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Abstract

Optimized 316L steel samples were manufactured using laser powder bed fusion and tested in high
cycle fatigue at R=0.1. They showed microstructural crack initiation and outstanding fatigue properties.
Additional fatigue testings were then carried out on samples containing deterministic defects of various
sizes and positions. All results summarized in a Kitagawa-Takahashi diagram show that the critical
defect size is around 20 um for surface defects and reach 380 um for internal pores. Fracture surface
analysis revealed that the large size gap between surface and internal fatigue crack initiation could be

linked to the local gaseous environment in the pores.
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1. Introduction:

Among the metal additive manufacturing techniques, Laser Powder Bed Fusion (LPBF) is widely
recognized as one of the most promising method for the industry of the future, due to the attractive
characteristics of built parts including: a high degree of complexity, a good spatial resolution (around
0.1 mm precision), and good mechanical resistance under static loading [1]. In addition, the growing
understanding of the link between process parameters and microstructures open the field of
microstructure engineering, allowing, for example, the control of local textures or grain sizes [2,3]. For
this reason, the range of applications is continuously growing up on a large range of materials, including

recently complex metals to process with lasers like pure copper [4].

However, it is also well known that the fabricated parts without post processing are likely to contain
defects including: a high roughness, internal pores due to lacks-of-fusion or occluded gas [5], and
possible hot-cracking phenomena for instance on a range of nickel-based superalloys [6] or aluminium
alloys. Such defects, and especially those promoting stress raisers like surface roughness and pores can
promote early fatigue crack initiations and severely affect the material’s resistance under cyclic loading
[7]. For this reason, as-built 316L LPBF samples usually exhibit lower fatigue resistance than
conventionally processed (forged) materials. The fine LPBF microstructure in itself, can also influence
the fatigue resistance, small grains and/or tiny solidification cells (around 1 pum size) favouring
dislocations anchoring with a Hall-Petch-like effects, and a possible increase of yield strength and

fatigue limit.

Compared with other as-built alloys (titanium based, nickel-based ...), 316L stainless steel has been
observed to reach outstanding mechanical monotonous properties, with an optimum balance between
good ductility (usually more than 40 % elongation after LPBF), and elevated yield or ultimate strengths
(respectively more than 550 MPa and 650 MPa) [8-10]. The explanation for such a behaviour is not
fully achieved but could come from the fine microstructure, with typical inter-cell distances around 1
um [11,12] combined with a high dislocation density (around 10*® m=2 [13]). In-depth analysis of the
role of the dislocation network and nano-twinning during deformation of LPBFed 316L parts was done

by Liu et. al [14]. Another important aspect to mention is that 316L is believed to be a rather defect-



tolerant material due to its high ductility that promotes a low notch sensitivity, as mentioned by Riemer

et al [15].

Recent investigations have shown that post-LPBF surface processing of a 316L steel can
significantly improve mechanical properties, especially in fatigue [16,17]. On the other hand, thermo-
mechanical post processing such has HIP or high temperature heat treatments have proven to worsen
the fatigue properties of 316L LPBF [15,18]. This was explained by the recrystallization phenomenon
occurring at high temperature, and resulting in a strong reduction of dislocation density [19,20]. In that
case, even if thermal or thermomechanical post-treatments reduce the dislocation density, they do not
significantly increase the ductility (+10%) of the material, while reducing noticeably its yield strength
(-30%) [18]. Heat treated materials will thus have relatively lower high cycle fatigue performances than
as-built samples, for similar surface finish. In turn, according to Riemer et al. [15] and Leuders et al.

[18], LPBF and machined 316L steel may be used without additional post-processing stages.

Considering various reported works on the fatigue behaviour of LPBF-ed 316L steel, a large
scattering of fatigue limits at 106 cycles can be evidenced, for rather similar process conditions, but
different surface finish. For instance, at R=-1 stress ratio, endurance limits vary between 200 MPa and
350 MPa [7,16,18,21], with a 200 MPa fatigue limit for as-built condition (Ra = 7 um) versus 350 MPa
after surface machining (Ra= 0.5 um) [16]. This traduces the dominant effect of surface roughness even

for a material usually considered as a defect tolerant material.

For low roughness, the sub-surface and internal defects will drive the fatigue performances. Zhang
et al. [10] have evidenced that the fatigue properties of 316L fabricated in LPBF are impacted above 0.5
% of internal porosity, without discussing precisely the size threshold at which a defect can be impactful.
Such high porosity thresholds tend to indicate that internal porosity in 316L parts will have a low impact
on fatigue properties. However, the fatigue resistance of materials containing defects is mostly driven
by their critical defects population. Apart from its shape and tortuosity, an unique critical defect (ie an
artificially introduced defect that will drive and overcome all other possible fatigue failure mechanisms)
will combine two major characteristics: a sufficient size and a reduced distance to the surface.

