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A B S T R A C T   

Laser powder bed fusion (L-PBF) process produces a specific non-equilibrium microstructure with properties 
significantly different from those of conventionally processed materials. In the present study, the near-threshold 
fatigue crack propagation in austenitic stainless steel 304L processed by L-PBF was investigated. Three series of 
specimens with different orientation of initial notch with respect to build direction were manufactured in order 
to evaluate the effect of specimen orientation on the near-threshold fatigue crack propagation behavior. The 
results showed absence of the orientation dependence of the fatigue crack propagation behavior. In addition, 
abnormally low threshold stress intensity factor values were recorded, which were attributed to the absence of 
crack closure even at low load ratio (R = 0.1). In order to explain observed behavior, the specimens of selected 
orientation were heat treated to relieve build-in residual stresses (HT1) and to create recrystallized micro
structure (HT2) comparable to conventionally processed (wrought) stainless steels. It was found that the char
acteristic microstructure produced by L-PBF is the main reason for the absence of crack closure and the low 
threshold values at low load ratios. As-built microstructure containing sub-micron dislocation cell-substructure is 
prone to cyclic instability. In the crack tip region, cyclic plasticity results in strain-induced phase transformation 
and continuous thin martensitic layer is formed in the crack vicinity. The induced martensite phase is softer 
compared to the austenite matrix strengthened by cell-substructure. Together with cyclic instability of the ma
trix, the macroscopic cyclic softening occurs as the result within the crack tip region. Under such conditions, the 
formation of the plasticity-induced and roughness-induced crack closure is significantly reduced and macro
scopic resistance to the fatigue crack propagation is low.   

1. Introduction 

Since introduced, additive manufacturing (AM) became an impor
tant material processing method, offering several significant advantages 
over traditional processing techniques. The most important advantage 
over conventional processing routes is high design freedom and low 
waste due to absent machining process [1,2]. Besides that, AM methods 
often produce materials with specific microstructures, which can be 
beneficial in terms of the resulting properties [3–5]. Laser powder bed 
fusion (L-PBF) is one of the most widespread AM methods, in which 
powder bed is selectively melted by scanning laser beam in layer-wise 
manner [6]. During L-PBF process, extremely fast solidification occurs, 
with the cooling rates reaching values of 106 K s− 1 [7,8]. This results in 
formation of specific solidification microstructures with an interesting 

combination of mechanical properties. Microstructure characterization 
of austenitic stainless steels prepared by L-PBF was the subject of 
numerous studies in recent years. It was found that the rapid solidifi
cation results in a formation of the characteristic cell-substructure, with 
a very high dislocation density within the cell walls [3–5]. This 
configuration offers a significant strength enhancement due to the 
Hall-Petch strengthening [9,10]. 

With rapid development of the AM in recent years, there was a lot of 
attention attributed to the evaluation of the properties of austenitic 
stainless steels processed by L-PBF. Mechanical properties of 316L grade 
steel in as-built and heat-treated conditions were studied by Salman 
et al. [11], Chen et al. [12], and Yin et al. [13]. Fatigue properties and 
the effect of heat treatment were addressed in works of Blinn et al. [14], 
Zhang et al. [5] and Elangeswaran et al. [15]. Shin et al. [16] studied 
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wear properties, while the high-temperature tensile properties were 
examined by Dryepondt et al. [17]. Finally, corrosion behavior was 
studied by Kong et al. [18] and Chao et al. [19]. Despite the focus of 
many researchers on the topic of L-PBF-processed austenitic steels, the 
number of published articles dealing with fatigue crack propagation is 
limited, and several aspects of this phenomenon remain unclear. 
Considering the growth of fatigue cracks to be one of the most frequent 
failure modes in engineering applications [20], a thorough analysis of 
various aspects of fatigue crack propagation behavior in stainless steels 
produced by L-PBF is still needed. Riemer et al. [21] examined the fa
tigue crack propagation behavior of L-PBF processed 316L steel. They 
found differences in the crack growth properties for differently oriented 
samples with respect to the built direction (BD). Recorded variations 
were attributed to different behavior when a crack propagates along/
perpendicular to the long axis of columnar grains. The role of the BD on 
the crack propagation behavior of L-PBF processed austenitic steels was 
also reported by Suryawanshi et al. [22]. Additionally, Zhu et al. [23] 
reported higher resistance of L-PBF 304L grade steel to the fatigue crack 
propagation under hydrogen embrittlement compared with the con
ventional counterpart, which was attributed to the suppressed twin and 
α′ martensite formation frequently observed in L-PBF processed steels. 
Riemer et al. [24] also showed a strong relation between L-PBF pro
cessing parameters and the fatigue crack propagation resistance in 
as-built (AB) condition. On the other hand, Kumar et al. [25] revealed 
that the fatigue crack propagation of L-PBF 304L steel was insensitive to 
the BD. This study also reported significant influence of the 
stress-induced martensitic transformation in the crack tip plastic zone on 
the crack opening displacement (COD) and, thus, to the crack propa
gation rate. However, in their work, more attention was paid on the 
behavior in the Paris region, while the behavior close to threshold stress 
intensity factor (SIF) was not addressed. Riemer at el [21]. reported 
threshold SIF (ΔKth) for stress ratio R = 0.1 to be between 3 and 4 MPa 
m1/2, depending on the sample orientation with respect to BD. This is 
significantly less than the values recorded by Jambor et al. [26] for 
wrought 304L steel (5–7 MPa m1/2). Similarly low ΔKth were reported 
also by Fergani et al. [27], but clear explanation for such values hasn’t 
been presented so far. As was shown in study of Pokorný et al. [28], even 
a small change in the threshold value of SIF can have a significant effect 

