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Abstract

In this dissertation, the synergistic effects of volumetric defects and notch geometry on the
fatigue behavior of additively manufactured (AM) metallic materials were investigated. Factors
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, AISi10Mg and 17-4 precipitation hardening (PH) stainless steel
(SS) specimens with varying geometry types (cylindrical and flat), notch root radii, p, ligament
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 configurations. Irrespective of the
material or the geometry type, p0.1 (specimens with p of 0.1 mm) showed shorter fatigue lives
with lower scatter compared to p5 and p50 specimens. For p0.1 specimens, significant cyclic
plastic damage at the notch root, due to the high stress concentration, caused critical crack

initiations.

For cylindrical specimens, p5 and p50 showed similar fatigue lives for AlSi10Mg;
however, for 17-4 PH SS, the latter showed longer fatigue lives. It was likely due to the influence
of wider variation in the critical defect features in AISi1lOMg than 17-4 PH SS, on the crack
initiation behavior. Notch geometry as well as the critical defect’s size and location (within the
cross-section and height relative to the notch root plane) influenced the fatigue behavior of
cylindrical notched specimens. In the case of flat specimens, there was an additional influence of
microstructure on the fatigue behavior of near-defect free 17-4 PH SS specimens. Delta ferrites (6-

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. Larger w resulted in shorter fatigue
lives for p0.1 and p5 AlSilOMg and 17-4 PH SS flat specimens. Specimens with w of 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 root, i.e., p5 and p50 specimens,
mode-1 stress intensity factor (SIF) of critical features calculated based on linear elastic fracture
mechanics (LEFM), i.e., Murakami’s approach, correlated well with experimental fatigue lives.
However, in specimens with significant plasticity at the notch root, i.e., p0.1 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 and 17-4 PH SS
notched specimens were assessed using a non-destructive technique, i.e., X-ray computed
tomography (XCT). Assuming a defect-crack equivalency and accounting for local stress fields
using linear elastic finite element analysis, mode-1 SIF of defects detected via XCT was calculated
and used to represent their fatigue criticality. For validation, p5 and p50 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 AlSil0Mg and 17-4 PH SS.

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 numerical modeling 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 by El-Haddad, to assess the short
crack growth behavior. Notch geometry, defect’s size, shape, and location influenced crack arrest

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



notch factor. Utilizing the fatigue notch factor-based framework, fatigue lives of flat notched
specimens with varying p were predicted. This was validated using laser powder bed fused
AlSi10Mg and 17-4 PH SS flat notched specimens with p of 5 mm and 50 mm. For AlSi10Mg,

95% of all fatigue life predictions fell within the scatter band of 3, and 100% for 17-4 PH SS.
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HCF High cycle fatigue

HT Heat treatment/heat treated

IPF Inverse pole figure

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 Underheating/underheated

UTS Ultimate tensile strength

XCT X-ray computed tomography
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Nomenclatures

Varea | Square root of projected area of a defect on the loading plane
a Crack length
ao El-Haddad’s material-dependent parameter
A Nominal cross-sectional area at the notch root
Czand o | Murakami’s material-dependent parameters
d Notch depth
o-Fe Delta ferrite
e Centroidal distance between two neighboring defects
F Crack geometry factor
F, Crack geometry factor depending on notch configuration
rand h | Radius and half-height of the defect
heenter | Distance of the crack initiation site from the notch root plane
ho Total height of the notch geometry
HV Vickers hardness
AKeft Effective mode-I stress intensity factor range
(AKef)norm | Normalized effective mode-I stress intensity factor range
AK| Mode-I stress intensity factor range
Kivax) | Maximum mode-I stress intensity factor during a loading cycle
Kt Elastic stress concentration factor at the notch root
Kiaocany | Local elastic stress concentration factor
I Distance from the notch surface
Im Material characteristic length
@ andy | Transition functions
R Stress ratio
W Ligament width
Y Murakami’s location-dependent factor
p Notch root radius
OMax. Maximum nominal stress
gdefect | Fatigue limit of the material with defects
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1 Introduction

Additive manufacturing (AM), utilizing the layer-by-layer fabrication strategy, escapes the
limitations typically imposed on conventional manufacturing (CM) processes such as casting,
rolling, molding, machining, etc. to fabricate complex mechanical components. AM enables the
fabrication of intricate, customizable, and integrated mechanical components containing features
such as notches, lattices, internal channels, etc., which were previously thought to be near-
impossible or very costly to manufacture using CM processes [1-3]. AM also allows
environmentally sustainable fabrication—by lowering material waste and energy usage—with
lower lead time, even at remote locations where the application of CM might be limited [4,5].
These tremendous advantages of AM over CM are not without its challenges. The as-built or as-
fabricated additive manufactured (AM) parts inherently contain rough surface texture, ubiquitous
presence of volumetric defects, residual stresses, directional microstructure, etc., to 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 parts [8-19]. 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 methods to mitigate the adverse effects of such
inherent AM features on the fatigue behavior of metallic materials. Detrimental effects from high
surface roughness (acting as micro-notches) are minimized by utilizing different surface treatments
such as shot-peening, electrochemical polishing, machining, sandblasting, hand-polishing, etc.
[20-23]. For instance, the fatigue strength of laser-powder bed fused (L-PBF) AISil0Mg
specimens increased by 1540% after treating the specimens’ surfaces with ceramic shot peening

[24]. Similarly, residual stresses are minimized, and directional microstructures are
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resolved/homogenized by utilizing different types of heat treatments [25-27]. However, in the case
of volumetric defects, they are ubiquitously present and near impossible to completely eradicate
from AM parts. During loading, volumetric defects act as micro-stress concentrators and influence
the crack initiation and the short crack growth behavior [28-30]. During AM of a complex part,
the occurrence of macro notch-like features is inevitable [31]. Hence, this dissertation focuses on
the complex interaction between the stress fields of macro-notches and volumetric defects (micro-

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

For un-notched machined/polished AM specimens, the fatigue crack initiation is
influenced by volumetric defect features such as size, morphology, and location [32-34]. The
variation of these defect features resulted in a wide scatter/uncertainty in the fatigue lives of AM
specimens [35]. In the presence of notches, this uncertainty is expected to increase, considering an
additional influence from the interaction between the stress fields of notch geometry and defects.
Such uncertainty/unpredictability of the mechanical behavior of AM parts makes the qualification
process difficult and poses a huge challenge for their industry-wide adoption, especially for
fatigue-critical applications [36,37]. To resolve this issue, structure (micro-/defect)-property
(fatigue) relationships for different configurations of AM notched members need to be thoroughly
investigated. Fatigue critical features need to be identified, and their respective criticality 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 as-fabricated surface conditions [38-47], 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 radius, p). In notches with small p, ranging
between 0.2 mm and 2 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 notch root and
early failures [48,52]. However, in notches inducing low stress concentrations at the notch root,
fatigue cracks typically initiate from either surface-exposed or near-surface volumetric defects
[28]. Several studies have reported fatigue crack initiations from volumetric defects at different
locations in the notched specimens, i.e., notch surface, corner, and lateral surface [29,38,44,49,53].
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 different specimen 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 literature. These influences of defect and
notch features on the fatigue behavior may change with the change in the material and the

underlying microstructure.

In defect-insensitive 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 grains or weak and brittle phases such
as delta ferrites (6-Fe), induce strain localization, resulting in the formation of microcracks [54—
56]. For instance, large grains in Inconel 718 microstructure induced persistent slip bands (PSBs)

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 defects [54]. Additionally, a brittle &-Fe phase in the
microstructure deteriorated the fatigue behavior of austenitized steel by promoting microcracks
formation and eventually, fatigue failure [55]. 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 volumetric defect contents still remain elusive.

To accelerate the use of complex AM parts with notch-like features for fatigue-critical
applications, a detailed understanding of their fatigue behaviors and failure mechanisms is needed.
In addition to identifying the factors influencing the fatigue behavior, their corresponding
criticality needs to be assessed/quantified. This allows for prompt and accurate non-destructive
inspection (NDI) of AM parts for fatigue-critical applications. An assessment based on NDI aids
the qualification process; however, such an assessment technique is not available in the current
literature. Furthermore, a defect-/notch-sensitive fatigue model, that can predict the fatigue lives
of AM notched specimens, is cardinal and of paramount importance. Such a fatigue model will
reduce 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 density (ASED) criterion, theory of critical distance (TCD), Murakami’s
model, etc. have been used; however, these models have only been shown to be applicable to
notched parts in as-fabricated surface conditions. For instance, the ASED criterion showed a good
correlation with the fatigue lives of as-built Ti-6Al-4V, Co-Cr-Mo, 7075-T6, 42CrMo4+QT, etc.
notched specimens [45,56-58]. Similarly, TCD, i.e., point method, line method, and area method,
predicted the fatigue lives of L-PBF as-built Ti-6Al-4V notched specimens within the scatter band

of 5 [59]. Similarly, Murakami’s approach predicted the fatigue limits of L-PBF as-built IN718
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notched specimens with reasonable accuracy[60]. While the existing approaches are effective for
as-built 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 behavior, Witkin et
al. proposed the use of stress intensity factor (SIF) for shallow cracks emanating from the notch
roots, i.e., K; = Qoy,,m. KiVma, where K; is the mode-I SIF, Q is the geometry factor, onom. is the

nominal stress in the net cross-section, K; is the stress concentration factor at the notch root, and a

is the crack length [61]. For deep cracks, K; = 1.122 dpom+/m(d + a) was used, where d is the
notch depth. Using a similar concept, Harkegard proposed an interpolation function between
shallow and deep cracks, to obtain the mode-I SIF expressions for an arbitrary length crack ahead
of the notch root [50]. 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, modeling of the
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 summarize, the understanding of the synergistic influence of notch
geometry and volumetric defects on fatigue crack initiation and short crack growth behavior of
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 synergistic effects of volumetric
defects and notch geometry on the fatigue behavior of additively manufactured metallic materials.
Two materials, AlSi10Mg and 17-4 precipitation (PH) stainless steel (SS), are selected based on
the differences in their tensile strengths; it leads to different sensitivity to the presence of
volumetric defects and notch geometry for fatigue crack initiation. The proposed goal is divided
into several objectives. The first objective, addressed in Chapter 2 and Chapter 3, is identifying
the factors influencing the fatigue behavior of cylindrical and flat notched specimens with varying
p and ligament widths (w). AlSi10Mg and 17-4 PH SS specimens with varying notch root radii (p
of 0.1, 5, and 50 mm), ligament widths (only for flat specimens with p of 0.1 and 5 mm, i.e., w of
5 and 10 mm), and defect contents are used. Uniaxial fatigue tests are conducted, and failure
mechanisms are investigated to identify the features influencing the fatigue behavior of cylindrical
and flat notched specimens. For this objective, it was hypothesized that the criticality of volumetric
defects on fatigue crack initiation increases with increasing notch root radii (Hypothesis 1a).
Secondly, larger ligament width, inducing higher stress concentration, results in shorter fatigue

life (Hypothesis 1b).

The second objective, addressed in Chapter 4, is assessing the fatigue criticality of
volumetric defects in notched specimens via a non-destructive approach. In this study, specimens
from the first objective are utilized; these specimens are X-ray computed tomography (XCT)
scanned and tested. Linear elastic fracture mechanics (LEFM), Murakami’s approach, was used to
calculate the mode-I stress 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

volume was compared with the critical defect observed via fractography, for cylindrical and flat
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AlSi10Mg and 17-4 PH SS specimens. It is hypothesized that the mode-I stress intensity factor of
defects, calculated by correcting for the notch stress field, can rank the fatigue criticality of defects
in notched specimens (Hypothesis 2a). Secondly, driven by the stress concentration, smaller
defects closer to the notch root plane can be more fatigue critical than larger defects away from it

(Hypothesis 2b).

Finally, the third objective, addressed in Chapter 5, is modeling the synergistic effects of
notch geometry & volumetric defects on the short crack growth behavior via a numerical approach.
A parametric study is conducted to quantify the effects of notch geometry and defect features on
the crack driving force, i.e., mode-I SIF, using linear elastic finite element analysis (LEFEA).
LEFEA results are used in conjunction with El-Haddad’s approach to calculate the effective SIF
of cracks initiating from defects. The trends of effective SIF of cracks are utilized to compare the
crack arrest and the short crack growth behavior among different notch-defect 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 predicted using a fatigue notch factor-based framework.
It is hypothesized that features such as notch geometry, defect’s size, shape, and location affect
the effective SIF of cracks initiating from defects (Hypothesis 3a). Also, the minimum effective
SIF, at crack arrest, can be used to obtain the fatigue notch factor, corresponding to critical defects

residing in notched specimens (Hypothesis 3b).

1.3 Broader impact

This dissertation offers a comprehensive understanding as well as modeling approaches for
the synergistic effects of volumetric defects and notch geometry on the fatigue behavior of 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. The first 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 and defect features, for high-cycle fatigue applications. The
second objective assesses the fatigue criticality of volumetric defects in notched specimens via a
non-destructive approach. This can assist in the production of high-quality AM parts by
characterizing and assessing the fatigue critical defects and optimizing different process variables,
during fabrication, to remove them. This will reduce the overall cost of production and lower the

uncertainties (variability/scatter) in their mechanical behavior.

The third 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 behavior.
This will help AM users to analyze and compare the criticality of different notch and defect
features, based on their effect on the short crack growth behavior. The availability of a numerical
approach will reduce the need for extensive fatigue testing to obtain the fatigue performances of
different notch configurations. Additionally, the expressions for elastic mode-1 SIF of cracks
initiating from defects in different notch configurations, developed in this study, can be used to
model different notch-defect configurations and for different materials; this will help characterize
AM parts better for fatigue critical applications. Overall, this dissertation work will generate
fatigue data and fractography information for different configurations of AlSilOMg and 17-4 PH

SS notched specimens for 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 investigated the synergistic effects of volumetric defects and notch geometry on
the fatigue behavior of laser powder bed fused AlSi10Mg and 17-4 precipitation hardening (PH)
stainless steel (SS) cylindrical notched specimens. Among the considered notch root radii, p, of
0.1, 5, and 50 mm, 0.1 mm showed the shortest fatigue lives. All fatigue cracks initiated from the
notch root for p 0.1 mm and from volumetric defects or turning grooves for p 5 mm and 50 mm
specimens. The mode-1 stress intensity factor, taking into account the synergistic influence of
notch geometry, defects’ size, and location, was found to correlate well with experimental fatigue

lives of AISi10Mg and 17-4 PH SS notched specimens.

Keywords
Laser powder bed fusion (L-PBF/LB-PBF); Notch fatigue behavior; Defect criticality; AISi10Mg;

17-4 PH SS
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2.2 Introduction

The layer-by-layer deposition of feedstock enables additive manufacturing (AM) processes
to fabricate intricate and complex mechanical components, with lattice structures, topology-
optimized surfaces, and internal cooling channels, to name a few [62—64], with a lower lead time,
minimal material waste, and lower energy consumption compared to conventional manufacturing
processes [65]. Such an ability of AM to fabricate geometrically complex components makes the
occurrence of notches inevitable [66]. However, the usage of additively manufactured (AM)
notched components for fatigue-critical applications present several non-trivial challenges that
impact its industry-wide adoption [67,68]. Two of the most prominent ones are the ubiquitous
presence of volumetric defects and high surface roughness in AM parts [69—71]. While the micro-
notches constituting the surface texture can promote fatigue crack initiation [72—74], their effects
can be remedied by surface treatments [75—78]. Volumetric defects, on the other hand, are also
well acknowledged to accelerate the fatigue crack nucleation and impact short crack growth
[79,80] and are near-impossible to eliminate completely. Therefore, these defects will be the
emphasis of this work. In the presence of macro-notches, 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 defects [82—86].

Limited literature on the synergistic effects of macro-notch and volumetric defects on the
fatigue behavior seems 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, in sharply notched specimens, typically with notch root

radius, p, ranging approximately from 0.2 mm to 2 mm, the stress concentrations generated by the
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notches are often overwhelming and fatigue failures are typically from the notch roots. This
behavior has previously been seen in laser powder bed fused (L-PBF) Inconel 718 [38], Ti-6Al-
4V [28], AISi10Mg [39], and 316L stainless steel (SS) [93]. In such cases, conventional notch
approaches, such as the theory of critical distance, average strain energy densities, and gradient
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 defects often emerge to play a role during fatigue crack initiation. For 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 by defect-sensitive fatigue

models incorporating notch stress fields [94,95].

Although the literature suggests a transition of fatigue failure of notched AM parts from
notch-critical to volumetric defect-critical with the change in the notch geometry from sharp to
blunt, the understanding of the synergistic effects of notch geometry and volumetric defects on the
fatigue behavior is still limited. Specifically, the factors governing such a transition, in the context
of the complex interplay between notch geometry, volumetric defects, and material, are largely
unexplored. For instance, features of volumetric defects such as size, shape, location, etc. affect
their stress field [85,96], and are known to affect the fatigue behavior of a smooth specimen.
However, how this influence, i.e., the criticality of volumetric defects, is affected by the stress
field, imposed by macro-notches, is not well understood. Furthermore, the criticalities of notches
and volumetric defects may vary depending on the material which may possess vastly different
strength and ductility [97,98], as these properties heavily influence the localized cyclic plasticity

occurring in the material leading to crack initiation and growth [99]. Therefore, such an
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understanding of factors influencing the fatigue behavior and failure mechanisms in notched
members of different AM metallic materials is indeed needed before these parts can be deployed

in fatigue critical applications.

This study therefore investigates the effects of notch geometry and volumetric defects on
the fatigue behavior of L-PBF AISil0Mg and 17-4 PH SS. AlSi1l0Mg and 17-4 PH SS differ in
their tensile strength and ductility, which induces different levels of fatigue sensitivity to the
presence of volumetric defects and notches. Furthermore, these materials have different industrial
applications; AlISi10Mg has an appealing specific strength and is relatively economical, whereas
17-4 PH SS offers excellent corrosion resistance, high strength, and good weldability [100-102].
The synergistic effects of notches and volumetric defects on fatigue behavior are thoroughly
analyzed by inducing different 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 both L-PBF AlSil0Mg and 17-4 PH
SS. Furthermore, linear elastic finite element analysis (LE-FEA) is employed to analyze/quantify
the local stress field of notches of different configurations. This 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 3.1), and fatigue behavior and fractography (Section 3.2); Section 4 discusses the
factors influencing the fatigue behavior of notched specimens (Section 4.1), the stress distribution
near notches of different configurations (Section 4.2), and the relationship between the calculated
effective stress intensity factors (SIF) and the fatigue lives (Section 4.3). Finally, conclusions are

drawn in Section 5.
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2.3 Materials and methods

AIlSi10Mg and 17-4 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
AIlSi10Mg fabricated using Renishaw RenAM 500Q Flex and for 17-4 PH SS using 3D SYSTEMS
DMP Flex 350B machine are shown in Figs. 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 both AISi10Mg and 17-4 PH SS in their respective AM
machines are shown in Table 1. In addition, the chemical compositions of the feedstocks,
AISi10Mg powder supplied by Renishaw, Inc., and 17-4 PH SS Type A powder supplied by 3D

SYSTEMS, Inc., are listed in Table 2.

(a) ()

o
S0 2

[+
S 2
~ 2« [ SR (285 °C)
V)'" ? Q_E, 2
) | / gt

Z & 7
e ' ® T
[0)
e, ?5%
ST (1050 °C)

Y o
“ 5
oy = AGE (552 °C)
S : :
o 5 g
~ [ s

Fig. 1 (a & b) Build layouts and (c & d) heat treatment schedules for AlISi1lOMg and 17-4 PH
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 movement in 3D
SYSTEMS (17-4 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 and 17-4 PH
SSin 3D SYSTEMS DMP Flex 350B.

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

Table 2 Chemical composition of the AISi10Mg powder supplied by Renishaw, Inc., and 17-4 PH
SS powder supplied by 3D SYSTEMS, Inc.

. Element Al Si Mg | N Fe | Zn Cu Mn | Ni Pb
AISIIOMg o TBal. | 96 038 02 | 018|041 005 | 001|001 001
Element Fe Cr Ni Cul| Mn | Si |Nb+Ta| C P S

17-4 PHSS wt. % Bal. | 16.25| 4 4 1 1 0.3 |0.07]0.04| 003

Two batches of specimens were fabricated for each AISi10Mg and 17-4 PH SS. For each
material, one batch was fabricated using the manufacturer’s recommended process parameters
while the other batch was fabricated in the underheating condition, i.e., energy input lower than
the recommended, to induce more and larger LoFs. To establish the underheating condition, the
laser speed was increased by 10% for AlSi10Mg while the laser power was decreased by 20% and
the laser speed was increased by 20% for 17-4 PH SS. Different variations in process parameters
were implemented for the two alloys (which had different thermal physical properties) to induce
adequate, yet reasonable, amount of LoFs. For simplicity, specimens fabricated using
recommended and LoF-inducing 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) inan Ar atmosphere to prevent oxidation and surface decarburization following the schedules
shown in Figs. 1 (c & d). The AISi10Mg bars, according to the AMS 2771 standard [103], were
stress relieved (SR) at 285 °C for 2 hours followed by air cooling. On the other hand, the 17-4 PH
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 hours, i.e., H1025. The CA-H1025 HT for 17-4 PH
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SS was in accordance with the ASTM 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 p of 0.1 mm and 5 mm had a 90° notch opening angle. The geometries and
dimensions of the notch configurations are shown in Fig. 2. It is worth mentioning that the notch
geometries are not in accordance with any standard. After machining, p 5 mm and p 50 mm
specimens were hand-polished using sandpapers with grits ranging from P240 to P1200. However,
the hand-polishing, i.e., fine sanding, of p 0.1 mm specimens was challenging due to the constraints
imposed by their notch geometry; the specimens remained in the as-machined surface condition.
The uniaxial force-controlled fatigue tests were conducted on these notched specimens, at room
temperature. MTS landmark servohydraulic test frames with 25 kN load cells were used to test
AlSi10Mg and 100 kN to test 17-4 PH SS specimens. The fatigue loading was performed under
tension-tension conditions, i.e., stress ratio, R, 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 17-4 PH SS specimens. Such a wide range of stresses were applied to get insights
into low-cycle as well as mid-to high-cycle fatigue behavior of notched specimens with varying p.
The nominal stresses were calculated based on the smallest cross-section at the notch root plane,

i.e., a diameter of 5 mm, for all notched specimens.

