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Abstract

Laser powder bed fusion (LPBF), a metal additive manufacturing technology, is well-suited for design
optimization but fatigue life is limited by manufacturing defects. In this work, 17-4 stainless steel
components were manufactured in densely populated build volumes, simulating at-scale LPBF production.
Tests revealed extreme variability in fatigue life data, analyzed via rigorous statistical tools. The El-Haddad
model, modified for finite-life, enabled defect-based life prediction. Specimen location within the build
volume correlated to life, which was heteroscedastic. Investigating defect concentration over the build
volume explained typical life and scatter. These findings argue for qualification approaches which
acknowledge high material lot variability.
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1. Introduction and background

Laser powder bed fusion (LPBF) is a metal additive manufacturing (AM) technology well-suited to
design optimization for high value-added components [1-3]. This is possible via its piecewise methodology,
summarized as the progressive layering of part cross-sections, each selectively fused from a thin powder
bed spread over the previous layer, thereby generating the final part. However, LPBF is currently a costly
process [1,3,4], partly due to feedstock material cost and long cycle times. As such, LPBF has thus far been
limited to aerospace, high-performance automotive, biomedical, and other demanding applications which
more willingly bear these costs due to their rigorous design goals, such light weighting in the face of harsh
loading environments, including cyclic loading.

Whether using a safe-life or damage-tolerance approach, designing against fatigue failure requires a
strong knowledge of a material’s properties in fatigue. Determining and utilizing these properties is no
simple task due to the stochastic nature of fatigue, exemplified by fatigue life displaying coefficients of
variation typically in the range of 25-75% [5,6]. This variability is partly explained by considering the role
that material and manufacturing defects play in determining fatigue life [6—8]. These principles are critical
in the context of LPBF, as it is known to be plagued by semi-stochastic defect formation [9-11]. Here, the
predicament of LPBF becomes clear. Ideally executed, it can achieve unique design benefits, but it is
currently limited by uncertainty in quality — a disparate set of design applications and process capabilities,
i.e., a lack of “fitness-for-purpose” [12].

Scatter in the fatigue properties of additively manufactured materials has been widely attributed to
typically rough surface texture [13—16], high volumetric defect content [11,12,17], and microstructural
imperfections and heterogeneity [18]. The former two defects both form as a result of the piecewise
microscale welding process [19-21], whose efficacy relies on regular, predictable melt pool geometry. At
the most basic level, surface irregularities and pores create local stress field peaks that result in crack
nucleation, a phenomenon understood as cyclic shear along crystallographic slip bands, occurring rapidly
at these sites. Under the circumstances of a relatively large pre-existing defect, this will progress though
crack growth at microstructurally small scales, then the regime of long crack growth, i.e., stage II fatigue
crack growth. In relatively defect-free wrought materials, nucleation normally makes up a significant
proportion of high cycle fatigue (HCF) life [22,23]. In the case of defect-ridden materials, e.g., AM
materials, it is the view of researchers that the nucleation period is vastly shortened [11,12,14,23], resulting
in a commensurate overall detriment to life.
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This is not to say that the details of early propagation are unimportant. Prior work has consistently
shown that surface inhomogeneities [13,24] or internal pore size [23,25-27] correlate to the HCF life, for
which there is a strong basis in legacy approaches to fatigue [28]. A popular framework for assessing the
impact of defect severity on fatigue originates from the Kitagawa-Takahashi (K-T) diagram [29], as well
as the related and popular model of El-Haddad et al. [30], which predicts the infinite fatigue limit of a
material in the presence of pre-existing cracks or defects. The model references the threshold for crack
growth while simultaneously bounding the predicted fatigue limit according to the defect-free fatigue limit,
thus predicting the condition of either crack non-propagation or continued propagation.

These legacy models have been frequently applied to modern AM materials, with considerable success
thus far. Defect-based approaches in the literature have adopted the V(area) parameter to characterize the
effective defect size and calculate the associated stress intensity factor (SIF), the parameter originally being
attributed to Murakami & Endo [31], and further rigorized for AM materials by Masuo et al. [15] and Hu
et al. [32]. Through a survey of available literature data, Beretta and Romano [12] showed that fatigue limits
in additively manufactured A110SiMg and Ti6Al4V were well modelled by the El-Haddad model. Further
work, published by Romano et al. [27], confirmed these results for 17-4 stainless steel, as well. Beretta et
al. [13] and Wu et al. [33] showed the applicability of the classical El-Haddad model to fracture initiating
defects of as-built AISi10Mg. These studies also showed that, with some exceptions, precise defect shape
was not very impactful on life, due to defects quickly transiting to a lower SIF elliptically-shaped crack
form, affirming the effective size approach. Defect size and location have been found to be found to be
largely responsible for immense scatter in fatigue life [12,17,25,32,33].

The classical, or infinite life EI-Haddad model is limited in that it only predicts infinite endurance or
eventual failure but not life at failure. Ciavarella and Monno [34] offered an adaptation to address this,
which incorporated both stress-life (S-N) and fatigue crack growth (FCG) models to predict finite life.
Further application of these concepts to AM materials was performed by Sheridan [35], who was able to
generalize the finite life model to predict finite life at varying loading ratios. These efforts represent
preliminary investigations into finite life estimation, and further work is needed. Notably, research efforts
are still testing the accuracy of various FCG models for AM materials [14,25,36,37], which might be used
to construct updated finite life ElI-Haddad models.

A limited number of in-depth examinations of the ‘killer’ defects which initiated fatigue failure in AM
alloys have been conducted to help bolster the understanding of these phenomena. Studies of LPBF
manufactured Inconel 718 [38], 17-4 stainless steel [27], and Ti-6Al-4V [32] have all successfully
correlated initiating defect size to life, post-mortem. In these works the authors assumed that materials of
same pedigree, i.e., same LPBF processing parameters, feedstock material, post-processing history, etc.
were well described by representative X-ray computed tomography (XCT) scans which characterized their
porosity. Under this assumption, the statistical processing of porosity data shown in Ref. [25,26,33,39,40]
with fatigue models such as the finite life El-Haddad adaptation could enable fatigue life predictions with
minimal destructive testing necessary.

