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Abstract

In this dissertatiorthe synergistic effects of volumetric defects and n@ebmetry on the
fatigue behavior of additively manufacturedM) metallic materials were investigatdeactors
influencing fatigue crack initiation and short crack growth behavior were identified and assessed.
Both experimental and numerical techniques were utilized to understand the notch fatigue
behavior. During experimentation, AlSi10Mg and4 preciptation hardening (PH) stainless steel
(SS) specimens with varying geometry types (cylindrical and flat), notch rootjraligament
widths,w, and volumetric defect contents were used. These specimens were tested under uniaxial
cyclic loading, and their fracture surfaces were analyzed to identify the crack initiation site and
investigate the fatigue failure mechanisms in different notch configuratiwaspéctive of the
material or the geometry typg0.1 (specimens withh of 0.1 mm) showed shorter fatigue lives
with lower scatter compared §& and } 50 specimens. Foy0.1 specimens, significant cyclic
plastic damage at the notch root, due to the higéss concentratiorgausedcritical crack

initiations.

For cylindrical specimensy5 and }50 showed similar fatigue livesor AlSi10Mg;
however, for 174 PH SS, the latter showed longer fatigue lives. It was likely due to the influence
of wider variation in the critical defect features in AlSi1OMg thard1PH SS, on the crack
initiation behavior. Notch geometry as wellthec r i t i c a | defectds size a
crosssection and height relative to the notch root plane) influenced the fatigue behavior of
cylindrical notched specimens. In the casélaifspecimens, there was an additional influence of
microstructure on the fatigue behavior of ndefectfree14 PH SS speci me-ns. De

Fe) acted as weak points in the microstructure, resulting in the formation of microcracks, and
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eventually crystallographic facets as the crack initiation site. Lavgesulted in shorter fatigue

lives for 0.1 and}5 AISi1l0Mg and 174 PH SSflat specimens. Specimens withof 10 mm

induced higher cyclic plastic damage at the notch root than 5 mm, thus promoting crack initiation
and early failure. In specimens with minimal plasticity at the notch rooi,5.and} 50 specimens,

model stress intensity factor (SIF) of critical features calculated based on linear elastic fracture
mechanics (LEFM),.i e . , Mur akami 6s approach, correlated
However, in specimens with significant plasticity at the notch rootj Qel. specimens, equivalent

plastic strain at the notch root correlated well with the experimental fatigue lives.

Based on LEFM, fatigue criticality of volumetric defects in AISilOMg anét1lFH SS
notched specimens were assessed using adestnuctive technique, i.e.,-bay computed
tomography (XCT). Assuming a defemtack equivalency and accounting for local stréslds
using linear elastic finite element analysis, mb&F of defects detected via XCT was calculated
and used to represent their fatigue criticality. For validatj@and j 50 cylindrical and flat
specimens were XCT scanned and tested; all crack initiating defects fell within the 99.3 percentile

of the highest SIF defects in the respective notched specimens for AlISi10Mg-arRHL3S.

The behavior of short cracks initiated from the volumetric defects, including their growth
and arrest, under the influence of the notch stress fields, were believed to have a significant
influence on the fatigue lives of notch members. Utilizing a numemcaleling technique, the
short crack growth behavior of cracks initiating from volumetric defects in notched specimens was
investigated. It utilized the effective SIF of cracks, put forth byH&tldad, to assess the short
crack growth behavior. Notch geent r vy , defectbds size, shape, and

behavior. The minimum effective SIF of cracks, at the crack arrest, was used to obtain the fatigue



notch factor. Utilizing the fatigue notch factbased framework, fatigue lives of flat notched
specimens with varying were predicted. This was validated using laser powder bed fused
AlSi10Mg and 174 PH SS flat notched specimens witbf 5 mm and 50 mm. For AISi10Mg,

95% of all fatigue life predictions fell within the scatter band of 3, and 100% f4rPH SS.
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KAM Kernel average misorientation
LEFEA | Linear elastic finite element analysis
LEVS Largest extreme value statistics

LoF Lack-of-fusion

LP Longitudinal plane

L-PBF | Laser powder bed fusion/laser powder bed fused
MCF Mid-cycle fatigue

PDF Probability density function

PH Precipitation hardening

REC Recommended

RP Radial plane

SEM Scanning electron microscope

SIF Stress intensity factor

SR Stress relieving/stress relieved

SS Stainless steel

TCD Theory of critical distance

UH Underheatinginderheated

UTS Ultimate tensile strength

XCT X-ray computed tomography
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Nomenclatures

M1 Q¢ Square root oprojected area of a defect on the loading pla
a Crack length
=) El-Ha d d a d 6 sdempeadent paiaraeker
0 Nominal crosssectional area at the notch root
C;andU |[Mur ak ami 6depentarit garametets
d Notch depth
u-Fe Delta ferrite
e Centroidal distance between two neighboring defects
F Crack geometry factor
O Crack geometry factor depending on notch configuration
randh | Radius and halheight of the defect
Q Distance of the crack initiation site from the notch root plai
Q Total height of the notch geometry
HV Vickers hardness
OKeft Effective model stress intensity factor range
( Hemnorm | Normalized effective modestress intensity factor range
oK Mode stress intensity factor range
Kivax) | Maximum model stress intensity factor during a loading cy|
Kt Elastic stress concentration factor at the notch root
Kioca) | LOcal elastic stress concentration factor
I Distance from the notcsurface
[m Material characteristic length
dando | Transition functions
R Stress ratio
w Ligament width
Y Mur a k ami &depehdent factoi o n
| Notch root radius
UMax. Maximum nominal stress

Fatigue limit of the material witbefects
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1 Introduction

Additive manufacturing (AM)utilizing the layetby-layer fabrication strategy, escapes the
limitations typically imposed oronventional manufacturing (CM) processegh as casting,
rolling, molding, machining, etc. to fabricate complex mechanical components. AM enables the
fabrication of intricatecustomizableand integrated mechanical componesdstaining features
such as notches, lattices, internal channels, etich werepreviously thought to be near
impossible or very costly to manufacture using CM proces$#s3]. AM also allows
environmentally sustainable fabricatébiy lowering materialwasteand energy usagewith
lower lead time, even aemote locationsvhere the application of CM might be limit¢d,5].
These tremendous advantages of AM over &BlInot without its challengeshe asbuilt or as
fabricated additive manufactured (AM) parts inherently contain rough surface teMiig@tous
presence of volumetric defects, residual stresties;tionalmicrostructure, etcto name a few
[6,7]. These features have been reported to either deteriorate or cause significant scatter to (or
both) the mechanical behavior, especially fatigue behavior, of AM [@irt9]. Such effects are
further exacerbated by the presence of notches; notch geometry acts as a stress concentrator and

promotes crack initiation, during cyclic loading conditions.

Several studies have investigated different methodstigate the adverse effeaif such
inherent AM features on the fatigue behavior of metallic materials. Detrimental effects from high
surfaceroughness (acting as mienotches) areninimizedby utilizing differentsurface treatments
such as shegpeening, electrochemical polishing, machining, sandblastiaggpolishing, etc
[20i 23]. For instance the fatigue strength of laspowder bed fused (PBF) AlSil0Mg
specimens increaddy 1540% aftet r eat i ng t he withearammshotpéenimgur f ac

[24]. Similarly, residual stresses are minimized, addectional microstructure are
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resolved/homogenizday utilizing differenttypes otheat treatmen{25i 27]. Howeverjn the case
of volumetric defectsthey are ubiquitously present anelar impossible to completely eradicate
from AM parts During loading, volumetric defects act as mistess concentrators and influence
the crack initiation and the short crack growth behapd8i 30]. During AM of a complex part
the occurrenceof macronotchlike features is inevitablgB1]. Hence, this dissertation focuses on
the complex interaction between the stress fields of mamiches and volumetric defects (micro

notches) that affect fatigue crack initiation and short crack growth behavior.

For unnotched machined/polished AM specimens, the fatigue crack initiation is
influenced by volumetric defect features such as size, morphology, and |0&#i&4]. The
variation of these defect features resulted in a wide scatter/uncertainty in the fatigue lives of AM
specimen$35]. In the presence of notches, this uncertainty is expected to increase, considering an
additional influence from the interaction between tiness field of notch geometry andefects.

Such uncertainty/unpredictability of the mechanical behavior of AM parts makes the qualification
process difficult and poses a huge challenge for fineiustrywide adoption especiallyfor
fatiguecritical applications[36,37] To resolve this issuestructure (micro-/defect}property
(fatigue)relationshipgor different configurations of AMhotched members need to be thoroughly
investigatedFatigue critical features need to be identified, and their respextiiality need to

be assessed to understand their effects on the fatigue behavior (crack initiation and short crack

growth behavior).

1.1  Motivation and background information

Several studies have investigated the cyclic performances and failure mechanisms of AM

metallic notched specimens. While a majority of these studies are focused on notched specimens
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with asfabricated surface conditiorj88i 47], the studies on machined/polished (M/P) notched
specimens, where notch geometry and defects synergistically influence the fatigue behavior, are
very limited [28,48 51]. In general, the fatigue failure mechanisms in M/P notched specimens
show great dependency on notch geometry (notch root rggliiis,notches with smajl, ranging
betweerD.2 mm an@® mm, the high stress concentration due to the notch geometry induces severe
cyclic plastic damage at the notch root, thus promoting crack initiation from the notcmobot
early failureg[48,52] However, in notches inducing low stress concentrations at the notch root,
fatigue crack typically initiate from either surfaceexposed onearsurface volumetric defects

[28]. Several tudies haveaeportedfatigue crack initiatioa from volumetricdefects at different
locations in the notched specimens.,notchsurface corner,and laterasurfacg29,38,44,49,53]

This illustrates the influence of volumetric defect features on fatigue crack initiation, and thus on
overall fatigue behavior. However, volumetric defect features influencing the fatigue behavior of
a wide range of notch geometries (including differemicépen types, notch root radii, ligament
widths, etc.) remain elusive. In addition, the fatigue criticality assessment based on volumetric
defect features is needed but is currently missing in the literdthese influences of defect and
notch featureon the fatigue behavior may change with the change in the material and the

underlying microstructure.

In defectinsensitive materials or materials with relatively low defect contents, notch
geometry and volumetric defect features compete with microstructural heterogeneity to initiate
critical fatigue cracks. Microstructural features such as large gramsadrand brittle phases such
as delta ferrites)¢Fe), induce strain localization, resulting in the formation of microcrfeks
56]. For instance, large grains in Inconel 718 microstructure induced persistent slip bands (PSBSs)

and resulted in the formation of crystallographic facets as the fatigue crack initiation site despite
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the presence of some moderate sized deféets Additionally, a brittley-Fe phase in the
microstructure deteriorated the fatigue behavioaudtenitizedsteel by promoting microcracks
formation and eventually, fatigue failufg5]. This illustrates the influence of microstructural
features on fatigue critical crack initiations. However, such influences of microstructural
heterogeneities on the fatigue behavior of different configurations of notched specimens with

different volumetic defect contents still remain elusive.

