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ARTICLE INFO ABSTRACT

Keywords: The fatigue properties and microstructural evolution of 316 L stainless steel (316LSS) manufac-
Fatigue behavior tured by laser powder bed fusion (L-PBF) were systematically studied and compared with its
316 L

wrought counterpart. The as-built L-PBF 316LSS shows a pronounced heterogeneity, not only
structurally but also chemically, with a unique microstructure of highly serrated grain bound-
aries, bimodal grain structure, nano-precipitates, solidification cell structures, and chemical
segregations. The microindentation test showed that the hardness of the as-built L-PBF 316LSS
reached 2.589 GPa, which was about 1.6 times higher than that of the wrought solution annealed
counterpart, and the sparser slip steps around indentations revealed its greater dislocation storage
capability. The S-N curves indicated that the fatigue resistance of the as-built L-PBF 316LSS was
significantly better than that of the wrought solution annealed samples, and this was ascribed to
its unique microstructural characteristics, especially the pre-existing high-density dislocations
and chemical microsegregation within cellular solidification features. Furthermore, the enhanced
planar slip in L-PBF 316LSS by its unique microstructure, especially the formation of deformation
twins, delays the strain localization and restrains slip band generation, thereby significantly
inhibiting crack initiation, and contributing greatly to the fatigue performance. The unique cell
structure appears to be more effective in improving the low-cycle fatigue performance of L-PBF
316LSS due to the enhanced ductility.

Additive manufacturing
Unique microstructure characteristics
Deformation mechanisms

1. Introduction

As one of the most promising technologies in the field of metal additive manufacturing (AM), laser powder bed fusion (L-PBF) also
known as selective laser melting (SLM) has attracted huge attention (Deng et al., 2021; Liu et al., 2018). The ultrafast cooling rate and
significant solute partition during the L-PBF process lead to the distinctly different as-built microstructure compared to material
fabricated by conventional approaches (Deng et al., 2021; Li et al., 2020b). For polycrystalline metallic materials, such as austenitic
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stainless steels (Cui et al., 2021a) and high entropy alloys (Kim et al., 2022), the L-PBF components usually exhibit an overwhelming
advantage in terms of mechanical properties over the structures manufactured by other traditional processes (Liu et al., 2018; Nakada
etal., 2010; Wang et al., 2018). The investigations related to austenitic stainless steels (SS), such as 316LSS (Bronkhorst et al., 2019; Li
et al., 2020b), 308LSS (Li et al., 2020a) and 304LSS (Pokharel et al., 2019), have been extensively carried out from the academia to
manufacturing industries (AlMangour et al., 2019). However, most of them were focused on the relationship between process
parameter optimization, microstructure adjustment and monotonic mechanical properties. The reliability and deformation mechanism
of these L-PBF austenitic stainless steels under cyclic loading conditions still require in-depth research. Some intrinsic defects, such as
lack-of-fusion (LOF) (Darvish et al., 2016), surface roughness (Kahlin et al., 2020; Yu et al., 2020), keyhole collapse (Cunningham
etal., 2019) and gas porosity (Svensson et al., 2010) etc., can be introduced during the L-PBF process, which notably affect the fatigue
properties of AM parts. Compared with the irregular shape defects, it was reported that the small spherical defects had less effect on the
initiation of fatigue cracks (Smith et al., 2019b). The influence of internal defects and residual stress on the fatigue resistance of L-PBF
304LSS were also compared, and results showed that the former had a more remarkable impact (Zhang et al., 2020). Furthermore, the
surface defects could bring about a more significant reduction in fatigue life for L-PBF 316LSS, since the fatigue cracks usually tend to
initiate from the surface (Andreau et al., 2021; Maleki et al., 2021). Additionally, some measures also have been employed to tailor the
microstructures of L-PBF alloys to enhance their fatigue resistance. The study by Elangeswaran et al. (Elangeswaran et al., 2020)
revealed that the as-built L-PBF 316LSS exhibited a fatigue strength of 50 MPa higher than its annealed counterparts under the fatigue
life of 10° cycles. Similar results were also reported by other researchers (Cao et al., 2020; Pegues et al., 2020). Therefore, the excellent
fatigue performance of AM alloys appears to have a close relationship with their unique microstructure features produced during the
manufacturing process. Nevertheless, to the best of the authors’ knowledge, the effect of unique microstructure characteristics on the
fatigue properties of AM alloys is still poorly understood.

Motivated by the above considerations, the mechanism of unique microstructure features on the fatigue resistance of AM 316LSS
was systematically studied with the help of multidisciplinary characterization techniques. The AM 316LSS was manufactured by L-PBF
with optimized process parameters, and the obtained components were near fully dense with a relative density higher than 99.9%. To
minimize the effect of surface scratches, all samples were mechanically polished to a surface roughness of 0.2 pm. Furthermore,
comparisons were also conducted with the conventionally manufactured counterpart. Results showed that the fatigue resistance of the
as-built L-PBF 316LSS was much higher compared with wrought and solution annealed 316LSS. The unique microstructural char-
acteristics (i.e., the pre-existing high-density dislocations, bimodal grain structure, cell structures and chemical segregations), together
with the planar dislocation substructures induced during cyclic loading were considered to be responsible for the greater fatigue
resistance of L-PBF 316LSS.