31



(a) p 0.1 mm (b) p5Smm ()  p50mm

)
N .
5.1 905=% 0.1 60.0 9.1909 (5.0 87.0 31.2 50.0
60.0' ‘ T x =T
30.0 279 +
l ! l 30.4

,— ©10.0 — (10.0 S ?»10.0
@ »5.0 @? ?5.0 ’ 5.0
Unit: mm

Fig. 2 Geometries and dimensions of cylindrical notched specimens with notch root radii of (a)
0.1 mm, (b) 5 mm, and (c) 50 mm. All 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 secondary electron (BSE), and
electron dispersive spectroscopy (EDS) detectors. The SEM was also used for the microstructural
characterization of AISi10Mg and 17-4 PH SS on both longitudinal plane (LP), i.e., the plane
parallel to the build direction, and radial plane (RP), i.e., the plane perpendicular to the build
direction. Samples were extracted and mounted in a cold-set epoxy resin and then ground and
polished using different grit sandpapers in accordance with ASTM E3 [105], for metallography.
The mirror-surface finish was obtained by polishing the mounts in colloidal silica on a chemo-met
pad and then on a GIGA-1200 vibratory polisher. Furthermore, defect contents in Rec. and LoF
specimens for both AISil0Mg and 17-4 PH SS were analyzed/characterized using the ZEISS
Xradia 620 Versa X-ray computed tomography (XCT) machine. The scans resulted in a voxel size

of 6.5 um; any defects smaller than 20 um 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 CA-H1025 for 17-4 PH SS, samples, representing both longitudinal and radial planes of the
specimens, are shown in Fig. 3. For AISi10Mg, a bimodal grain structure, i.e., long columnar
grains oriented along the build direction and fine equiaxed grains, was observed throughout the
microstructure (see Figs. 3(c & f)). The locations for the fine equiaxed grains in the microstructure
are pointed out using a red arrow in Fig. 3(c). These regions are typically seen near the melt pool
boundaries [106,107] and can be attributed to the higher cooling rates/higher temperature gradients
at the melt pool boundaries than the center of the melt pools. Furthermore, Figs. 3(b & €) show
the presence of vast Si-rich networks in SR AlSi10Mg, as confirmed using EDS analysis (see Fig.
4(a)). Similar observations were made in previous studies on SR L-PBF AlSil0Mg [107,108].
Additionally, microscopy performed on the LoF batch AISi10Mg sample showed no significant

differences in the microstructure compared to the Rec. batch.
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Fig. 3 BSE images and IPF maps of L-PBF AISi10Mg and 17-4 PH SS: (a-c) AlSi10Mg (LP),
(d-f) AlSi10Mg (RP), (g-i) 17-4 PH SS (LP), (j-1) 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 CA-H1025 treated 17-4 PH SS showed fully homogenized martensitic microstructure
in both LP and RP (see Figs. 3(g-1)). The BSE images show the presence of fine laths in the
microstructure. A similar microstructure for CA-H1025 L-PBF 17-4 PH SS has previously been
reported [109-111]. Interestingly, within the microstructure, globular precipitates rich in Nb, Si,
S, Cu, and O were observed (see Fig. 4(b)). In addition, the kernel average misorientation (KAM)
map in Fig. 4(c) suggests the presence of delta ferrites, 5-Fe, 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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microstructure hints towards the presence of 6-Fe. The higher misorientation in the martensitic
matrix is primarily due to the prevalence of fine martensitic laths in the nanoscale which typically
have 2°-5° misorientation with their immediate neighbors [109,112,113]. In contrast, -Fe typically
forms during annealing at intermediate temperatures and is free of laths, dislocations, and the local
misorientation. The formation of &-Fe might have occurred during the CA-H1025 heat treatment
conducted in this study. In a previous study, the presence of 6-Fe phase in the martensitic matrix

has been reported for CA-H900 treated 17-4 PH SS [110].

treated 17-4 PH SS sample.

The visualization of volumetric defects in L-PBF AlISi1lOMg and 17-4 PH SS detected via

XCT is presented in Fig. 5; the corresponding size analyses are shown in Table 3. For AISi10Mg,
35



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 for 17-4 PH SS; Rec. specimens had
minimal, while LoF had significantly higher defect content (see Figs. 5(c & d)). One-way Analysis
of Variance (ANOVA) tests were conducted on p 50 mm AISilOMg and 17-4 PH SS specimens
to determine if there was a statistical difference between the sizes of the defects in Rec. and LoF
batches. The p-values, which signify the probability of the means between Rec. and LoF batches
are statistically similar if greater than 0.05, were found to be 0.34 and 2.2E-16, for AISi10Mg and
17-4 PH SS, respectively. This suggests a similarity in the defect sizes between Rec. and LoF
batches for AISi10Mg but a significant difference for 17-4 PH SS. The average volumetric defect
content quantified in terms of relative density, number of defects larger than 50 pm, 90™" percentile
size, and maximum defect size for the specimens shown in Fig. 5 are listed in Table 3. It is worth
mentioning that all defects smaller than 20 um were removed from the analysis to avoid false
detection from noise. Relative densities for Rec. and LoF batch AISilOMg specimens were
99.768% and 99.624% while it was 99.999% and 99.936% for 17-4 PH SS, respectively.
Furthermore, the maximum defect sizes in AISilOMg and 17-4 PH SS specimens were,

respectively, 462 pum and 50 um for Rec. condition, and 639 um and 287 um for LoF condition.
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(a) AISi10Mg (Rec.) (b) AlSi10Mg (LoF)

p: 0.1 mm p: 0.1 mm

p: 50 mm

- (¢) 17-4 PH SS (Rec.)

p: 50 mm
p:5mm

Fig. 5 Visualization of volumetric defects in L-PBF hbtched spébimens: (a) AlSi10Mg (Rec.), (b)
AISi10Mg (LoF), (c) 17-4 PH SS (Rec.), and (d) 17-4 PH SS (LoF).

Table 3 Average defect content quantified in terms of relative density, number of defects larger
than 50 um, 90" percentile size, and maximum defect size in the specimens shown in Fig. 5. As a
note, the defect content was averaged among p 0.1 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 > 50 um 666 + 268 1152 + 871
90" Percentile Size, pm 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 pm 0 740 £ 609
90" Percentile Size, pm 39+4 57+5
Max. Defect Size, pm 50+3 287 £72

2.4.2 Fatigue behavior and fractography

The stress-life fatigue plots for AISi10Mg and 17-4 PH SS notched cylindrical specimens
are presented in Figs. 6(a & b) and Figs. 6(d & e), respectively. The comparison of fatigue data
for each alloy under different fabrication conditions is provided in Figs. 6(c & f). Irrespective of
the material or the fabrication condition, i.e., either Rec. or LoF, p 0.1 mm notches induced the
shortest fatigue lives at all stress levels. Furthermore, in each material, the fatigue lives of Rec.
and LoF batch p 0.1 mm specimens were similar (see Figs. 6(c & f)), indicating a similar failure
mechanism. Interestingly, for AISi10Mg, not a clear difference in the fatigue lives was observed
either between p 5 mm and 50 mm or between Rec. and LoF batch specimens. In addition, a
considerable scatter in the fatigue lives of AlISilOMg specimens was present for p 5 mm and 50
mm, as opposed to p 0.1 mm (see Figs. 6(a & b)). For p 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, such a large scatter at those levels suggested a variation in the

characteristics of crack initiating sites.
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Fig. 6 Stress-life fatigue plots of L-PBF cylindrical notched specimens with different notch root
radii, fabricated using different process parameters: (a) AISil0Mg (Rec.), (b) AISi10Mg (LoF),
(c) AISi10Mg (a comparison between Rec. and LoF), (d) 17-4 PH SS (Rec.), (e) 17-4 PH SS (LoF),
and (f) 17-4 PH SS (a comparison between Rec. and LoF). 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 17-4 PH SS, there was a clear difference in the fatigue lives between
the p 5 mm and 50 mm notched specimens. Figures 6(d & e) clearly show longer fatigue lives of
p 50 mm specimens over 5 mm for the Rec. batch, although this is less pronounced for the LoF
batch. The Rec. batch p 50 mm specimens reached run-out, i.e., fatigue lives exceeding 10’
reversals, at 1100 MPa, while p 5 mm reached run-out at 900 MPa. Between the Rec. and LoF
batches, the former showed longer fatigue lives at all stress levels than the latter. However, the
scatter in the fatigue lives of LoF specimens was smaller than the Rec. ones (see Fig. 6(f)). This
may be due to the larger defect populations in LoF specimens, resulting in a higher likelihood of

critical defects with similar detrimental effects in all specimens.

Detailed fractography was performed on the fracture surfaces to investigate the fatigue
failure mechanisms in AlSil0Mg and 17-4 PH SS specimens with different notch root radii. A
representative fracture surface from each notch configuration is shown in Fig. 7. Irrespective of
the material, all fatigue cracks initiated from the notch root for p 0.1 mm and from a localized
region such as a volumetric defect or a turning groove for p 5 mm and 50 mm specimens. For p
0.1 mm specimens, a severe and consistent influence from notch geometry, causing the fatigue
crack initiation from multiple sites along the notch root (see Fig. 7(a & b)), most likely resulted in
a minimal scatter of their fatigue lives. Specifically, since volumetric defects didn’t have any
influence over the fatigue behavior of p 0.1 mm specimens, the fatigue lives for both Rec. and LoF
batches were similar (see Figs. 6(c & f)). In the cases of AlISi10Mg specimens with p 5 mm and
50 mm notches, all fatigue critical cracks initiated from a localized region, i.e., irregular shaped
(flat) LoFs. The wide scatter in their fatigue lives, shown in Fig. 6(c), is likely due to the variation

in LoFs’ critical 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.

AlSilOMg (Rec. & LoF)

17-4 PH SS (Rec. & LoF)

Fig.
radii of (a & b) 0.1 mm, (c-e) 5 mm, and (f & g) 50 mm, for AISi10Mg (Rec. & LoF) and 17-4 PH
SS (Rec. & LoF), respectively. (d) and (e), respectively, show the fracture surfaces for p 5 mm
specimens from Rec. and LoF 17-4 PH SS batches. Yellow, white, and magenta arrows,
respectively, point to the shear lips, crack initiating turning groove, and volumetric defects.

In the case of 17-4 PH SS, all fatigue cracks initiated from LoFs in p 50 mm, and from both
LoFs and turning grooves in p 5 mm specimens. The Rec. batch of p 5 mm specimens had very
low defect count (see Fig. 5(c)), and the fatigue cracks initiated from the turning grooves (see Fig.
7(d)). The grooves likely were not adequately removed during polishing given the geometrical
constraints imposed by the p 5 mm notch geometry. In LoF specimens, a dense defect population

likely promoted fatigue crack initiation and failures resulting in shorter fatigue lives than Rec.
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ones. Further discussion on the factors influencing the fatigue crack initiation behavior in notched
specimens is included in Section 4.1. Additionally, for 17-4 PH SS, shear lips (indicated using
yellow arrows in Fig. 7) were observed in the final fracture region of p 5 mm and 50 mm
specimens. These shear lips have most likely formed when the major fatigue cracks reached the

specimens’ surface and led to fracture under plane stress condition.

2.5  Discussion
2.5.1 Factors influencing the fatigue behavior of notched specimens

For p 0.1 mm specimens, fractography revealed the fatigue crack initiation from the notch
roots, implying the notch geometry was the sole factor influencing its crack initiation behavior for
both AlSi10Mg and 17-4 PH SS. During cyclic loading, due to the high stress concentration, severe
cyclic plasticity occurred at the notch root of p 0.1 mm specimens that promoted crack initiation
and led to their early fatigue failures. However, in the cases of p 5 mm and 50 mm specimens,
volumetric defects and turning grooves also played a role in fatigue crack initiation (see Figs. 7(c-
g)). The size of the critical volumetric defects was quantified using Murakami’s approach, i.e.,

Varea [114], and presented in Figs. 8(a & b), respectively, for AISi10Mg and 17-4 PH SS. For an
internal defect, varea was calculated as the square root of area of the convex hull around the
defects’ projection on the loading plane and, for a surface defect, this convex hull included part of
specimen perimeter adjacent to the surface. In the case of turning grooves, their aspect ratio (i.e.,
the ratio of their span along the specimens’ tangential direction to their depth along the radial

direction) was typically high. As such, the size of the turning grooves was calculated as, varea =

V10 tpax., Where t,, ... was the maximum depth of the groove [115]. It is worth mentioning that,
in the case of multiple crack initiations observed on a single fracture surface, the crack-initiating

defect with the largest v area was considered for analysis. For AISi10Mg in Fig. 8(a), at 150 MPa,
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the fatigue life appeared to follow a general trend of shorter fatigue life with larger critical defect
size for both p 5 mm and 50 mm specimens. However, such a trend didn’t exist at lower stress
levels, indicating the influence of factors other than defect size only. In comparison, for 17-4 PH
SS, a general trend of larger critical defects giving rise to shorter fatigue lives appeared to be

visible at all stress levels with a few exceptions (see Fig. 8(b)).

The size distributions of the critical defects in p 5 mm and 50 mm specimens were further
analyzed using the largest extreme value statistics (LEVS). The critical defects’ sizes were found
to follow Gumbel distribution, as shown using the reduced variate plots with R? > 0.8 in Figs. 8(c
& d). The reduced variate, Y, was obtained using,

Yi=—=In(—In(i/ N+ 1)), 1)
where i and N are, respectively, the rank and the total number of defects used during the analysis
[116]. Furthermore, the corresponding cumulative and probability density functions (CDF and
PDF) for the critical defects in p 5 mm and 50 mm notched specimens were analyzed in accordance
with the ASTM E2283 standard [40] and presented in Figs. 8(e & f). For both AlSi10Mg and 17-
4 PH SS, the mean critical defects’ sizes in p 50 mm were slightly larger than in p 5 mm specimens
(see PDF curves in Figs. 8(e & f). This is likely due to the higher probability for larger defects to
exist in the larger volume of material experiencing elevated stress at the notch root of p 50 mm
than 5 mm. Regarding the variation of defects’ sizes in AlSi10Mg, p 50 mm specimens showed a
smaller variation, resulting in a narrower PDF curve compared to p 5 mm. This could be due to
the higher likelihood of defects of similar sizes becoming fatigue critical in the p 50 mm specimens
because of their larger volume of material that experiences the stress concentration. However, in
the case of 17-4 PH SS, turning grooves often served as the fatigue critical feature in p 5 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 arrow in Fig. 8(d)). This likely resulted in a narrower

PDF curve for p 5 mm than 50 mm 17-4 PH SS specimens.
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Fig. 8 (a & b) Stress-life fatigue plots with markers’ size scaled according to the critical defects’
size, (c & d) reduced variate plots, and (e & f) CDF and PDF plots according to LEVS, for
AlSi1l0Mg and 17-4 PH SS, respectively.
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Further analysis was performed to identify the factors that could 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 cross-section, was obtained, and
presented as box plots in Figs. 9(a & b). For both AlSi10Mg and 17-4 PH SS, the relative height
of crack initiation, hcenter/No Where heenter is the distance of the crack initiation site from the notch
root plane and ho is the total height of the notch geometry (see schematics in Fig. 9), for p 5 mm
and 50 mm specimens showed some scatter but had their means near the notch root plane. The
absolute height of crack initiation, i.e., hcenter, for p 50 mm varied in a wider range compared to p
5 mm specimens. For AISi1l0Mg, heenter Varied in the range of approximately £4.2 mm for p 50
mm and £2.1 mm for p 5 mm, and for 17-4 PH SS, it ranged approximately £3.7 mm for p 50 mm
and £1.1 mm for p 5 mm. Such wider variation for p 50 mm specimens is likely due to the larger

material volumes experiencing elevated stresses at the notch root compared to p 5 mm.

The relative height of crack initiation for each fatigue test plotted against fatigue life is
shown in Figs. 9(c & d). For both AISi10Mg and 17-4 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 farther away from the notch
root plane showed longer fatigue lives compared to the specimens closer to the notch root plane.
This confirmed the influence of stress concentration from the notches on the fatigue crack initiation
behavior for p 5 mm and 50 mm specimens. This observation, while distinct for AISi10Mg, is less
pronounced for 17-4 PH SS, as seen in Fig. 9(d). It is likely due to wider range of volumetric
defect sizes in AlSilOMg compared to 17-4 PH SS—ranges from 20 pum to 639 pum in AlISi10Mg
and from 20 um to 287 um in 17-4 PH SS (see Table 3)—might have increased the likelihood of

crack initiation from larger defects, and those located farther away from the notch 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 the p 5 mm 17-4 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 to be quantified.
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Fig. 9 Box plots showing the relative height of crack initiation for (a) AlISi10Mg and (b) 17-4 PH
SS notched specimens. The relative height of crack initiation plotted against the fatigue lives of
notched specimens tested at different stress levels for (¢) AISi10Mg and (d) 17-4 PH SS.

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

Linear elastic finite element analysis (LE-FEA) was performed to calculate the stress
distribution in different notched specimens, i.e., p of 0.1 mm, 5 mm, and 50 mm. A two-
dimensional axisymmetric finite element model (as illustrated in Figs. 10(a-c)) was created for

each configuration in the ABAQUS® software. Further details on the methodology used during
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the LE-FEA are provided in the Suppl. Mater. Section S1. The 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 specimens with p of (a, d) 0.1 mm,
(b, €) 5 mm, and (c, f) 50 mm, respectively. Black arrows point to the applied loading direction.
Stress contour plots for each notch configuration are also shown. The x-axis in (d-f) represents the
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distance ahead of the notch surface normalized by the distance from the notch surface to the
axisymmetric axis.

Normal stresses, o33,—along the loading direction—normalized by the nominal stress at
the smallest cross-section (o, = P/A, where P is the remotely applied axial load and A is the cross-
sectional area at the notch root), at different relative heights, h.enter/ho, and distances ahead of
the notch surface are shown in Figs. 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 factors, K, for p 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
and became very small in the vicinity of the shoulder (see stress contour plots in Fig. 10). This
caused the normalized stress trend ahead of the notch surfaces to vary among different relative
heights. Mathematical fittings have been performed on the curves shown in Fig. 10, for which the

details are provided in the Suppl. Mater. Section S1.

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

Factors such as notch geometry, critical defects’ size, and location were found to influence
the fatigue crack initiation, and thus, the overall fatigue life of AISil0Mg and 17-4 PH SS
cylindrical notched specimens in the mid to high cycle fatigue regimes. For p 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 the mode-I SIF with

the consideration of the local stresses elevated by the notch, i.e.,

KI(Max.) =Y Omax. Kt(local) vivarea, 3)

48



where Kjmqx.) is the maximum mode-1 SIF of cracks during a loading cycle, Y is the Murakami’s
location-dependent factor (0.5 for internal and 0.65 for surface defects [114]), o IS the
maximum applied nominal stress during a loading cycle, K;ocary is the local elastic stress
concentration factor (i.e., the o33/0, presented in Fig. 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 p 0.1 mm specimens, the detrimental effects of the notches can be quantified by
calculating the SIF of virtual, microstructurally small cracks initiated from the notch root surface.
For AlSi10Mg, considering that the microstructural boundaries, i.e., grain boundaries, are effective
barriers for the growth of microstructurally small cracks, the characteristic length of the virtual
crack, [, should be its grain size. Similarly, for 17-4 PH SS, [,, should be the lath packet size;
however, several studies have suggested 6-Fe as weak points [117,118] that can act as a potential
initiation site. In this study, the sizes of the lath packets and 8-Fe were comparable. The SIF can

be calculated as

KI(Max.) =Y opax. Kt(local) vV Ttly . 2

Here, K;0car) Was evaluated in accordance with the theory of critical distance (TCD), i.e.,
at [,, distance ahead of the notch root [82,119]. TCD assesses the detrimental effect of notches by
considering the elastic stresses at a certain distance, line, area, or volume—based on the method
used—ahead of the notch root. The [,, for AISi10Mg and 17-4 PH SS were found to be 15 pum and
8 um, respectively. For AISi10OMg, [,, was obtained by measuring the average grain size in the

radial direction, i.e., the direction of crack growth, and for 17-4 PH SS, it was calculated as the
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average minimum axis of fitted ellipses for the lath packets in the martensitic microstructure (see

Fig. 3).

The obtained SIF, K;yqx.), for AISi10Mg notched specimens are shown in the stress-life

plot as marker sizes as well as plotted against the fatigue lives in Fig. 11. In general, higher SIF
corresponded to lower fatigue lives. It is interesting to note that data points for p of 0.1 mm, 5 mm,
and 50 mm having similar SIF showed similar fatigue lives. This further confirmed the
applicability of SIF to assess the criticalities of crack initiating features for both sharply and bluntly
notched specimens. However, there was some scatter present in the SIF trend against the fatigue
lives, especially for p 50 mm specimens (see Fig. 11(b)). Therefore, fractography images of three
p 50 mm specimens, i.e., X, Y, and Z, having similar SIF but very different fatigue lives are shown
in Figs. 11(c-e). Specimen Z had a much longer fatigue life than specimens X and Y; almost 8 times
the fatigue life of specimen Y, and almost 21 times the fatigue life of specimen X. This is most
likely due to the influence of volumetric defects’ morphology on the local stress field, and thus,
on fatigue crack initiation. Specimens X and Y had similar projected critical defect shapes (see
Figs. 11(a & b)); however, the critical defect in specimen Z had two arms-like features (see Fig.
11(c)). During loading, cracks initiating from the region with arms-like features have significantly
low SIF compared to the core region of the defect, thus imparting minimal influence on the crack
initiation behavior [120]. 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 defect size measured using Murakami’s approach, i.e., Varea [120].
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SIF-fatigue life plot are shown in Fig. 12. In general, the trend for 17-4 PH SS was similar to
AISi10Mg; higher SIF led to shorter fatigue lives. Figure 12(a) shows a consistent SIF-fatigue life
trend irrespective of the notch configuration at all stress levels except for a few outliers,
particularly for p 5 mm; one of such outliers is pointed to using a magenta arrow in Fig. 12(a).
Most of these anomalies had lower SIF compared to other specimens having similar fatigue lives.

These specimens had fatigue crack initiation from small turning grooves, hence the lower SIF



compared to specimens with crack initiation from volumetric defects. These cases are better

represented as square green markers in Fig. 12(b).

Fractography images for one of such abnormal specimens, i.e., specimen X indicated in
Fig. 12(b), with fatigue crack initiation from a turning groove is shown in Fig. 12(c). Additionally,
a larger scatter was seen in the SIF-fatigue life trend among specimens with crack initiation from
volumetric defects compared to specimens with initiations from either notch roots or turning
grooves. This is especially obvious for p 50 mm specimens. As shown in Figs. 12(d & e), specimen
Z, having a similar SIF, exhibited 44 times longer fatigue life compared to the one for specimen
Y. This could again be explained by the differences in critical defects’ morphology between
specimens Y and Z. The core region, i.e., the region except for arms/protrusions, of the defect in
specimen Z was significantly smaller than in specimen Y. As discussed before for AlSi10Mg, these
arms in the projected defect morphology likely had an insignificant impact on fatigue crack
initiation, which was overestimated by the Murakami’s v/area. The effect from defect morphology
could also have been affected by the differences in the exposure of critical defects to the notch
surface for both specimens Y and Z. The higher exposure of the core region of the critical defect
in specimen Y could have promoted crack initiation and led to early fatigue failure compared to
specimen Z. Such variation in the defect morphology and exposure to the surface could have

influenced the local stress fields, and thus, the fatigue crack initiation behavior.
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points to one of the p 5 mm specimens with 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 different notch configurations of

Conclusions

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

AlSil0Mg and 17-4 PH SS specimens. The following conclusions were drawn:
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For AISi10Mg and 17-4 PH SS, fatigue lives for p 0.1 mm notched specimens were inferior
to p 5 mm and 50 mm counterparts at all stress levels, had the lowest scatter, and were
insensitive to the presence of volumetric defects.

For p 0.1 mm specimens, fatigue cracks initiated from the notch root, while it was from
volumetric defects or turning grooves for p 5 mm and 50 mm. This suggested the existence
of a critical notch root radius above and below which the defects/grooves and the notch
geometry, respectively, dominated the fatigue crack initiation behavior.

Overall, features such as notch geometry, defects’ size, and location influenced the fatigue
behavior of p 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-I stress intensity factor (SIF) obtained for the virtual cracks in p 0.1 mm and for
volumetric/surface defects in p 5 mm and 50 mm specimens accounted for the primary
factors influencing the fatigue crack initiation behavior in the notched specimens. SIF
showed an inverse relationship with the experimental fatigue lives of AlSilOMg and 17-4

PH SS specimens.