Murakami’s work in the field combined those two factors [22] by introducing a surface/internal defect



discrimination method, in addition to a higher harmfulness coefficient C for surface defects. The stress

intensity factor calculated for a stress range Ao with a critical defect of size VArea is given Eq. 1.

Eqg. 1
AK = C x Ao ’m/Area q

A defect with radius r at a distance d between its center and the surface, is considered to be at the

surface if the ratio r/d is over 0.8. The C coefficients 0.5 (internal defect) and 0.65 (surface defects)

that are applied in the calculation of their respective stress intensity factors are equivalent to considering

identical harmfulness between surface defects of a given size and 67% larger internal defects.

Romano et al. [23] and Le et al. [24] have both shown that it was possible to link different defect
populations, with various statistical size distributions, to the fatigue properties of an AlSilOMg and a
Ti-6Al-4V alloy respectively. A correlation was also shown between stress intensity factors of the most

detrimental defects detected by computed tomography and associated fatigue resistance.

Last, recent works by Andreau et al. [25] on LPBF-ed 316L have shown a systematic initiation of
fatigue cracks on surface defects, despite the presence of 4 to 10 times larger internal defects in the bulk
of small machined and polished cylindrical fatigue samples. Although those defects had a similar shape,
only internal porosities of more than 400 um equivalent diameter were shown to impact the fatigue
properties. Another interesting result was the possibility to achieve high fatigue limits (500 MPa) at 10°

cycles and R=0.1 stress ratio with totally free from defects samples.

Following this literature review, it appears that the two main factors that turn a defect into a critical
defect for fatigue, need to be decorrelated in order to further analyse and model the respective fatigue
strength sensitivity to each one of these parameters. Additionally, the need of more reference data for
defect-free parts is also believed to be crucial in order to assess globally the fatigue performances of

LPBF 316L parts.

In the current work, to facilitate the analysis of defects harmfulness, artificial pores were generated

on purpose inside LPBF samples using the same early approach by Gong [26], and the same procedure



by Bonneric et al. [27]. In a first part, an optimization of defect shape was made, with the objective of
obtaining as spherical as possible lacks-of-fusion with various submillimeter diameters and controlled
distances from the surface. Then, fatigue tests were carried out to assess the influence of defect position
and size. Corresponding results were compared with those obtained on fully optimized as-built LPBF
316L parts containing almost no porosity, and considered as a reference material. The global objective
of the work was to characterize precisely the competition between surface and internal defects by

creating parts containing deterministic defects.

2. Methods and tools
2.1. LPBF manufacturing of samples containing deterministic defects

The samples were manufactured using a SLM 125 HL machine (from SLM Solutions GmbH),
which was equipped with a 400 W Nd:YAG gaussian laser and argon gas shielding, with less than 400
ppm O2. The 316L powder feedstock used in this study is described elsewhere [2]. Optimized building
parameters were determined by a parametric study [28] for a 30 um layer thickness and a 73 um (at
1/e?) spot diameter. Contour and hatching laser parameters are given in Table 1. A meander scanning
strategy [29] was used to avoid any overlap between distinct parts that can induce pores [30,31]. A scan
rotation after each layer was set at 33°. The forbidden scanning angles were set at £45° versus the

shielding gas direction to prevent the interaction between the laser and the vapor plume.

Power Scanning speed Hatch spacing or distance  Number

(W) (mm.s?) (um) of lines
Hatching 200 800 110 /
Contour 100 400 70 2
Downskin hatching 100 1000 60 /
Downskin contour 100 1250 70 2

Table 1: Main laser parameter sets

Manufacturing deterministic spherical defects with LPBF requires a specific optimization step

to ensure defects geometries as close as possible from CAD files. This is particularly important for the



contour parameters outlining the external defect shape. Contour parameters sets were thus used on both
the outside (external contour) and the inside (internal contour) of the parts. (Figure 1 a)). Corresponding

parameters are given in Table 1.

For all overhanging areas inclined by less than 59° from the X-Y plane, specific downskin
parameter sets were applied. This low-energy parameter set (Table 1) replaces classic contour and
hatching laser parameters, in order to minimize the energy (~ P/V) deposited by the laser in overhanging
areas (Figure 1 b)). Favouring small melt pools in overhanging areas limits their collapse, and reduces
the need for supporting [32-34], the absence of internal supports being mandatory for the spherical
defects. For every overhang zone included in the downskin criterion, laser parameters of contour and
hatching were shifted to their downskin equivalents for the next 5 layers (150 um), according to the

values given Table 1.