Critically, many fatigue and fracture studies of AM materials have taken a somewhat narrow approach
to defining the processing parameters that control material pedigree. Typically, feedstock powder quality,
laser processing parameters (e.g., power, speed, spot size), build strategy (e.g., scan pattern, layer height,
specimen orientation to the build direction), heat treatment, and post processing (e.g., machining, finishing)
have been considered to drive the process-structure-properties chain. Despite this, recent work [41,42] has
shown significant mechanical property variability within a single ‘lot’ of LPBF material, i.e., a build(s)
utilizing the same LPBF processing parameters. Prior work is limited in the context of fatigue, but Soltani-
Tehrani et al. [43] and Li et al. [42] demonstrated the dependence of fatigue life on specimen location within
the build volume. Further investigation is required, but these findings may be a result of porosity caused by
redistribution of spatter particles onto the powder bed and attenuation of the laser beam by condensate
clouds.



Increasingly, researchers acknowledge how the poor process repeatability of LPBF leads to varying
defect content and therefore varied mechanical performance. It may be that these are unavoidable signatures
of the LPBF process, and in that case, robust statistical characterization and fatigue prediction approaches
must be developed. In the present work, a large fatigue data set (n = 45) was leveraged to reveal that
nominally identical components within and across builds displayed both low-defect-quantity/long-life and
high-defect-quantity/low-life tendencies associated with specimen location. This scatter was characterized
probabilistically and mechanistically, through safe-life and damage-tolerant approaches respectively, in an
effort to advance tools such as the finite life El-Haddad model or probabilistic predictors which can account
for manufacturing defects. Critically, this approach simulated industrial applications by using optimized
processing parameters, virgin powder, densely populated build volumes (i.e., high efficiency production),
and multiple builds (i.e., high quantity production) which demonstrated the need to consider build volume
location as a relevant process parameter which controls defect content and fatigue life.

2. Material and methods
2.1.  Specimen manufacture

All specimens were manufactured using a commercial EOS M290 LPBF system. Four identical builds
were carried out, numbered Al, A2, A3, and A4. Each build included 12 specimens intended for fatigue
testing, 10 for tensile testing, and 3 witness coupons for microstructural analysis. The results of tensile
testing can be found in prior work [44]. The layout of the builds, all built on 250 x 250 mm medium carbon
steel build plates, can be seen in Figure 1. The as-built geometry of the fatigue and tensile specimens was
identical, shown as a 91 mm long hexagonal prism in Figure 1, longitudinal axes perpendicular to the build
(+Z) direction, i.e., horizontal. Specimens were identified by their unique number, e.g., 2-5-A1, which
specifies their location, e.g., row 2, 5t position from left, and the build number, e.g., build Al. It should be
noted that three specimens from build A1, 3-1, 4-2, and 5-1, were not available for fatigue testing due their
improper manufacture. These specimens, and one tensile specimen with similar issues, are marked with
asterisks on Figure 1. Specimens were manufactured according to best practices for exposure order, i.e., the
sequence within a build layer that specimen slices are fused in. This practice aimed to fuse specimens
furthest in the direction of gas flow and recoat first. The numbers in parentheses in Figure 1 represent
exposure order.
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Figure 1. Layout of mechanical test specimens and witness specimens on a 250 mm square build plate, used for all four builds. Specimens are
numbered and their exposure order shown in parentheses. Asterisks (*) mark build Al specimens which were not properly manufactured.
Shielding gas flow is shown schematically by dashed purple arrows.

All specimens were manufactured using 17-4 stainless steel powder feedstock, never recycled. This
precipitation hardening alloy, also called 17-4 PH, is common in industrial and research contexts due to its
mix of affordability, strength, fatigue performance, and high heat/corrosion resistance. It is readily available
in powder form from commercial suppliers and well-studied in the recent literature. All powder used was
from a single lot acquired from Praxair Surface Technologies, under the commercial product name of
Truform 174-161. The powder was manufactured via gas atomization and had a powder size distribution
(PSD) specified by the manufacturer to have the following 10™, 50", and 90™ percentiles in diameter
distribution, measured in accordance with ASTM B822-20: d;p = 25, dso = 37, and dop = 55 pm. The
manufacturer also reported 1% and 0% of particles to be above 53 and 63 pum, respectively, measured in
accordance with ASTM B214-16, and a tap density of 4.57 g/cm’, measured in accordance with ASTM
B527-20. Powder chemistry was also reported, and for reference, met all chemistry specifications of UNS
S17400, as per ASTM A693-16.

All specimens were manufactured using the same nominal LPBF processing parameters, provided by
the machine manufacturer, detailed in Table 1. Specimens were built using a ‘stripes’ scan strategy, which
alternated the orientation of a raster-based stripe (12 mm width) scan pattern by 67° between each layer.
The time between the start of each sequential layer was held to a constant. After manufacture via LPBF, all
specimens were heat treated in the same lot in a vacuum furnace in their as-built condition on their
respective build plates. Specimens were solutionized and aged to the H1025 condition, according to AMS
2759/3, via solutionizing at 1038 °C [1900 °F], quenching in a backfilled argon gas atmosphere to below
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32 °C [90 °F], and aging at 552 °C [1025 °F] for 4 hours. After heat treat, specimens were removed from
the build plate by band sawing (see Figure 2). As well-evidenced by prior work [9,16,36], the solutionizing
step accomplished both stress relief and microstructure homogenization.

Table 1. LPBF build parameters

Parameter Value
Layer height 40 pym
Laser power 220 W
Scan speed 755 mm/s
Hatch spacing 110 ym
Beam spot diameter (approx.) 80 um
Build plate temperature 80 °C

As-built specimens were hexagonal prisms, nominally 15.20 mm across flats and 91.00 mm long,
shown in Figure 2. After LPBF manufacture, heat treat, and removal from the build plate, specimens were
machined on an CNC turning center to their final geometry, also shown in Figure 2. The fatigue specimen
design was adherent to design guidelines of ASTM E466-15, and had a gage section nominally 6.00 mm in
diameter. After machining, fatigue specimens were polished up to P2000 grit to remove all tool marks and
accomplish a lay parallel to the direction of applied stress. Surface roughness, measured as R,, was found
to be on average 0.023 um, measured by extracting a profile parallel to the specimen axis from the unfiltered
areal data attained from a Zygo ZeGage coherence scanning interferometer. This value met the
recommendations of ASTM E466-15. No specimens showed surface defects visible to the eye. The -X
facing end of specimens 1-2 and 3-2 were turned down to 4.00 mm in diameter (see Figure 2), to prepare
these sections for further analysis via XCT.

