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A B S T R A C T   

It has been documented that the hierarchical character of microstructure produced by laser powder bed fusion (L- 
PBF) is the key to superior mechanical properties. Especially important is a fine cell microstructure possessing 
heterogeneous distribution of dislocation density and alloying elements. Despite multiple studies that have 
investigated the effect of such L-PBF structure on the stress-strain response during monotonic loading, just a few 
investigations were devoted to cyclic behaviour. The present study delivers an insight into the cyclic behaviour of 
L-PBF processed metastable austenitic stainless steel 304L and its relation to the observed microstructure evo
lution and strain-induced martensitic transformation (SIMT). The combination of scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) observations, and feritscope measurements enabled to follow 
the onset of strain-induced martensite (SIM) nucleation and underlying dislocation microstructure evolution. The 
cyclic behaviour consisted of initial cyclic softening regardless of subjected strain amplitude. Afterwards, milder 
cyclic softening or saturation stage followed until a final failure was characteristic for the tests held at low strain 
amplitudes (εa ≤ 0.5%). The third fatigue life stage, cyclic hardening, was recorded during fatigue tests held at εa 
> 0.5%. The excellent cyclic strength of stainless steel 304L is a direct consequence of cell microstructure 
containing high dislocation density walls and elemental microsegregation, which effectively inhibit dislocation 
motion. Cyclic softening was linked with cyclic strain localization into slip bands of decreased dislocation density 
and heavily altered dislocation cell walls. These bands have been observed for the first time in L-PBF-processed 
metals. This microstructural feature seems to be a variant of persistent slip bands (PSBs), a typical dislocation 
arrangement observed in conventionally produced materials subjected to cyclic loading. PSBs present the areas 
of intensive cyclic plasticity where the SIMT preferentially occurs upon further cycling. The increasing 
ά-martensite volume fraction, accompanied by a formation of intermediate ε-martensite and deformation 
twinning, resulted in recorded cyclic hardening. The martensite nucleation sites are strongly determined by the 
underlying cell microstructure, in terms of cell walls dislocation density and chemical segregation, which is 
tightly related to utilized L-PBF process parameters. The present findings indicate a possible opportunity to 
control the magnitude of the SIMT susceptibility by fine-tuning of the L-PBF process parameters and conse
quently tailoring the cyclic behaviour.   

1. Introduction 

Additive manufacturing (AM) has been attracting the attention of 
industry and academia already for more than three decades. Since then, 
the technology has developed from a rapid prototyping tool to a 
convenient manufacturing solution for the industrial applications, 
where a final product benefits from the advantages such as 

unprecedented design freedom, single-step nature of the process, flexi
bility and lately an option of multi-material fabrication [1–4]. Currently, 
AM is considered to be a significant disruptive manufacturing technique 
with great perspective, especially in the upcoming digitalized industry 
era with a strong accent to the final product individualization [5–7]. 
Numerous AM techniques have emerged to meet diverse requirements 
originating from various feedstock materials, applications, build sizes 
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Contents lists available at ScienceDirect 

Additive Manufacturing 

journal homepage: www.elsevier.com/locate/addma 

https://doi.org/10.1016/j.addma.2023.103503 
Received 22 December 2022; Received in revised form 5 March 2023; Accepted 15 March 2023   

mailto:smid@ipm.cz
www.sciencedirect.com/science/journal/22148604
https://www.elsevier.com/locate/addma
https://doi.org/10.1016/j.addma.2023.103503
https://doi.org/10.1016/j.addma.2023.103503
https://doi.org/10.1016/j.addma.2023.103503
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2023.103503&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Additive Manufacturing 68 (2023) 103503

2

and many other important aspects [8–10]. The powder bed fusion 
techniques, such as L-PBF, have emerged as one of the front-runners for 
metal AM due to versatility and a combination of precision and possible 
geometry complexity. The process is based on the melting of powder in 
highly localized manner by a fine high energy source with subsequent 
abrupt cooling rates in range of 103 - 108 K.s− 1. A unique solidification 
structure, characteristic of the majority of additive manufactured (AM) 
alloys [11–13], is formed under such conditions. The obtained structure 
is in a highly non-equilibrium state leading to the formation of unique 
heterogeneous hierarchical microstructure, which offers the superior 
combination of high strength and ductility [11,14–16] impossible to 
achieve by casting, powder metallurgy or wrought processes [17]. The 
main reason for the attractive combination of mechanical properties was 
attributed to the complex multi-scale nature of structure, while espe
cially the fine cell structure of grain interior presents numerous obstacles 
for dislocation motion by high dislocation density walls. It has been 
proven by Kong et al. [18] that the cell microstructure originates from 
the melt pool solidification and underlying chemical microsegregation 
processes are of the same origin as the dendritic microstructures origi
nating from casting and welding. Consequently, the chemical segrega
tion closely follows the cell walls and it has been confirmed by Smith 
et al. [19] to further inhibit the dislocation motion by the coherent in
ternal stresses stemming from chemical misfits and the elastic modulus 
variations between alloying element enriched and depleted regions 
within nano-scale of the cell size. 

Stainless steels (SS) belong to one of the most frequently used ma
terial class for AM because of fairly low powder feedstock costs, corro
sion resistance, already broad AM processing parameters knowledge 
base and excellent combination of strength and ductility. Especially, the 
high ductility offers an important structural damage tolerance to 
possible processing-related defects in a build, such as lack of fusion 
pores, gas pores and keyholing, preventing unexpected failure. The 
deformation behaviour of SSs, and metals generally, can vary signifi
cantly and is determined by the stacking fault energy (SFE) of a given 
steel. The SFE value is predominantly related to the chemical compo
sition and actual temperature at the moment of deformation. Typically, 
the deformation is dominated by dislocation slip for the alloys with SFE 
> 45 mJ.m− 2 or with prevalent deformation twinning, i.e. twinning 
induced plasticity (TWIP) effect, while SFE ranges between 20 and 45 
mJ.m− 2. In the case of the alloys possessing SFE < 20 mJ.m− 2, the 
transformation-induced plasticity (TRIP) effect will occur to a signifi
cant extent. Therefore, the SFE has direct implications on active defor
mation mechanisms and consequently on the stress-strain response 
under monotonic loading [20–22] and on the character of cyclic 
behaviour upon fatigue loading, which was documented by multiple 
studies [23–28] performed on conventionally processed SSs and high 
manganese steels. The L-PBF counterparts, containing the intricate 
microstructure, experience frequently more difficult activation of 
various deformation mechanisms due to high structural heterogeneity in 
terms of dislocation density, internal stresses and chemical micro
segregation. Under tensile loading, the stress-strain response and un
derlying deformation microstructure have been studied extensively and 
are well understood [11,14,29–33]. However, cyclic behaviour presents 
a more difficult situation due to dynamic character of the loading and its 
well-known sensitivity of overall fatigue performance on structural de
fects, which are frequently introduced into as-built structure during the 
L-PBF process. Moreover, the back-and-fro dislocation movement in 
complex dislocation cell substructure presents a difficult task for 
microstructural characterization while depending just on as-built and 
post-mortem observations. Despite several recently published studies 
[34–39], the evolution of dislocation microstructure or typical disloca
tion alignment features resulting from fatigue loading were not char
acterized up to now. It is vital to acquire detailed insight into 
microstructural evolution for a better understanding of the essential 
relation between the L-PBF processing parameters, as-built microstruc
ture and cyclic behaviour. Such investigations can stimulate possible 

microstructural tailoring to improve the resistance to fatigue loading 
and, thus, the overall reliability of AM structures. 