on the total residual lifetime of structurally loaded parts. Therefore, the 
understanding and detailed description of fatigue crack propagation 
behavior in the near-threshold regions is of utmost importance for suc
cessful and effective application of AM parts in cyclically loaded engi
neering structures. 

The present study focuses on fatigue crack propagation in L-PBF 
processed austenitic stainless steel 304L in the near-threshold region. 
Three types of compact tension (CT) specimens, varying in different 
orientation of crack propagation direction with respect to the BD, were 
used to clarify possible effect of specimen orientation on the fatigue 
crack propagation behavior. Subsequently, specimens of one orientation 
underwent two different heat treatments to shed a light on the effect of 
characteristic L-PBF microstructure on fatigue crack behavior and to 
clarify the recorded low threshold SIF. 

2. Material and experiment description 

2.1. Material and specimen preparation 

Gas-atomized powder of 304L austenitic stainless steel (supplied by 
Sandvik Ltd.) of chemical composition shown in Fig. 1 was used as the 
feedstock material. Blocks with dimensions 40 × 40 × 40 mm were 
fabricated by L-PBF method using a SLM 280HL machine (SLM Solution 
Group AG) equipped by an Yb-fiber laser with maximum power of 400W 
and spot size diameter of 80 μm. A 100 × 100 mm build plate was kept 
heated at 100 ◦C and the machine chamber was constantly flushed by 
nitrogen. For the fabrication of blocks, the laser power operated at 235 
W while scanning speed, hatch distance and layer thickness were set to 
790 mm s− 1, 120 μm and 50 μm, respectively. In order to obtain random 
crystallographic orientation of microstructure, the laser scanning di
rection was rotated by 67◦ after every finished layer. Subsequently, CT 
specimens were conventionally manufactured from the blocks in three 
different orientations, as depicted in Fig. 1. Further details regarding of 
the CT specimens dimensions can be found in Ref. [26]. Tensile prop
erties were evaluated using cylindrical specimens with gauge length of 
35 mm and diameter of 6 mm, with loading axis oriented perpendicular 
to BD. Tests were performed in accordance with EN ISO 6892-1, using a 
tensile testing machine Zwick Z50 at constant strain rate of 1 mm min− 1. 

Fig. 1. Chemical composition of the used 304L powder and basic mechanical properties in as-built condition. Three series of CT specimens with different orientation 
of crack propagation direction with respect to the build direction were manufactured. 
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Yield strength of 592 MPa, ultimate tensile strength of 780 MPa and 
total elongation at fracture of 49 % was obtained. 

