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ABSTRACT
As a realistic alternative to many conventional manufacturing techniques, selective laser melting (SLM)
has attracted much attention in nuclear field due to numerous advantages. The 316L stainless steel is
widely used in nuclear plants due to its excellent corrosion resistance and good high temperature
mechanical properties. To ensure the integrity of SLM 316L components under low cycle fatigue (LCF)
loading which is common in nuclear field, the microstructural evolution and fatigue of SLM 316L under
LCF loading are investigated. In this study, a set of LCF tests for SLM 316L at 550 °C, which is the
typical operation temperature of sodium-cooled fast reactor in generation IV nuclear plants. Results
show that SLM 316L has higher strength (YS 568 MPa and UTS 693 MPa) and lower ductility
(elongation 52%) compared with traditional 316L. The high strength is mainly attributed to the (i)
cellular substructure, (ii) high dislocation density, and (iii) high content of LAGB, formed by the high
cooling rate. SLM 316L has better LCF properties than traditional 316L, shown in Fig. 1. It has longer
life at 0.3, 0.4 and 0.6% strain amplitudes and similar life at 0.8 and 1.0% strain amplitudes. It has
significantly higher stress amplitude (cyclic strength) than traditional 316L and more stable cyclic
(softening) behavior which is beneficial for engineering applications. The cyclic softening behavior of
SLLM 316L is mainly attributed to: (i) coarsening of the cellular sub-structure, (ii) texture evolution from
<111>ILD to <001>ILD, shown in Fig. 2, and (iii) decrease of GND density and LAGBs during fatigue.
A transgranular fracture mode is observed across a range of strain amplitudes in SLM 316L. At higher
strain amplitudes, fatigue cracks are fewer, shorter and wider. The melt boundaries have no obvious
effect on resistance or promotion of crack propagation. Fatigue cracks originate from lack-of-fusion
defects near the surface of all strain amplitudes. At lower strain amplitudes (0.4%), oxide layer can also
act as crack initiation sites. The propagation direction for fatigue cracks is parallel to the build direction
due to columnar grains in the microstructure. In addition, a P-e-N prediction approach based on small
sample set is proposed to evaluate the reliability of SLM 316L at different strain amplitude.
1. INTRODUCTION

Since the 316L was first printed by Kruth in 2003, most research has focused on tensile and HCF
(high cycle fatigue) behavior and properties. In terms of tensile properties, SLM 316L can achieve an
excellent balance between strength and ductility through SLM technology (Wang et al. 2018). The high
strength of SLM 316L is attributed to the fine sub-structure, high dislocation density, very low-angle
grain boundaries, and dispersive nano-oxides formed by the high process cooling rates. However,
anisotropy, hierarchical features and defects of SLM 316L have a significant influence on fatigue
property. Firstly, SLM 316L has anisotropic properties due to grain growth along the build direction.
Wood et al. (Wood et al. 2019)investigated the influence of build orientation on fatigue strength, and
found that horizontally-printed specimens have 20%-45% higher fatigue strength than vertically-printed
specimens due to the higher tensile strength and smaller surface roughness of the former. Stern et al.
(Stern et al. 2019)reached a similar conclusion that vertically printed specimens have weak bonding
between layers and lower resistance to crack growth. The loading direction, which in turn depends on
the build direction, affects crack growth path and rate. Secondly, the hierarchical feature of SLM 316L
has a significant influence on fatigue performance. Hatami et al. (Hatami et al. 2020) discovered that
layer thickness has a minor negative impact on fatigue strength, however it has a significant effect on
the production efficiency. Also, the direction and thickness of layers affect crack growth paths and rates.
Thirdly, defects, which are a dominant feature of SLM 316L, have an adverse influence on fatigue
properties. Defects in SLM can be divided into surface and internal defects. Surface defects are mainly
surface roughness and surface pores. As many previous studies have shown, specimens after machining
or electropolishing (Andreau et al. 2021; Benedetti et al. 2017) have significantly higher fatigue
properties than as-built specimens because surface pores have a significant detrimental effect on HCF
strength. Regarding internal defects, including key holes, gas pores, and lack of fusion, among which
lack of fusion is more dangerous for fatigue loading due to its large volume and sharp shape. Compared

