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Fatigue Scattering Analytics and
Prediction of SS 316L Fabricated
by Laser Powder Bed Fusion

Laser powder bed fusion (LPBF) is an enabling process manufacture of complex metal com-
ponents. However, LPBF is prone to generate geometrical defects (e.g., porosity, lack of
fusion), which causes a significant fatigue scattering. However, LPBF fatigue scattering
data and analysis in the literature are not only sparse and limited to tension-compression
mode but also inconsistent. This article presents a robust high-frequency fatigue testing
method to construct stress-cycle curves of SS 316L to understand the scattering nature
and predict the scattering pattern. A series of bending fatigue tests are performed at differ-
ent stress amplitudes. Two different runout criteria are used to investigate fatigue life,
fatigue limits, and scattering. The endurance limit reaches around 300 MPa for the
defect size distribution at the selected process space. The defect size-based fatigue limit
model is found to underestimate the endurance limit by about 30 MPa when comparing
with the experimental data. Fatigue scattering is further calculated by using 95% prediction
intervals, showing that low fatigue scattering is present at high stresses while a large var-
iation of fatigue life occurs at stresses near the knee point. [DOI: 10.1115/1.4066803]

Keywords: laser powder bed fusion, fatigue scattering, endurance limit, fatigue testing, SS

3161, additive manufacturing

1 Introduction

Laser powder bed fusion (LPBF) is one of the major metal
additive manufacturing (AM) processes, which uses a laser heat
source to fuse metal powders in successive layers to create a 3D
part. Compared to traditional manufacturing processes (e.g.,
machining, forging), LPBF offers an opportunity for making com-
plex metal components with design freedom, short development
time, and environmental sustainability. However, the LPBF-
fabricated components often suffer from severe fatigue scattering
problems, i.e., the fatigue life of a component produced by
LPBF under similar process conditions exhibits a very large vari-
ation [1,2]. There is a consensus within the AM community that
fatigue scattering imposes a significant challenge to using an
LPBF process for fabricating load-bearing and highly reliable
components. This significantly limits the applicability of LPBF
processes. Fatigue scattering of LPBF parts is induced by geomet-
rical defects, such as gas pores and lack-of-fusion (LOF) distribu-
ted throughout a printed part, which reduce material strength and
make it challenging to merit applications in high-reliability situa-
tions [3,4]. While researchers are trying to reduce the magnitude
and prevalence of these defects through developing an optimal
process map [5], or leveraging in situ monitoring for closed-loop
control [6,7], it is impossible to fully eliminate them since these
random defects are inherent to the LPBF process. The inherent
fatigue scattering must therefore be quantified to assess the
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LPBF part quality. It is especially relevant to consider the scatter-
ing about the endurance limit S,, also known as the fatigue limit,
since this stress value is the theoretical limit for safe stresses in the
component design.

Since identical part geometries may have different defect distri-
butions, a batch of parts cannot be expected to have uniform
quality. Therefore, it is essential to characterize the lowest expected
fatigue performance for a batch of parts and relate this conservative
quality measure to the defect distribution generated by a given print
job. Murakami proposed a mechanics-based model for the fatigue
limit o,, of metallic materials based on defect size 4/area, measured
by the square root of the projected defect area on the plane normal to
the applied stress [8,9]. This semi-empirical model (referred to as
the \/ area model) was derived for high-strength steels with
Vickers hardness HV > 400 based on the origin of fracture for high-
strength steels occurring at surface and interior defects [10,11]. The
defect location relative to the material surface (e.g., surface versus
interior) determines the material constant C. The \/ area model
can be applied to metal AM materials by using statistics of extremes
of defect sizes measured from a specimen to predict a maximum
defect size \/ areamax [12]. Murakami’s predicted fatigue limit o,,
can thus estimate the lower bound of the scatter band of fatigue
strength of LPBF materials, which is important for quantifying
both the reliability of the material and its uncertainty. A more
recent study by Murakami et al. [1] normalized S-N data, /0,
versus N, to analyze the essential structure of S-N curves and to
check the validity of the original S-N data. The net amount of the
stress above the predicted fatigue limit (¢/0,, > 1), rather than the
absolute value of the applied stress o, determines the fatigue

