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Abstract

In this work, stainless steel 316L obtained by Laser Powder Bed Fusion (L-PBF) has been produced and
characterized. The experimental campaign focuses on the samples in the as-built state under cyclic tension-
compression loadings. Low cycle fatigue (LCF) and high cycle fatigue (HCF) tests are car-ried out. Microstructure
observations are performed before and after the load-ings. As-built L-PBF 316L has a good LCF performance despite the
presence of surface defects but a low fatigue limit in the HCF regime. Removing the sur-face roughness has a beneficial
effect but does not improve the fatigue strength to that of machined wrought 316L. Observations on the
microstructure of fatigue samples indicate that LCF is dominated by the local plastic deforma-tion, which is mostly

achieved by the slip in the studied material and is not sensitive to the defect. The lack-of-fusion defect impairs the

fatigue resistance in the HCF regime.
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1 | INTRODUCTION

Possessing a high mechanical strength combined with
good corrosion resistance, stainless steels (SSs) have been
indispensable metallic materials in many industrial
fields. The 316L SS, due to the deliberate amount of
molybdenum and the low proportion of carbon, offers
better corrosion resistance, superior formability, and
weldability as well as biocompatibility. This material has
been widely applied to the petroleum industry, the
nuclear industry, the medical field, and so on. In recent
years, a fast-developed technique, additive manufacturing
(AM), provides a new route for fabricating 316L SS.*™*
Among the AM techniques, Laser Powder Bed Fusion
(L-PBF) (also known as selective laser melting (SLM)) is
very promising in preparing the metallic materials on its

excellent precision and high efficiency.””’ Even though
currently being limited by the expensive cost of fabricat-
ing process and the occasional unsatisfactory durability
performance, successful applications of L-PBF 316L have
been seen in specific high value-added scenarios like
medical and dental applications, heat exchangers, light-
weight structures.® Generally, higher porosity is encoun-
tered in AM parts due to incomplete fusion, if compared
to wrought material. AM 316L SS has yet achieved signif-
icant success with near full density and good tensile
properties.’

Notable progress in manufacturing processes and
experimental analysis based on strength parameters have
been achieved for AM components. There are recently a
flood of publications on L-PBF 316L in terms of many
aspects: corrosion,''* fatigue,">™'® microstructure,'®"*
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mechanical strength,?*° tribology,>*** and so on. On

the one hand, existing researches indicate that this mate-
rial shows a lot of differences compared to the conven-
tionally fabricated ones; on the other hand, efforts are
still required to better reveal the properties and perfor-
mances as they are highly connected to the fabrication
process.

Despite sharing the same fusion-solidification pro-
cess, L-PBF is quite different from casting because
fusion-solidification happens at a very small scale. In
the L-PBF process, a sequence of melt pools assembles
one built layer. The repetitive layer-by-layer building
process yields a very fine microstructure. The laser
beam that is the input energy source fast sweeps over
the thin layer of powders on the built part, creating a
special thermal environment. The microstructure of as-
built L-PBF materials is thus distinct from conventional
ones. The unique microstructure of L-PBF 316L has a
notable impact on mechanical behavior. The refined
grains have a Hall-Petch strengthening mechanism.
The grain morphology is not as equiaxed as the con-
ventional one. The non-isotropic crystallographic orien-
tations bring anisotropy to the mechanical responses.
Due to the high dislocation density at the grain bound-
aries resulting from a high cooling rate, the L-PBF
316L shows a good yield strength without losing
ductility.** Further exploration of the cellular dendrite
of as-built L-PBF 316L indicates that the dissociation of
tangled dislocation on the cell wall provides the
barriers to plastic deformation.’> These substructure
colonies accommodate strain localization offering
resistance to slip transmission of inhomogeneous
microstructures.*®

The material's constitutive behavior is strongly con-
nected to its microstructure. Characteristic AM-origin
microstructures in L-PBF 316L can be enumerated:
melt-pool boundaries, cellular walls, precipitates, impu-
rities, elemental segregations, local lattice misorienta-
tions, and so on.”” Elongated grains, often seen in the
additive manufactured 316L due to the epitaxial growth
following the thermal gradient direction, have negligi-
ble influence on the macroscopic yield behavior.*®
Numerous investigations concerning the high cycle
fatigue (HCF) behavior of L-PBF 316L have attributed
the dominant source of fatigue failure to the inherent
defect,>*** while the role of AM microstructure has
been less discussed. The evolution of texture and poros-
ity was characterized during uniaxial tensile loading of
316L using in situ u-CT and high energy X-ray diffrac-
tion in the work of Leonard et al.** This study shows
that elastic strains accumulate more in the grains ori-
ented in {200} direction and less in the grains oriented

in the {111} and {220} directions under monotonic ten-
sile loading. This behavior is in line with knowing that
the deformation of 316L is dominated by crystallo-
graphic slip on the {111}<110> system. However, very
few researches shed light on the evolution of AM
microstructure of 316L with cycling.