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

behavior of AISi10Mg and 17-4 PH SS notched specimens. This understanding can be leveraged

to design and fabricate low-criticality notch features, having lower stress concentrations and the

presence of fewer and smaller defects in the critical region, in complex AM parts. Additionally,

the methodology presented in this work can be used to analyze and compare the critical effects of

notch geometry and volumetric defect features on the fatigue crack initiation behavior. The
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influence of additional factors such as volumetric defects’ morphology and orientation with respect

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 flat, edge-notched
AIlSi10Mg and 17-4 precipitation hardening (PH) stainless steel (SS) specimens. Specimens with
varying notch root radii, p, ligament widths, w, 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 cross-section and at different heights relative to the notch root
plane) influenced the fatigue behavior. On the other hand, for 17-4 PH SS, there was an additional
influence of the microstructural features on the fatigue behavior. In near defect-free 17-4 PH SS
specimens, delta ferrite (6-Fe) phase acted as weak points in the microstructure, promoting crack
initiation and short crack growth along 6-Fe-martensite interfaces to form crystallographic facets,
leading to fatigue failures. Larger w resulted in shorter fatigue lives for specimens with p of 0.1
mm and 5 mm. Compared to the w of 5 mm, 10 mm induced higher plastic damage at the notch
root, thus promoting early crack initiation and failures. For notched specimens with negligible
plasticity at the notch root, the mode-I stress intensity factor exhibited a correlation with the
experimental fatigue lives. On the 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 manufacturing; Fatigue behavior; Flat notched specimens; Defect criticality; 17-4 PH

stainless steel; AlISi10Mg
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3.2 Introduction

Edge notches and their variants, such as surface-holes, are widely present in additively
manufactured (AM) structures. These notches include, for example, the perforations and fir-tree
roots in gas turbine blades and the screw holes in mounting brackets [121-124]. Under service,
these notches generate stress concentrations and are often life-limiting features of mechanical
components [121,123,125-127]. For conventionally manufactured components, prevailing
treatments of these notches have focused on the behavior of short, through-the-thickness cracks
initiating from various notch geometries, such as U and V notches, and have relied on two
dimensional elastic solutions of notch stress fields [128-131]. On a few occasions, the behavior of
non-through-thickness cracks, such as semi-circular/semi-elliptical cracks at the notch root
surfaces or notch root corners, have been investigated, revealing more critical effects of the corner
cracks [132-134]. Nevertheless, although such notch treatments may be adequate for
conventionally manufactured components, they may not be capable of fully capturing the AM
materials’ complexities in the interactions between the ubiquitously present volumetric defects and

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 surfaces. The lateral free surfaces are
subjected to less constraints from the surrounding materials, and in the presence of the volumetric
defects in AM materials [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
notches, as well as among volumetric defects located at the notch root, part interior at different

heights from the notch root, and lateral free surface, with 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 interact [41,135]. Understandings regarding the synergistic effects of edge notches
and volumetric defects have been lacking. Furthermore, in AM parts derived from well-optimized
process conditions or hot isostatically pressed or the ones made from defect-insensitive materials,
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 easier [54,138,139]) and weak and brittle phases (e.g., delta-ferrite in steels
[55]), can act 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, edge-notched AM specimens with varying geometry (notch root radius and ligament width)
as well as defect content made of AISi1l0Mg and 17-4 precipitation hardening (PH) stainless steel
(SS). These materials are selected based on their varying sensitivity to volumetric defects and
notch geometry for fatigue crack initiation [140-143]. 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: Section 2 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 root radii and ligament widths
(Section 3.2); Section 4 discusses the overall effect of notch geometry on fatigue behavior (Section
4.1), fatigue crack initiation mechanisms in different notch configurations (Section 4.2), and an
approach to quantify the synergistic effects of volumetric defects and notch geometry on the

fatigue behavior of flat notched specimens (Section 4.3); 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 (L-PBF) machines for two materials, Renishaw RenAM 500Q Flex for
AlSi10Mg, and 3D SYSTEMS DMP Flex 350B for 17-4 PH SS. For each material, two batches
of blocks were fabricated, one using the recommended process parameters, namely REC, and
another by altering the process parameters to induce underheated conditions, namely UH. For
AISi10Mg, underheating was induced by reducing the laser power by 10%, and for 17-4 PH 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 AISil0Mg and 17-4 PH SS
were applied to induce reasonable amount of lack-of-fusion (LoF) defects. The process parameters
for both materials and fabrication conditions are listed in Table 4.

Table 4 Recommended and underheated process parameters for AISi10Mg in RenAM 500Q Flex
and 17-4 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) | (um) (um) | angle (°)
. REC 350 .
AlSil0Mg 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. AlISi10Mg was SR at 285 °C for 2 hours followed by air cooling while 17-4 PH SS
at 700 °C for an hour followed by furnace cooling. Furthermore, 17-4 PH 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) schedule for 17-4 PH SS was in accordance with ASTM A693 standard
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[104]. During the HT, the furnace temperature was monitored using a thermocouple, 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, edge-notched geometries shown in
Fig. 13, using wire electrical discharge machining (EDM). Detailed dimensions of the notched
specimens are provided in Fig. S1 of the Suppl. Mater. Section S1. During EDM, the specimens
were extracted so that the loading direction was along the build 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, p, i.e., 0.1 mm, 5 mm, and 50 mm, and another with varying ligament widths, w, i.e., 5 mm
and 10 mm, only for root radii of 0.1 mm and 5 mm. For simplicity, in the remaining sections of
this article, a notched specimen with a ligament width of 5 mm and a notch root radius of 0.1 mm
is referred to as w5 p0.1, and the same nomenclature convention is used for all other configurations.
The p0.1 and p5 specimens had a notch opening angle of 90°. After EDM, the lateral surfaces of
p0.1 specimens and both notch and lateral surfaces of p5 and p50 specimens were hand-polished
using Si-C paper with reducing grits from P240 to P1200, while notch surfaces of p0.1 specimens
were left unpolished. Hand polishing of notch surfaces in p0.1 was challenging due to the
constraints posed by its sharp notch geometry. Uniaxial force-controlled fatigue tests were
conducted with a stress ratio of 0.1 using MTS servohydraulic test frames with a load cell of 25
kN for AISi10Mg and 100 kN for 17-4 PH SS. The nominal maximum stresses of 100, 125, and
150 MPa were applied on AlISi10Mg, and 700, 800, and 900 MPa on 17-4 PH SS specimens. The
force was calculated based on the nominal, minimum cross-sectional 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 widths, w, and notch root
radii, p: (&) w5 p0.1, (b) w5 p5, (¢) w5 p50, (d) wi0 p0.1, and (e) wi0 p5.

After fatigue failure, the critical crack initiation site in each specimen was identified using
a Zeiss Crossbeam 550 scanning electron microscope (SEM). Utilizing the SEM equipped with
electron backscatter diffraction (EBSD) detectors, microstructural characterization of HT
AlSi10Mg and 17-4 PH SS was performed. Metallography coupons were prepared by mounting
the samples in an epoxy resin and polishing them progressively using reducing grit SiC sandpapers,
a Chemo-met pad, and a GIGA-1200 vibratory polisher for a mirror surface finish [105].
Volumetric defect content within the flat notched specimens was detected and quantified using a
ZEISS Xradia 620 Versa X-ray computed tomography (XCT) machine. Defects smaller than 3
times the voxel size, i.e., defect size of 20 um, were filtered out from the analysis to reduce noise-

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 plane, i.e., plane
parallel to the build direction, of SR AISi10Mg and CA-H1025 17-4 PH SS are shown in Fig. 14.
IPF map for SR AISi10Mg showed the presence of bimodal grain structure, long columnar grains
oriented approximately along the build direction and fine equiaxed grains (see Fig. 14(a)). Such
long columnar grains are typical of fusion-based additive manufacturing (AM) processes [144].
Furthermore, fine equiaxed grains (shown using a magenta arrow in Fig. 14(a)) are indicative of
regions near the melt pool boundaries. These features have previously been reported and are typical
of L-PBF AISi10Mg in as-fabricated and SR conditions [107,145,146]. On the other hand, CA-
H1025 treated 17-4 PH SS showed a fully homogenized martensitic microstructure (see Fig.
14(b)); this is in agreement with the observation reported for L-PBF CA-H1025 treated 17-4 PH
SS in the literature [147]. Delta ferrite (6-Fe) was observed in the 17-4 PH SS microstructure, as
indicated by the high magnification kernel average misorientation (KAM) map. Regions, as
indicated by red arrows in Fig. 14(c), show low misorientations compared to the surrounding
martensitic matrix. KAM values are typically high in martensite due to the inherent strain incurred
during the martensitic transformation; however, due to the diffusional transformation to d-Fe, its
internal strain is much lower compared to the martensitic laths. Large 6-Fe measuring about 8 um
were found within the microstructure (see Fig. 14(c)). It is worth mentioning that there were no
significant differences in the microstructure between REC and UH specimens for AISi10Mg and
17-4 PH SS. Further details on the microstructural characterization including backscattered

electron micrographs for AISi10Mg and 17-4 PH SS are provided in Suppl. Mater. Section S2.
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Fig. 14 IPF maps of heat treated (a) AlSi10Mg and (b) 17-4 PH SS, in the longitudinal plane. (c)
High magnification KAM map showing the presence of 6-Fe. Magenta and red arrows point to
fine grains near the melt pool boundaries in AISi10Mg and 6-Fe in 17-4 PH SS, respectively.

The volumetric defects in a few representative w5 p5 specimens for both AISi10Mg and
17-4 PH SS are visualized in Fig. 15. Different sizes of volumetric defects were found near the
notch surface, lateral surface, and internal (embedded) locations. Between REC and UH
specimens, the defect content was comparable for AlISi10Mg, while it was significantly different
for 17-4 PH SS. A very low defect content was observed for the REC 17-4 PH SS specimens. The
statistical difference in the defect content between REC and UH specimens was confirmed using
one-way analysis of variance (ANOVA) tests for AISi10Mg and 17-4 PH SS. The p-values were
respectively found to be 0.56 and 1.3E-18 for AlSi1l0Mg and 17-4 PH SS. With p-values higher
than 0.05 suggesting similarity in the defect sizes, defect content was statistically similar for
AlSi1l0Mg and different for 17-4 PH SS. In terms of defect sizes (equivalent spherical diameter),
AlSi10Mg showed a wider variation ranging from 20 um (limitations due to XCT resolution) to
209 um compared to 17-4 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 pum, 90" percentile
defect size, and maximum defect size, are provided in Suppl. Mater. Section S2. For both
materials, the defect content in w5 and w10 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 of L-PBF w5 p5 notched
specimens: (a) AlSi1lOMg (REC), (b) AlISi10Mg (UH), (c) 17-4 PH SS (REC), and (d) 17-4 PH SS
(UH). Note, volumetric defects are color-coded according to their equivalent spherical diameter.

3.4.2 Fatigue behavior

The stress-life fatigue plots comparing REC and UH specimens with varying notch root
radii for AISil0Mg and 17-4 PH SS are, respectively, shown in Figs. 4(a & b). It is worth
mentioning that Fig. 16 only presents data for specimens with the same constant ligament width
of 5 mm. The stress-life data for w5 p0.1, w5 p5, and w5 p50 AlSi10Mg and 17-4 PH SS specimens
are listed in Table 5 and Table 6. Irrespective of the material or the fabrication condition, i.e.,
either REC or UH, p0.1 specimens had the shortest fatigue lives compared to p5 and p50 at all
stress levels (see Fig. 16). In addition, there were no significant differences in the fatigue lives
between REC and UH p0.1 specimens for either AISilOMg or 17-4 PH SS. Such comparable
fatigue lives suggested a prevalence of the identical fatigue failure mechanism in REC and UH

specimens. On the other hand, for p5 and p50 AlSi10Mg specimens, the scatter in the fatigue lives
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was considerably higher than p0.1 at all stress levels (see Fig. 16(a)). For AlSilOMg, no clear
difference in the fatigue lives was observed between p5 and p50 specimens; there was no clear
difference between REC and UH specimens either. The presence of wide scatter in the mid-to
high-cycle fatigue lives of AISil0Mg hinted at the variation in the critical features of crack

initiation sites.

For 17-4 PH SS, in contrast to AISi10Mg, there was a clear difference in the fatigue lives
between p5 and p50 specimens (see Fig. 16(b)). The average fatigue lives of p50 specimens were
longer than p5 at all stress levels. The p50 specimens reached run-out, i.e., the fatigue life of 107
reversals or higher, at 800 MPa (shown using blue arrows in Fig. 16(b)), while all p5 specimens
failed even at 700 MPa. Furthermore, for p5 and p50, there was a clear difference in the fatigue
lives between REC and UH specimens. As expected, REC specimens having lower defect content
(see Figs. 3(c & d)) exhibited longer fatigue lives than the UH ones at all stress levels.
Interestingly, the UH specimens, where the crack initiation was expected to be from the induced
LoF defects, had lower scatter in their fatigue lives than REC specimens at all stress levels. For
REC p5 and p50 specimens, the scatter in the fatigue lives increased with decreasing stress levels

(see Fig. 16(b)).
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Fig. 16 Stress-life plots for L-PBF flat notched specimens with varying notch root radii: (a)
AIlSi10Mg (REC and UH) and (b) 17-4 PH SS (REC and UH).

Table 5 Uniaxial fatigue test results for w5 p0.1, w5 p5, and w5 p50 AlISil0Mg specimens
fabricated under REC and UH conditions.
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AlSi10Mg (REC) AlSi10Mg (UH)
OMax. 2N OMax. 2N
D W&p (MPa) (Reversals) D W&p (MPa)  (Reversals)
REC_1  w5p0.1 100 229,384 UH_1  w5p0.1 100 260,136
REC_2  w5p0.1 100 319,592 UH_2  w5p0.1 100 283,732
REC_3  w5p0.1 100 311,638 UH_3 w5 p0.1 100 281,468
REC_4  w5p0.1 125 93,006 UH_4  w5p0.1 125 112,488
REC_5 w5p0.1 125 99,044 UHS  w5p0.1 125 124,886
REC_6 w5 p0.1 125 98,035 UH_ 6  w5p0.1 125 113,564




REC_7  w5p0.1 150 43414 | UH_7  w5p0.1 150 45,186
REC_8 wSp0.l 150 44434 | UH_8  w5p0.1 150 66,540
REC.9 w5p0.l 150 44398 | UH9  w5p0.l 150 44,980

REC_10 w5p5 100 3,256,880 | UH_10 w5 ps 100  >10,000,000

REC_11  wsp5s 100 4,112,788 | UH_11  w5p5 100  >10,000,000

REC_12  wSps 100 >10,000,000 | UH_12 w5 p5 100  >10,000,000

REC_13  wS5p5 125 352052 |UH_13  w5ps 125 1,321,660

REC_14 wsp5s 125 885952 | UH_14  w5p5 125 1,694,142

REC_15 wS5p5 125 949164 |UH_15  w5ps 125 3,383,468

REC_16 wsp5 150 247,250 | UH_16  w5p5 150 237,446

REC_17  wsps 150 263,712 |UH_17  w5ps 150 265,080
REC_18 wsps 150 369,506 | UH_18  w5p5 150 274,998
REC 19  w5p50 100 2,809,784 | UH_19 w35ps50 100 1,894,412
REC 20 w5p50 100 >10,000,000 | UH 20 w550 100  >10,000,000
REC 21  w5p50 100 >10,000,000 | UH 21  w5ps0 100  >10,000,000
REC_22 w5p50 125 474,710 |UH_22  wsps0 125 890,046
REC_23 wsps0 125 721,150 |UH_23  wsps0 125 938,542
REC_24 wSps0 125 792750 |UH 24 w5ps0 125 1,108,168
REC_25 w5ps0 150 190,624 | UH_25 wsps0 150 272,842
REC 26 wSps0 150 214,062 | UH_26 w3sps0 150 335,756
REC_ 27 w5p50 150 297,028 | UH 27 w5ps50 150 428,260

Table 6 Uniaxial fatigue test results for wb p0.1, ws p5, and w5 p50 17-4 PH SS specimens
fabricated under REC and UH conditions.

17-4 PH SS (REC) 17-4 PH SS (UH)
OMax. 2N OMax. 2N
ID W&p (MPa) (Reversals) D W&p (MPa)  (Reversals)
REC 1 w3 p0.1 700 13,142 UH 1 w3 p0.1 700 14,688
REC 2 w35 p0.1 700 13,226 UH 2 w35 p0.1 700 14,938
REC_3  w5p0.1 700 16,234 UH_3  w5p0.1 700 20,120
REC_ 4 w5p0.1 800 7,574 UH_4  w5p0.1 800 9,574
REC_ S5  w5p0.1 800 7,614 UH5  w5p0.1 800 9,648
REC_6 w5 p0.1 800 9,466 UH_ 6  w5p0.1 800 12,284
REC_7  w5p0.1 900 5,424 UH_7 w5 p0.1 900 5,916
REC_8 w5 p0.1 900 5,494 UH_8  w5p0.1 900 6,138
REC_9  w5p0.1 900 5,794 UH_9  w5p0.1 900 7,572

REC_10  w5p5 700 178,434 UH_10  w35p5 700 117,446
REC_11  w5p5 700 305,802 UH_11  w3p5 700 133,034
REC_12  w5p5 700 2,630,734 | UH_12  w5p5 700 157,964
REC_13  w5p5 800 138,534 UH_13  w35p5 800 58,108
REC_14  w5p5 800 166,244 UH_14  w5p5 800 83,222
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REC_15  wjps 800 247,938 UH_15  wjip5 800 88,492
REC_16 w5 p5 900 90,452 UH_16  w3p5 900 56,280
REC_17  wip5 900 101,932 UH_17  wip5 900 69,764
REC_18  wj5p5 900 119,496 UH_18  wjip5 900 72,516
REC_19  w5p50 700 681,664 UH_19 w5 p50 700 169,800
REC_20 w5 p50 700  >10,000,000 | UH_20 w5 p50 700 173,246
REC_21 w5 p50 700  >10,000,000 | UH_21 w5 p50 700 212,112
REC_22 w5 p50 800 205,274 UH_22 w5 p50 800 104,002
REC_23 w5 p50 800 286,690 UH_23 w5 p50 800 125,334
REC_24 w5 p50 800  >10,000,000 | UH_24 w5 p50 800 137,242
REC_25 w5 p50 900 152,826 UH_25 w5 p50 900 58,464
REC_26 w5 p50 900 156,548 UH_26 w5 p50 900 79,218
REC_27 w5 p50 900 163,902 UH_27 w5 p50 900 86,990

The stress-life plots comparing p0.1 and p5 notched specimens with varying ligament
widths, i.e., w5 and w10, for AISi1lOMg and 17-4 PH SS are shown in Fig. 17. The stress-life data
for w10 p0.1 and w10 p5 AlSi10Mg and 17-4 PH SS specimens are listed in Table 7 and Table 8.
Regardless of stress level and material condition (i.e. REC or UH), w10 specimens, i.e., the ones
with ligament width of 10 mm, had shorter fatigue lives by an order of magnitude compared to w5

specimens for either alloy. For all configurations, the slope of the stress-life data as well as the

scatter in the fatigue lives between w5 and w10 specimens were comparable (see Fig. 17).
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Fig. 17 Stress-life plots for L-PBF flat notched specimens with varying ligament widths: (a)
AlSi10Mg (REC), (b) AlSi10Mg (UH), (c) 17-4 PH SS (REC), and (d) 17-4 PH SS (UH).

Table 7 Uniaxial fatigue test results for w10 p0.1 and w10 p5 AlISil0Mg specimens fabricated
under REC and UH conditions.

AlSi10Mg (REC) AlSi10Mg (UH)
OMax. 2N OMax. 2N
D W&p (MPa) (Reversals) D W&p (MPa)  (Reversals)
REC 28 wl0p0.1 100 93,876 UH_28 wi0p0.1 100 105,558
REC 29 wl0p0.1 100 108,994 UH 29 wli0p0.1 100 106,908
REC_30 wi0p0.1 100 94,658 UH_30 wi0p0.1 100 106,433
REC 31 wl0p0.1 125 39,890 UH_31 wi0p0.1 125 44,696
REC 32 wl0p0.1 125 50,110 UH 32 wi0p0.1 125 49,064
REC_33 wl0p0.1 125 41,845 UH_33 wi0p0.1 125 45,021
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REC 34 wl0p0.1 150 20464 | UH 34 wi0p0.1 150 23,650
REC 35 wl0p0.1 150 25006 | UH 35 wl0p0.l 150 25,042
REC 36 wl0p0.1 150 21,056 | UH 36 wl0p0.1 150 23,758
REC 37 wl0p5 100 396,884 | UH 37 wl0p5 100 802,252
REC 38 wl0p5 100 445826 | UH 38 wl0p5 100 825,014
REC 39 wl0p5 100 737,108 |UH 39 wl0p5 100  >10,000,000
REC 40 wl0p5 125 163,058 | UH 40 wl0p5s 125 245,284
REC 41 wl0p5S 125 181,208 | UH 41 wl0ps 125 278,258
REC 42 wi0p5 125 247,114 |UH 42 wl0p5 125 420,032
REC 43 wl0p5S 150 87,248 | UH 43 wl0p5s 150 117,840
REC 44 wi0p5 150 112,766 | UH 44 wl0p5 150 170,346
REC 45 wl0p5S 150 151518 | UH 45 wl0p5s 150 200,832

Table 8 Uniaxial fatigue test results for w10 p0.1 and w10 p5 17-4 PH SS specimens fabricated
under REC and UH conditions.

AlSi10Mg (REC) AlSi10Mg (UH)
OMax. 2N OMax. 2N
D W&p (MPa)  (Reversals) D W&p (MPa)  (Reversals)
REC 28 wl0p0.1 700 3,674 UH_28 wi0p0.1 700 6,010
REC 29 wl0p0.1 700 4,314 UH 29 wli0p0.1 700 6,324
REC_30 wi0p0.1 700 3,851 UH_30 wi0p0.1 700 6,302
REC 31 wi0p0.1 800 2,402 UH 31 wli0p0.1 800 3,274
REC_32 wl0p0.1 800 2,562 UH_32 wi0p0.1 800 3,278
REC 33 wli0p0.1 800 2,468 UH 33 wli0p0.1 800 3,265
REC_ 34 wi0p0.1 900 1,332 UH_34 wli0p0.1 900 1,948
REC 35 wi0p0.1 900 1,530 UH 35 wli0p0.1 900 2,320
REC_36 wi0p0.1 900 1,358 UH_36 wli0p0.1 900 1,998
REC_ 37 wli0p5 700 94,738 UH_37 wli0p5 700 53,550
REC 38 wl0p5 700 111,310 UH 38 wli0p5 700 56,436
REC_39 wli0p5 700 138,384 UH 39 wi0p5 700 62,080
REC 40 wl0p5 800 49,980 UH 40 wli0p5 800 29,622
REC_41  wli0p5 800 61,956 UH_ 41 wli0p5 800 32,332
REC 42 wl0p5 800 93,426 UH 42  wli0p5 800 35,458
REC_43 wli0p5 900 56,878 UH_ 43 wi0p5 900 17,250
REC 44  wl0p5 900 68,078 UH 44  wli0p5 900 25,168
REC 45 wl0p5 900 70,406 UH 45 wli0p5 900 25,430
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3.5  Discussion
3.5.1 Overall effect of notch geometry on fatigue behavior

Different notch geometries, depending on their features such as p and w, 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. Such an influence from the notch geometry may have
governed the ordering of fatigue lives for AISi10Mg and 17-4 PH SS flat notched specimens shown
in Fig. 16 and Fig. 17. To quantify the plastic deformation at the notch root, influencing the fatigue
crack initiation behavior of varying p and w specimens, elasto-plastic finite element analysis

(EPFEA) was performed for both AISilOMg and 17-4 PH SS specimens.