FEBRUARY 2025, Vol. 147 / 021009-1

Copyright © 2024 by ASME


mailto:pk538@scarletmail.rutgers.edu
mailto:yuebin.guo@rutgers.edu

Table 1

Runout stresses of IPBFed SS 316L from the literature

Loading direction with

Energy density respect to buildup Surface finishing Heat Load Loading Cycles to # Runout stress
(J/mm?) direction method treatment ratio R method runout Runouts (MPa) Ref.
100 Perpendicular Grinding No 0.1 Axial 1x10° 2 350 [13]
36 Parallel Polishing Yes 0.1 Axial 4% 10° 1 250 [2]
100 Parallel Polishing Yes 0.1 Axial 4x10° 2 300

-1 Rotating 4x10° 3 350

bending

65 Parallel Polishing Yes -1 Axial 1% 10’ 1 260 [14]
56 Parallel Turning Yes -1 Axial 2x107 1 300 [15]
60 Perpendicular Polishing No 0.1 Axial NA NA 180 [16]

crack growth rate. The scattering of S-N data of AM materials can
be predicted by this analysis in combination with the statistics of
extremes of defect sizes.

However, LPBF fatigue studies in the literature are not consistent
in terms of the number of data points and the runout criteria used to
obtain an S-N curve. This raises questions about the statistical sig-
nificance of the results, especially when quantifying the distribution
of the fatigue life. It also creates a possibility to overpredict or
underpredict the true endurance limit S,, which can either lead to
unsafe designs or loss of profits by being overconservative.
Table 1 depicts experimental runout stresses (i.e., not necessarily
the actual endurance limits) for LPBFed SS 316L under different
runout criteria retrieved from the literature, as well as comparative
information on the material manufacturing and preparation proce-
dures for these fatigue studies. The inconsistency in the stress
values is clear to see regardless of whether the comparison is of
stress ratio, runout criterion, or number of runouts obtained. The
last row of Table 1 is included for the comparison of how the endur-
ance limit is obtained. All studies referenced used S-N curves except
the last study, which used a thermographic method to detect the
stress level at which fatigue damage was instantiated. While the
theory of this method appears sound, it is suspected to underesti-
mate S, for stricter runout criteria (=107 cycles) [17]. This definitely
seems to be the case when compared to the much higher values
given by traditional S-N curves.

While traditional metal manufacturing methods have well-
established material standards [18], LPBF standards are still in

their infancy [19,20]. For example, ASTM standard F2924 was
originally approved in 2012 to guide metal AM manufacturers
and customers for only supplying and ordering AM parts, leaving
the determination of acceptable part quality (e.g., mechanical prop-
erties, allowable porosity) up to the agreement of the supplier and
purchaser [21]. Thus, there is clearly a need for standard methods
of quantifying scatter in part quality, especially for fatigue perfor-
mance in industrial settings or critical applications.

The objectives of this work are as follows: (1) A S-N curve for
LPBFed SS 316L is created to capture the statistical scatter in the
fatigue life at different stress amplitudes o,. (2) The fatigue scatter-
ing is quantified by using 95% prediction intervals for the lower and
upper bound finite fatigue life. (3) The experimental S-N curve is
normalized using Murakami’s lower bound fatigue strength (i.e.,
\/ area model) to compare the prediction to the experimentally
found endurance limit. Figure 1 depicts the overall experimental
procedure from a high-level perspective. Each step of the procedure
is discussed in detail in the following sections.