Under cyclic loading, a notable phenomenon is the
hardening and softening since the microstructure
undergoes a series of changes. Zhou et al.** performed
low cycle fatigue (LCF) tests on the wrought 316L with
a number of samples being surface-treated to improve
the compressive residual stress. It is seen that the
wrought 316L with or without surface treatment shows
a long-term softening, which follows the initial
hardening occurring during the first several cycles, as
shown in Figure 1A. In the work of Mazdnov4 et al.,*
it is reported that the cold worked 316L shows cyclic
softening followed by long-term cyclic hardening
under room temperature cyclic straining as depicted in
Figure 1B. For cold worked 316L, the initial cyclic
softening is due to the formation of low energy disloca-
tion structures and the secondary cyclic hardening is
due to the gradual formation of deformation-induced
o-martensite. Cold work can improve the yield
strength of material by introducing high dislocation
density inhibiting the slip. L-PBF has a similar
strengthening mechanism. Yu et al. performed LCF
tests for the L-PBF 316L.** A continuous softening
occurs because the dislocations undergo unpinning
from the cell boundaries and planar movement, as
shown in Figure 1C.

Besides the characteristic microstructure, L-PBF
materials in the as-built state also present noticeable
surface roughness as well as defects. Indeed, these
defects can be eliminated (or reduced) and the micro-
structure can be altered by post-treatments.** To
improve mechanical performance, post-treatments are
still essential to AM products but diminish the
charm of AM at the same time. Post-manufacturing
processes, such as machining and polishing, may not
always be feasible for AM parts, for instance, in
hollow-shaped products. For that reason, knowing the
performance of parts containing defects is essential.
Literature reported that the tensile elongation-to-failure
of L-PBF 316L is sensitive to the built-in flaws.>’
But the tested samples in that reference were very
small in dimension (length <3 mm). Thus, the built-in
flaws were relatively significant and played an impor-
tant role. For samples with inherent roughness, the
role of surface imperfections in the ductility and the
cyclic mechanical behavior is still worthy of being
explored.



(A) l'mru;cd

600 { —— Surface mechanical attrition treatment |

Conventional shot peening

550 |

450 ettt

Stress amplitude/ MPa
IS o
g 8 8
i

w
8

Torsion (g, ,,=0.4%) (c)
* Torsion (€,,=0.3%)
* In-Phase (g, s=0.35%)
* Out of Phase (g, ,,=0.35%)

2
3

)
1

w
g
3

Max stress range (MPa)

100 | o 0.6%

10 100 1000 10000 100000
Number of cycles

Equivalent stress amplitude, %aeq (MPa)

10° 10° 10 10° *4 10 100 1000 10000 100000 1000000

Number of cycles (N) Cycles, N

FIGURE 1 Cyclic hardening/softening curves of (A) different surface-treated samples under Ae/2 = +0.5% (wrought 316L),**
(B) samples loaded with various strain paths (cold worked 316L),* (C) samples under different loading levels (selective laser melting (SLM)
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In this work, we perform a series of experimental
investigations on the microstructures of as-built L-PBF
316L before and after cyclic loadings. Both strain-
controlled and stress-controlled cyclic loadings are
tested. The aim is to better understand the roles of
L-PBF characteristic microstructural features in the
cyclic mechanical behavior. As the HCF is expected to
be very sensitive to the surface state, half of the as-
built HCF specimens have been polished to provide
more references in the condition that the defects are
not exaggerated. The microstructures of the as-built
samples and the tested samples are examined to
explore the role of microstructure in LCF and HCF
regimes.

2 | MATERIAL AND METHODS
2.1 | Powder characterization

An austenitic SS 316L powder (supplied by the Weare
Group) is used for the manufacturing process. This batch
of powder is recycled. The oxygen rate is less than 1000
ppm, and the powder is considered appropriate for pro-
viding quality AM parts. Comprehensive characteriza-
tions are thus conducted to assess the powder's
characteristics:

» The analysis of the chemical composition of the stud-
ied 316L powder confirmed that composition is close
to the nominal (normalized) one.

 Laser granulometry analysis is realized on two powder
samples (samples A and B with distributions displayed
on Figure 2A) to check the repeatability. The particle
size is described by D,¢p-Dyg (Where D,y is the equiva-
lent volumetric diameter at the cumulative probability

of xx %). The particle size in the delivery state is 5-25
pm.