YOKOHAMA SMIRT 27

S



27" International Conference on Structural Mechanics in Reactor Technology
Yokohama, Japan, March 3-8, 2024
Division I

with internal defects in the core, internal defects in the sub-surface have a larger effect on fatigue
strength and life cycles. Hence, various methods of process parameter optimization and post heat
treatment, like annealing and hot isostatic pressing, have been developed for reducing internal defects
or increasing defect tolerance (Blinn et al. 2020). To date, little research has been conducted on
deformation mechanisms of additively manufactured stainless steel. Zhang et al. (Zhang et al. 2021)
demonstrated that HCF loading promotes local recrystallization of SLM 304L at room temperature. The
recrystallization behavior, in turn, in the overlap area, has a detrimental effect on fatigue performance
by weakening resistance to fatigue crack initiation. For LCF loading at room temperature, twin
boundaries act as sites for crack initiation in SLM 304L (Pegues, Roach, and Shamsaei 2019). Most
studies on fatigue of SLM material are focused on HCF behavior at room temperature. To the authors'
knowledge, little research has been presented on deformation mechanisms and LCF behavior for SLM
316L at high temperature.

In addition, the SLM materials usually exhibit great dispersion in fatigue properties compared
against the conventional ones due to random defects and unstable process parameters. The reliability
analysis of fatigue life is an essential method to evaluate the uncertainty. The e-N curves (strain-fatigue
life) that indicate the fatigue limit of materials are the most important references for engineering design.
Nevertheless, the predictive value derived from fitting a line between ¢-N scatter plots exhibits a
survival probability of only 50%. Safety factors has been extensively employed in several design
standards to mitigate the occurrence of unforeseen fatigue failure. However, it also results in a
significant reduction in residual bearing capacity. In order to meet the different demands on reliability
during service, the P-e-N curves have been presented. Considering LCF test requires a lot of time and
economic consumption, the dataset of LCF is very limited (Xie et al. 2014). The scale of life data of
single strain amplitude is very small, usually 2 or 3 data points are available. However, the traditional
method to quantitatively describe the probabilistic variation is to do probability fitting using
approximately 15 specimens at each of the four or five constant stress levels. Consequently, there is a
need for a reliability analysis method that is applicable to small sample size to improve the accuracy of
LCF reliability assessment.

This study is mainly focused on the microstructural evolution and reliability assessment of SLM
316L under LCF loading. First, a series of LCF tests at various strain amplitudes is conducted on SLM
316L and traditional 316L to examine the comparative performance. The specific cyclic softening
behavior of SLM 316L is investigated from the aspect of microstructure evolution. In addition, the
influence of the strain amplitude on the development and propagation of fatigue cracks is examined.
Last but not least, a new method based on Weibull distribution model is applied to estimate the P-S-N
curves, in which the remora optimization algorithm (ROA\) is first introduced to calculate the values of
characteristic parameters.

2. EXPERIMENTAL DETAILS

The SLM specimens for investigation were manufactured in a controlled environment with 99.999%
argon gas using the SLM 125HL (SLM Solutions GP, Germany) equipped with a 400 W fiber laser.
The following commercial standard process parameters are used: laser power (P) = 200 W, scanning
speed (V) = 800 mm/s, layer thickness (t) = 30 um, hatch distance (H) = 120 um, pre-heat temperature
(Tpr) = 100 °C. The size distribution of the gas-atomized powder ranges from 10 to 45 pum, and the
nominal chemical composition (in wt.%) is shown in Table 1. By using Archimedes method, the relative
density of the SLM 316L was found to be greater than 99.3%, which meets the ASTM F3184-16
standard. It is worth noting that the specimens subjected to final testing are machined and polished from
blocks, as depicted in Figure. 1(a). Prior to conducting the fatigue tests, the surface of the specimen
gauge length is meticulously polished to achieve a surface roughness (Ra) of less than 0.2 um. Fig. 1(b)
illustrates the geometry of the test specimen for SLM 316L.

Table 1 Chemical compositions of materials (wt.%)

Composition Fe Cr Ni Mo | Mn | Si P S C N

316L powder | Balance | 16-18 | 10-14 | 2-3 | 2.00 | 1.00 | 0.045 | 0.03 | 0.03 0.100

SLM 316L Balance | 18.46 | 1249 | 2.4 | 0.74 | 0.75 | 0.025 | 0.012 | 0.040 | 0.054
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Fig. 1 (@) Schematic of scanning strategy and specimen position; (b) definition of specimen geometry.