2 Preparation and Characterization of Fatigue Samples

A block of SS 316L material is made by LPBF, from which
fatigue samples and microstructure samples are extracted by
wire-electrical discharge machining (EDM). Microstructure
samples are polished and etched to reveal the grain morphology
under an optical microscope. Dog-bone fatigue samples are polished

Sample Manufacturing
1. LPBF

2. EDM

3. Grinding

4. Polishing

Bending,~
Moment

rea 425.980 um"2
Diameter 32.133 um

Fig. 1 Overview of experimental procedure
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Scanning strategy

ire-EDM
threading hole

Fig. 2 Bulk sample geometry and scanning strategy

to remove the heat-affected zones induced by EDM and improve
surface finish. The hardness and geometrical defects in the gauge
section of the samples are recorded prior to fatigue testing.

2.1 LPBF of Bulk Material SS 316L. An AconityMINI
LPBF machine was used to fabricate the block (Fig. 2) of SS
316L material. The SS 316L powder composition is presented in
Table 2. The LPBF parameters are presented in Table 3. These
parameters were selected by experience to minimize the size of
any LOF geometrical defects formed during printing. The print
job was optimized using Netfabb® Simulation Utility to achieve
minimal thermal deformation during the printing process. The
bulk geometry was printed on top of 1 mm tall cylindrical supports
to reduce the warping of the substrate. The filleted corners were also
used to reduce deformation, which is especially prevalent in the first
few layers of printing. A hole was printed to allow for wire thread-
ing during EDM preparation of the fatigue samples. The wire-EDM
procedure involves a two-step machining operation. First, a slicing
operation is performed by sectioning 14 dog-bone samples inside
the bulk material. Then the profiles of the dog-bone samples are
machined simultaneously by machining with the bulk sample ori-
ented by a 90 deg counterclockwise rotation about its y-axis (see
Fig. 2). This procedure is explained in greater detail in the
previous work [22].

2.2 Fatigue Sample Preparation and Characterization. The
geometry of the 14 dog-bone fatigue samples is shown in Fig. 3. A
LECO PX300 polisher was used to grind the sample surfaces with
abrasive papers (240, 320, 600, 1200 grit), followed by polishing
with diamond suspensions (3 um, 1 ym). The areal surface rough-
ness (S,) as well as the average surface roughness (R,) (in both hor-
izontal and vertical directions, R,; and R,,, respectively) were
measured on the sample gauge sections using a Zeiss LSM 900
laser confocal microscope. The average roughness values were
approximately S, =0.35 ym, R,; =0.14 ym, and R,, =0.16 ym.
Vickers hardness testing was conducted with a LECO LV-100
with a diamond tip indenter. A 10 kg load F with a 10-s dwell

—

F 55 i
| | I |

10
3, F+5
e

Fig. 3 Dog-bone fatigue sample geometry with dimensions in
mm

with the average and sample standard deviation of the hardness

kgf
values being HV =243 +7 &

mm? |’

A sampling of the geometrical defects of the printed SS 316L
block was recorded from the gauge sections of six of the polished
samples. The gauge sections were manually scanned for defects
at least 10 ym in diameter using the LSM 900 microscope. Each
resolved defect was photographed for automatic measurement in
ImageJ. A custom macro was created to measure the area and
Feret caliper (FC) diameter of the photographed defects. While
the defect area measurement has been popularized by Murakami,
the FC diameter metric gives a more practical description of phys-
ical defect size. Thus, both measurement metrics were used for
further comparison. Since the black-and-white pixel intensities
(0-255) were used to detect defects in the photos, the macro was
iterated three times with increasing minimum intensity threshold
settings (75, 88, and 100). Since the average defect size increased
by about 1.5% and the number of detected defects increased by
about 15% for each increase in the minimum threshold intensity
value, the middle ground was chosen by using the defect sizes mea-
sured using the minimum threshold intensity value of 88.

The distribution in FC diameter size as well as the correlation
between the square root of the defect area (\/ area) and the FC dia-
meter (d) sizes are both shown in Fig. 4. Since a total of 441 defects
were measured, this was sufficient for capturing the overall trend in
the total population of defects, as shown in the previous study [23].
Thus, only six samples were inspected for geometrical defects.