In order to explain the recorded fatigue crack propagation behavior 
and to assess the influence of L-PBF microstructure, the specimens of A 
orientation (according to Fig. 1) were used for further investigation. 
Three distinct microstructural states of L-PBF processed 304L steel were 
examined: as-built (AB) and two heat-treated conditions. The heat 
treatment 1 (HT1) consisted of annealing at 650 ◦C for 4 h, to relieve 
residual stresses, while the initial microstructure remains intact. The 
similar parameters of stress-relieving heat treatment were used in Refs. 
[21,27]. The second heat treatment (HT2), annealing at 1100 ◦C for 4 h, 
represents a nearly fully recrystallized microstructure, with a polyhedral 
grain structure, similar to the microstructure of conventional wrought 
material. The heat treatments were carried out in a resistance furnace in 
argon protective atmosphere and specimens were subsequently air 
cooled. The change in the mechanical properties after applied heat 
treatment was addressed by hardness measurement. Tests were carried 
out according to standard EN ISO 6507. For each tested state, a set of 10 
indentations was performed using Zwick ZHμ Vickers hardness tester 
applying load of 9.8 N and subsequently the average hardness values 
were calculated. 

2.2. Residual stress measurements 

To determine residual stress distribution within CT specimens, X-ray 
diffraction measurements were carried out using Proto LXRD diffrac
tometer (Proto Manufacturing Ltd.). An X-ray source with characteristic 
Mn Kα radiation (wavelength 2.10314 Å) was adopted for the mea
surement. Residual stresses were determined using the sin2ψ method, 
collecting diffraction signal from {311} planes at Bragg angle 152.8◦

over beta angle range ±35◦. Each measurement consisted of ten, 1s long 
exposures, while beta oscillation ±3◦ was employed. The measurements 
were performed at 5 different points on both sides of the CT specimen of 
B orientation, according to Fig. 1. The stresses in two orthogonal di
rections were determined for each point. Measurements were performed 
on CT specimens before cyclic loading. Center of examined area was 
approximately 5 mm in front of the notch tip. The area of measurement 
was chosen to be close to expected crack front position, once the 
threshold stress intensity factor will be reached. Prior to the measure
ment, a surface layer of 0.1 mm thickness was removed by electrolytic 
polishing to remove a layer of material affected by machining process. 

2.3. Fatigue crack propagation measurements 

The da/dN vs. ΔK curves were determined according to the standard 
ASTM E647 [29]. The tests were performed at room temperature, 50% 
relative humidity and load ratio R = 0.1, where R represents the ratio 
between minimal and maximal SIF during the loading cycle. The crack 
length was determined by optical measurements on both sides of spec
imen, which were mechanically polished prior to tests. Moreover, a COD 
gauge was used to determine the effective values of SIF. Tests were 
carried out using a universal testing machine with linear motor tech
nology Instron E10000, at testing frequency of 70 Hz. Fatigue cracks 
were initiated from the manufactured notch applying higher loading 
than the expected SIF threshold. After crack propagation of at least 1 
mm length, the procedure of load amplitude reduction was launched. 
The SIF was reduced by 5 % after crack increment approximately 0.1 
mm, until no crack increment was recorded for at least 106 loading 
cycles. Afterwards, the corresponding SIF values were denoted as SIF 
threshold ΔKth. The same procedure and experimental devices were used 
previously as described in more detail in Ref. [26]. 

Crack closure level was determined based on the compliance offset 
parameter defined in the ASTM E647 standard [29]. The standard as
sumes a 1%, 2% or 4% compliance offset for determination of crack 
closure. However, some authors question usability of these compliance 
offset limits. For example, Newman obtained better results when 0% 

compliance offset was used, which was determined from 1% to 2% 
compliance offsets, as presented in Ref. [30]. This indicates that actual 
crack closure is probably larger than value estimated according to the 
ASTM E647 standard. The SIF-compliance offset data measured for all 
investigated material states at a selected ΔK are presented in Fig. 2. The 
positive slope at higher loads is probably related to a different source of 
non-linearity than crack closure. Therefore, the crack closure level was 
determined as the point where the slope of the curve changes from 
negative to positive. Nevertheless, it is clear that crack closure for the AB 
and HT1 states was not present or is negligible. On the other hand, the 
specimen after HT2 exhibited quite high crack closure level. 