2. Materials and method
2.1. Material preparation

For details of the 316LSS powder used in this work, please refer to our previous work (Cui et al., 2022a, 2021a). EOSINT M280 3D
machine was adopted to vertically manufacture the cylindrical bars with a length of 60 mm and a diameter of 10 mm (Fig. 1b) under
high-purity argon. To minimize defects (such as voids, balling, lack of fusion, etc.), the process parameters had been optimized, with a
laser power of 195 W, a hatch space of 90 pm, a laser scanning speed of 1083 mm/s, a layer thickness of 20 ym and a spot size of 75 pm.
A bidirectional scanning strategy was employed during the entire L-PBF process, and after one layer is complete the scanning direction
will rotate 67° for the subsequent layer, as illustrated in Fig. 1a. The 67° laser rotation gives the maximum number of layers until the
same scan vector appears again (Pakkanen, 2018), resulting in relatively isotropic mechanical properties and microstructural
refinement. The combined parameter describing the volume energy density (VED) is an important factor for the manufacturability of
AM alloys and is sensitive to the porosity of the microstructure (Cherry et al., 2015). As reported in Ref. (Cherry et al., 2015; Nayak
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Fig. 1. 3D-illustration of the scanning strategy applied in the present work. The rotation angle of the scanning direction between adjacent layers is
67°. (b)-(c) Geometries of the as-manufactured cylinders and fatigue samples, respectively. (d) Schematic illustration of the microindentation test.
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et al., 2020), the appropriate VED value for 316LSS to obtain near-zero porosity microstructure was around 100 J/mm?, and can be
calculated as follows:
P
VED = — 1
vht M
where P, v, h, t are laser power, laser scan speed, hatch space and layer thickness respectively. Therefore, the VED for the present case is
determined to be 100 J/mm?®, which is in good agreement with the previously reported data (Cherry et al., 2015; Nayak et al., 2020),
and also implies that the L-PBF 316LSS used in this study might have very low porosity. For comparison, conventional 316LSS were
also studied in the fully annealed condition (1060 °C for 40 min) of cold-rolled bars. To distinguish from the L-PBF ones, the con-
ventional counterparts were named as W316LSS in the following text.

2.3. Microindentation hardness and stress control fatigue testing

Microindentation tests were carried out on a LECO hardness machine both for L-PBF and wrought 316LSS using a maximum load of
2.45 N and a dwell-time of 15 s. The distribution of indentations with an adjacent distance of 0.4 mm were schematically shown in
Fig. 1d, and the hardness was the average value of more than 60 indentations. Furthermore, to reveal the blocking effect of the unique
microstructural characteristics (i.e., highly serrated grain boundaries (GBs), cell structures and, melt pool boundaries) in AM alloys on
the dislocation motion, the slip traces around indentations of the same orientation grains in L-PBF and wrought 316LSS were studied in
detail.

Fatigue samples with the geometry illustrated in Fig. 1c were machined from the L-PBF and wrought 316LSS bars. Before the
fatigue deformation, all samples were mechanically polished to a surface roughness of R, = 0.2 pm to minimize the effect of surface
scratches and other surface features such as semi-melted, unmelted powders and fusion line defects. Stress-controlled fatigue tests were
performed on a servo-hydraulic fatigue rig with a frequency of 5 Hz and a stress ratio of R=—1 at room temperature. The applied stress
was adjusted after each test to cover the fatigue life of 10* to 10° with the few fatigue samples available. More information about
fatigue testing can be found in our previous work (Cui et al., 2022a, 2021a).

2.4. Microstructural characterizations

Multiple probing methods were employed to characterize the microstructural evolution of the two samples prior to and after
deformation. Electron backscattered diffraction (EBSD) analysis was performed on a Hitachi SU70 FEG scanning electron microscope
(SEM) equipped with a Nordlys-S™ detector. For SEM and EBSD, thin strips parallel to the loading direction were cut from the gage
section of samples by electro-discharge machining. Then these strips were ground utilizing abrasive papers (#500-4000 grit), and
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Fig. 2. EBSD IPF maps and corresponding PF of the L-PBF (a-c) and wrought (f-h) 316LSS. EBSD grain boundary and corresponding GND density
distribution maps of the L-PBF (d-e) and wrought (i-j) 316LSS.
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further polished using a silica colloidal suspension. The working distance, tilt angle and accelerating voltage for EBSD were set to 27
mm, 70° and 20 kV, respectively. To accurately determine the density of geometrically necessary dislocations (GNDs), an appropriate
step size of 200 nm was selected during the EBSD scan, which is small enough to reveal the dislocation substructures in the present L-
PBF 316LSS and large enough to provide an acceptable measurement duration. The acquired EBSD data were processed by HKL
Channel 5 software and MATLAB MTEX toolbox (Cui et al., 2021b). The calculation of GND density was based on the Pantleon’s theory
(Pantleon, 2008), which has been extensively applied to many polycrystalline alloys, such as Mg alloy AZ31 (Paramatmuni and
Dunne, 2020), high purity tungsten single crystal (Das et al., 2018), commercial purity titanium (Zhu et al., 2017) and nickel-based
superalloys (Birosca et al., 2019; Witzen et al., 2020). Moreover, the misorientation of 15° was applied to separate the high angle GBs
(HAGBs) from the low angle GBs (LAGBs), and 5 pm was set as the minimum grain size. The deformation mechanisms during
deformation and the characteristic cell structures in L-PBF 316LSS were analyzed using FEI Tecnai G2 and the aberration-corrected
Titan 60-300 TEM. The energy dispersive X-ray spectrometers (EDS) equipped in SEM and TEM were also employed to detect the
chemical compositions of cellular structures and precipitates. All TEM samples were prepared using a twin-jet electro-polisher and a
solution of 10 vol% perchloric acid and 90 vol% ethanol at 25 V and —25 °C.