To accelerate the use of complex AM parts with nditad features for fatigueritical
applications, a detailed understanding of their fatigue behaviors and failure mechanisms is needed.
In addition to identifying the factors influencing the fatigue bébravtheir corresponding
criticality needs to be assessed/quantified. This allows for prompt and accuratestractive
inspection (NDI) of AM parts for fatigueritical applications. An assessment based on NDI aids
the qualification process; howeverchuan assessment technique is not available in the current
literature. Furthermore, a defdeatchsensitive fatigue model, that can predict the fatigue lives
of AM notched specimens, is cardinal and of paramount importance. Such a fatigue model will
redwce the need for repetitive mechanical testing, thus saving time, material, and resources. In the
current literature, to depict the fatigue behavior of notched specimens, fatigue models utilizing
average strain energy densi%SED) criterion theory of criical distance TCD) , Mur akami 6
model, etc. have been used; however, these models have only been shown to be applicable to
notched parts in ambricated surface conditions. For instance AB&D criterion showdagood
correlation with the fatigue lives afsbuilt Ti-6Al-4V, Co-Cr-Mo, 7075T6, 42CrMo4+QT etc.
notched specimerj45,56 58]. Similarly, TCD, i.e., pant method, line method, and area method
predictedhefatigue livesof L-PBFasbuilt Ti-6Al-4V notchel specimenwithin the scatter band

of 5[59].Si mi | ar | vy, Mur akami 6s appr oRBE bhsbuptiN€li ct e d
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notched specimens with reasonable acclyié@dyWhile the existing approaches are effective for
asbuilt notched specimens, they do not account for the influence of local crack initiation sites such
as volumetric defects or microstructural features on the fatigue behavior. The influence of different
volumetric defects or microstructural features such as their sizes, shapes, and locations, on fatigue

crack initiation and short crack growth behavior is needed but is missing in the literature.

To investigate the effect of notch geometry on the short crack growth behaitikin &Y
al. proposed the use of stress intensity factor (fiF3hallowcracks emanating from the notch
roots, i.e.0 0, g0 U (whereK; is the modd SIF, Q is the geometry factofhom.is the

nominal stress in the net cressction K is the stress concentration factor at the notch rootaand

is the crack lengtf61]. Fordeepcracls, 0 p® c £ g “ Q & wasused whered is the

notch depth.Using a similar conceptdarkegard proposedn interpolation function between
shallow and deep cracks, to obtain the mb8& expressions for an arbitrary length crack ahead

of the notch roof50]. The interpolation function was used to model the effective SIF, i.e., driving
force, of cracks ahead of the notch root. It helped characterize the influence of sharp notch
geometry on crack arrest, and thus on short crack growth behavior. However ngnadehe
synergistic influence of notch geometry and volumetric defect features such as its size, shape, and
location on the crack arrest and short crack growth behavior for cracks initiating from defects is
still missing in the literature. To summaritiee understanding of the synergistic influence of notch
geometry and volumetric defects on fatigue crack initiation and short crack growth beifavior
AM metallic materials is very limited and contains many research gaps, which need to be fulfilled

to assist the qualification of complex AM parts for fatigue critical applications.
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1.2  Project goal, objectives, and tasks

The overall goal of this dissertation is to understand the synergisticsaffeatlumetric

defects and notch geometry on the fatigue behavior of additively manufactured metallic materials.

Two materials, AlSi1OMg and 34 precipitation PH) stainless ste€S5S), are selected based on
the differences in their tensile strengths; it leads to diffesemisitivity to the presence of
volumetricdefecs and notch geometrfpr fatigue crack initiationThe proposed goal is divided
into several objectives. THast objective, addresseth Chapter 2and Chapter 3s identifying
thefactors influencing théatigue behavior of cylindricalnd flatnotched specimengith varying

} and ligament widthsw). AISi1lOMg and 174 PH SS specimens wittarying notch root radi}

of 0.1, 5, and 50 mm),dament widths (only for flat specimens wjtlof 0.1 and 5 mm, i.ew of

5 and 10 mm)and defect contents are usédhiaxial fatigue testare conducted, and failure
mechanismareinvestigated tadentify thefeaturesnfluencing the fatigue behavior of cylindrical
and flathotchel specimend-or this objective, it was hypothesiziet thecriticality of volumetric
defects on fatigue crack initiation increases witbreasingnotch root radi (Hypothesis 1pa
Secondly larger ligament width, inducing ¢iner stress concentration, results in shorter fatigue

life (Hypothesis 1p

The second objective, addressedn Chapter 4, is assessirtge fatigue criticality of
volumetric defects in notched specimens vieadestructiveapproachin this study, specimens
from the first objectiveare utilized; these specimens arery computed tomography (XCT)
scanned and tested. Linear elastic fracture
calculate the modestress intensity factor (SIF) of volumetric defects, and the SIF was used to
represent their fatigue criticality. For validation, the highest SIF defect within the XCT scan

volumewas compared with the critical defect observed via fractography, for cylindrical and flat
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AlSi10Mg and 174 PH SSspecimenslt is hypothesized that threodel stress intensity factaf
defectscalculated by correcting for the notch stress field, cantfafatigue criticality oflefecs
in notchel specimengHypothesis2a). Secondly,driven by the stress concentratiomasler
defects closer tthenotch root planean bemorefatiguecritical than larger defects away fram

(Hypothesi®b).

Finally, thethird objective, addresseth Chapter 5is modelng the synergistic effects of
notch geometry & volumetric defects on the short crack growth behavianuiaerical approach
A parametric study is conducted to quantify the effects of notch geometry and defect features on
the crack driving force, i.e., modeSIF, using inear elastic finite element analysis (LEFEA)
LEFEA results are used in conjunction withtEe d dad6s approach to cal cu
of cracks initiating from defects. The trends of effective SIF of cracks are utilized to coimpare t
crack arrest and the short crack growth behavior among differentdefiett configurations. The
minimum effective SIF, at crack arrest, is used to obtain the fatigue notch factor. Finally, the
fatigue lives of flat notched specimens are predictedyusifatigue notch factdrased framework.
It is hypothesizedhat features such asotch geometry def ect 6s si z e, shape,
the effective SIF of cracks initiatinigom defects ldypothesis3a). Also, the minimum effective
SIF, at crack arrgt, can beused to obtain the fatigue notch fa¢tmorresponding to criticalefects

residing innotchal specimengHypothesis3b).

1.3  Broader impact
This dissertation offers amprehensive understandiag well as modeling approaches for
the synergistic effedof volumetric defects and notch geometrytba fatiguebehaviorof AM

notched specimens. In addition to achieving the goal and objectives, this dissertation work is
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expected to make broader impacts on related research fields and industry. These broader impacts
are as follows. Thdirst objective identifies the factors influencing the fatigue behavior of
cylindrical and flat notched specimens with varying geometries (notch root radius and ligament
width) and defect contents. The identified features mainly influence the crack initiation behavior

in notched specimens. This knowledge can be used to additively manufacture mechanical
components with low criticality notch ani@fect features, for higbycle fatigue applications. The

second objectiveassesses the fatigue criticality of volumetric defects in notched specimens via a
nontdestructive approach. This can assisttle production ofhigh-quality AM parts by
characterizing and assessing the fatigue critical defectgsmimaizing different process variables

during fabrication, to remove thefhis will reduce theverallcost of productiomndlower the

uncertainties\ariability/scattey in their mechanical behavior.

Thethird objective models the influence of notch geometry and volumetric defect features
on the short crack growth behavior via a numerical approach. This approach is useful in
determining the effects of critical features on crack arrest, and thus on overall fatigue mhehavio
This will help AM usersto analyzeand comparehe criticality of different notch and defect
featurespased on their effect dheshort crack growth behaviofhe availability of a numerical
approach will reduce the need for extensive fatigue testirdptain the fatigue performances of
different notch configurations. Additionallyhd expressions for elastic meté&IF of cracks
initiating from defects in different notch configurations, developed in this study, can be used to
model different notcldefect configurations and for different materials; this will help characterize
AM parts better for fatigue critical applications. Overdihis dissertationwork will generate
fatigue data and fractography informatin different configuratios of AISi10Mg and 174 PH

SS notchd specimen$or the AM community to use.
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2 Fatigue Behavior of Additively Manufactured Cylindrical Notched Specimens: The
Effect of Volumetric Defects

2.1 Abstract

This study investigatkthe synergistic effects of volumetric defects and notch geometry on
the fatigue behavior daser powder bed fuse&lSi1l0Mg and 174 precipitation hardening”H)
stainless sted|SS cylindrical notched specimens. Among the considered notch root yadfi
0.1, 5, and 50 mm, 0.1 mm shesithe shortest fatigue lives. All fatigue cracks initcateom the
notch root for; 0.1 mm and from volumetric defeats turning grooves fof 5 mm and 50 mm
specimensThe model stress intensityfactor, taking into accounthe synergistic influence of
notch geometry, dewasfaundsoiorrslateed with expedmehtal fatiguei o n

lives of AISi1OMg and 174 PH SS notched specimens

Keywords
Laser powder bed fusion {EBF/LB-PBF), Notch fatigue behavior; Defect criticality; AlISi10Mg;

17-4 PHSS
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2.2  Introduction

The layerby-layer deposition of feedstock enables additive manufacturing (AM) processes
to fabricate intricate and complex mechanical componewth lattice structures, topology
optimized surfacesindinternal cooling channelsp name a fef62i 64], with a lower lead time,
minimal material waste, and lower energy consumption compared to conventional manufacturing
processefs5]. Such an ability of AM to fabricate geometrically complex components makes the
occurrence of notches inevitaljié6]. However, the usage of additively manufactured (AM)
notched components fdatiguecritical applications present several Aoivial challengesthat
impact its industrywide adoption[67,68] Two of themost prominent oneare the ubiquitous
presence of volumetric defe@nd high surface roughneassAM parts[69i 71]. While themicro-
notchesconstituting the surface texture garmmmotefatiguecrack initiation[72i 74], their effects
can beremediedby surface treatmen{35i 78]. Volumetric defectson the other hand, are also
well acknowledgedo acceleratethe fatigue crackucleationand impact short crack growth
[79,80] and are neaimpossible to eliminate completelfherefore, these defects will be the
emphasis of this workn the presence of macrwtches the stress fields of volumetric defects
and the notches can interact, leading to complex fatigue behaviors of notched members
[48,49,56,81]that are difficult to predict. This difficulty is in spite of the significant existing

knowledge on the relatively isolated effects of notches and volumetric dgf&icds).