2.4. Microstructure characterization 

The microstructural changes resulting from the applied heat treat
ment were characterized using scanning (SEM) and transmission (TEM) 
electron microscopy. Samples for SEM were prepared by mechanical 
grinding followed by electrolytic polishing using a Struers LectroPol-5 
polisher and solution of 600 ml methanol, 360 ml ethylene glycol 
monobuthyl ether and 60 ml perchloric acid. To conduct TEM obser
vation, foils of approximately 80 μm thickness were mechanically pre
pared from AB, HT1 and HT2 samples and subsequently electrolytically 
polished using a Struers TenuPol-5 twin-jet polisher in solution of 95 % 
of acetic acid and 5 % of perchloric acid. Selected fatigue crack propa
gation tests were prematurely terminated to characterize microstructure 
in crack tip vicinity in the near-threshold SIF region – the tests were 
stopped after reaching the threshold SIF. Subsequently, FIB (Focused ion 
beam) lamellas for TEM investigation were prepared from the region in 
crack tip vicinity. To avoid microstructural observations close to free 
surface, CT specimens were longitudinally cut, and the lamellas were 
extracted from the specimen interior as schematically shown in Fig. 3. 
FIB lamellas were prepared by a Tescan Lyra3 dual beam field emission 
gun scanning electron microscope (SEM). The microstructure in the 
crack tip region was observed only for AB and HT2 specimens, since no 
significant microstructural changes were recorded in the case of HT1. 
The lamellas as well as the thin foils were examined by a Thermo Sci
entific Talos TEM operated at 200 kV. Moreover, transmission Kikuchi 
diffraction (TKD) and electron backscatter diffraction (EBSD) was 
employed using Oxford Symmetry S2 EBSD detector and AZtec software 
for post-acquisition analysis. 

The microstructures of AB states and after both heat treatments are 
shown in Fig. 4. In case of the AB state, the microstructure contained 

Fig. 2. The stress intensity factor – compliance offset plot for selected ΔK 
values. The crack closure was determined as the point where the slope of curve 
changes from negative to positive. 
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characteristic cell-substructure with submicron size. Cell walls exhibited 
high dislocation density, while intracellular regions were almost 
dislocation-free. Cell walls were frequently decorated by amorphous 
oxide nanoprecipitates. The observed microstructure corresponds well 
with other investigations of L-PBF-processed austenitic stainless steels 
[3,4]. The application of HT1 did not significantly affect resulting 
microstructure. This was supported also by the hardness measurement, 
where the average hardness of 257.2 HV1 was identified for AB state and 
the average value of 253.3 HV1 was measured after HT1. Similarly to the 
AB state, microstructure after HT1 contained a submicron 
cell-substructure with high dislocation density within cell walls. The 
application of HT2 resulted in significant microstructural modifications. 
The microstructure was almost fully recrystallized (with more than 95% 
fraction of recrystallized grains) and consisted of coarse polyhedral 
austenitic grains with average size of 50 μm. The HT2 led to frequent 

nucleation of annealing twins and coarsening of oxide precipitates. 
Moreover, the cell-substructure completely diminished and recrystal
lized grains were almost dislocation-free. The microstructure after HT2 
is comparable to wrought 304L steel which was reflected by significantly 
decreased average hardness of 164.1 HV1. 

3. Results and discussion 

3.1. Fatigue crack propagation in samples with different orientations 

The results of fatigue crack propagation tests on the specimens with 
different orientations are shown in Fig. 5. The threshold SIF values 
(ΔKth) were in the range of 2.7–3.1 MPa m1/2, which is more likely a 
scatter in experimental data rather than a difference in behavior. 
Therefore, the results don’t indicate any significant relation between the 

Fig. 3. Schematic description of FIB lamella extraction from fatigue crack tip of selected CT specimen.  