Fatigue specimen: as-machined
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Figure 2. Fatigue specimen machined geometry as-built (bottom) and as-machined (top). All units are in mm.
2.2.  Fatigue testing

Fatigue specimens were tested with an MTS 98 kN capacity servo-hydraulic universal testing machine.
An Interface 111 kN capacity in-line load cell was used for force data acquisition. A total of 45 force-
controlled fatigue tests were conducted; 9 on A1 specimens and 12 each on A2, A3, and A4 specimens (see
Figure 1). All fatigue specimens were tested using an 8 Hz sinusoidal forcing wave, a loading ratio of R =
0.1, and a maximum stress ogmax = 867 MPa. For reference, this stress level was 76% of the average yield
stress, oy = 1146 MPa, seen in a sample of identically manufactured specimens [44]. Loading was selected
based on initial tests with representative specimens to produce failure in the high cycle fatigue (HCF) range.
Force data was periodically monitored for error from the commanded level and showed no aberrations.

2.3.  Porosity assessment via XCT

After fatigue testing, several specimens of interest were further analyzed by XCT to assess their
volumetric defect content. All specimens from locations 1-2 and 3-2, four specimens per location
corresponding to the four builds, were inspected as shown in Figure 3. Only a representative volume from
the specimen -X facing end, previously machined to 4.00 mm in diameter was scanned. This limited X-ray
attenuation and thus enabled an acceptable voxel size (11 pum) to be achieved. Note that these specimen



ends were never under stress during prior testing and are considered representative of the specimen gage
volume due their relatively near location compared to the length scale of the build volume (250 mm).
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Figure 3. Selected specimen locations for XCT (left). CT scanning region of specimen end (right-bottom). Porosity search region within scan
region (right-top). All units are in mm.

The selected specimens were inspected with a Zeiss Metrotom 800 industrial XCT system. Scanning
parameters, summarized in Table 2, were selected to maximize the contrast between the specimen and
background while striving for the minimum achievable voxel size. Volumetric reconstruction was
completed using the native machine software (Zeiss Metrotom OS) which utilized a Feldkamp-David-Kress
reconstruction algorithm and a Shepp-Logan digital filter. Further data analysis was performed using the
commercially available software package, VGSTUDIO MAX 3.4. Surface determinations were conducted
using a gray-value gradient maximization technique capable of sub-voxel interpolation. This method
referenced an initial surface threshold, based on a 50% isovalue, and searched for a gray-value gradient
maximization over a four-voxel range centered on and normal to the initial threshold. The software’s
integrated porosity determination tools were used to identify pore volume, size, shape, and location. The
search algorithm parameters were tuned on a representative specimen to capture a large proportion of pores
and produce a low false positive rate, as judged by a visual inspection of scan slices. Only pores with a
volume of 22 voxels (29,282 pm®) or greater were considered, as this size was correlated to visually
identifiable pores in scan slices. This search routine was replicated on all scanned specimens in a cylindrical
region that was 3.89 mm in diameter, 12.00 mm long, and 0.25 mm offset from the specimen end, as shown
in Figure 3. Being offset from the specimen surfaces, major artifacts due to beam hardening and cone beam
effects were not considered in the porosity analyses.

Table 2. XCT scanning parameters

Parameter Value
Voxel size 11 pm
Focal spot size 8 um
Voltage 130 kV
Current 61 pA
No. projections 1200
Physical filter 0.25 mm, Cu

Due to their complex morphology, the subsequent analyses quantify pore size according to their
equivalent spherical diameter, in units of [um]. This parameter is simply the diameter of a sphere whose
volume is equivalent to the volume of the pore. Ref. [42] utilized a similar approach. This measure is
insensitive to local pore boundary surface determination errors.

2.4.  Quantitative fractography

Because force-controlled fatigue testing was conducted, specimen failure constituted complete net
section fracture. Specimen fracture surfaces were inspected on Zeiss Ultra 60 SEM, using acceleration
voltages that ranged from 10 to 20 keV, a working distance of approximately 10 mm, and signal mixing
from both the primary and secondary detectors. Fracture surfaces were cleaned with a light amount of
compressed air prior to inspection, but otherwise not altered. Quantitative fractography analyses were
conducted to assessing the size, location, and nature of the fracture initiating defect. The standardized
methodology for AM material defect size determination set out by Masuo et al. [15], which is similar to
that used in Ref. [32] and based on the commonly used methods of Murakami and Endo [31], was applied
to determine the effective area of a defect, area.y, and categorize a defect as sub-surface or internal. The
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effective size of a defect was then quantified as a.; = \(areaes). The referenced procedures [15] may be
briefly summarized as follows:

1. The effective area of a defect is the approximately elliptically shaped convex hull which subtends
its extremities. For sub-surface defects, this hull includes the ligament which separates the outer
edge of the defect from the surface.

2. A defect is classified as sub-surface if:

a. It intersects or is tangent to the surface.
b. The width of the ligament which separates the edge of the defect nearest the surface from
the surface is smaller than the width of the defect.

3. If two defects are near to each other, and the width of the ligament which separates them is less
than the width of the smaller defect, the convex hull which defines the effective area includes both
defects.

Defect area was characterized using above procedures, the SEM micrograph scale bar, and the Fiji
distribution of the open-source image analysis software ImageJ. Hereon, the a5 = V(area.y) parameter is
used to describe the defect size and is simply referred to as “defect size” in the text.

3. Results
3.1. Fatigue life variation and trends

The results of the force-controlled fatigue tests, all under the same loading conditions, are shown in
Figure 4 where fatigue life is shown on a logarithmic horizontal axis and specimens are grouped according
to their originating build plate locations, shown on the vertical axis. The originating build, i.e., A1, A2, A3,
A4, did not appear to introduce any preference for low- or long-life, as evidenced by the lack of any
systematic patterns in life respective to each specimen build number. Prior work on a related data set also
showed no statistically significant differences between the distributions of life respective to each build [44].
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Figure 4. Fatigue life under identical loading conditions, organized by specimen location. Run-out is signified by a right-pointing triangle.