By performing cycle fatigue tests at various strain amplitudes, the 
present study aims to investigate the cyclic behaviour of metastable 
austenitic 304L SS and to follow the dislocation microstructural evolu
tion accompanied by the formation of PSBs and subsequent SIMT. The 
microstructural evolution insight was provided by the series of inter
rupted fatigue tests held at the same strain amplitude. The compre
hensive SEM and TEM observations complemented by feritscope 
measurements were able to characterize cyclic plasticity featured by 
pronounced cyclic strain localization and the effect of characteristic L- 
PBF solidification microstructure, namely cell structure and chemical 
microsegregation. 

2. Experimental 

2.1. Sample fabrication process 

Nitrogen gas-atomized powder of 304L SS (Sandvik Osprey Ltd., 
United Kingdom) was used as a feedstock material for the L-PBF. The 
powder particles were fully dense with a bimodal distribution of round 
and irregular morphologies with small satellite particles attached as 
shown in Fig. 1a. The particle analysis was carried out by a laser 
diffraction particle size analyzer Malvern 2000 and characteristic values 
of the obtained size distribution are presented in Fig. 1a. Table 1 pre
sents the chemical composition of powder. Powder flow properties were 
characterized by the Hall flow test and by the tapped density analysis 
resulting in values of 16.3 s / 50 g and 59.5%, respectively. 

The L-PBF process was carried out by an SLM 280HL facility (SLM 
Solution Group AG, Germany) equipped with a Yb-fiber laser with 
maximum nominal power of 400 W and laser spot diameter of approx
imately 80 µm with a Gaussian intensity profile. During the fabrication, 
the chamber was constantly purged with nitrogen gas to minimize ox
ygen content and a square-shaped build plate of size 100 × 100 mm2 

was kept heated at 100 ◦C. The L-PBF process was performed using a 
stripe pattern with 67◦ layer-to-layer rotation. The laser was operated at 
power of 235 W, scanning speed of 790 mm.s− 1, hatch distance of 
120 µm and layer thickness of 50 µm. The calculated volumetric energy 
density was 50 J.mm− 3, which is significantly lower than values pro
posed by other studies investigating 304L or 316 L SS [30,40–42]. The 
laser delay time between each layer was 30 s. The blocks with di
mensions of 13×13×82 mm3 were printed horizontally and subse
quently machined into the final tensile and fatigue cylindrical specimens 
with the building direction (BD) perpendicular to the loading direction 
(LD). The chemical composition of the as-built specimen, shown in 
Table 1, was measured by arc/spark optical emission spectrometry 
(OES). Based on these results the SFE value was calculated to be 27 mJ. 
m− 2 using the empirical equation proposed by Schramm and Reed [43]. 

2.2. Material characterization 

The as-built microstructure characterization and porosity measure
ment were performed using the cross-sections of specimen heads. The 
samples were extracted along two planes to obtain a comprehensive 
microstructural description - perpendicularly to the stress axis and along 
the BD – LD plane. The samples were mechanically ground by SiC papers 
with increasing grit size. Prior to the porosity measurement, the samples 
were mechanically polished by a sequence of diamond pastes containing 
fine particles of 3, 1 and ¼ µm in size. The porosity measurements were 
performed by an Olympus DSX1000 digital microscope on a 
3.5 × 3.5 mm2 area with subsequent image processing by the ImageJ 
software [44]. Subsequently, the high surface quality for electron 
back-scattered diffraction (EBSD) was achieved by electrolytic polishing 
done by a Struers LectroPol-5 using a solution of 600 ml methanol, 
360 ml ethylene glycol monobuthyl ether and 60 ml perchloric acid 
under voltage 35 V for 40 s at temperature 15 ◦C. Characteristic 
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solidification structure after L-PBF was revealed by electrolytic etching 
using a 10% dilution of oxalic acid in deionized water under conditions 
of 5 V for 45 s. The temperature of the etchant was kept at 12 ◦C. 
Post-mortem microstructural characterization was carried out on the 
samples sectioned from specimen gauge areas along the BD - LD plane. 

Electron microscopy observations were carried out by a TESCAN 
LYRA 3 XMU field emission gun scanning electron microscope (SEM), 
equipped with an Oxford Instruments Symmetry electron backscatter 
diffraction (EBSD) detector. The acquired raw EBSD data were processed 
by the open-source software MTEX [45]. TEM observations were per
formed on the samples of 3 mm diameter extracted from the sections of 
specimen gauge area extracted by an electron discharge cutting machine 
along the BD-LD plane. After mechanical grinding till reaching the 
sample thickness of approximately 80 µm, the final step of double jet 
electrolytic thinning was carried out in a solution of 95% acetic acid and 
5% perchloric acid using a Struers TenuPol-5 device. Dislocation 
structure observation was performed by a JEOL JEM-2100 F scanning 
transmission electron microscope (S/TEM) operating at 200 kV. 
Nano-scale chemical heterogeneity of as-built microstructure was 
characterized by an image-corrected and monochromated FEI 
Titan-Themis S/TEM equipped with a Super-X EDS detector operated at 
300 kV. Low magnification observation of dislocation substructures was 
carried out by transmission mode of scanning electron microscopy 
(SEM-TE). These observations were performed on a thin sample, dedi
cated for TEM, by a detector situated underneath the examined TEM 
sample. The electron beam was held at 30 kV with beam current of 
0.25 nA at working distance of 5.5 mm. 

2.3. Feritscope measurement 

Magnetic permeability measurements were performed using a Fer
itscope FMP30 to quantify the α′-martensite volume fraction in a 
representative volume. The measurements were carried out on electro
chemically polished longitudinal (BD-LD) gauge area sections of 
fatigued specimens in 10 random spots, at least 3 mm away from a fa
tigue crack. Any traces of ferromagnetic phases (i.e. δ-ferrite or 
α′-martensite) weren’t detected in as-built condition, thus, the measured 

values after cyclic loading can be fully attributed to SIM. Moreover, the 
feritscope measurements were compared with the phase fraction 
determined by EBSD. Since the measurements were in good agreement, 
the frequently used correction factor of 1.7 for feritscope readings [46, 
47] was not considered in this study. Therefore, the term of volume 
fraction of α′-martensite will be used for the feritscope measurement 
results. 

2.4. Mechanical tests 

Tensile test specimens with a gauge length of 35 mm and diameter of 
6 mm were strained by a screw-driven testing machine ZWICK Z50 at 
the constant strain rate of 1 mm.min− 1. Stress–strain curves in both 
representations and work-hardening rate are shown in Fig. 1b. The as- 
built material exhibited an excellent combination of ductility (total 
elongation of 49%) and strength (yield and ultimate strength were 592 
and 780 MPa, respectively) within a similar range to the previous 
studies [14,15,42,48,49]. Feritscope measurement revealed 4.6% of 
α′-martensite fraction outside of the necked area. 