Contour
Hatching
Unmelted powder

$ Hatching

Downskin (contour,

hatching)
I Contour

[ Hatching

Figure 1: a) Laser scanning strategy used to melt the powder visualized in the X-Y plane b) Along the fabrication direction



2.2. Preparation of the fatigue samples

Two formats of fatigue samples have been manufactured. First, small fatigue samples (Figure 2 a))
were designed to minimise the probability (statistically) of a critical manufacturing defect, with a gauge
volume of 48 mm®. Second, larger fatigue samples (Figure 2 b)) were used to characterize the influence
of internal deterministic defects (gauge volume: 283 mm?). The large fatigue samples pertain to the 1ISO
1099:2017(E) norm. All the fatigue samples were obtained from LPBF square based blocks (small
samples) or cylinders (large samples) manufactured vertically in the machine, after machining them to
the required dimensions. The vertical manufacturing direction was chosen as to minimize the
heterogeneities of the local applied stresses in the most loaded area of the deterministic defects, as the
smoothness and symmetry of the manufactured defects was higher in the plane normal to the building
direction. The machining step was chosen to reduce the as-built surface roughness that is known to
impact the fatigue properties [16], from a Ra of 5-10 um down to down to 0.1 um after polishing. The
machining residual stresses were then reduced with a 2 h thermal treatment at 350°C under argon

atmosphere before furnace cooling.

A total of 7 optimized small samples (S-1 to S-7) were manufactured, as well as 24 large samples
containing various deterministic defects. Among the large fatigue samples, 3 deterministic defect
dimensions were chosen, along with 3 distances to the surface (Figure 2 c)). Their nomenclature and
number are summarized on Table 2. The deterministic defect dimensions were chosen as to be larger
than the grain size (typically comprised between 10 and 140 pm, as observed and detailed in previous
work [25]), while being small enough to have a minimal impact on the stress distribution by reducing
the total area of the gauge. Moreover, the deterministic defects of diameter 430 um have a varea of
380 um, which is equal to the natural defect threshold size at which crack initiation occurred internally
in previous work [25] for the same material (defect conglomerate visualized in Figure 5 d)). The various
distances shown in Table 2 correspond to the length between the surface and the center of the defect.
They correspond to a defect placed: (i) in the center of the sample, (ii) offcentered by a half of the gauge
radius, (iii) at one defect diameter from the surface, and (iv) one radius from the surface (Figure 2 c)).

The thinnest distance to the surface obtained was thus 215 pum, i.e. the radius of the middle sized



deterministic defect. A batch of 6 specimens with large section and without any deterministic defects

were added to be used as a reference for large specimen and noted L-i.
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Figure 2: a) Small section samples, b) Large section samples (ISO 1099:2017(E)), c) Position and sizes of the deterministic

defects in the large samples the size and position of the deterministic defects

Distance from defect Diameter

center to surface 210 pm 430 um 850 um
3000 um (center) C210-i (3) C430-i (3) C850-i (4)
1715 um / M430-i (3) /

645 pm / D430-i (3) /

430 pm / R430-i (3) /

Table 2: Nomenclature and number of the large samples depending on the size and position of the deterministic defects

2.3. Characterization tools

EBSD analysis was carried out on a Philips XL 40 Scanning Electron Microscope on polished
cross sections, with a resolution of 1 um per pixel. Additional EBSD parameters can be found in

previous work [2].

p-CT characterization was carried out on some dense samples and samples containing

deterministic defects, with voxel sizes of 5x5x5um? and 6.4x6.4x6.4 um? respectively, by varying the



distance between the object and the detector. Defects with a volume inferior than 27 voxels were not

considered. Additional pu-CT parameters can be found in previous work [25].

High cycle fatigue testings were carried out on small samples with a Rumul Testronic resonant
machine with a load ratio R=0.1 at 65 Hz. The large samples were tested on a Zwick resonant machine
at the same load ratio at a frequency of around 90 Hz. All samples were tested in air at ambient
temperature, using the same step loading method, first described by Maxwell and Nicholas [35] and
used in previous studies [25]. The method consisted in imposing a given stress level at each sample. If
the sample did not fail before reaching 108 cycles, the maximum applied stress was increased by 20 MPa
and the cycle count was reseted. The stop criterion (failure) was considered for the total failure of the
sample, or a 1 Hz drop in the loading frequency. The difference in loading frequency between the two
machines was considered to have a negligible impact on the fatigue properties. The fracture surfaces

were analysed on a Zeiss EVO MA10 Scanning Electron Microscope in secondary electron mode.

3. Results

3.1. Microstructural and preliminary characterization

Some of the manufactured optimized samples were initially characterized by EBSD and
metallography, in order to lay the microstructural environment of the study.