3. Results
3.1. Grain structure

Figs. 2a-2e and 2f-2j show the EBSD-acquired inverse pole figure (IPF), corresponding pole figures (PF), GB and GND density
distribution maps of L-PBF and wrought 316LSS, respectively. The IPF maps in Figs. 2a-2b confirm that the L-PBF 316LSS possesses a
heterogeneous grain structure. The plane perpendicular to BD contains equiaxed grains and banded grain structure with a width of
about 85 pm (Fig. 2a), which agrees well with the adopted laser hatch space (Fig. 1a). Nevertheless, columnar grains with highly
serrated GBs were present on the plane parallel to BD (Fig. 2b). The significantly different microstructures on the two perpendicular
planes are due to the larger hatch space (90 um) compared to the layer thickness (20 um) leading to the epitaxial growth of grains. In
other words, the melt pools partially overlap and re-melt during the L-PBF process, which is necessary for the deposited powder to fully
melt. Distribution of grain sizes in Figs. 2a and 2b are also measured, as one example illustrated in Fig. 3al, and the average values are
16.66+14.59 and 21.02+22.45 pm, respectively. The reason for the large standard deviation is the high fraction of small-sized <001 >
orientated grains separated by the low content of large-sized <101> ones, as shown in Figs. 2a-2b and Fig. 3a. For face-centered cubic
(FCC) crystals, the <001> texture is dominant in L-PBF alloys, because it is easier to grow along the temperature gradient (Cui et al.,
2022b). However, in our case highly developed <101> texture was generated with BD as the reference axis. In this regard, the
maximum of multiples of uniform density (mud), as illustrated in Fig. 2c, was measured as 3.3, 3.7, and 3.2 for {001}, {101} and {111}
grains, respectively. By performing neutron diffraction analysis, the study by Yu et al. (Yu et al., 2020) demonstrated a clear fiber
texture transition from <101> to <001 > as the samples became thinner. By tuning the scanning strategy, a strong <001> texture was
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Fig. 3. Distribution of grain size, grain boundary misorientation and GND density in logarithmic scale for the L-PBF (a) and wrought (b) 316LSS,
respectively.
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also formed in the L-PBF Ni-25 at.%Mo alloys (Sun et al., 2018a). Similarly, Sun et al. (Sun et al., 2018b) reported that fine-grained
<101> texture was introduced while <001> texture was weakened as the scanning strategy was varied for L-PBF 316LSS. As a
consequence, the formation of <101> texture in the present work might be greatly affected by the sample thickness and scanning
strategy.

Contrarily, as shown in Figs. 2f-2h, distinctly different grain structures and orientations were present in the W316LSS. Both planes
perpendicular and parallel to the rolling direction (RD) were composed of equiaxed grains with an average size of 16.65+9.94 ym
(Figs. 2f, 2g and 3b1), and more spread textures were formed (Fig. 2h) in the W316LSS. Additionally, the GND densities of the two
samples were measured using the Hough-based EBSD method (Cui et al., 2021b). From Figs. 2d and 2e, it can be seen that GNDs were
heterogeneously distributed in the microstructure, most of which were concentrated along LAGBs. The GND density of the L-PBF
316LSS was calculated to be about 7.126 x 10'*/m? (Fig. 3a3), which is almost 5 times of the wrought sample (Fig. 3b3). This indicates
that a high density of dislocations is introduced during the solidification of the L-PBF process, which is attributed to strong mechanical
constraints from the substrate and the ultrafast cooling rate (Smith et al., 2019a). During the AM process, approximately 2% thermal
strain is generated in the AM-manufactured materials, hence numerous dislocations are required to compensate for this difference
(Kim et al., 2021). This is also verified by the high concentration of LAGBs in the L-PBF 316LSS (66.37% in length in Fig. 3a2), namely
the generated GNDs during the manufacturing process transform themselves into the energetically favorable configurations (LAGBs) to
compensate the thermal strain. As a comparison, the cold-working induced strain has been completely eliminated by the
high-temperature annealing, as indicated by the low GND density in Figs. 2j and 3b3.
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Fig. 4. (a)-(d) Cross-sectional SEM micrographs revealing MPBs, HAGBs, epitaxial growth of grains and solidification cellular structures. (e)-(g) A
HAADF STEM micrograph and corresponding EDS maps showing the segregation of chemical compositions in the cell structures. (f) Selected area
electron diffraction (SAED) pattern of Fig. 4e. (h)-(i) A SEM micrograph and corresponding EDS maps illustrating segregation of Mo and Mn to the
precipitates. (j) and (k) The size distributions of the precipitates in L-PBF and wrought 316LSS, respectively.
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3.2. Cell structures and precipitates

SEM micrographs in Figs. 4a-4d together with the high-angle annular dark-field (HAADF) micrograph in Fig. 4e and its corre-
sponding STEM-EDS maps in Fig. 4g reveal the heterogeneity of the L-PBF 316LSS, not only structurally but also chemically, with semi-
elliptical melt pool boundaries (MPBs), highly serrated GBs, epitaxial growth of grains, nano-precipitates, solidification cell structures,
and chemical segregations. Twins are not present in the microstructure. Of particular interest are the cell structures, consisting of
tangled dislocations on the walls and sparse dislocations inside (see the HAADF image in Fig. 4e), which can be frequently observed in
L-PBF alloys (Liu et al., 2018; Wang et al., 2018). According to the viewing direction, various appearances of cellular structures can be
obtained, such as the equiaxed and columnar morphologies in Figs. 4c and 4d. A modified Hall-Petch theory related to cell structures,
namely treating the cell walls as HAGBs, were widely adopted to rationalize the high yield strength of AM alloys, and their calculation
was in good conformity with the experimental result (Wang et al., 2018). Besides, the in-situ tensile test with the help of TEM revealed
that the motion of activated dislocations could be slow down by the cell walls (Liu et al., 2018). Although the strengthening mechanism
of cell structures is different from HAGBs due to their low misorientation (below than 2° (Wang et al., 2018)), it still can prove that the
pre-existing cell structures play a significant contributor to the 308 MPa increase in the yield strength of L-PBF 316LSS compared to its
conventional counterpart (Liu et al., 2018). On the other hand, our STEM-EDS mapping of the present L-PBF 316LSS illustrates the
segregation of Cr and Mo along the cell walls (Fig. 4f). This means that the cell structures in our work are not only formed by
dislocation networks, but also by chemical microsegregation, which makes them different from the cellular dislocation substructures in
deformed conventional alloys (Nabil Bassim and Klassen, 1986), even though they have morphological similarities.