The fatigue specimens, with gauge area dimensions of 6 mm in 
diameter and 11 mm in length, were subjected to cyclic loading by an 
MTS 880 servo-hydraulic machine controlled by an electronic system. 
The fatigue specimen gauge area was ground by SiC papers and elec
trolytically polished by 1.5:5:100 vol ratio solution of nitric, perchloric 
acid and ethanol at voltage of 46 V and temperature of 0◦ ± 5 ◦C for 
2 min. The applied force was measured by a load cell and an exten
someter, attached to the specimen gauge area, was utilized to perform 
the tests in constant total strain regime. All tests were held in fully 
reversed mode (Rε = − 1) at constant strain rate of 2.10− 3 s− 1. The 
number of cycles to failure was defined as the drop of the mean stress-to- 
stress amplitude ratio below the value − 0.1. Two series of cyclic tests 
were performed – tests held at the selected range of total strain ampli
tude εa (from 0.3% to 1%) and the series of tests held at εa = 0.7% 
interrupted at selected points of fatigue life (N = 5, 25, 50, 200, 400 and 
600 cycles). 

Fig. 1. SEM micrograph of 304L powder (a) and (b) engineering and true stress-strain curves in as-built condition.  

Table 1 
Chemical composition of 304L steel powder and as-built specimens (in wt%).   

C Cr Ni Mn N S P Si Fe 

Powder  0.02  18.7  8.3  1.5  0.14  0.006  0.023  0.73 Bal. 
As-built  0.03  19.41  8.18  1.4  0.15  0.004  0.027  1 Bal.  
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3. Results and discussion 

3.1. Material 

Fig. 2a depicts an etched as-built solidification structure. Optimized 
L-PBF parameters resulted in nearly fully dense samples with porosity of 
0.05%. Lack of fusion pores were sporadically detected along the melt 
pool boundaries. The microstructure consisted of characteristic 
columnar grains with the preferential inclination along the BD following 
the dominant macroscopic thermal gradient during liquid solidification 
[50,51]. The characteristic microstructural feature was epitaxial grain 
growth across melt pool interfaces. Fig. 2b shows the EBSD band 
contrast map with highlighted high-angle grain boundaries (HAGBs) 
and numerous annealing twins interfaces which implies the partial 
relaxation of residual stresses during the melt pool solidification. An 
EBSD IPF map in the projection along the BD, Fig. 2c, shows the crys
tallographic nature of microstructure without any preferential texture. 
The epitaxial grain growth across the melt pool interfaces is evident 
while the dominant grain growth direction along the BD was typical for 
areas in melt pool centre line. Away from the melt pool centre, the 
columnar grains are locally inclined perpendicular to the melt pool 
interface curvature, following the local thermal gradients during solid
ification. In such cases, epitaxial growth across the melt pool interfaces 
of a certain grain fraction was provided by side-branching, as shown in 
Fig. 2d. The pole figures of the principal crystallographic planes (Fig. 2e) 
confirm the random nature of the as-built microstructure. The abrupt 
nature of the solidification process is reflected by the GND map, shown 
in Fig. S1a in Supplementary materials, where individual melt pools are 
recognizable due to higher values of GND along boundaries. The 
misorientation angle distribution of boundaries and interfaces within 

the area analyzed by EBSD, Fig. S1b, documents the frequent occurrence 
of annealing twins and numerous fine misorientations stemming from 
low-angle grain boundaries (LAGBs) defined in range of 2 – 15◦. Within 
individual grains, the LAGBs define subgrain domains containing 
dislocation cells with similar crystallographic orientation. 

A deeper insight into microstructure is presented by bright field 
STEM images, shown in Fig. 3. The grains consisted of the subgrain 
domains, with the average size in orders of a few micrometres, defined 
by LAGBs. The low misorientation angle between subgrain domains is 
proven by a slight decrease of contrast in several areas in Fig. 3b, 
stemming from a small deviation from the ideal diffraction condition. 
Furthermore, the subgrain domains contained the dislocation cell 
network with high dislocation density walls and low dislocation density 
cell interiors. Fig. 3b depicts the microstructure in perpendicular pro
jection to the image plane of Fig. 3a and also several annealing twins. It 
is apparent that the cell microstructure was strongly columnar along 
< 001 > crystallographic directions. The average cell diameter was 
530 nm while the length was ranging from several to tens of micro
metres. Due to high cooling rates during the L-PBF process, the cell 
substructure presents an ultrafine dendritic structure limited just to a 
single dendritic axis. Therefore, it is possible to use the following 
function between primary dendritic arm spacing λ1 (in our study average 
cell size) and acting cooling rates ε, proposed by Katayama and Mat
sunawa [52]: 

λ1 = 80(ε)− 0.33 (1) 

The calculated value ε = 3.2 × 106 K.s− 1 agrees with the typical 
values for L-PBF processed materials [34,35,53]. Consequently, the 
microstructure is highly heterogeneous in terms of dislocation density 
distribution and chemical microsegregation. The latter is documented 

Fig. 2. As-built solidification structure of L-PBF 304L steel: a) light micrograph of etched structure with melt pool boundaries; b) band contrast map with high-angle 
grain boundaries (HAGB) highlighted by black and twin interfaces (red); c) IPF map in projection along the BD; d) SEM micrograph of melt pool boundaries with 
revealed HAGBs, cell substructure and evidence of side-branching (red arrows) and slender columnar grain growth in melt pool centreline (black arrow); e) pole 
figures of the principal crystallographic planes indicating fairly random crystallography. 
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by STEM EDS mapping, shown in Fig. 4, indicating the segregation of 
alloying elements, for instance, Cr, Ni and Mn. The chemical in
homogeneities follow the cell walls which is apparent from STEM BF 
image. Furthermore, alloying and impurity elements such as O, Si and 
Mn are concentrated in fine oxide precipitates, most likely MnSiO3, 
along the cell walls and LAGBs, visible also in Fig. 3b as fine particles. 
Similar microstructural features were documented in the previous TEM 
studies [54,55]. The chemical mapping also occasionally identified 
Al-rich particles, probably originating from powder contamination. The 
effect of oxide nanoparticles is still the topic of ongoing investigations, 
however, it has been reported that the strengthening effect via possible 

dislocation pinning mechanism is minor especially in comparison with 
the strengthening presented by dislocation cell structure [38,56]. The 
present precipitates are too large and with insufficiently low spacing to 
introduced a notable strengthening effect. On the other hand, it has been 
suggested that the oxide precipitates can present enhanced thermal 
stability of microstructure by serving as Zener-pinning points preventing 
the grain growth [57]. 

The heterogeneous and hierarchically structured material with 
described characteristics (HAGBs, twin interfaces, dislocation cell 
structure, fine oxides, chemical microsegregation) offers an excellent 
combination of high yield and ultimate strength with very good 

Fig. 3. Bright-field STEM images of as-built microstructure with pronounced subgrain boundaries (white arrows), annealing twins (red arrows) and cell dislocation 
substructure in projection where: a) cell growth is approximately perpendicular to the image plane; b) the cell growth occurs within the image plane along the shown 
<001> direction. 

Fig. 4. STEM EDS mapping of selected elements. The Cr microsegregation coincides with dislocation cell walls as well as Mn- and Si-rich oxides distribution.  
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ductility, typical especially for face cubic centred (FCC) alloys fabricated 
by AM [14,16,41,42,58–60]. 