« From the microscopic observations shown in
Figure 2B, the particles appear to be predominantly
spherical but sometimes show asymmetrical satellite-
like shapes. The satellite-like particle is formed when
small particles stick to a larger one during solidifica-
tion in the previous fabrication process. Powder
recycling can lead to oxidized particles which are a
source of internal imperfection.

« The microstructure of a powder particle can be
observed after the chemical attack. The scanning elec-
tron microscope (SEM) observation (see Figure 2C,D)
shows the powder is almost a single phase and has a
fine microstructure with an average grain size of fewer
than 4 pm.

2.2 | Specimens preparation

The L-PBF machine ProX DMP 320 was used with the
optimal process parameters for 316L SS (listed in
Table 1). Two identical jobs were conducted. On each
build plate, there were 15 cylindrical specimens with
different diameters for microstructure and internal
defect characterization tests, 5 tensile specimens for
monotonic and cyclic mechanical tests, and 15 fatigue
specimens.

A stress-relieving treatment was carried out on the
assembly before the separation of the specimens from the
tray. This treatment, which is similar with that used in
the literature,*” aims at mitigating the residual stresses
without modifying the as-built microstructure of 316L
SS. It should be mentioned that a procedure with a hold-
ing temperature of 900°C for 2 h followed by water
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FIGURE 2 Characterization of
powder 316L steel: (A) distribution of
powder size, (B) shapes of powder
particles, and (C, D) microstructure of
powder [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Processing parameters for L-PBF 316L SS
Machine Process parameters Scanning strategy
ProX DMP Laser spot Scanning Power Hatch Layer Random island without contouring
320 size speed spacing thickness strategy
0.07 mm 700 mm/s 275 0.07 mm 30 pm
w

quenching is recommended by ASM 2759 to eliminate
the residual stress. However, such a heat treatment will
change the microstructure. The used heat treatment con-
sists of a holding at a temperature of 620°C for 90 min
followed by a natural cooling for 800 min until the tem-
perature drops to 180°C. This treatment is conducted in
the air atmosphere without environmental control. X-ray
diffraction has been performed to measure the residual
stress on the surface. The heat treatment did not
completely relieve but mitigate the residual stresses,
which is in accordance with the results of Riemer et al.*’
The measured residual stress was in a range of 100-200
MPa, existing as tensile stress. The shear stress compo-
nent was almost zero.

Additionally, profilometry characterization has been
performed on the as-built specimens. Measurements at
different sites indicated that the average roughness is
15 pm (Ra). In the HCF tests, half of the samples have
been surface-treated using different grit sandpapers to

achieve an average surface roughness, Ra, of less than
1 pm.

Finally, X-ray pCT tomography revealed the fabri-
cated specimens have good density without large pores
inside. The porosity rate is under 0.1%

2.3 | Mechanical testing

All the mechanical tests are conducted in ambient air
and temperature on a biaxial servo-hydraulic testing sys-
tem, MTS® 809. First, monotonic tensile tests are per-
formed with two surface state samples: the as-built
surface state and the polished surface state sample. Each
sample was subjected to monotonous tension until it
broke. Then, another series of tests was conducted to
characterize the cyclic mechanical behavior of 316L steel
using the same machine. On the one hand, the strain-
controlled tests were carried out on the as-built
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specimens with a loading ratio of R = —1 and a strain
rate of 1072 s™L. On the other hand, the stress-controlled
tests were carried out on the as-built and polished speci-
mens with a loading ratio of R = —1 and a loading fre-
quency of 15 Hz. Temperatures were measured by a
thermocouple during the tests. No evident self-heating
was observed.

2.4 | Microstructure characterization
Optical microscope (OM), SEM, and electron backscatter
diffraction (EBSD) are used to characterize the micro-
structure both before and after the mechanical tests.

3 | RESULTS
3.1 | Macrostructure and microstructure
of L-PBF 316L SS

The observations were carried out on two planes: (i) the
Z-plane, also called manufacturing or lasing plane, is the
plane perpendicular to the building direction Z, it con-
tains the history of a single layer; and (ii) the X/Y plane,
it is the plane perpendicular to X or Y axis and parallel to

(A) (B)

Laser spots

Austenitic grains

Thermal alignments

the Z axis. This plane is constructed layer by layer and
therefore contains the thermal history of all layers.