From the selected area electron diffraction (SAED) pattern in Fig. 4f, only the austenite matrix with FCC structure can be detected
without the characterization of nano-precipitates on the cell walls (Fig. 4e). Nevertheless, based on the STEM-EDS mapping in Fig. 4j,
Si- and O-enriched secondary phase particles were indeed in-situ formed on the cell walls during the manufacturing process. The
presence of nano-precipitates has been discovered in many metallic materials fabricated by additive manufacturing (Salman et al.,
2019; Wang et al., 2018; Yan et al., 2018). Yan et al. (2018) reported that the normally detrimental inclusions in conventional
counterparts could be transformed into beneficial nano-particles in L-PBF 316LSS. These precipitates serve as Zener-pinning points and
offer dragging force during heat treatments to prevent grain growth, thereby strengthening the material (Yan et al., 2018). Salman
et al. (2019) and Wang et al. (2019) also confirmed the generation of nano-scale oxide particles on the cell walls after the L-PBF
process. It is well known that dispersion strengthening is governed by the interaction of Orowan bypassing or shearing between the
precipitates and dislocations (Ma et al., 2014). In L-PBF 316LSS, these nano-particles were reported to be amorphous (Salman et al.,
2019), and thus dislocations have to transmit the particles via Orowan bypassing mechanism (Ma et al., 2014), as in oxide dispersion
strengthened (ODS) steels (Yu et al., 2013). In our previous work, the strengthening component from the nano-precipitates is about
12.5 MPa, which is negligibly small and in line with the prediction by Ref. (Smith et al., 2019a; Wang et al., 2018). Compared with ODS
austenitic stainless steel reinforced by oxide inclusions (about 10 nm diameter), the precipitate dimensions in the present L-PBF
316LSS are significantly larger, and thus lacks effective strengthening effect. Furthermore, the average spacing (1.459 pm) of nano-
particles on the slip plane in our work (Cui et al., 2021b) is much larger than that of typical ODS steels, which further limits the
strengthening effect. In recent studies, some measures have been taken to further enhance the strengthening effect of the
nano-precipitates in AM alloys (AlMangour et al., 2016; Wang et al., 2020; Wu et al., 2018), such as adding interstitial atoms to the
pre-alloyed powder to generate more nano-precipitates on the cell walls without causing defects (Kim et al., 2021). This research field
is at the forefront of AM development but little is yet known, and we will focus on this area in our near future work.

Different from the ripple-shaped grains with highly serrated GBs in L-PBF 316LSS, the microstructure of the conventional coun-
terpart in Fig. 4h consists of faceted morphology grains with a high proportion of annealing twin boundaries (see Fig. 3b2). In addition,
a low-density of dispersed precipitates were observed in the grain interiors. The SEM-EDS maps in Fig. 4i confirmed that these pre-
cipitates were rich in Mo and Mn. The size distribution of them also had been counted and shown in Fig. 4k, ranging from 250 to 2000
nm, with an average value of 665 + 242 nm, which is significantly larger than the typical shearable particles (Gladman, 1999). Hence,
dislocations are inevitably bypass the precipitates for deformation to proceed and the corresponding strength component (op) could be
obtained as follows:

Gb

(2)

2n
L= \/;]R: 3

where G = 73 GPa and b = 0.25 nm are the shear modulus and the magnitude of Burgers vector for 316LSS. L = 15.14 um, calculated
from Eq. (3), is the average spacing of the precipitates on the glide plane. dp is the average size of the precipitates. f{=(0.101 £ 0.002)%
is the concentration of the precipitates in volume. R;=1/2d;=333 nm is the average radius of the precipitates. Accordingly, the
dispersion strengthening in the W316LSS yields a small value of 1.21 MPa. Therefore, these precipitates appear to have very limited
impacts on the mechanical properties of the W316LSS.

3.3. Effects of the unique microstructural characteristics on the hardness and slip pattern analysis

To reveal the effects of the unique microstructure in L-PBF 316LSS on the dislocation motion during deformation, indentation tests
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were performed on the two samples. It is well-known that the microindentation test can give the realistic bulk response of large-area
grains affected by the applied load, which means that the microhardness can balance the variations of characteristics in the micro-
structures. On the contrary, the nanoindentation tests can provide the response of a specific location or a limit area of grains, so this
measurement is usually associated with the response of a specific microstructure characteristic or an individual phase. In our study,
due to the structural and chemical heterogeneity of L-PBF 316LSS across multiple length scales (Fig. 2 and Fig. 5), the microindentation
tests have been adopted, with the aim to get good statistical results. Fig. 5a shows the probability distribution analysis of the
microhardness tests in the two samples, which is about 1.629 + 0.070 GPa for the W316LSS in contrast to 2.589 + 0.116 GPa for the L-
PBF one. This result confirms that the hardness of L-PBF 316LSS with a unique microstructure has increased by approximately 60%.