3.2. Cyclic stress-strain response 

Cyclic behaviour was studied in a wide range of strain amplitudes εa 
and is summarized in Fig. 5. Cyclic softening/hardening curves, Fig. 5a, 
indicate pronounced initial cyclic softening which was characteristic for 
all tests while the length of this stage was dependent on εa. With the 
increasing number of cycles, the cyclic softening gradually diminished 
until saturation of cyclic response was reached. It needs to be noted that 
at εa = 0.3%, the cyclic softening was mild and the saturation stage was 
not even reached, whereas strong and significantly shorter cyclic soft
ening was recorded at εa = 1% followed by the saturation stage. More
over, the cyclic tests at εa ≥ 0.5% led to an occurrence of the third 
fatigue life stage, cyclic hardening. The magnitude of cyclic hardening 
was rising with increasing εa, namely with its plastic part εap. The degree 
of cyclic softening and hardening presented by stress amplitude change 
Δσa is plotted in Fig. 5b as a function of εa. The plot shows that the most 
pronounced cyclic softening was observed at εa = 0.5% and with further 
strain amplitude increase, this stage gradually got weaker. On the other 
hand, from εa ≥ 0.5% the cyclic hardening increases. Interestingly, the 
cyclic hardening seems to reach its maximum at εa = 0.8%. This is 
supported by the feritscope measurement (Fig. 5a) where a progressive 
increase of martensite content until εa = 0.8% was observed. The 
martensite volume fraction of about 10.5% appears to be the maximum 
achievable fraction induced by cyclic loading for this particular chem
ical composition and solidification structure originating from the 
selected processing parameters. 

Fig. 5c presents cyclic behaviour of the specimen strained at εa 
= 0.7% till fracture (N = 2044) complemented with feritscope mea
surements carried out on the series of interrupted tests at a selected 
number of cycles (N = 5, 25, 50, 200, 400, 600). The feritscope mea
surement results show the kinetics of the SIMT in the course of fatigue 
life and with respect to the cyclic behaviour. The onset of SIMT occurred 
already after 50 cycles during the softening stage and accelerated with 
further cyclic straining. It seems that martensite volume fraction of 0.5% 
has already a noticeable effect on the cyclic behaviour, which is re
flected by the onset of cyclic softening decline. Subsequently, the cyclic 
saturation is reached around N = 500 cycles where the estimated vol
ume fraction of martensite is approximately 1%. The martensite nucle
ation rate progressively increased in the second half of fatigue life which 
can be directly linked with macroscopically observed cyclic hardening. 

3.3. Microstructural characterization 

3.3.1. Early fatigue life stage 
Fig. 6 depicts the SEM-TE dislocation structures observation of the 

specimens used for the interrupted fatigue tests, which were already 
utilized for the feritscope measurement. The onset of cyclic straining is 
represented by the microstructure after 5 cycles. The dislocation cell 
structure was intact, however, distinct signs of ongoing cyclic strain 
localization along the primary slip system were identified in the ma
jority of grains already after such short cyclic loading history. The 
stacking faults (SFs) were concentrated in high density within slip bands 
fully intersecting grains. The SFs, accompanied by partial dislocations, 
are depicted in a form of narrow lines due to the edge-on imaging 
condition given by specific grain crystallographic orientation with 
respect to the incident electron beam. Accompanying partial disloca
tions were predominantly concentrated around dislocation cell walls 
indicating the pronounced inhibiting effect. Additional 20 cycles 
(N = 25) led to further intensification of the cyclic strain localization. 
The number of slip bands do not change significantly but they were more 
distinguishable due to the continuing local modification of cell dislo
cation walls stemming from the interactions with mobile dislocations. 
This finding implies that a significant fraction of cyclic plasticity is 
localized within these evolving slip bands which is further supported by 
nearly intact dislocation cell walls in surrounding matrix. The corre
sponding micrograph and its inset show a grain with multiple slip bands 
along the highly inclined (111)-type slip system with respect to the foil 
plane. Due to this imaging condition, the areas of tangled partial dis
locations within dislocation walls are visible as discontinuous bands. 
Moreover, this set of micrographs documents that the LAGBs do not 
present effective barriers for dislocation motion since the slip bands are 
transmitted into the neighbouring subgrain domain without any notable 
signs of dislocation accumulation. After N = 50 cycles, the first 
α′-martensite nuclei, accompanied presumably with SFs and interme
diate ε-martensite, were observed within the well-developed slip bands, 
which were identified in the majority of grains at high frequency. It is 
important to note that the martensite nucleation was more frequent in 
grain interior than in grain boundary – slip band intersections. Further 
cyclic straining resulted in a more pronounced diversification of 
microstructure when cyclic saturation was reached and cyclic hardening 
start to emerge, as it is shown in micrographs from the test interruption 
at N = 400 cycles. At this stage, the slip bands can be characterized by 
strikingly lower dislocation density and severely modified or nearly 
diminished dislocation cell wall structure. The band appearance and 
also apparent function as a dislocation motion facilitator strongly 
resemble a dislocation alignment known from cyclically strained 

Fig. 5. Characterization of cyclic behaviour: a) stress amplitude σa vs. number of cycles with α′-martensite phase fraction acquired by feritscope measurement, b) 
magnitude of the cyclic softening and hardening stages as function of total strain amplitude, c) α′-martensite volume fraction evolution during fatigue life of the test 
held at εa = 0.7%. 
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conventional materials – PSBs. It seems that the unique L-PBF micro
structure introduces a specific form of PSBs, shown in Fig. 6. Generally, 
the grain interior consisted of two distinctively different areas: i) the 
PSBs, where dislocation density dropped rapidly and numerous 
martensite islands were nucleated, and ii) outside of the PSBs which 
remained nearly intact in terms of cell structure and dislocation density. 

The fatigue tests have shown that L-PBF 304L SS experienced the 
cyclic softening at the early stage of fatigue life, which is in a direct 
contrast to a brief cyclic hardening typical for conventional hot-rolled 
counterparts [61–65]. The principal reason can be attributed to the 
distinct difference in microstructure character originating from the 
unique nature of L-PBF - heterogeneous microstructure with 
complex-shaped grains containing high dislocation density distributed 
in a dislocation cell walls network [11], whereas the hot-rolled micro
structure consisting of polyhedral grains with low dislocation density. 
The significant difference in initial microstructure will be inevitably 
reflected by the different cyclic stress response. In the case of a 
hot-rolled microstructure, a rapid dislocation density increase in grain 
boundary areas, stemming from overcoming intergranular plastic strain 
incompatibilities due to grain-to-grain misorientations, has been docu
mented to be responsible for the initial cyclic hardening stage [63]. The 
following saturation and cyclic softening fatigue stages can be typically 
attributed to further dislocation matrix evolution featured by nucleation 
of PSBs, a low-energy dislocation configuration which enables to 
accommodate significantly higher amount of cyclic plastic deformation 
than the surrounding matrix [66–68]. The L-PBF microstructure pre
sents significantly more difficult conditions for dislocation motion. 
Generally, the dislocation motion is strongly inhibited while crossing 
individual dislocation cell walls, which are considered to be effective 
soft barriers [11,17,18,34,56]. In order to overcome them, an increase in 
shear stress acting on a mobile dislocation is required. Therefore, AM 
materials exhibit significantly higher strength and simultaneously retain 
high ductility, since the dislocation motion is effectively impeded but 