A series of fully-reversed axial strain-control tests was performed with a constant strain rate of
1.0x10%st at 550 °C, for total strain amplitude & of 0.25 %, 0.3 %, 0.4 %, 0.6 %, 0.8 % and 1.0 %. The
temperature was measured by three K-type thermocouples near the gauge section. A 10 mm gauge
extensometer produced by Epsilon was used to measure the deformation. All experimental data (stress,
strain, time, etc.) are collected by EDC220 controller according to the specified time interval. The test
conditions and fatigue life data in the present work are listed in Table 2.

Table 2 Fatigue life of SLM 316L.

Temperature Total strain Fatigue life, Total strain Fatigue life,
(°C) amplitude, & (%) Nt (cycles) amplitude, & (%) N (cycles)
550 0.25 8600 0.6 1225
550 0.25 15370 0.6 916
550 0.3 12450 0.6 1513
550 0.3 8166 0.8 433
550 0.3 10457 0.8 391
550 0.4 4017 0.8 634
550 0.4 5000 1.0 319
550 0.4 2448 1.0 240

3. RESULTS

3.1 Microstructural characterization

Fig. 2(a) shows the representative microstructure in SLM 316L. As shown in Fig. 2(a), SLM 316L
has a hierarchical and finger-shaped formation due to the layer-by-layer and track-by-track melting
method. The melt pool boundaries (red line in Fig. 2(a)) are attributed to the laser track and the powder
layer. Its width and depth are dependent on laser diameter and thickness of the powder layer,
respectively. The area surrounded by the blue line is the remelt zone which is intersected by two
adjacent melt pools in the same layer. From Fig. 2(a), a very fine sub-structure is observed within the
melt pool. The sub-structure has two shapes of columnar and cellular structures from different views.
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Fig.2 (a) Microstructure of SLM 316L (BD: build direction); (b) The schematic of cellular sub-
structure growth.
Fig. 3 displays a representative grain orientation map and misorientation angle distribution for SLM
316L in as-built condition. It is observed that many columnar and complex grains are distributed in
SLM 316L. The grains grow along the build direction, which corresponds to the temperature gradient
between layers. The melt pool boundary and powder layer can’t be observed in the EBSD map,
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indicating that the melt pool boundary and powder layer have no obvious influence on the growth of
grains and sub-structure. In addition, the cellular sub-structure cannot be identified from the EBSD
orientation map, proving that the cellular sub-structure has same crystallographic orientation. From Fig.
3(b), it can be seen that SLM 316L has a large fraction (about 79%) of LAGB, with misorientation less
than 10<

|
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i

|
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Misorientation angle (deg)

Fig. 3 EBSD analysis of SLM 316L (a) Graln orientation map; (b) histogram of misorientation angle
distribution.

3.2 Tensile properties

Fig. 4 shows the measured engineering stress-strain curves of both SLM 316L and traditional 316L,
and the tensile properties results of 0.2% offset yield strength (YS), ultimate tensile strength (UTS) and
elongation are listed in Table 2 with additional comparative data. The stress-strain curve of the
traditional 316L exhibits a quite wide region of work hardening after yielding (289 MPa) until the UTS
(589 MPa) is reached at the maximum uniform elongation (UE) of 62%. The tensile stress then drops
till fracture occurs at a tensile elongation of 92%. The YS of SLM 316L is 568 MPa, which is 96.5%
higher than that of traditional 316L. After yielding, the tensile stress reaches the UTS rapidly with a
narrow region of work hardening. The 52% elongation of SLM 316L is much lower than 93%
elongation of traditional 316L, is still higher than the standard value 35% for wrought material.
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Fig. 5 Measured stress-strain curves of SLM 316L and traditional 316L.
3.3 Fatigue properties
The LCF life scatters of SLM 316L are shown in Fig. 6. According to the ASTM standard, the
logarithmic linear fitting &-N curve is obtained by the Basquin relationship. From Fig. 6, a larger
scattering of fatigue lives can be observed. In order to describe the scattering of fatigue lives, the
probability (or reliability) need to be analyzed.
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Fig. 6 LCF life scatters of SLM 316L.
3.4 Crack propagation and fracture morphology

Fig. 7(a-c) shows typical transgranular cracks under different amplitudes in traditional 316L. The
fatigue cracks originate from the surface and subsequently propagate into the core of the specimens. As
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is shown in Fig. 7(g), for lower strain amplitudes, e.g. 0.4 %, most plastic deformation is concentrated
in a persistent slip band and a crack is nucleated at the intersection of the surface and a slip band. Fig.
7(h) shows that the grain boundary near the surface is torn open and a crack nucleates due to larger
plastic deformation when the strain is higher (0.8%). Generally, the higher the strain amplitude, the
fewer and shorter the fatigue cracks.