Statistics of extremes were applied using the Gumbel, gamma,
Weibull, and lognormal cumulative distribution functions (CDFs)
to predict the maximum defect size at 99.9% probability for both
size metrics \/ area and d. As shown in a previous study, it is impor-
tant to compare several different CDFs to have the best fit to the
defect dataset as well as a realistic predicted maximum (i.e.,
larger than the measured maximum by ~15-20%) [24]. In this
case, the Weibull CDF with a shape parameter y = 0.6 gave the
best linear extrapolation of the maximum size, with the extrapola-
tions shown in Fig. 5.

Table 3 LPBF process parameters

time was applied for each indent. Each indent location was Farameter Value Units
checked to be defect free and separated by at least 2 mm from .
. Lo . Layer thickness 0.030 mm
other indents to avoid interference. A Keyence VR-3100 optical 7+ 1 spacing 0.080 mm
microscope was used to measure the indentation diagonal lengths | ... speed 300 /s
d) and d, in mm to calculate the Vickers hardness number: Laser power 120 w
Scan vector rotation 67 deg Per layer
_ L8544 xF Stripe hatch width 1 cm
HV = ey
didy
Table 2 SS 316L powder chemical composition
C Cr Fe Mn Mo Ni P Si S
0-0.03% 16-18% 61.89-72% 0-2% 2-3% 10-14% 0-0.045% 0-1% 0-0.03%
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Fig. 4 (a) Measured defect size distribution and (b) correlation of defect size metrics

2.3 Microstructure Etching and Optical Imaging. Sections
were taken from the LPBFed block to observe microstructures
(Fig. 6) perpendicular to and parallel to the build direction. The
samples were polished using the same procedure as for the
fatigue samples, with the addition of a final polish with 0.1 yum
silica. Vilella’s etchant (100 mL 95% ethanol, 5 mL 37% HCI,
1 g picric acid) was swabbed on the polished samples for several
minutes until the originally highly reflective surfaces turned hazy.
Optical images taken with the LSM 900 microscope of the etched
microstructures are displayed in Fig. 6. At higher magnification,
the melt pool boundaries became visible as white lines with
brightfield imaging. While the grain boundaries were also visible
using brightfield imaging, darkfield illumination was also used to
highlight nonflat surface features (e.g., porosity, grain boundaries,
scratches). In the ZX plane (parallel to the build direction), colum-
nar grains are visible, whereas in the YX plane (perpendicular to the
build direction), uniform circular grains are evenly oriented, which
is the expected microstructure of as-printed LPBF metals [25]. As a
sanity check, the scanning strategy of 67 deg rotation between
layers can be checked by finding the angle between noncolinear
scanning paths, as shown in the YX micrograph of Fig. 6.

3 Fatigue Testing

Fully reversed bending fatigue testing was conducted at reso-
nance frequency to achieve high-cycle fatigue as well as to track
the fatigue process. A RUMUL Cracktronic resonance testing
machine and associated software were used to conduct the experi-
ment. The fatigue loading (i.e., stress amplitude and mean stress)

a) 30
@30 | yooom=zs0s
20 y =0.1908x - 1.5946 ‘
15 R?=0.9623
-
10
5
. dloe = 13971
_5 :
0 50 100 150

d (um)

was applied at a frequency equal to the resonant frequency of the
mounted sample. This not only enables the monitoring of crack ini-
tiation and propagation through the recorded changes in frequency
but also allows for much higher testing frequencies than conven-
tional fatigue machines. Pure bending is applied to a mounted
dog-bone sample by fixing one end of the sample and oscillating
the other end. The sample was precisely aligned to ensure pure
bending with respect to the sample longitudinal center through
custom-made shims. This consistently orients the sample for each
test. The oscillation frequency is kept at the system resonance fre-
quency by closed-loop control. The frequency at the start of a
fatigue test is used as a reference value, which was about 62 Hz
for the LPBFed SS 316L samples in this study. As cracks grow
inside the sample, the frequency reduces from the reference
value. The drop in frequency is used to monitor the extent of
damage in the sample where the failure criterion of —A2 Hz stops
the test. In this way, the test is concluded prior to gross fracture
and gives more insight into the fatigue process (e.g., cycles to
crack initiation and propagation) than the standard practice of
simply recording the number of cycles to gross fracture. Using
the fatigue criterion of A2 Hz frequency drop for all samples
makes the fatigue results comparable [22].