not prevented. The main factors of superior strength have been studied 
thoroughly by Cui et al. [38,56] and Wang et al. [17]. The key impact 
was attributed to the Hall-Petch strengthening, dislocation strength
ening and solid solution strengthening, the latter stemming from 
coherent internal stresses caused by solute alloying elements, such as 
Mn. These unique microstructural conditions have a notable implication 
on cyclic behaviour - the initial cyclic hardening stage is omitted, due to 
already high initial dislocation density, and the cyclic softening is 
typically observed as the first fatigue life stage [36,69,70]. The cyclic 
dislocation motion is not fully reversible in the majority of cases and 
therefore gradual dislocation arrangement evolution can be observed. 
The results of performed interrupted tests, shown in Figs. 5c and 6, 
present an evidence of the link between cyclic softening and the PSBs 
formation. As it has been documented by Lavenstein et al. [68] by in situ 
observations, the PSBs nucleate already after a few cycles, which agrees 
well with the slip bands found after 5 cycles, shown in Fig. 6. It is 
believed that several factors acting simultaneously determine the PSB 
nucleation sites, such as: i) local high stress concentrations induced by 
HAGB or oxide precipitates; ii) locally coarser cell size or cell wall with 
lower dislocation density and iv) feasible crystallographic orientation 
for dislocation slip. Such local fluctuation in a complex L-PBF micro
structure can initiate the dislocation motion. Consequently, the 
continual to-and-fro dislocation motion caused by symmetric cyclic 
loading results in a high frequency of dislocation interactions with 
dislocation cell structure. For instance, dislocation annihilation and cell 
wall dislocation unpinning result in the gradual degradation of dislo
cation cell walls in terms of dislocation density at the sites of intersection 
with active slip planes. Moreover, Liu et al. [11] proposed that dislo
cation cell walls can act as additional dislocation source which can 
further increase dislocation activity and contribute to the cell walls 
degradation. Subsequently, these modified areas of microstructure are 
able to accommodate cyclic plasticity more easily than surrounding 
matrix, which is reflected by the nucleation of PSBs. The performed 

Fig. 6. SEM-TE observations representing dislocation microstructure evolution at initial stages of fatigue life under cyclic loading at εa = 0.7%. The onset of PSBs 
formation as observed after 5 cycles, highlighted by yellow dotted lines. With further cycling the signs of cyclic strain localization gets more evident with increased 
frequency PSBs and development of their interior. PSBs are spanning across the whole grain neglecting LAGBs, shown by yellow arrows. The first α′-martensite 
nucleated within PSBs already after 50 cycles. Further cyclic loading led to significant decrease of dislocation density within the PSBs, as detected in the micro
structure after 400 cycles. 
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electron microscopy observations suggest that PSBs nuclei occur 
simultaneously at several sites and progressively propagate across the 
whole grain as it has been experimentally evidenced by Lavenstein et al. 
[68]. At this point, the L-PBF microstructure can be regarded as a 
composite of a “hard” matrix with nearly unaffected dislocation cell wall 
structure and a certain volume fraction of mechanically “softer” areas 
where dislocation density decreased due to the intensive cyclic strain 
localization. It has been experimentally evidenced that PSBs can 
accommodate a substantially larger portion of plastic strain than the 
surrounding matrix [66,71], which can be regarded as the required 
prerequisite for the SIMT. The SIM was detected within emerging PSBs 
approximately from N = 50 cycles, as shown in Fig. 6. These observa
tions were supported by the feritscope measurements, Fig. 5c, indicating 
0.16% of α′-martensite. Such value reflects the very beginning of 
α′-martensite nucleation in preferential areas. The SIM presents another 
strengthening factor as an additional obstacle for mobile dislocations 
due to the FCC-BCC interfaces with difficult dislocation transmission 
and local internal stresses stemming from the phase transformation 
volume change of approximately 2.7% [72]. With further cyclic loading, 
the number of martensite nuclei keeps increasing which is reflected by 
the phase fraction increase between cycles 50 and 400, depicted in 
Fig. 5c. This microstructural evolution is accompanied by a notable ef
fect on the cyclic softening weakening until reaching cyclic saturation. 
The following stage, cyclic hardening, can be linked with the rapid in
crease of α′-martensite phase fraction recorded from cycle 400 till 
fracture stemming from martensite islands growth, which will be further 
characterized in the following section. 

In summary, the observation of microstructure at various moments 
of the early fatigue life stages has shown that an L-PBF microstructure 
presents effective barriers for dislocation motion with a beneficial effect 
on fatigue resistance. The cyclic loading induces the progressive 
degradation of dislocation cell structure in the intersection areas with 
emerging PSBs, a pronounced dislocation motion facilitator, reflected 
macroscopically by the initial cyclic softening behaviour. The further 
cyclic plastic straining is accommodated in PSBs, where consequently 
the SIMT is triggered. The strengthening effect of α′-martensite is 
responsible for the recorded change in cyclic behaviour towards the 
cyclic hardening. 

3.3.2. Post-mortem microstructure 
Fig. 7 depicts micrographs of the microstructure cyclically strained at 

εa = 0.3% till fracture. The majority of observed grains contained 
numerous PSBs along the primary slip system, as shown in Fig. 7a. The 
PSBs interior was featured by distinctively lower dislocation density 
compared to micrographs from interrupted cyclic test at N = 400. 

Generally, the PSBs interior presents the areas favourable for dislocation 
motion and, thus, promotes the localization of cyclic plasticity, which 
consequently results in the SIMT evidenced by numerous α′-martensite 
nuclei, shown in Fig. 7. The SIM was observed in a form of irregular 
islands with rugged-shaped boundaries. Sporadically, the favourably 
oriented grains with PSBs along multiple slip systems were found, as 
presented in Fig. 7b. In such cases, the PSB intersections were found to 
be feasible α′-martensite nucleation sites with intensive cyclic plasticity, 
resembling the shear bands intersection-mediated nucleation described 
by Olson and Cohen [73] as significant α′-martensite nucleation sites. 
The martensite morphology and position within and along PSBs indicate 
the strain-induced nature of martensitic transformation. Fig. 7c shows a 
grain with complex-shaped α′-martensite nuclei and also severely 
altered dislocation cell structure within PSBs. Moreover, observed nar
row planar lattice defects in vicinity of the martensite phase were 
identified as fine bands of ε-martensite by selected area electron 
diffraction (SAED). It is assumed that ε-martensite acts as intermediate 
phase in the active martensitic transformation sequence which is typical 
for 304L and similar SSs [73,74]. Liu et al. [11] has proposed, based on 
the conducted in situ TEM observations, that dislocation cell walls can 
be regarded as traps for passing partial dislocations leaving mobile just 
one from the pair. This can potentially lead to the formation of 
ε-martensite (an occurrence of unpaired partials on every second plane) 
or deformation nanotwins (while unpaired partials occur on planes 
consecutively). Also deformation twinning was confirmed by performed 
TEM observations, as shown in the following micrographs. 