EPFEA was performed on two-dimensional finite element models in the ABAQUS®
software for w5 p0.1, w5 p5, w5 p50, w10 p0.1, and w10 p5 configurations in plane stress condition,
considering small thickness (3 mm) of the specimens. Utilizing the symmetric boundary
conditions, only 1/4" of the full geometries, as shown in Fig. S4 of the Suppl. Mater. Section S3,
was modeled. The material parameters, i.e., modulus of elasticity and true stress-plastic strain data,
for AISi10Mg and 17-4 PH SS were obtained from the tensile test conducted in accordance with
ASTM ES8 standard [148]. Force to generate the nominal stresses of 100, 125, and 150 MPa, were
applied on the grip ends of the finite element models for AISi10Mg, and 700, 800, and 900 MPa
for 17-4 PH SS. Further details on the methodology used for the EPFEA are provided in Suppl.
Mater. Section S3. As a result, the equivalent plastic strains (PEEQ), indicative of plasticity in
the model, were extracted from regions ahead of the notch surface, at the notch root plane, and
presented in Fig. 18. Note that, for w5 p50 specimens, no plasticity was observed at the notch root,

therefore, the results were not shown.
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Fig. 18 Equivalent plastic strain (PEEQ) ahead of the notch surface, at the notch root plane, for
p0.1 and p5 specimens with varying ligament widths for (a & b) AISi10Mg and (c & d) 17-4 PH
SS, at different stress levels.

In general, p0.1 specimens generated significantly higher PEEQ values at the notch root

compared to pJ5, irrespective of the w or the material at all stress levels. While p0.1 specimens

showed plastic strains of ~ 5% at the notch root, p5 showed less than 0.2%, at the highest nominal

stress (150 MPa for AlSi10Mg and 900 MPa for 17-4 PH SS). During cyclic loading, severe plastic

damage likely accumulated at the notch root of p0.1 specimens, which promoted crack initiation

and led to shorter fatigue lives with lower scatter compared to p5 and p50 (see Fig. 16). Regarding

the effect of w, for both p0.1 and p5, w10 showed a slightly higher PEEQ at the notch root than
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w5, for both AISi1l0Mg and 17-4 PH SS, at all stress levels. At the highest nominal stress, w5 pJ5
specimens showed plastic strains of less than 0.05% for either material, while w10 p5 induced
slightly higher plastic strains of ~0.1% and ~0.2% for AISi1l0Mg and 17-4 PH SS, respectively.
During cyclic loading, higher plasticity at the notch root of the w10 specimens accumulated more
plastic damage at the notch root, thus making fatigue crack initiation faster than the one in the wb
counterparts. Such an ease of fatigue crack initiation in w10 specimens, leading to an early fatigue

failure, was likely the reason behind their shorter fatigue lives than w5 ones (see Fig. 17).

For p0.1 AISi10Mg specimens, PEEQ profiles for w5 at 150 MPa (red solid line in Fig.
18(a)) and w10 at 125 MPa (green dashed line in Fig. 18(a)) were comparable, and, interestingly,
these specimens had similar fatigue lives, shown in Figs. 5(a & b). The same was true for w5 p0.1
specimens at 125 MPa and w10 p0.1 at 100 MPa. For 17-4 PH SS, PEEQ ahead of the notch root
as well as the resulting fatigue lives were similar for w5 p0.1 specimens at 900 MPa and w10 p0.1
at 700 MPa (see Fig. 18(c) and Fig. 17(c)). Similar observations could be made for p5 specimens
of both materials. For instance, w5 p5 AISi10Mg specimens at 150 MPa and w10 p5 at 125 MPa
had similar PEEQ ahead of the notch root as well as overlapping fatigue lives (see Figs. 17(a &
b)). For both AISi10Mg and 17-4 PH SS and for both p0.1 and p5 specimens, a higher PEEQ at
the notch root corresponded to a shorter fatigue life and vice versa. These observations suggested
that plastic strain at the notch root, induced due to an increase in the ligament width, was a
governing factor of fatigue lives, especially for p0.1 specimens. To confirm these observations,
the PEEQ at the notch roots of w5 and w10 specimens were plotted against their experimental

fatigue lives for both notch root radii and materials, as shown in Fig. 19.
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Fig. 19 Equivalent plastic strain (PEEQ)-fatigue life plots for L-PBF flat notched specimens with
varying notch root radii and ligament widths: (a) 17-4 PH SS (REC), (b) 17-4 PH SS (UH), (c)
AIlSi10Mg (REC), and (d) AlISi10Mg (UH).
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fatigue lives of w10 specimens. However, between p0.1 and p5 specimens, the PEEQ-life trends
were not consistent and showed different slopes, as shown in Fig. 19. Due to the variation in slopes
in the PEEQ-life trends, a knee was observed between the data points of p0.1 and p5 REC 17-4
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[149,150] in double-logarithm scales signifying the transition from the mid cycle fatigue (MCF)
to high cycle fatigue (HCF) regimes. However, in the case of UH 17-4 PH SS specimens, the knee
was less apparent in the PEEQ-life trends between p0.1 and p5 (see Fig. 19(b)). The PEEQ-life
trend for p5 (see Fig. 19(b)) showed an offset towards shorter fatigue lives. This is likely due to
an added influence from localized crack initiating features, resulting in shorter fatigue lives. In the
case of AISil0OMg, the knee was even less apparent than UH 17-4 PH SS specimens. This
suggested the prevalence of even more detrimental crack initiating features in AISilOMg. In
addition, the higher scatter in the fatigue lives of AISi10Mg compared to 17-4 PH SS specimens
(see Fig. 19) also suggested that the criticality of these features varied significantly. To gain further
insights into the critical features influencing the fatigue behavior, the crack initiation mechanisms

in different notch configurations needed to be investigated.

3.5.2 Diverse fatigue crack initiation mechanisms in notched specimens

Fractography was performed to identify the crack initiation sites and investigate the fatigue
failure mechanisms in flat notched specimens with varying p and w. For p0. 1 notched specimens,
critical fatigue cracks initiated from the notch root, irrespective of the ligament width and the
material. Representative fractography images for p0.1 AlSi10Mg specimens with w of 5 mm and
10 mm are shown in Figs. 20(a & d). During cyclic loading, severe stress concentration due to the
notch geometry accumulated plastic damage at the notch root, as suggested by PEEQ plots in Figs.
6(a & b), thus promoting crack initiation independent of the volumetric defects present in the
material and leading to early failures in p0./ AlSi1l0Mg and 17-4 PH SS specimens (see Fig. 16
and Fig. 17). Such a crack initiation mechanism in sharp notches (i.e., p0.1 with w of 5 mm and
10 mm), likely accumulated sufficient plasticity required for crack initiation only from the stress

fields due to the notch geometry, resulting in an overlapping PEEQ-life trend for w5 p0.7 and w10

75



p0.1 specimens, as shown in Fig. 19. Such a strong and consistent influence of notch geometry on
the fatigue crack initiation likely resulted in shorter fatigue lives with lower scatter for sharp p0.1

notched specimens.

For blunt notched specimens (i.e., p5 and p50 specimens with w of 5 mm and 10 mm),
different crack initiation sites, i.e., either volumetric defects or microstructural features, were
observed. For AISilOMg blunt notches, all fatigue critical cracks initiated from LoF defects,
located either at the surface or near-surface. Fractographs for representative blunt notched
AIlSi10Mg specimens with w of 5 mm and 10 mm are shown in Figs. 20(b & e). The variation in
the critical defect features and their influence on the fatigue crack initiation and resulting fatigue
life likely resulted in an increased fatigue scatter at different stress levels (see Fig. 16(a) and Figs.
5(a & b)). Additionally, the variation in the critical defect features resulted in an overlap between
the fatigue lives of w5 p5 and w5 p50 AlSil0Mg specimens, shown in Fig. 16(a). Similarly,
between w5 p5 and w10 p5 specimens, the scatter in the observed fatigue lives in Figs. 19(c & d)

was likely due to the wide variation in the defect features such as size and location.
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Fig. 20 Fractography images showing critical fatigue crack initiations from the (a & d) notch root
and (b & e) volumetric defect in AlISil0Mg, and from (c & f) crystallographic facets in 17-4 PH
SS specimens having w of 5 mm and 10 mm. Magenta and yellow arrows, respectively, point to
critical defects and crystallographic facets.

For 17-4 PH SS, unlike AISi10Mg, fracture surfaces of blunt notches showed critical crack
initiations from both volumetric defects and microstructural features. Specifically,
crystallographic facets were observed at the fatigue crack initiation sites in near defect-free REC

specimens, and volumetric defects were observed in UH ones. Representative w5 and w10 17-4
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PH SS fracture surfaces with crystallographic facets at the fatigue crack initiation site are shown
in Figs. 20(c & f). The appearance of crystallographic facets in the crack initiation site indicates
the transition from defect dominated crack initiation to microstructure dominant. This could be
due to the smaller population and size of the volumetric defects induced by the REC condition and
the presence of 6-Fe in the 17-4 PH SS microstructure, which are known weak points susceptible
to fatigue crack initiation [55,151]. The size of 6-Fe in the microstructure was about 8 pum (see
Fig. 14(c)), which is significantly smaller than the critical volumetric defects whose size ranged
from 45 pm to 204 um for UH 17-4 PH SS specimens. Nevertheless, compared to volumetric
defects, the detrimental effect of 5-Fe was lower, which was likely the reason for the longer fatigue
lives of REC compared to UH 17-4 PH SS specimens (see Fig. 16(b) and Figs. 17(c & d)). The
detrimental effects of volumetric defects, lying predominantly at/near the notch root, on the fatigue
behavior likely shifted the PEEQ-life trends towards shorter fatigue lives, i.e., accelerated crack

initiation, for the UH compared to the REC 17-4 PH SS specimens (see Figs. 19(a & b)).

The scatter in the fatigue lives of the UH was lower compared to the REC for 17-4 PH SS
blunt notched specimens (see Fig. 16(b) and Fig. 17(d)). In most of the UH 17-4 PH SS specimens,
critical crack initiations were from multiple LoF defects (2 or more). Detailed fractography images
of UH 17-4 PH SS specimens are shown in Fig. S6 and Fig. S7 in the Suppl. Mater. Section S4.
Such multiple crack initiation in UH 17-4 PH SS specimens was likely due to the presence of
populous and large volumetric defects in them (see Fig. 15(d)). The presence of multiple fatigue
critical defects in the same specimen, resulting in similar criticality on the fatigue behavior, likely
caused shorter fatigue lives with lower scatter for the UH specimens compared to the REC ones.
This transition to multiple defect-driven crack initiation, mainly from defects at/near the notch

root, apparently caused the PEEQ-life trend in Fig. 19(b) to have a lower scatter for UH 17-4 PH
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SS specimens compared to AISilOMg ones; the size and location of volumetric defects in
AlSi10Mg vary within a wider range compared to UH 17-4 PH SS specimens (see Fig. 15). It is
worth noting that, similar to sharp notches (i.e., the p0.1 specimens), fatigue crack initiation
mechanisms were not affected by the ligament width. Higher plasticity at the notch root of w10
specimens than w5, likely promoted the crack initiation behavior, irrespective of the initiation sites,

leading to early fatigue failure (see Fig. 17).

Fractography revealed critical crack initiation sites (both defects and crystallographic
facets) in blunt notches to be either near the notch surface or on the adjacent lateral surfaces, for
both AISi1lOMg and 17-4 PH SS. Fatigue crack initiation from defects near notch and lateral
surfaces have previously been reported for L-PBF 316L SS and Ti-6Al-4V notched specimens

[29,152,153]. For further characterization, the size of the critical volumetric defects was quantified

using Murakami’s v/area approach [114]. For internal defects, varea is the square root of the
area of the convex hull around the projected shape of the defect on the loading plane, while for
sub-surface defects, the convex hull also includes the area between the defect and the free surface.
In the case of multiple crack initiating defects, the defect with the largest varea was considered
as the critical defect. The size and location (within the cross-section as well as height relative to
the notch root plane) of the critical defects in blunt notches, i.e., w5 p5, w10 p5, and w5 p50, are
plotted in Fig. 21 for both materials. All critical volumetric defects lie either on notch or lateral
surfaces (side surfaces), as indicated by defects’ minimal distances from free surfaces, for both
materials, shown in Fig. 21(a). The relative height of the crack initiation (h.enter/ho, Where
hcenter 1S the distance between the crack initiation site and the notch root plane, and h, is the total
height of the notch geometry, schematically shown in Fig. 21) showed no height dependency for

w5 p5, wi0 p5, and w5 p50 specimens. The mean relative height of crack initiation was near the
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notch root plane (see Figs. 21(c & d)). Volumetric defects of different sizes at different locations
throughout the edges in rectangular cross-section as well as at different relative heights experience
different local stress concentrations due to the notch stress field. Details on the notch stress field
in specimens with varying notch geometries are shown in Fig. 22. Further details on the critical

defect sizes in AlISi1lOMg and 17-4 PH SS specimens are presented in Suppl. Mater. Section S4.
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Fig. 21 Plots showing the size and location of the crack initiating volumetric defects in w5 p5,
w10 p5, and w5 p50 specimens for (a) AlSilOMg and (b) 17-4 PH SS. The markers are scaled
according to the critical defect size, varea. Box plots showing the relative height of crack
initiation for (c) AISi10Mg and (d) 17-4 PH SS blunt notched specimens.
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3.5.3 Quantifying the synergistic effects of volumetric defects and notch geometry on the
fatigue behavior

Linear elastic finite element analysis (LEFEA) was performed using ABAQUS® software

to assess the stress concentration near notches. Three-dimensional finite element models were
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created for w5 p5, wl0 p5, and w5 p50 configurations. Details on the methodology used during
LEFEA are presented in Suppl. Mater. Section S5. For each configuration, the resulting normal
stress, a33, along the loading direction, i.e., Xs, was extracted from seven different heights relative
to the notch root plane, heenierr/ho. TO account for the influence of notch stress fields at critical
locations on both notch and lateral surfaces, normal stresses at both center and lateral planes were
extracted. The o33 at different relative heights were normalized using the nominal stress at the
notch root plane, i.e., a33/0, = 033A4/P, where A is the smallest cross-sectional area at the notch
root and P is the remotely applied load, and presented in Figs. 22(a-c) for different notch

configurations.

The normal stresses ahead of the notch root for w10 p5 were the highest at the notch root
plane, hcenter/ho = 0, followed by w5 p5 and w5 p50 configurations. There was a slight difference
in the normalized stresses between the center and lateral planes for w5 p5 and w10 p5
configurations. Lateral planes had lower stress compared to the center planes, which was likely
due to the plane stress condition experienced by the lateral surface material. For the w5 p50
configuration, the stress concentration was virtually nonexistent, and the normalized stress was
near identical for the center and lateral planes (see Fig. 22(c)). The normalized stress trend ahead
of the notch surface varied among different relative heights. Near the notch root plane, normalized
stresses decreased with increasing distance ahead of the notch surface; however, it gradually
shifted to an increasing trend for larger relative heights (see Fig. 22). The stress concentration
factors, K, at the notch root for w10 p5, w5 p5, and w5 p50 configurations were, respectively,
found to be 1.65, 1.33, and 1.03 in the center plane and 1.58, 1.29, and 1.03 in the lateral plane.
Mathematical fits for normalized stresses at locations with relative heights, heepnier/ho < 0.3, for
w5 p5, wl0 p5, and w5 p50 configurations, are provided in Suppl. Mater. Section S5.
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Fig. 22 Normalized stresses at different relative heights and distances ahead of the notch surface
in center and lateral planes for (a) w5 pJ5, (b) w10 p5, (c) w5 p50, configurations. (d) Schematic
showing the center and lateral planes in the flat notched specimen.

At the location of each critical crack initiation site, utilizing the results of the LEFEA, the

local stress concentration factor, Kygocary Shown as a35 /0, in Fig. 22, was calculated. Figure 11

presents the location and size of the critical defects, color-coded in accordance with their Kygocar),

for w5 p5, wl0 p5, and w5 p50 AlSil0Mg and 17-4 PH SS specimens. The critical defects with

higher Kygocary generally had smaller sizes (see Fig. 23). It signified the amplifying effect of the

notches on the fatigue criticality of defects (or other crack initiating features), i.e., higher stress
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concentration of notches made smaller defects in the vicinity more critical for fatigue crack

initiation.
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Fig. 23 Plots showing the size and location of critical defects, and the stress concentration they
experience in w5 p5, w10 p5, and w5 p50 specimens for (a) AlSil0Mg and (b) 17-4 PH SS. The
size of the markers is scaled according to the critical defect size, and each marker is color-coded
in accordance with Kgocar at the initiation site due to the notch geometry.

The combined/synergistic effects of the influencing factors on the fatigue behavior were
quantified by calculating the crack initiating feature’s mode-l SIF via linear elastic fracture
mechanics (LEFM). Here, the validity of LEFM is established by utilizing EPFEA results, shown

in Fig. 18, and confirming the presence of minimal or no plasticity at the notch root for the blunt
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notched (i.e., w5 p5, w10 p5, and w5 p50) specimens. At the maximum stress levels experienced
by the fatigue specimens, the plastic strain at the notch roots of w5 p5 and w10 p5 specimens was
less than 0.2% for either material. For w5 p50 specimens, no plasticity was observed. Specifically,
for wb p5, w10 p5, and w5 p50 specimens with critical crack initiation from volumetric defects,

assuming a defect-crack equivalence, mode-I SIF was calculated using, Kjax) =

Y Omax KiocanyV mvarea, where Kjyqy is the maximum SIF during a loading cycle, Y is the
Murakami’s location-dependent factor (0.65 for surface and 0.5 for internal defects), gy, IS the

maximum applied nominal stress, and K;(;ocqr) IS the local stress concentration factor presented as

033/ 0, In Fig. 22. Here, v area, measured in accordance with Murakami’s approach, accounts for

the critical defect size, while Y and Ky ;ocq1) account for the location of the critical defect within

the rectangular cross-section, the relative height of crack initiation, and the notch geometry.

In the case of critical crack initiation from microstructural features, i.e., for REC w5 p5,
w10 p5, and w5 p50 17-4 PH SS specimens with crystallographic facets as the crack initiation site,
a similar approach, K;max) =Y Omax. Ktiocan \/m where Iv is the material characteristics
length, was used to calculate the mode-1 SIF. In the absence of abundant volumetric defects, 6-Fe
likely acted as the weak point and led to the formation of microcracks. Considering the ease for
micro-cracks to initiate from larger 6-Fe, Im for 17-4 PH SS was estimated to be 8 um, i.e., the size
of the largest 6-Fe shown in Fig. 14(c). This is consistent with the observation made in Figs. 20(c
& f), where the size of each facet is ~8 pum. In this scenario, K;yqy) represents the detrimental
effect of v -sized virtual cracks on the fatigue behavior of w5 p5, w10 p5, and w5 p50 17-4 PH SS
specimens. It should be noted that the SIF calculation assumes the presence of a crack in the
specimen; however, in specimens with crack initiation from 4-Fe, no such crack is expected to
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have existed prior to fatigue loading. It required a certain number of cycles to induce strain
localization around &-Fe and form microcracks leading to the formation of crystallographic facets.
As such, the SIF calculated with Im corresponds to these cracks formed from 5-Fe. The SIF
obtained for w5 p5, w10 p5, and w5 p50 specimens are presented as marker sizes in the stress-life
plots in Figs. 24(a & b) and plotted against the experimental fatigue lives in Figs. 24(c-f), for

AISi10Mg and 17-4 PH SS.
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Fig. 24 (a & b) Stress-life fatigue plots with marker sizes scaled according to the SIF of critical
features. SIF plotted against the fatigue lives of (¢ & d) w5 p5 and w5 p50, and (e & f) w5 p5 and
w10 p5 specimens for AlISi10Mg and 17-4 PH SS. Magenta arrows point to those critical defects
that are relatively far away from the trend lines in (¢ & d).
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The stress-life plots in Figs. 24(a & b) show a decreasing trend for SIF with increasing
fatigue lives for both AISilOMg and 17-4 PH SS specimens. This trend is especially true at
relatively high stress levels, at 150 MPa for AISi10Mg and 900 MPa for 17-4 PH SS. For a given
crack initiation mechanism (either from defects or 6-Fe), w5 p5, w10 p5, and w5 p50 specimens
showed a consistent SIF-fatigue life trend (see Figs. 24(c-f)). For 17-4 PH SS, specimens with
crystallographic facets as the crack initiation sites had much lower SIF compared to specimens
with crack initiation from equivalent-size volumetric defects at all stress levels. This behavior,
suggesting that the 6-Fe has been much more fatigue critical than the volumetric defects of the
same size, is evident in the plots in Figs. 24(d & f). Power law functions fitted to correlate SIF
with the experimental fatigue lives showed a linear trend; fitting functions are presented in the
plots shown in Figs. 24(c-f). Nevertheless, some scatter was observed in the SIF-life trend for both

AlSi10Mg and 17-4 PH SS.

Factors that were not accounted for in the LEFM approach used in this study, such as defect
morphology and multiple critical crack initiations, could have influenced fatigue behavior and
introduced scatter. The outlying data points in Figs. 24(c & d), marked by magenta arrows, were
further investigated to identify and confirm the origins of the scatter. For marked data points in
Fig. 24(c), fractography images show critical defects of varying morphology (see Figs. 25(a & b));
however, despite having different SIF, these defects resulted in similar fatigue lives for p5
AlSi10Mg specimens. Branching or arms-like features in the critical defect morphology, shown in
Fig. 25(b), likely had minimal impact on the fatigue crack initiation, and thus on overall fatigue
life [120]. This may have led to an overestimation of its effective defect size measured using
Murakami’s varea approach, and thus of its SIF. Additionally, for data points marked in Fig.

24(d), fractography images show single and multiple crack initiations in p5 17-4 PH SS specimens
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(see Figs. 13(c & d)). The specimen shown in Fig. 25(d) having multiple crack initiations but with
a lower SIF had only half the fatigue life of the specimen shown in Fig. 25(c) with a single crack
initiation. Multiple crack initiation significantly deteriorated the fatigue lives of notched

specimens.
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Fig. 25 Fractography images showing (a & b) critical volumetric defects of dlfferent morphology
and (c & d) multiple crack initiations in AISilOMg and 17-4 PH SS flat notched specimens.
Magenta arrows point to crack initiating volumetric defects.
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3.6 Conclusions

This study investigated the combined effects of edge notches, volumetric defects, and
microstructure on the fatigue behavior of additively manufactured AISil0Mg and 17-4
precipitation hardening (PH) stainless steel (SS). Specimens with varying defect contents, notch
root radii, p, and ligament widths, w, were subjected to uniaxial fatigue loading. Fracture surfaces
were analyzed to investigate the fatigue failure mechanisms and to identify factors influencing the
fatigue crack initiation behavior. The combined influence of different factors was quantified and
correlated with the experimentally measured fatigue lives of AISil0Mg and 17-4 PH SS flat

notched specimens. The major conclusions derived from this study are listed below.

1. A strong and consistent influence of notch geometry on fatigue crack initiation of p0./
specimens led to short and low scatter fatigue lives with critical crack initiations from the
notch root. Unlike p0.1 specimens, p5 and p50 showed critical crack initiations from
localized features, i.e., volumetric defects for AISi10Mg, and either volumetric defects or
delta ferrites (6-Fe) for 17-4 PH SS.