Two different runout criteria are used to compare the differences
in experimental endurance limits obtained by runout data points.
Initially, the runout criterion is set to 1x 107 cycles, which is a
good middle ground between more relaxed requirements of
around 1x10° cycles and highly strict standards of 1x10°
cycles. This first runout criterion enables test data to be compiled
into an initial S-N curve. Once the endurance limit of the initial
curve is determined by previous runouts, additional testing under

30
(b) yj(99.9%) = 25.06
25 e e e
y=0.4181x - 1.6719
0 R2=0.9792
15
-
10
\/areamax =639
_5 :
0 20 40 60
Varea (um)

Fig. 5 Extrapolated maximum defect sizes for (a) FC diameter d and (b) y/area using the Weibull CDF, whose
inverse yj =[-In(1—F;)J is a function of the probability F; of defect with ranked size j=1,...,n being the

largest defect in existence for n measured defects
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Fig. 6 Brightfield and darkfield images of etched microstructure at multiple magnifications.
Columnar grains align with the buildup direction and are perpendicular to the applied loading.

a second stricter runout criterion of 2x 107 cycles is conducted to
verify or update the endurance limit. By using Murakami’s normal-
ization method, the normalized S-N curves are created using both
the size metrics \/ area and d for comparison of the predicted nor-
malized stress o/o,. In this way, the experimental endurance
limit can be compared to the prediction given by both size metrics.

After determining the endurance limit, select load levels are
retested to increase the number of data points in the finite life
region of the S-N curve. This helps to quantify the statistical
scatter in fatigue life more confidently.

4 Results and Discussion

Of the 14 fatigue samples tested, 9 samples were fatigued and 5
samples reached the runout criteria (3 samples at 1 x 107, 2 samples
at 2x107). A representative fractured surface is shown in Fig. 7.
Since the fatigue failure criterion during testing prevents the
fatigue process from reaching total fracture, the fatigue crack only
propagates partially through the sample (gauge) cross section. To
reveal the fracture surface, fatigued samples are manually pried
open, as is done in practice to inspect fracture surfaces of cracked
samples. Figure 7 exemplifies the characteristic pattern of all

Fig. 7 Fracture surface for sample with 6, =345 MPa and N=1.45x 10° cycles with
(a) dog-bone sample half A and (b) half B, displayed side by side

Journal of Manufacturing Science and Engineering
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Fig. 8 Experimental S-N curve of LPBFed SS 316L with two
runout criteria

fractured sample surfaces. The crack initiation sites cannot be
exactly identified; nevertheless, fatigue seems to originate from
porosity near the sample surfaces.

4.1 Experimental Construction of S-N Curves. The S-N
curve is shown in Fig. 8, and the tabular data are presented in
Table 4. It is interesting to note the scatter in the endurance limit
for the runout criterion of 1><107, which spans from 325 to
355 MPa. These stress levels gave mixed results, with one runout
and one fatigue failure occurring at both 325 and 355 MPa stress
amplitudes. Not only this, but the fatigued sample at the stress
amplitude of 355 MPa failed before reaching 1x10° cycles,
which is more than an order of magnitude earlier than its runout
counterpart. Of the seven samples tested in the range of
325-355 MPa, four failed and three reached runout. If the test
plan for determining the endurance limit stopped after one or
even two runouts (at different load levels) without retesting, the
results would not have captured the inherent scatter.