The microscopic structure of the Z plane can be seen
in Figure 3A-C. It is possible to distinguish melting beads
corresponding to the main direction of the laser displace-
ment. On this plane, the section of the austenitic grains is
quadrangular. The laser path is visible when changing
directions. With respect to the X/Y planes (see
Figure 3D-F), we can see ellipses, characteristic of the
L-PBF process since they represent a section of the melt
pools which appear during the passage of the laser. The
macrostructure resembles fish scales. The observation of
these planes makes it possible to distinguish the inter-
faces between the layers clearly and to see the elongated
shape of austenitic grains crossing several layers. We can
also observe the grains that are formed during the
manufacturing process. Their growth direction roughly
coincides with the Z-axis of the specimen. As depicted in
Figure 3B,C, the thermal-origin alignment of austenitic
grains indicates the epitaxial growth of grains, that is, the
grains tend to grow along the building direction. From
the lateral plane observations (Figure 3E,F), the colum-
nar grains are oriented along the Z axis and pass through
several layers. Conventionally, the preferred direction of
growth in face center cubic (FCC) materials is the <001>
direction. In L-PBF, despite the high cooling rates (~10°

©
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FIGURE 3
viewed at wileyonlinelibrary.com]|

Macrostructure and microstructure observed on (A-C) a lasing plane Z and (D-F) a lateral plane X/Y [Colour figure can be
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K/s), this preferred direction of growth is respected. Most
grains grow along the direction perpendicular to the
solidification front formed by the melt pools. The grains
are columnar, pass through the melt pools, and consist of
dendrites resulting from rapid solidification after the
laser passage.

To get a better knowledge of the microstructure,
EBSD was used to analyze the grain morphology and ori-
entation. Post-treatment of the EBSD results was per-
formed using the ATEX software.*® This post-treatment
leads to EBSD mapping (with reconstituted grains)
shown in Figure 4. The grain size is not homogeneous in
the observed samples. Elongated columnar grains that
cross several layers are visible, and there are no twinning
boundaries in these maps. This texture has been widely
observed in the literature regarding the L-PBF process.
Other grain morphologies and textures have also been
observed by modifying the process parameters. The volu-
metric energy density, defined as being the ratio between
the laser power and the product of the laser scanning
speed, the hatch spacing and the layer thickness, mod-
ifies both the melt pool shape and the crystallographic
grain growth. Choo et al.* studied the effect of laser
power on the texture formed during the manufacture of
316L cylinders by L-PBF. In this study the laser power
varies from 380 to 200 W while keeping the other param-
eters constant (v = 300 mm/s, diameter = 0.207 mm,
layer thickness = 60 pm, hatch spacing = 100 pm). A 90°
rotation of the pattern (zig-zag) is performed between
each layer. Changing the power while keeping the other
parameters constant is the same as changing the energy
density provided by the laser. At high power (380 W), a
strong texture (100) is observed along Z.* It corresponds
to the direction of preferential solidification of FCC mate-
rials. At an intermediate power (260 W), the texture (110)
is predominant. Finally, at low power (200 W), the over-
all orientation of the grains is random.

This change in texture is hence a function of power
and the shape of the melt pools plays an important role.

As a matter of fact, whatever the power, the grains (001)
grow according to the thermal gradient, and therefore
radially in the melt. At 380 W, the melt pools are flat and
wide, the grains grow vertically. For intermediate power
values, the melt pools are less flat. The radial growth of
the grains (001) associated with the covering of the weld
beads, therefore, generates an overall texture (110) along
with Z. This is the principle of the chevron growth
between weld beads explained by Andreau et al.>® Finally,
at low power, the melt pools remain round but no longer
overlap enough to generate epitaxial growth, so the texture
is more isotropic. Sun et al.>' studied a higher power
domain. They find that, at very high power, the melt pools
are very deep and fine while at medium power the melt
pools are less deep and wider. This results in differences in
the shape of the solidification front, which directly impacts
the direction of grain growth. At very high power, the pool
is in a keyhole regime, so it is excessively deep and thin at
its end. This particular form allows the growth of the
planes <110>//Z. For medium powers, the shape of the
solidification front allows the epitaxial growth of grains
<001>//Z from the bottom of the melt.

The preferential orientation of the grains has a signifi-
cant impact on their elastoplastic behavior. It has been
shown that grains oriented <001> // Z deform by plastic
sliding while those oriented according to <110> //Z
essentially deform by micro/nano-twinning. This results
in a much better ductility and resistance of the materials
with the orientation <110> //Z predominant (TWIP
effect). Several lamellar crystallographic composites are
studied to combine the beneficial effects of each of the
orientations.” This kind of microstructure was also
obtained by Andreau et al.>°

3.2 | Monotonic tensile behavior

The stress-strain curves of as-built and total-polished
specimens are plotted in Figure 5. Due to the
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FIGURE 4 Electron backscatter diffraction (EBSD) maps of (A) lasing plane Z and (B) lateral plane X/Y. (C) computed pole figures

[Colour figure can be viewed at wileyonlinelibrary.com]
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extensometer's range limitation, the extensometer was
reset to zero once the measured strain reached 15%. The
reinitiating of the extensometer was repeated 4 times to
reach an elongation of the specimen at about 60%.