Similarly, transgranular fracture is observed in SLM 316L at different strain amplitudes. Fig. 7(d-
f) shows that columnar grains are widely distributed in SLM 316L. The cracks originate from the surface
and propagate into the core of the specimens. The crack initiation locations seem to be randomly
distributed on the surface. Strain amplitude has a significant influence on crack length. At higher strain
amplitudes, shorter cracks are observed. In addition, the melt pool boundary appears to have no obvious
effect on crack propagation.

0.4% of Traditiona316L.  (A) 0.6% of Traditiona316L.  (b) 0.8% of Traditiona316L. ()

\100um

00

0.4%0f SLM 316150 (d), 0:6%of SLM 3161 (e) 0:8% of SLM316L

.
|

Fig.7 Crack path in the vicinity of fracture surface: (a-c) traditional 316L at 0.4, 0.6, 0.8% strain
amplitude; (d-f) SLM 316L at 0.4, 0.6, 0.8% strain amplitude; (g) crack originated at the
intersection of surface and a slip band; (h) crack originated at the grain boundary; (i) the crack paths
across the melting boundary.

Three representative specimens after LCF tests at strain amplitudes of 0.4%, 0.6%, and 0.8% are
chosen for investigation of the morphology of fracture surface, the SEM images of which are shown in
Fig. 8. The fatigue crack initiation sites and crack growth regions are characterized by a radial flow
pattern, whereas the final fracture zone exhibits typical ductile fracture. As shown, the numbers of
fatigue crack initiation sites are 5, 2, and 1 for the 0.4%, 0.6%, and 0.8% cases, respectively. With
increase in strain amplitude, the number of crack initiation sites decreases. This is consistent with the
results of the OM analysis. From the fracture, lack-of-fusion defects are observed near the surface. As
is shown in Fig. 8(e)(f)(h)(i)(k)(l), the fatigue cracks initiate from the lack-of-fusion defects near the
surface at 0.4, 0.6 and 0.8%strain amplitudes. When strain amplitude is 0.4%, a closer observation
shows that the crack also initiates from the sub-surface of the oxide layer (Fig. 8(b), (c)). The figure
with a green border in Fig. 8(d) clearly shows many striations and fine oxide particles adhere to the
fatigue striations at 0.4% strain amplitude. The oxidation effect can’t be ignored during fatigue crack
propagation. As is shown in Fig. 8(m-0), secondary cracks can be observed during the propagation of
fatigue cracks.

As is shown in Fig. 9, SLM 316L exhibits a typical cyclic softening behavior at different strain
amplitudes, whereas, in contrast, traditional 316L exhibits cyclic hardening behavior. In traditional
316L, the material shows initial hardening, saturation and rapid softening. The degree of hardening is
found to be dependent on strain amplitude, increasing with strain amplitude. Compared with the rapid
increase and decrease of peak tensile stress in traditional 316L, SLM 316L has a more stable cyclic
behavior, which is beneficial for engineering applications. It is noting that SLM 316L exhibit initial
cyclic hardening in few cycles at 0.8% and 1.0% strain amplitude.
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Fig. 8 The fracture morphology of SLM 316L (a C, e- f) 0 4% (d) OXIde characterlzatlon of 0.4%
LCF; (g-i) 0.6% LCF; (j-) 0.8% LCF; (m-0) secondary crack and fatigue striation direction of 0.4,
0.6, and 0.8% respectively.
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Fig. 9 Peak stress curves of (a) SLM 316L and (b) traditional 316L at different strain amplitudes.
4. DISSCUSSION
4.1 Microstructural evolution

Fig. 10 shows the coarsening of the cellular sub-structure after fatigue loading and high-
temperature aging. The evolution of the cellular sub-structure therefore can be expected to affect the
cyclic deformation behavior under LCF conditions. From the OM images, the diameter of cellular
structure in as-built SLM 316L is 0.707 = 0.078 um. As shown in Fig. 10, the size of the sub-structure
is 0.709 + 0.039 um after aging at 550°C for 325 h. This indicates that the sub-structure has excellent
thermal stability at the high temperature of 550°C. However, fatigue loading has a significant influence
on the cellular sub-structure. The diameter of the cellular sub-structure grows to 0.73 + 0.064 um, 0.75
+0.061 pm and 0.82 + 0.087 um after 0.4%, 0.6% and 0.8% strain amplitude respectively.