Fig. 4. Orientation EBSD maps and BF-STEM micrographs showing microstructure of as-built and heat-treated samples. As-built and HT1 exhibit fine grain 
microstructure with characteristic cell-substructure. After HT2 was observed nearly fully recrystallized microstructure, consisting of large polyhedral grains, almost 
free of dislocations and coarsened precipitates (dark particles). 
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fatigue crack behavior and the crack propagation direction with respect 
to the BD. The recorded threshold SIF range corresponds to the lowest 
values measured by Riemer et al. [21] and Fergani et al. [27]. However, 
they are significantly lower than the values recorded previously by 
Jambor et al. [26] for a wrought 304L stainless steel using the same 
specimen geometry and testing conditions (ΔKth was above 5 MPa m1/2). 
The absence of specimen orientation effect contradicts the findings in 
Refs. [21,22]. Generally, one of the possible explanations is the presence 
of residual stresses with different magnitudes along various orientations. 
Although there was reported no effect of build-in residual stresses on the 
fatigue crack propagation in L-PBF-processed austenitic stainless steels 
[21], Fergani et al. [27] showed that quenched-in compressive residual 
stresses can enhance crack propagation resistance. Therefore, the re
sidual stress measurements were performed in order to reveal the actual 
residual stress state in studied CT specimens. The results shown in Fig. 6, 
indicate high values of tensile residual stresses in both measured di
rections. The character of residual stresses is similar to the results of 
Riemer et al. [21] postulating no significant effect on the fatigue crack 
propagation. Therefore, the recorded residual stresses cannot explain 
the absence of orientation effect. Possible explanation can be found in 
the significantly higher yield strength of material presented in this 
study, 592 MPa, compared with 462 MPa of L-PBF 316L stainless steel 
examined in Ref. [21]. The high value of yield strength results in very 
limited size of crack tip plastic zone in comparison with the average 
grain size. The well-known effective hindering of dislocation motion by 
the dislocation cell-substructure [3] presumably overshadowed the 
back-stresses related with grain boundaries. Therefore, the structure 

variability inherited from L-PBF process seems to have limited effect on 
fatigue crack propagation. 

3.2. Effect of heat treatment on fatigue crack propagation 

Investigation of heat treatment effect on the fatigue crack propaga
tion was carried out using A type of CT specimens (see Fig. 1). The aim 
was to assess the possible effect of characteristic as-built microstructure 
on the low ΔKth values, recorded for L-PBF materials in this study and 
also by other authors [21,27]. The results of the fatigue crack propa
gation tests performed on AB and heat-treated specimens are shown in 
Fig. 7. Determined threshold stress intensity factor for AB (ΔKth ≈ 2.7 
MPa m1/2) is low and is close to the theoretical values, when the crack 
closure is completely absent [31]. The measurement of the effective 
stress intensity factors using COD gauge supports these findings. The 
plot in Fig. 8 shows a dependence of the U parameter (ratio between 
effective and applied SIF) on applied ΔK. The values close to 0.9 and 1 
indicate that the crack was opened within the whole loading cycle. 
Similar results were obtained also for the specimens after HT1. Such 
behavior is totally different, compared to wrought AISI 304L steel, 
where crack closure was always present at low stress asymmetry ratios 
[26]. Microstructures of AB and HT1 states are nearly identical, how
ever, the heat-treated specimens are relieved from macroscopic residual 
stresses. Therefore, it can be claimed, that the residual stresses aren’t the 
cause of the observed anomalous behavior. This corresponds well with 

Fig. 5. Results of the fatigue crack propagation measurements for different 
orientations of specimens with respect to the build direction. The results indi
cate that the fatigue crack propagation behavior is independent of the specimen 
orientation. 

Fig. 6. Schematic picture showing position and orientation of measured residual stresses. Distance between point was approximately 1 mm in both directions.  

Fig. 7. Plot of da/dN-ΔK curves representing effect of heat treatment on the 
fatigue crack propagation behavior. The results obtained on wrought 304L [26] 
were included for direct comparison with conventionally-processed material. 
The threshold stress intensity factors ΔKth for AB and HT1 specimen series are 
significantly lower than the values measured for HT2 specimen series and 
conventional–wrought material. 
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the findings of other authors [21,27], who reported that relieving of the 
built-in residual stresses did not affect the resulting crack propagation 
behavior. 

A significant change in the fatigue crack propagation behavior was 
recorded for the HT2 specimens. In this case, the determined fatigue 
crack propagation behavior better corresponds with that of wrought 
304L steel, with the threshold SIF ΔKth higher than 4 MPa m1/2. The 
difference (≈1.3 MPa m1/2) between the threshold SIFs in AB (2.7 MPa 
m1/2) and HT2 state (4 MPa m1/2) means a relative increase by 48 %. 
Such significant difference can have a significant impact on residual 
lifetime of structural components [28]. An increase in the threshold SIF 
after high-temperature annealing (1050 ◦C/1 h) was also reported by 
Fergani et al. [27], however less significant (from 2.9 MPa m1/2 to 3.4 
MPa m1/2). This can be attributed to the parameters of applied heat 
treatment, which resulted just in partially recrystallized microstructure, 
whereas the microstructure after HT2 was nearly fully recrystallized. 
The measurement of COD near the crack propagation threshold for HT2 
specimen series showed (Fig. 8) a considerable level of crack closure, 
which is typical for conventional materials at low load ratio in the 
near-threshold region. The similar behavior of L-PBF-processed alloy 
after HT2 and wrought 304L counterpart demonstrate that the charac
teristic cell-substructure is responsible for the observed anomalous fa
tigue crack propagation behavior. The absence of crack closure (both - 
oxide and plasticity-induced) leading to lower threshold SIF for 
L-PBF-processed stainless steels was proposed as a plausible explanation 
also by Suryawanshi et al. [22], however, without providing further 
details. 