As shown in Table 2, gathering data from the litera-
ture, a large range of mechanical properties is found and
can be attributed to the variety of the manufacturing
parameters used. Note that only data from manufactured
vertically components are collected (except for ASM
Handbook, which is the reference value for wrought
316L). Compared to that obtained conventionally, the sig-
nificant increase (35%-100%) in the Yield Strength
(YS) of 316L steel obtained by L-PBF could be explained
by the multiscale structuring of the microstructure, in
particular the presence of cellular dislocation substruc-
tures. The latter would induce hardening of the material
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FIGURE 5 (A) Tension curves for the as-built surface

specimen (red) and for the polished surface specimen (blue) and
(B) the corresponding fitting Young Modulus from polished
specimens [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2
UTS (MPa)
Releasing Heat-treated—Present study 610-630
As built—manufacturers data EOS>3 540 + 55
As built—SLM Solutions™ 654 + 49
As built—Tolosa 2010>* 570-590
As built—Kuznetzov 2016°° 685-708
As built—Liverani 2017°° 540-570
As built—Riemer 2014 565
As built—Bahl 2019*° 565 + 10
As built—Spierings 2011"7 760
As built—Salman 2019%’ 1016 + 8

Forged, ASM Handbook (1993) 620

by the Hall-Petch effect, according to certain authors.>
Recently, this hypothesis is verified by Bahl et al.?® as
well as by Li et al.>” The latter report respectively that the
relation of Hall Petch cannot be applied in such a
simple way.

The Ultimate Tensile Strength (UTS) remains in the
same order of magnitude (but often in the upper range)
but it is known that the defects are more numerous in
the materials obtained by L-PBF (in particular
porosities).

The special feature of L-PBF 316L is its high YS/UTS
ratio (Table 2). It is generally between 0.7 and 0.9 for the
studied material, whereas it is conventionally between
0.4 and 0.5. This is all the more interesting since, for con-
ventional materials, an increase in this ratio generally
leads to a reduction in the elongation at break. However,
for the 316L steel obtained by L-PBF, the strain to failure
remains generally the same or is even better. This high
value of YS/UTS ratio is probably associated with the
hardening induced by the L-PBF process. During fabrica-
tion, due to the high thermal gradients, constraints arise
at the grain scale, which implies the creation of numer-
ous dislocations, themselves being at the origin of the
work hardening.

3.3 | Cyclic tension-compression
behavior

Because the L-PBF 316L may have the characteristics of
cyclic softening, it is difficult to determine the moment of
failure via setting the load threshold of the machine. In
this experiment, analysis was performed after the loading
was completed to determine the number of failed cycles.
The hysteresis curves and softening curves were obtained
so as to determine the moment of failure. There were two

Manufacturer and literature data of the mechanical properties in uniaxial tension of 316L SS obtained by L-PBF

YS (MPa) YS/UTS A% E (GPa)
450-470 0.74 60 150-157
470 + 90 0.87 50 + 20 180

550 + 39 0.84 35+4 169 + 31
530-560 0.94 42-45

567-582 0.83 34-35

420-500 0.84 40-70

462 0.82 54

480 + 20 0.85 4445

640 0.84 30

550 + 10 0.54 50

310 0.5 30 205
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criteria for determining the moment, and both were
based on softening by a number of cycles. First, the sam-
ple is considered broken if the tangent to the softening
curve begins to rotate clockwise and the change in incli-
nation is greater than 1° for every 10 cycles. The value
was found empirically. The second criterion is based on
the maximum stress drop. Failure is noted as the drop
begins to exceed 0.5 MPa at the 10-cycle interval. The
values obtained for the two criteria are close. Their aver-
age was used as the final value corresponding to the
break. Table 3 characterizes the imposed strain levels, the
number of cycles before failure, and the stress amplitude
at the half-life cycle (Table 3).

In Figure 6, the asymmetry of softening phenomenon
in the tension and the compression directions is notewor-
thy. For all four different loading levels, the maximum
compression stress in each sample quickly decreases dur-
ing the first quarter of the fatigue life and tends to be sta-
bilized in the following loading cycles while the

maximum tensile stress in each sample decreases steadily
throughout the load cycle except for the sample that was
subjected to the loading of Ae = +0.30%. One possible
explanation is that the samples have remaining residual
stress in the compression direction. The softening of the
material during the tests can be observed on the softening
curves, plotted for each level of deformation, and com-
pared in Figure 7. In LCF, it is not unusual to observe a
cyclic softening. This behavior is also seen on wrought
316L steel.””® Regarding the wrought 316L, the soften-
ing trend is evident even if the tension-compression load-
ing level is only at about +0.18% (see Figure 7). But for
the L-PBF 316L, at a loading level of +0.30%, the cyclic
mechanical responses are relatively constant. Softening is
pronounced at higher loading levels, such as +0.45%.
Note that the compared wrought 316L has been surface
treated while the L-PBF 316L has been tested in the as-
built state. But the L-PBF 316L undergoes more than
1000 cycles at the loading level of +0.45%. Meanwhile,

