed near coarse grains. The evolution of low-angle to 
high-angle grain and twin boundaries promoted plastic deformation. These results highlight the importance of 
phase engineering and microstructural control in optimizing the ductility and toughness of nickel-free steels.

1. Introduction

Stainless steels are commonly used structural materials because of 
their excellent corrosion resistance and superior mechanical properties 
[1,2]. Stainless steels are usually processed via casting or wrought 
processes. Although these traditional manufacturing processes have 
their advantages, significant efforts have also been invested in devel
oping advanced manufacturing techniques that offer unprecedented 
design freedom for complex geometries, reduced cost and lead time, as 
well as improved long-term performance in harsh environments. Among 
the advanced manufacturing technologies developed in recent decades, 
additive manufacturing (AM), also commonly known as 3D printing, has 
emerged as one of the most promising approaches [3–5].

Laser based powder bed fusion (PBF-LB) is among the most widely 
applied AM techniques for metals [6–11], with extensive adoption 

across various industrial sectors [12]. Since 2022, PBF-LB fabricated 
316L stainless steel components have been successfully used in nuclear 
reactor cores [13], demonstrating excellent performance under highly 
demanding conditions. PBF-LB 316L stainless steels possess elevated 
mechanical strength in comparison to their wrought counterparts due to 
its unique hierarchical microstructure formed during the rapid solidifi
cation process [14–16]. However, as-printed parts often exhibit micro
structural inhomogeneity, suboptimal phase composition, anisotropy, 
residual stresses, etc. which can adversely affect their mechanical per
formance. For many demanding applications, materials with homoge
neous equiaxed microstructure are preferred due to their favorable 
combination of ductility and strength. Accordingly, post-processing 
thermal treatments are commonly employed not only to achieve equi
axed grain structures but also to alleviate these inhomogeneities, induce 
phase transformations, and tailor other microstructural features, 
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thereby optimizing the mechanical properties of PBF-LB printed mate
rials [17–20].

In austenitic stainless steels, such as 316L, nickel stabilizes the 
austenitic phase, enhancing mechanical properties and corrosion resis
tance at high temperatures, but it also promotes the formation of 
radiation-induced defects, increasing susceptibility to embrittlement in 
irradiation environments [21,22]. Furthermore, the environmental 
impact of nickel extraction and processing has led to calls for more 
sustainable alternatives [23]. Nickel mining and refining contribute to 
significant environmental pollution, making it less desirable for use in 
industries with growing sustainability goals. Additionally, nickel is 
known to cause allergic reactions in a significant part of the population 
[24]. Nickel-free (Ni-free) alloys that use alternative austenite stabilizers 
such as nitrogen and manganese can enhance mechanical properties, 
reduce environmental impact, minimize the risk of allergic reactions, 
and mitigate radiation-induced embrittlement [25–28]. Moreover, AM 
techniques like PBF-LB allow for tailored microstructures, optimizing 
these alloys for various application scenarios.

While promising, PBF-LB Ni-free steels have not yet been fully 
characterized in terms of their detailed mechanical behavior and failure 
mechanisms [29–31]. Furthermore, the influence of post-processing 
techniques, particularly heat treatment, on their microstructure and 
mechanical properties has yet to be thoroughly investigated. Heat 
treatment can significantly influence phase composition, grain struc
ture, dislocation configuration as well as other intrinsic defect distri
butions, which in turn affect deformation and failure behaviors. 
Investigating these effects is essential for evaluating their suitability for 
different demanding applications.

The present study explores AM alloys with crystal structure beyond 
the commonly studied face-centered cubic (FCC) structures. Specifically, 
it examines the relationship between the printing microstructure, and 
deformation and failure mechanisms in PBF-LB processed Ni-free and 
316L stainless steels using small punch testing, nanoindentation, mini
aturized tensile testing, and microstructural characterization. The Ni- 
free stainless steels were examined in the as-printed and heat-treated 
conditions to assess the effects of thermal processing on their micro
structure and consequent mechanical performance.

2. Experimental details

2.1. Materials and specimens

Two types of gas-atomized stainless steel powders were used in this 
study. The 316L powder with an average particle size of 31.5  µm was 
sourced from SLM Solutions Group AG, while the Ni-free stainless steel 
powder with an average particle size of 27.5  µm was obtained from 
Sandvik Osprey Ltd. The utilized virgin 316L and Ni-free powder was 
fully ferritic. To stabilize the austenite phase in this Ni-free alloy, higher 
Mn and N contents were employed compared to conventional AISI 316L 
stainless steel.