The observations showed partially elongated grains (Figure 3 a)) along the fabrication direction
(Z axis), that are induced by epitaxial growth [36,37]. A grain shape anisotropy is evidenced by the
smaller grain size (30 um in equivalent diameter) in the plane perpendicular to the fabrication direction
(X-Y plane) than in the plane parallel to the loading direction (50 um) as seen in Figure 3 b) and c). A
small texture (intensity ~3) can be observed with the preponderant [001] grain orientation (red color)
along the X axis (Figure 3 a) and b)), in accordance with previous studies [2,9,38]. The numerous
subgrain boundaries and the inhomogeneous colors in the grains are the result of a high dislocation

density that accommodates crystallographic deformation, which is thought to be linked to the high



thermal gradients and rapid solidifications rates [39] of the LPBF process. Finally, a porosity analysis

performed by tomography and metallography showed porosity rates of about 0.01%.
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Figure 3: EBSD mapping of the microstructure visualized along the X axis and taken a) along the fabrication direction and

b) on the plane perpendicular to the fabrication direction c) Comparison of the grain and pore size

In this work, the natural defect dimensions will be described using the common Murakami

Varea parameter [22]. The defect population was measured in 70 mm?® of material using X-ray

tomography, and the parameters used can be found elsewhere [40]. The defect detection threshold was



setat 15 um inv/area. The volume was then subdivided in 30 subvolumes and the largest defect of each
volume was measured, according to the Gumbel method [41], as in the work of Romano et al. [42]. The
defect distribution showed that among the 405 pores detected, no pores with a root area superior than
50 um were observed (Figure 3 c)). A finer 2D metallography analysis, with submicronic resolution,
carried out on 144 mm? of polished X-Y cross sections, revealed that among the 1150 pores found, 97%
had a varea under 10 pm. Those manufacturing parameters sets were used in recent studies [40] and

showed density rates over 99.99%.

Monotonic tensile test of heat relieved samples manufactured vertically using the hatching
parameters sets of this study showed a 583+37 MPa maximum tensile strength, 448+32 MPa yield
strength, with more 54+4% elongation [28]. Those results were in accordance with the common

mechanical properties of LPBF 316L from literature [8,43,44]

3.2. Deterministic defect generation validation

In order to validate the method, a range of test deterministic pores were analysed with optical
microscopy. Figure 4 a) reveals the various melt pools around an ovoid deterministic pore after etching
and compares it to the 3D model. A non-sphericity on the upper part of the defect is evidenced by a
melt-pool collapse, as well as a roughness increase, linked to the powder grains sticking. The
microstructural analysis in EBSD (Figure 4 b)) reveals that the grain morphologies and sizes directly
reflect the parameter sets used to manufacture the defects. The small grains on the top of the pore
correspond to the downskin hatching parameter area realized with low volumetric energy. In this area,
grains are smaller in size and more equiaxial than in the rest of the sample. As this area is located on the
top of the pore, it was not believed to have an impact on the mechanical properties if a crack were to
initiate on the largest pore section. The outline of the contour scan can also be observed around the
deterministic defects, with slightly smaller grains than in a fully dense part. Indeed, due to the perpetual

shifts in the laser scanning directions, the contour zones offer less opportunity for epitaxial growth than



the hatching zones. In addition, it was observed in previous work [25] that the grains usually grow
perpendicularly to the scanning direction in the contour areas. A number of indents were realized in the
hatching and in the contour zones and revealed HVos hardness values of 238+7 and 247+6 HV
respectively. One can attribute this slightly higher hardness in the contour areas to the locally smaller
grain size, via the Hall-Petch effect. This smaller grain size (<50 pum) is believed to be linked to the

solidification conditions of the contour zones that are different from the bulk zones

ssmmm Contour
—— 3D model

s Downskin

W\ Hatching
N Hatch

downskin

Figure 4: a) Melt pools and corresponding laser parameters sets around a test deterministic pore b) EBSD mapping around

a small test deterministic pore according to the laser parameter sets, visualization along the Z-axis.

X-ray computed tomography observations were used for the 3D visualisation of the
manufactured defects. The 3D reconstructions of deterministic defects (red) with target diameters of
900, 500 and 250 um are shown in Figure 5 a) to c). The satellites pores (green) are much smaller than
deterministic pores and were assumed to have a negligible impact on the mechanical properties. Those
undesirable pores might have been be created by imperfect melt pool overlap in the contour areas, or
instabilities in the melt pools in contour mode. The deterministic defects created with the method are

highly symmetrical and must be considered as model defects. The natural lacks-of-fusion are much more



irregular and tortuous in shape (Figure 5 d)). However, as in natural lacks-of-fusion, the deterministic
defects are filled with powder, as can been seen in the reconstruction in Figure 5 c). The mechanical

contribution of the powder in the defects was considered negligible.

Figure 5: a) b) ¢) 3D reconstruction and colorization of deterministic pores of different sizes after u-CT observation. d)

Natural lacks-of-fusion observed in previous work [25] e) Powder grains observed inside a deterministic pore.