Sample name Strain (%) Rupture (cycles) Ac/2 at half-life (MPa) TABL E. 3 L.OW cycle tension-
compression fatigue tests
Tray 2, sample 5 +0.30 81,815 303
Tray 1, sample 1 +0.45 10,931 362
Tray 2, sample 2 +0.60 5390 377
Tray 1, sample 4 +0.75 2767 398
(A) Ag2=0.30% (B) Ae/2=0.45%
400 — . ' . ' : : : : . r
300 4 / E 4001 4 1
200 4 % g 200 1
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FIGURE 7 Cyclic softening curves under different cyclic

deformations as well as reference for a wrought 316L°" [Colour
figure can be viewed at wileyonlinelibrary.com]

the wrought 316L failed before 1000 cycles at the loading
level of +0.36%.

The correlation between the elastic strain and the
fatigue life can be characterized by the Basquin relation-
ship shown in Equation (1, in which Ae. denotes the
elastic strain range, o} is the fatigue strength coefficient,
E denotes Young's modulus, Nyis the number of cycles to
failure, and b is the fatigue strength exponent.

e () vy’ )

And, the correlation between the plastic strain range and
the fatigue life can be characterized by the Coffin-
Manson relationship Equation (2, in which Ae, denotes
the plastic strain, e} is the fatigue ductility coefficient,
and c is the fatigue ductility exponent.

Thus, the relation between total strain range and
fatigue life can be expressed as a formula shown in Equa-
tion (3, in which Ae; denotes the total strain range.

%: (%) (2Ny)" + €} (2Ny)¢ (3)

The strain-life curves are plotted in Figure 8 in the
double-logarithmic coordinate. The fatigue life is
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N
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<
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Basquin Fitting
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FIGURE 8 Strain-life plots of low cycle fatigue (LCF) tests of

selective laser melting (SLM) 316L with fitted curves [Colour figure
can be viewed at wileyonlinelibrary.com]

expressed by the number of load reversals, that is, 2Ny.
The fitted expressions are respectively as follows:

Ae, —0.079
=0.7138% (2N,
> * (2N)
A .
= E=24955« (2Ny) ™" (4)

A€, )70.079

—- =0.7138x (2N

+2.4955 % (2Ny) 7

3.4 | HCF behavior

Fatigue limits are determined by the staircase method.
The as-built specimens have a fatigue limit of 93 MPa
(run-out at 2*10° cycles), and the polished specimens
have a fatigue limit of 115 MPa. By removing the surface
roughness, an increase of 24% in fatigue limit is obtained
for the L-PBF 316L products. Hence, the surface treat-
ment is effective in terms of endurance improvement. It
is noteworthy that the fatigue limit of the tested L-PBF
samples is significantly worse than that (~250 MPa) of
the conventionally fabricated counterpart. Nevertheless,
similar results are also seen in the literature*"> for the
as-built surface without contouring strategy.

S-N curves are plotted in Figure 9. In the finite fatigue
life stage, both the as-built and the polished samples have
the visible trend that fatigue life increases as the loading
level decreases. The slopes of the increasing fatigue life of
the two groups are close to each other. The polished
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FIGURE 9 S-N plots of selective laser melting (SLM) SS 316L
at a loading ratio R = —1. Red markers denote the surface-treated

samples and blue markers denote the as-built samples. Run-out
threshold is set 2*10° cycles [Colour figure can be viewed at
wileyonlinelibrary.com]

samples always show better fatigue performances com-
pared to the as-built samples.

4 | DISCUSSIONS
41 | Young's modulus of 316L obtained
by L-PBF

The Young's modulus of 316L obtained by L-PBF is gen-
erally lower than the one of wrought 316L. Several expla-
nations exist in the literature. Some authors link this
drop to the crystalline anisotropy of the material.**®*
Simulations are conducted to verify this assumption.

It is found that the studied material is in a strongly
textured state, while the monotonic tensile test reveals
that Young's modulus is apparently lower than the nomi-
nal value of steel. A self-consistent method®* is used to
mimic the tensile test to predict the elastic behavior.
Young's modulus is deduced by using the macroscopic
stress divided by the macroscopic strain in the loading
direction.