Considering the entire data set, fatigue life showed a high degree of scatter. The minimum number of
cycles to failure displayed was Ny =21,546 cycles (specimen 1-1-A3), and the maximum was Ny= 1,766,801
cycles (specimen 3-2-A3). One specimen, 3-1-A4, was run-out, with testing terminated at N = 3,900,000
cycles prior to failure. This specimen’s behavior is further examined in section 4.1. The coefficient of
variation seen in life, defined as sy ¢ /ﬁf, where sy is the standard deviation of the data and Wf is the mean
of the data, was 194%. This is an exceptionally high level of variation, when compared to HCF in
conventionally manufactured structural alloys, or even some prior results reported for LPBF processed
alloys, which have generally sampled less dense or more local build volumes.

In addition to the overall scatter being of note, further observations can be made by referencing Figure
5 for the mean life and variation in life attributed to each specimen location. Certain locations appear to



display uncharacteristically low life (e.g., 1-1, 1-2) with relatively low scatter, while others display
intermediate life with varying degrees of scatter, and still others display high life with considerable scatter
(e.g., 3-1, 3-2). Figure 5 shows that the data displays definitive heteroscedasticity, i.e., the variation in life
appears to be a function of mean life. This would suggest that an intrinsic property of the specimen which
drives fatigue life, such as porosity content, varies with location within the LPBF system build volume.
Note that data set sizes are relatively small, 4 specimens for most locations and 3 for locations 3-1, 4-2, and
5-1. Due to this, the trend seen in Figure 5 may be subject to some levels of uncertainty. Considering the
standard deviation of the logarithm of life data did not eliminate this trend.
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Figure 5. Fatigue lives mean and standard deviation associated with each specimen location.

3.2.  Fracture initiating defect types and trends

All failed fatigue specimens were inspected to discern the important features of their fracture surfaces.
Figure 6(a-b) shows the macro-scale fracture surface topography of specimen 1-1-Al, representative of
most specimens and typical of fatigue failure in an axially stressed a ductile metal. The topography shown
was attained via a Keyence VR-5000 high resolution structured light scanner and analyzed with the native
instrument software. A fracture growth region is apparent, clamshell in shape, adjacent to the specimen
surface, and oriented normal to direction of stress. A crack, originating in the subsurface region, progressed
through this region due to cyclic loading in a brittle manner until it was of a size that sufficiently reduced
the stress bearing area of the specimen. This led to final failure via semi-ductile fast fracture in the
remaining net section of the specimen. Ductile dimples were discerned at high magnifications in areas
outside of the stage II growth region. Shear lips, oriented approximately 45° from the stress axis, also
formed during final failure. Minor plastic deformation was noticeable on the free surfaces of the specimen
close to the shear lips. Nearly all specimens exhibited a similar macro-scale features in their fracture
surfaces, albeit with some differences in the form of the shear lips.
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Figure 6(c-d) shows the features of a representative fracture growth region and the identification of
the initiating defect. The growth region displays prominent chevrons, seen in Figure 6(c), which clearly
identify an initiation site near the specimen surface. The inset, Figure 6(d), shows the initiating defect in
detail, which was a lack-of-fusion (LoF) pore, approximately 80 um in its largest apparent dimension. Due
to the brittle fracture mechanism, defect shape was likely well preserved. Using analogous methods of
initiation site identification, defect type categorization (further expanded upon in this section), and
standardized size/location determination methods (refer to Section 2.4), all 44 failed specimens were
analyzed. Results are tabulated in Table 3, which groups specimens in four life span regions; low-,
intermediate-, long-, and very long-life.

Table 3. Fractography observations

Life span

Low-life

20,000-60,000
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Examining the table for trends in the initiating defect type shows that LoF defects initiated the vast
majority (38 of 44) of failures in life spans. Overall, small microstructural features, such as inclusions,
precipitates, or micro cracks generally did not appear to initiate fracture. Three were likely gas pores,
identified by their small size (<30 um) and circular form, seen in the long- and very long-life spans, and
exemplified by Figure 7(a). The majority of LoF defects were generally identified by their torturous form
and cellular surface texture, exemplified by Figure 7(b-d). The defect interior surfaces show grain
boundaries between mostly equiaxed cells, and the martensite morphology within a cell is even visible, best
seen in Figure 7(d). A small number of LoF defects did not display such features, but instead showed what
appears to be an oxidized surface, as in Figure 7(e-f). Some features of solidification of a free surface, such
as micro-ripples, are also displayed, best seen in Figure 7(f). These features were also seen in some
fractographs of defects with cellular textures, confirming that they indicate a LoF pore. The small number
of “uncategorized” initiating defects were either difficult to observe in detail or did not display features that
could be used to definitively categorize them.

. Init. defect

(gas pore)

(d) 4-2-A3

Nf = 69,687 CENRAET Y Nf = 92,902

f A~ Oxides
Ripples

' Init. defect (LoF)

Figure 7. Selection of distinguishing fracture initiator features.

Nearly all specimens (42 of 44) had initiation sites in the sub-surface region of the specimen. Only one
specimen had more than one apparent initiation site, low-life specimen 1-1-A4. These outliers are more
closely examined in section 4.5. One other classification shows a notable trend — a large proportion of low-
life specimens displayed intergranular (IG) fracture features surrounding the initiating defect, exemplified
by Figure 7(c). Commonly, IG or decohesive rupture observations are related to causes such as stress
corrosion cracking, embrittlement, or intergranular segregation of weak low melting temperature elements.
These explanations do not fit the exhibited results, as testing environment and solidification microstructures
should not differ between these specimens and others. More likely, the high local stress magnitudes created
by the large defects in these low-life specimens played a role in early growth via IG mechanisms.
Supporting this, at high magnifications, the IG sites show signs of dimpled IG fracture, which may have
originated from the partially incohesive precipitates of the overaged H1025 alloy condition.

Figure 8 shows that the SIF range associated with each initiating defect on the vertical and life on the
horizontal. SIF was calculated as AK = YAo,/ma,ys, where Y = 0.65 and 0.5 for sub-surface and interior
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defects, respectively. As such, for a constant Ag, 4K scales with a.p, barring variations in Y. When both
quantities are logarithmically transformed, they appear to trend linearly over a limited range, albeit with
some scatter — as expected, larger defects which drive larger SIF values are associated with lower life. This
dominant trend has been approximated with the “low, intermediate, & long-life”” short-long dashed black
trend line. Notably, most observations beyond approximately Ny=200,000 depart somewhat from this trend.
A grouping of data, contained in the “long & very long-life” dashed blue boxed, shows this behavior. This
is partially explained by the effect of near-threshold crack growth behavior, as these data show 4K values
near the threshold SIF, 4K, represented by the gray dashed horizontal. As such, FCG rates may be much
lower for a portion of these specimen’s lives, possibly indicating a non-negligible nucleation or short crack
growth stage. Behavior in this stage would not necessarily be captured by 4K, and thus does not trend with
the rest of the data on the plot. It should be noted that 4K, was drawn from Ref. [27] for the relevant
material, heat treatment, and loading ratio. Additionally, several observations in the long-life regime,
specimens 2-4-A1 and 3-1-A3, exhibited life over 1,000,000 cycles despite their large defect sizes over 100
pm. This is partially explained by these defects being located in the interior of the specimen, a concept
discussed in further detail in Section 4.5. Specimen 5-2-A2, a sub-surface defect, showed similar behavior
without a clear explanation.
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Figure 8. SIF associated with init. defect, vs. exhibited life.