In order to further compare the resistance to dislocation motion from different microstructures in the two samples, the slip pattern
analyses were carried out on the grains with the same orientation from the two samples. One example is shown in Figs. 5b and 5e,
where the <111> orientation normal to the sample surface was chosen. SEM micrographs in Figs. 5¢ and 5f show the corresponding
residual impressions surrounded by slip steps for the L-PBF and wrought 316LSS, respectively. From the overall appearance of the
indentations, the slip patterns were very similar and repeatable, illustrating that the morphologies of these patterns are mainly
determined by the crystal orientation of indented grains (Nibur and Bahr, 2003). From the magnified SEM micrographs in Figs. 5d and
5g, the configuration of individual slip steps in the two samples are different in density and characteristics. As reported by Ref. (Nibur
and Bahr, 2003), the characteristic of the slip steps contains the slip mode information (wavy and planar slip) of the specific alloy. In
our work, compared with the curved slip patterns in the wrought counterpart (see Fig. 5g), the slip steps in L-PBF sample are significant
straighter (Fig. 5d), which implies that planar slip may be activated in the L-PBF 316LSS while wavy slip in the W316LSS. Based on the
calculations in our previous work, the stacking fault energy (SFE) of the present L-PBF 316LSS is around 38 mJ/m? (Cui et al., 2021a),
which is consistent with the previous results analyzed by TEM and neutron diffraction in the wrought 316LSS (Woo et al., 2020).
Therefore, the activation of different slip modes in the two samples appears not caused by the SFE, but by the difference in micro-
structures, and more detailed discussions will be exhibited in Section 4.2. The second difference of the slip steps is the density. Slip
steps are the result of the activated dislocations escaping from sample interiors to the free surfaces, and their directions are consistent
with the intersection between the glide planes and surface planes. The slip patterns in the L-PBF 316LSS are notably sparser than those
in the wrought counterpart. This indicates that the L-PBF 316LSS with unique microstructures, especially the cell structure composed
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Fig. 5. (a) The hardness distribution of the L-PBF and wrought 316LSS respectively, showing that 316LSS is notably strengthened by the unique
microstructural characteristics. (b)-(d) and (e)-(g) EBSD IPF maps, indentations and slip traces from the grains with the sample surfaces parallel to
(111) planes for L-PBF and wrought 316LSS, respectively.
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of tangled dislocations and segregation of the alloying elements, has a much higher resistance to dislocation motion than that of the
W316LSS. In other words, the activated dislocations in the L-PBF 316LSS need to overcome great difficulties during the sliding process
before they can finally escape to the surface.

In conclusion, due to the difference in the microstructural characteristics, the activated slip modes during deformation is tailored,
which in turn enhances the resistance to dislocation motion, and ultimately leads to the improvement of the microhardness.

3.4. Comparison of fatigue properties between 1-pbf and wrought 316LSS

The S-N curves in Fig. 6a reveal that the L-PBF 316LSS possesses significantly better fatigue properties than the wrought samples.
For example, a lifetime of 1,166,607 cycles was obtained for the L-PBF 316LSS under the stress range (As) of 748 MPa. On the contrary,
the W316LSS manufactured by the conventional approach shows a fatigue life of 15,616 cycles under a lower Ao of 533 MPa. Note that
prior to the deformation all fatigue samples have been carefully mechanically polished to a surface roughness of 0.2 um. Hence, it is
reasonable to consider that the difference in fatigue performance of the two materials is mainly caused by the corresponding mi-
crostructures. On the other hand, as indicated by the red lines in Fig. 6a, L-PBF 316LSS appears to have more advantages than W316LSS
in the low cycle fatigue (LCF) region, which will be discussed in detail in Section 4.1. Figs. 6b and 6¢ show the comparison of the total
and plastic strain range of both materials as a function of the applied stress range. L-PBF 316LSS exhibits much lower total strain
responses than the wrought counterpart. Similar trend is also confirmed by the plastic strain response in Fig. 6¢, which suggests that
the L-PBF 316LSS exhibits better fatigue resistance due to its unique microstructures. Fig. 6d shows a summary of the cyclic stress range
corresponding to the fatigue life of 10° cycles for different austenitic stainless steels, including our work, wrought 316LSS, L-PBF
316LSS in Ref. (Zhang et al., 2019), and the conventional coarse-grained (CG) 301LN SS (Hamada and Karjalainen, 2010). This further
confirms that the present L-PBF 316LSS has a much better fatigue property compared with conventional and previous AM
counterparts.

3.5. Effects of the unique microstructural characteristics on the crack initiation and propagation behavior

According to the fracture characteristics, the failure process of all the samples roughly consists of the crack initiation, propagation
and the tensile overload stages, as the examples shown in Figs. 7al and 7b1. The blue lines were applied to distinguish the region of
tensile overload stage from the propagation one, and the red dotted double arrows in the same SEM micrographs indicated the lengths
of crack propagation, that is, the distance from the crack initiation sites to the borders of the propagation regions. Under this definition,
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Fig. 6. (a) S-N curves of the L-PBF and wrought 316LSS. (b) Total strain range as a function of applied stress range for the two samples. (c) Plastic
strain range versus applied stress range curves for the two samples. (d) Comparison of the total stress range with other austenitic stainless steels
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the crack propagation length for the L-PBF and wrought 316LSS were measured to be about 3193 and 3138 pm, respectively. On the
other hand, from the overview of the fracture surfaces, more severe necking occurred in the wrought sample (Fig. 7b1), indicating the
formation of greater strain localization. This can also be confirmed by the three-dimensional illustration of the fracture surfaces in
Figs. 7a2 and 7b2, where the height difference in the wrought sample is significantly greater. Figs. 7f-7i and Figs. 7k-7n show the
fracture features of the two samples. The region of the crack initiation was characterized by a relatively flat region without striations,
see Figs. 7g and 71, whereas the propagation and the tensile overload areas were featured by the round ribbon striations (see Figs. 7h
and 7m) and ductile dimples (see Figs. 7i and 7n), respectively. Fig. 7g shows the crack initiation site for the L-PBF sample, and no
obvious defects (such as micropores and precipitates) that cause crack initiation were observed, but some persistent slip bands were
present, which indicates that the dislocation behavior may play a crucial role in crack initiation during the fatigue deformation.
Conversely, the crack initiation in the wrought counterpart was due to the subsurface micropores, as shown in Fig. 71, which was
consistent with the previous reports in conventional alloys (Liu et al., 2020b). Another interesting finding of W316LSS is that with the
crack length increasing, the size of the micropores on the fracture surface also increases, as shown in Fig. 7o, implying that the
dislocation activity may also be important for the crack initiation and propagation in the wrought counterpart.