In this simulation framework, the microstructure
attributes are taken into account, containing the grain
size and the crystallographic orientation. From the EBSD
analysis, we can collect the actual size and orientation of
each detected grain. These data are imported to the self-
consistent model. Raw data from the upper, middle, and
bottom areas in the tested specimen are processed

separately to check the results’ consistency from different
positions and are concatenated together to have an over-
all estimation of Young's modulus. For comparison pur-
poses, a virtual model with no preferential texture, that
is, the crystallographic orientations are distributed ran-
domly, is also calculated. Young's modulus and Poisson
ratio are calculated for the isotropically distributed orien-
tations set in the same way as the realistic configuration.

To characterize the anisotropic behavior, the cubic
elastic constitutive model is adopted. In light of the
absence of elastic constants for L-PBF 316L, the used
parameters listed in Table 4 are the ones of y-Fe®
because the material is almost purely austenitic. This
material has a strong anisotropy with an anisotropic fac-
tor of 3.64.

The calculated Young's moduli are listed in Table 5.
From the table, we can see that the estimations reached
from different simulations are similar. The upper part
has the lowest value, and the bottom part has the highest
value. The value from the middle part is approximately
the same as the value from the concatenated model.
However, the simulated moduli have a difference of
about 10% with the experimental measurement. A possi-
ble explanation is that we have no available exact cubic
elasticity model parameters. The parameters from y-Fe
seem to provide good approximations even though a spe-
cific deviation exists.

To conclude, the 316L steel produced for this study
has mechanical tensile properties comparable to the liter-
ature. A slight increase in strain to failure is observed
(60% against a maximum of 54% in the literature).

4.2 | Comparison between LCF and HCF
behaviors

In the LCF tests, the stress amplitude of each sample at
half of the fatigue life was extracted. These data com-
bined with the results in HCF tests were plotted as a
Wohler diagram shown in Figure 10. The relation
between the stress amplitude and the fatigue life was
fitted using the Basquin relationship for the LCF results
and HCF results separately. It can be seen that the slopes
of the two fitted lines are different. If extrapolation was
performed by using the curve fitted by the LCF test data
to predict the fatigue life of the material under lower
load, the actual fatigue performances of the HCF samples
were much worse than those of the prediction. This dif-
ference indicated that the fatigue mechanism might be
different under different loading levels. To have a better
understanding of the cyclic mechanical behavior, the
microstructures of the tested samples were comprehen-
sively observed.
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TABLE 4 Parameters of cubic elastic constitutive models

C1111 (GPa) C1122 (GPa)
197 125 122

TABLE 5
Middle Upper Bottom Overall
Number of orientations 2143 4500 3096 9739
Young's modulus [GPa]  145.1 140.9 146.6 144.6
Poisson ratio 0.325 0.312 0.304 0.312
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FIGURE 10 Wohler diagram of the fatigue tests of as-built

(without surface treatment) selective laser melting (SLM) 316L
samples [Colour figure can be viewed at wileyonlinelibrary.com]

The SEM observations of the LCF microstructure are
illustrated in Figure 11. The PSBs are seen pass through
the melt pool, which means the melt pool does not bring
any strain heterogeneity. Very small cracks formed
around the defect (Figure 11A). But the crack did not
propagate due to the strengthening mechanism from the
sub-grain structure, the cellular dendrite. A zoom view
exhibits the structure of the dendritic cell. Precipitates
are seen around the cell wall (Figure 11D). These precipi-
tates help the cell walls to block dislocations that
enhance the material's strength. Generally, the accumu-
lated plastic deformation leads to the cyclic softening
behavior identified during the LCF tests and is responsi-
ble for the final failure and the defects have no notable
effect on LCF.

In HCF, the SEM observations of the fatigued micro-
structure are shown in Figure 12A. It can be seen that
the cellular dendrites do not present any plastic

C1212 (GPa)

Anisotropic factor2*C1212/(C1111-C1122)
3.64

Computed Young's moduli and Poisson ratios for different sampling areas of EBSD specimen

Experiment Isotropically distributed 316L Nominal
— 9000 —

150-157 194 190-205

N/A 0.284 0.265-0.275

deformation and there are no persistent slip bands
(PSBs). The melt pool does not have a significant strain
concentration either. Both tans-granular and intra-
granular fractures can be seen from left to right along the
propagation path of the crack.