Since the different fatigue crack propagation behavior was attributed 
to the presence/absence of crack closure phenomenon, individual 
mechanisms of crack closure [32–34] and their contributions are 

addressed in the further text. 
Roughness-induced crack closure – Microscopically rough frac

ture surfaces can cause their premature contact, due to the mutual misfit 
[35]. The L-PBF nature of the AB microstructure can be considered 
fine-grained, and thus the fracture surface roughness is considerably 
small. The application of HT1 does not modify the grain structure, 
therefore no change in the fracture surface morphology can be expected. 
The microstructure modification after HT2 is more severe, reflected by 
more than 95% fraction of recrystallized microstructure, resulting in 
polyhedral austenitic grains of average size 50 μm. Such coarse micro
structure can produce much more torturous crack path than the fine 
L-PBF microstructure due to significantly larger dislocation free path, as 
documented by Fig. 9. In combination with a greater asymmetry of slip 
with respect to the crack plane, the effect of roughness-induced crack 
closure on the effective SIF range can be expected to be much larger for 
the HT2 series. Therefore, the character of microstructure and the 
related roughness-induced crack closure are assumed to contribute 
significantly to the observed differences in crack growth behavior. A 
similar effect on fatigue crack growth rate and threshold values was 
observed by Leitner et al. [36], where the ultra-fine-grained micro
structure resulted in a complete elimination of crack closure. The results 
from AB and HT1 specimens indicate that the submicron 
cell-substructure could may have the same effect. 

Plasticity-induced crack closure – It is generally accepted that 
irreversible plastic flow in the crack tip vicinity is the cause of plasticity- 
induced crack closure [32,33,35,37]. Fig. 8 shows increasing signifi
cance of crack closure for smaller loading amplitudes. However, even 
under large amplitudes in the Paris regime, crack closure is smaller in AB 
and HT1 microstructures than in HT2, which means that the 
plasticity-induced crack closure component was also different. In order 
to better understand differences between crack tip zone cyclic defor
mation, the microstructure of the crack tip area of AB and HT2 series are 
shown in Fig. 10. In the case of AB state, the crack tip is enveloped by 
deformation-induced α′-martensite. The cell-substructure in austenite 
matrix is well-preserved even in the crack tip vicinity, and there are no 
signs of significant dislocation activity at larger distances from crack tip. 
Most of the plastic deformation is accommodated by transformed 
α′-martensite and surrounding austenite matrix in close vicinity of the 
fatigue crack. This suggest limited monotonic plastic zone size and 
relatively large portion of reversible plastic flow due to high dislocation 
back-stress. After dissolution of initial cell-substructure by applying 
HT2, intensive dislocation activity with planar character can be seen in 
the crack tip vicinity, suggesting significantly larger size of plastic zone 
compared to as-built state. 

L-PBF process produces a specific microstructure with hardness 
higher by almost 60 % than recrystallized state (257 HV1 vs. 164 HV1). 
In AB condition, material is similar to intensively cold-worked austenitic 
stainless steel, which usually exhibited cyclic softening independent of 
the applied strain amplitude [38]. Considering the results published in 
Ref. [39], where it is stated that strain-induced martensite has only 25 % 
higher hardness than conventionally processed austenitic matrix, it can 
be assumed that L-PBF produced austenitic structure in its AB state is 

Fig. 8. The dependence of U parameter on ΔK. While for AB and HT1 series the 
crack closure is absent, its presence can be easily recognized after 
applying HT2. 