Specimens were printed using an Aconity MIDI + PBF-LB machine 
(Aconity3D, Germany) equipped with a single mode, continuous wave, 
infrared fiber laser. A laser spot diameter of 80 μm was used for both 
316L and Ni-free stainless steels. All the samples were printed using a 
stripe-hatching scanning strategy, with 5 mm wide stripes and a 67◦

rotation of the scanning direction between successive layers. This 
approach altered the thermal gradient direction between layers, helping 
to minimize and uniformly distribute residual stress, thereby reducing 
the likelihood of cracking during printing. During the sample fabrica
tion, argon gas was supplied to the build chamber to maintain an oxygen 
concentration below 500 ppm and maximize specimen density. The 
powder morphology and powder size distribution (PSD) can be found in 
[32].

For the reference material 316L, the optimized process parameters 
recommended by the machine manufacturer (Aconity3D) were 
employed, including a laser power of 150 W, scanning speed of 900 mm/ 

s, hatch distance of 0.08 mm, and layer thickness of 0.03 mm. These 
conditions resulted in samples with a relative density of 99.8 %. The 
process parameters for Ni-free stainless steel were selected based on an 
extensive design of experiments aimed at maximizing specimen density 
[32]. Samples were produced using a laser power of 140 W, scanning 
speed of 600 mm/s, hatch distance of 0.08 mm, and layer thickness of 
0.03 mm, resulting in a relative density 98.83 %, as measured by 
Archimedes method.

To induce phase transformation, the Ni-free stainless steel samples 
were subjected to a systematically designed post-printing isothermal 
heat treatment at 950 ◦C for 30 min, followed by water quenching. Based 
on the Thermo-Calc phase diagram predictions [32] and confirmed by 
experimental observations, this heat treatment procedure results in a 
phase transformation from a fully ferritic structure in the as-printed 
condition to a duplex microstructure. It is noteworthy that due to the 
low ductility of the Ni-free steels, pre-existing sub-micron cracks were 
locally observed in the as-printed material.

2.2. Mechanical testing

Miniature tensile tests were conducted using an MTS servo hydraulic 
testing machine in displacement control mode according to ISO-6892 
standard at room temperature. The technical drawing of miniaturized 
tensile test specimens is provided in Fig. 1. The tensile specimens were 
tested at two different strain rates of 2.5 × 10–4 s− 1 and 1.25 × 10–5 s− 1 

to assess the effects of deformation rate. The yield strength was deter
mined as the 0.2 % offset yield strength and the tensile strength was 
taken at the maximum force applied during the test.

Small punch tests were conducted according to EN10371 at a con
stant crosshead displacement rate of 0.3 mm/min. Cylindrical test 
specimens with P1200 finish, 8 mm diameter, and 0.5 mm ± 0.005 mm 
thickness were utilized. The specimen deflection was measured from 
below by a displacement transducer. Three tests were conducted for 
each material at room temperature to evaluate repeatability.

Nanoindentation and Vickers microhardness tests were performed 
on mounted specimens with an oxide polishing suspension (OPS) finish. 
Nanoindentation tests were performed using an Anton Paar Ultra 
Nanoindentation Tester UNHT with a linear loading method up to a 
maximum indentation depth of 1 µm. A loading and unloading rate of 
7.5 mN/min was applied, with a 10-second pause at maximum load. Ten 
nanoindentation indents were made at room temperature with a 30 µm 
spacing between each indent. Vickers microhardness measurements 
were performed using a Struers DuraScan-80 automatic indenter with a 
1 kg load (HV1). Ten microhardness indents were made at room 

Fig. 1. Technical drawing of miniaturized tensile test specimen. All dimensions 
are in millimeters.

S. Suman et al.                                                                                                                                                                                                                                  Materials & Design 259 (2025) 114882 

2 



temperature with a 1 mm spacing between each indent.

2.3. Elemental and microstructural characterization

Chemical composition analysis of the as-printed Ni-free and 316L 
stainless steel specimens was performed using Optical emission spec
trometry (OES) and carrier gas measurements. The OES measurements 
were conducted with an ARL8860 device. Nitrogen and oxygen contents 
were determined according to the carrier gas method “T001-023″ using a 
LECO TC-500 analyzer. The measured compositions are summarized in 
Table 1.

Microstructural characterization was performed using a Zeiss 
Crossbeam 540 scanning electron microscope (SEM) equipped with an 
EDAX Hikari Plus electron backscatter diffraction (EBSD) detector. 
Electron channeling contrast imaging (ECCI) was conducted with the 
solid-state four-quadrant backscatter detector. The parameters for 
backscattered electrons (BSE) imaging were set at 15 keV and 1.5nA, 
with a working distance (WD) of 5–7 mm. For EBSD analysis, the WD 
was set to 11–14 mm, employing a step size of 50–300 nm depending on 
the scanned area. Inversed pole figures (IPF), phase maps, and kernel 
average misorientation (KAM) maps were analyzed based on the EBSD 
data.

3. Results

3.1. Microstructural characterization of as-printed and heat-treated 
materials

Fig. 2 presents EBSD maps illustrating the microstructures of the 
316L as well as as-printed and heat-treated Ni-free stainless steel sam
ples investigated in this study. The as-printed 316L matrix consisted 
almost entirely of austenite (99.9 %), while the as-printed Ni-free steel 
was primarily ferritic (99.9 % ferrite). Following heat treatment, the 
heat-treated Ni-free steel developed a duplex microstructure comprising 
of nearly 56 % ferrite, 41 % austenite, and 3 % Chi phase. These as well 
as other microstructural features are presented in detail below.