The deterministic defect generation method can be used successfully to create artificial pores of
sizes in the range of 150 to 1000 pum, at any position in the bulk of a sample [28]. The variability in
height and width were estimated at £50 pum and £20 pm for the largest pores. Defects with heights of
150 pm and less could not be manufactured repetitively, as their dimensions were too close from the

powder dimensions (20-60 um) and the melt pool dimension variability. As no internal crack initiation



was observed for natural defects measuring less than 300 um [25], this defect generation method was

considered sufficient to characterize realistically the impact of artificial defects.

3.3. Fatigue results

All the fatigue samples tested broke inside the gauge, after more than 1 step, except the sample
R430-3. They were analysed post-mortem, in order to observe the crack initiation area. The sizes of the
critical defects (natural or deterministic) were identified by their v area in the X-Y plane, perpendicular

to the loading direction. All the fatigue results are summarized in Table 3.

Cycles last
sample Endstep  Number of ystep Varea defect Critical defect
(MPa) steps (x10%) (um)
S-1 320 1 8.58 137 Surface defect
S-2 580 10 4.43 X Microstructure
S-3 460 4 8.59 23 Surface defect
S-4 560 9 5.89 X Microstructure
S-5 600 16 2.99 X Microstructure
S-6 580 10 3.50 X Microstructure
S-7 580 10 2.61 X Microstructure
L-1 500 2 7.08 27 Surface defect
L-2 480 8 2.31 35 Surface defect
L-3 440 6 1.33 46 Surface defect
L-4 540 11 411 16 Surface defect
L-5 500 9 8.62 X Non observable
L-6 520 10 3.66 42 Surface defect
C210-1 400 7 5.54 55 Surface defect
C210-2* 540 8 7.57 25 Surface defect
C210-3 520 8 5.46 31 Surface defect
C430-1 460 9 1.66 396 Deterministic
C430-2 480 10 3.85 388 Deterministic
C430-3 440 8 6.91 387 Deterministic
C850-1 380 1 3.98 832 Deterministic
C850-2 320 3 5.07 787 Deterministic
C850-3 340 4 2.10 819 Deterministic
C850-4 320 3 4.37 795 Deterministic
R430-1 440 6 5.54 425 Deterministic
R430-2 420 7 4,71 426 Deterministic
R430-3 440 8 r 399 Deterministic
D430-1 420 5 6.75 403 Deterministic
D430-2 440 6 5.67 432 Deterministic
D430-3 440 8 4,28 408 Deterministic



M430-1 420 5 9.05 441 Deterministic

M430-2 460 7 2.64 439 Deterministic

M430-3 420 7 8.33 433 Deterministic
Table 3: Summary of all the fatigue tests carried out.”10° cycles step instead of 108 cycles, “*failure during the first cycle of

the last step

3.1. Fatigue samples without deterministic defects

For all the specimens without artificial defect, crack did initiate from the surface. Among the
optimized (small samples), two main failure origins were identified and corresponded to distinct groups
in terms of fatigue performance. As indicated in Figure 6, samples S-1 and S-3 broke at stresses of 320
MPa (1 step) and 460 MPa (4 steps) respectively, whereas all the other samples survived for at least 9

steps and broke at a maximum stress of 560 MPa and above.
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Figure 6: Stress steps applied using the Locati method for the optimized samples




The fracture surface analysis of samples S-1 and S-3 revealed that the cracks initiated on surface
pores (Figure 7). Those pores were identified as lacks-of-fusion because of their irregular shape and the
presence of ripples (Figure 7 b)), suggesting insufficient melt pool overlap. As the 137 um defect was
far larger than the observed pores in preliminary observations, it was considered to be an uncommon
event of the manufacturing process. Its flatness along the Z direction could indicate a lack-of-fusion

behind a large ejected particle, as observed in the literature [5]. The 23 um defect was in the range of

the usual defects root area in the bulk.

Figure 7: Fracture surface with enlarged image of the boxed critical defect for the sample a), b) S-1 and c), d) S-3. Varea of

137 and 23 pum respectively.



The other 5 samples (S 2, 4, 5, 6, 7) did not show any critical pores at the surface, or even
internally. In that case, it is supposed that the crack initiation occurred due to microstructural effects,
i.e. within a grain, a grain boundary, or an inter-cell boundary. Some evidence of shear facets with
dimensions corresponding to the grain size can indeed be observed in Figure 8 a) and b) around the
crack initiation zone. Other samples did not exhibit large sheared facets around the crack initiation
zones, but exhibited fine and angular zones (Figure 8 ¢) to f)) whose geometry shows strong similitude
with subgrain boundaries in LPBF samples [2]. Similar observations were made by Elangeswaran et al.
[16], with no critical pores observed in the crack initiation areas. In their work, Zhang et al. [21]
suggested the occurrence of crack branching around clustered oxide inclusions in 316 L LPBF fatigue
loaded samples after HIP treatment. However, no trace of inclusions were found around the crack

initiation zones in the S samples after elemental analysis.



