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In this study, the enhancement of additively manufactured (AM) 316L, by annealing, to the fully reversed
tension-compression fatigue performance, in terms of fatigue life and fatigue damage, were investigated under
two conditions: as-built (AB) and heat-treated (HT) at 900 °C. The underlying fatigue mechanisms were
comprehensively characterised through intensive microstructural observations of cyclic-strained microstructures
and fracture surfaces using laser confocal scanning microscopy (LCSM) and secondary electron imaging using
scanning electron microscopy (SEM). The experimental results showed that the fatigue resistance of HT 316L was
significantly enhanced by 100% as the fatigue limit was increased from 75 to 150 MPa for AB and HT 316L,
respectively. The fatigue cracking mechanism in AB 316L is mainly related to two imperfections of the AM-
induced microstructural components: residual stresses, which cause highly localised deformation, and den-
dritic cellular structures, which possess a weak link in their grain boundaries against crack propagation. Upon
heat treatment at 900 °C, the residual stresses and dendritic structure were effectively reduced. Consequently,
the fatigue life of AM 316L was significantly enhanced by promoting the formation of high-angle boundaries.
More precisely, the cyclic deformation processes in fatigued HT 316L involve persistent slip bands and strain

hardening.

1. Introduction

Additive manufacturing (AM) technology has promoted new indus-
trial concepts by revolutionising many sectors relevant to the aerospace,
medical, automotive, and general manufacturing industries, making
them faster and more cost-effective. This modern technology can
manufacture complex designs that were difficult or expensive to
manufacture previously with traditional manufacturing methods [1-3].
Furthermore, AM materials are compatible with those manufactured
conventionally in terms of quasi-static mechanical properties, consid-
ering the significant differences in grain structure [4,5].

However, a major concern for metallic materials fabricated by AM in
service is the fatigue performance property, and this is the key to using
materials in structural applications subjected to cyclic loading, which
causes a common mode of mechanical failure in many engineering
structures [6].

Enhancing the fatigue properties of 3D-printed metallic structures,
such as aluminium alloys [7,8], Ni-based alloys [9,10], maraging steels
[11,12], and 316L [13,14], is a major challenge when utilising printed
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parts in structural applications subjected to cyclic loading. The micro-
structural details of AM products, such as defect type, morphology, size,
and surface roughness, can significantly affect the fatigue strength.

It has been well reported that the AM processing parameters can
significantly affect the microstructure and internal and surface defects,
which consequently affect the mechanical properties [15]. 316L stain-
less steel is a common, major alloy used in various industrial applica-
tions, such as in medical, chemical, marine, and aerospace industries
and in nuclear power stations [16]. This is because of their thermal
stability, high corrosion resistance, and good mechanical properties at
room and cryogenic temperatures. As reported in a recent review article
by Ahmed et al. [17], several authors have focused on improving the
mechanical properties of AM 316L by optimising the process parame-
ters, such as the laser power, scanning speed, hatch spacing, layer
thickness, and scanning patterns, to achieve the highest build density.
Jaskari et al. [18] studied the effect of the volume energy density of AM
316L on the microstructure and mechanical properties of defects. They
reported no influence of energy density on the yield and tensile
strengths; however, the elongation increased with increasing printing
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energy.

Another approach was applied to increase the mechanical strength of
AM 316L by incorporating reinforcements, such as SiC and TiC particles,
into 316L stainless-steel powder using low-energy ball milling [19,20].
In the same context, Zhai et al. [21-23] achieved grain refinement of AM
316L by adding TiC particles. Consequently, the yield and tensile
strengths were remarkably enhanced without sacrificing elongation.
These strengthening approaches enhanced the fatigue property of AM
316L.