2. Between p5 and p50 AISil0Mg specimens, a wide variation in the volumetric defect
features resulted in comparable fatigue lives. However, in the case of 17-4 PH SS, for a
given crack initiation mechanism (either 6-Fe or defects), p50 clearly showed longer
fatigue lives than p5 specimens. This was likely due to similar fatigue criticality of the
crack initiation site features, i.e., similar sized 5-Fe or multiple critical volumetric defects,
thus revealing the effect of varying notch root radii on the fatigue behavior.

3. Specimens with w of 10 mm showed an order of magnitude shorter fatigue lives compared

to their 5 mm counterparts. For both p0.7 and p5 specimens, larger w accumulated more
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cyclic plastic damage at the notch root, which accelerated fatigue crack initiation and led
to shorter fatigue lives.

4. For p0.1 specimens with significant plasticity at the notch root, equivalent plastic strain
correlated well with the experimental fatigue lives of w5 and w10 specimens for both
AlSil0Mg and 17-4 PH SS.

5. For p5 and p50 specimens with minimal plasticity at the notch root, the mode-I stress
intensity factor calculated using linear elastic fracture mechanics quantified the synergistic
effects of notch geometry and defect/microstructural features on the fatigue behavior. SIF
correlated well with the experimental fatigue lives as well as defect-related fatigue lives of

w5 p5, wl0 p5, and w5 p50 specimens for both AISi10Mg and 17-4 PH SS.

This study identified the primary factors influencing the fatigue behavior, especially crack
initiation behavior, of flat, edge-notched specimens with varying notch root radii and ligament
widths. The understanding of the notch fatigue behavior obtained in this study is useful in assessing
the criticalities posed by volumetric defect features, microstructural features, and notch geometries
on the fatigue behavior of complex AM parts with notches inducing different levels of plasticity

at the notch root.
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4 Fatigue Criticality Assessment of Volumetric Defects in Notched Specimens: A Non-
destructive Approach

41 Abstract

This study utilizes linear elastic fracture mechanics to assess fatigue criticality of
volumetric defects in notched specimens with varying geometries. Contrasting to the existing
literature, this study assesses the fatigue criticality of defects, prior to fracture, via a non-
destructive inspection technique, i.e., X-ray computed tomography (XCT). Treating volumetric
defects as cracks, based on Murakami’s definition, the approach calculates their Mode-I stress
intensity factor (SIF) with their local stresses obtained via linear elastic finite element analysis,
and utilizes the SIF to represent their criticality. For validation, cylindrical and flat specimens with
notch root radii of 5 mm and 50 mm of AlISi10Mg and 17-4 precipitation hardened stainless steel
were fabricated, XCT scanned, and tested under fatigue loading. All crack initiating defects,
observed from fractography, fell within the 99.3 percentile of the defects with the highest stress

intensity factor in the respective specimens.

Keywords:
Additive manufacturing; Defect criticality; Non-destructive inspection/testing/evaluation

(NDI/NDT/NDE); X-ray computed tomography (XCT); Fatigue
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4.2 Introduction

Additive manufacturing (AM) processes, such as laser powder bed fusion (L-PBF), are
prone to induce volumetric defects in parts, which act as stress concentrators and often are fatigue-
critical in surface machined condition [8,140,154,155]. Variation in the defects’ geometrical
features resulting from slight perturbations in processing conditions can lead to significant scatter
in fatigue lives, often well beyond two orders of magnitude in the high cycle fatigue regime
[149,156,157]. This suggests that defect content, thus the material properties, can significantly
vary from coupons to parts and from one part to another [158-160]. The uncertainties associated
with such variations can not only make quantifying defects’ critical effects on part’s fatigue
behavior difficult but also render the conventional, process-lockdown based qualification
approaches impractical [161,162]. These challenges are further exacerbated by AM’s ability to
fabricate geometrically complex parts, which often comprise an abundance of notch-like features
[52,141,163,164]. The stress concentration of these features interacts with that of the volumetric
defects to potentially accelerate fatigue crack initiation [52,165-168]. Since such an acceleration
only affects the defects present in the vicinity of notches, the uncertainty in the fatigue performance

of AM parts can be further increased.

The uncertainty of defect content in critical locations of AM parts can be ascertained, at
least partially, by the application of an effective non-destructive inspection (NDI) technique, such
as X-ray computed tomography (XCT) [169-173]. For instance, modern high-resolution XCT
systems can reliably reveal the geometry, size, and spatial distributions of volumetric defects larger
than 20 um in a reasonably sized notch specimen (i.e., a diameter of 5 mm) made of relatively
dense material (i.e., 17-4 PH stainless steel (SS)) [170,174,175]. Nevertheless, due to the complex

interplay between the stress fields of notches and volumetric defects, quantifying the critical
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effects of volumetric defects in the presence of notches remains elusive. Specifically, due to the
presence of a decaying stress field away from the notch roots, the existing approaches for notch
free members [149,176-179] that categorize defects into internal/surface ones and calculate their

stress intensity factors in each category assuming a uniform stress may not be directly applicable.

This study utilizes linear elastic fracture mechanics (LEFM) to assess the fatigue criticality
of volumetric defects detected via an NDI technique, i.e., XCT, for the qualification of AM parts.
The existing literature utilizes the LEFM approach, such as Murakami’s +area approach, to
measure the post-fracture critical defect’s size and its equivalent SIF [40,48]. Contrasting to the
literature, this work assesses the fatigue criticality of defects using a non-destructive technique,
enabling the identification of potentially critical defects prior to destructive analysis. Furthermore,
this study performed such fatigue criticality assessments for complex AM parts; these parts have
different geometry notches in them. In this study, the NDI-based approach relies on XCT to
quantify the content of volumetric defects in a part, and finite element method performed on part’s
computer aided design (CAD) model to analyze the local stress environment of each defect. By
treating each defect as a crack equivalent, a defect’s criticality is represented by its Mode-| stress
intensity factor (SIF) calculated via Murakami’s approach, accounting for the local stress. This
approach is then validated on two types of notched fatigue specimens (cylindrical and flat) with
two notch root radii (5 mm and 50 mm) made of both AISi10Mg and 17-4 PH SS. For validation,
the critical crack initiating defect was identified using fractography for each specimen, matched
with the one detected from XCT, and its corresponding SIF, calculated using the NDI-based

approach, was compared with the others in the same specimen.
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4.3 Method and materials

The procedure to quantify the fatigue criticality of volumetric defects in notched specimens
is illustrated in Fig. 26. First, the notched specimens were scanned using an XCT technique to
extract the volumetric defects’ information such as their sizes and locations. To extract defect
information, the tomography data was processed to obtain greyscale images, followed by gradient
and binary operations, to isolate the defect boundary from the surrounding matrix, as shown in
Fig. 27(a-c). The boundary filled binarized defect morphology, shown in Fig. 27(d), was processed
using MATLAB to extract the necessary defect information. Note that this approach slightly
overestimates the sizes of the detected volumetric defects. Second, the local stresses at different

locations within the notched specimens were quantified using linear elastic finite element analysis

(LEFEA).
(a) Step 1: XCT (b) Step 2: LEFEA (c) Step 3: Calculate K, (d) Step 4: Critical Defect

(s,.;‘zg. 3 59%) = Proposed XCT Slice

! i: T eros “» Approach ”L‘

B it TS T
fimen | R Y
i .

T Loading

' Local stresses Validation 1

Fig. 26 Diagram showing different steps to quantify the fatigue criticality of volumetric defects
in notched specimens: (a) Defect content quantified via XCT, (b) local stresses analyzed via
LEFEA, (c) SIF calculated using LEFM, and (d) validation performed using fractography.

LEFEA was performed using ABAQUS® software for p 5 mm and p 50 mm cylindrical
and flat specimens. It is worth mentioning that the finite element (FE) models and the specimens
used for validation had similar geometries. For cylindrical specimens, two-dimensional
axisymmetric FE models were created (see Fig. 28(a)). For flat specimens, one-eighth of the full

models were created, assuming symmetric boundary conditions in all three planes, i.e., X1-Xo, Xi1-
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X3, and X2-X3, as shown in Fig. 28(b). The FE models for cylindrical specimens were meshed
using CAX6M, 6-node modified quadratic axisymmetric triangle elements, while C3D10, 10-node
quadratic tetrahedron elements, were used for flat specimens. For each model, a mesh convergence
study was performed, resulting in the smallest element size of ~0.5 um at the notch root. The
converged meshes for each of the FE models are presented in Figs. 28(c-f). A remote displacement
of 100 um was applied, as indicated using black arrows in Figs. 28(c-f). The resulting normal
stresses, along the loading direction, o33, were extracted from seven different heights relative to
the notch root plane, i.e., hcenter/ho, Where heoncer 1S the distance of the crack initiation site from
the notch root plane and h,, is the total height of the notch geometry, schematically shown in Fig.
28(g). For flat specimens, normal stresses from both center and lateral planes (schematically shown
in Fig. 28(h)) were extracted. The extracted normal stresses, os3, were normalized using the

nominal stress, oo, at the notch root plane to obtain the local stress concentration factor, i.e.,

Kiocary = 033/0q-
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XCT Processing

(e)  Single Defect (D Multiple Defect (g) Multiple Defect
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Fig. 27 Different stages of XCT data post-processing: (a) greyscale, (b) gradient, (c) binarized,
and (d) boundary filled. Schematic illustration of defect size measurement in the case of (e) single
and (f, g) multiple (two) nearby defects.

Third, Mode-1 SIF for every volumetric defect within the XCT scan volume was calculated
using LEFM, i.e., Murakami’s approach. Assuming a defect-crack equivalency, the Mode-1 SIF

for a volumetric defect under the intended cyclic loading was calculated using:

Kimax) = YOmax KeocanyVvarea , (1)

where Kjyayx.) is the maximum Mode-I SIF during a loading cycle, Y is Murakami’s location-
dependent factor (0.5 for internal and 0.65 for surface defects [180]), oyqx. IS the maximum applied

nominal stress, K;ocqr) 1S the local stress concentration factor at the defect’s location [181,182],

and +areais the defect size. During XCT processing, the defect’s size was measured in
accordance with Murakami’s approach, i.e., the square root of the area of a convex hull around the

projected shape of the defect onto the loading plane [15]. Additionally, the combined influence of

a cluster of defects on the fatigue behavior was accounted for by calculating the varea of the

96



convex hull surrounding the cluster, again based on Murakami’s approach. For any defect, if the
centroidal distance to its smaller neighbor is less than its own size, then the neighbor is included
in the cluster with the defect as schematically shown in Figs. 2(f & g). Note that, for a cluster, the
calculated SIF was assigned to all of its defects. The obtained SIF was used to represent the fatigue
criticality of volumetric defects in notched specimens (see Fig. 26(c)), i.e., defects with higher SIF
were assumed to possess higher probability to initiate fatigue cracks. Finally, validation of the
approach was performed by comparing the top ranked defects having the highest SIF with the ones

observed via fractography (see Fig. 26(d)).
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Cylindrical Specimen

Flat Specimen

Fig. 28 (a, b) Geometries and FE meshes for (c, d) p 5 mm and (e, f) p 50 mm cylindrical and flat
notched specimens. Schematics showing (g) relative height of crack initiation (heenter/ho), and
(h) center and lateral planes in the flat specimen.

The procedure illustrated in Fig. 26 was applied to the notched fatigue specimens
fabricated and tested for some earlier works [181,182], which included both flat and cylindrical
ones with different notch root radii and were made from both AISilOMg and 17-4 PH SS. The
cylindrical and flat specimens (whose geometries are shown in Fig. 29) were machined,

respectively, from bars and rectangular blocks fabricated from two different L-PBF machines, and
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their axial directions were aligned with the build directions. AlSi1l0Mg was fabricated using
Renishaw RenAM 500Q Flex, and 17-4 PH SS using 3D SYSTEMS DMP Flex 350B. To vary the
defect content within notched specimens, both the manufacturer recommended process parameters
(referred to as the R specimens) and the modified ones to induce underheated condition (referred

to as the U specimens) were used for fabrication.
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Flg. 29 Geometrles and dlmen5|ons of (a, b) cyllndrical and (c, d) flat notched specimens with
notch root radii of 5 mm and 50 mm.

Prior to machining, AISi1lOMg parts were stress-relieved (SR) at 285 °C for 2 hours in
accordance with AMS 2771 standard [103], while 17-4 PH SS parts were SR at 700 °C for an hour,
followed by CA-H1025, in accordance with ASTM A693 standard [104]. For convenience,
specimens with notch root radii of 5 mm and 50 mm will be referred to as p 5 mm and p 50 mm in
the remaining sections of this article. After machining, the specimens were ground and polished
using sandpapers with grits ranging from P240 to P1200. These specimens were scanned using an
XCT technique on a ZEISS Xradia 620 Versa machine with a voxel size of 6.5 pm. To avoid false

detection from noise, any defects/features smaller than 20 um were not considered for analysis.
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The notched specimens were subjected to force-controlled fatigue tests and after failure,
fractography was performed to identify the crack initiating defect. AISi1lOMg specimens were
subjected to maximum nominal stresses ranging from 100 to 150 MPa, and 17-4 PH SS from 800
to 1200 MPa at a stress ratio of 0.1. Considering sixteen different configurations, i.e., 2 materials
x 2 fabrication conditions x 4 notch geometries, 32 specimens (2 per configuration) were analyzed
and tested. Out of 32 specimens, 15 specimens showed fatigue crack initiation from volumetric
defects within the scan volume. The remaining specimens either showed crack initiation from

microstructural features, defects outside the scan volume, or reached run-out during fatigue testing.

4.4  Results and discussion
4.4.1 Local stress concentrations in cylindrical and flat notched specimens

The local stress concentration factors, K;(ocar), for p 5 mm and p 50 mm cylindrical and
flat notched specimens, obtained via LEFEA, are plotted against the normalized distance ahead of
the notch surface, i.e., /1, where [ is the distance ahead of the notch surface and [, is the distance
from the notch surface to the symmetric axis, in Fig. 30. For both cylindrical and flat specimens,
p 5 mm showed higher stress concentration factor compared to p 50 mm, at the notch root. Ahead
of the notch root, K;ocary for p 5 mm decreased at a higher rate compared to p 50 mm (see Fig.
30), indicating a higher rate of stress field decay in sharper notches. Due to the variation in the

notch stress field, the K;(,cqr) trends ahead of the notch surface shifted from a decreasing trend,

near the notch root plane, to an increasing trend at higher relative heights (h.enter-/ho), €Specially
for p 5 mm specimens. For flat specimens, p 5 mm showed slightly lower K;,cq;) at the lateral

plane compared to the center plane, likely due to the influence of plane stress condition in the

lateral free surfaces. For p 50 mm, K;cq) in both center and lateral planes were near identical
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(see Fig. 30(c)). The Kiqocar). Presented in Figs. 30(a-c), was utilized to calculate the SIF of

volumetric defects at different locations within the notched specimens, using Eq. 1.

(a) Cylindrical (p 5 mm & 50 mm) (b) Flat (p 5 mm)
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Fig. 30 Local stress concentration factors at different heights relative to the notch root plane and
distances away from the notch surface, for p 5 mm and p 50 mm (a) cylindrical and (b, c) flat
notched specimens.

4.4.2 Effectiveness of the NDI-based approach

Based on the SIF calculated according to the procedure outlined in Fig. 26, the fatigue
criticality of volumetric defects within AlSi1lOMg and 17-4 PH SS notched specimens could be
quantitatively represented. To be exact, the SIF should signify the tendency of a volumetric defect
to initiate a fatigue crack, e.g., the defect with the highest SIF in a specimen should be responsible

for the initiation of the fatigue failure. Realizing this, the efficacy of the utilized NDI-based
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approach can be validated by comparing top ranked defects from the XCT analysis with the fatigue
critical defects identified from fractography after fatigue tests. The critical defects within the XCT
scan volume were identified by utilizing their location information (both in and out of the fracture

plane) obtained from the fractured specimens.

Fig. 31 demonstrates the efficacy of the NDI-based approach using p 5 mm and p 50 mm
AlSi10Mg cylindrical notched specimens that were subjected to 125 MPa and 150 MPa maximum
nominal stresses as examples. Implementing the procedure outlined in Fig. 26, SIF for all
volumetric defects within the scan volumes were calculated and visualized in Figs. 31(a & b).
Furthermore, the defects with the highest SIF were identified (pointed using arrows in greyscale
images in Figs. 31(c & d)) and compared to the critical defects in the fracture surface of the
respective specimens, Figs. 31(e & f). Volumetric defects with the highest SIF were found to
initiate critical fatigue cracks in both p 5 mm and p 50 mm AlSi10Mg specimens. Interestingly, the
two crack initiating defects in both p 5 mm and p 50 mm (see Figs. 31(e & f)) had the highest and

the second highest SIF among all defects within the specimen.
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SIF of Volumetric Sliced Greyscale Fractography
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Fig. 31 (a, b) Visualization of volumetric defects, colored according to their SIF, within the XCT
scan volume, (c, d) sliced greyscale images showing the critical defects, and (e, f) fractography
images showing the fatigue crack initiation sites in p 5 mm and p 50 mm AISi10Mg cylindrical
specimens.

Similarly, Fig. 32 shows additional examples demonstrating the efficacy of the NDI-based
approach using p 5 mm and p 50 mm AlSi10Mg flat notched specimens subjected to 150 MPa and
125 MPa maximum nominal stresses. Fractography images show the presence of critical defects

at the corner and the faces of notches for p 5 mm and p 50 mm specimens, respectively (see Figs.
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32(e & 1)). The critical defect that initiated the crack and caused fatigue failure had the highest SIF
among all defects for both p 5 mm and p 50 mm flat notched specimens. In addition to what’s
shown in Fig. 32, fatigue cracks were also found, in other specimens, to initiate from lateral
surfaces, i.e., the flat side surfaces. Given the lesser degree of stress concentration, the crack
initiating defects from lateral surfaces were typically larger. Regardless, the approach was robust
enough to address the complex stress environment imposed by the flat notched specimens. Similar
confirmation on the efficacy of the NDI-based approach using cylindrical and flat 17-4 PH SS

notched specimens was obtained, as shown in Fig. 33.

SIF of Volumetric Sliced Greyscale Fractography
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Fig. 32 (a, b) Visualization of volumetric defects, colored according to their SIF, within the XCT
scan volume, (c, d) sliced greyscale images showing the critical defects, and (e, f) fractography
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images showing the fatigue crack initiation sites in p 5 mm and p 50 mm AISi10Mg flat notched
specimens.

SIF of Volumetric Sliced Greyscale Fractography
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Fig. 33 (a, b) Visualization of volumetric defects, colored according to their SIF, within the XCT
scan volume, (c, d) sliced greyscale images showing the critical defects, and (e, f) fractography
images showing the fatigue crack initiation sites in cylindrical p 50 mm and flat p 5 mm 17-4 PH
SS specimens.

Overall, the NDI-based approach performed well in assessing the fatigue criticality of
volumetric defects in notched specimens. Table 9 lists the information of all 17 fatigue critical
defects observed in this study (i.e., from the 15 specimens that experienced fatigue crack initiation
from volumetric defects) including their size measured via both XCT and fractography, normalized

SIF (calculated with size measured via XCT), and the corresponding rankings in SIF among other
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defects in the same specimens. For completeness, the details of the specimens including the
material, the geometry type, and the notch root radius are also provided. It is worth mentioning
that the critical defect size obtained via fractography was measured in accordance with
Murakami’s +area approach. All crack initiating defects were found to be within the 99.3
percentile of the defects with the highest stress intensity factor in the respective notched specimens.
Additionally, the NDI-based approach showed critical defects in ten specimens out of fifteen to
have the top rank, i.e., the highest SIF according to Eg. (1), among all other defects in the respective

notched specimens.

Table 9 Information of all 17 fatigue critical defects observed in this study including their sizes
measured via both XCT and fractography, normalized SIF, and absolute and relative ranking of
critical defects in accordance with their SIF within the respective notched specimens as well as the
details of the specimens. It should be noted that the critical defects’ information is shown in the

increasing order of critical defect sizes (i.e., 1% column) for both materials.

o Abs. rank Relative Specimen

o Size via rank .

Size via Kimax.) of o (Crack . Specimen p
fractography . of critical | ... - Material
XCT (um) lomax. | critical initiation geometry | (mm)
(m) defects .
defects . site) ID
(%ile)

28 19 6.0 1 99.320 1 17-4 PH SS|Cylindrical| 50
45 24 5.9 1 99.457 2 17-4 PH SS|Cylindrical| 50
54 50 25.4 1 99.978 3 17-4 PH SS Flat 5
83 62 12.1 1 99.985 4 17-4 PH SS|Cylindrical] 5
98 58 12.9 1 99.989 5 17-4 PH SS|Cylindrical]| 5
154 79 16.9 17 99.574 6 AlSil0Mg Flat 5
162 113 14.0 15 99.423 7 AISi10Mg |Cylindrical] 50
179 114 15.6 18 99.377 8 AISi10Mg |Cylindrical 5
200 149 16.3 1 99.976 9 AlSil0Mg Flat 50
201 149 19.3 2 99.918 10 AlSi10Mg Flat 5
222 181 17.5 1 99.973 11 AlSil0Mg Flat 50
251 186 17.8 14 99.405 12 AlSil0Mg Flat 50
257 141 21.8 1 99.965 13 AlSil0Mg Flat 5
291 187 21.6 1 99.952 | 14 (Site 1) | AlSil0Mg |Cylindrical] 5
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346 244 254 99.952 | 14 (Site 2) | AISi10Mg |Cylindrical| 5
371 140 20.9 99.979 | 15(Site 1) | AISi10Mg |Cylindrical] 50
377 194 20.7 99.979 | 15 (Site 2) | AlISi10Mg |Cylindrical] 50

The SIF of the top rank defects, obtained utilizing the NDI-based approach and XCT data,
were compared with the SIF of the experimentally observed fatigue critical defects from
fractography, using Gumbel’s largest extreme value statistics (LEVS). The SIF of the fatigue
critical defects were calculated using Eq. (1) but with two different measures of size, namely via
fractography and XCT. The obtained SIF were normalized using the maximum nominal stresses,
i.e., making them independent of the applied nominal stress, during the fatigue testing for
respective specimens, i.e., Kjyax)/Omax.- The reduced variate and the corresponding cumulative
and probability density functions (CDF and PDF) for the normalized SIF of top rank defects
according to the NDI-based approach and the actual fatigue critical defects are plotted in Fig. 34.

The reduced variate measure, V, was calculated using:

V, = —In(—In(i/ N+ 1)), )

where i and N are the rank and the total number of critical volumetric defects whose SIF were
being analyzed [183]. The coefficient of determination, R?, in all cases, was found to be higher
than 0.8 (see Fig. 34(a)), indicating that the normalized SIF of top rank and fatigue critical defects

followed a Gumbel distribution.