Both 316L and as-printed Ni-free stainless steel exhibited strong 
texture and a nearly equal proportion of low-angle grain boundaries 
(LAGBs, 2◦–10◦) and high-angle grain boundaries (HAGBs, >10◦). The 
heat-treated Ni-free stainless steel sample is characterized by high-angle 
boundaries and the local formation of annealing twins within the grains. 
Table 2 summarizes the portions of HAGBs, LAGBs and the fraction of 
twins in the HAGBs in these materials. The fraction of HAGBs in the 
studied materials can be ranked as 316L ≈ as-printed Ni-free steel <
heat-treated Ni-free steel. Qualitative analysis of KAM maps (Fig. 2(f) vs. 
(i)) indicates a reduction in geometrically necessary dislocation (GND) 
density after heat treatment. Quantitative GND-based dislocation den
sity analysis revealed values of 2.02 × 1014 m− 2 for as-printed 316L, 
1.71 × 1014 m− 2 for as-printed Ni-free stainless steel, and 0.74 ×
1014 m− 2 for heat-treated Ni-free stainless steel. This reduction is 
consistent with dislocation recovery during heat treatment.

Moreover, from the EBSD orientation maps with highlighted grain 
boundaries the heat-treated Ni-free samples were found to exhibit 
bimodal grain structure, the coarse grains being surrounded by fine 
ones. These fine grains consisted of austenitic FCC phase formed at the 
grain boundaries of ferritic body-centered cubic (BCC) grains during the 
isothermal heat treatment. Additionally, a third phase — the Chi phase 
— was observed in the heat-treated Ni-free specimens as illustrated by 
EBSD phase map in Fig. 2(j) and EDS results in Fig. 2(k-o). The Chi phase 
typically precipitates either at the grain boundaries of FCC grains or the 
interface between FCC and BCC phases and is enriched in Mo and 
depleted in Fe compared to the matrix. The ferrite phase has higher 
concentrations of Mo and Cr and lower concentration of Mn compared to 
the austenite phase.

Fig. 3 presents ECCI images illustrating the microstructures of the 
316L as well as as-printed and heat-treated Ni-free stainless steel sam
ples. Fig. 3(a-b) show the 316L grains with a cellular structure of high- 
density dislocations tangled at the cell boundaries. The cell size in the 
sample is measured to be ≈400–600 nm. The as-printed Ni-free stainless 
steel reveal random dislocation arrangement in the grains. After heat 
treatment, the dislocation density in the Ni-free stainless steel was 
significantly reduced, and a large amount of stacking faults formed 
within the austenitic grains and Chi phase. Furthermore, ECCI analysis 
of multiple regions in the heat-treated Ni-free steel suggests a stacking 
fault density of approximately 5.2 × 1013 m− 2.

3.2. Nanohardness and microhardness measurements

Fig. 4 presents the load–displacement curves obtained from nano
indentation testing, comprising 10 indentations for each of the three 
materials. Fig. 5 depicts the summary of the nanohardness and elastic 
modulus results. The as-printed Ni-free steel exhibited the steepest 
slopes during both loading and unloading phases, indicating the highest 
stiffness and hardness among the studied materials. The heat-treated Ni- 
free steel showed intermediate stiffness and elastic recovery, reflecting 
the effects of microstructural changes induced by the heat treatment. In 
contrast, 316L stainless steel displayed the lowest slope and elastic re
covery. The elastic modulus values obtained from nanoindentation tests 
were 177 ± 29 GPa for 316L, 192 ± 20 GPa for the as-printed Ni-free 
steel, and 190 ± 23 GPa for the heat-treated Ni-free steel. The nano
hardness values obtained were 3.0 ± 0.2 GPa for 316L, 4.94 ± 0.25 GPa 
for the as-printed Ni-free steel, and 3.37 ± 0.24 GPa for the heat-treated 
Ni-free steel.

Vickers microhardness of 316L, as-printed and heat-treated Ni-free 
stainless steel samples followed a trend consistent with the nanohard
ness measurements, with values 229 ± 4 HV1, 359 ± 15 HV1, and 273 
± 7 HV1, respectively. As-printed Ni-free steel exhibited maximum 
hardness owing to its fully ferritic structure. The ferrite phase (as-prin
ted Ni-free) is harder than the austenite phase (316L). Since the heat- 
treated Ni-free steel contains both phases, its hardness falls between 
the as-printed Ni-free steel and 316L.

Table 1 
Measured chemical compositions (wt.%) of as-printed PBF-LB Ni-free and 316L stainless steel powders applied and printed specimens.