The design of AM components for carrying dynamic loading is still in
its infancy because the fatigue resistance and correlated deformation
mechanisms of AM metallic materials under cyclic loading are not yet
fully understood. Recently, Becker et al. [24] published a review article
on the high-cycle fatigue strength (HCFS) of AM 316L, fabricated by
laser-powder bed fusion (L-PBF) under as-built (AB) and
post-processing conditions. The articles surveyed in that review reported
a low fatigue resistance of AB 316L with an HCFS of 90 MPa. Roirand
et al. [25] studied the effects of various laser scan patterns on the defect
density, microstructure, and fatigue resistance of AM 316L. They found
that a meandering laser pattern without rotation between the layers
promoted a printed microstructure with a very low porosity density.
Consequently, the fatigue resistance increased significantly. Pelegatti
et al. [26] studied the critical factors influencing the low cycle fatigue
(LCF) of L-PBF 316L. They emphasised that premature crack nucleation
emerged from voids near the surface. In addition, defects arising from
lack-of-fusion defects that were 400 pm are more detrimental to
reducing the fatigue life than semi-spherical pores. Kluczynski et al. [27]
studied the effect of process parameters and the correlated printing
energy density on the LCF behaviour of 316L. They found that the cyclic
deformation energy stored in the cyclically strained structure, repre-
sented by hysteresis loops, was significantly influenced by the features
of the achieved microstructures at different process parameters. Liang
et al. [28] conducted a series of HCF tests on AB and hand-polished AM
316L under different loading modes, namely, tension, bending, and
torsion fatigue. They found that the fatigue performance of AM 316L
decreased because of inherent surface defects. Hatami et al. [29] studied
the effect of post-machining on the high-cycle fatigue of AB 316L at a
stress ratio of R = 0.1. They reported that post-machined 316L speci-
mens exhibited higher fatigue strengths than AB 316L owing to the
presence of pores and surface defects. Pegues et al. [30] studied the
mechanical properties and fatigue performance of LB-PBF 304L SS after
machining and electro-polishing. They found that LB-PBF 304L with its
unique microstructural features promotes a higher fatigue resistance
than its wrought counterpart by avoiding the typical fatigue cracking
initiation mechanisms, that is annealing twin boundaries (£3-TB) and
high-angle grain boundaries (HAGB). Recently, Rautio et al. [31]
applied a surface modification technique called shoot peening (SP) to
study the fatigue resistance of L-PBF 316L. A pronounced improvement
in the fatigue resistance of shoot-peened AM 316L was also reported.
The fatigue limit tripled from 200 MPa for non-SP to 600 MPa for SP AM
316L. A recent review by Malakizadi et al. [32] reported the effects of
post-processing operations on the mechanical performance, tensile
strength, hardness, and fatigue properties of 316L, Ti6Al4V, and Alloy
718. Studies have suggested that surface-finish treatments can notably
improve the fatigue strength of metallic AM materials. However, they
concluded that the optimal selection of AM process parameters to
minimise the density of LBPF-induced microstructural defects (e.g.
porosity and lack of fusion) has a greater influence than subsequent
post-processing. Hence, the fatigue performance of AM parts should be
improved by preventing the formation of microstructural defects during
AM printing.

The underlying damage mechanism during the cyclic loading of AM
316L has not yet been completely understood. Furthermore, most prior
work on the fatigue behaviour of AM 316L was carried out to correlate
the printing parameters with microstructural imperfections and fatigue
life. The aim of this study was to enhance the fatigue resistance of AM
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316L by identifying the underlying fatigue damage mechanisms and
investigating the influence of a short annealing time at 900 °C on the
microstructure and fatigue resistance. This was studied by conducting
force-controlled fatigue experiments and a comprehensive microstruc-
ture analysis of AB/heat-treated (HT) 316L specimens that underwent
cyclic plastic deformation.

2. Experimental methods

The experimental 316L powder employed for printing via LB-PBF
was supplied by Electro Optical Systems Oy (EOS). The powder has been
sieved to prevent large powder on the order of 50 pm. The chemical
compositions of the 316L powder used in the 3D printing and the
counterparts of the as-built material are listed in Table 1. The studied
materials were printed by an EOS machine (Model:290 M) at EOS
Electro Optical Systems Oy (Finland).

According to the standard ASTM E8M, round fatigue specimens with
a total length of 55 mm and a diameter of 6 mm were vertically printed
with certain laser-processing parameters to induce a volume energy
density of 40 J/mm?>. Fig. 1 shows the geometry of the 3D-printed fa-
tigue test sample and building direction (BD). Another series of fatigue
specimens underwent heat treatment at 900 °C for 30 min in a muffle
furnace (ether) under an argon atmosphere. The heat-treated material
was denoted as HT 316L.