The CDF and PDF curves, shown in Fig. 34(b), show similarities between the normalized
SIF of top rank and fatigue critical defects (defect sizes measured via both fractography and XCT).
Such correlation between the top rank and the experimentally observed fatigue critical defects
suggests the efficacy of the NDI-based approach to assess fatigue criticality of volumetric defects.
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Note, the distribution of the normalized SIF for the top rank defects (magenta curve in Fig. 34(b))
was much closer to the critical defects (blue curve in Fig. 34(b)) whose sizes were measured via
XCT than to the critical defects measured via fractography (green curve in Fig. 34(b)). The
normalized SIF of critical defects whose sizes were measured via fractography skewed towards
smaller sizes. This is likely due to the overestimation of defect sizes by XCT. The methodology
implemented to post-process the XCT data to extract defects, shown in Figs. 27(a-d), including
gradient operation followed by binarization (thresholding), likely resulted in an overestimation of

the defect morphology detected via XCT.
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Fig. 34 (a) Reduced variate, (b) CDF, and PDF plots, according to LEVS [183], for normalized
SIF of top rank defects obtained via the NDI-based approach, and the actual fatigue critical defects
whose sizes were measured via fractography and XCT.

4.4.3 Limitations of the NDI-based approach

Out of the 17 fatigue critical defects (in 15 specimens) analyzed, 5 did not rank the highest
SIF among the volumetric defects in their respective specimens. These unusual critical defects
were examined to understand the limitations of the approach. For these critical defects, XCT was
unable to detect its true morphology, thus mischaracterizing their sizes and fatigue criticality. As
examples, Fig. 35 illustrates the use of the NDI-based approach in two such specimens. One such
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instance of XCT not being able to fully capture the critical defect’s features occurred in the p 5
mm cylindrical AISi10Mg specimen tested at 150 MPa. As shown in Figs. 35(a - ¢), XCT did not
detect the fine intricate features of the critical LoF defect. This error caused the critical defect to
be measured smaller than its true size which led to the mischaracterization of its fatigue criticality;
the critical defect’s SIF was lower than seventeen other volumetric defects within the notched
specimen. Similarly, in Figs. 35(d - f), XCT could not detect the fine features of two nearby critical
LoF defects. Despite these defects showing the highest SIF among other defects within the
specimen, only partial morphologies were detected via XCT. Therefore, the resolution used during
the XCT posed a limitation to the NDI-based approach to assess fatigue criticality of volumetric

defects for these specimens.
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SIF of Volumetric Sliced Greyscale Fractography
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Fig. 35 (a, b) Visualization of volumetric defects, colored according to their SIF, within the XCT
scan volume, (c, d) sliced greyscale XCT images showing the critical defects, and (e, f)
fractography images showing the fatigue crack initiation sites in cylindrical and flat p 5 mm
AIlSi10Mg specimens.

Lastly, since the NDI-based approach was intended for techniques that can at least reveal
the spatial and size information of volumetric defects, it cannot account for the fatigue crack
initiation from only microstructural features (such as delta-ferrites (6-Fe) in CA-H1025 17-4 PH
SS). Out of 32 specimens that were analyzed and tested, 6 17-4 PH SS specimens showed fatigue

crack initiation from &-Fe precipitates. In the absence of large enough volumetric defects acting as
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stress concentrators, these precipitates acted as weak points in the microstructure [55,184] and
likely promoted fatigue crack initiation and growth along the 8-Fe-martensite interfaces to form
crystallographic facets. As examples, the presence of crystallographic facets in the fatigue crack
initiation sites for two 17-4 PH SS flat notched specimens from R batch with p 5 mm and p 50 mm

is shown in Fig. 36.

p 50 mm (R)

Fig. 36 Fractography images showing crystallographic facets in the fatigue crack initiation sites
for (a) p 5 mm and (b) p 50 mm 17-4 PH SS flat notched specimens from R batch.

45 Conclusions

This study utilized linear elastic fracture mechanics to assess the fatigue criticality of
volumetric defects in notched specimens detected via non-destructive inspection (NDI)
techniques, specifically X-ray computed tomography. Assuming a defect-crack equivalency based
on Murakami’s approach, Mode-I stress intensity factor (SIF) of volumetric defects was calculated

to represent their fatigue criticality. The linear elastic fracture mechanics approach, (K;max) =

Y 0pax KeocaryV ™V area), accounted for defects’ size and location as well as the local stresses
due to the notch geometry, to calculate the SIF. Defects with higher SIF were considered as critical
defects to initiate critical fatigue cracks. This behavior was validated using laser powder bed fused

AIlSi10Mg and 17-4 precipitation hardening stainless steel cylindrical and flat notched specimens
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with varying notch root radii (5 mm and 50 mm). All critical defects fell within the 99.3 percentile
of the defects with the highest stress intensity factor in the respective specimen, demonstrating the
efficacy of the NDI-based approach. Despite the general success of the fatigue criticality
assessment, some limitations were noted. These limitations included critical defects with features
that were obscured by the resolution of the XCT and cases where defects did not contribute to

critical crack formation.
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5 Modeling the Short Fatigue Crack Growth in Additively Manufactured Notched

Parts

51 Abstract

This work investigated the synergistic effects of volumetric defects and macroscopic
notches on the short fatigue crack growth behavior in metallic materials. The effective stress
intensity factor (SIF), proposed by El-Haddad to quantify a crack’s driving force, was utilized to
assess the tendency of crack arrest for short cracks initiating from defects in notched specimens.
Notch-defect configurations with defects of varying shapes and sizes at different locations (notch-
surface, corner, sub-surface, and lateral-surface) were analyzed using linear elastic finite element
analysis. Features such as notch root radii, defect’s size, shape, and location (proximity to notch
and free lateral surfaces) influenced the effective SIF of cracks. A fatigue notch factor-based
approach, incorporating the effective SIF of cracks, was employed to predict the fatigue lives of
notched specimens. Validation was performed using additively manufactured AISilOMg and 17-
4 precipitation hardening (PH) stainless steel (SS) flat notched specimens with varying geometries.
For AISi10Mg, 95% of all fatigue life predictions fell within the scatter band of 3, and 100% fell

within the same scatter band for 17-4 PH SS.

Keywords
Laser-powder bed fusion (L-PBF/LB-PBF); Fatigue modeling; Short crack growth behavior;

Crack arrest/non-propagating cracks; Effective stress intensity factor; Flat notched specimens
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5.2 Introduction

Notch fatigue is a class of engineering problems that have been extensively investigated
for the past few decades for conventionally manufactured (CM) parts [82,185-188]. Under
loading, macroscopic notches or notch-like features in mechanical components, such as shaft
shoulders/grooves/key slots, fastener holes, weldments, and gear tooth roots, etc., exert stress
concentration and are often fatigue critical [121-124]. Fatigue design approaches typically employ
a fatigue notch factor concept to estimate the stress-life (S-N) behavior of a notched member by
“knocking down” the reference fatigue data of notch-free specimens with a fatigue stress
concentration factor that accounts for the effects of both notch geometry and the materials’ notch-
sensitivity [82,189]. The fatigue stress concentration factor is commonly calculated using 2D
elastic stress solutions (e.g., according to classical Neuber’s formula or theory of critical distance)
and assuming the crack front runs in the root plane along the third dimension (e.g., circumferential
cracks in cylindrical notches and through-the-thickness cracks in edge notches). While these
approaches have been effective for notches in CM parts, the current notch treatments have not
been adequate when applied to additively manufactured (AM) ones. Specifically, significant
fatigue scatters have been exhibited by notched members which cannot be explained by the state-

of-art understandings of CM notches [135,190].

One of the most significant and persisting differences between the AM metallic materials
with their CM counterparts is the ubiquitous presence of process-induced volumetric defects [69].
Because of the use of hard-to-dissolve shield gases (such as argon) during additive manufacturing
(AM) processes, these volumetric defects are almost impossible to completely remove [191]. The
volumetric defects generate their own stress fields [160] under load and, when appearing near

notches, can initiate fatigue cracks, introduce significant fatigue scatter given the uncertainties in
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the defects’ location, size, and shape [29,152,153]. Accordingly, the presence of defects violates
the assumptions of the prevailing treatments of CM notches that the fatigue cracks always initiate
from the notch root surface thereby rendering them ineffective. A defect of a given size and shape
can exert significantly different degrees of criticality to fatigue depending on its location with
respect to notches. Assuming the placement of a fatigue critical defect on the root plane (i.e., the
plane of maximum principal stress) of an edge notch, Fig. 37 depicts four scenarios. Among the
four locations indicated, Locations 1 and 2 can give defects more criticality since they are at the
notch root and experience higher stresses than Locations 3 and 4. At Locations 2 and 4, due to less
material constraints in the presence of the lateral, free surface (indicated in Fig. 37), the initiation
and subsequent growth of fatigue cracks from volumetric defects are easier (corner and lateral
surface fatigue cracks in these cases tend to exhibit higher stress intensity factor (SIF)), giving the

defects heightened criticality than at Location 1 and 3.

@ Notch-surface
@ Corner

@ Sub-surface

@ Lateral-surface

Fig. 37 Schematic showing potential placements of fatigue critical volumetric defects in an edge
notch geometry: (1) notch-surface, (2) corner, (3) sub-surface, and (4) lateral-surface.

In an isolated environment (i.e., in the absence of surface notches, roughness, or the
proximity of other defects), volumetric defects themselves behave like microscopic notches [192].

Based on the knowledge of small, surface notches, although volumetric defects can accelerate
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fatigue crack nucleation, the driving force they can exert on the nucleated cracks is often limited
because of the defects’ small sizes. Specifically, the rapidly decaying stress fields, especially those
from the flat and sharp defects, can lead to a temporary reduction in the effective SIF of short
cracks, and potentially crack arrest [149]. Consequently, addressing the influence of the volumetric
defects, therefore, should not only consider the degree of their elastic stress concentration but also
their propensity to crack arrest due to their steep stress gradient. Indeed, the author’s recent work
has shown that short fatigue cracks nucleated from lack-of-fusion defects, which are flatter and
with sharper edges, tend to experience an initial reduction in effective SIF [149]. Using a fatigue
notch factor approach incorporating Murakami’s v/area and the minimum effective SIF of cracks
at arrest, the detrimental effects of volumetric defects in surface machined, notch-free parts could
be quantified. However, near macroscopic notches, the coupling of the stress fields of the notches
and volumetric defects severely influences the growth and arrest behaviors of the short cracks, and

the understandings in this regard have been lacking.

This work addresses the synergistic effects of macroscopic notches and volumetric defects
on the short fatigue crack growth behavior in AM metallic materials. Using linear elastic finite
element analysis (LEFEA), the combined influence of notch geometry and defects’ size, shape,
and location on the driving force, i.e., SIF, of short cracks is quantified. The driving force of short
cracks, calculated using effective SIF by El-Haddad et al. (1979), initiating from volumetric
defects of various sizes, morphologies, and locations, residing near notches of different radii are
assessed and compared to gain insights into the factors governing the short cracks’ growth
behavior. Using the minimum effective SIF for each defect-notch configuration, the corresponding
fatigue stress concentration factor is determined, which can be used for fatigue life prediction using

a fatigue notch factor-based framework if information regarding the fatigue critical defect is
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known. This prediction scheme is validated using experimental fatigue data for laser-powder bed
fused (L-PBF) AlSil0Mg and 17-4 precipitation hardening (PH) stainless steel (SS), published
previously by the authors [182]. These materials are selected due to the differences in their tensile
strengths leading to different sensitivity of fatigue crack initiation to volumetric defects and notch

geometry [110,140,193].

5.3  Methodology
5.3.1 Design of simulations

A parametric LEFEA, using models of flat VV-notch specimens containing cracks initiating
from singular volumetric defects, was performed to quantify the effects of notch geometry, defects’
size, shape, and location on the SIF of cracks. Flat VV-notch specimens with an opening angle of
90°, notch depth of d = 3.5 mm, semi-width of w = 2.5 mm, and thickness of t = 3 mm were
modeled (see Figs. 38(a and b)). Four defect configurations based on location (notch-surface,
corner, sub-surface, and lateral-surface) were modeled, as shown in Figs. 38(c-f). For each
configuration, the notch root radius, p, defect’s size, r, and shape, h/r, and (for sub-surface and
lateral-surface configurations only) the defect’s distance from the notch surface, |, were varied
individually, resulting in 540 cases, as detailed in Table 10. For each case, crack fronts were
modeled, initiating from the defect, and the mode-I SIF of cracks was calculated as a function of
crack length, a, up to 250 um. The modeled crack fronts were circular and concentric with the
defects in the modeled geometries (blue shaded bodies in Figs. 38); they were quarter circular in
notch-surface and corner (see Figs. 38(c and d)) and semi-circular in sub-surface and lateral-
surface configurations (see Figs. 38(e and f)). Note that, geometrically, the cases where a crack of
size a is extending from a flat defect (h/r = 0) would be equivalent to those of a pure crack of size
a+r.
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Fig. 38 Schematics showing different notch configurations with crack initiating defects at
different locations (dimensions not to scale): modeled geometries (blue shaded bodies) being (a)
one-eighth and (b) one-fourth of the simulated full specimens (wireframes), (c) notch-surface, (d)
corner, (e) sub-surface, and (f) lateral-surface configurations. Symmetric and free surface
boundary conditions in each configuration are color-coded.

Table 10 Geometric parameters and their ranges.

Parameter Designation Values
Normalized notch root 0.25,05,1,15,2,25, 3,7, and
. pld
radius 15
Defect size (um) r 10.5, 52.5, and 105
Defect shape h/r Oand 1
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Normalized distance from w 0.006, 0.012, 0.02, 0.032, 0.046,
notch surface to defect 0.1,0.2,0.3,0.4,and 0.6

Crack length (um) a 0.2 to 250

5.3.2 Execution of simulations

The finite element (FE) simulations were performed using the ABAQUS® software.
Utilizing the symmetry of the notch configurations, FE models representing a portion of the
specimens were created and applied with appropriate boundary conditions, as shown in Fig. 38.
The FE models comprised 1/8" of the full model for notch-surface and sub-surface, and 1/4" of
the model for corner and lateral-surface configurations. Two element types were used for meshing
(see Fig. 39). 20 node isoparametric quadratic brick elements (C3D20R) [194] were used in the
crack front region with collapsed elements at the crack tip to model the singularity; the crack fronts
are shown using yellow dashed lines in Fig. 39. On the other hand, quadratic tetrahedron elements
(C3D10) were used to mesh the remaining regions of the FE models [194]. Mesh convergence
studies were performed for each configuration until the SIF value at the crack front (at locations
indicated by yellow arrows in Fig. 39) remained within 0.05% between successive mesh

refinements. Upon convergence, the refined crack front element size was approximately 0.3 pm.
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Fig. 39 FE meshes for different notch configurations: (a) notch-surface, (b) corner, (c) sub-surface,
and (d) lateral-surface. Yellow arrows point to a location on the crack front in each configuration.

A remote displacement of 100 um, along the direction of magenta arrows at the grip
section, as shown in Fig. 38, was applied. The resulting SIFs along the crack front, calculated
using the contour integral method implemented in ABAQUS® [194], were extracted. From each

simulation, SIFs from three coaxial contours around the crack front were obtained; however, only
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the converged SIF value from the second contour, where the stress field was more stable, was used.
In addition to the SIF, nominal stresses, based on the cross sectional area at the notch root plane,

were also estimated.

5.3.3 Analysis and validation of results

The obtained mode-I SIFs, K;, were normalized with nominal stress, o,,om, i-€., K;/Gnom,
to make them independent of the applied load. For this reason, although the LEFEA was with static
loads, the resulting normalized SIF, K;/a,,,m, represents the normalized SIF range of cracks under
cyclic loading, AK,/Acy,m. In general, the SIFs varied along the crack front due to the
heterogeneous stress field of notches and defects as well as the proximity of the crack front to the
free surface. Nevertheless, only the SIF at specific points as indicated by the green arrows in Fig.
38 were of interest. These locations, i.e., at the base of the crack front for notch-surface and corner
(Figs. 38(c and d)) and at the point on the crack front closest to the notch surface for sub-surface
and lateral-surface configurations (Figs. 38(e and f)), were selected to capture the influence of
decaying stress field of both the notch and the defect. The decay in the stress field due to the notch
geometry is more prominent/significant along the ligament width direction than in the specimen

thickness direction.

To account for the influence of small-scale cyclic plasticity, due to the stress concentration
of defects and notches, on crack initiation behavior, El Haddad’s effective SIF incorporating a
material parameter ap was adopted [177,195]. This approach has previously been shown to be
effective in the authors’ earlier work to treat the effect of volumetric defects in notch-free condition

[149]. The effective SIF of cracks is expressed as,

(AKeff)norm - Aj:m v 1+ao/a, (1)
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where (4K,f) is the normalized effective SIF range, AK; is the elastic mode-I SIF range and
ff norm

Aoy, ,m 1S the nominal stress range [177,195]. Utilizing Eq. (1) and LEFEA results, i.e., expressions

for AK;/Aaoy,,m, the effective SIF of cracks were calculated for different notch configurations.

The normalized effective SIF, capable of assessing the non-propagating condition of the
initiated crack, can be used to predict the fatigue life of a notched specimen, given that geometrical
information of the critical defect is known. For this, a fatigue notch factor (Ky)-based approach is
often adopted [82,189]. The K, behaves as a knock-down factor or a fatigue stress concentration
factor, that knocks down or divides the fatigue limit of the reference stress-life relation to obtain
the fatigue behavior of a defective/notched specimen. In a stress-life plot, given the fatigue life
point at a high stress level and the fatigue limit of the defective/notched specimen, its

corresponding fatigue life can be calculated based on Basquin’s equation at desired stress levels

[149].

In this study, the K, was calculated as a ratio of the minimum effective SIF of cracks
initiating from a critical defect in the notched specimen to that of a crack initiating from a

microstructural  discontinuity  in  defect-free, reference  specimens, ie., K;=

min ((AKeff)norm) /min ((AKeff) . The microstructural discontinuity can be

Defect norm )Ref.
persistent slip bands (PSBs) or other features that are responsible for fatigue crack initiation, e.g.,
delta-ferrites in the CA-H1025 treated microstructure [182]. As a note, these microstructural

features were treated as defects with flat geometries (h/r = 0).

In this work, the fatigue data generated from laser powder bed fused (L-PBF) flat notched

AlSi10Mg and 17-4 PH SS specimens with varying notch root radii (5 mm and 50 mm) [182] were

123



leveraged and the lives of the specimens were correlated with the geometrical features of the
critical volumetric defects and notches via the fatigue notch factor-based framework outline above.
The geometries and dimensions, which are the same as the ones being modeled in this work, of
the flat notched specimens are shown in Fig. S1 of the Supplemental Material. Details on the
experimental setup including fabrication, heat treatment, and fatigue testing procedure are

provided in Section S1 of the Supplemental Material.

Furthermore, as a comparison, additional fatigue life-defect correlations were also made
with the classical Murakami’s defect sensitive fatigue model [114]. The prediction scheme was
also fatigue notch factor-based, and the fatigue limit of a defective material, o3¢t according to

Murakami was,

defect _ (HV+120) (1-R a
O¢ - Cz( —area)l/G( 2 ) ) (2)

where varea is the square root of the projected area of the critical defect onto the plane normal to
the loading direction, HV is the Vickers hardness, and R is the stress ratio. The fitting constants C;
and « of values 1.43 and 0.226 + HVx10*, were used [114]. For L-PBF AISi10Mg and 17-4 PH
SS, HV values of 135 and 361 were used [196,197]. For the fatigue life predictions, the local stress
concentration factor, Kygocaly due to the notch geometry was also taken into account [198]. For each
specimen, Kyaocal) Was obtained at the location of the critical defect and was used to elevate the

applied nominal stress.
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54  Results
5.4.1 LEFEA results for different notch configurations

The normalized mode-I SIF, K, /o,,m, Of pure cracks and cracks initiating from flat and
spherical defects of varying sizes in notched geometries of different root radii are presented in Fig.
40 for notch-surface and corner, and in Fig. 41 for sub-surface and lateral-surface configurations.
Figure 4 only presents the normalized SIF for extreme and intermediate notch root radii, i.e., p/d
of 0.25, 1, and 15. The plots containing the complete dataset of SIF for all notch root radii, listed
in Table 1, are presented in Section S2 of the Supplemental Material. In general, the SIF increased
with increasing crack length for both notch-surface and corner configurations (see Fig. 40). For
cracks initiating from spherical defects (indicated using dotted lines in Fig. 40), their SIF exhibited
a brief period of rapid increase before approaching the pure crack cases. The SIF of cracks
initiating from smaller defects merged with the pure crack cases at shorter crack lengths, likely
due to the influence of its smaller stress field, diminishing at shorter distances, on the crack front.
In contrast, the SIF of cracks initiating from a perfectly flat defect, i.e., h/r = 0, first vertically
approached then followed the pure cracks’ SIF curves. Note that the intermediate scenarios of flat
and spherical defects, i.e., the ones with 0 < h/r < 1, were not modeled explicitly in this work.
Nevertheless, based on the authors’ earlier work [149], the SIF curves for such cases should be the
intermediate of spherical (see dotted lines in Fig. 40) and perfectly flat (see dashed lines in Fig.
40) defect cases. Among notches with different p/d, sharper notches resulted in higher SIF of pure

cracks as well as cracks initiating from defects, for both notch-surface and corner configurations.
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Fig. 40 Normalized mode-1 SIF of pure cracks and cracks initiating from flat and spherical defects
of different sizes in (a) notch-surface and (b) corner configurations. Green arrows in the schematics
point to the location on the crack front where the SIFs were measured.

For sub-surface and lateral-surface configurations, Fig. 41 presents the normalized SIF of
pure cracks and cracks initiating from flat and spherical defects, located at different distances, I/w,
away from the notch root, in notches with extreme notch root radii, i.e., p/d of 0.25 and 15. The
complete dataset of SIF of cracks for all notch root radii, listed in Table 10, for sub-surface and
lateral-surface configurations, is presented in Section S3 of the Supplemental Material. For both
configurations, the SIF increased with increasing crack length; however, when cracks approached

the free surface, the SIF approached infinity, as shown in Fig. 41. The positions of the free surface
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relative to the defect are shown using dash-dotted vertical lines of the corresponding colors in Fig.
41. A similar behavior in the mode-I SIF of cracks due to its proximity to the free surface has
previously been reported for a center-crack in a fixed-width flat plate [199]. Similar to notch-
surface and corner configurations (see Fig. 40), cracks initiating from flat defects vertically
approached and followed the pure crack cases (dashed lines in Fig. 41), while the spherical defect
ones showed a brief period of rapid increase before approaching the pure crack cases (dotted lines
in Fig. 41). Between notches with p/d of 0.25 and 15, there was a clear difference in the SIF trends
for cracks initiating at different I/w. The sharp notch (p/d = 0.25) illustrated a wider variation in
the SIF of cracks for different I/w compared to the blunt notch (p/d =15), as shown in Fig. 41. It
was attributed to the higher stress concentration and the higher stress gradient of the sharper notch,
resulting in larger differences in the local stresses, and thus larger variation in the SIF of cracks,

at different distances ahead of the notch root.
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Fig. 41 Normalized mode-1 SIF of pure cracks and cracks initiating from different sizes flat and
spherical defects in (a and b) sub-surface and (c and d) lateral-surface configurations, for sharp
(p/d = 0.25) and blunt (p/d = 15) notches. The color-coded dash-dotted vertical lines represent the
free surface for the corresponding I/w. Green arrows in the schematics point to the location on the
crack front where the SIFs were measured.