Material Fe Cr Ni Mo Mn Si N O C S P

Ni-free powder Bal. 17.3 0.10 3.20 11.4 0.70 0.18 0.16 0.03 0.005 0.017
Ni-free printed sample Bal. 17.7 0.13 3.17 9.91 0.78 0.15 0.048 0.03 0.004 0.017
316L powder Bal. 17.84 12.5 2.43 0.73 0.9 0.10 0.02 0.02 0.01 0.007
316L printed sample Bal. 17.9 12.8 2.33 0.73 0.69 0.08 0.026 0.02 0.004 0.01
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Fig. 2. EBSD orientation distribution, phase, and KAM maps of PBF-LB (a-c) 316L, (d-f) as-printed Ni-free stainless steel and (g-i) heat-treated Ni-free stainless steel 
sample, respectively. Chi phase precipitates discerned at higher magnification in (j) EBSD phase map, and (k) BSE micrograph and corresponding (l-o) energy- 
dispersive X-ray spectroscopy (EDS) wt.% maps for the heat treated Ni-free stainless steel.

S. Suman et al.                                                                                                                                                                                                                                  Materials & Design 259 (2025) 114882 

4 



3.3. Small punch testing

Fig. 6 shows the small punch testing results of the investigated ma
terials. Ductile fracture was observed in 316L, whereas the as-printed 
and heat-treated Ni-free stainless steel samples exhibited varying de
grees of brittleness. The as-printed 316L sample exhibited the highest 
tensile strength, and the greatest ductility. The heat-treated Ni-free 
sample showed improved ductility over the as-printed Ni-free sample 
despite a reduction in yield stress.

Fig. 7 presents the SEM images of the fracture surfaces of the small 
punch tested specimens. 316L specimen failed in a ductile transgranular 
mode with microvoid coalescence. The as-printed Ni-free stainless steel 
specimen exhibited a cleavage fracture mode. The fracture surface on 
heat-treated Ni-free stainless steel specimen revealed a mixed mode of 
fracture, i.e. the fracture initiated with a ductile fracture having dimples 
and then propagated with transgranular brittle fracture. The initiation 
with dimples was associated with the precipitates in the material matrix, 
as shown in Fig. 7(i).

Table 2 
Summary of phase composition and grain boundary characteristics in the studied samples.

Material Grain size (µm) Phase Dislocation/ 
stacking fault

LAGB (%) HAGB (%) Twin boundaries portion in HAGB (%)

316L 35 ± 18 FCC Cells 48 52 −

As-printed 
Ni-free

43 ± 21 BCC Random dislocations 49 51 −

Heat-treated 
Ni-free

Bimodal BCC + FCC Stacking faults 8 92 9

Fig. 3. ECCI images of PBF-LB (a-b) 316L, (c-d) as-printed Ni-free stainless steel and (e-f) heat-treated Ni-free stainless steel samples.
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3.4. Miniaturized tensile testing

The stress–strain responses of PBF-LB 316L, as-printed Ni-free steel, 
and heat-treated Ni-free steel samples at the strain rate of 2.5 × 10–4 s− 1 

as per ISO-6892 standard are presented in Fig. 8. The 316L as-printed 
sample exhibited highest tensile strength, reaching around 600 MPa, 
and the greatest ductility of ≈ 60 % at the standard strain rate. The heat- 
treated Ni-free sample showed improved performance over the as- 
printed Ni-free sample, achieving a relatively higher tensile strength 
of about 115 MPa compared to 90 MPa and greater ductility, sustaining 
6 % strain versus 2 % strain before failure. This indicates that heat 
treatment enhances both the strength and ductility of the Ni-free steel, 
though it still performs far inferior to the 316L as-printed steel.

Fig. 9 shows the comparison of stress strain curves of the materials 
investigated at two strain rates. Similar tensile performance character
istics are also observed at the lower strain rate. The as-printed 316L and 
as-printed Ni-free steel exhibited a positive strain rate sensitivity while 
the heat-treated Ni-free sample showed a negative strain rate sensitivity.

SEM images of the corresponding fracture surfaces of the materials, 

shown in Fig. 10(a-c), indicate that there is evident necking in 316L 
material. The 316L stainless steel specimen failed with a ductile mode by 
microvoid coalescence. The as-printed Ni-free stainless steel specimen 
exhibited a very flat fracture surface with purely cleavage fracture, refer 
Fig. 10(d-f). The fracture surface on heat-treated Ni-free stainless steel 
specimen, as shown in Fig. 10(g-i), reveals a mixed mode of fracture, 
where ductile tearing ridges with dimples can be observed between the 
cleavage regions with transgranular brittle fracture.