With increasing εa of cyclic loading, a stronger cyclic strain locali
zation is necessary to accommodate an additional cyclic plastic strain. 
The gradual evolution of deformation microstructure after cyclic 
loading at εa = 0.5% and 0.7% is shown in Fig. 8. The frequency of PSBs 
within grains is generally higher than at εa = 0.3% and the SIMT is more 
intensive, as shown in Fig. 8b,d and e. Martensite islands are signifi
cantly larger and their growth is not constrained just to PSBs. Moreover, 
the grains with PSBs or SFs along multiple slip systems (see Fig. 8c) were 
observed more frequently and the features of additional deformation 
mechanism, such as deformation twinning, begin to occur especially at 
εa = 0.7% (see Fig. 8d). The inset of Fig. 8e shows an increased dislo
cation density observed in α′-martensite, which indicates a certain de
gree of cyclic plastic sharing with the austenitic matrix. Since 
α′-martensite possesses higher critical shear stress, the strengthening 
effect of such cyclic plasticity contribution is expected. A similar effect 
can be attributed to annealing twins inherited from cyclic thermal his
tory typically experienced during the L-PBF process. Fig. 8 f depicts 
multiple annealing twin interfaces occupied by a high density of dislo
cations and stacking faults. The ability to hinder dislocation motion and 

Fig. 7. STEM-BF micrographs of post-mortem microstructure after cyclic straining at εa = 0.3%: a) Apparent cyclic strain localization into PSBs along primary slip 
system (red dashed line) decorated by numerous strain-induced α′-martensite nuclei (white arrows); b) A grain with PSBs aligned along two active slip systems. 
α′-martensite nucleation occurred at the PSBs intersections (blue arrows); c) The evidence of ε-martensite appearance inside of PSBs confirmed by SAED (yel
low circle). 
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difficult slip transmission, into twin interior has been mentioned pre
viously by Jang et al. [75] and is further supported in Fig. 8 f inset detail. 

Fig. 9 presents typical microstructure, which underwent intensive 
cyclic plastic deformation upon loading held at εa = 1% accompanied by 
the significant cyclic hardening stage. The feritscope measurements, 

presented in the Section 3.2, have shown that the α′-martensite volume 
fraction was nearly similar to that identified after the cyclic test at εa 
= 0.8%, which presumably indicates that other deformation mecha
nisms were required to contribute in extended scale to accommodation 
additional plastic deformation. Fig. 9a shows a low-magnification STEM 

Fig. 8. STEM-BF micrographs of post-mortem microstructure after cyclic straining at εa = 0.5% and 0.7%: a) A grain with multiple PSBs containing large martensite 
islands (shown by white arrows); b) Distinct modification of dislocation structure by dislocation motion apparently concentrated into the bands (red dashed lines) 
with numerous α′-martensite; c) Grain region with three active slip systems (red dashed lines) and with frequent SFs (light blue arrows) inhibited by underlying cell 
substructure; d) The evidence of increasing PSB density with increasing εa of cyclic loading with notable appearance of deformation twinning and ε- and α′-martensite 
inside a single grain; e) Intensive SIMT in PSBs and neighbouring matrix. Detail depict high dislocation density within α′-martensite; f) Dislocation and SFs hindering 
along the annealing twin interfaces. 

Fig. 9. Post mortem STEM BF images of the microstructure after cyclic straining at εa = 1%: a) complex structure containing PSBs, narrow bands of ε-martensite with 
embedded α′-martensite nuclei and large α′-martensite islands; b) heavily modified cell dislocation microstructure with numerous PSBs (highlighted by red dashed 
lines); c) evidence of intensively deformed grain by concurrent deformation mechanisms resulting in α′-martensite clusters, fine bands of ε-martensite (yellow circle) 
and deformation twins (light blue circle) identified by SAED. 
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micrograph of a grain with combined activity of multiple deformation 
mechanisms, such as SIMT and deformation twinning. Moreover, several 
islands of α′-martensite accompanied by ε-martensite bands indicate 
active γ → ε → α′ transformation sequence. In general, the performed 
observations revealed diverse deformation microstructures within in
dividual grains while some of them contained nearly intact dislocation 
cell structure. Such heterogeneity can be attributed to different effective 
strain amplitudes acting on individual grains stemming from various 
crystallographic orientations with respect to the LD, diverse local stress 
states and locally different intergranular interactions. The presence of 
significant effective plastic strain amplitude scatter was previously 
experimentally confirmed by Jiang [76] and Nellessen et al. [77]. Our 
observations indicated two grain fractions – i) the grains subjected to 
lower effective plastic strain amplitude resulting in less intensive cyclic 
plasticity and ii) the grains which experienced intensive cyclic plastic 
deformation upon high effective strain amplitudes. Fig. 9b presents the 
characteristic deformation microstructure of the first-mentioned grain 
fraction. Distinct similarities with microstructures typical for the cyclic 
tests held at εa = 0.3% (Fig. 7) and 0.5% (Fig. 8) were observed. The 
PSBs were the most frequent deformation microstructure feature, how
ever, their frequency within individual grains was distinctively higher 
than after the tests held at lower εa, which complies well with generally 
accepted assumption that a PSB possesses a limited capacity of plastic 
deformation accommodation [78]. Observed martensite islands were 
still restricted within PSBs. In the case of intensively deformed grain 
fraction, large clusters of strain-induced α′-martensite aligned along 
active slip system, as shown in Fig. 9c, were found to be the character
istic evidence of intensive cyclic straining. Additionally, numerous 
planar features along the secondary slip system were observed in the 
regions between the α′-martensite clusters and were identified by SAED 
as ε-martensite and deformation twins. The deformation twinning was 
previously documented by Cui et al. [35,36] just in severely deformed 
areas in the vicinity of fatigue cracks, however, our TEM observations 
were performed more than 3 mm away from the fracture surface. It has 
been reported by Byun [79] and Woo et al. [32] that critical twinning 
stress is around 840 MPa for 316L SS, a similar steel grade to 304L. This 
value is above the nominal stress amplitudes of our LCF tests (approxi
mately 500 – 600 MPa) but presumably possible to be reached with the 
contribution of local stress concentrations by intergranular interactions. 
Based on the observed microstructural evolution in the early stages of 
fatigue life (Section 3.3.1), it can be concluded that the deformation 
processes started with the PSBs formation followed by α′-martensite 
nucleation in their interior. The further growth of martensite islands led 
to the occurrence of large α′ clusters. Such complex microstructure 
resulted in difficult dislocation motion on the secondary slip system 
inducing subsequently stress concentrations due to dislocation pile-ups. 
This situation could locally trigger deformation twinning and γ → ε 
transformation, which was confirmed by SAED in Fig. 9c. The nucleation 
of the ε-martensite and deformation twins contributes to progressive 
fragmentation of microstructure, reducing further the dislocation mean 
free path. The proposed sequence of deformation mechanisms enhances 
a dynamic Hall-Petch effect reflected by the recorded cyclic hardening in 
later fatigue life stages. Contrary to that, cyclic loading at low εa presents 
significantly lower cyclic plastic deformation which is predominantly 
accommodated by PSBs. Since PSBs facilitate dislocation motion by 
ongoing gradual degradation of dislocation cell walls, the macroscopical 
response is cyclic softening. At later stages of fatigue life, the SIM nu
cleates in small extent within PSBs but the strengthening effect is not 
enough to cause cyclic hardening and results just in the weakening of 
cyclic softening or the appearance of cyclic saturation. 

3.3.3. Martensite nucleation site characterization 
The previous sections underlined the importance of the SIMT on 

cyclic behaviour as the principal contributor of the cyclic hardening 
stage. The conventional 304L SS is well-known for susceptibility to the 
TRIP effect under monotonic [80,81] and cyclic loading [26,61,65,82]. 