This sub-structure coarsening leads to cyclic softening. Pham et al. [23] identified a Hall-Petch
relationship between yield strength and size of sub-structure. So, sub-structure coarsening directly leads
to decrease of yield stress during fatigue loading, obviously causing the cyclic softening in SLM 316L.
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Fig. 10 The evolution of cellular sub-structure in different conditions.

Fig. 11(a-c) show the grain orientations of the as-built, 0.4% and 0.8% fatigued samples. Fig. 11(d-
f) are inverse pole figures which used Exp. Densities to reflect the distribution frequency of grain
orientations in the analyzed areas. Fig. 11(d-f) show obvious concentration of grain orientations and
exhibit obviously different textures along the loading direction (LD) in as-built and post-test fatigue
samples. It is noticeable from Fig. 11(a) that the microstructure consists of a mixture of fine, coarsen
and columnar grains. The columnar grains are generally parallel to the build direction. So, the as-built
sample shows <111>ILD, and <001>ILD texture in Fig. 11(d). From Fig. 11(e-f), the <111>ILD
disappeared, and the intensity of <001>ILD increased with the increasing of strain amplitude. So, it is
concluded that the <111>ILD texture transforms into <001>ILD texture after cyclic LCF loading. For
FCC (face-centered cubic) materials, texture direction directly influences tensile properties. Compared
with <111>ILD texture, <001>ILD texture has lower yield stress and elongation due to different Schmid
factors (Wang et al. 2019). And, the maximum value of the elastic modulus of FCC is obtained along
the <111> direction and the minimum along <001> direction. In summary, the texture evolution from
<111>ILD to <001>ILD leads to the decreasmg of yield stress durlng cycllc loading in SLM 316L.

) ; 0.4 8 1,"

ding usl lmd--g 84 ‘!’
/‘lﬂl 001 101 Wl‘a -
Fig. 11 EBSD inverse pole flgure (IPF) orientation maps of (a) as- bU|It (b) 0.4% LCF, and (c) 0.8%
LCF; Inverse pole figure (IPF) of (d) as-built, (e) 0.4% LCF, and (f) 0.8% LCF.

Fig. 12 shows the GND density maps of the as-built and post-fatigue samples. The GND is
heterogeneously distributed. The average density of GND is 7.54>10%%/m? for as-built SLM 316L. After
the cyclic loading at the strain amplitudes of 0.4 and 0.8%, the GND densities reduce to 4.89>10*/m?
and 4.48x10%/m? respectively. As a result, the stress required for dislocation movement decreased,
leading to cyclic softening.

Fig. 12 Geometrically necessary dislocation dlstrlbutlon of (@) as- bU|It (b) 0.4%, and (c) 0.8% LCF.
In addition, Fig. 13(a) shows the distribution of misorientation angle among grains. The occurrence
of HAGBs which includes critical grain boundary angle (15<usually) decreases after fatigue loading.
As is shown in Fig. 13(b), grain size (equivalent diameter) also increases slightly after low cycle fatigue
loading. The decreasing of HAGBs is closely related to grain coarsening. However, the so sight
coarsening of grains (about 1um difference) is less likely to cause cyclic softening. The occurrence of
LAGBs in as-built 316L is about 3.13x105, decreasing to 1.23x10° and 1.12x10° after testing at 0.4%
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and 0.8% strain amplitudes, respectively. The annihilation of LAGBs during fatigue loading reduces
the contribution to yield strength (Kurzynowski et al. 2018), leading to the observed cyclic softening.

(a) e ] (b) 2

Grain equivalent diameter (pum)

1090 oay
Misorie

Ntatj 0.8%, As-built 0.4% fatigued  0.8% fatigued

on u::k o 6
(deg) Test condition

Fig. 13 (a) Misorientation angle distribution, and (b) grain diameter of as-built, 0.4 and 0.8% post-
fatigue SLM 316L samples.

In summary, the cyclic softening behavior of SLM 316L can be contributed to these evolutions of
microstructure: (i) coarsening of the cellular sub-structure, (ii) texture evolution from <111>ILD to
<001>ILD, and (iii) decrease of GND density and LAGBs during fatigue.