Residual stress (RS) measurements were performed using an Xstress
3000 X-ray diffractometer (Stresstech Oy, Finland). Measurements were
taken at both the surface and central regions. To measure RS at the depth
of the central region, electropolishing using a Struers MoviPOL 5 elec-
tropolisher in a perchloric acid solution was applied to remove the
material layers up to the central region.

High-cycle fatigue tests were conducted at room temperature in a
symmetrical push—pull cycle using a Zwich electromagnetic resonator
fatigue machine (Vibrophore — resonance testing system) with a
maximum load of 50 kN under a force control mode. The fatigue tests
were conducted at a frequency of 100 Hz with zero mean stress. The
fatigue damage mechanism was extensively studied by examining the
cyclic strained microstructures using a laser confocal scanning micro-
scope (LCSM, KEYENCE/VK-X200). The fracture surfaces of the failed
specimens, AB and HT 316L, were examined using secondary electron
imaging with a field-emission gun scanning electron microscope
(FEG-SEM; Carl Zeiss Ultra Plus). The microindentation hardness was
measured using a microindentation tester (CSM Instruments). A dia-
mond Berkovich indenter with a three-sided pyramid was used to
conduct a series of indentations with a maximum indentation load of 2
N.

3. Results

The surface features of AB 316L, such as morphology, topographical
cues, and imperfections, were depicted using SE imaging. As shown in
Fig. 2(a), powder particles adhered to the outer surface, and partially
melted particles were clearly observed. These surface particles are un-
desired in AM products because they are expected to increase the surface
roughness owing to balling [33]. In the magnified view in Fig. 2(b), the
surface is free from detrimental defects. such as large pores, keyholing,

Table 1
Composition of the supplied 316L powder used for L-PBF manufacturing of 316L
and the corresponding composition of the as-built (AB) material.

Element, wt. C Mn Cr Ni Mo Cu Si

%

powder 0.03 2 17*/ 13*/ 2.2%/ 0.5 0.75
19%* 15%* g

AB 0.018 142 179 12.8 3 0.24 0.34

*, ** symbols show the minimum and maximum contents of the element.
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Fig. 1. Macrograph of the fatigue test of the 316L samples printed by the L-PBF
technique showing the geometry and building direction.

and microcracks. It has been reported that undesired surface defects
during the LPBF printing of metallic materials are induced by improper
printing parameters [34-36]. Thus, the adapted printing parameters and
consequent energy density resulted in a high surface quality without
defects on the 316L material under consideration.

The microstructural characteristics of AB and HT 316L were
observed using LC-SM, as shown in Fig. 3. A “fish scale morphology”
with melt pool boundaries is clearly shown in Fig. 3(a). This fish-scale
morphology arose from the melting tracks generated by the laser
beam [37]. The magnified view of a single pool shows columnar grains
and an elongated submicron cellular substructure; see Fig. 3(b)). These
characteristics are consistent with the microstructure reported for 316L
printed using LPBF [38-42]. It is well established that the cellular sub-
structure promoted by fast solidification during the 3D printing of 316L
has high-density dislocation network cell boundaries and elemental
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segregation, as reported by Sun et al. [43].

The effect of the HT at 900 °C on the microstructure of AB 316L is
displayed in Fig. 3(c and d).

A striking feature of the HT 316L structure was the appearance of
high-angle boundaries inside the initial pools, as shown in Fig. 3(c). A
recrystallised grain structure with a significant dissolution and break-
down of the cellular substructure is promoted with HT at 900 °C. In
agreement, Edin et al. [42] found that the initial annealing temperature
to dissolute and break the cellular substructure of the AB 316L is 800 °C.
At a higher temperature of 900 °C and with a long annealing time, the
cellular substructure is effectively eliminated. The fish-scale
morphology and strip-shaped melt tracks, highlighted by arrows, can
be clearly observed. These tracks illustrate the laser beam melting paths
via “track-by-track” and “layer-by-layer” manufacturing, as reported by
Zhao et al. [44].