However, it has been reported by multiple studies that AM counterparts 
retained this ability predominantly upon monotonic loading [14,16,83]. 
On the other hand, the studies published by Zhang et al. [34,84,85] were 
dealing with the effect of cyclic loading on microstructure and reported 
an absence of α′-martensite even in the imminent vicinity of fracture 
surface. The distinct cyclic hardening of L-PBF 304L SS accompanied by 
the SIMT has been reported only by Pegues et al. [37]. The TRIP effect 
mitigation can be attributed to several jointly acting factors: i) unfav
ourable initial chemical composition of utilized powder, especially 
Cr/Ni ratio; ii) the powder gas atomization processing in nitrogen at
mosphere can result in notable nitrogen uptake [86] causing a signifi
cant decrease of characteristic temperatures Ms and Md30, which makes 
the TRIP effect less likely to occur [87]; iii) fine cell dislocation structure 
presents a grain size effect suppressing the SIMT; iv) high structural 
porosity can lead to a significant shortening of the fatigue crack initia
tion process and premature failures before the cyclic hardening stage is 
reached. The latter is documented in Fig. 10 by cyclic behaviour com
parison of L-PBF 304L SS of various porosity fabricated by different 
process parameters from the identical powder. The accelerated fatigue 
crack initiation of the 304L with higher porosity resulted in premature 
failure without reaching significant cyclic hardening. Similar cyclic 
behaviour has been frequently recorded by other studies [36,69]. The 
low porosity specimens, utilized in this study, have shown higher 
resistance to the fatigue crack initiation. The cyclic strain localization in 
the vicinity of a crack tip and pores is avoided and cyclic plasticity is 
distributed along the whole specimen gauge area for a distinctively 
longer portion of fatigue life. That results in stronger SIMT along with 
other strengthening mechanisms described in the previous sections. The 
following paragraphs will characterize in detail the martensite phase 
distribution within the microstructure. 

Fig. 11 presents the α′-martensite distribution within the solidifica
tion structure cyclically strained at εa = 0.7%. The EBSD phase map, 
Fig. 11a, presents several melt pools, which were tentatively identified 
and highlighted according to the areas with high geometrically neces
sary dislocation (GND) density (see Fig. 11b) and characteristic radial 
grain alignment. A fraction of α′-martensite was located along the melt 
pool boundaries in a form of elongated clusters spanning across several 
grains. Such martensite arrangement suggests a certain relation with 
pronounced chemical segregation during the melt pool solidification 
process. Fig. 11c depicts STEM BF micrograph of melt pool boundary 
area densely occupied by α′-martensite. The EDS mapping of the area, 

Fig. 10. Effect of higher structural porosity on cyclic behaviour. (LP – laser 
power; SS – scanning speed; HS – hatch spacing; LT – layer thickness; Evol – 
volume energy density). 
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Fig. 11d, indicated a notable Cr and Ni depletion along the melt pool 
boundary. This microstructural variety, and also higher GND density, 
can be ascribed to distinctively higher cooling rates at the onset of melt 
pool solidification. The solidification process initially tends to push 
alloying elements in front of the solidification front. Consequently, Fe 
content was higher along melt pool boundaries than in the interior 
where the Cr- and Ni-rich/Fe-depleted areas along cell dislocation walls 
are usually observed [17,33,88]. The authors assume that the local Cr 
and Ni depletion may contribute to local higher austenite metastability, 
i.e. lower SFE. Furthermore, the high GND density areas indirectly 
decrease the SFE based on the investigation of Woo et al. [32] which 
indicated SFE decline with increasing true strain of tensile loading. 
Therefore, the melt pool boundaries can be regarded as one of the 
preferential martensite transformation areas which are activated by 
cyclic plastic deformation. Additionally, the central areas of melt pool, 
highlighted in Fig. 11b, appear to also possess the increased SIMT sus
ceptibility due to high GND density stemming from the final stage of 
melt pool solidification where growing dendritic grains were 
approaching each other along different orientations resulting in higher 
internal stresses and notable elemental segregation. The described so
lidification process-related martensite distribution indicates the impor
tant role of chemical segregation and internal dislocation substructure in 
the facilitation of the TRIP effect since intensive cyclic plastic straining is 
not the sole actuator of the process. Therefore, α′-martensite can occur 
even in grains with below-average Schmid factor values for perfect or 

partial dislocations, as is shown in Fig. S2 in Supplementary materials. 
Fig. 12 presents the observed γ → α′ transformation on a much 

smaller scale than shown in Fig. 11. The STEM BF micrograph, inset of 
Fig. 7, shows a grain interior with a characteristic cell substructure and 
three well-developed PSBs aligned along the favourable slip system. The 
image depicts a striking difference in dislocation density between PSBs 
interior and austenite matrix. Although the residues of dislocation cell 
walls are still partially visible inside PSBs, they are characterized by very 
low dislocation density. This implies that their role as an effective bar
rier for dislocation motion has seriously decreased and, thus, it is ex
pected that the Hall-Petch effect of the cell substructure is no longer 
relevant within PSBs. Therefore, such microstructure consists of a ma
trix, where dislocation motion is severely inhibited by well-preserved 
dislocation walls, and PSBs with favourable conditions for cyclic plas
tic deformation mediated by mobile dislocations. Moreover, it is 
assumed that the grain size dependence of the transformation induced 
plasticity (TRIP), previously reported by Sohrabi et al. [89] and Shen 
et al. [90] in conventional austenitic steels, is notably weakened by the 
significant local decrease of dislocation density in cell walls at in
tersections with PSBs. Consequently, the areas with intensive localiza
tion of cyclic plastic deformation, such as PSBs, PSB-PSB, and PSB-HAGB 
intersections, generally present favourable sites for the SIMT. The 
elemental EDS maps of Fig. 12 document microsegregation, where the 
cell wall areas are characterized by Cr and Ni enrichment, whereas the 
cell interiors are depleted of these elements. Such compositional 

Fig. 11. Martensite distribution in microstructure after cyclic loading at εa = 0.7%: a) EBSD phase map with highlighted melt pool boundaries (white dashed line); b) 
GND map showing the correlation of the ά-martensite distribution and the areas with high GND density; c) STEM-BF image of melt pool boundary area; d) STEM 
EDS mapping. 

Fig. 12. STEM BF image of PSBs containing nuclei of α′-martensite within a grain located in the meltpool interior. STEM EDS mapping gives clear evidence that 
chemical microsegregation at dislocation cell size scale is not affected by cyclic plastic deformation contrary to diminished dislocation cell walls. α′-martensite nuclei 
were found be pinned between the areas of higher concentration of Cr. 
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fluctuations naturally introduce SFE irregularities and can affect 
martensite nucleation. It has been proposed by Kim et al. [33] that the 
martensite nucleates most likely from cell interiors where alloying 
element depletion results in slightly higher austenite metastability. The 
position and shape of martensite nuclei in Fig. 12 tend to exhibit certain 
variations with respect to Cr- and Ni-rich areas, supporting further this 
hypothesis. 

In summary, the observed cyclic behaviour indicates superior cyclic 
strength in comparison to 304L SS conventionally produced counter
parts, which is predefined by the hierarchical nature of L-PBF structure 
with a high degree of heterogeneity. High dislocation density already in 
as-built condition determines that an L-PBF structure exhibits the initial 
cyclic softening accompanied by the occurrence of PSBs, a dislocation 
spatial arrangement with significantly lower dislocation density. Cyclic 
plasticity during further cyclic straining was predominantly accommo
dated in PSBs, which subsequently led to the SIMT. With increasing εa, 
the α′-martensite volume fraction increased as well as deformation 
twinning. Therefore, the microstructure is progressively more complex, 
which reduces the mean free dislocation path. This microstructural 
evolution can be linked with the observed cyclic hardening. The EBSD 
and EDS mapping showed that martensite distribution strongly depends 
on the character of solidification structure, namely on the local 
compositional and GND density fluctuations. Therefore, these findings 
tend to indicate a possibility to modify the TRIP effect magnitude, by the 
processing parameters modifications. Especially, the mitigation or 
enhancement of chemical microsegregation or the modifications of cell 
size present promising routes towards the tailoring of materials cyclic 
behaviour. However, for any further fatigue performance enhancement 
and/or cyclic behaviour modification, the porosity reduction is of 
utmost imporantance. 