Limited literature orthe synergistic effects of macnootch and volumetric defects on the
fatigue behavioseems to suggest the dominance of either notches or volumetric defects as the
primary fatigue crack initiation sites in the presence of very sharp and very blunt notches,
respectively[28,39,87 92]. For instance, ishargy notched specimens, typically with notch root

radius } , ranging approxnatelyfrom 0.2 mm to 2 mnthestress concentratisgenerated by the
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notcres are often overwhelming anfhtigue failuresare typicallyfrom the notch rootsThis
behavior has previously been seen in laser powder bed fude8RK)Inconel 71838], Ti-6Al-

4V [28], AISi10Mg [39], and 316L stainless steel (S$3]. In such cases, conventional notch
approaches, such as ttieory of critical distance, average strain energy denséresgradient
elasticity have been shown effective to assess the fatigue behavior of AM notched members
[46,82] In bluntly notched specimens with comparatively low stress concentration at the notch
root, volumetric defectsften emerge tplay a role during fatigue crack initiatioRor instance,
L-PBF 316L SS specimens with an internal circular notch showed fatigue cracks initiation from
lack-of-fusions (LoFs) [29]. In this case, the fatigue behavior of the specimens should approach
that of the smooth specimens and, in principle, can be described well bysiafsitive fatigue

models incorporating notch stress fieJél4,95]

Although theliteraturesuggestsa transition offatigue failureof notched AM parts from
notchecritical to volumetric defeetritical with the change in the notch geometirgm sharp to
blunt, the understanding of tleynergisticeffects of notch geometry and volumetric defectshe
fatigue behavior is still limitedSpecifically, the factors governing such a transition, in the context
of the complex interplay between notch geometry, volumetric defects, and material, are largely
unexploredFor instancefeatures of volumetric defexsuch as size, shape, location, etc. affect
thar stress field[85,96], andare known toaffect the fatiguebehavior of a smooth specimen
However, how this influence, i.e., the criticality of volumetric defects, is affected by the stress
field, imposed by macraotches, is not well understodélurthermore, the criticalitiesf notches
and volumetric defects may vary depending onntfaerial which may possess vastly different
strength and ductility97,98], asthese properties heavily influence tleealized cyclicplasticity

occurring in the materialeading to crack initiation and growth [99]. Therefore, gach an
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understanding of factormfluencing the fatigue behavior and failure mechanismsaatched
members oflifferentAM metallic materials isndeedneededefore these parts can be deployed

in fatigue critical applications

This study therefore investigates #igectsof notch geometry and volumetric defeots
the fatigue behavior of PBF AISil0Mg and 14 PH SS. AISi10Mg and 17 PH SS differ in
their tensile strength and ductility, which induces different levels of fatigue sensitivity to the
presence of volumetric defe@ad notchesFurthermore, these materials have different industrial
applications; AlSi10Mg haan appealingpecific strength and is relatively economjeathereas
17-4 PH SS offers excellent corrosion resistance, high strength, and good wel{abaiti02].
The synergistic effects of notekand volumetric defects ofatigue behavior are thoroughly
analyzed by inducinglifferent populations of volumetric defects in cylindrical specimens with
varying notch root radii. A comprehensive characterization of the microstructure, defect content,
fatigue behavior, and failure mechanisms is conducted for b&BH AISi10Mg and I-4 PH
SS. Furthermore, linear elastic finite element analysisREB) is employed to analyze/quantify
the local stress field of notches dffferent configurationsThis article is arranged as follows:
Section 2 discusses the experimental setup including the fabrication methods, feedstocks, and heat
treatment (HT) schedules; Section 3 presents the results including the microstructure and defect
content (Section 3.1and fatigue behavior and fractography (Section 3.2); Section 4 discusses the
factors influencing the fatigue behavior of notched specimens (Section 4.1), theistrdagion
near notches dfifferent configuratios (Section 42), andthe relationship betweedhe calculated
effectivestress intensity factsSIF) and the fatigue live€Section 4.3). Finally, conclusions are

drawn in Section 5.
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2.3 Materials and methods

AlSi10Mg and 174 PH SS cylindrical bars of diameter 12 mm were fabricated using the
L-PBF AM process in a vertical orientation, perpendicular to the build plate. The build layouts for
AlSi10Mg fabricated using Renishaw RenAM 500Q Flex and fet PH SS ging 3D SYSTEMS
DMP Flex 350B machine are shownFkigs. 1 (a & b). As a note, only cylindrical bars shown in
the layouts were used in this work; the rectangular blocks were intended for a different study. The
recommended key process parameters for bddlAMg and 174 PH SS in their respective AM
machines are shown imable 1 In addition, the chemical compositions of the feedstocks,
AISi10Mg powder supplied by Renishaw, Inc., and4lPH SS Type A powder supplied by 3D

SYSTEMS, Inc., are listed ihable 2
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Fig. 1 (a & b) Build layouts and (c & d) heat treatment schedules for AlSi10Mg addPH

SS, respectively. Directions for inert argon gas flow and recoater movement are shown using
arrows in (a & b). The double headed arrow in (b) indicates recoater moven3ént i

SYSTEMS (174 PH SS) which has feedstock chambers on both sides of the build platform.
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Table 1 Recommended key process parameters for AISi10Mg in RenAM 500Q Flex-@nBH7
SS in 3D SYSTEMS DMP Flex 350B.

Laser Laser Layer Hatch Layer Scan
Material power speed thickness distance rotation strategy
(W) (mm/s) (Lm) (Lm) angle (°)
AlSi10Mg 350 1800 30 100 67 Stripe
17-4 PH SS 245 910 30 120 67 Stripe

Table 2 Chemical composition of the AlSi1l0OMzpwder supplied by Renishaw, Inc., and4lPPH
SS powder supplied by 3D SYSTEMS, Inc.

AISI1OM Element | Al Si Mg | N Fe | Zn Cu Mn | Ni Pb
9 wt. % Bal.| 96 [0.38] 0.2 10.18/0.1| 0.05 | 0.01|0.01| 0.01
Element | Fe Cr Ni Cu | Mn | Si | Nb+Ta| C P S

14 PHSSI o Bal. | 16.25| 4 4 1 | 1] 03 |0.07/0.04| 0.03

Two batches of specimens were fabricated for each AlISi1l0Mg addPH SS. For each
materi al, one batch was fabricated wusing the
while the other batch was fabricated in the underheating condition, i.e., emgugyower than
the recommended, to induogore and largetoFs. To establish the underheating condition, the
laser speed was increased by 10% for AISi10Mg while the laser power was decreased by 20% and
the laser speedasincreased by 20% for 3 PH SSDifferent variations in process parameters
were implemented for the two alloys (which had different thermal physical properties) to induce
adequate, yet reasonable, amount of d.oFor simplicity, specimens fabricated using
recommended and LelRducing process parameters will be referred to as Rec. and LoF specimens
in the following sections of this manuscript. After fabrication, the cylindrical bars were heat treated
(HT) in an Aratmosphere to prevent oxidation and surface decarburization followinghiduses
shown inFigs. 1 (c & d). The AISi10Mg bars, according to the AMS 2771 stanfitd8], were
stress relieved (SR) at 285 °C for 2 hours followed by air cooling. On the other hand4tikH17
SS bars were SR at 700 °C for an hour, followed by Condition A (CA) solution treatment at 1050

°C for half an hour, and aging at 552 °C for 4 houes, H1025. The CA11025 HT for 174 PH
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SS was in accordance with tA8TM A693[104] standard. During the HT, the temperature inside
the furnace was monitored using an external thermocouple, placed in the vicinity of specimens,

and maintained at +5 °C of the intended temperature.

The HT bars were machined with a computerized numerical controlled (CNC) lathe into
cylindrical specimens with notches of three different notch root radii, 0.1 mm, 5 mm, and 50 mm.
The specimens with of 0.1 mm and 5 mm had a 90° notch opening angle. The geometries and
dimensions of the notch configurations are showhign 2. It is worth mentioning that the notch
geometries are not in accordance with any standard. After machjntkwgnm andj; 50 mm
specimens were hamblished using sandpapers with grianging from P240 to P1200. However,
thehandpolishing i.e., fine sandinggf} 0.1 mm specimens was challenging due to the constraints
imposed by their notch geometry; the specimens remained in-thadsned surface condition.

The uniaxialforce-controlled fatigue tests were conducted on these notched specaheosm
temperatureMTS landmark servohydraulic test frames with 25 kN load cells were used to test
AISi10Mg and 100 kN to test ¥ PH SS specimens. The fatigue loading was performed under
tensiontension conditions, i.e., stress ratig, of 0.1. The maximum nominal stresses of
amplitudes ranging from 100 MPa to 150 MPa were applied on AlSi10Mg, and from 800 MPa to
1200 MPa on 14 PH SS specimenSuch a wide range of stresses were applied to get insights
into low-cycle as well as mitb high-cycle fatigue behaviasf notched specimens with varying
Thenominalstresses were calculated based on the smallestsgotsn at the notch root plane,

i.e., adiameter of 5 mm, for all notched specimens.
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Fig. 2 Geometries and dimensions of cylindrical notched specimens with notch root radii of (a)
0.1 mm, (b) 5 mm, and (c) 50 mill dimensions are in mm.

Fractography was performed to investigate the fatigue failure mechanisms in different
notch configurations using a Zeiss Crossbeam 550 scanning electron microscope (SEM) equipped
with an electron backscatter diffraction (EBSD), backscattered secondamprel@SE), and
electron dispersive spectroscopy (EDS) detectors. The SEM was also used for the microstructural
characterization of AISi1lOMg and 4 PH SS on both longitudinal plane (LP), i.e., the plane
parallel to the build direction, and radial plafPj, i.e., the plane perpendicular to the build
direction. Samples were extracted ambunted in a colget epoxy resin and then ground and
polished using different grit sandpapers in accordance with ASTIA®, for metallography
The mirrorsurface finish was obtained by polishing the mounts in colloidal silica on a eineto
pad and then on a GIGA200 vibratory polisher. Furthermore, defect contents in Rec. and LoF
specimens for both AlSi10Mg and -#7PH SS were analyzed/chaexized using the ZEISS
Xradia 620 Versa Xay computed tomography (XCT) machine. The scans resulted in a voxel size

of 6.5 um; any defects smaller than 2% were discarded to avoid false detection from noise.
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2.4 Results
2.4.1 Microstructure and defect content

The BSE images and inverse pole figure (IPF) maps for heat treated, i.e., SR for AlSi10Mg
and CAH1025 for 174 PH SSsamples, representirmpth longitudinal and radial plane$ the
specimensare shown irFig. 3. For AISi1l0Mg, a bimodal grain structure, i.e., long columnar
grains oriented along the build direction and fine equiaxed grains, was observed throughout the
microstructure (sekigs. 3(c & f)). The locations for the fine equiaxed grains in the microstructure
are pointed out usingred arrow inFig. 3(c). These regions are typically seen near the melt pool
boundarie$106,107]Jand can be attributed to the higher cooling rates/higher temperature gradients
at the melt pool boundaries than the center of the melt pools. Furthefigse3(b & e) show
the presence of vast-8¢ch networks in SR AISi10Mg, as confirmed using EDS analysisKgge
4(a)). Similar observations were made in previous studies on-BRH.AISi10Mg[107,108]
Additionally, microscopy performed on the LoF batch AlSil08&gnpleshowed no significant

differences in the microstructure compared to the Rec. batch.
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Fig. 3BSE images and IPF maps 6HABF AISi10Mg and 14 PH SS: (ec) AlSi10Mg (LP),
(d-f) AISi10Mg (RP), (gi) 17-4 PH SS (LP), §)) 17-4 PH SS (RP). The red arrow points to an
area with fine equiaxed grains, most likely the melt pool boundaries, in AlSi10Mg.

The CAH1025 treated 14 PH SS showed fully homogenized martensitic microstructure
in both LP and RP (seigs. 3(g-1)). The BSE images show the presence of fine laths in the
microstructure. A similar microstructure for @AL025 L-PBF 174 PH SS has previously been
reported[109 111]. Interestingly, within the microstructure, globular precipitates rich in Nb, Si,
S, Cu, and O were observed (§&g 4(b)). In addition, the kernel average misorientation (KAM)
map inFig. 4(c) suggests the presence of delta ferriide in the microstructure. The KAM map

shows the local lattice misorientation and the absence of misorientation in certain regions of the
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mi crostructure hint de. The wgherdansorientaton ip theensagensitie o f
matrix is primarily due to the prevalence of fine martensitic laths in the nanoscale which typically
have 295° misorientation with their immediate neighbd@@9,112,113] | n c-Betypicallys t , 0
forms during annealing at intermediate temperatures and is free of laths, dislocations, and the local
mi sori ent at i on:Fenighehave occumed durirgrihe @A 0250heat treatment
conducted in this study. Inap vi ous st udy-Fe phdsein tipermartersiiccatrixo f U

has been reported for GA900 treated 1-4 PH S§110].