Furthermore, a small fraction of the dendritic cellular substructure,
highlighted by the yellow circles, was still present even after HT at
900°C for 30 min; see Fig. 3(c). Interestingly, the fine residual cellular
substructure remaining after annealing 316L was explored by extracting
the 3-dimensional (3D) profile image of the HT microstructure in Fig. 3
(c). As shown in Fig. 3(d), irregular small red zones are present between
the pools. These zones are the counterparts of the residual cellular
dendritic substructure highlighted by the circles in Fig. 3(c). The use of
this technique (3-D imaging by LCSM) to determine the zones of the
dendritic cellular substructure in the AM and annealed structures of
316L at various temperatures will be discussed separately in another
manuscript.

The microindentation hardness (H;t) values of AB and those for HT
316L were evaluated using a Berkovich indenter equipped with an
instrumented microindentation tester (CSM Instruments). Fig. 4 shows
the load-penetration depth (P-h) and loading-unloading curves
extracted from the microindentation tests. The HT 316L, shown by the
red curve, shows a higher penetration depth, i.e. a lower hardness Hr,
than that of AB 316L. The measured Hjy values of the AB and HT 316L
are 2690 + 166 and 2295 + 82 MPa, respectively. This drop in hardness
upon annealing is attributed to losing the strengthening parameter of the
cell boundaries, which comprise high-density dislocations [40,45].

The high-cycle fatigue (HCF) behaviour over up to 107 cycles was
experimentally assessed by high-efficiency electromagnetic resonance
fatigue testing of the studied material. Fig. 5 shows the experimental
data from the fatigue tests, that is, the stress amplitude vs. the number of
cycles to failure (S-N) plots of structures AB and HT 316L. A significant
improvement in the fatigue resistance was found for HT 316L because
the fatigue limit (o, ) of L-PBF 316L is relatively small at ~75 MPa. After
the heat treatment at 900°C, the o5, of HT 316L increased to ~150 MPa.
Dastgerdi et al. [46] reported S-N plots of AM 316L fabricated by L-PBF
in vertical and horizontal building directions for layer thicknesses of 20
pm and 40 pm. They found that the build orientation and layer thickness
had a significant impact on the fatigue resistance. Meanwhile, the AB
316L material did not achieve the fatigue limit (i.e. the stress amplitude
at which no failure occurred after 107 cycles). They correlated the short

Fig. 2. SEM micrographs of the outer surface of the 3D-printed 316L by the L-PBF technique: a) the outer surface particles, and (b) a magnificed view of (a) the

defect-free surface.
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Fig. 3. Microstructure of the L-PBF 316L as captured by LCSM: (a) as-built structure, (b) high magnification of (a) displaying the cellular/columnar substructure
nature of the grain structure, (c) heat-treated microstructure of AM 316L at 900 °C for 30 min, and (d) 3D profile image of (c).
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Fig. 4. Load-penetration depth (P-h) curves from microindentation hardness
tests conducted on the as-built (black curve) and annealed 316L (red curve).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

fatigue life of AB 316L with the internal and surface defects. Similarly,
Wang et al. [47] compared the fatigue performance of AM 316L to that
of its wrought counterpart. They found that the SLM-316L had a lower
op, than that of the wrought material, at 90 and 166.5 MPa, respectively.
Ponticelli et al. [48] studied the reverse bending fatigue response of
316L printed using LPBF for various building orientations (0°, 45°, and
90°) and volumetric energy densities. Overall, they found that the o5, of
various sets of AM 316L was as low as 20% of the ultimate tensile
strength, while the o, of the counterpart bulk 316L was 50% of its ul-
timate tensile strength.

To investigate the fatigue crack initiation and propagation in the
studied material, specimens that fatigued up to failure were longitudi-
nally sectioned and subjected to gentle grinding and polishing. Fig. 6
shows the deformed AB microstructure under cyclic loading at 200 MPa.
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Fig. 5. Stress amplitude-fatigue life data (S-N curves) of the high-cycle
fatigued AM 316L with the as-built and heat-treated structures.