4. Conclusion 

The present study comprehensively investigated the cyclic behaviour 
of metastable L-PBF 304L SS in close relation to the undergoing micro
structural changes due to the pronounced cyclic strain localization into 
PSBs and subsequently with triggered SIMT. The main conclusions are 
drawn as follows:  

1. The character of cyclic behaviour strongly depends on the subjected 
strain amplitude. The cyclic loading at low strain amplitudes (εa <

0.5%) has led to cyclic softening eventually followed by cyclic 
saturation. In the case of cyclic loadings held at εa ≥ 0.5%, the 
pronounced cyclic hardening as the final fatigue life stage was 
observed.  

2. For the first time in L-PBF solidification structure, the dislocation 
microstructure evolution under cyclic loading was revealed at the 
early stages of the fatigue life. Distinct signs of cyclic strain locali
zation appeared already after 5 cycles and continued to develop into 
well-distinguishable planar dislocation arrangements, resembling 
PSBs, frequently observed in conventionally processed materials. 
Significantly decreased dislocation density and nearly diminished 
initial cellular structure, presumably due to the intensive mobile 
dislocation – cell walls dislocation interactions, were observed 
within PSBs interior.  

3. Cyclic plastic strain localization within PSBs led to the triggering of 
the SIMT. The Rugged shape of α′-martensite nuclei, featured with 
numerous straight interfaces aligned parallel to active slip plane and 
occurrence of ε-martensite in the vicinity, suggests the phase trans
formation sequence γ → ε → α′.  

4. Feritscope measurements enabled to follow the SIMT kinetics of the 
cyclic loading held at high εa - the first traces of α′-martensite already 
appeared after 50 cycles. During further loading, a progressive in
crease of the α′-martensite volume fraction was recorded, which 
could be linked with the accelerated rate of α′-martensite nucleation. 
The rapid increase of the phase fraction during the later stages of 

fatigue life was attributed to the growth of α′-martensite nuclei. The 
results indicate that α′-martensite phase presents the pivotal factor 
for the cyclic hardening behaviour by creating additional obstacles 
for dislocation motion.  

5. Post-mortem microstructure observation revealed a heterogeneous 
distribution of cyclic deformation. The cyclic strain localization into 
PSBs accompanied by numerous fine α′-martensite nuclei was typical 
for fatigue loading held at low strain amplitudes. With further in
crease of strain amplitude, higher PSBs frequency alongside with 
higher α′-martensite volume fraction and additional deformation 
mechanisms, such as deformation twinning and γ → ε-martensite 
phase transformation, were observed. As a consequence, the cycli
cally strained L-PBF structure got gradually more complex, leading to 
considerable cyclic hardening.  

6. The link between pronounced elemental segregation and the SIMT 
was found especially in the areas of melt pool boundaries where 
strong depletion of Ni and Cr was identified. Moreover, the Cr an Ni 
depletion within the cell structure seems to have a promoting effect 
on the martensite nucleation within PSBs. 
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cycle fatigue of 304L stainless steel, Mater. Sci. Eng.: A, 824 (2021) 141807. 

[62] R. Alain, P. Violan, J. Mendez, Low cycle fatigue behavior in vacuum of a 316L 
type austenitic stainless steel between 20 and 600◦C Part I: fatigue resistance and 
cyclic behavior, Mater. Sci. Eng.: A 229 (1) (1997) 87–94. 

[63] M.S. Pham, S.R. Holdsworth, K.G.F. Janssens, E. Mazza, Cyclic deformation 
response of AISI 316L at room temperature: Mechanical behaviour, microstructural 
evolution, physically-based evolutionary constitutive modelling, Int. J. Plast. 47 
(2013) 143–164. 
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[78] F. Meng, E. Ferrié, C. Déprés, M. Fivel, 3D discrete dislocation dynamic 
investigations of persistent slip band formation in FCC metals under cyclical 
deformation, Int. J. Fatigue 149 (2021), 106234. 

[79] T.S. Byun, On the stress dependence of partial dislocation separation and 
deformation microstructure in austenitic stainless steels, Acta Mater. 51 (11) 
(2003) 3063–3071. 

[80] S.S. Hecker, M.G. Stout, K.P. Staudhammer, J.L. Smith, Effects of strain state and 
strain rate on deformation-induced transformation in 304 stainless steel: part I. 
Magnetic measurements and mechanical behavior, Metall. Trans. A 13 (4) (1982) 
619–626. 

[81] M.G. Stout, P.S. Follansbee, Strain rate sensitivity, strain hardening, and yield 
behavior of 304L stainless steel, J. Eng. Mater. Technol. 108 (4) (1986) 344–353. 

[82] J. Colin, A. Fatemi, S. Taheri, Cyclic hardening and fatigue behavior of stainless 
steel 304L, J. Mater. Sci. 46 (1) (2011) 145–154. 

[83] P. Kumar, Z. Zhu, S.M.L. Nai, R.L. Narayan, U. Ramamurty, Fracture toughness of 
304L austenitic stainless steel produced by laser powder bed fusion, Scr. Mater. 
202 (2021), 114002. 

[84] H. Zhang, C. Li, G. Yao, Y. Shi, Y. Zhang, Investigation of surface quality, 
microstructure, deformation mechanism, and fatigue performance of additively 
manufactured 304L stainless steel using grinding, Int. J. Fatigue 160 (2022), 
106838. 

[85] H. Zhang, M. Xu, Z. Liu, C. Li, P. Kumar, Z. Liu, Y. Zhang, Microstructure, surface 
quality, residual stress, fatigue behavior and damage mechanisms of selective laser 
melted 304L stainless steel considering building direction, Addit. Manuf. 46 
(2021), 102147. 

[86] C. Cui, V. Uhlenwinkel, A. Schulz, H.-W. Zoch, Austenitic stainless steel powders 
with increased nitrogen content for laser additive manufacturing, Metals 10 (2020) 
61. 

[87] L.E. Murr, E. Martinez, J. Hernandez, S. Collins, K.N. Amato, S.M. Gaytan, P. 
W. Shindo, Microstructures and properties of 17-4 PH stainless steel fabricated by 
selective laser melting, J. Mater. Res. Technol. 1 (3) (2012) 167–177. 

[88] K.M. Bertsch, G. Meric de Bellefon, B. Kuehl, D.J. Thoma, Origin of dislocation 
structures in an additively manufactured austenitic stainless steel 316L, Acta 
Mater. 199 (2020) 19–33. 

[89] M.J. Sohrabi, H. Mirzadeh, S. Sadeghpour, R. Mahmudi, Grain size dependent 
mechanical behavior and TRIP effect in a metastable austenitic stainless steel, Int. 
J. Plast. 160 (2023), 103502. 

[90] Y.F. Shen, N. Jia, Y.D. Wang, X. Sun, L. Zuo, D. Raabe, Suppression of twinning and 
phase transformation in an ultrafine grained 2GPa strong metastable austenitic 
steel: experiment and simulation, Acta Mater. 97 (2015) 305–315. 
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