Loading Direction

> TAAR 7§ .

Fig. 4 EDS elemental maps for (a) AlISi1lOMg and (b)4llPH SS. (c) KAM map for a GA1025
treated 174 PH SSsample

The visualization of volumetric defects iRRBF AlSi10Mg and 174 PH SS detected via

XCT is presented ifrig. 5; the correspondingizeanaly®s are shown iffable 3. For AlSi10Mg,
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the specimens in both Rec. and LoF batch had considerable defects. On the other hand, the defect
content varied greatly between the Rec. and LoF batches #rPH SS$ Rec. specimens had
minimal, while LoF had significantly higher defect content (Sigs. 5(c & d)). Oneway Analysis

of Variance (ANOVA) tests were conducted o0 mm AISi10Mg and 1-4 PH SS specimens

to determine if there was a statistical difference between the sizes of the defects in Rec. and LoF
batches. The-palues, which signify therobability of the means between Rec. and LoF batches
are statistically similar if greater than 0.05, were found to be 0.34 andl8,Z&r AlSi10Mg and

17-4 PH SS, respectively. This suggests a similarity in the defect sizes between Rec. and LoF
batchedor AlSi10Mg but a significant difference for & PH SS. Thaveragesolumetric defect

content quantified in terms of relative density, number of defects larger than 50§uperéentile

size, and maximum defect size for the specimens showig.ib are listed inTable 3. It is worth
mentioning that all defects smaller than 20 um were removed from the analysis to avoid false
detection from noise. Relativéensites for Rec. and LoF batclAISilOMg specimens were
99.768% and 9%24% while it was 999%6 and 99.86% for 174 PH SS$ respectively
Furthermore, the maximum defect sizes in AlSilOMg ane4 I’PH SS specimens were,

respectively462um and 50 um for Rec. condition, and 639 um a8dum for LoF condition.
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(a) AISi10Mg (Rec.)

p: 0.1 mm

p: 50 mm

- (¢) 17-4 PH SS (Rec.)

p: 50 mm
p:5mm

p: 0.1 mm

(b) AISi10Mg (LoF)

Fig. 5 Visualization of volumetric defects inBBF ﬁotched specimens: (a) AlSi10Mg (Rec.), (b)
AlSi10Mg (LoF), (c) 174 PH SS (Rec.), and (d) 47PH SS (LoF).

Table 3 Average @fect content quantified in terms of relative density, number of defects larger
than 50 pm, 99 percentile size, and maximum defect size in the specimens shéiq h As a
note, the defect content was averaged amahd mm 5 mm, and 50 mm specimens from each

batch and for each material.

AlSi10Mg Rec. LoF
Relative Density, % 99.768 +0.085 99.624 + 0.128
No. of Defects >0 pm 666 + 268 1152 + 871
90" Percentile Size, um 96 + 2 99 +3
Max. Defect Size, um 462 + 39 639 + 97

17-4 PH SS Rec. LoF
Relative Density, % 99.999 + 0.0003 | 99.936 + 0.052
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No. of Defects > 50 um 0 740 £609
90" Percentile Size, um 39+4 57 +5
Max. Defect Size, pm 503 28772

2.4.2 Fatigue behavior and fractography

The stresdife fatigue plots for AlISi1OMg and 14 PH SS notched cylindrical specimens
are presented iRigs. 6(a & b) andFigs. 6(d & e), respectively. The comparison of fatigue data
for each alloy under different fabrication conditions is provideHigs. 6(c & f). Irrespective of
the material or the fabrication condition, i.e., either Rec. or .dF1 mm notches induced the
shortest fatigue lives at all stress levels. Furthermore, in each material, the fatigue lives of Rec.
and LoF batch 0.1 mm specimens were similar ($a8gs. 6(c & f)), indicating a similar failure
mechanism. Interestingly, for AISi1lOMgpt a clear difference in the fatigue lives was observed
eitherbetween; 5 mm and 50 mnor between Rec. and LoF batch specimens. In addition, a
considerable scatter in the fatigue lives of AlISi10OMg specimens was presgré fom and 50
mm, as opposed tp 0.1 mm (sedFigs. 6(a & b)). For} 5 mm and 50 mm, the scatter was
considerably smaller at a higher stress level, i.e., 150 MPa, as compared to lower ones, such as
125 MPa and 100 MPa. As most of the fatigue lives in the high cycle fatigue regime is typically
spent on crack initiation, shca large scatter at those levels sugggesa variation in the

characteristics of crack initiating sites.
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Fig. 6 Stresslife fatigue plots of LPBF cylindrical notched specimens with different notch root
radii, fabricated using different process parameters: (a) AlSi1lOMg (Rec.), (b) AlSi1OMg (LoF),
(c) AlSi10Mg @ comparison betwedec.andLoF), (d) 174 PH SS (Rec.), (e) ¥ PH SS (LoF),
and (f) 174 PH SS & comparison betwed®ec.andLoF). As a note, the legends used in (a) and
(b) are applicable for (c), and the same with (d) and (e) for (f).
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On the other hand, for ¥ PH SS, there was a clear difference in the fatigue lives between
they 5 mm and 50 mm notched specimdrigures 6(d & e) clearly show longer fatigue lives of
} 50 mm specimens over 5 mm for the Rec. batch, although this is less pronounced for the LoF
batch. The Rec. batch 50 mm specimens reached +out, i.e., fatigue lives exceeding 10
reversals, at 1100 MPwhile § 5 mm reachedunout at 900 MPa. Between the Rec. and LoF
batches, the former showed longer fatigue livesllagtress levels than the latter. However, the
scatter in the fatigue lives of LoF specimens was smaller than the Rec. orfeig)($8). This
may be due to the larger defect populations in LoF specimens, resulting in a higher likelihood of

critical defects with similar detrimental effedtsall specimens

Detailed fractography was performed on the fracture surfaces to investigate the fatigue
failure mechanisms in AISi1l0Mg and -#7PH SS specimens with different notch root radii. A
representative fracture surface from each notch configuration is shdwig. it Irrespective of
the material, all fatigue cracks initiated from the notch roog fér1 mm and from a localized
region such aa volumetric defect omturning groove foy 5 mm and 50 mm specimens. Ror
0.1 mm specimens, a severe and consistehiteimée from notch geometry, causitig fatigue
crack initiation frommultiple sites alonghe notch roofseeFig. 7(a & b)), most likely resulted in
a mini mal scatter of their fatigue | ives.
influence over the fatigue behaviorjod.1 mm specimens, the fatigue lives for both Rec. and LoF
batches were similar (séggs. 6(c & f)). In the cases of AISi1l0Mg specimengh } 5 mm and
50 mm notches, all fatigue critical cracks initiafeaim a localized region, i.eitregular shaped
(flat) LoFs. The wide scatter in their fatigue lives, showirig. 6(c), is likely due to the variation

in LoFs @ritical features. Additionally, the presence of large volumetric defects with similar
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detrimental effects in both Rec. and LoF batch AISi10Mg specimens has likely resulted in their

similar fatigue lives.

p 0.1 mm

AlSilOMg (Rec. & LoF)

17-4 PH SS (Rec. & LoF)

Fig. 7 Fractography images showing the fatigue crack initiation sites in specimens with notch root
radii of (a & b) 0.1 mm, (@) 5 mm, and (f & g) 50 mm, for AlISi1OMg (Rec. & LoF) and4.PH

SS (Rec. & LoF), respectively. (d) and (e), respectively, show teeufeasurfaces fofy 5 mm
specimens from Rec. and LoF -47PH SS batches. Yellow, white, and mageateows,
respectively, point to the shear lips, crack initiating turning groove, and volumetects.

In the case of -4 PH SS, all fatigue cracks initiated from Lo} 50 mm, and from both
LoFs and turninggrooves in; 5 mm specimenslhe Rec. batctof § 5 mm specimenbad very
low defect counfseeFig. 5(c)), and the fatigue cracks initiated from the turning groovesKigee
7(d)). The grooves likely were not adequately removed during polishing given the geometrical
constraints imposed by thes mmnotchgeometry In LoF specimens, a dense defect population

likely promoted fatigue crack initiation and failures resulting in shorter fatigue lives than Rec.

41



ones. Further discussion on the factors influencing the fatigue crack initiation behavior in notched
specimens isncludedin Section 4.1 Additionally, for 174 PH SS, shear lips (indicated using
yellow arrows inFig. 7) were observed in the final fracture regionjo6 mm and 50 mm
specimens. These shear lips have most likely formed wWieemajor fatigueracks reached the

s peci mens Oledsodracturainder plane dtress condition.

2.5 Discussion
2.5.1 Factors influencing the fatigue behavior of notched specimens

Forj 0.1 mm specimens, fractography revealed the fatigue crack initiation from the notch
roots, implying the notch geometmasthe sole factor influencing its crack initiation behavior for
both AISi10Mg and 1-4 PH SSDuring cyclic loading, due to the higltress concentratipgevere
cyclic plasticity occurredat the notch roodf § 0.1 mm specimenthat promotedcrack initiation
andled totheir early fatigue failures. However, in the cases pf5 mm and 50 mm specimens,
volumetric defects and turning grooves also played a role in fatigue crack initiatidghigse#c-
g) ) . The size of the critical vol umetric def e

M1 PIb4], and presented fRigs. 8(a & b), respectively, for AISi10Mg and &PH SS. Foan

internal defectyi®oi ‘O@s calculated as the square root of area ottimwex hullaround the
defectsd project i o forasunface defecthis coavex hallgnclydédaparteof a n d
specimen perimeter adjacent to the surfétehe case of turning grooves, their aspect ratio (i.e.,

the ratio of their span along the speci mensbd

direction)wastypically high. As such, the size of the turning groowescalculated ag/i®d1 ‘&®

Mp ™ gwhered gwasthe maximum depth of the groofl5]. It is worth mentioning that,
in the case of multiple crack initiations observed on a single fracture surface, thanttrattkg

defect with the large$idd1 ‘vas considered for analysis. For AISi10OMdg. 8(a), at 150 MPa,
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the fatigue lifeappearedo follow a general trend of shorter fatiguielivith larger critical defect
sizefor bothj 5 mm and 50 mnspecimensHowever, such a trendl i dexiét @t lower stress
levels, indicating the influence of factors other than defect size only. In comparison;4d?H.7
SS, a general trend of larger critical defects giving rise to shorter fatigue lives appeared to be

visible at all stress levels withfew exceptions (sd€g. 8(b)).