As shown in Fig. 6(a), two main cracks were observed in different zones.
Crack I emerged from the surface and propagated internally. Crack II
emerged from the inner layer and predominantly propagated trans-
granularly. Interestingly, the round pores inside the microstructure,
indicated by the arrows, did not show a related crack. The corresponding
3D image in Fig. 6(b) shows that crack I initiated at a powder particle
located on the surface. Subsequently, the cracks extended the internal
microstructure along the direction perpendicular to the loading. Simi-
larly, on the right side of the cross section of the sample in Fig. 6(c) il-
lustrates several fatigue cracks in the cyclic strained AB structure at 200
MPa. Whereas crack [ emerged from the surface, cracks I and IIl emerged
from the inner surface. The magnified view shows that crack II was
internally initiated at a defect located at the melt-pool boundary, as
indicated by the white arrow in Fig. 6(d). In addition, two round pores
were observed in the cellular substructure, as highlighted by the dashed
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Fig. 6. Laser confocal scanning microscope images of fatigue cracking evolution of the as-built 316L at a stress amplitude of 200 MPa: (a) fatigue cracks 1 and II (b)
3D profile of (a), (c) various fatigue cracks, (d) a magnified view of (c), (e) fatigue crack embryos, and (f) microcracks at the pool boundary.

circles. There is no evidence of emerging fatigue cracks in these pores.

It is now well established that the failure of additively manufactured
metallic materials is attributed to a common cause: the presence of
microstructure defects (pores, lack of fusion, unmelted powder)
[49-54]. These defects caused local discontinuities in the microstruc-
ture; consequently, the stress concentration at these defects caused local
plastic deformation. In this approach, the cyclic deformation of the
defective microstructure in AM 316L leads to the formation of micro-
cracks at these defects. In a recent study, Tomaszewski [55] estimated
the fatigue behaviour of L-PBF 316L based on a defect size effect model.
They found that the defect size did not significantly affect the fatigue
strength of AM 316L.

At a high magnification, fatigue-cracking embryos were observed on
a pool boundary in the AB structure, as shown in Fig. 6(e). Hence, fa-
tigue microcracks were generated at the pool boundaries, as shown in
Fig. 6(f).

The characteristic features of the fracture surface of the cyclically
strained AB 316L were examined using SEM to describe the underlying
fatigue deterioration process of the AB structure in AM 316L. It is well
established that fatigue crack initiation and propagation in a material
are substantially influenced by the microstructure, grain and phase
structure, and strength of the matrix [56]. However, fatigue studies of
AM materials have mainly correlated the fatigue damage of metallic
materials additively manufactured with internal defects, large pores,
lack-of-fusion [57,58], and surface roughness [6,59,60]. Fig. 7 shows

distinct regions on the fracture surface of AB 316L cyclically strained at a
stress amplitude of 150 MPa. A crack initiation zone located at the
surface edge of the fatigued specimen is shown in the SEM image in
Fig. 7(a).

Surface particles, labelled (P), adhered to the outer surface, and
another partially melted particle was located directly under the surface,
which is highlighted by the yellow square. A magnified view of the
particles highlighted particle in (a) is shown in Fig. 7(b). Interestingly, a
fatigue crack was initiated in the particles located under the surface.
This was attributed to the localised strain at the defect site [61]. Another
crack initiation region without defects was observed at the surface, as
shown in Fig. 7(c). Crack initiation sites were arranged by identifying
traces of persistent fatigue slip bands (PSB). It is well established that
PSBs comprise extrusions-intrusions, that is, a tongue-like topography
[62]. At a high magnification, intrusion roots and protrusions of PSBs
were observed at the crack initiation site, as shown in Fig. 7(d). During
the cyclic straining of FCC structural materials, such as steel 316L, these
localised strain bands (PSBs) are preferentially formed from favourably
oriented slip planes. Consequently, extrusions and intrusions on the
specimen surface promoted a dislocation pile-up that impinged on the
structural boundaries. Hence, fatigue cracks nucleate because of the
local high cyclic plastic strain in PSBs [63,64]. In Fig. 7(e), crack tor-
tuosity along the melt-pool boundary is observed, as indicated by the
arrow. Simultaneously, an array of elongated layers is shown, as high-
lighted by the yellow oval. This is attributed to crack propagation along
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Fig. 7. SEM images of the fracture surface of the fatigued as-built 316L at the stress amplitude of 150 MPa: (a) a general view of a crack initiation site related to
unfused surface particles, (b) a magnified view of (a), (c) a general view of the crack initiation site related to interactions of persistent slip bands (PSBs) with surface
boundaries, (e) microcrack along the pool boundary, and (f) the crack propagation zone.

the intercellular boundaries. Notably, the fatigue cracking in AB 316L
propagated in a ductile manner because regular fatigue striations were
observed on the fracture surface, as shown in Fig. 7(f). Thus, a high
degree of plasticity was involved in the cyclic deformation of AM 316L.