4.2 Reliability assessment

In LCF performance of AM material, the Basquin model is also suitable for describe the
relationship between strain (¢) and fatigue life (N) (Concli et al. 2021; Wu et al. 2010; Zhang et al.
2022). Moreover, the total strain amplitude & is denoted by a combination of elastic strain . and plastic
strain &p, forming the Coffin-Manson-Basquin model:

& =&,

+gP=U—E‘(2Nf)b+g;(2Nf)C @)
where o', is the fatigue strength coefficient, E is the Young’s modulus, b is the fatigue strength
exponent, &', is the fatigue ductility coefficient and c is the fatigue ductility exponent. The Coffin-

Manson-Basquin model can be easily divided into two parts and transformed into linear expression:
(2
log(s,) :Log(E’)+blog(2N ) @)
log(s,) =Log(s,)+clog(2N )
To simplify the model description, proper parameter transformations are given as:

log(2N ) =~ log( T+ log(z.) =, +b, log(z,) -

log(2N,) = —% log (&, )+%Iog(5p) =a, +b, log(s,)
Eq. (11) indicates that both &. and &, exhibit linear relationships with the fatigue life. Therefore, they
can be expressed by a generalized equation to facilitate the description (Wen et al. 2019):
log(2N,) =3, +a, log(s,) (12)

where ao and a; are constants to denote the intercept and slope of liner relationship. So far, the Basquin
model between Nt and & in LCF has been proposed. Through patterning the analysis procedure in HCF
mention in Section 2.1, the PDF and MLE cost function can be easily expressed as following:

PDF:
p1 Y
=2 %] .epoﬂ] } N8>0
nn n

77:10%%1'09(&); a, >0, a,<0 (4)
p=const; f>0

MLE(a,.a,, /) = iz;;{m[ (N &)} = 2{'”[{73[’:)/“ .exp[—(,;;ijﬂ]J} (5)

To further validate the usability of SLM 316L in engineering, the LCF reliability are compared
between traditional 316L SLM 316L. The LCF life data of traditional 316L are all achieved from 316L
material and same test conditions. By the newly proposed method, the Nso, Nsos and Nosy curves of

MLE cost function:
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traditional 316L are calculated and shown in Fig. 14. Compared with tradition 316L, the LCF life data
of SLM 316L has larger scattering range. This dispersion exhibits the unstable fatigue properties, which
is mainly attributed to internal defects in SLM 316L (Kumar et al. 2020). Fig 14 also shows that there
are transection points on Nso» and Nese, curves of traditional and SLM 316L, indicating the LCF
performance superiority is also affected by the strain amplitude. When the strain amplitude is higher
than these transection points, the traditional 316L has longer LCF lives. However, the SLM 316L has
better LCF performance when the strain amplitudes are lower than transection points. This phenomenon
is similar to result in our previous research (Chen et al. 2022). Compared to the traditional 316L, the
SLM 316L exhibits higher strength but lesser ductility (Wang et al. 2018). The higher strength offers
the SLM 316L higher elastic limit, which represent capacity to tolerate small strain deformation
(Elangeswaran et al. 2019). However, the LCF properties of SLM 316L get worse because it is
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Fig. 14 LCF properties comparison between traditional 316L and SLM 316L. The data of traditional
316L is from public reference.
5. CONCLUSIONS
In this work, several conclusions can be drawn from this work:

1. SLM 316L has higher strength (YS 568 MPa and UTS 693 MPa) and lower ductility (elongation
52%) compared with traditional 316L The high strength is mainly attributed to the (i) cellular
substructure, (ii) high dislocation density, and (iii) high content of LAGB, formed by the high
cooling rate.

2. The cyclic softening behavior of SLM 316L is mainly attributed to: (i) coarsening of the cellular
sub-structure, (ii) texture evolution from <111>ILD to<001>ILD, and (iii) decrease of GND
density and LAGBs during fatigue.

3. Atransgranular fracture mode is observed across a range of strain amplitudes in SLM 316L. At
higher strain amplitudes, fatigue cracks are fewer, shorter and wider. The melt boundaries have
no obvious effect on resistance or promotion of crack propagation. Fatigue cracks originate
from lack-of-fusion defects near the surface of all strain amplitudes. At lower strain amplitudes
(0.4%), oxide layer can also act as crack initiation sites.

4. Compared with the traditional 316L, the SLM 316L has larger dispersion in LCF properties and
lower reliability at higher strain amplitude. When the strain amplitude is low, the SLM 316L
exhibits greater higher reliability.
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