The size distributions of the critical defectgiB mm and 50 mm specimens were further
analyzed using the | argest extreme value stat
to follow Gumbel distribution, as shown using the reduced variate plots W#OR inFigs. §c
& d). The reduced variat®,, was obtained using,

[ ae a&Fo p , (1)
wherei andN are, respectively, the rank and the total number of defects used during the analysis
[116]. Furthermore, the correspondingmulative and probability density functions (CDF and
PDF) for the critical defects in5 mm and 50 mm notched specimens were analyzed in accordance
with the ASTM E2283 standafd0] and presented iRigs. 8(e & f). For both AISi10Mg and X7
4 PH SS, the mean }BOormmtweresightly thrgdr tham frbsmin specizeass i n
(see PDF curves iRigs. 8(e & f). This is likely due to the higher probability for larger defects to
existin the larger volumef material experiencing elevatstress at the notch root pf50 mm
t han 5 mm. Regarding the var50ambspeamemskhowedd ect s
smaller variation, resulting in a narrower PDF curve comptr¢eds mm. This could be due to
the higher likelihood of defects of similar sizes becoming fatigue critical jn%6enm specimens
because of their larger volume rofaterialthat experiences traress concentration. However, in
the case of 1-4 PH SS, turning groogeften served as the fatigue critical featurg iB mm

specimens (8 out of 39 failed specimens), and the size of these grooves were quite similar and
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small (see the markers pointed by the green arrdwiging(d)). This likely resulted in a narrower

PDF curve fog 5 mm than 50 mm7-4 PH SSspecimens.
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size, (¢ & d) reduced variate plots, and (e & f) CDF and PDF plots according to LEVS, for

AISi1l0OMg and 174 PH SS, respectively.
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Further analysis was performed to identify the factors ¢batd correlate well with the
fatigue lives of the notched specimens. On that front, the height of crack initiation relative to the
notch root plane, i.e., the loading plane through the smallest-s®oten, was obtainednd
presented as box plots kigs. Ya & b). For both AlSi10Mg and 1Z PH SS, the relative height
of crack initiation hcentefho Whereheenteris the distance of the crack initiation site from the notch
root plane andho is the total height of the notch geometry (see schematiegyird), for j} 5 mm
and 50 mm specimens showed some scatter but had their means near the notch root plane. The
absolute height of crack initiationgi, heentes for} 50 mm varied in a wider range compared to
5 mm specimens. For AlSi1OMbgenter varied in the range adpproximately+4.2 mm fory 50
mm and £2.1 mm far 5 mm, and for 174 PH SS, it rangedpproximatelyt3.7 mm for; 50 mm
and 1.1 mm fog 5 mm. Such wider variation fgr50 mm specimens is likely due to the larger

material volumes experiencing elevated stresses at the notch root compabat o

The relative height of crack initiation for each fatigue test plotted against fatigue life is
shown inFigs. 9(c & d). For both AISi10Mg and 14 PH SS, the scatter in the relative height of
crack initiation increased with increasing fatigue life. Several instances were seen, where
specimens with critical defects of similar sizes or even larger sizes fartherfrawathe notch
root plane showed longer fatigue lives compared to the specimens closer to the notch root plane.
This confirmed the influence ofrsss concentration from the notches on the fatigue crack initiation
behavior fop 5 mm and 50 mm specimens. This observation, while distinct for AISi10Mg, is less
pronounced for -4 PH SS, as seen Fig. 9(d). It is likely due to wider rangef volumetric
defect sizein AISi1l0Mg compared to 4 PH S$ ranges from 20 um to 639 um in AlSi10Mg
and from 20 um to 287 um in 14 PH SS (se&able 3)0 might have increased the likelihood of

crack initiation from larger defects, and those located farther awaytfremotch root plane in
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AlSi10Mg. The additional presence of turning grooves at the notch root that were not adequately
polished away in th¢ 5 mm 174 PH SS specimens likely contributed to their less scatter in
relative height of crack initiation. Nevertheless, the understanding of the influence of notch

geometry on the fatigue crack initiation was of paramount importance and needed tatifiedjuan
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Fig. 9 Box plots showing the relative height of crack initiation for (a) AlSi10Mg and () BHA
SS notched specimens. The relative height of crack initiation platfeithst the fatigue lives of
notched specimens tested at different stress levels for (c) AlISilOMg and{dHES.

2.5.2 Utilizing LE -FEA to analyze the local stress field in notched specimens

Linear elastic finite element analydkE-FEA) was performed taalculatethe stress
distribution in different notched specimens, ip.pf 0.1 mm, 5 mm, and 50 mm. A two
dimensional axisymmetric finite element modas$ illustrated irFigs. 1Q(ac)) was created for

each configuration in the ABAQUS® software. Further details on the methodology used during
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the LEFEA are provided in thBuppl. Mater. Section S1The normal stresses along the loading

direction were extracted from seven different heights relative to the notch root plane.
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Fig. 10 Notch geometries and stresses at different heights in specimensafifa, d) 0.1 mm,
(b, €) 5 mm, and (c, f) 50 mm, respectivadyack arrows point tahe applied loathg direction
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distance ahead of the notch surface normalized by the distance from the notch surface to the
axisymmetric axis.

Normal stresseslss3,d along the loading directiénnormalized by the nominal stress at
the smallest crossection { 0j O, whereP is the remotely applied axial load afibs the cross
sectional area at the notch roa),different relative height&Q 7Q, and distances ahead of

the notch surface are shownRigs. 10(d-f). As expected, notched specimens with smaller notch

root radii showed higher local stresses and higher stress gradients ahead of the notch root and vice

versa. Stress concentration facfdts for } 0.1 mm, 5 mm, and 50 mm, at their notch roots were
found to be 4.77, 1.21, and 1.02, respectively. At different relative heights, the local stress varied
andbecame very smaih the vicinity of the shoulder (see stress contour plotsign 10). This

caused the normalized stress trend ahead ofidleh surfaces to vary among different relative
heights Mathematical fitings have been performed on the curves showfign 10, for whichthe

detailsare provided in th&uppl. Mater. Section S1

2.5.3 Quantifying the synergistic effect of notches and volumetric defects with mode
stress intensity factor

Factors such as notch ge o mewereyoundtonflienice c a |
the fatigue crack initiatignand thus the overall fatigue life of AlISilOMg and 174 PH SS
cylindrical notched specimeis the mid to high cycle fatigue regimdsor} 5 mm and 50 mm
specimens, fatigue cracks initiated from either volumetric defects or turning grooves. Treating
these defects as crack nuclei, their detrimental effects can be quantified by thé Siedeth

theconsideration of the local stress#svated by the notch, i.e.,

0 g W, g0 “NOT QD 3)
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where 0 g IS the maximum modeSIF of cracks during loading cycleYi s t he Mur akart

locationdependent factor (0.5 for internal and 0.65 for surface defédd#]), , gis the
maximum applied nominal streshiring a loading cycle0 Is the local elastic stress
concentration facto(i.e., the, 7, presented irFig. 10 based on the location of the crack
initiating defect. The elastic stress field was considered to comply with one of the key assumptions

for the validity of SIF, i.e., the material undergoes elastic deformation.

For} 0.1 mm specimenghe detrimental effects of the notches can be quantified by
calculating the SIF of virtual, microstructurally small cracks initiated from the notch root surface.
For AISi10Mg, considering that the microstructural boundaries, i.e., grain boundariesgetieeff
barriers for the growth of microstructurally small cracks, the characteristic length of the virtual
crack a , should be its grain size. Similarly, for-#i7PH SS& should be the lath packet size;
however, several studies have suggegtedas weak pointfl17,118]that can act as a potential
initiation site. In this study, the sizes of the lath packetstelRewere comparable. The SIF can

be calculated as

0 8 (I),, 80 “a. (2)

Here 0 was evaluated in accordance with the theory of critical distance (TCD), i.e.,
ata distance ahead of the notch rf2,119] TCD assesses the detrimental effect of notches by
considering the elastic stresses at a certain distance, line, area, ordvddaseel on the method
used ahead of the notch rodkheda for AlSilOMg and 174 PH SS were found to be 15 pm and
8 um, respectively. For AISi1OMgs was obtained by measuring the average grain size in the

radial direction, i.e., the direction of crack growth, and fod17H SS, it wasalculated ashe
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average minimum axis of fitted ellipses for the lath packets in the martensitic microstructure (see

Fig. 3).

The obtainedIF, 0 g, for AISi10Mg notched specimens are shown in the slifess

plot as marker sizes as well as plotted against the fatigue liveg.idl In general, higher SIF
corresponded tlmwer fatigue liveslt is interesting to note thatata pointgor j of 0.1 mm, 5 mm,

and 50 mm having similaSIF showed similarfatigue lives. This further confirmed the
applicability of SIF to assess the criticalities of crack initiating featurdsotiushargpy andbluntly
notched specimens. However, there was some scatter present in tten&Il&gainst the fatigue
lives, especially fo 50 mm specimen&eeFig. 11(b)). Therefore, factography images of three

} 50 mm specimens, i.eX, Y, andZ, having similar SIF but very different fatigue lives are shown

in Figs. 1Xc-e). SpecimerZ hada much longer fatigue life than specimeandY; almost8 times

the fatigue life of specimeM, andalmost 21times the fatigue life of specimet This is most

|l i kely due to the influence of vol uvuamlthosi c def
on fatigue crack initiationSpecimensX andY had similar projected critical defect shapes (see
Figs. 14a & b)); however, the critical defect in specim@iad two armdike features (se€ig.

11(c)). During loading, cracks initiating from the region with asitke features have significantly

low SIF compared to the core region of the defect, thus imparting minimal influence on the crack
initiation behaviof120]. Hence, these protrusions/arms in the defect morphology most likely were

less detrimental and played an insignificant role during fatigue crack initiation, leading to an

overestimation of the critical defldtQoi ze me:
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Fig. 11 (a) Stresslife plot with SIF as marker sizes and (b) Si&tigue life plot for AlSi10Mg
notched specimens. Fractography images for specimeXs(@)Y, and (e)Z.
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~ ;

For 174 PH SS, the stredde plot with SIFindicated as the size of circular markarsd
SlIFfatigue life plot are shown ifig. 12 In general, the trend for &4 PH SS was similar to
AISi10Mg; higher SIF led to shorter fatigue liv€sgure 12(a) shows a consiste8t~fatigue life
trend irrespective of the notch configuration at all stress lesetept for a few outliers,
particularly fory 5 mm;one ofsuch outlierds pointedto using a magenta arrow Fig. 12a).
Most of these anomalidsdlower SIF compared to other specimens having similar fatigue lives.

These specimenisad fatigue crack initiation from small turning grooves, hence the lower SIF
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compared to specimens with crack initiation from volumetric defddiesecasesare better

represented as square green markeFsgnl2b).

Fractography images for one of suabnormalspecimens, i.e., specimehindicated in
Fig. 12(b), with fatigue crack initiation from turning grooves shown inFig. 12c). Additionally,
a larger scatter was seen in 8lé-fatigue lifetrend among specimens with crack initiation from
volumetric defects compared to specimens with initigifvom either notch roots or turning
groovesThis is especially obvious fpr50 mmspecimens. As shown kigs. 14d & e), specimen
Z, having a similar SIFexhibited44 timeslongerfatigue life compared tthe one forspecimen
Y. This caild again be explained bie differenceincr i t i c al defectsd mor
specimens’ andZ. The core region, i.e., the region except for arms/protrusions, of the defect in
specimerzZ was significantly smaller than in specimérAs discussed before for AISilOMg, these
arms in the projected defect morphology likely had an insignificant impact on fatigue crack
initiation, which was ¢die @beeffect froadefectimoplologyh e Mu r
could also have been affected by the differences iretpesure otritical defects to the notch
surfacefor both specimen¥ andZ. The higher exposure of the core region of the critical defect
in specimeny could have promoted crack initiation and led to early fatigue failure compared to
specimenZ. Such variation in thelefect morphologyand exposuréo the surface could have

influencedthe local stress fiekJand thusthefatiguecrack initiationbehavior
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Fig. 12 (a) Sresslife plot with SIFas marker sizes and (b) Si&tigue life plot for 174 PH SS
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points toone ofthe} 5 mm specimeswith crack initiation from turning grooves.