The microstructure of the HT 316L fatigued at 200 MPa until failure,
as shown in Fig. 8. One striking feature is the presence of multiple gas
pores at locations adjacent to the pool boundaries, as shown in Fig. 8(a).
The corresponding 3D image of the pores is shown in Fig. 8(b). The pore
depths were estimated by analysing the topography of the features in the
3D image. The pores had a depth of 15 m, and the total area of the pores
was estimated relative to the matrix area in the LCSM images. The
average pore area fraction was 0.008 per unit pm?. This indicates that
the area of the sound matrix without pores was 0.992. This is in
agreement with the measured mass density of 3D-printed 316L using the
Archimedes method, which estimated that the relative density of 3D-
printed 316L was 99.6. The 3D image did not show fatigue micro-
cracks in these pores. Riemer et al. [65] found that the pores in AB 3016
L had an insignificant effect on the fatigue properties and crack growth
behaviour during cyclic loading at high-cycle fatigue. In another region
of the microstructure, however, two cracks (I, II) formed at the printing
defects, as highlighted by dashed red ovals in Fig. 8(c). A magnified view
of crack I is shown in Fig. 8(d). The oxide defects broke during cyclic
deformation. Consequently, fatigue cracking was promoted along the

grain boundaries where the oxide was located.

The corresponding 3D profile of the cracked oxide defects in Fig. 8(d)
are shown in Fig. 8(e). The oxide defect was fragmented irregularly into
two parts, and the cracks propagated in multiple directions. Hence, the
crack causes a void depth of 10 pm. This reveals the distinct nature of the
fatigue cracking of AM materials from that of their counterpart bulk
materials. Interestingly, multiple microcracks were observed at the
boundaries of the residing dendritic cellular regions, as highlighted by
yellow circles in Fig. 8(f).

The fatigued fracture surfaces of the HT 316L specimens are shown
in Fig. 9. The crack initiation zone is shown in Fig. 9(a). A striking
feature of the crack initiation zone is the disappearance of pores and
other imperfections that induce fatigue initiation in the AM metallic
materials. Fatigue slip markings were clearly observed in this zone. A
magnified view of (a) is shown in Fig. 9(b). Clear evidence of a micro-
crack at the surface boundary is highlighted by the dashed yellow circle.
This was a result of the interactions of persistent slip bands (PSBs) in
grain (I) with the boundaries. However, tiny voids are observed in grain
II. Fig. 9(c) shows a high-magnification image of these tiny voids in grain
II. These tiny voids, highlighted by red dashed circles, occur at the in-
terfaces between the residual cellular grains and the recrystallised
grains. Hence, these tiny voids represent fatigue crack embryos. Hence,
fatigue microcracks are promoted at these boundaries, as shown in Fig. 8
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Fig. 8. Laser confocal scanning microscope images of the fatigue cracking evolution of the heat-treated 316L at the stress amplitude of 200 MPa: (a) pores in the HT
316L fatigued at 200 MPa, (b) 3D profile of (a), (c) cracks related to oxide defects, (d) a magnified view of (c), (e) 3D profile of (d), and (f) multi microcracks located

at the boundaries of rest dendritic regions.

(f). The crack initiation region is shown in Fig. 9(d). Similarly, inten-
sively clustered fatigue slip bands without imperfections were observed
on the fracture surface. This emphasises that HT 316L underwent cyclic
plastic deformation by inducing intensive fatigue slip bands. Subse-
quently, PSBs intersect with the grain boundaries, as in fatigued poly-
crystalline fcc metals, to form fatigue crack embryos and microcracks
[62,66].

4. Discussion

Here, we will discuss the main cause for enhancing the fatigue
resistance of AM 316L by annealing at 900 °C and the underlying fatigue
damage mechanisms in both materials, AB and HT 316L.