Figure 8: Crack initiation zones in a) S-6, b) S-5, ) S-4, d) S-7. e), f) Enlarged image in the boxed zones in c) and d)

respectively

Among the large samples without artificial defects (L-1 to 6), crack initiation systematically
occurred on measurable defects. All the critical defects were small in root area (<50 pm), with round
shapes (Figure 9). An elemental analysis revealed the presence of silicon around some of those defects,
suggesting the presence of inclusions already present in the feedstock [29]. In some cases, those defects

can also be severely oxidized spatter generated during the manufacturing process and contaminating the



powder bed [45]. In both instances, improper melt pool wetting can occur on these particles, resulting

in local stress-raisers like pores.

Figure 9: Fracture surface and close-up on the critical defect for a) b) Sample L-4 and c) d) Sample L-2

3.2. Fatigue samples containing deterministic defects

Among the samples with deterministic defects, the C210 set also showed cracks originating
from accidental defects at the surface. Figure 10 a) and b) show that the crack initiation occurred on a
lack of fusion defect, despite the presence of the much larger deterministic defect at the center of the

fracture surface.

On the contrary, crack initiation always occurred on centered deterministic pores for the sets
C430 and C850 (Figure 10 c) to f)), with larger dimensions (381 and 753 um in varea respectively),

and no crack initiation was observed on the satellite pores. In those cases, the crack propagated all



around the deterministic defects, resulting in large fisheye-like fracture surfaces. It is likely that the crack
initiation occurred in multiple areas around the deterministic pores, where the stress concentration is
higher, and that all the micro cracks created connected during the propagation phase. This is suggested
by the local crack initiation and propagation areas in the close up in Figure 10 g) and h), on the periphery
of the deterministic pore. This observation is also sustained by the lines surrounding the large
deterministic pore, that are positioned between local propagation zones, such as in Figure 10 g). These
figures also evidence that the layer by layer construction of the internal defect induce roughness on the
internal surface of the defect, that generate heterogeneous local stress concentrations that may promote

multicrack inititation.
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Figure 10: a) C210-1 fracture surface with b) close-up on the critical pore. ¢) C430-1 fracture surface with d) close-up on
the critical (and deterministic) pore. €) C850-3 fracture surface with f) close-up on the critical (and deterministic) pore, g) h)

close-up in f) in the boxed zones A and B respectively.

The three sample sets containing off-centered medium sized deterministic defects also showed
a crack initiation occurring on the artificial defect (Figure 11 a) to c)). Most of the samples also exhibited
a fisheye-like pattern, but some samples in R430 and D430 sets had highly asymmetric crack propagation
(Figure 11 d)), contrarily to what could be expected from the literature [22]. This observation could be

linked to the stress field distribution, where theoretical stresses are higher on the thin ligament side.

Figure 11: Fracture surfaces of samples a) M430-3, b) D430 -3 and c¢) R430-3. d) close-up picture on the deterministic pore

in sample D430-3.

Performance-wise, no significant differences in fatigue endurance can be observed between the

samples containing off-centered defects (R430, D430 and M430). In a similar manner, a centered defect



(C430 set) shows very little impact on the fatigue properties. Indeed, the Figure 12 only displays a 10%
higher maximum stress at 10° cycles for the centered defects, but this observation could be offset by the
high error bars. However, a noticeable performance increase can be noted when comparing with the
internal natural defect from previous work (Figure 12). The very thin ligament size (110 um) along with

the tortuous shape of the natural defect (Figure 5 d)) could have impacted the fatigue properties.
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Figure 12: Evolution of the maximum stress with the distance between the defect and the surface of the sample

4. Discussion

All of the tests carried out in this study are reported in a Kitagawa diagram in Figure 13, along
with the tests from previous work [25]. First, it must be emphasized that the fatigue endurance at 10°
cycles obtained for the small optimal samples is extremely high in the absence of critical defects. To the
knowledge of the authors, the average of 568 +12 MPa found for the small samples where the crack
initiated in the microstructure is the highest in the literature for 316L LPBF tested at R=0.1. Usual results
for this material are in the 300-400 MPa range [10,46]. The extrapolation of the measurements
performed by Elangeswaran et al. [16] on LPBF 316L at R=-1 to R=0.1 using the Gerber equation is

however be extremely close (530 MPa fatigue limit at 2x10° cycles). For 316L LPBF-HIP [21] or 316L



laminate [47] the uniaxial fatigue limits at 10° cycles and R=0.1 are usually around 360 MPa and 440

MPa respectively.