2.6

the fatigue behavior of cylindrical notched specimens. The primary factors influencing the fatigue

crack initiation behavior were identified and quantified for défé notch configurations of

Conclusions

This work investigated the synergistic effects of volumetric defects and notch geometry on

AISi10Mg and 174 PH SSspecimensThe following conclusions were drawn:

53



. For AISi10Mg and 17 PH SS, fatigue lives fgr0.1 mm notched specimens were inferior

to} 5 mm and 50 mm counterparts at all stress levels, had the lowest scatter, and were
insensitive to the presence of volumetric defects.

. Forj 0.1 mm specimens, fatigue cracks initiated from the notch wdole it was from
volumetric defects or turning grooves {0 mm and 50 mm. This suggedthe existence

of a critical notch root radius above and below which the defects/grooves and the notch
geometry, respectively, domindtthe fatigue crack initiation behavior.

. Overall, features such as notch geometrg, f e c t asddocation ;nfuenced the fatigue
behavior ofy 5 mm and 50 mm notches. Smaller notch root radius, larger defects, and
defects closer to the surface and the notch root plane were found to be more detrimental to
the fatigue behavior.

. The mode stress intensity factor (SIF) obtained fbe virtual cracks ip 0.1 mmandfor
volumetric/surface defects in5 mm and 50 mm specimeascounted for the primary
factors influencing the fatigue crack initiation behaviorthe notched specimensSIF
showed an inverselationshipwith the experimental fatigue lives 81SilOMg and 174

PH SSspecimens.

Overall, this study identified and quantified the primary factors influencing the fatigue

behavior of AISi10Mg and 4 PH SS notched specimeii$is understanding can be leveraged

to design and fabricate leuriticality notch featureshaving lower stress concentrations and the

presence of fewer and smaller defects in the critical regiocomplexAM parts. Additionally,

the methodology presented in this wada be used to analyze and compare the créftattsof

notch geometry and volumetric defdeatures on thdatigue crack initiation behavior The
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infl uence of additi onal factors such as vol ume

to the notch surface, on the fatigue behavior remains to be investigated.
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3 Edge Notches in Additive Manufacturing: Influence of Volumetric Defects and
Microstructure on the Fatigue Behavior

3.1 Abstract

This study investigated the fatigue behavior of additively manufactured flatnetidesd
AISi10Mg and 174 precipitation hardening (PH) stainless steel (SS) specimens. Specimens with
varying notch root radiij, ligament widthsw, and defect contents were subjected to uniaxial
cyclic loading. For AISi10Mg, notch geometry and volumetric defect features such as size and
location (within the rectangular cressction and at different heights relative to the notch root
plane) influened the fatigue behavio@n the other hand, for & PH SS, there was an additional
influence of the microstructural features on the fatigue behavior. In near-tteedfz4 PH SS
speci mens, -kepphaseactédeas weaktp@nts(inithe microstrugitmejoting crack
initiationands hor t c¢ r a c k-Fegmartemsitelintedalces to §prmicrystallographic facets,
leading to fatigue failures. Largerresulted in shortefiatigue livesfor specimenswith j of 0.1
mm and 5 mm. Compared to tiveof 5 mm, 10 mm induced ¢iner plastic damage at the notch
root, thus promoting early crack initiation and failures. For notched specimens with negligible
plasticity at the notch root, the moetlstress intensity factor exhibited a correlation with the
experimental fatigue lives.rGthe other hand, for specimens experiencing significant plasticity at
the notch root, the equivalent plastic strain showed a correlation with the experimental fatigue

lives.

Keywords

Additive manufacturingfatigue behaviorFlat notched specimenBefect criticality;17-4 PH

stainless steel; AlISi10Mg
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3.2 Introduction

Edge notches and their variants, such as sutfates, are widely present in additively
manufactured (AM) structures. These notches include, for example, the perforationstiessd fir
roots in gas turbine blades and 8wewholes in mounting brackefd21i 124] Under service,
these notches generate stress concentrations and are offenitig features of mechanical
components[121,123,125127]. For conventionally manufacturedomponents prevailing
treatments of these notches have focused on the behavior of short, {tivetilgbkness cracks
initiating from various notch geometries, such as U and V notches, and have relied on two
dimensional elastic solutions of notch stress fifl@8i 131]. On a few occasions, the behavior of
nonthroughthickness cracks, such as sesmcular/semielliptical cracks at the notch root
surfaces or notch root corners, have been investigated, revealing more critical effects of the corner
cracks [132i134]. Nevertheless, although such notch treatments may be adequate for
conventionally manufacturecomponentsthey may not be capable of fully capturing the AM
material sé6 complexities in the interactions be

the notches.

Unlike grooves or shoulders on cylindrical parts, edge notches (or surface holes) in flat
members present a unique combination of stress concentration and surface boundary conditions,
i.e., the notch surface is perpendicular to the lateral free surfdoedaferal free surfaces are
subjected to less constraints from the surrounding materials, and in the presence of the volumetric
defects in AM material§69], are more prone to fatigue crack initiation. As such, for AM parts
containing edge notches, complex competitions are at play between volumetric defects and
notchesas well asamong volumetric defects located at the notch root, part interior at different

heights from the notch root, and lateral free sutfagéh regards to their criticality on fatigue
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crack initiation Such competitions are further obscured if multiple notches are present, and their
stress fields interadé1,135] Understandings regarding the synergistic effects of edge notches
and volumetric defects have been lacking. Furthermore, in AM parts derived frowpivedlized
process conditions or hot isostatically pressed or the ones made frominlsdesitive matéals,

fatigue cracks often initiate from microstructural heterogeneities rather than volumetric defects
[136,137] In these cases, microstructural features such as large grains (where the formation of
persistent slip bands is eadie4,138,139) and weak and brittle phases (e.g., d&dtate in steels

[55]), canact analogously to volumetric defects in the competition with notches and lateral free

surfaces. In this regard, understandings on the edge notches are again lacking in literature.

This study therefore aims to address the research gaps by investigating the fatigue behavior
of flat, edgenotched AM specimens with varying geometry (notch root radius and ligament width)
as well as defect content made of AlSi10Mg angl Yfecipitation rdening (PH) stainless steel
(SS). These materials are selected based onuhsiing sensitivity to volumetric defects and
notch geometry for fatigue crack initiatifh40i 143]. Detailed characterization of defect content,
microstructure, fatigue behavior, and failure mechanisms are performed. Factors affecting the
fatigue behavior of the notched specimens are identified and assessed. This article is arranged as
follows: Section2 details the experimental methods including fabrication, heat treatment, and
notch geometries; Section 3 presents the microstructure and defect content analysis (Section 3.1),
and the fatigue behavior of notched specimens with varying notch rooanddigament widtls
(Section 3.2); Section 4 discussks overall effect of notch geometry on fatigue behavior (Section
4.1), fatigue crack initiation mechanisms in different notch configuratiastion 42), and an
approach to quantifghe synergisticeffecs of volumetric defects and notch geometmy the

fatigue behavior of flat notched specimég8gction 43); Finally, Section 5 draws conclusions.
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3.3  Materials and method

Rectangular blocks of dimension 90 mm x 60 mm x 38 mm were fabricated using laser
powder bed fusion ({PBF) machines for two materials, Renishaw RenAM 500Q Flex for
AISi10Mg, and 3D SYSTEMS DMP Flex 350B for-#i7/PH SS. For each material, two batches

of blocks were fabricated, one using the recommended process parameters, REaQ)eiynd

another by altering the process parameters to induce underheated conditions, Utdnmiedy
AlISi10Mg, underheating was induced by reducing the laser power by 10%, amefétH SS, it

was achieved by decreasing the laser power by 20% and increasing the laser speed by 20%.
Different percentage variations of the process parameters between AlSi10Mg-arféHLBS

were applied to induce reasonable amount ot-tzfekision (LoF) defects. The process parameters

for both materialsind fabrication conditionasre listed inTable 4.

Table 4 Recommended and underheated process parameters for AlSi10Mg in RenAM 500Q Flex
and 174 PH SS in 3D SYSTEMS DMP Flex 350B.

Laser | Laser | Layer Hatch Layer Scan
Material | Condition| power | speed | thickness distance | rotation strategy
(W) | (mm/s)| (pm) (um) | angle (°)
. REC 350 .
AlSi10Mg UH 315 1800 30 100 67 Stripe
REC 245 910 :
17-4 PH SS UH 196 1092 30 120 67 Stripe

After fabrication, the rectangular blocks were stress relieved (SR) prior to removal from
the build plate. AISi10Mg was SR at 285 °C for 2 hours followed by air cooling whdePH SS
at 700 °C for an hour followed by furnace cooling. Furthermoré, B SS blocks, after removal
from the build plate, were annealed at 1050 °C for half an hour followed by air cooling, i.e.,
Condition A (CA), and aged at 552 °C for 4 hours, followed by air cooling, i.e., H1025. The CA

H1025 heat treatment (HT) schedule1@4 PH SS was in accordance wkBTM A693standard
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[104]. During the HT, the furnace temperature was monitored wsingrmocouple, placed in the

vicinity of the fabricated blocks, and was maintained at +5 °C of the desired temperature.