Cross-sectional BSE images in Fig. 11(a-c) reveal the nanovoid and 
microvoid formation behind the evident necking and plastic deforma
tion (with extensive contours) under the fracture surface of 316L ma
terial. Fig. 11(d-f) indicate transgranular cleavage fracture without 
apparent deformation on as-printed Ni-free stainless steel specimen. For 
the heat-treated Ni-free stainless steel samples, Fig. 12 reveals that the 
cracks propagate primarily along the coarse BCC grains. Furthermore 
with a closer look, Fig. 13(a-b) and (d-e) illustrate two representative 
cross-sectional regions beneath the cleavage fracture surface and the 
ductile fracture surface, where no apparent plastic deformation and 
extensive deformation were observed, respectively. In both regions, the 
Chi phase precipitated either at the grain boundaries of FCC grains or the 
interface between FCC and BCC grains evidently present a significant 
promoting role for the crack propagation. The voids were formed at the 
interface between the Chi phase and the matrix.

4. Discussion

4.1. Material processing − microstructure correlation in as-printed and 
post-treated PBF-LB parts

In the fully austenitic 316L sample, the metastable cellular structures 
with high-density dislocations were formed as a result of cellular so
lidification of the melt, driven by the high cooling rate during the rapid 
scanning process. Such cellular structures are typically observed in Fe- 
Cr-Ni alloys such as 316L, where the addition of Ni increases the 
stacking fault energy thereby facilitating dislocation cross-slip [33]. 
These sub-micron cellular structures are characteristic of AM processed 
austenitic stainless steels [34]. Additionally, the nano-sized oxides 
present mainly at the cell boundaries, originate from the oxygen 
absorbed at the powder surface and the oxygen in the argon gas used to 
protect the melting pool during printing process [3].

The Ni-free stainless steel samples exhibited fully ferritic micro
structure. This can be explained by the chemical composition of the alloy 
being high in Cr/Ni ratio and the ultra-high cooling rates during PBF-LB 
processing, as explained in detail previously by the authors [29]. PBF-LB 
processed 2507 duplex stainless steel yielded a microstructure with 
approximately 98 % ferrite and only 2 % austenite [35]. Notably, an 
earlier study by S. David et al. [36] involving welding of different grades 
of steels under extremely high cooling rates—on the order of 106 ◦C/s, 
comparable to those in PBF-LB—reported the formation of a fully ferritic 
microstructure, particularly in steels with a high Cr/Ni equivalent ratio. 
Whereas at lower cooling rates, achieved by slower welding speeds, the 
as-welded structures were duplex with presence of both austenite and 
ferrite. In the as-printed Ni-free stainless steel with ferritic microstruc
ture, the matrix consisted of randomly distributed dislocations with no 
defined cell structure contrary to that observed in the austenitic stainless 
steel 316L. The evolution of dislocation structure in AM processed BCC 
steels is only beginning to be studied as earlier studies primarily focused 
on tungsten, molybdenum, and other refractory metals. A recent study 
on PBF-LB processed duplex stainless steel showed fully ferritic structure 
in as-printed condition with dislocation structures similar to those 
observed in the present work [37].

Post-processing heat treatment is critical for AM materials to opti
mize their microstructure and mechanical properties particularly for 
demanding applications they are applied to. The microstructure of the 
Ni-free materials can be tunable with heat treatment. After heat treat
ment on Ni-free specimen, there was partial recovery, recrystallization, 

Fig. 4. Summary of nanoindentation results for PBF-LB 316L, as-printed Ni-free 
stainless steel, and heat-treated Ni-free stainless steel.

Fig. 5. Summary of nanohardness and elastic modulus results for PBF-LB 316L, 
as-printed Ni-free stainless steel, and heat-treated Ni-free stainless steel.
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Fig. 6. Small punch testing results for PBF-LB 316L, as-printed Ni-free stainless steel, and heat-treated Ni-free stainless steel samples. (a) Full range of 
load–displacement curves, (b) Expanded view of the initial load–displacement region to highlight early-stage mechanical response.

Fig. 7. SEM images of the fracture surfaces on small punch tested PBF-LB (a-c) 316L, (d-f) as-printed Ni-free stainless steel and (g-i) heat-treated Ni-free stainless 
steel samples.
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grain growth, and phase transformation leading to the formation of 
austenite and secondary Chi phase with coarser ferritic grains. Such 
diffusion-based transformation of ferrite to austenite upon isothermal 
heat treatment after PBF-LB processing has also been recently reported 
in duplex stainless steel [37]. The EDS results presented in Fig. 2(k-o) 
clearly indicate higher Mo concentration in Chi phase compared to the 
surrounding matrix, which is consistent with the known elemental 
partitioning behavior of Mo [38]. Among the matrix phases, the 
enrichment of Mn in the FCC phase and the relatively higher concen
trations of Cr and Mo in the BCC phase align with the established phase- 
stabilizing effects of these elements [39]. Moreover, stacking faults were 
observed in the newly formed FCC grains, while remnant dislocations 
were present in the BCC grains, as shown in Fig. 3. In contrast, no 
stacking faults were observed in the as-printed 316L stainless steel. This 
distinct behavior of the austenitic FCC grains in these two materials can 
be attributed to their compositional differences. A key difference is the 
negligible Ni content and higher Mn concentration in Ni-free stainless 
steel compared to 316L alloy. Both of these compositional factors 
contribute to a lower stacking fault energy in the Ni-free stainless steel, 