3.3.  Porosity content associated with specimen location

Porosity visualizations of the sampling regions from specimens 1-2-Al and 3-2-Al, which are
representative of their respective specimen locations, are shown in Figure 9(a-b). XCT has been well
established as a strong method for characterizing volumetric defect content and crack growth [37,45]. The
results of an automated porosity analysis are shown; pores are highlighted and colored according to their
equivalent spherical diameter. Note that pores are plotted as simple spheres on their centroid positions, with
their diameter scaled by a constant factor to improve legibility. Specimen 1-2-A1 contained more pores (7
= 254) and larger ones, whereas specimen 3-2-A1 had fewer (1., = 46) and smaller pores; most less than
50 pm in size. Two of the largest identified pores in 1-2-A1 are shown in Figure 9(c-d), which are cross
sections of the reconstructed volume. Both pores were approximately 200 um in their largest apparent
dimension, and complex in their morphology. Both appear to contain small circular features, identified by
arrows in the figure, where are on the order of typical powder size range (d;o = 25 um, dop = 90 um),
providing further evidence large LoF pores.
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Figure 9. Porosity visualizations of specimens (a) 3-2-Al and (b) 1-2-Al. Pores are colored according to their equivalent spherical diameter.
Pores are plotted as simple spheres and their size has been scaled for legibility. (c-d) Reconstructed XCT volume cross-sections of specimen 1-2-
Al, showing the two largest identified pores.

An identical automated porosity analysis was executed on all scanned specimens, corresponding to the
four specimens each from locations 1-2 and 3-2. Figure 10(a) shows the results in the form of a boxplot,
with the noted percentile demarcations. The total number of pores, 7., is also shown for each specimen.
The volumes from location 1-2 had a total number of pores in the range of 226-363, while those from
location 3-2 had 26-46 pores. In most cases, the 97" percentile of pore diameter present in 3-2 locations,
on the order of 75 um, was approximately equivalent to the 75" percentile seen in 1-2 locations. The 75"-
97™ percentile ranges for the 1-2 locations were quite large and ranged from approximately 53-150 pm.
Three of four scanned volumes from location 1-2 had a small number of very large pores ranging from 150-
250 pum. Figure 10(b) more clearly represents the difference in the total quantity of pores seen in the
investigated volumes, as directly implied by the area of each histogram. Here, the data sets respective to
the four specimens from each location have been combined to form an aggregate data set for each location.
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Figure 10. Porosity size data determined form XCT scans. (a) Box plots of pore equivalent spherical diameter respective to each scanned
specimen. (b) Histograms of pore equivalent spherical diameter respective to each specimen location.

4. Discussion
4.1. Life dependence on specimen location

Figure 11 provides the mean fatigue life associated with each specimen location. Run-out data was not
included in this calculation. Correlating specimen locations 1-2 (average life = 42,000) and 3-2 (average
life = 1,017,000) to the porosity analyses in Section 3.3 clearly associates porosity distributions with larger
and more frequent pores to lower fatigue life, and vice versa. In fact, both the mean and variation in life
respective to specimen location were driven by the nature of how a specimen gage section sub-surface
region statistically samples the overall local porosity content. The sample of a high porosity content region,
which the volumes specimens from location 1-2 represent, was more likely to contain a large pore from the
distribution tail. Thus, these specimens were likely to contain a ‘killer’ pore of similar size (low-scatter)
and large size (low-life). This was less likely for specimens which originated from low porosity content
region, thereby producing high-scatter and long-life. This would also explain the run-out of specimen 3-1-
A4, assuming a low defect content similar to the 3-1 location. Extreme value statistics of a defect population
related to the stressed volume have been used to explain these trends [25,33,39].

Using average life as an indicator of high defect content, Figure 11 indicates the -Y region of the build
volume, i.e., the gas flow downstream region, as high in defect content. Here, specimens 1-1 and 1-2 have
a characteristically low life, around 40,000 cycles. Further trends are not readily apparent, other than that
the center of the build region showed very long life, on average. Specimens 3-1 and 3-2 both showed
average lives above 800,000 cycles.
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The defects which populate the downstream region are hypothesized to have been caused by a
combination of effects from laser welding process byproducts such as condensate and spatter which were
not sufficiently removed from the build volume. Condensate forms from the metal vapor cloud present over
the melt pool. This cloud, when sufficiently exposed to the laser, forms metal condensate, which is small
particles, on the scale of tens of nm [46,47]. Spatter can be generalized as solid or liquid particles ejected
from the melt pool [46,48,49]. Metallic jet spatter particles, specifically, have been reported as ranging
from similar in size to the feedstock powder particles [46,47] approximately 2-4 times larger [47,49,50],
and often compositionally impure [47,48,50,51]. During ejection, the particle may join with solid powder
particles near the melt pool boundary or with other liquid particles ejected forming large, agglomerated
spatter particles. Constantly flowing shielding gas is used in LPBF machines to evacuate both condensate
and spatter from the build region.

The study of condensate and spatter effects is limited, but several investigations support the findings
of this work. Condensate clouds, if not sufficiently removed from the process area by the flowing shielding
gas, can attenuate the laser beam before it reaches the powder bed, resulting in an imparted power loss
reported to be as high as 40% [52] and thus potentially smaller melt pools and LoF between laser paths and
layers. Spatter has been identified on as-built surfaces in areas of poor gas flow by multiple authors [53,54],
which appear to generally be in the downstream region [52,55]. Spatter may not be effectively evacuated
by low-velocity and turbulent gas flow [52,55], which would be the case in the present work. Large spatter
particles could create local instabilities in the melt pool and lead to poor local power packing.