5.4.2 Expressions for elastic mode-1 SIF in different notch configurations

In notch-surface and corner configurations (Figs. 38(c and d)), as the circular crack grows,
their deepest points (indicated by the green arrows in the figures) propagate along the notch stress
gradient, which is similar to the growth behavior of through-the-thickness cracks. Accordingly,
the variation of SIF for the two crack geometries as a function of crack size is expected to be
similar. By blending the SIF of shallow and deep, through-the-thickness cracks, which are
respectively under and free of the influence of notches, Harkegard introduced a semi-empirical
form for SIF for notch cracks as a function of crack length [200]. Following this approach, this

work expressed the normalized mode-I SIF of shallow and deep pure circular cracks using
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AGnom

where F,, is the crack geometry factor depending on the notch configuration, i.e., 1.025 for notch-
surface and 1.122 for corner, and K is the associated elastic stress concentration factor at the notch
root. A shallow crack, in notch-surface and corner configurations, experiences the local stress
concentration at the notch root; however, for a sufficiently deep crack, the stress field due to the
notch geometry decays and reaches minimum, i.e., Ki = 1. Introducing a transition function, 9, to

interpolate between Egs. (3), and (4), where 6~0 for shallow and 6~1 for deep cracks, yields

AK; 2 (1-0)K{'a
AGnom Fa (n) \! ma + n ' )

where 8 = 1 — e~%%" and n and a* are the fitting parameters. The fitting parameters vary with

the notch geometry and are provided in Figs. S3(b and c) in the Supplemental Material.

For flat defects, due to the fast-approaching nature of the SIF of cracks initiating from them
to that of pure cracks (see Fig. 40), Eq. (5) was utilized by substituting the pure crack’s length, a,
with r+a, i.e., crack of length a initiating from a flat defect of size r. However, at crack length, a
= 0, the effective SIF of cracks initiating from flat defects approached infinity. Such trends of
effective SIF of cracks initiating from different configurations of flat defects in the notch-surface
configuration are discussed in more detail in Section 4.1. In the case of spherical defects, an
additional transition function, y, was introduced. Based on 6, y, Egs. (3), and (4), a generalized
expression for the normalized mode-I SIF range for an arbitrary length crack, with a < 250 um,

initiating from a spherical defect, in notch-surface and corner configurations, was expressed as
129



AR E, (2) \/n y ((r +a)+ —(1_9)g(r+a)), (6)
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where § = 1 — e~(+®/a’ =1 — ¢=4/b" and b* is the fitting parameter. b* varies with the

defect size, as shown in Fig. S4(d) in the Supplemental Material.

For sub-surface and lateral-surface configurations (Fig. 41), the normalized elastic mode-

| SIF range of cracks was expressed using

24— pyma, )

Adnom

where F is the crack geometry factor. Utilizing the LEFEA results, F for pure cracks initiating at
different distances, l/w, in notches of different root radii, i.e., p/d = 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 7,
and 15, was calculated and the calculated F for notches with p/d of 0.25 and 15 are presented in
Figs. S6(a and b) of the Supplemental Material. F approached infinity as cracks approached the
free surface, i.e., a/l~1, (see Fig. S6). During the LEFEA, crack lengths only up to 250 pm were
assessed; this caused the near notch surface SIF of pure cracks with I/w > 0.1 not to be captured.

For pure cracks with I/w < 0.1, F was a function of the following form
a 1/2 a 2 a\?
F = [sec (%) ] [1 +4(%) +8(%) ] + ¢, for lw < 0.1, )

where A, B, and C are the fitting parameters. These fitting parameters vary with l/w and p/d, and
are provided in Fig. S7 of the Supplemental Material, for sub-surface and lateral-surface
configurations. For l/w > 0.1, F was near constant for crack lengths up to 250 um. The near

constant F for different I/w and p/d is presented in Figs. S6(c and d), respectively, for sub-surface
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and lateral-surface configurations. An approximation function of F for pure cracks with I/'w > 0.1

was expressed as

l/w

A3
F = Ale_(z) + A, for l/w > 0.1, 9)

where Az, A2, Az, and A4 are the fitting parameters, and their values, influenced by p/d, are presented
in Section S3 of the Supplemental Material, for both sub-surface and lateral-surface

configurations.

Similar to notch-surface and corner configurations, for flat defects, the expressions of pure
cracks, shown in Egs. (7-9), were utilized by substituting the pure crack’s length, a, with r+a, i.e.,
crack of length a initiating from a flat defect of size r. Such trends of effective SIF of cracks
initiating from flat defects at different distances ahead of the notch surface, are presented in Fig.
43, and discussed in Section 4.1. In the case of spherical defects, a transition function, y, was used

and the generalized expression for mode-I SIF was expressed as

LY —fr/ray, (10)

Adnom

where F was obtained using Egs. (8) and (9), for defects with I/w < 0.1 and I/w > 0.1, respectively.

55  Discussion
5.5.1 Short crack growth behavior in different notch configurations

Following the approach outlined in Section 2.3, the elastic mode-I SIF presented in Section
3 was used to calculate the effective mode-I SIF of cracks initiating from defects. As examples for
the notch-surface configuration, the effective SIF of pure cracks and cracks initiating from flat and

spherical defects have been calculated using Egs. (1), (5), and (6), and selected results are plotted
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in Fig. 42. Specifically, only the effective SIF of cracks initiating from defects with sizes, r =10.5
pm and 105 pm, in notched specimens with extreme notch root radii, p/d = 0.25 and 15, are shown.
Sizes of 10.5 um and 105 um represent the range of typical defect sizes in AM metallic materials
[69]. It is worth mentioning that similar effective SIF behavior was observed for the corner
configuration (see Fig. S4 of the Supplemental Material) and not shown in the main text. For the
effective SIF calculations plotted in Fig. 42 and Fig. 43, a material characteristic length, ap, of 10
pm was used for illustrative purposes. The ao of 10 um represented the microstructure of
AIlSi10Mg specimens used for the validation of the proposed life assessment approach—together
with 17-4 PH SS specimens. Similar observations would be expected to result if a characteristic

length scale for 17-4 PH SS (ao of 8 um) was used.

In the notch-surface configuration, the effective SIF of cracks initiating from a flat defect
dropped rapidly ahead of the defect and then showed a gradual increase with increasing crack
length (see Figs. 42(a, b, e, and f)). In addition, cracks initiating from larger defects (r = 105 pm)
showed higher effective SIF, illustrating higher detrimental effects on the fatigue behavior; higher
minimum effective SIF results in a higher crack growth rate and a lower likelihood of crack arrest.
For cracks initiating from spherical defects with r =10.5 um, the effective SIF decreased, reached
minimum, and then gradually increased with increasing crack length (see Figs. 42(c and d)). On
the other hand, for spherical defects with r =105 um, the effective SIF increased gradually with
increasing crack length, without an initial reduction. This resulted in the defect with r =10.5 pm
to have higher effective SIF at shorter crack lengths; however, as the crack advanced, it became
lower than for the defect with r =105 um. This suggests a higher likelihood for cracks initiating
from small defect (r =10.5 pum) to get arrested. Such an initial reduction in the effective SIF of

cracks initiating from smaller defects is likely due to the influence of their own stress fields, which
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decay at shorter crack lengths, producing a higher gradient stress field. This rapid decay in the
stress field ahead of the defect influences the SIF of cracks, and thus the crack arrest behavior.
Between the two notch root radius cases presented in Fig. 42, the effective SIF of cracks for p/d
=0.25 was higher than p/d =15, likely due to higher stress concentration at the notch root.
Additionally, the variation in the minimum effective SIF of cracks between defects with r =10.5
pm and r =105 um was wider for p/d =0.25 than p/d =15 (Figs. 42(e and f)). This is likely due to
the smaller defect’s proximity to the notch root, experiencing a higher gradient notch stress field,

resulting in a larger dip/reduction in the effective SIF of cracks for the shaper notch.
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Fig. 42 Effective SIF of cracks initiating from (a and b) flat defect, (c and d) spherical defect, and
(e and f) comparison between pure cracks and cracks initiating from both flat and spherical defects,
in notches with p/d of 0.25 and 15, for notch-surface configuration.

For comparison among pure cracks, and cracks initiating from flat and spherical defects,

their effective SIF, for different defect sizes, are plotted against the effective crack length (r+a) in
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Figs. 42(e and f). For the notch-surface configuration, the effective SIF of cracks initiating from
flat defects dropped rapidly (Figs. 42(e and f)), then showed a gradual increase with increasing
crack length, and merged with their corresponding pure crack cases. Such a sudden decrease in the
effective SIF is likely due to a very high stress gradient ahead of the flat defect. For cracks initiating
from spherical defects, effective SIF showed a gradual decrease for defect with r = 10.5 um. This
caused cracks initiating from spherical defects with r = 10.5 um to have higher minimum effective
SIFs than flat defects. Such initial decrease in the effective SIF, reaching minimum, and then
increasing with increasing crack lengths, has previously been observed for cracks initiating from
the notch roots of ductile cast iron specimens [50]. At sufficiently low stress levels, there can exist
a condition when the effective SIF becomes lower than the threshold SIF, and consequently, the
propagating crack ceases its growth, i.e., crack arrest, [177,195]. A lower minimum effective SIF
of cracks initiating from flat defects suggested a higher likelihood of crack arrest compared to
cracks initiating from spherical defects [149]. However, for cracks initiating from spherical defects
with r = 105 um, there was no initial decrease in the effective SIF. Here, the minimum effective

SIF for flat defects was higher than for spherical ones.

For the sub-surface configuration, the effective SIF of pure cracks and cracks initiating
from flat and spherical defects, located at different distances, I/w, from the notch surface, is
presented in Fig. 43. The lateral-surface configuration showed similar effective SIF behavior to
the sub-surface configuration, as shown in Fig. S5 of the Supplemental Material. Figure 7 shows
the effective SIF of cracks initiating from defects at extreme and intermediate locations, I/w of
0.012, 0.1, and 0.6, in notches with extreme notch root radii, p/d = 0.25 and 15, as a function of
crack length. Cracks initiating from flat defects, with increasing crack length, showed a sudden

initial decrease in the effective SIF and later approached the pure crack cases, for all I/w (see Figs.
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43(a and b)). When cracks approached the free surface, effective SIF increased rapidly and
approached infinity. The position of the free surface is indicated using dash-dotted green lines in
Figs. 43(a and b) for I/w = 0.012 (the position of the free surface for the other two I/w ratios are
outside the axis limits and are not shown in the figure). For spherical defects, similar to flat defects,
the effective SIF initially decreased and then merged with the pure crack cases. However, spherical
defects showed a more gradual initial decrease (see Figs. 43(c and d)), likely due to the influence

of their lower gradient stress field, compared to flat defects.

Among different I/w, cracks initiating from defects closer to the notch surface (smaller 1/w)
showed higher effective SIF at all crack lengths, r+a. This behavior was more pronounced for the
sharp notch (p/d = 0.25), where I/w = 0.012 showed significantly higher effective SIF than l/w =
0.6, compared to the blunt notch (p/d = 15). For the blunt notch, the effective SIF was comparable
among different I/w (see Figs. 43(b and d)). This is likely due to the prevalence of a lower gradient
stress field ahead of the blunt notch, resulting in a smaller variation in the local stresses at different
I/'w. Among different defect sizes, smaller defects showed lower minimum effective SIF,
suggesting a higher likelihood of crack arrest. For defects with r = 10.5 um, an initial decrease in
the effective SIF was observed for both flat and spherical defects; however, for r = 105 um, such
an initial dip was observed only for flat defects. A lower minimum effective SIF for smaller
defects, and for defects at larger I/w suggested a higher likelihood of crack arrest for cracks

emanating from them.
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Fig. 43 Effective SIF of pure cracks and cracks initiating from different sizes (a and b) flat and (c
and d) spherical defects in notches with p/d = 0.25 and p/d = 15 in sub-surface configuration. The
green dash-dotted vertical lines represent the free surface for I/w = 0.012 (the position of the free
surfaces for the other two |/w ratios are outside the axis limits and are not shown).

5.5.2 Fatigue life prediction and validation

Following the fatigue notch factor-based framework outlined in Section 2.3, the fatigue
lives of flat, edge-notched specimens tested by Poudel et al. [182] were predicted using the defect
information obtained via fractography. These experimentally tested specimens showed fatigue
critical crack initiations from volumetric defects of different sizes at different locations.
Experimentally obtained stress-life plots for p5 and p50 specimens are shown in Figs. 44(a and b)
with colored markers. These specimens showed critical crack initiation from lack-of-fusion (LoF)

volumetric defects located either at/near notch-surface, corner, or lateral-surface (see Figs. 44(c-
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f)). Utilizing the size, i.e., equivalent radius, r, calculated using W where varea is
measured in accordance with Murakami’s approach [176], and the location of the critical defect,
the effective SIF of cracks initiating from them were calculated using Eq. (1). In the case of
multiple crack initiation, the size and location of the largest crack initiating defect was used in the
analysis. During the calculations, the material characteristic length, ao, of 10 um and 8 um were
used, respectively, for AlSi1lOMg and 17-4 PH SS. For AISi1lOMg, ag was estimated by measuring
the average grain size in the radial plane, i.e., the direction of the crack propagation [182]. For 17-
4 PH SS, it was the average size of the delta-ferrites in the CA-H1025 treated microstructure [182].
It is worth noting that, during the effective SIF calculation, the critical LoF defects, due to

similarities in morphology and short crack growth behavior [149], were treated as flat defects.

Following the methodology mentioned in Section 2.3, the knock-down factor, K, for each
of the experimentally tested flat notched specimens was calculated by dividing the minimum
effective SIF of cracks initiating from the critical defect to that from a critical microstructural
discontinuity in defect-free, reference specimens. The reference stress-life behavior should
correspond to notch-free specimens whose crack initiation is not influenced by volumetric defects
and is instead driven by the largest weak microstructural features, which can be the largest
persistent slip bands (PSBs) in FCC alloys (such as Inconel 718 and AISi10Mg) and the largest
delta ferrite in martensitic stainless steels (such as 17-4 PH SS) [54,55,151,201]. It has been shown
that microstructure-driven fatigue crack initiation can out-compete volumetric defect-driven
initiation when the largest microstructural features are larger than the most critical volumetric
defects [54]. In Poudel et al, the largest grain size (which is proportional to the largest PSBs’ size)

for AISi10Mg was ~15 pm and the largest delta-ferrite for 17-4 PH SS was ~12 pum (Poudel et al.,
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2025). With these lengths, the fatigue limit for the reference stress-life curve can be obtained from

the Shiozawa curves [202] constructed for the p50 AISilOMg and 17-4 PH SS specimens.

For AISi1l0Mg and 17-4 PH SS, the Shiozawa curve was generated, respectively, using 7
out of 22 and 9 out of 18 specimens; these specimens are labeled as p 50 mm (Shiozawa) in Figs.
44(a and b). The remaining p 50 mm specimens, together with all p 5 mm ones, were used for
validation. In order to plot the Shiozawa curve, a classical linear elastic fracture mechanics
(LEFM), proposed by Murakami [114] was modified, i.e., by incorporating the local stress

concentration factor near notches, and used to estimate the mode-I SIF of crack initiating defects.

Assuming a defect-crack equivalence, Kjmax) = YKe(iocan)OnomV TV area, where Kjyqy is the
equivalent mode-I SIF of a defect, Y is the crack geometry factor (0.65 for surface and 0.5 for

internal locations), and K ;,cqr) is the local stress concentration factor at the location of the crack
initiation site, was used. K;(,cqryaccounts for the stress concentration due to the notch geometry

at different locations within the cross-section as well as at different heights relative to the notch
root plane (Poudel et al., 2024a), was used. The obtained SIF for critical defects of p50 specimens
were plotted against the defect-related fatigue life, Nt /\area, to generate Shiozawa curves for
AlSi10Mg and 17-4 PH SS (see Figs. 44(g and h)). The use of Shiozawa’s curve, derived from the
Paris crack growth relationship, can be rationalized due to the ease of fatigue crack initiation in
the presence of both notch and defect’s stress field, suggesting a greater fraction of the fatigue life

is spent on crack growth [180,203,204].

For the construction of the reference stress-life behavior (Basquin’s equations as indicated
by the black dashed lines in Figs. 44(a and b)), the stress-life information corresponding to two
points, one at a higher stress level and another at a lower stress level, was needed. The life
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corresponding to the fatigue limit was considered to be 107 reversals. The reference fatigue limits
were read from the Shiozawa curves by treating the sizes of the largest microstructural features
(15 pm for AISi1lOMg and 12 um for 17-4 PH SS) as the critical sizes. Since linear elastic
assumptions are no longer valid at low cycle life regimes, Shiozawa’s approach is not suitable for
estimating the nominal stresses at higher stress levels. For the points at the higher stress level, the
max. nominal stresses were calculated by multiplying the fatigue strength fraction, f, by the
materials’ ultimate tensile strength (UTS). For AISi10Mg and 17-4 PH SS, f of 0.9 and 0.78 [205]
were used. The UTS of AlISil0Mg and 17-4 PH SS were 295 MPa and 1260 MPa, respectively
[198]. The fatigue lives at the points of higher stress levels were simply the extrapolation of
Basquin’s fits (magenta dashed lines in Figs. 44(a and b)) to p50 data points at fxUTS. The
calculated stress-life points, shown as hollow black triangles in Figs. 44(a and b), were used to

determine the reference Basquin’s equation for both A1Si10Mg and 17-4 PH SS.
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For p5 and p50 specimens (excluding the p 50 mm (Shiozawa) specimens), the fatigue lives
were predicted using the fatigue notch factor-based framework and plotted against their
experimental fatigue lives, as shown in Figs. 45(a and b) for AISi10Mg and 17-4 PH SS. In general,
this study predicted the fatigue lives of notched specimens reasonably well, with a slightly
conservative prediction for AISilOMg. For AlSil0Mg, 95% of the predictions fell within the
scatter band of 3 while it was 100% for 17-4 PH SS. The efficacy of the approach proposed in this
study was further analyzed by comparing the predicted fatigue lives with those from the existing
approach, i.e., Murakami’s approach given by Eq. (2). The predicted fatigue lives using the
existing approach for AISi10Mg and 17-4 PH SS specimens are shown in Figs. 45(c and d). For
AlSil0Mg, 36% of the predictions fell within the scatter band of 3, while 54% fell within the
scatter band of 5; the majority of the predictions were non-conservative. For 17-4 PH SS, all 100%
of the predictions fell within the scatter band of 3. However, in comparison between the two
prediction approaches, the scatter in the predicted fatigue lives of 17-4 PH SS specimens was
significantly higher for Murakami’s approach (see Figs. 45(b and d). Such predictions using the
existing approach showecase its limitation to account for the short fatigue crack growth behavior in
metallic notches. In the case of AISi10Mg, such a large deviation in the predicted fatigue lives is

likely due to the use of material constants in Eq. (2) that was originally developed for steels [15].
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two specimens, one with conservative and another with slightly better predictions.

While the predictions performed in this study were better than the existing approach, they
still contain some scatter in the predicted fatigue lives of AlISi10Mg specimens (see Fig. 45(a)).
Specimens pointed using magenta arrows in Fig. 45(a) were further investigated to identify the
additional features influencing the fatigue behavior. Fractographs for these specimens (Specimens
1 and 2), along with their stress levels, fatigue lives, and critical defect sizes are shown in Fig.
46(a), and their corresponding effective SIF trends ahead of critical defects in Fig. 46(b). Specimen

1, despite having a larger critical defect, showed twice the fatigue life of specimen 2. Fractographs
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showed both critical defects near the notch surface; however, their morphologies were found to
vary significantly. Specimen 1 had an irregular shape critical defect, with several arms-like thin
features, compared to the defect of circular shape in Specimen 2. This variation in defect
morphology likely caused the discrepancy in the minimum effective SIF of cracks ahead of critical
defects (see Fig. 46(b)). The model proposed in this study assumes circular or semi-circular,
depending on the location, projected shape defects onto the loading plane, for the calculation of
effective SIF. The additional effect of irregular shaped defects, thus could not be captured,
resulting in a conservative prediction for Specimen 1, where the arms-like features of the large

critical defect (Fig. 46(a)) had been shown to be less detrimental [120].

(a) Defect Morphology (b)
_ | KRR 50 - .
- SN A 1 —Specimen 1 |
@ SHY .
£ SR 1 -- Specimen2 |
g 1 !
o |
7)) 1
|
|
|
| Z9
: //’,
| i
~ (g
g e
E
g
i 25.0 250.0

Effective Crack length, r+a (um)
Fig. 46 (a) Fractography images and (b) effective SIF of cracks ahead of the critical defect in
Specimens 1 and 2.
56  Conclusion
This work modeled the synergistic effects of notch geometry, volumetric defect’s size,
shape, and location, on the short fatigue crack growth behavior in metallic materials. EI-Haddad’s

effective stress intensity factor of cracks initiating from defects in different notch configurations,

which represent their driving force for growth, were assessed. With the critical defect information
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such as size and location identified from fractography, the fatigue lives of flat notched specimens
with varying notch root radii and for two materials (AISilOMg and 17-4 precipitation hardening
(PH) stainless steel (SS)) were estimated via a fatigue notch factor-based framework and validated

with the experimentally measured lives. In this study, the following major conclusions were drawn.

1. The expressions for elastic mode-I stress intensity factor (SIF) for pure cracks and
cracks initiating from flat and spherical defects in notch-surface, corner, sub-surface,
and lateral-surface configurations were determined.

2. Notch geometry, volumetric defects’ shape, size, and location influenced the effective
SIF of cracks initiating from volumetric defects, and thus the crack arrest and short
crack growth behavior.

3. In notched specimens, cracks initiating from flat defects experienced a much sharper
initial decline in the effective SIF, resulting in lower minimum values, compared to
spherical defects. This hinted at a higher likelihood for cracks initiating from flat
defects to be arrested than the ones from spherical defects.

4. In notch-surface and corner configurations, smaller defects due to their high gradient
stress fields tended to result in an initial decline in the effective SIF of cracks with
increasing crack length. This decline became more prominent in sharper notches, due
to the additional influence of the higher gradient notch stress field.

5. In sub-surface and lateral-surface configurations, the notch stress field influenced the
SIF of cracks initiating from defects at different distances away from the notch root.
Smaller defects closer to the notch root experienced a much steeper initial decline in

effective SIF than larger defects that were farther away.
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6. The fatigue notch factor, obtained by utilizing the minimum effective SIF of cracks,
predicted the fatigue lives of flat, edge-notched AlSi10Mg and 17-4 PH SS specimens
reasonably well. For AlISi10Mg, 95% of all fatigue life predictions fell within the

scatter band of 3, while it was 100% for 17-4 PH SS.

This study accounted for the influence of notch geometry, and volumetric defects’ shape,
size, and location on the short fatigue crack growth behavior in metallic notches. The approach
proposed in this study is expected to work for other defect-sensitive materials as well where the

localized fatigue crack initiation is observed within the notched specimens.
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6 Summary and potential future work
6.1 Summary

This dissertation investigated the synergistic effects of volumetric defects and notch
geometry on the fatigue behavior of additively manufactured metallic materials. Different features
influencing the fatigue behavior, especially crack initiation and short crack growth behavior, were
identified and their fatigue criticality were assessed. This work contributes toward the qualification
of complex AM parts with notch-like features, for fatigue-critical applications. This was achieved

by dividing the overall goal into multiple objectives.