thereby promoting the formation of stacking faults in its FCC grains 
[33]. In a recent study by Nie et al. [40] on as-printed PBF-LB processed 
duplex stainless steel, stacking faults were observed in austenite and 
irregularly distributed dislocation structures were present in the ferrite. 
Under cyclic thermal stresses, as those experienced during PBF-LB pro
cessing due to repeated heating and cooling of printed layers, strain 
accommodation mechanisms differ markedly between ferrite and 
austenite. In ferrite, dislocations proliferate via mechanisms like cross- 
slip, forming irregular, networked distributions that help alleviate 
local stress. In contrast, austenite accommodates strain through the 
formation of intrinsic and extrinsic stacking faults due to disruptions in 
its FCC stacking sequence.

4.2. Microstructure – Mechanical property relationship in PBF-LB parts

Small punch testing, nanoindentation, miniaturized tensile testing, 
and post-test characterizations revealed the influence of distinct 
printing-induced microstructural features — such as phases, dislocation 
configurations, and grain structures — on the resultant significant var
iations in mechanical properties of the studied materials. The resultant 
nanohardness and microhardness of the investigated materials was an 
interplay of several factors such as relative fraction of austenite and 
ferrite, precipitates, grain size and boundaries as well as the GNDs, 
which are discussed in detail below.

In the present work, the ferrite phase in as-printed Ni-free steel is 
harder than the austenite phase in 316L, which is consistent with the 
analysis conducted by Gadelrab et al. [41] and Siegmund et al. [42] for 
the mechanical behavior of these two phases at room temperature. The 
heat-treated Ni-free steel contains both ferrite and austenite phases, 
therefore, its hardness falls between the as-printed Ni-free steel and 
316L. Previous studies have shown that carbon content in ferritic- 
austenitic duplex steels can have significant impact on the relative 
hardness of austenite compared to ferrite. For a dual phase steel with 
similar carbon content as the Ni-free steel used in this study, it has been 
found through nano- and micro-indentation hardness measurements 
that austenite exhibited higher hardness than the ferrite [43], which was 
explained by the higher work hardening rate of austenite compared to 
ferrite [44]. However, in another study on nanoindentation of such dual 
phase steel, the ferrite was found to be harder than the austenite [45]. 
The reported contradictory observations in literature can be attributed 
to several microstructural features in addition to the relative fraction of 
austenite and ferrite. Previous studies have also shown that mechanical 
behavior of even the same phase in different steels can exhibit variation 
owing to differences in material history, i.e., heat treatment, and internal 
stresses, etc. [46]. In the present study, austenite formation upon heat 

Fig. 8. Stress-Strain curves of PBF-LB 316L, as-printed Ni-free stainless steel, 
and heat-treated Ni-free stainless steel samples at the strain rate of 2.5 × 10–4 

s− 1 and room temperature.

Fig. 9. Stress-Strain curve of PBF-LB (a) 316L, (b) as-printed Ni-free stainless steel and (c) heat-treated Ni-free stainless steel samples at strain rates of 1.25 × 10–5 s− 1 

and 2.5 × 10–4 s− 1.
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treatment was accompanied by reduced hardness. The presence of Chi 
phase can influence hardness through competing mechanisms. Chi 
phase can impede dislocation motion during plastic deformation, 
thereby contributing to strengthening, but its formation consumes Mo, 
which reduces solid-solution strengthening in the matrix and may lead 
to softening effect [47].

The heat-treated Ni-free stainless steel sample also exhibited a higher 
fraction of HAGBs compared to the as-printed condition—typically a 
feature associated with increased strength—this did not translate to 
higher hardness. In PBF-LB processed as-printed 316L, Chen et al. [48] 
have found dislocation strengthening to have the largest contribution to 
strengthening and significantly more than grain boundary strength
ening. The present observations are consistent with these earlier find
ings. Furthermore, while the as-printed Ni-free steel exhibited a high 
density of random dislocations within the BCC matrix, the subsequent 
heat treatment led to partial recovery and annihilation of these dislo
cations, reducing internal lattice strain and thus decreasing hardness in 
the BCC phase. KAM and ECCI analysis demonstrate that dislocation 
density decreases upon heat treatment. The stacking fault density in the 
FCC phase and associated strain hardening were not sufficient to 
compensate for the loss of dislocation hardening in the BCC phase.