As shown in Figure 1, the gas flow in the LPBF machine is severely redirected into the outlet nozzle
over the -Y build region, possibly leading to lower velocities and less laminar flow in this region. Low-life
specimen locations 1-1 and 1-2 are in this region. Overall, the large LoF defects shown in the XCT and
fractography analyses of these specimens can likely be attributed to a combination of spatter and condensate
effects. Notably, a densely populated build volume, such as in this work, can be assumed to produce a
proportionally large amount of process byproducts. The effects on end-component quality are not fully
understood, but a limited number of works show greater porosity in both downstream [52] and upstream
[56] regions with potential detriments to ultimate strength [57]. Soltani-Tehrani et al. [43] and Li et al. [42]
both theorized that byproducts produced porosity and a location-based dependence in fatigue life, but these
works might not have revealed the full scope of variability.

4.2.  Fatigue life heteroscedasticity

The noted trends in fatigue life seen in Figure 5 and described Section 3.1 can be summarized as
heteroscedastic in nature. Conventionally, heteroscedasticity in fatigue refers to different levels of scatter
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correlating to different stress or strain levels, approximated by the life distributions in different shades of
green in Figure 12. A strong example can be found in Ref. [58]. It should be noted that experimental data
is generally not normally distributed, and the figure only illustrates approximate behavior. While
deterministic predictors of life or crack growth, such as stress-life curve, strain-life, or long-crack FCG
models are often used to model fatigue behavior, they primarily serve as a best-fit model, such as the black
stress-life curve in Figure 12. It is important to recognize that there is a significant scatter band, based on
the variation displayed at each stress level, which better summarizes fatigue behavior, such as the red short-
long dashed 95% confidence interval bounds.

S-N Curve
—————— 95% C.I.
High stress
Med. stress
Low stress

Stress
—
o
(2]
m

Cycles to failure, Nf
Figure 12. Heteroscedasticity in fatigue. Green curves show typical behavior, shaded blue curves show observed behavior. Distributions and
build plate locations are approximations.

The data examined in this work are subject to an added dimension of heteroscedasticity different than
what is typically observed in fatigue. Long-life specimens still showed high scatter, but applied stress was
constant. Specimen location within the LPBF system build volume can be considered an added independent
variable, as approximated by the blue shaded life distributions in Figure 12. As will be expanded upon,
these locations contain different defect populations, which drive distinct S-N behavior. Despite this, as a
single material lot, the overall scatter is still of concern, approximated by the magenta-dotted distribution
in Figure 12. Critically, current qualification approaches in LPBF do not typically systematically sample
build plate locations, meaning that the full scope of variability may not be captured. In an extreme scenario,
a location with favorable fatigue properties, such as the dark blue “location A,” may be used to establish
design allowables, which thus fail to capture the behavior of parts built in locations B or C in a production
run.

4.3.  Describing fatigue life probabilistically

Thus far, fatigue life has been presented in a framework which implies that a unique specimen location
produces a unique characteristic life distribution. Nonetheless, current practices in the broader metal AM
community do not generally emphasize specimen location as a LPBF process variable, instead considering
these specimens to be of a single material lot. In keeping with these practices, it is worthwhile to ask if the
overall fatigue life distribution exhibited in this work can be summarized as a single variable.

To accomplish this, the entire fatigue life data set (44 data points) was treated as a random variable.
Several parametric probability distribution functions (PDFs) of interest were then fitted to the data using
the maximum likelihood estimation (MLE) method [60,61]. These were the lognormal and Weibull
distributions, which historically have been used to model fatigue data [62-64], as well as numerous other
‘weak-link’ governed phenomena, such as those studied in the reliability modeling field [65]. Both PDFs
are capable of being highly right-skewed, which accurately represented fatigue life as having relatively
infrequent long-life behavior. The fitted distribution parameters, and their associated 95% confidence
intervals, are provided in Table 4.

Table 4. Parametric distirbution parameters

Parameters _Upper C.B.  Parameter value  Lower C.B.
Lognormal

15



1 (mean) 11.4577 11.7921 12.1264

o (std. dev.) 0.9087 1.0872 1.3935
Weibull
n (scale) 1.6146x10° 2.3733x10° 3.4886x10°
P (shape) 0.6637 0.8171 1.0059

To evaluate the fitness of these distributions to model the data, they have been plotted along with the
experimental data in Figure 13(a). Here, life data, shown on a logarithmic horizontal axis, is presented in
terms of the empirical survival function, also known as the Kaplan-Meier estimator, where the probability
of survival past N cycles is shown on the vertical axis. Confidence bounds were calculated using
Greenwood’s formula. An example on applying these methods in detail can be found in Ref. [44]. The
parametric models are plotted as survival functions, which is merely the complement of their continuous
cumulative distribution functions (CDF). Through these tools, a safe-life approach can be taken, which uses
descriptive distributions to estimate lower-bound performance thresholds, such as 99% or 95% survival
probability. Other authors [58,59] have expanded these concepts to the entire S-N curve.

Surv. prob.
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Figure 13. (a) Empirical survival function and confidence bounds as well as fit lognormal (L.N.) and Weibull (Wbl.) distirbution survival
functions. (b) Fit lognormal and Weibull PDFs, including several Weibull distributions with altered shape parameters.

By assessing Figure 13(a), the lognormal function was determined to provide a better model of the
data. It is almost fully contained within the empirical survival function confidence bounds and provides a
fairly accurate model throughout the range of life. It slightly underestimates survivability at low-life, which
is conservative but not overly so, thus marking this model as a potentially useful tool for reliability modeling
and design. The Weibull model is a far poorer fit throughout the span of life, and vastly underestimates
survivability at low life, making it overly conservative. For further insight Figure 13(b) is provided, which
shows models’ normalized PDFs on a linear scale of life. The fit lognormal distribution, which is
mathematically constrained to always be a highly skewed bell shape, tapers off in value at zero life. On the
other hand, the fit Weibull model is exponential in shape, which leads to very high probability of failure at
zero life, and hence it’s overly conservative nature. It should be noted that while the standard Weibull
function is used here, the three-parameter Weibull function was also tested, with the shift value set to
different values approaching the lowest exhibited lives. The observed fits and trends were analogous.
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The poor fit of the Weibull model is understood via the additional curves shown in Figure 13(b), which
show the distribution with the fit # value, but varying shape parameter values (5 = 1.0, 1.2, 1.5). Exponential
shapes (f < 1.0) do not represent the physical phenomenon, but the bell shapes (§ > 1.0) are mathematically
limited in skewness and is also inaccurate. As it stands, the historically popular Weibull may not be well
suited to modeling the highly defect ridden LPBF material studied here.