The very low fatigue strength variability (12 MPa) at 10° cycles in the absence of defect also
indicates that the failure mechanisms involved in those 5 samples are likely to be identical. The authors
indeed observed similar fracture surfaces and had a fairly low porosity rate in as-built samples. In the
current study, the absence of critical defects was favoured by the optimized parameters, as well as a
reduced gauge volume. The remaining defects were measured to be in the 10-50 um range versus a
typical grain size in the axial direction of 50 um and larger grains above 100 um. The common fatigue
life theory by Murakami [22] shows that fatigue crack initiation requires the presence of a defect larger
than a certain threshold, usually in the range of the grain size. It also states that surface defects are more
deleterious. In the absence of significant surface defects, and with internal defects smaller than the grain
size, the fatigue life will thus be controlled by the second most prevalent parameter: the microstructure.
Advanced studies on the 316L LPBF microstructure [8,9] have shown that excellent strength-ductility
combinations could be achieved, depending largely on the crystallographic orientation of the samples,
and that it was even possible to surpass the properties obtained with conventional methods. Some results
obtained by conventional methods extrapolated at R=0.1 [48] show lower fatigue performances, for
identical failure mechanisms (microstructure crack initiation). In this study, the prevalent texture was
oriented <011> along the loading direction, and comprised cellular sub-grains structures. This specific
orientation, along with this fine microstructure, has been observed to accommodate very high
deformations, by combining twinning and lattice rotation [9], in addition to some dislocation slip. It also
raises the yield strength via a pseudo Hall-Petch effect [8], which is known to raise the fatigue life [49].
Those results are highly promising for metal additive manufacturing, by showing that the process not

only enables higher part complexity, but could also make parts with highly improved fatigue endurance.



Despite parametric optimisation, numerous small pores remained in the samples. A fine
2D metallographic analysis revealed that 97% of those pores had v/area of 10 pm and under, and were
thus not observed with X-ray tomography. However, no critical pore of 10 um or less was ever observed
in this study. Among the grains constituting the bulk, only 10% of them had dimensions of 10 um and
under (Figure 3 ¢)). This observation tends to suggest that the pores need to be larger than most of the
surrounding grains to become critical, or else the fatigue life is primarily dictated by the microstructure,
as it was observed for most of the optimized samples. Guerchais et al. [50,51] demonstrated this effect
numerically by introducing defects with different sizes and shapes in artificial microstructures using
polycrystalline plasticity coupled with probabilistic and deterministic fatigue models. In both cases they

observed little impact of the defect on the endurance fatigue limit while the defect root area is below the

grain size.
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Figure 13: Kitagawa diagram for all the characterized samples. The defect size for the microstructural crack initiation was

arbitrarily fixed at 0.5 um (the range of the cell size).



It appears that the size threshold at which defects become critical depends mostly on their

position: surface or bulk. These sizes measured in varea are around 20 pum for surface defects, and at
least ten times larger (200 um) for internal defects. This result differs the Murakami criterion [22], which
predicts that internal defects should compete with surface defects only 1.7 times larger. Indeed, in this
study, artificial internal defects with a v/area of 186 pm (105 pm radius) were not critical for the fatigue
life, and the critical crack initiation occurred on surface pores 3 to 7 times smaller. This experimental
result confirms the early observations done in previous work [25] that suggested that internal defects in
LPBF 316L are not critical, even with root areas 4 to 10 times larger than the surface defects dimensions.
The distance from the surface at which internal defects become more deleterious has not been identified
clearly in the current study, which suggest a low sensitivity of the material to the reduction of the
ligament size. In particular, LPBF-ed 316L seems less impacted by subsurfacic defects than other LPBF-
ed materials, such as an aluminium alloy studied by Bonneric et al. [27] under similar conditions. This
observation is likely to be linked to the deformation tolerance of the material provided by its specific

microstructure, and deformation mechanisms.

The slopes in the Kitagawa diagram in Figure 13: Kitagawa diagram for all the characterized
samples. The defect size for the microstructural crack initiation was arbitrarily fixed at 0.5 um (the range
of the cell size). When an internal critical defect drives the fatigue properties, the dispersion of the
measurements is low, which indicate that they are the primary factor influencing the fatigue endurance,
before the microstructure. In turn, the stress concentration induced by the defects is likely to play a role.
Indeed, the internal and critical lack-of-fusion characterized in previous work [25] but with the same
Varea than 430 um diameter deterministic defects limited the fatigue endurance to 370 MPa, versus
440 MPa in average with deterministic defects. The lacks-of-fusion cluster from previous work lacked
symmetry and was highly tortuous, as illustrated in Figure 5 d). The stress concentration induced by its
geometry remain however of second importance after its internal position. Indeed, it remains 7 to 8 times

larger than the critical surface defects that induced identical fatigue performances.