S, is not the stress level at which runout occurs. When a runout
criterion is used in fatigue studies, it stops fatigue tests from
running without the apparent end. However, the true definition
of S, as stated by Murakami and Beretta, is the threshold stress
below which fatigue cracks do not propagate [26]. Thus, S, is
dependent on microstructural strength as well as the upper bound
of the defect size distribution, which characterizes the defects
expected to cause crack propagation. Just because a fatigue
sample reaches the prescribed runout criterion, it does not mean
that the stress it experienced is at the endurance limit (see Fig. 9).
Assuming a batch of samples has equivalent microstructures, the
difference in critical defect sizes will be the cause of failure in
some samples and the achievement of runout in other samples at
the same applied stress. If the runout criterion is carefully chosen,
the loading applied for runout samples will be near S,. The
scatter in S, is evident for the runout condition of 1x 107 cycles
since both runouts and failures were achieved over a range of
30 MPa. This shows that a stricter runout condition is needed to
estimate S, with less ambiguity, which is the case for the runout
condition of 2x 107 cycles. This technique can be adopted in prac-
tice for fatigue testing of AM materials to better understand the scat-
tering nature near the endurance limit.

It is understandable that fatigue testing is costly due to raw
material costs, laborious sample preparation, and long testing

)
a
o
=]
(7]
B Runout @1x10°
= 6
o Corresponding BILi e 152
< runout stress range Runout @1x107
e e i i e N = LIEY o
[_—>True S, Runout @5x107 /
Runout @1x108
1E+5 1E+6 1E+7 1E+8
N (Cycles)

Fig.9 Schematic of the difference between runout stresses and
the true endurance limit S,

which are known to exhibit large fatigue scattering. Mower and
Long conducted rotating-bending fatigue tests on conventional
wrought and LPBFed SS 316L samples [27]. Only five wrought
samples were used to generate an S-N curve since a steady
decline in applied stress resulted in a predictable increase in
fatigue life. However, the LPBF fatigue test results did not follow
the expected fatigue relationship and rather exhibited an upper
and lower bound distribution of stress values at different fatigue
lives. This distribution was quantified in another study where, for
a fixed load level and the given LPBF process conditions, multiple
fatigue tests gave a large range of cycles to failure (~10°-10%) [22].
More dismal is the fact that test specimens at lower load levels
cannot be expected to outlast those at higher load levels. This
fatigue scattering is due to the random geometrical defects created
during the LPBF process, which act as stress concentrations and
crack initiators [28,29]. Since identical part geometries may have
different defect distributions, a batch of parts cannot be expected
to have uniform quality. Therefore, it is essential to characterize
the lowest expected fatigue performance for a batch of parts and
relate this conservative quality measure to the defect distribution
generated by a given print job.

For a more confident assessment of S, the longer runout criterion
of 2x 107 gives a stress range of 290-305 MPa, which agrees well
with S-N data from the literature (see Table 1). Of course, this
experimental method could be taken to the extreme, where even
more testing could be conducted at longer and longer runout crite-
ria. A reasonable tradeoff must be achieved between cost and con-
fidence. The method shown in this study reaches this tradeoff by
heavily testing at a dependable runout criterion (i.e., not too weak
and not too extreme), and testing lightly at a stricter runout criterion
to capture the scattering in the expected operating conditions and
provide a more confident endurance limit when permissible by
design. This may not be feasible for very high-cycle fatigue appli-
cations that require extreme runout criteria (e.g., 1x10° cycles)
depending on the testing time.

Even with rigorous experimentation, it is still possible for failure
to occur near or below the experimental endurance limit due to the
random defects that are generated in LPBF. Thus, it is helpful to
find the predicted lower-bound endurance limit for a given
extreme defect size. Murakami’s prediction of the lower-bound
endurance limit

times. Yet, this should not excuse sparse testing of such a critical 1/6 )

material property. This especially holds true for AM materials, ow = C(HV +120)/ (\/area) @
Table 4 Fatigue testing data

Stress amplitude (o,) (MPa) 290 305 325 335 345 355 365 385 395 420

Cycles (N) x10° 20.00 20.00 2.81 10.00 1.45 0.74 1.18 1.73 0.75 0.61

10.00 1.39 10.00 1.14

021009-6 / Vol. 147, FEBRUARY 2025
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Fig. 10 Analysis of endurance limit using Murakami’s normalized stress with defect location
constant C varied for internal (1.43) and surface (1.56) defects. o}, is calculated from measured
maximum defect sizes from each of the six inspected samples and o5, is calculated from the

predicted maximum defect size.