The S-N plots shown in Fig. 5 displayed a significantly higher fatigue
resistance of the HT structure than that of AB 316L. This is mainly
attributed to the microstructure promoted by HT. Based on observations
of the HT microstructure, the main causes/defects, that is, pores and lack
of fusion, for fatigue failure in AM 316L are present and were not
omitted upon annealing treatment, as shown in Fig. 8.

It is well known that residual stresses are induced in the as-built
structures of metallic materials additively manufactured by the L-PBF
technique owing to steep spatial and high thermal gradients [67]. Wu

et al. [68] investigated AM-induced residual stress (IRSs) in 316L. They
found that the AM-IRS is the compressive type near the AB centre and
tensile type near the surface. Furthermore, the IRSs caused significant
localised deformation in the vertically built samples. This implies that
defects located at the surface are subjected to tensile RSs, which can
induce crack initiation and propagation. Consequently, these defects are
favourable sites for fatigue cracking owing to the localised deformation
and plasticity-induced crack opening. Bian et al. [69] studied the effect
of laser power and scanning strategy on the RS distribution in AM-316L.
They found that by increasing the laser power from 160 W to 200 W, the
tensile RS increased. In the present study, the average RS was measured
in the AB and HT 316L samples at different locations, for example at the
surface and near the central region. Fig. 10 shows pronounced RSs at
both the surface and centre of the AB structure. For instance, the RSs
values in the AB state were 311 and 303 MPa in the areas near the
surface and centre, respectively. These tensile-type RSs have a detri-
mental effect on fatigue behaviour, as faster fatigue cracking initiates in
AB 316L compared to that in its HT counterparts. However, the applied
HT at 900 °C was effective to reduce the RSs by 82 and 90% at the
surface and centre, respectively. In the same context, Shiom et al. [70]
found that stress-relieving annealing at 600 and 700 °C for 1 h was
effective to reduce the RSs by ~70%.
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Fig. 9. SEM images of the fracture surface of the fatigued HT 316L at the stress amplitude of 175 MPa: (a) general view of a crack initiation site, (b) magnified view
of (a), (c) general view of Zone II in (b), and (d) persistent slip bands (PSBs) on the fracture surface.
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Fig. 10. Effect of heat treatment on the induced residual stresses in AM 316L.

Besides the detrimental effect of IRSs on the fatigue resistance, the
dendritic cellular structure in AB has a significant effect on the fatigue
properties. Fig. 11 shows the fatigued microstructure of AB 316L at 250
MPa. A gas pore size of 12 pm was observed on the pool boundaries

without microcracking into the structure, as shown in Fig. 11(a). The gas
pores that appear in the fatigued microstructures (Figs. 6 and 8) are
assumed to be under the critical size to result in premature fatigue
failure. It is well established that gas pore defects smaller than the
critical size have no detrimental effects during cyclic plastic deforma-
tion. Thus, the fatigue resistance depends on the damage behaviour of
the microstructure in proportion to the hardness [55]. Furthermore, the
impact of the dendritic cellular structure in the AB state on fatigue crack
propagation becomes significant. This is because the crack propagation
is faster through the cell interfaces, as shown in Fig. 11(b). This is
attributed to the low resistance of the fatigued AB dendritic structure to
crack propagation. The cyclic strain hardening/softening behaviours of
fatigued AB and HT 316L at a constant stress amplitude were measured
by microindentation hardness (Hir).

Fig. 12 shows that the fatigued HT 316L, which was softer than its
counterpart AB 316L before fatigue (see Fig. 4), exhibited a higher
hardness after fatigue, that is, the HT microstructure underwent cyclic
hardening. However, AB 316L exhibited cyclic softening because its
hardness was relatively reduced by cyclic straining.

The cyclic hardening/softening ratio was quantified based on the
difference in hardness before and after fatigue testing. The HT 316L
exhibited a cyclic hardening ratio of ~18%, whereas the AB 316L dis-
played a cyclic softening ratio of 22%.