The heat treated (HT) blocks were machined into flat, - eddgehed geometries shown in
Fig. 13 using wire electrical discharge machining (EDM). Detailed dimensions of the notched
specimens are provided kig. S1of theSuppl. Mater. Section S1During EDM, the specimens
were extracted so that the loading direction was alonigutte direction. For each batch, i.e., REC
or UH, and for each material, two sets of specimens were extracted, one with varying notch root
radii, J, i.e., 0.1 mm, 5 mm, and 50 mamd another with varying ligament widthv, i.e., 5 mm
and 10 mm, only for root radaf 0.1 mm and 5 mm. For simplicity, in the remaining sections of
this article, a notched specimen with a ligament wadth mm and a notch root radius of 0.1 mm
isreferredtoaw 5 J a@hd tHe same nomenclature convention is used for all other configurations
They 0 antl} Specimens had a notch opening angle of 90°. After EDM, the lateral surfaces of
} 0 spgcimens&nd both notch and lateral surfaceg diand} 5 $pecimensvere hanepolished
using SiC paper with reducing grits from P240 to P1200, while notch surfage® ap&cimens
were left unpolished. Hand polishing of notch surfaceg i .was challenging due to the
constraints posed by its sharp notch geomdthyiaxial force-controlled fatigue tests were
conducted with a stress ratio of 0.1 using MSEBvohydraulic test frames with a load cell of 25
kN for AISi10Mg and 100 kN for 1-4 PH SS. The nominal maximum stressf 100, 125, and
150 MPa were applied on AlSi10Mg, arR@d0,800,and900 MPa on 1#4 PH SS specimens. The
force was calculated based on the nominal, minimum -@@s$onal area in the specimen. At least
three specimens were tested per material, per geometry, and per fabrication condition, at each

stress level.
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Fig. 13 Geometries of flat notched specimens with varying ligament wigthand notch root
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After fatigue failure, the critical crack initiation site in each specimenideagifiedusing
a Zeiss Crossheam 550 scanning electron microscope (SEM). Utilizing the SEM equipped with
electron backscatter diffraction (EBSD) detectors, microstructural characterization of HT
AlSi10Mg and 174 PH SS was performed. Metallography coupons werngapee by mounting
the samples in an epoxy resin and polishing them progressively using reducing grit SiC sandpapers,
a Chememet pad, and a GIGA200 vibratory polishefor a mirror surface finisH105].
Volumetric defect content within the flat notched specimens was detected and quantified using a
ZEISS Xradia 620 Versa-ray computed tomography (XCT) machine. Defects smaller than 3
times the voxel size, i.adefect size 020 um, were filtered out from the analysis to reduce Roise

related misdetections.
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3.4 Results
3.4.1 Microstructure and defect content

Micrographs obtained utilizing the EBSD technique in the longitudinal planeplaae
parallel to the build direction, of SR AlSi10Mg and €025 174 PH SS are shown kig. 14
IPF map for SR AISi10Mg showed the presencbiwfodal grain structure, long columnar grains
oriented approximately along the build direction and fine equiaxed graingi(sel)(a)). Such
long columnar grains are typical of fustbasedadditive manufacturinghM) processe§l44].
Furthermore, fine equiaxed grains (shown using a magenta arfelgy. ii4(a)) are indicative of
regions near the melt pool boundaries. These features have previously been reported and are typical
of L-PBF AISi10Mg in adabricated and SR conditio$07,145,146] On the other hand, GA
H1025 treated 14 PH SS showed a fully homogenized martensitic microstructureHgee
14(b)); this is in agreement with the observation reported f&BE CAH1025 treated 14 PH
SS in the literatur@l47]. De | t a f-Fe)rwasobsesved(inithe 24 PH SS microstructure, as
indicated by thehigh magnificationkernel average misorientation (KAM) map. Regions, as
indicated by red arrows iRkig. 14(c), show lowmisorientations compared to the surrounding
martensitic matrix. KAM values are typically high in martensite due to the inherentistraired
during the martensitic transformatidmowever,due to the diffusional transformatido U-Fe, its
internal strain is much lower compared to the martensitic.lath& a-Fegneastiring about 8 um
were found within the microstructure (sergy. 14(c)). It is worth mentioning that there were no
significant differences in the microstructure between REC angpédimendor AlSi1lOMg and
17-4 PH SS. Further details on the microstructural characterization including backscattered

electron micrographs for AISi10Mg and-#7/PH SS are provided Buppl. Mater. Section S2
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Build Direction

Fig. 14IPF maps of hedteated (a) AlSi1OMg and (b) 4 PH SS, in the longitudinal plane. (c)
Hi gh magnificati on KAM mRepMagehtaamd nedyarrdwh gointgor e s e n
fine grains near the mel t-Fepmd#® PH ®Soraspedtaalyi es i n

The volumetric defects in a few representati®} Specimens for both AlSi10Mg and
17-4 PH SS are visualized kig. 15 Different sizes of volumetric defects were found near the
notch surface, lateral surface, and internal (embedded) locations. Between REQHand
specimens, the defect content was comparable for AlSi1@Mide it was significantly different
for 17-4 PH SS. A very low defect content was observed foREBE17-4 PH SS specimens. The
statistical difference in the defect content between RECUHspecimensvas confirmed using
oneway analysis of variance (ANOVA) tests for AlISi1OMg and4lPH SS. The qalues were
respectively found to be 0.56 and 1.B& for AlISi1OMg and 1#4 PH SS. With pralues higher
than 0.05 suggesting similarity in the defect sizifect content was statistically similar for
AISi10Mg and different for 1-/4 PH SS. In terms of defect sizes (equivalent spherical diameter),
AISi10Mg showed a wider variation ranging from 20 um (limitations due to XCT resolution) to
209 pm compared to 24 PH SS, which ranged from 20 um to 84 um. Further details on the defect
content, quantified in terms of relative density, number of defects larger than 50" per&éntile
defectsize, and maximum defect size, are providedSuppl. Mater. Section S2 For both
materials, the defect contentib andw10 specimens was assumed to be similar, considering

their EDM extraction from the same fabricated blocks.
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Fig. 15 Visualization of volumetric defects in different configurations ePBF w5} 5Sotched
specimens: (a) AlSi1l0Mg (REC), (b) AISi10Mg (UH), (c)}4PH SS (REC), and (d) ¥ PH SS
(UH). Note, volumetric defects ammlor-coded according to the&quivalent spherical diameter.

3.4.2 Fatigue behavior

The stresdife fatigue plots comparing REC adH specimens with varying notch root
radii for AISilOMg and 174 PH SS are, respectively, shownkigs. 4a & b). It is worth
mentioning thaFig. 16 only presents data for specimens with the same constant ligament width
of 5 mm.The stresdife data forw5; 0.1, w5} bandw5} 5AlSi10Mg and 174 PH SSspecimens
are listed inTable 5 and Table 6. Irrespective of the material or the fabrication condition, i.e.,
either REC or UH} 0 spkcimensiadthe shortest fatigue lives compared; tdand) 5 d all
stress level¢seeFig. 16). In addition, there were no significant differences in the fatigue lives
between REC and UK O spkcimens foeither AISilOMg or 17-4 PH SS. Such comparable
fatigue lives suggestea prevalence of the identical fatigue failure mechanism in REC and UH

specimensOn the other hand, for @ndy 5 AISi10Mg specimens, the atter in the fatigue lives
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was considerably higher than0 atlall stress levels (sdgg. 16a)). For AISi1l0Mg, no clear
difference in the fatigue lives was observed betwedand} 5 €pecimens; there was no clear
difference between REC and Wipecimens eitheiThe presence of wide scatter in the tad
high-cycle fatigue lives of AISi10Mg hinted at the variation in the critical features of crack

initiation sites.

For 174 PH SS, in contrast to AISi10Mg, there was a clear difference in the fatigue lives
betweenn Tnd} 5dpecimens (sdeig. 16b)). The average fatigue lives jof5 Specimens were
longer thany Gt all stress levels. The 5 €pecimens reached ranit, i.e., the fatigue life of 0
reversals or higher, at 800 MPa (shown using blue arrowgirnl§b)), while all} Specimens
failed even at 700 MPa. Furthermore, foEand} 5, there was a clear difference in the fatigue
lives between REC and UspecimensAs expected, REC specimens having lower defect content
(see Figs. 3¢ & d)) exhibited longer fatigue lives than the UH ones at all stress levels.
Interestingly, thedJH specimens, where the crack initiatimasexpected to be from the induced
LoF defects, had lower scatter in th&itigue lives than REC specimens at all stress levels. For
REC) %@ndj 5dpecimens, the scatter in the fatigue lives increased with decreasing stress levels

(seeFig. 16D)).
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Fig. 16 Stresdlife plots for L-PBF flat notched specimens with varying notch root radii: (a)
AlSi10Mg (REC and UH) and (b) 3 PH SS (REC and UH).

Table 5 Uniaxial fatigue test results for5 0.1, w5} 5andw5 ) 5 BISi1l0Mg specimens
fabricated under REC and Wénditions.
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AlSil0Mg (REC) AlSi1l0Mg (UH)
C|Max. 2 Nf lOJMax. 2 Nf
D wé (MPa) (Reversals) D W& (MPa) (Reversals)
REC_1 w5 ; 100 229,384 | UH_1 w5 100 260,136
REC_2 w5 j 100 319,592 UH_2 w5 | 100 283,732
REC_3 w5 | 100 311638 | UH_.3 w5 100 281,468
REC_4 w5 | 125 93,006 UH_4 w5 | 125 112,488
REC_.5 w5 | 125 99,044 UH.S5 w5 ) 125 124,886
REC_6 w5 j 125 98,035 UH_6 w5 | 125 113,564




REC_7 w5 150 43,414 UH_7 w5 150 45,186
REC_8 w5 | 150 44,434 UH 8 w5 150 66,540
REC_9 w5 150 44,398 UH_9 w5 150 44,980
REC_10 w5 ; 100 3,256,880 | UH_10 w5 100 >10,000,000
REC_11 w5 } 100 4,112,788 | UH_11 w5 j 100 >10,000,000
REC_12 w5 } 100 >10,000,000 UH_12 w5 } 100 >10,000,000
REC_13 w5 } 125 352,052 | UH_13 w5 } 125 1,321,660
REC_14 w5 } 125 885,952 | UH_14 w5 } 125 1,694,142
REC_15 w5 } 125 949,164 | UH_15 w5 j 125 3,383,468
REC_16 w5 } 150 247,250 | UH_16 w5 } 150 237,446
REC_17 w5 } 150 263,712 | UH_17/ w5 } 150 265,080
REC_18 w5 } 150 369,506 | UH_18 w5 } 150 274,998
REC_19 w5 } 100 2,809,784 | UH_19 w5 | 100 1,894,412
REC_20 w5 100 >10,000,000 UH_20 w5 100 >10,000,000
REC_21 w5 | 100 >10,000,000 UH_21 w5 | 100 >10,000,000
REC_22 w5 } 125 474,710 | UH_22 w5 125 890,046
REC_23 w5 } 125 721,150 | UH_23 w5 | 125 938,542
REC_ 24 w5 } 125 792,750 | UH_24 w5 | 125 1,108,168
REC_25 w5 150 190,624 | UH_25 w5 | 150 272,842
REC_ 26 w5 } 150 214,062 | UH_26 w5 | 150 335,756
REC_Z w5 150 297,028 | UH_27 w5 | 150 428,260

Table 6 Uniaxial fatigue test results faw5 0.1, w5} 5andw5} 5 07-4 PH SS specimens
fabricated under REC and UH conditions.