4.4.  Defect-based fatigue life prediction

In order to construct a deterministic predictor of specimen finite life, the generalized El-Haddad model
developed by Sheridan [35] was utilized with minor adaptations. To define the material S-N behavior,
Walker’s mean stress correction to the Basquin equation, i.e., the Wohler curve, was used as seen in Eq.
(1). Here, A and b represent the power-law coefficients of Basquin’s law, Ac,,, = AN?. Eq. (1) was fit via
linear regression to data corresponding to wrought 17-4, condition H1025, tested at R = -1.0 [66]. The
loading ratio sensitivity constant, y, was estimated according to Dowling’s method for steels [67], as
described by Eq. (2), assuming an ultimate strength of ¢, = 1195 MPa, drawn from prior testing of the
material lot studied here [44]. When evaluated at N, Ao represents the material’s defect-free or ‘plain’
fatigue strength.

1—R\’
doyon = (1 — R)AN? (T) (1)
y = —0.0002S, + 0.8818 )

FCG properties were extracted from data pertaining to LPBF manufactured 17-4, condition H1025
[27]. Walker’s mean-stress correction of Paris’ law, Eq. (3), was fitted to crack growth rate data over
multiple R values via multiple linear regression. C and m are the conventional power law coefficients for
Paris’s law and n the loading ratio correction factor. In this work, a correction factor, k, is added to allow
for model tuning. The SIF term, AK = YAo+/ma, is a function of the crack geometry factor Y, the applied
stress range Ao, and the crack size a. Integrating (3) by separation, with the limits of initial crack/defect
size at 0 cycles to final crack size at N cycles results in Eq. (4), which is an expression for the initial defect
size that grows to failure at N cycles, a;y. To perform this calculation, the final crack size ay, was valued as
1.5 mm, based on the average apparent size of the fracture growth area in failed specimens, similar to the
procedure used by Ref. [13].

= () g
aiy = [af -N (1 - %) k (ﬁ) (Yﬁaﬁ)n]é “4)

FCG behavior, expressed through a; n, was used to calculate the SIF range required to produce failure
at the applied loading range and cycles, as in Eq. (5). All 4Ky values less than 4K, were corrected to AKu;
this reasoning is detailed in Ref. [35]. 4Ky was set equal to 4.06 MPa-m'?, drawn from Ref. [27]. The
intermediate calculation of 4Ky was used to calculate El-Haddad’s intrinsic flaw size, ao, for failure at N
cycles, seen in Eq. (6). Finally, the result of FCG driven behavior was combined with S-N behavior through
Eq. (7), the finite life El-Haddad model, which predicts the finite life fatigue limit, 4o, in the presence of
an existing defect of size, a.g, at N cycles. The material constants and loading conditions utilized to construct

the model are summarized in Table 5.
AKy =YAo,/ma; (5)

1 (AKN)Z 6
Gon " w\Ydo ©)
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AO'N = AGWO,N

(7

Note that Eq. (4) and (6) utilize the stress term, Ao, instead of Aowon, as shown in Ref. [35]. This was
done to provide a better physical representation of the testing scenario used in this paper. Sheridan’s
approach assumed that the initial 4K value drives fatigue life and not the specific combination of stress and
initial crack size. As such, Sheridan used the defect-free S-N relationship to calculate an equivalent initial
flaw size that would result in the experimentally observed initial stress-intensity. In this way, Eq. (4) was
reduced from a surface function of both stress and life to a curvilinear function of only fatigue life. Since
only one stress value has been applied in the present work, the experimental stress has replaced 4a.,v which
ensures that the observed defect size, a. and the predicted defect size, a;n, match.

Table 5. Generalized finite life El-Haddad model parameters
Loading conditions

R Omax [MPa] Ao [MPa]
0.1 867 780
Stress-life parameters
A [MPa] b y
1932 -0.071 0.6428
FCG parameters
[ m/g/cle ] m n ar [m] k
(MPa—m)™

4.4082x10'3 4.2430 0.2448 0.0015 0.5

Figure 14(a) shows the results of the model, plotted along with the classical infinite life El-Haddad
formulation, on a Kitagawa-Takahashi diagram. The classical model was defined using an infinite life
endurance strength of Aoy = 765 MPa, drawn from Eq. (/) valued at R = 0.1, and 4K, = 4.06 MPa-m'?.
The finite life model is illustrated as a series of curves representing cycles to failure at powers of 10, ranging
from 10* to 10”. These curves define the maximum initial flaw size allowable given a loading and life
criteria, Adserice & Nservice. In a damage-tolerant or defect-tolerant design scenario, a non-destructive
examination technique, such as XCT, could be used to establish the maximum allowable flaw size in a
component, daiow. This would be done by: (1) selecting a curve at Nyenice cycles, (2) defining a y position
along the curve knowing Aosemice, and (3) extracting the associated x value, aaiow. The loading ratio, R, could
also be selected.
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Figure 14. (a) Kitagawa-Takahashi diagram showing infinite finite life El-Haddad models. (b) Detailed region of (a), showing the model and
experimental data. (c) A ‘slice’ of the model at Ao = 780 MPa compared to experimental data.

Figure 14(b) also shows a region of (a) in detail, in addition to the experimental data acquired from
the quantitative fractography analyses. Here, the model curves are colored in gradient, which maps to the
predicted fatigue life. The data point infill coloring also maps to the same color scale — data point infill and
background color matching indicates a good model fit. Note that the data have been slightly scattered about
the nominal 4o value, in order to increase legibility. Figure 14(c) also assesses the fit of the model via a
‘slice’ of (b) at 4o = 780 MPa. In all plots, the correction factor, k, was set to a value of 0.5. This results in
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an excellent fit to the data; error is generally within one half of one order of magnitude. Altering k,
nominally set to 1, improved the fit likely due to the differences in short and long crack growth behavior.
In general, further improvements to the model would focus on better modeling of short crack growth
behavior, as current work has shown this contributes significantly to overall life, and these cracks can be
complex, torturous in shape, and heterogenous in growth rate [37,45]. The data referenced to produce the
Paris’ law coefficient, C, is drawn from a FCG test where initial crack size was 6.0 mm whereas the present
work evaluates cracks which had a final size of 1.5 mm. Notably, in both Figure 14(b-c) the two specimens
with interior initiation sites, marked by triangular data points, depart significantly from the model. This is
expected, as the model has been computed for sub-surface initiation behavior, and the result is a
conservative miscalculation.