can be found by using the maximum predicted defect size with
C = 1.43 (signifying a surface defect, which is the most detrimental
case) and the average HV measured. This gives o,, = 259 (MPa) for
\/ aream,x and o, = 228 (MPa) for dp,x. These values underpredict
the experimental endurance limit by a large margin (at minimum
about 30 MPa), especially when using the FC diameter metric for
defect size. If C =1.56 is used in Eq. (2) instead (signifying an
internal defect), o,, = 283 (MPa) for \/ area,,x and o,, =248 (MPa)
for dp,x, which is closer to the experimental endurance limit and

4.3 Prediction of Fatigue Scattering. This section aims to
predict the scattering bands of the finite life region of the S-N
curve. The ordinary least-squares method is first used to obtain a
linear fit for the logarithmic finite life curve:

y=mx+b 3)

(i.e., y=1log,y N and x =log,, 6, with 6 = 6,). The slope and inter-
cept are given by

may provide a less conservative estimate than the previous calcula- "= 2 i =Dy =) )
tion using the surface defect location constant value. Equation (2) 3 — %)

was not derived for the FC diameter size metric, which is inherently

larger than the \/ area size metric. For a perfectly circular defect and

with radius 7, d =2r, while \/area =rr~ 1.772r. If */7; xd is b=y —mx 5)

used in Eq. (2), the values only increase by 2% and still do not
equate to the values found using \/ area. A better conversion of

large defect sizes between \/ area and d size metrics is the linear
regression from the correlation plot of size metrics in Fig. 4.

4.2 Defect Size-Based Prediction of S-N Curves. Four differ-
ent normalized S-N curves, 6/, versus N, are shown in Fig. 10.
These curves illustrate how closely the predictions agree with the
experimental endurance limit. To explore different uses of Eq. (2)
for calculating o,,, three parameters are varied: (1) the defect size
metrics (\/ area and d), (2) the measured maximum as well as the
predicted maximum defect size values (giving o7, for measured
and o, for predicted), and (3) the defect location constant C is alter-
nated between surface and internal cases. For the cases using the
measured defect sizes (Figs. 10(a) and 10(b)), the maximum mea-
sured defect size is used in Eq. (2) to normalize the stress amplitude
o,. Since defect sizes were only measured from six samples, only
six data points per size metric are shown in these plots. For
Figs. 10(c) and 10(d), the maximum predicted defect sizes are cons-
tant and are applied to the normalization of every data point’s stress.
The general trend shows that the defect location constant has the
greatest impact on the value of o,,. This makes sense, given that
C is a linear factor in Eq. (2), while the effect of defect size is
restricted by the fractional exponent acting upon it and by the
small (~15-20%) difference in maximum measured versus pre-
dicted defect size.

Journal of Manufacturing Science and Engineering

for mean values x and y. The linear regression represents the popu-
lation mean value of the logarithmic fatigue life at a given logarith-
mic stress amplitude. It is important to check the assumptions of
linear regression are satisfied. Two test conditions are used, the
first being that the residual errors of the regression,

ri= (logIONi)regression - (loglONi)experimemal (6)

are distributed in a horizontal band that is centered and symmetric
about the x-axis. The second test condition (homoscedasticity)
requires a linear normal probability plot of the residuals, where

@)

is the z-score of a given residual, which shifts and normalizes the
value by the sample mean yu and sample standard deviation ¢ of
the residuals, respectively.

The upper and lower bound fatigue life (N* and N') with respect
to the fitted regression line can be calculated using a two-sided pre-
diction interval [30]

log,oN =m X log,yo + b + I(log,,0) 8)

The interval [ is given by

2
1 1 -1
., (ogiyo ~Togyy0)

2 3 (©))
> (log,y0; —logy(0)

I= t(1/2,v * Ge 1
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Fig. 11 Upper and lower bounds of fatigue life at 95% probabil-
ity with respect to the regression line of the finite life log-log S-N
curve.