17-4 PH SSREC) 17-4 PH SS (UH)
leax. 2Nf leax. 2Nf
D W&y (MPa) (Reversals) ID W&y (MPa) (Reversals)
REC_1 w5 | 700 13,142 UH_1 w5 ) 700 14,688
REC_2 w5 | 700 13,226 UH 2 w5 | 700 14,938
REC_3 w5 | 700 16,234 UH.3 w5 | 700 20,120
REC_4 w5 | 800 7,574 UH_4 w5 800 9,574
REC_.5 w5 | 800 7,614 UH.5 w5 | 800 9,648
REC_6 w5 | 800 9,466 UH_6 w5 | 800 12,284
REC_7 w5 | 900 5,424 UH_7 w5 | 900 5,916
REC_8 w5 | 900 5,494 UH.8 w5 | 900 6,138
REC_ 9 w5 | 900 5,794 UH.9 w5 | 900 7,572
REC_10 w5 | 700 178,434 | UH_10 w5 700 117,446
REC_11 w5 | 700 305,802 | UH_11 w5 } 700 133,034
REC_12 w5 | 700 2,630,734 | UH_12 w5 | 700 157,964
REC_13 w5 |} 800 138,534 | UH_13 w5 | 800 58,108
REC_14 w5 | 800 166,244 | UH_14 w5 | 800 83,222
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REC_15
REC 16
REC 17
REC 18
REC 19
REC 20
REC 21
REC 22
REC 23
REC 24
REC 25
REC 26
REC 2

wb
w5
wbh
w5
wb
wb
wb
wb
wbh
wb
wbh
wb
w5

Y Y Y G

M— Y= Y= Y= Y= Y— Y Y Y

800
900
900
900
700
700
700
800
800
800
900
900
900

247,938
90,452
101,932
119,496
681,664
>10,000,000
>10,000,000
205,274
286,690
>10,000,000
152,826
156,548

163,902

UH_15
UH_16
UH_17
UH_18
UH_19
UH_20
UH_21
UH_22
UH_23
UH_24
UH_25
UH_26
UH_27

wbhb
wbh
wbhb
wbh
wbh
wbh
wb
wbh
wb
wbh
wb
wbh
w5

Y— Y Y Y

M= S Yo S G G G G G

800
900
900
900
700
700
700
800
800
800
900
900
900

88,492
56,280
69,764
72,516
169,800
173,246
212,112
104,002
125,334
137,242
58,464
79,218
86,990

The stresdife plots comparingt 0 arid} 5notched specimens with varying ligament
widths, i.e.w5andwl0, for AISi1lOMg and 174 PH SS are shown Fig. 17. The stresdife data
forwl0) 0 antiwlO} SAISi10Mg and 174 PH SSspecimens are listed irable 7 andTable 8.
Regardless aftress leveind material conditiofi.e. REC or UH), wl0specimensi.e., the ones
with ligament width of 10 mmhadshorter fatigue lives by an order of magnitude comparadto

specimendor either alloy For all configurations, the slope of the strbfesdata as well as the

scatter in the fatigue lives betweeb andw10specimens were comparable (fég 17).
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(a) AlSil0Mg (REC) (c) 17-4 PH SS (REC)
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Fig. 17 Stresdlife plots for L-PBF flat notched specimens with varying ligament widths: (a)
AlSi10Mg (REC), (b) AlSi10Mg (UH), (c) 1-4 PH SS (REC), and (d) & PH SS (UH).

Table 7 Uniaxial fatigue test results fav10}0.1 andw10} BHAISi10Mg specimens fabricated
under REC and UH conditions.

AlSi10Mg (REC) AlSi10Mg (UH)
ClMax. 2 Nf ClMax. 2 Nf
D W&y (MPa) (Reversals) D W& (MPa) (Reversals)
REC 28 w10 } 100 93,876 UH 28 w10 } 100 105,558
REC 29 w10 } 100 108,994 (UH 29 w10 } 100 106,908
REC 30 w10 } 100 94,658 UH 30 w10 } 100 106,433
REC 31 w10 } 125 39,890 UH 31 w10 } 125 44,696
REC 32 w10 } 125 50,110 UH 32 w10 } 125 49,064
REC 33 w10 } 125 41,845 UH 33 w10 } 125 45,021
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REC_34 w10 j 150 20,464 UH_34 w10 1 150 23,650
REC_35 w10 } 150 25,006 UH_35 w10 } 150 25,042
REC_36 w10 j 150 21,056 UH_36 wl0 1} 150 23,758
REC_37 w10 100 396,884 | UH_37 w10 100 802,252
REC_38 w10 100 445,826 | UH_38 w10 100 825,014
REC_39 w10 100 737,108 | UH_39 w10 100  >10,000,000
REC_40 w10 125 163,058 | UH_40 w10 125 245,284
REC_41 w10 125 181,208 | UH_41 w10 125 278,258
REC_ 42 w10 125 247,114 | UH_42 w10 125 420,032
REC_43 w10 150 87,248 UH_43 w10 150 117,840
REC_44 w10 150 112,766 | UH_44 w10 150 170,346
REC 45 w10 150 151518 |UH 45 w10 150 200,832

Table 8 Uniaxial fatigue test results fav10}0.1 andw10j 5.7-4 PH SS specimens fabricated
under REC and UH conditions.

AlSi10Mg (REC) AlSi10Mg (UH)
&Max. 2Nt ﬁMax. 2Nt
D W& (MPa) (Reversals) D W& (MPa) (Reversals)
REC 28 w10 } 700 3,674 UH_ 28 w10 } 700 6,010
REC 29 w10 } 700 4,314 UH 29 w10 J 700 6,324
REC 30 w10 } 700 3,851 UH 30 w10 J 700 6,302
REC 31 w10 } 800 2,402 UH 31 w10 J 800 3,274
REC 32 w10 } 800 2,562 UH 32 w10 } 800 3,278
REC 33 w10 j 800 2,468 UH 33 w10 1 800 3,265
REC 34 w10 } 900 1,332 UH_ 34 w10 J 900 1,948
REC 35 w10 J 900 1,530 UH 35 w10 J 900 2,320
REC 36 w10 } 900 1,358 UH_ 36 w10 J 900 1,998
REC 37 w10 700 94,738 UH 37 w10 700 53,550
REC 38 w10 700 111,310 [ UH 38 w10 700 56,436
REC 39 w10 700 138,384 | UH 39 w10 700 62,080
REC 40 w10 800 49,980 UH 40 w10 800 29,622
REC 41 w10 800 61,956 UH 41 w10 800 32,332
REC 42 w10 800 93,426 UH 42 w10 800 35,458
REC 43 w10 900 56,878 UH 43 w10 900 17,250
REC 44 w10 900 68,078 UH 44 w10 900 25,168
REC 45 w10 900 70,406 UH 45 w10 900 25,430
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3.5 Discussion
3.5.1 Overall effect of notch geometryon fatigue behavior

Different notch geometries, depending on their features suclargw, induce different
levels of stress concentration at the notch root. Under cyclic loading, this can result in an
accumulation of cyclic plastic damage at the notch root to different extents, that promotes crack
initiation and leads to fatigue failure. Suah influence from the notch geometry may have
governed the ordering of fatigugdisfor AISiL0Mg and 174 PH SS flat notched specimens shown
in Fig. 16andFig. 17. To quantify the plastic deformation at the notch root, influencing the fatigue
crack initiation behavior of varying and w specimensglasteplastic finite element analysis

(EPFEA)was performed for botAISi10Mg and 174 PH SSspecimens.

EPFEA was performed ormwb-dimensional finite element models the ABAQUS®
software fow5} 0.1, w5} 5,w5) 50, w104 0.1,andw10j 5 configurationsn plane stress condition,
considering small thickness (3 mm) of the specimadiizing the symmetric boundary
conditions, only 1/% of the full geometries, as shownFfig. S4of theSuppl. Mater. Section S,
was modeledThe material parameters, i.e., modulus of elasticity and true-giisestec strain data,
for AISi10Mg and 174 PH SS were obtained frotihe tensile test conducted in accordance with
ASTM EB8 standar(lL48]. Forceto generatéhe nominal stresses of 100, 125, and 150 MPa, were
applied on theyrip ends of thdinite element models for AISi10M@nd 700, 800, and 900 MPa
for 17-4 PH SSFurther details on the methodology used for the EPFEA are provid&apin.
Mater. Section SB. As a result, the equivalent plastic strains (PEEQ), indicative of plasticity in
the modelwere extracted from regions ahead of the notch surface, at the notch root plane, and
presented ifrig. 18 Note that, br w5) 50 specimens, nplasticity was observed at the notch root,
therefore, the results were not shown.
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(a) AlSi10Mg (c) 17-4 PH SS
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Fig. 18 Equivalent plastic strai(PEEQ)ahead of the notch surface, at the notch root plane, for
10.1and} 5 specimens witlvarying ligament widtkfor (a & b) AlSi10Mg and (c & d) 1-4 PH
SS, at different stress levels.

In general} 0.1 specimens generated significantly higher PEEQ values at the notch root
compared tqg 5irrespective of thev or the material at all stress levels. Whilg 1 specimens
showed plastic strains of ~ 5% at the notch rpdshowed less than 0.2%, at the highest nominal
stress (150 MPa for AlSi10Mg and 900 MPa fordlPH SS)During cyclic loadingseverelastic
damage likely accumulated at the notch roat@fL specimenswhich promoted crack initiation

and led to shorter fatigue lives withwer scatter compared & andj 50 (seeFig. 16). Regarding

the effect ofw, for bothj0.1and}; 5w10showed a slightly higher PEEQ at the notch root than
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w5, for both AISi10OMg and 174 PHSS, at all stress level&t the highest nominal stress5) 5
specimens showed plastic strains of less than 0.05% for either materialywiMije Snduced
slightly higher plastic strains of ~0.1% and ~0.2% for AlISi1OMg and PH SS, respectively.
During cyclic loading, higher plasticity at the notch root ofwH® specimens accumulated more
plastic damage at the notch root, thus making fatigue crack initiation faster than the owgbin the
counterparts. Such an easdatigue crack initiation inv10 specimens, leading to an early fatigue

failure, was likely theeason behind theghorter fatigue livethanw5s ones (se€ig. 17).

For} 0.1 AlSi10Mg specimens, PEEQrofiles for w5 at 150 MP&red solid line inFig.
18(a)) andwl0at 125 MPggreen dashed line Hig. 18a)) were comparable, and, interestingly,
these specimens had similar fatigue lives, shoviga 5a & b). The same was true f@5} 0.1
specimens at 125 MPa amd 04 0.1at 100 MPa. For 4 PH SS, PEEQ ahead of the notch root
as well as the resulting fatigue lives were similan¥dy 0.1 specimens at 900 MPa amd 0} 0.1
at 700 MPa (sekig. 18c) andFig. 17(c)). Similar observations could be made férspecimens
of both materials. For instanaosb } 5 AISi10Mg specimens at 150 MPa awd0} 5 at 125 MPa
had similar PEEQ ahead of the notch root as well as overlapping fatigue livésgsekE/(a &
b)). For bothAISi10Mg and 174 PH SS and for both0.1 and} 5 specimensa higher PEEQ at
the notch root corresponded to a shorter fatigue life and vice Vémsse observations suggested
that plastic strairat the notch root, induced due to an increase in the ligament width, was a
governing factor of fatigue lives, especially fd@.1 specimens. To confirm these observations,
the PEEQ at the notch roots wb andw10 specimens were plotted against their experimental

fatigue lives for both notch root radii and materials, as showAmgin19.
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(b) 17-4 PH SS (UH) (d) AlSi10Mg (UH)
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Fig. 19 Equivalent plastic strain (PEE@gtigue life plots folL.-PBF flat notched specimens with
varying notch root radii andigament widths: € 17-4 PH SS (REC)(b) 17-4 PH SS (UH)(c)
AlSi10Mg (REC),and(d) AlSi10Mg (UH).

A clear dependence of experimental fatigue lives on PEEQ is evidéig.ia9 Within
the same, a monotonic trend existed, showing a good correlation betw&andwl10specimens.
This further confirmed that the more pronounced PEEQ at the notch root was deteriorating the
fatigue lives ofwl0 specimens. However, betwegd.1 and} 5 specimens, the PEEIde trends
were not consistent and showed different slopes, as shdwign ib9. Due to the variation in slopes
in the PEEQIife trends, a knee was obsedsbetween the data pointsjdf.1and}5 REC 174

PH SS specimens (s€gy. 19a)). The knee appeared to be similar to the one in difegdots
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