4.5. Fractography analyses

Some of the fracture surfaces with macro-scale features of note include that of specimen 1-1-A4, which
displayed two initiation sites, shown in Figure 15. Specimen 1-1-A4 was low-life and located in the -Y
region of the build plate, where specimens were typically associated with low-life. The prior presented XCT
analyses established that these specimens had more pores and larger ones, which explains why this
specimen showed two initiation sites. The relatively high porosity content increased the statistical
likelihood that more than one pore of sufficient size, located near each other, would be in a critical sub-
surface region. Figure 15(b-c) show the initiation sites which led to growth region #1 becoming a critical
size, whereas growth region #2 was in an intermediate stage of growth prior to final failure.

(b) 1-1-A4 (c) 1-1-A4
Init. site #1 Init. site #2
7 oy

b
i

X

Growth reg. #1

%= Growth reg. #2 500 pm

A
3 E—

Figure 15. Specimen 1-1-A4 (Nf = 53,924) displaying (a) multiple fracture growth regions and (b-c) corresponding initiation sites.

Other specimens with atypical fracture surface features are 2-3-A1l and 3-1-A3, which had interior
initiation sites, shown in Figure 16. Both specimens display defect groupings, seen in Figure 16(b) & (e),
which are distanced in such a way to satisfy section 2.4, rule #3, but only barely so. As such, the defect
size, area.p, plotted in Figure 8 and Figure 14 may be overestimated, partly producing their outstanding
nature on these plots. Figure 16(c) also shows what appears to be a transverse crack that grew in a region
near to the initiating defects. It is not clear if these cracks emanated from a second unseen defect, or if they
are the result of complex crack growth.
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Figure 16. Specimens with interior initiation sites. (a-c) Specimen 2-2-Al (Ny = 1,082,009). (d-f) Specimen 3-1-A3 (Ny = 1,586,566).

Notably, these specimens contained some of the largest observed defects, both approximately 115 pum
in size, despite their long lives. If it is assumed that these specimen locations had a relatively low porosity
levels similar to location 3-2, as was presented in the prior XCT analysis, the fundamental cause is the
relatively small number of pores in total, and thus a lower statistical likelihood of their presence in the
subsurface region. This led to the eventual selection of an interior site as the initiation location, despite the
lower SIF associated with these defects as compared to sub-surface ones.

A selection of fracture initiating defects are shown in Figure 17, which displays defects from
specimens with (a-c) low-, (d) intermediate-, (e) long-, and (f) very long-life spans. These fractographs
were selected as being broadly representative of the size and nature of the LoF defects prevalent at each life
span. The low-life span specimen LoF initiators in (a-c) all contain unfused powder particles, and range in
size; aqy = 181, 110, 67 um, respectively. The smaller the defect, the longer the associated life of the
specimen in these cases. The LoF defect in the intermediate-life specimen in (d), a.y = 82 um, like those in
(a-c) has a generally complex morphology with some depth into the page, indicating these might be inter-
layer LoF areas, as these were horizontally built specimens. Figure 17(e) shows a relatively small LoF
defect, a.y = 44 um. Figure 17(f) shows a very small defect, a.y = 38 pm. This small defect is torturous in
shape but can still be identified a LoF defect via its subtly distinguished cellular texture, analogous to the
other defects shown.
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Figure 17. Selected fracture initiating defects from (a-c) low-, (d) intermediate-, (e) long-, and (f) very long-life span specimens.

Initiating defect size is not the only parameter that may contribute to fatigue life. Figure 18 displays
fractographs from the fracture growth region of a low-life specimen, 1-2-A3. At low magnification, in
Figure 18(a), it can be seen that the fracture growth path contains a number of visual anomalies that may
be defects. The higher magnification fractographs show a sampling of these anomalies which are indeed
LoF defects. These interior defects, while not large enough to have preferentially initiated fracture in a
specimen with subsurface defects, nonetheless present local stress concentrations as well as regions where
little to no energy is required to progress crack growth. Other work has attributed non-continuous crack
growth rates to high defect density [68] and noted the tendency of defects near to the plane of crack growth
to be included in the fracture path [37]. The observation of fatigue striations and their spacings in the areas
around these defects would support this understanding, but high strength steels such as 17-4 are known not
to display these striations, such as are seen in aluminum alloys [69].
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Figure 18. Low-life specimen displaying a high density of defects in the fracture growth path.
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5. Conclusions

Current research has generally focused on LPBF process parameters such as material feedstock quality,
laser processing parameters, build/scan strategy, and post-processing in an effort to control end-component
quality. Through the present work, it has been shown that components with these process parameters held
constant still exhibit significant variation in their volumetric defect content and fatigue behavior.
Production-scale implementations of LPBF processes thus currently face a two-fold challenge in producing
high quality parts with repeatable properties. The first challenge is process measurement and control; the
localized defect trends of an LPBF system and total span of end-component quality variation must be
identified thereby allowing part location and build density to be controlled. This work has elucidated this
through a rigorous probabilistic description of life. The second challenge is qualification; under the
assumption that defect content will vary, parts must be screened for defects against relevant acceptance
criteria. Such criteria could be established via the finite life EI-Haddad model, which this work has proven
the application of. A summary of the present work is presented through the conclusions enumerated below.

1. A production-scale implementation of the LPBF process produced components with highly variant
fatigue lives. This variability can be attributed to the component specific porosity content, which varied
over locations of the build volume.

2. Quantitative fractography revealed that large sub-surface LoF defects led to lower fatigue lives in nearly
all cases. The likelihood of such a defect increased in components with more overall defects.

3. LPBF process byproducts, such as condensate and spatter, were likely the cause of increased LoF
porosity in the downstream gas flow region of the build volume.

4. The highly variant fatigue lives were well-modelled by a fitted lognormal distribution, which may serve
a strong safe-life approach design tool, predicting probability of failure as a function of cycle count.

5. A damage-tolerant approach, in the form of a finite life El-Haddad model, was applied to accurately
predict component life as a function of equivalent initial flaw size.
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