In order to further illustrate the influence of unique microstructure characteristics on the fatigue behavior of L-PBF 316LSS, we
conducted a semi-quantitative analysis of the fracture surfaces for the two representative samples, namely the L-PBF sample under the
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Fig. 7. (al) and (b1) Fracture surfaces and the corresponding crack propagation lengths of the L-PBF and wrought 316LSS under Ao of 748 MPa and
533 MPa, respectively. (a2) and (b2) 3D overview of the fracture surfaces in Figs. 7al and n 7b1, showing that the distinct necking and severe stress
concentration occurred in the W316LSS sample. (c) Total strain response as a function of normalized cycle number for the samples in Figs. 7al and
7b1. (d) Relationship between the crack propagation rate and crack length for the two samples. (e) Comparison of the cycle number for the two
samples at different fatigue stages. (f)-(i) and (k)-(n) Fracture characteristics at different fatigue stages of the L-PBF and wrought 316LSS in Figs. 7al
and 7b1, respectively. (j) and (o) Magnified fracture surfaces in the black boxes in Figs. 7f and 7k respectively, showing that the size of the
microvoids gradually increases with the crack length increasing in the W316LSS during the fatigue deformation.
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Ao of 748 MPa and the wrought counterpart under the Ac of 533 MPa. From Fig. 7c, W316LSS exhibits significantly higher strain
response and lower lifetime, illustrating its weak fatigue resistance. By measuring the spacing between the striations along the crack
propagation direction, the relationship between the propagation rate and crack length of the two samples can be obtained. As shown in
Fig. 7d, the rate gradually increases from the lowest value of 0.0987 and 0.10987 pm/cycle for the L-PBF and wrought 316LSS
respectively, and the propagation rate of the W316LSS is much higher than that of the L-PBF 316LSS at any crack length, like a
comparison in Figs. 7h and 7m. This difference may be due to the chemical segregation effect combined with dislocation structures in
L-PBF 316LSS, which provides greater crack propagation resistance during fatigue deformation. Moreover, from Fig. 7c, the sharp
increase of strain near the end of the fatigue process corresponds to the tensile overload stage, which is about 3817 and 150 cycles for
the L-PBF and wrought samples, respectively. On the other hand, based on the crack propagation length and the lowest rate, the
theoretical maximum number of cycles in the propagation region can be determined to be 32,337 and 7374 cycles for the L-PBF and
wrought samples, respectively. Finally, the cycles of the crack initiation stage can be obtained as 1,130,452 and 8091 cycles for the L-
PBF and wrought samples, respectively. The summary of the number of cycles at each stage is shown in Fig. 7e, and the black numbers
represent the ratio of the cycles for the two samples at each stage. It can be seen that the fatigue process of the L-PBF sample is mainly
determined by the crack initiation stage, while the wrought sample is mainly composed of the crack initiation and propagation stages,
which agrees well with the above speculation that dislocation activity plays an important role in the corresponding fatigue stages for
the two samples. From the black numbers in Fig. 7e, it can be also concluded that the unique microstructure characteristics of L-PBF
316LSS improve its fatigue performance mainly by inhibiting the initiation of microcracks.

4. Discussion

According to the above analysis, the fatigue performance of the present two 316LSS is highly determined by the difference of
microstructures and the dislocation behavior, and thus we will have a detailed discussion from these two aspects.

4.1. Influence of the initial microstructure on fatigue performance of the two materials

The excellent fatigue property of the present L-PBF 316LSS comes from its unique microstructure characteristics, such as cell
structures, bimodal grain structure and highly serrated GBs. In the light of the microstructural description in Sections 3.1 and 3.2, the
yield strength (c,) of 316LSS can be determined by the following equation (Cui et al., 2021b):

0y = 0p + 0p + Oss + 0GB + Opis (©)]

where oy is the friction stress, which is a constant for the two materials. op is the dispersion strengthening generated from the
interaction between dislocations and the small amount of the precipitates, oss is the solid solution strengthening induced by the
difference in size and shear modulus of solute atoms and matrix atoms, o¢p is the grain boundary strengthening described by the
Hall-Petch relation, op; is the dislocation strengthening. In Section 3.2, the values of op were calculated to be 12.5 and 1.21 MPa for
the L-PBF and wrought 316LSS respectively, and thus their differences can be ignored. In addition, due to the extremely low content of
the precipitates (0.399% in L-PBF 316LSS and 0.101% in wrought 316LSS), the composition of matrix is basically not affected, hence
the difference in oss between the two materials does not seem to be large. Since the L-PBF 316LSS is composed of columnar grains, we
use the geometric mean of 18.71 pm to represent the microstructure-averaged grain size in the further calculation. Therefore, g for
the two materials can be estimated as follows (Cui et al., 2021b):

— k)’

0GB N ()]
where ky=452 MPa/ um?/2 is the strengthening coefficient for 316LSS (Huang et al., 2011). dg is the average grain size. Consequently,
the strengthening component resulting from the grain-size refinement for L-PBF and wrought 316LSS were determined to be about 106
MPa and 111 MPa respectively, but gives a negligible difference in strength. This means that the difference in dislocation density
should be responsibility for the strength difference between the two materials. A high density of dislocations will be introduced in the
obtained components because of the ultra-fast cooling rate during the AM process, which undoubtedly affects the corresponding
mechanical properties. For metallic materials, the dislocation strengthening is one of the most rudimentary strengthening strategy and
usually described by the Bailey-Hirsch relation as follows (Liu et al., 2020a):

oDis = MaGb./p (6)

where M is the Taylor factor, and the corresponding values for L-PBF and wrought 316LSS are determined to be 3.11 and 2.91
respectively from the EBSD-acquired data. G = 73 GPa is the shear modulus of 316LSS (Yin et al., 2019). b is the magnitude of Burgers
vector, and its value is 0.258 nm for 316LSS (Lee and Chiu, 2006). a is an empirical constant related to the dislocation configuration in
the microstructure. For the homogeneously distributed dislocations (like the W316LSS), the value of a is taken as 0.3 (Cui et al.,
2021b), while a=0.23 for the microstructure consisting of cell-like dislocation structures (like the L-PBF 316LSS) (He et al., 2017). p is
the total dislocation density, which is the summed density of the GNDs and statistically stored dislocations (SSDs). On the basis of the
previous reports (Cui et al., 2021b; Muransky et al., 2019; Zhu et al., 2018), most of the dislocations in FCC crystals are composed of
GNDs. Therefore, we can use the EBSD-acquired GND density in Section 3.1 to evaluate the dislocation strengthening in the two
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materials, and a total strength increment of 360 MPa and 195 MPa was obtained for the L-PBF and wrought 316LSS. Moreover, the
dislocation strengthening gives a strength difference of 165 MPa, which is evidently higher than that of the other mechanisms.
Therefore, it can be inferred that the pre-existing high density dislocations increase the strength of L-PBF alloys by suppressing the
movement of dislocations in the plastic deformation. Furthermore, the numerous pre-existing dislocations pinned by the segregated
atoms on the cell walls can increase the critical stress required for strain localization during cyclic deformation, thereby prolonging the
fatigue life. This can be verified by the more severe necking of the W316LSS fracture surface in Figs. 7b1 and 7b2.