The 316L specimens exhibited higher tensile strength than the Ni- 
free stainless steel specimens. In PBF-LB processed 316L, the cell walls 
which are tangled with dislocations provide a unique strengthening 
mechanism by effectively impeding dislocation motion. This structure 

contributes to the simultaneous enhancement of both yield strength and 
ductility as reported in several studies [49–51]. The nano-sized oxides 
can also provide additional dispersion strengthening effect to PBF-LB 
316L material. The relatively higher tensile strength and ductility in 
heat treatment material compared to the as-printed Ni-free steel can be 
attributed to the strengthening provided by grain refinement due to the 
presence of two phases [39]. A number of studies have attempted to 
correlate small punch testing results with conventional tensile proper
ties in steels [52,53], demonstrating that maximum punch load and 
fracture displacement can serve as reliable indicators of ultimate tensile 
strength and ductility, respectively. Li et al. [52] performed small punch 
tests on three different high-strength stainless steels and found that the 
yield stresses estimated from small punch tests were within ±50 % of the 
corresponding tensile test values. Jeffs et al. [53] attempted to correlate 
tensile properties of laser powder bed fused duplex stainless steel 2205 
using the small punch test across a range of temperatures up to 750 ◦C. 
The uniaxial high-temperature mechanical properties of PBF-LB duplex 
stainless steel 2205 in both as-built and heat-treated conditions showed 
trends consistent with those reported in the literature for conventionally 
manufactured duplex stainless steel 2205. In the present study, the 
uniaxial tensile strengths of as-printed PBF-LB 316L are consistent with 
small punch testing results, confirming that the observed high strength 
and ductility are associated with the characteristic dislocation cell 
structures and nano-oxide dispersion. These correlations reinforce that 
the strengthening mechanisms identified from conventional tensile 

Fig. 10. SEM images of the fracture surface PBF-LB (a-c) 316L, (d-f) as-printed Ni-free stainless steel and (g-i) heat-treated Ni-free stainless steel samples tested at the 
strain rate of 2.5 × 10–4 s− 1 and room temperature.
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testing are similarly reflected under small punch testing conditions, 
demonstrating the reliability of small punch testing for evaluating PBF- 
LB 316L, particularly when only limited material is available.

To gain a more comprehensive understanding of mechanical 
behavior under different loading conditions, the strain rate sensitivity of 
the materials was also investigated. The increase in yield stress at higher 
strain rates observed in both 316L stainless steel and as-printed Ni-free 
steel can be primarily attributed to the limited time available for 
dislocation motion and energy dissipation at higher strain rates. This 
constraint enhances the resistance of material to plastic deformation, 
thereby resulting in higher strength. Heat treatment of Ni-free steel led 
to a bimodal microstructure, decrease in dislocation density, and for
mation of stacking faults and twin boundaries, which resulted in an 
increase in yield stress at the lower strain rate. Although the heat-treated 

Ni-free steel exhibits ≈92 % HAGBs, which are typically associated with 
enhanced strain rate sensitivity, competing mechanisms such as Chi- 
phase-assisted crack initiation, reduced dislocation density after recov
ery, and twin/stacking-fault-dominated slip appear to dominate, leading 
to an overall negative strain rate sensitivity. The observed negative 
strain rate sensitivity has been previously observed in dual phase steel 
[54]. Overall, this suggests that both strain-rate-dependent and 
microstructure-dependent mechanisms contribute to the hardening 
behavior of the Ni-free steel under different testing conditions [55].

4.3. Microstructure − failure mechanism correlation in PBF-LB parts

Failure or fracture is a process governed by the synergistic interac
tion between the material’s baseline microstructure and the deformation 

Fig. 11. Cross-sectional BSE images of the PBF-LB (a-c) 316L and (d-f) as-printed Ni-free stainless steel tested at a strain rate of 2.5 × 10–4 s− 1; the loading direction 
was vertical.

Fig. 12. Cross-sectional (a) BSE image and EBSD (b) IPF and (c) phase maps (the two major phases indexed, from the region highlighted in (a) of the heat-treated Ni- 
free stainless steel sample tested at a strain rate of 2.5 × 10–4 s− 1; the loading direction was vertical.
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induced by loading. Deformation behavior is not solely governed by the 
static microstructure but is also strongly influenced by the dynamic 
loading and stress conditions specific to each testing method [56,57]. 
Small punch tests and miniaturized tensile tests are different in their 
loading methods. This discrepancy is attributed to the more constrained 
deformation zone and the elevated triaxial stress state inherent to the 
small punch test, which promotes earlier damage initiation and reduces 
the ability of material to accommodate plastic flow.

The evident necking and extensive plastic deformation were attrib
uted to the nanovoid and microvoid formation in 316L material. As- 
printed ferritic Ni-free stainless steel specimen exhibited transgranular 
cleavage fracture with minimal deformation, while the heat-treated 
specimen displayed a mixed fracture mode combining cleavage and 
ductile features. This brittle fracture behavior in the as-printed condi
tion can be attributed to the inherent tendency of fully ferritic steels to 
exhibit mechanical brittleness close at room temperature [58]. In 
contrast, the change in fracture mode following heat treatment is pri
marily due to the formation of a duplex microstructure containing both 
ferrite and austenite phases. As shown in Fig. 10(g-i), a mixed mode of 
fracture was revealed in heat-treated Ni-free stainless steel, where 
ductile tearing ridges with dimples can be observed between the 
cleavage parts with transgranular brittle fracture. Similar mixed defor
mation behaviors have been reported in thermally aged cast duplex 
steels, where brittle cleavage occurred in ferrite and ductile shearing in 
austenite [59].