Some indication as to why the critical pore dimensions are so far apart depending on their

location could be found in the fracture surfaces. It can be observed in Figure 11 that the crack



propagation surfaces change completely when the crack is connected to the surface of the sample, going
from flat to more striated. This change is particularly sharp when a defect is close to the surface, as in
Figure 11 c) and d). The major difference that arises when the crack connects to the surface is the
environnement. Indeed, the gas in the LPBF fabrication chamber is mostly argon (400 ppm of oxygen
maximum). The gas surrounding the powder grains in deterministic pores is thus mostly argon, whereas
air surrounds all the surface pores. Figure 14 a) and b) show close up pictures of a crack initiation and
propagation occurring from a surface defect and an internal deterministic pore respectively. The rough
crack path following surface pore crack initiation shows very few shared grains and consist mostly in
intergranular propagation, while intragranular propagation is mostly observed for an internal pore crack
initiation. Those observations are in accordance with several works on fatigue cracking in humerous
alloys [53-55]. It is stated that air can weaken the grain boundaries, with the action of oxygen [56] or
hydrogen [57]. The crack propagation could thus be highly impacted, as an intergranular crack
propagation through fragilized grain boundaries becomes energetically favourable. On the opposite,

argon has no action on the grain boundaries as it is inert, and samples behave like in vacuum.

However, no significant differences in fatigue life were observed between the R430, D430 and
M430 sets, despite the cracks that benefited the inert argon atmosphere for various propagation length.
Moreover, in the high cycle fatigue domain (around 10° cyles) the crack propagation time usually takes
less than 10% of the total life of a fatigue sample [58]. One could still find differences in the early stages
of propagation. As the deterministic defects are large, it could be expected that crack initiation occurs
early, in multiple locations [59]. Only the most favourably oriented of those short cracks will propagate,
through the easiest path [60,61]. The first microstructural barrier encountered by a short crack will thus
play an important role. In argon, the beginning of intragranular crack propagation will require to shear
the next grain the less favourably oriented, and pass over the barrier of the grain boundary (Figure 14
c)). However, with the help of air, intergranular crack propagation can occur at lower stress levels, as
the crack will preferentially follow the weakened grain boundary. The stress level necessary to propagate
a crack in argon atmosphere being higher than in air, it will require either a larger defect (higher stress

concentration) or a higher stress level.



' Deterministic
Defect (internal)

X

Figure 14: a), b) crack initiation and propagation zones for a surface and a deterministic internal pore

respectively. ¢) Schematic illustration of the crack propagation in air and in argon.

For LPBF-ed 316L, a defect can be considered internal and thus be acceptable if it is located a
few hundreds of microns under the surface, with dimensions not exceeding 200 microns
approximatively. This result is of great importance, as it proves that obtaining a high density material
up to roughly 300 um under the surface, while maintaining an internal defect population with
dimensions not exceeding 200 um should provide excellent fatigue properties. The internal defect-
tolerance of the LPBF-ed 316L could enable to speed up the manufacturing process with no impact on
the fatigue properties. The productivity of the LPBF process is indeed one of the highest challenges in
the industrial additive manufacturing world [1]. In a similar way, the defect control methods for LPBF-
ed 316L should mainly focus on the subsurface, while a lesser resolution and quicker execution should

suffice to detect internal deleterious defects.

5. Conclusions



316L fatigue samples have been manufactured using selective laser melting, using optimized

parameters that offered a minimum amount of porosity. Thanks to the shape design freedom of the LPBF

process, deterministic submillimetric round pores were generated in the bulk of the samples. Fully dense

samples and other samples containing deterministic pores of various sizes and position were then tested

in fatigue using a step method. Although the results of this study only apply to LPBF-ed 316L, the

deterministic defect generation method could be used to characterize other alloys depending on their

relative ductile or brittle behaviour. Several conclusions on the mechanical behaviour of LPBF-ed 316L

can be drawn from this work:

Fully optimized samples showed fatigue strength at 106 cycles very close to their maximum
strength from tensile tests in the absence of critical pores, contrary to most other LPBF-ed
alloys. Microstructural crack initiation was observed and the high mechanical properties can be

linked to the fine microstructure of as-built LPBF-ed 316L samples.

The dimensions at which a defect can become critical in fatigue depend mostly on its position.
Surface pores were found to be far more deleterious than internal ones, with threshold root areas
of around 20 pum versus 200 um for pores under the sample surface. This observation confirms
the trends observed in previous work that showed that large internal lacks-of-fusion were less

deleterious than 4-10 times smaller surface defects.

No significant differences were found in fatigue samples with 430 um defects placed at various
distances from the sample surface. Only a 10% increase in fatigue performance has been
observed between offcentered and centered defect samples. It is suspected that defect tolerance
of the LPBF-ed 316L is attributed to its high ductility, with multiple deformation

accommodation mechanisms.

Fracture surface analysis revealed that the gaseous environment in likely to play an important
role on the fatigue life of the samples. As only inert gas surround internal pores, no
embrittlement of the grain boundaries can occurs, contrary to surface pores surrounded by air.

The first microstructural barrier before the crack propagation stage is considered to be the largest



obstacle to cross. Crack propagation from internal pores is mostly intragranular, which requires

higher stress concentration than intergranular crack propagation from surface defects
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