In addition to the dislocation density, the dislocation configuration, namely the distribution of dislocations in the microstructure,
also has a certain impact on the dislocation motion, which in turn affects the fatigue performance. In the microstructure of L-PBF
316LSS, as shown in Fig. 4e, dislocations are tangled on the cell walls to form cell structures, rather than randomly distributed. From
values of the empirical constant a in Eq. (6), it can be speculated that the homogeneously distributed dislocation structure contributes
slightly more to the strength enhancement of metallic materials than the cell-like dislocation structure. Note that the cell structure in
the present L-PBF 316LSS is different from the cell-like dislocation structure in the deformed conventional alloys, since they are pinned
by the segregated atoms on the cell walls, which may increases the drag force for dislocation motion (Wang et al., 2018). Hence, the
strength contribution from the different configurations of dislocations may not be much different. However, one notable feature of the
unique cell structure in AM alloys is that it can alter the dislocation behavior during plastic deformation, such as promoting the
decomposition of perfect dislocations into extended dislocations and slowing down the dislocation motion, thereby significantly
improving the ductility of AM alloys (Liu et al., 2018). To the best of our knowledge, this behavior has never been reported in the
uniformly distributed dislocation configurations. On the other hand, it is generally accepted that the high-cycle fatigue (HCF) prop-
erties of metallic materials mainly correlate with the material’s strength, while the LCF properties are determined by the material’s
ductility (Mughrabi and Hoppel, 2010). Therefore, the cell-like dislocation structure in L-PBF 316LSS appears to have a more positive
effect on LCF performance, which seems to be confirmed by the fatigue results marked by the red lines in Fig. 6a.

Apart from the dislocation strengthening, other microstructure characteristics, such as bimodal grain structure and cell structures
may also play a role for the fatigue performance of L-PBF 316LSS. It is widely accepted that heterogeneous microstructure can induce
high back stress during deformation, which significantly inhibits the movement of dislocations (Kong et al., 2020). In our case, as
shown in Fig. 2, unlike the uniform grains in W316LSS, the microstructure of L-PBF 316LSS consists of large-sized <101> oriented
grains and small-sized <001> oriented grains. Hence, remarkable back stress was considered to be generated in the L-PBF 316LSS
during cyclic deformation (Kong et al., 2020), thereby relieving strain localization and improving the fatigue resistance. Furthermore,
the cell structures would also undergo a non-ignorable hetero-deformation-induced stress effect under plastic deformation (Kong et al.,
2020), which suppressed the dislocation motion and played a part in the excellent fatigue property. Another important feature of L-PBF
316LSS is the chemical microsegregation within cell structures (see Figs. 4f-4g), which may also generate non-negligible resistance to
dislocation motion (Ding et al., 2020; Smith et al., 2019a; Sun et al., 2021). Traditionally, when it comes to chemical heterogeneity, it
is considered as a detrimental effect, and should be avoided or eliminated. For example, the element segregation in casting
nickel-based superalloys often requires high-temperature homogenization treatment to guarantee their properties (Blaizot et al., 2016;
Cui et al., 2018; Huang et al., 2008; Leon-Cazares et al., 2020; Nganbe and Heilmaier, 2009). However, recent studies indicated that
the chemical heterogeneity in small-scale can be an effective method to enhance the mechanical properties of metallic materials (Ding
et al., 2020; Sun et al., 2021), e.g., by introducing hundreds of nanometer-scale Mn segregation islands into the microstructure, the
failure elongation of high-strength steels in hydrogen-containing environments was significantly increased from 15% to 30% (Sun
et al., 2021). Similar results were also revealed by Ding et al. (Ding et al., 2020) that after introducing a unique chemical boundary
with a few nanometers in thickness into plain steels, the failure elongation was increased from 15% to 20% accompanied with a
strength increment of 600 MPa. In the present work, as shown in Figs. 4f-4g, Cr and Mo were segregated along the cell walls, and the
cell size is around 530 nm, therefore the small-scale chemical microsegregation indeed existed in the cell structures. The study by Thale
R. Smith et al. (Smith et al., 2019a) confirmed that 28% of the yield strength of AM 304LSS was contributed by the microsegregation
strengthening, which mainly comes from the coherent internal stresses and the spatial variation of the elastic modulus between the
enriched regions (cell walls) and depleted regions (cell interiors) (Kato et al., 1980). Therefore, the chemical microsegregation dose
have certain impacts on the movement of dislocations during plastic deformation, but more work is needed for the further study. In
conclusion, the pre-existing high-density dislocations together with the unique microstructure characteristics including bimodal grain
structure, cell structures and chemical microsegregation are considered to be the reasons that L-PBF 316LSS has better fatigue per-
formance than the wrought counterpart. The unique cell structure can notably improve the ductility of metallic materials, therefore it
seems to have a more positive effect on LCF performance of L-PBF 316LSS.