The HCF performances are dominated by the defect.
A typical fractographic observation is shown in
Figure 12B. On the fracture surface, it is clearly seen that
the fatigue crack initiates at the inherent defects at the
subsurface of the specimen. This kind of defect is one of
the characteristic defects in the L-PBF process. The
unfused powder can be seen inside the defect. It is often
called lack-of-fusion (LoF) defect. There are multiple LoF
defects at the fatigue initiation site on the fracture sur-
face. The morphology of these defects is worth noting
that they exhibit elliptical shapes penetrating the speci-
men's perimeter. Although there are other LoF defects
seen in the core of the sample (not shown in these SEM
figures), the internal LoF defects are less seen and have
more irregular shapes. Only the LoF defects on or near
the surface present such morphological patterns. It can
be deduced that the formation of the superficial LoF
defects is strongly connected to the precision of the laser
path as well as the scanning strategy. To improve the
fatigue strength of as-built L-PBF parts, LoF defects
should be controlled, in particular on or near the part's
surface.

In the LCF regime (shown in Figure 13B), notice-
able plastic deformation formed as PSBs inside the
large columnar grains. It can be seen that the grains
apt to grow along the building direction (denoted red
in the orientation maps) exhibit more PSBs compared
to the other grains. Besides the effect of grain orienta-
tion, it is also found that severe plastic deformation is
accumulated at the grain boundaries or around the
grains of smaller sizes which is presented as strong
misorientation patterns (sometimes shown as black
areas due to the insufficient definition precision). In
the HCF regime (shown in Figure 13C), the
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(A)

©

(B)

(D)

Stip
(pass through the méelt pool)

FIGURE 11 Scanning electron
microscope (SEM) observation on the
fatigued samples (¢ = +0.45%, failed at
the 10931th cycle): (A) microstructure
with presence of defects; (B) slips
passing through the melt pool; (C, D)
magnified photos of the cellular
dendritic network, precipitates can be
observed on the cell wall [Colour figure
can be viewed at wileyonlinelibrary.
com]

FIGURE 12 (A) Lateral
observations on the crack site, and

(B) fractographic observation of a high
cycle fatigue (HCF) sample


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

(A) Undeformed

FIGURE 13

(B) LCF at €=0.6%

(C) HCF at 0=110 MPa

Building
10+ Direction

Crystallographic orientation and disorientation mappings of selective laser melting (SLM) 316L stainless steel (SS):

(A) undeformed microstructure; (B) after ¢ = +0.60% cyclic loading and (C) after ¢ = +110 MPa cyclic loading [Colour figure can be viewed

at wileyonlinelibrary.com|

specimens are subjected to low-level loadings which
only generate elastic deformations from the macro-
scopic vision. Besides, the high fatigue loading applied
in this study is far below the macroscopic yield
strength. Hence, in the HCF samples, most of the
grains remain their original crystallographic orienta-
tions. Disorientation is only seen at the grain bound-
aries. Considering that the applied HCF loading level
is very weak in this study (25%-30% of the yield
strength), the grains are mostly deformed in the elas-
tic range. Finally, the plastic deformation in HCF is
localized around the surface defect.

5 | CONCLUSIONS

In this work, investigations on the microstructure and
cyclic mechanical behaviors of an L-PBF 316L SS are con-
ducted. The following conclusions can be drawn:

1. Regarding the mechanical behaviors, the characteris-
tic microstructure of L-PBF 316L results in good yield
strength and ductility. The anisotropic nature com-
bined with the strong texture causes the low Young's
modulus. The monotonic tensile performance of L-

PBF 316L is comparable with that of conventional
wrought 316L.

2. The LCF loading generates perceptible plastic defor-
mation mainly exhibited as slip in the samples, while
HCF loading does not cause visible plastic deforma-
tion indicating the different sources of fatigue crack
initiation.

3. The process-driven defects that are LoF defects in the
studied material play an essential role in the HCF
regime while having a negligible effect in the LCF
regime. Besides, by eliminating the surface roughness,
the fatigue limit has been notably improved for this
material. Preserving the original as-built surface
roughness impairs HCF performance while is harm-
less for LCF performance of L-PBF 316L SS.

4. Microscopic stress heterogeneity is revealed from the
PSB exhibition accumulated mostly in the building-
direction-oriented grains under LCF loading. By con-
trast, the microstructure shows no perceptible evolu-
tion until HCF failure.
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NOMENCLATURE

Ae, elastic strain range

Aep plastic strain range

Ag; total strain range

Ao stress range

€ fatigue ductility coefficient
o fatigue strength coefficient
AM additive manufacturing

b fatigue strength exponent
c fatigue ductility exponent
E Young's modulus

EBSD electron backscatter diffraction
FCC face center cubic

HCF  high cycle fatigue

LCF low cycle fatigue

LoF lack-of-fusion

L-PBF Laser Powder Bed Fusion

Ny number of cycles to failure

oM optical microscope

PSB persistent slip band

SEM scanning electron microscope
SLM selective laser melting

SS stainless steel
UTS ultimate tensile strength
YS yield strength
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