Fig. 9. Comparison of the crack profiles in the near-threshold region (SEM). Higher crack tortuosity in the case of HT2 is clearly visible.  
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much harder than strain-induced martensite. Therefore, ongoing 
martensitic transformation in the crack tip vicinity causes local cyclic 
softening and, thus, the plastic deformation was localized within a 
transformed areas and adjacent softened austenitic matrix regions close 
to the crack tip. In such a condition, irreversible plastic flow was 
significantly reduced and, thus, the contribution of plasticity-induced 
crack closure diminished [37]. The traditional models consider only 
monotonic plasticity behavior of materials into account and in most of 
them the parameter U is predicted as about 0.8 for plane strain at R = 0.1 
[40,41]. However, cyclic softening is expected to significantly reduce 
plasticity-induced crack closure [36]. Authors believe that the presence 
of a thin martensite layer is not a necessity, and the same behavior 
would have been recorded even without it, due to the cyclic softening 
nature of the AB microstructure of L-PBF-processed austenitic stainless 
steel evidenced by multiple fatigue studies [42,43]. 

Since the application of HT1 didn’t result in any significant micro
structural changes, the deformation behavior modifications cannot be 
expected near the crack tip. After HT2, nearly full recrystallization of 
microstructure occurred and, therefore the microstructure is compara
ble with the wrought austenitic stainless steels. Annealed austenitic 
microstructure exhibits extensive cyclic hardening [44,45], where the 
size of forward cyclic plastic zone is significantly larger than the reverse 
one, implicating large irreversible plastic flow and vigorous contribution 
of the plasticity-induced crack closure on the resulting crack propaga
tion behavior. 

Oxide-induced crack closure – This closure mechanism can 
significantly affect crack propagation rates, especially in the region close 
to the threshold SIFs [46–48]. Although applied heat treatment reduces 

chemical segregation of Cr and Mn formed due to the L-PBF process, it 
has a little effect on the overall oxide formation. Therefore, no sub
stantial differences in oxide formation can be expected for the examined 
states due to changes in chemical segregation. On the other hand, dif
ferences in plasticity- and roughness-induced crack closures could affect 
oxide debris formation [46]. The oxide debris layer is produced by 
fretting, for which repetitive rubbing of fracture surfaces under large 
compressive stress is needed. The contact pressure is expected to be 
influenced by plasticity-induced crack closure and the amount of friction 
depends on shear displacement resulting from roughness and mismatch 
of the mating surfaces. Therefore, this component is assumed to be 
reduced in the case of the fine-grain microstructure in AB and HT1 
series. 

Trying to generalize these findings, the explanation of low threshold 
SIF provided in the present study can be applied also to the results of 
other authors. Riemer et al. [21] as well as Fergani et al. [27] reported 
very low threshold SIF values for L-PBF austenitic stainless steels. In 
their studies, there wasn’t recorded presence of α′-martensite layer in 
the crack tip vicinity. This confirms the assumption, that the charac
teristic dislocation cell-substructure formed during L-PBF process and its 
properties is most likely the cause for the unusually low threshold SIF in 
L-PBF austenitic stainless steels, due significant reduction of crack 
closure mechanism. Phase transformation of austenite into α′-martensite 
is accompanied by approximately 2 % volume increase [49] which 
causes compressive residual stresses enhancing crack closure effects and 
is one of the mechanisms how TRIP (TRansformation Induced Plasticity) 
phenomenon improves crack propagation resistance [49]. Despite that 
fact, no crack closure was observed in the case of AB series in the present 

Fig. 10. Microstructure of the crack tip area in the fatigue crack propagation threshold region observed by TEM (STEM-BF) with corresponding phase maps acquired 
by TKD. Orientation of the extracted lamellas is schematically shown in Fig.3. The differences in plastic deformation behavior in the crack tip vicinity are clearly 
depicted. In AB state, a thin layer of α′-martensite is formed along the crack zone, while the dislocation cell-substructure is preserved even in close vicinity to the 
fatigue crack. This suggests that the cyclic plastic deformation is limited to a small region of austenitic matrix and deformation-induced α′-martensite in close 
proximity to the fatigue crack. After HT2, the microstructure is similar to the conventionally processed stainless steels and the extensive slip with planar character 
is visible. 
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study. Authors attributed this to the small thickness of deformation 
induced α′-martensite layer, ranging from 100 nm up to 500 nm 
(Fig. 10), where total net contribution of the volume change can be 
neglected. Kumar et al. [25] reported a presence of not negligible crack 
closure in L-PBF 304L steel and explained it by the presence of 
stress-induced α′-martensite. In their study, the thickness of martensite 
layer in the threshold region was about 10 μm, which is almost by two 
orders of magnitudes larger than in the case of the present investigation. 
This can be attributed to significantly higher austenite metastability, 
which exhibited a certain volume fraction of martensite already in un
deformed microstructure. Therefore, austenitic stainless steels produced 
by L-PBF exhibits very low threshold SIF due to the absence of crack 
closure mechanisms stemming from the specific microstructure inheri
ted by rapid solidification, unless extremely high susceptibility to the 
TRIP effect is present. 