Table 5 Prediction interval data

Stress amplitude (o,) (MPa)  Cycles (V) x10° N x10°  N* x10°
325 2.81 0.60 5.72
345 1.39 0.54 4.25
1.45
355 0.74 0.50 3.75
365 1.18 0.47 3.37
385 1.73 0.39 2.84
395 0.75 0.35 2.66
420 0.61 0.26 2.38
1.14

with the inverse Student’s z-distribution value ¢ as a function of
probability a/2 and degrees-of-freedom v =k — 2 for k samples
(i.e., number of nonrunout data points), and the standard error of
the estimate

(10)

— 2
_ Zi (log;oN; —log;(N)
G = k-2

All terms in Eq. (9) are constant except for the log,, o term in
the radical, which makes Eq. (8) only a function of the logarithmic
stress. For a probability of 95%, the significance level a=1
—0.95 = 0.05, which is the value chosen for this study.

The 95% prediction intervals for the fatigue life in the finite life
region of the S-N curve are shown in Fig. 11, and the prediction
interval data (upper and lower fatigue lives N* and N/, respectively)
are given in Table 5. Since logarithmic stress and cycle values were
used, the upper bound fatigue life values are much further from the
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4E+6
3E+6
2E+6
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Cycles

@ 325 345 345 355 365 385 395 420 420
MPa

Fig. 12 Comparison of experimental life with prediction interval

for different stress amplitudes (horizontal axis compares individ-
ual fatigue samples, ordered by increasing stress amplitude)
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Fig.13 (a) Plot of residual errors from regression and (b) normal
probability plot of residuals.

regression line than the lower bound fatigue lives, as shown in
Fig. 12. Since the lower bound curve is more critical for fatigue
design, the upper bound curve is not of major concern. However,
it is interesting to see in Fig. 12 that larger applied stresses result
in statistically less scatter in the fatigue life in the finite life
region. This agrees with the earlier observation of the high
amount of scatter around the stress range of 325-355 MPa. This
can be understood to mean that at larger stress levels crack
propagation is steadier and more predictable than at lower stresses,
where the random distribution of defects has more influence on
when cracks initiate due to the greater impact of stress concentra-
tions. That is why it is most important to carefully capture the
knee point and to use multiple runout conditions during fatigue
testing of LPBF materials to dutifully capture the scattering at
low-stress levels.

Figure 13 shows the two test conditions for applying linear
regression to the logarithmic S-N data. While the homoscedasticity
condition is satisfied by the linear plot of the residual z-scores
(Fig. 13(b)), the residuals show a possible increasing trend with log-
arithmic life (Fig. 13(a)). Even though a strong number of data
points were used, the random scattering makes it difficult to defin-
itively deny the residuals are distributed in a horizontal band that is
symmetric about the x-axis. As such, it is assumed that the linear
regression assumptions are satisfied.

5 Conclusions

The random geometrical defects inherent to the LPBF process
cause the scattering of fatigue life and endurance limit S,. In this
work, an S-N curve for LPBFed SS 316L is experimentally con-
structed to capture the statistical scatter in the fatigue life at different
stress amplitudes. Two different runout criteria are tested to inves-
tigate any fatigue limit underestimation. The experimental S-N
curve is normalized using Murakami’s lower bound fatigue strength
to compare the prediction to the experimentally found endurance
limit. In addition, the fatigue scattering is quantified by using
95% prediction intervals for the lower and upper bounds finite
fatigue life. The following key points have been made:

e Sufficient testing at a dependable runout criterion (1x 107
cycles) and testing lightly at a stricter runout criterion
(2 x 107 cycles) capture the scattering nature near the knee
point.
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e The endurance limit of the LPBF SS 316L material is about
300 MPa for the process parameters and resulting defect size
distribution.

e The defect-based model predicted endurance limit is lower
than the experimental endurance limit, which can either be
taken as a conservative measure or an underprediction.

e The upper bound fatigue life at 95% probability is much
further from the population mean value than the lower
bound fatigue life (~10° cycles versus ~10° cycles).
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