Although the heat-treated Ni-free stainless steel exhibited certain 
features of ductile fracture, the overall ductility remained limited, with 
preferential crack propagation in the coarse ferritic grains. In duplex 
stainless steel tested in ambient conditions as in the present study, 
Laukkanen et al. [60] reported the detrimental influence of coarse 
ferritic grains on cleavage initiation. The low ductility in the heat treated 
Ni-free material could also be due to the additional embrittling effect of 
Chi phase precipitates. The Chi phase facilitated crack initiation and 
propagation, particularly through the formation of nanometer-sized 
voids at the Chi/matrix interface, contributing to premature failure. In 
duplex stainless steel subjected to environmentally assisted cracking, 
Azevedo et al. [61] observed preferential crack propagation through the 

ferritic phase and along austenite/ferrite interfaces, a mechanism 
further intensified by the presence of undesirable intermetallic phase 
precipitates. This cracking behavior is in line with observations in the 
present study with testing in ambient conditions. Moreover, interfaces 
between coarse- and fine-grained regions are known to exhibit pro
nounced strain localization, which may have also contributed to the 
cracking observed in the heat-treated Ni-free material with a bimodal 
grain structure.

To enhance the industrial applicability of PBF-LB Ni-free stainless 
steels and mitigate the risk of premature failure, several key strategies 
should be considered. The nitrogen content in the powder can be further 
increased and its consequent role on mechanical behavior of the mate
rial should be assessed. For instance, nitrogen is known to strengthen 
both the austenitic and ferritic phases [39,58], however its effect on 
toughness of stainless steel is not well established [62]. Moreover, PBF- 
LB processing parameters should also be optimized to reduce the pre- 
existing cracks in the material. The chemical composition and heat 
treatment procedure for the Ni-free steel can be tuned to limit the 
detrimental Chi phase formation.

5. Conclusions

This work systematically investigated the microstructural evolution, 
mechanical behavior, and failure mechanisms of PBF-LB Ni-free and 
316L stainless steels, which are governed by a complex interplay of 
phase composition, dislocation structures, grain boundary characteris
tics, and strain rate sensitivity. The following quantitative conclusions 
can be drawn from this research: 

• The as-printed 316L exhibited a fully austenitic structure with 
cellular dislocation networks (≈400 nm–600  nm) and nano-oxides, 
achieved the highest tensile strength (≈600  MPa) and ductility 
(≈60 %) through dislocation and dispersion strengthening and 
experienced ductile fracture by microvoid coalescence. In contrast, 
the as-printed Ni-free stainless steel showed a fully ferritic micro
structure with high random dislocation density but lacked cellular 
substructures, exhibited the highest nanohardness (4.94 GPa) but 

Fig. 13. Cross-sectional BSE images of the PBF-LB heat-treated Ni-free stainless steel samples at a strain rate of 2.5 × 10–4 s− 1. (a-b) location 1 under the cleavage 
fracture surface and (d-e) location 2 under the ductile fracture surface; EBSD phase map corresponding to (b) is also provided in (c). The voids/crack appear white in 
BSE images and black in the EBSD map.
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low tensile strength (90  MPa) and cleavage fracture with negligible 
plasticity (≈2 % strain).

• Heat treatment at 950 ◦C for 30  min followed by water quenching 
induced partial recrystallization, grain coarsening, and transformed 
the Ni-free steel into a duplex microstructure (≈41 % austenite, ≈56 
% ferrite, ≈3 % Chi phase), improving its mechanical performance 
but introducing complex failure mechanisms influenced by Chi pre
cipitates and grain boundary characteristics. Heat treatment led to 
moderate ductility (6 %), reduced hardness, and a shift from brittle 
cleavage to mixed-mode fracture behavior. Cracks preferentially 
propagated along coarse BCC grain regions and Chi precipitate in
terfaces, where voids nucleated under triaxial stress. Grain boundary 
statistics revealed an increase in HAGBs and annealing twins after 
post-heat treatment in Ni-free stainless steel, promoting plasticity 
but also causing strain localization.

These results highlight that optimizing phase composition and grain 
structure through heat treatment—alongside control of nitrogen content 
and Chi phase formation—offers a pathway to tailor Ni-free stainless 
steels for enhanced mechanical performance. To enhance the industrial 
viability of PBF-LB processed Ni-free stainless steels, future work should 
focus on optimizing alloy composition—particularly nitrogen and Mo 
content—and refining process and heat treatment parameters to sup
press detrimental phase formation, promote balanced phase fractions, 
and improve fracture toughness.
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