4.2. Influence of the deformation mechanism on fatigue performance of the two materials

The fatigue performance of a material is related to its microstructure evolution during the cyclic loading (Cui et al., 2020). Detailed
deformation mechanism analyses were conducted on the two materials under different testing conditions to investigate their fatigue
behavior, as illustrated in Fig. 8. The bright-field TEM micrographs in Figs. 8a-8d show that the typical dislocation substructures in the
post-deformed L-PBF 316LSS consist of slip bands (not shown here), stacking faults and deformation twins, and it appears that with the
cyclic stress increases higher density of stacking faults are formed. From Figs. 8a-8c, it can be seen that although large populations of
deformation twins cut through the cell structures, the configurations of them are preserved, which proves that the cells have excellent
mechanical stability. Different from the planar dislocation substructures in L-PBF 316LSS, the most prominent substructures in the
post-deformed W316LSS are slip bands (Figs. 8e-8f) and low-energy structures, namely the high dislocation density walls accompanied
with low dislocation density channels (Figs. 8g-8h). According to the morphology, the planar slip bands can be divided in two types.
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One is composed of tangled dislocations, as illustrated in Fig. 8e, and the other is formed by the parallel dislocation arrays, as shown in
Fig. 8f. On the other hand, by comparing Figs. 8e-8f and Figs. 8g-8h, the dislocation substructures change from the planar slip bands
under low Ao of 469 MPa to the vein-/cell-like structures under high Ac of 660 MPa, illustrating the activated slip mode transition from
planar to wavy slip as the cyclic stress increases.

Based on the above investigations, the different dislocation behaviors observed in L-PBF and wrought 316LSS provide insights into
the differences in their fatigue properties. It is clear that the planar dislocation substructures, such as stacking faults and deformation
twins, are dominantly observed in L-PBF 316LSS, whereas the frequent dislocation substructures in W316LSS are the localized slip
bands and wavy vein-/cell-like structures. As mentioned in Section 3.3, the SFE of the two materials are similar, hence the distinct
dislocation behaviors in these two materials appear to be caused by the microstructures, especially the unique cell structures with the
accompanying segregation of the alloying elements in L-PBF 316LSS.

Recent studies shows that compared with the widely accepted SFE, the generalized stacking fault energy (GSFE) is more appro-
priate to properly classify the deformation modes of metallic materials (Yamakov et al., 2004, 2002). For FCC crystal, GSFE represents
the energy dependency of the rigidly sheared crystal within the {1 1 1} plane along the <112> direction (Li et al., 2014b). In our work,
from the TEM micrographs of the post-deformed L-PBF 316LSS in Fig. 8, basically all stacking faults are initiated from the cell walls.
Therefore, the segregation of Mo and Cr on the cell walls might reduce the GSFE of L-PBF 316LSS and result in the activation of planar
deformation mechanisms. On the other hand, the formation of stacking faults can be rationalized as follows. When a perfect dislo-
cation, consisting of a pair of Shockley partial dislocations and a stacking fault (Cui et al., 2022a), moves through the cell walls, the
segregated atoms would produce a drag force on the partial dislocation based on the Suzuki effect (Kaneko et al., 1995). When the
external stress was high enough, a leading partial was emitted from the cell wall. At this moment, the trailing partial was still trapped
by the cell wall. If the trailing partial was pinned by the cell wall forever, then the stacking faults can be formed in the L-PBF 316LSS.
Actually, this process has been confirmed by the in-situ TEM analysis on L-PBF 316LSS in Ref. (Liu et al., 2018). Furthermore, it could
be speculated that the deformation twins formed as the partial dislocations with the same Burgers vector glided on the adjacent planes.
More work needs to be done on the relationship between the chemical segregation on the cell walls and GSFE, but this is beyond the
scope of the present work, and will be part of a more detailed study in our future investigation.

The wavy vein-/cell-like structures in W316LSS are related to the generation of extrusion and intrusion on the sample surface,
where fatigue cracks tend to nucleate (Mughrabi, 2009). In addition, the localized slip bands are also known to be the initiation sites for
fatigue microcracks (Li et al., 2014a). Contrarily, the planar dislocation substructures in L-PBF 316LSS, in particular the deformation
twins, can delay the strain localization and restrain slip band generation, thereby inhibiting crack initiation and promoting the greater
fatigue resistance of L-PBF 316LSS. In conclusion, the enhanced planar slip by its unique microstructures in L-PBF 316LSS also plays an
additional role in the excellent fatigue property.

5. Conclusion

(1) The as-built PBF 316LSS shows a pronounced heterogeneity, not only structural but also chemical, with a unique microstructure
of semi-elliptical MPBs, highly serrated GBs, bimodal grain structure, nano-precipitates, solidification cell structures, and
chemical segregations. However, the microstructure of wrought and solution annealed 316LSS consists of uniform faceted
grains with a small amount of dispersed precipitates in the grain interiors.

(2) Due to the unique microstructure, the microhardness of L-PBF 316LSS reaches 2.589+0.116 GPa, which is about 1.6 times that
of W316LSS. Compared with the curved slip steps in W316LSS, the slip steps in the L-PBF sample are significantly straighter,
indicating that the planar slip appeared to be activated in L-PBF 316LSS, while the wavy slip in W316LSS. In addition, the
sparser slip steps of L-PBF 316LSS revealed its greater dislocation storage capability.

(3) Semi-quantitative analyses of fracture surfaces revealed that the fatigue process of L-PBF 316LSS was dominated by the crack
initiation stage, while the wrought counterpart is primarily composed of the crack initiation and propagation stages.
Furthermore, by strongly suppressing the crack initiation stage, the unique microstructure characteristics notably improved the
fatigue performance of L-PBF 316LSS.

(4) The fatigue performance of L-PBF 316LSS was significantly better than that of W316LSS due to its unique microstructure
characteristics, including the pre-existing high-density dislocations, bimodal grain structure, cell structures and chemical
microsegregation. Furthermore, the planar dislocation substructures generated during the cyclic deformation process, espe-
cially the deformation twins, also made a positive contribution to its greater fatigue resistance. The unique cell structure ap-
pears to be more effective in improving the LCF performance of L-PBF 316LSS due to the enhanced ductility.
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