4. Conclusions 

Based on the performed experiments and thorough data analysis, the 
following conclusions can be drawn.  

• Austenitic stainless steel 304L prepared by L-PBF process exhibited 
significantly lower resistance to fatigue crack propagation compared 
with its wrought counterparts.  

• The low resistance to the fatigue crack propagation at low stress 
ratios (R = 0.1), especially in the near-threshold region, was 
explained by the absence of crack closure effect.  

• Application of heat treatments revealed that the absence of crack 
closure was not caused by the presence of residual stress fields, but 
by the specific nature dislocation cell-substructure. It is assumed that 
this structure resulted in elimination of both plasticity- and 
roughness-induced crack closure.  

• The as-built microstructure containing sub-micron dislocation cell- 
substructure is prone to cyclic instability. In the crack tip region, 
cyclic plasticity results in strain-induced phase transformation and 
continuous thin martensitic layer is formed. The deformation- 
induced martensite phase is softer compared to the austenite ma
trix strengthened by the cell-substructure which together with cyclic 
instability of the matrix resulted in local cyclic softening of the crack 
tip region. In such conditions, the formation of the plasticity-induced 
and roughness-induced crack closure were significantly reduced, 
leading to a low macroscopic resistance to the fatigue crack 
propagation. 
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alization. Tomáš Vojtek: Data curation, Writing – review & editing. 
Pavel Pokorný: Data curation, Investigation, Writing – review & edit
ing. Daniel Koutný: Investigation, Writing – review & editing. Luboš 
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Hutař: Project administration, Funding acquisition, Supervision. Mir
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fatigue crack growth behavior in 316L stainless steel manufactured by selective 
laser melting, Eng. Fract. Mech. 120 (2014) 15–25. 

[22] J. Suryawanshi, K.G. Prashanth, U. Ramamurty, Mechanical behavior of selective 
laser melted 316L stainless steel, Mater. Sci. Eng. 696 (2017) 113–121. 

[23] H. Zhu, Q. Pan, K. Zhang, C. Zhou, W. Zhang, Y. Yao, D. Ying, Y. He, J. Zheng, 
L. Zhang, The difference in fatigue crack growth induced by internal and external 
hydrogen in selective laser melted 304L stainless steel, Int. J. Fatig. 163 (2022), 
107052. 

[24] A. Riemer, H.A. Richard, Crack propagation in additive manufactured materials 
and structures, Procedia Struct. Integr. 2 (2016) 1229–1236. 

M. Jambor et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0921-5093(23)00406-9/sref1
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref1
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref1
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref1
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref2
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref2
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref3
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref3
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref3
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref4
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref4
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref4
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref5
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref5
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref5
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref6
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref6
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref6
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref7
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref7
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref7
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref8
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref8
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref9
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref9
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref10
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref10
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref10
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref11
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref11
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref11
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref12
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref12
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref12
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref13
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref13
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref13
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref14
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref14
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref14
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref15
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref15
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref15
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref15
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref16
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref16
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref16
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref16
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref17
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref17
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref17
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref18
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref18
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref18
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref18
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref19
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref19
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref19
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref20
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref20
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref20
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref21
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref21
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref21
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref22
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref22
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref23
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref23
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref23
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref23
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref24
http://refhub.elsevier.com/S0921-5093(23)00406-9/sref24


Materials Science & Engineering A 872 (2023) 144982

9

[25] P. Kumar, R. Jayaraj, Z. Zhu, R.L. Narayan, U. Ramamurty, Role of metastable 
austenite in the fatigue resistance of 304L stainless steel produced by laser-based 
powder bed fusion, Mater. Sci. Eng. 837 (2022), 142744. 
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