During the progressive cyclic straining of HT 316L, dislocation

Fig. 11. SEM microstructures of the fatigued AB 316L at a stress amplitude of 250 MPa: (a) a small pore located on the pool boundaries and (b) fatigue crack

propagation along the cellular grain interfaces.
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Fig. 12. Load-penetration depth (P-h) curves from microindentation hardness
tests conducted on the as-built (dashed black curve) and HT 316L (dashed red
curve) after cyclic plastic deformation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

accumulation and the interaction of dislocation mechanisms are
assumed to be induced in the matrix during fatigue deformation.
Consequently, the strain hardening of the HT is promoted. Interestingly,
we measured the hardness of the three residual cellular substructure
regions in HT 316L to compare their cyclic response with that of their
counterpart AB dendritic structure. It is apparent from the hardness
measurements that the residual cellular substructure regions underwent
cyclic softening, similar to the AB structure, as highlighted by the blue
shadow in Fig. 12. Thus, cyclic plastic deformation is highly accom-
modated at the boundaries of the cellular substructure owing to dislo-
cation dynamics during fatigue. Consequently, fatigue microcracking
associated with cellular boundary deformation is promoted.

Based on our results, we should refer to a striking characteristic of
the AM metallic 316L in terms of fatigue strength to tensile strength
ratio (og/outs). It is reported that for conventional and wrought steels,
this ratio op/oyrs is in the range of 0.4 to 0.6 [71,72]. The estimated
ratios of the studied AB and HT 316L are 0.12 and 0.24, respectively.
These values are not within the well-reported range of the fatigue
strength/tensile strength ratios for wrought steels. The cyclic straining
capacity and average resistance to cyclic plastic deformation of a
metallic structure determine its fatigue limit. However, changing
microstructural features, such as grain structure, defects, and residual
stresses, by a new metallurgical process significantly contributes to the
fatigue damage mechanism. AM technology is significantly different for
fabricating metallic structures in 3D with various microstructural
characteristics. Hence, the rule of the o /oyrs ratio of fatigue resistance
for wrought steels could not be applied on metallic steels fabricated by
AM. The LBPF-induced microstructural defects (pores, dendritic cellular
structure, and residual stresses) induce a cyclic damage mechanism and
markedly affect the fatigue limit. However, wrought steels undergo
thermomechanical treatments that promote a sound microstructure free
of defects generated in AM metallic materials.

5. Conclusions

This study investigated the fatigue behaviour and damage mecha-
nisms of cyclically strained 316L stainless steel additively manufactured
using L-PBF. High-cycle fatigue regime tests were conducted on two
steels: as-built and heat-treated at 900 °C. This study provides funda-
mental insights into the fatigue damage mechanisms of metallic mate-
rials additively manufactured using L-PBF. The following conclusions
can be drawn.

Materials Science & Engineering A 873 (2023) 145021

1. A significant improvement in the fatigue strength of as-built AM
316L was observed after heat treatment. The fatigue limit of AM
316L increased from 75 to 150 MPa with the proposed heat treat-
ment at 900 °C.

2. The LPBF-induced microstructural characteristics, that is, pores,
dendritic cellular structure, and residual stresses, are the main causes
of fatigue damage in the as-built 316L. With heat treatment at
900 °C, the causes of fatigue damage in the HT 316L were signifi-
cantly reduced because residual stress and cellular structure were
significantly reduced.

3. Intensive persistent slip bands (PSBs) were promoted during the
cyclic straining of HT 316L. Subsequently, these localised strain
bands intersect with the surface boundaries, generating crack em-
bryos at these boundaries.

4. Based on the microindentation hardness measurements before and
after cyclic plastic deformation, a cyclic hardening ratio of ~18%
was observed for HT 316L. In contrast, a distinct cyclic softening of
22% is promoted in the counterparts of AB 316L.

5. The AM 316L materials under the studied conditions, AB and HT,
exhibited a significantly low ratio of fatigue limit/tensile strength,
or/ours 0.12-0.24, which is inconsistent with that commonly re-
ported for wrought steels of 0.4-0.6. Thus, the prevalent ratio of oz, /
oyrs could not be applied to the AM 316L.

6. Further investigations can be conducted from this knowledge con-
cerning the fatigue damage mechanism in the as-built structure and
that in the heat-treated structures at different temperatures to in-
crease their significance and achieve the highest fatigue resistance.
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