The first objective was identifying the factors influencing the fatigue behavior of
cylindrical & flat notched specimens with varying notch root radii & ligament widths. AISi10Mg
and 17-4 PH SS cylindrical and flat notched specimens with varying notch root radii, ligament
widths, and defect contents, were used. The specimens were subjected to uniaxial fatigue testing,
and after failure, fractography was performed to identify the crack initiation sites and investigate
the failure mechanisms. Irrespective of the material, p0.1 specimens had the shortest fatigue lives
with the lowest scatter compared to p5 and p50, and showed critical crack initiations from the
notch root. For cylindrical AISi10Mg specimens, p5 and p50 showed comparable fatigue lives and
had volumetric defects as their crack initiation sites. For 17-4 PH SS, despite having critical cracks
initiation from volumetric defects similar to AISi10Mg, p50 showed slightly superior fatigue
performance than p5. This was attributed to the wider range of critical defect features, such as
defect size, in AISi1lOMg than in 17-4 PH SS specimens. All critical cracks in p5 and p50
cylindrical specimens initiated from volumetric defects located either at the surface or near surface
(Confirmation of Hypothesis 1a). Features such as notch root radii, critical defects’ size, and
location (within the cross-section and height relative to the notch root plane) influenced the fatigue
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behavior of cylindrical notched specimens. For flat specimens, there was an additional influence
from the microstructural features; 6-Fe acted as weak points in the microstructure for near defect-
free 17-4 PH SS specimens. Furthermore, larger ligament width resulted in shorter fatigue lives
for p0.1 and p5 specimens for both AISi10Mg and 17-4 PH SS (Confirmation of Hypothesis 1b).
Chapter 2 and Chapter 3 identified the features influencing the fatigue behavior of cylindrical and
flat notched specimens. Furthermore, the fatigue criticality of notch geometry and volumetric
defect features were assessed and correlated with the experimental fatigue lives. For specimens
with minimal plasticity at the notch root, mode-1 SIF calculated using LEFM correlated with
fatigue lives. However, for specimens with significant plasticity at the notch root, equivalent

plastic strain correlated with experimental fatigue lives.

The second objective was assessing the fatigue criticality of volumetric defects in notched
specimens via a non-destructive approach. Assuming defect-crack equivalency, mode-I SIF for
volumetric defects was calculated using LEFM (Murakami’s approach) and used to represent their
fatigue criticality. The approach utilized LEFEA to account for the notch stress field at different
locations within the specimen. The cylindrical and flat notched specimens from Chapters 2 and 3
were XCT scanned and processed to calculate the SIF for every defect observed within the scan
volume. The volumetric defect with the highest SIF was deemed the most fatigue critical and
compared with the critical defect observed via fractography. Utilizing this approach, all critical
defects fell within the 99.3 percentile of defects with the highest SIF in the respective specimens.
This showed the applicability of mode-1 SIF, calculated by correcting for the notch stress field, to
rank the fatigue criticality of volumetric defects in notched specimens (Confirmation of

Hypothesis 2a). Due to the influence of the notch stress field, a smaller defect closer to the notch
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root plane was observed to have higher SIF, i.e., higher fatigue criticality, compared to a larger

defect away from it (Confirmation of Hypothesis 2b).

The third objective was modeling the synergistic effects of volumetric defects and notch
geometry on the short crack growth behavior of metallic materials. The approach assessed the
effects of notch geometry and volumetric defect features (size, shape, and location) on the crack
arrest behavior. Numerical modeling involving LEFEA was utilized to calculate the effective SIF
of cracks initiating from defects in different notch configurations. During LEFEA, four different
notch configurations with defects at different locations: notch-surface, corner, sub-surface, and
front-surface, were used. As a result, notch root radius, defects’ size, shape, and location were
found to influence the SIF of cracks, and ultimately the effective SIF ahead of the critical defect
(Confirmation of Hypothesis 3a). Smaller defects, due to their higher gradient stress fields,
showed a rapid initial decline in the effective SIF of cracks ahead of the defect with increasing
crack lengths. Regarding defect shape, flat defect showed a much sharper decline in the effective
SIF compared to the spherical one, suggesting a higher likelihood for their crack arrest and superior
fatigue performance. In addition, sharper notches, with a higher gradient stress field ahead of the
notch root, resulted in a sharper decline in the effective SIF of cracks. The minimum effective SIF,
at crack arrest, was utilized to obtain the fatigue notch factor (Confirmation of Hypothesis 3b).
The obtained factor was used to predict the fatigue lives of flat notched specimens via a fatigue
notch factor-based framework. The proposed approach predicted the fatigue lives of AlSi10Mg
and 17-4 PH SS flat notched specimens reasonably well. For AISi10Mg, 95% of all fatigue life

predictions fell within the scatter band of 3, while it was 100% for 17-4 PH SS.

149



6.2 Potential future work

Throughout this research work, only the key/primary factors influencing the fatigue
behavior of AM cylindrical and flat notched specimens were identified and assessed. These factors
include notch geometry, critical defects’ size, and location (within the cross-section, and at
different heights relative to the notch root plane). The combined criticality posed by these features
on the fatigue behavior was quantified using different numerical approaches. However, there were
several other factors that impacted the fatigue behavior of notched specimens but fell outside the
scope of this work. One such factor is defect interaction; stress field interaction between two
nearby defects promotes fatigue crack initiation and leads to early fatigue failure. Several instances
were seen for both AlSi10OMg and 17-4 PH SS where specimens with two nearby critical defects

had shorter fatigue lives compared to the ones with a single critical defect of an equivalent size.

Additionally, multiple crack initiation, defects being away from each other with minimal
interaction between their stress fields, is another factor influencing the fatigue behavior of notched
specimens. The presence of two or more independent crack initiation sites in the same specimen
led to shorter fatigue lives, especially when the crack initiation planes were different, compared to
a specimen with a single critical defect. Another feature influencing the fatigue behavior of
notched specimens is the defect morphology. Critical LoF defects with arms-like features but with
relatively smaller core regions were found to be less detrimental as compared to spherical defects
of the same size; size was obtained using Murakami’s Varea approach. In this work, the effects of
defects interaction, multiple crack initiation, defect morphology, etc., were found to influence the
fatigue behavior of AlISi10Mg and 17-4 PH SS notched specimens. However, these features have
not been formally accounted for while assessing/quantifying the criticality of different features on

fatigue behavior. Since the occurrence of these features is very probable in complex AM parts,
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these features need to be investigated and incorporated into the approaches developed in this work.
While utilizing the approaches developed in this work, limitations might arise due to the use of
only mode-I loading conditions, while investigating the crack arrest and the short crack growth
behavior. However, in applications, mode-I, mode-11, mode-Ill, mixed mode, and multi-axial
loading conditions exist. To ensure the industrywide adoption of complex AM parts with notch-
like features, the fatigue behavior of notched specimens with inherent AM features under different

loading conditions needs to be investigated.
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7 Supplement Material for Chapter 2
S1: Methodology for linear elastic finite element analysis

Linear elastic-finite element analysis (LE-FEA) was performed to analyze the stress fields
in different configurations of notched specimens, i.e., p of 0.1 mm, 5 mm, and 50 mm, using
ABAQUS® software. For each configuration, a two-dimensional finite element model was created
using geometries indicated by magenta arrows in Fig. S1 and dimensions shown in Fig. 2 in the
main manuscript. Both symmetric and axisymmetric boundary conditions were used during the
analysis. Symmetric boundary condition (BC) was applied on X;-X; plane at the notch root and
axisymmetric BC along the central loading axis, i.e., along Xs. A displacement of 100 um was
applied on the grip of specimens as shown by black arrows in Fig. S1. Material constants, modulus
of elasticity of 200,000 MPa and Poisson’s ratio of 0.33, were used. For meshing, CAX6M—6-
node modified quadratic axisymmetric triangle—elements were used, and a mesh convergence
study was performed for each notch configuration. Converged meshes for each configuration are

shown in Figs. S1(b, d, & f).
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pO0.1mm
pSmm

Fig. S1 Geometries and meshes in finite element models for notch configurations with p of (a &
b) 0.1 mm, (c & d) 5 mm, and (e & f) 50 mm, respectively.

Local stresses at seven different heights relative to the notch root plane were extracted and
shown in Figs. 10(d-f) in the main manuscript. Normalized local stress (g55/0,) trends ahead of
the notch surface varied among different relative heights (henter/ho). At the notch root plane, the
033/0, showed a decreasing trend ahead of the notch surface; however, it changed into an
increasing trend for larger relative heights. Hence, only the normalized stress data for p 5 mm and
50 mm configurations with relative heights less than or equal to 0.3, with a similar decreasing

trend, were fitted using an exponential decay function,
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033 _ M, + Mze—l/(lo M3)1

0o

(S1)

where a33 /0y is the local elastic stress concentration factor (K;ocar)), | is the distance of a crack

initiation site from the notch surface, lo is the distance from the notch surface to the axisymmetric

axis, and M1, M2, and M3 are the fitting parameters. Each of these fitting parameters can be

calculated using,

Mi = Ailxz +Ai2x + Ai3’

(S2)

where x = heeneer/ho, and the constants, Ai1, Ai, and Aiz are provided in Table S1 and Table S2,

respectively, for p 5 mm and 50 mm configurations.

Table S1 Constants used in Eqg. (S1) for p 5 mm configuration.

guration.

i Ai1 Ai2 Ai3

1 -1.323 -0.104 0.794
2 -5.155 -0.604 0.422
3 -4.625 0.859 0.377

Table S2 Constants used in Eq. (S2) for p 50 mm confi

i Air Aiz Aiz

1 -2.981 -0.511 0.974
2 -0.386 -0.126 0.053
3 -4.282 1.329 0.474
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8 Supplement Material for Chapter 3

S1: Dimensions of AlSi1l0Mg and 17-4 precipitation hardening (PH) stainless steel (SS)
notched specimens
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Fig. S1 Geometries and dimensions of flat notched specimens with different ligament widths, w,
and notch root radii, p: (a) w5 p0.1, (b) w5 p5, (¢) w5 p50, (d) wi0 p0.1, and (&) wi0 p5.
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S2: Microstructure and defect content in heat treated AISil0Mg and 17-4 PH SS
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Fig. S2 BSE images and IPF maps of (a- c) AIS|1OMg (LP) (d f) AISi10Mg (RP), (g-i) 17-4 PH
SS (LP), and (j-) 17-4 PH SS (RP). Yellow, magenta, and blue arrows, respectively, point to Si-
rich precipitates, fine grains near the melt pool boundaries in AlSi1lOMg, and Nb, Cu, Si, and S-
rich precipitates in 17-4 PH SS. As a note, BD stands for build direction.

For AISi10Mg, BSE images show the presence of a vast Si-network in both longitudinal

plane (LP), i.e., plane parallel to the build direction, and radial plane (RP), i.e., plane perpendicular

to the build direction (see Figs. S2(a, b, d & €)). For 17-4 PH SS, BSE images show the presence

of fine laths grouped together, commonly referred to as lath packets, in Figs. S2(h & k). Globular

precipitates rich in Nb, S, Si, and Cu, indicated using blue arrows in Figs. 2(h & k), were present
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throughout the microstructure. The EDS elemental maps for these precipitates are shown in Fig.

S3.

: : x 500 nm
Fig. S3 EDS elemental maps for preC|p|tates in CA-H1025 treated L-PBF 17-4 PH SS.

Table S1 Defect content quantified in terms of relative density, number of defects larger than 50
pm, 90" percentile size, and maximum defect size for specimens shown in Fig. 3 in the main

manuscript.

AlSi10Mg REC UH
Relative Density, % 99.833 99.771
No. of Defects > 50 um 328 369
90" Percentile Size, pm 56 57
Max. Defect Size, um 163 209

17-4 PH SS REC UH
Relative Density, % 99.998 99.844
No. of Defects > 50 pm 2 787
90" Percentile Size, pm 44 63
Max. Defect Size, um 55 84

S3: Methodology for elastic plastic finite element analysis (EPFEA)

During EPFEA, two-dimensional finite element (FE) models for w5 p0.1, w5 p5, w10 p0.1,
and w10 p5 configurations were created in ABAQUS® software and analyzed under plane stress

conditions. One-fourth of the model (see Fig. S4(a)) was used with symmetric boundary conditions
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along X1 and X2. CPS6M, a 6-node modified quadratic plane stress triangle element, was used and
mesh convergence studies were conducted for all notch configurations. The final meshes for w5
0.1, w5 p5, w10 p0.1, and w10 p5 configurations are shown in Fig. S4. Considering the smallest
cross-sectional area in the specimen, remote force/load equivalent to the nominal stresses of 100
MPa, 125 MPa, and 150 MPa, were applied on the FE models for AlSi1lOMg and 700 MPa, 800
MPa, and 900 MPa, for 17-4 PH SS. The material parameters, i.e., modulus of elasticity and true
stress-plastic strain data, for AlISilOMg and 17-4 PH SS were obtained from the tensile tests
conducted in accordance with ASTM E8 standard. During the tests, the extensometer was removed
at 0.015 mm/mm strain level to prevent any damage to it. To obtain the true stress measures at
higher strain levels for both AISi10Mg and 17-4 PH SS, the post-yield stress-strain data (shown in
Fig. S5) were fitted using, o4 = K (&)™, where K and n are the strain hardening coefficient and
strain hardening exponent, respectively. The obtained K and n were used to extrapolate the true

stress-plastic strain data up to the plastic strain level of 2 mm/mm.
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Fig. S4 2D finite element meshes for (a) w5 p0.1, (b) w5 p5, (c) wi0 p0.1, and (d) wi0 p5

configurations.

Engineering Stress (MPa)

Fig. S5 Engineering stress-strain curves for stress relieved AISi10Mg and CA-H1025 treated 17-

4 PH SS.
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S4: Fractography and critical defect features for different notch configurations

wi p5

AlSilOMg (REC & UH)

17-4 PH SS (REC & UH)

S100]m! 4 : =100° 10 g

Fig. S6 Fractography images showing the fatigue crack initiation sites in specimens with notch
root radii of (a & b) 0.1 mm, (c-e) 5 mm, and (f-h) 50 mm, respectively, for AlSi10Mg (REC and
UH) and 17-4 PH SS (REC & UH). Magenta and yellow arrows point to the crack initiating
volumetric defects and 4-Fe leading to the formation of facets, respectively.

Fractography was conducted to investigate the fatigue failure mechanisms in different
notch configurations; representative images from each configuration of specimens with w of 5 mm
are shown in Fig. S6. Irrespective of the material or the fabrication condition, fatigue cracks in
p0.1 specimens initiated from the notch roots (see Figs. S6(a & b)). For p5 and p50 AlSil0Mg
specimens, all fatigue cracks initiated from either surface-exposed or near-surface volumetric
defects for both REC and UH batches. For AlSi10Mg, all crack initiating defects were irregularly
shaped LoF defects. Additionally, cracks did not solely initiate from defects near the notch surfaces
but also close to the lateral surfaces. For 17-4 PH SS, critical fatigue cracks initiated from &-Fe,
leading to the formation of crystallographic facets, for near defect-free REC batch and from
volumetric defects for UH batch p5 and p50 specimens (see Figs. S6(d-e, g-h)).
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wl0 p0.1

wl0 p5

b

AlSil10Mg (REC & UH)

wl0 p0.1

17-4 PH SS (REC)

wl0 p5

17-4 PH SS
wi0 p5 (UH)

Fig. S7 Fractography images showing the fatigue crack initiation sites in (a) w10 p0.1 and (b) w10
p5 AlSil0Mg (REC and UH), (c) wi0 p0.1 and (d) wi0 p5 17-4 PH SS (REC), and (d) w10 p5 17-
4 PH SS (UH) specimens. Magenta and yellow arrows point toward the crack initiating volumetric
defects and d-Fe, respectively.

The fatigue crack initiation sites for w10 specimens were similar to w5, as shown in Fig.
S7. Fractography images showed fatigue crack initiation from the notch roots for wi0 p0.1
AISil0Mg and 17-4 PH SS specimens. For wi0 p5 AlSilOMg specimens, all fatigue cracks

initiated from either the surface-exposed or the near-surface volumetric defects for both REC and

UH batches. On the other hand, for 17-4 PH SS, similar to w5, critical fatigue cracks in w10 p5
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initiated from 6-Fe for the REC batch and from multiple volumetric defects for the UH batch

specimens.
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Fig. S8 (a & b) Stress-life plots with markers scaled according to the critical defect sizes, (¢ & d)
CDF and PDF curves obtained using the largest extreme value statistics (LEVS) for critical defect
sizes in AISi10Mg and 17-4 PH SS.

To identify features of volumetric defects that influenced the fatigue crack initiation
behavior, and to establish a correlation with the experimental fatigue lives, the size of critical
volumetric defects was analyzed/quantified. The quantified critical defect sizes (varea [114]
measured in accordance with Murakami’s approach) for different notch root radii and ligament
widths AISi10Mg and 17-4 PH SS specimens are shown as marker sizes in Figs. S8(a & b). The
trend showing shorter fatigue lives with larger critical defects is unclear for both AlISi1lOMg and

17-4 PH SS; several anomalies are observed at all stress levels. Similarly, in the case of varying
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ligament width specimens, the trend was uncertain and contained many anomalies (see Figs. S8(a
& b). This suggests the influence of features other than only critical defect sizes on the fatigue
behavior. The critical defect sizes in AlSi10Mg and 17-4 PH SS specimens were further evaluated
using the largest extreme value statistics (LEVS) in accordance with the ASTM E2283 standard
[206]. Upon analysis, the defect sizes were found to follow the Gumbel distribution, and the
corresponding probability and cumulative density function (PDF and CDF) curves are shown in
Figs. S8(c & d), respectively, for AlSil0Mg and 17-4 PH SS. Among the notch configurations
where cracks initiated from volumetric defects, the mean critical defect size for w5 p5 was the
smallest, followed by wi0 p5, and w5 p50 for both AlSilOMg and 17-4 PH SS. This was likely
due to the differences in the region/volume with elevated stress at the notch root of these
specimens. Between w5 p5 and w5 p50, a larger volume of elevated stress at the notch root of the
latter increased the likelihood of having larger critical defects. Similarly, the larger volume of
elevated stress at the notch root of wi0 p5 specimens increased the likelihood of having larger

critical defects than w5 p5.
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S5: Linear elastic finite element analysis (LEFEA) of flat notched specimens
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Fig. S9 Finite element meshes and stress contour plots for (a) w5 pJ3, (¢c) w10 p35, and (e) w5 p50
configurations. For stress contour plots, both side and top views of the FE models are shown.

During LEFEA, one-eighth of the full model (see Fig. S9) was used to create three-
dimensional FE models for w5 p5, wi0 p5, and w5 p50 configurations. The thickness of the FE
models was 1.5 mm, i.e., half the specimens’ thickness. Symmetric boundary conditions were
applied on all three planes, i.e., X1-X2, X1-X3, and X2-X3, and a remote displacement of 100 um
was applied along X3z (shown using a black arrow in Fig. S9(a)). Mesh convergence studies were
performed, and the final meshes for all configurations are shown in Fig. S9. C3D10, 10-node
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quadratic tetrahedron elements, were used in the models. The resulting normal stresses along the

loading direction for each configuration are shown in Fig. S9.

The normal stresses (o33) at different relative heights were normalized using the nominal
stress (g,) and presented in Figs. 7(a-c) of the main manuscript for w5 p5, w10 p5, w5 p50
configurations. The normalized stress trends in Figs. 7(a-c) with relative heights (hcenter/ho) <

0.3 were fitted using an exponential decay function,
22 = My + Mpe /(o Ma) (S1)
0

where 33 /0y is the local elastic stress concentration factor (K;(ocqr)), | is the distance of the crack

initiation site from the notch surface, lg is the distance from the notch surface to the central axis,

and M1, My, and Mz are the fitting parameters. The fitting parameters can be calculated using

Mi = Ailxz + Aizx + Ai3’ (82)

where x = Rgenter/ho, and the constants, Ai1, Aiz, and Aiz are provided in Table S2.

Table S2 Constants used in Eq. (S2).

Center Plane w5 p5 w10 p5
i Ail Aiz Ais Al Aiz Ais
1 -0.875 0.016 |[0.825| -7.670 0.697 | 0.792
2 -8.690 -0.541 | 0.522 [ -5.315 -1.021 | 0.851
3 -2.425 0.109 |[0.389 | 37.575 | -3.418 | 0.256

Lateral Plane w5 p5 w10 p5
i Air Aiz Ais Al Aiz Ais
1 -0.655 -0.016 | 0.825 | -1.531 0.083 | 0.787
2 -8.313 -0.512 | 0.485 | -7.265 -0.733 | 0.793
3 -8.547 2.155 | 0.346 | 11.075 -0.727 | 0.255
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Center and Lateral Plane: w5 p50

i Ai1 Ai2 Aiz

1 -2.180 -0.358 | 0.977
2 -0.514 -0.098 | 0.060
3 -0.842 0.556 | 0.481
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9 Supplement Material for Chapter 5
S1: Experimental details

AlSi10Mg and 17-4 precipitation hardening (PH) stainless steel (SS) blocks of dimensions
90 mmx60 mmx38 mm were fabricated using laser powder bed fusion (L-PBF) additive
manufacturing (AM) machines in a vertical orientation perpendicular to the build plate. AlSi10Mg
blocks were fabricated using Renishaw RenAM 500Q Flex and 17-4 PH SS using 3D SYSTEMS
DMP Flex 350B. After fabrication, the AISi10Mg blocks being attached to the build plates were
stress relieved (SR) at 285 °C for 2 hours followed by air cooling and at 700 °C for an hour
followed by furnace cooling for 17-4 PH SS. The notched specimens of dimensions, shown in Fig.
S1, were extracted using electrical discharge machining (EDM). These specimens were then
ground and polished using sandpapers of reducing grits from P240 to P1200. Uniaxial load-
controlled fatigue tests, at a stress ratio of 0.1, were performed on these specimens using MTS
servohydraulic test frames with a load cell of 25 kN for AISi10Mg and 100 kN for 17-4 PH SS.
After failure, fractography was performed using a Zeiss Crossbeam 550 scanning electron

microscope (SEM).

(a) pSmm (b) p S0 mm
-
K.
520 11.1 90§ <\ 50 80.0 368 R50.0 -
Y S
1 [} \ O o=
59
204 + Z 2
1
21.6 A
1 Unit: mm
50— =53 50+ =30
20t —{120-t

Fig. S1. Geometries and dimensions of flat notched specimens with notch root radii of (a) 5 mm
and (b) 50 mm. All units are in mm.
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S2: Mathematical fittings for notch-surface and corner configurations
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Fig. S2. Crack geometry factor (F) or normalized SIF of pure cracks and cracks initiating from
different sizes spherical defects in (a) notch-surface and (b) corner configurations.

The crack geometry factor (F) for pure cracks and cracks initiating from the spherical defects in

notch-surface and corner configurations were calculated using

K

F=—% 3)

)
ONominalVTQ

and plotted in Fig. S2 of the Supplemental Material. As expected, higher stress concentrations at
the notch roots of sharper notches resulted in larger F. Among different defect sizes, smaller ones

showed a steeper decline in the F with increasing crack lengths than the bigger defects.
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The crack geometry factors (F) for cracks initiating from defects, shown using dotted lines
in Fig. S2, were higher than for pure crack cases and showed rapid decline ahead of the defect tip.
Among different notch geometries, notches with smaller p/d showed higher F. Among different
sizes of spherical defects, smaller defects showed a higher gradient for the decrease of F with the
increase in crack length. It is worth mentioning that the geometrical limitations during modeling
resulted in higher F at the defect tip for r of 52.5 um compared to 10.5 um. Between notch-surface
and corner configurations, the latter showed lower F likely due to the lower constraints

experienced by the material in that location.
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Fig. S3. Variation of (a) K, (b) a*, and (c) n with the notch geometry and b* with defect size.
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Fig. S4. Variation in the effective SIF of cracks initiating from (a and b) flat defects, (c and d)
spherical defects, and (e and f) comparison between pure cracks and cracks initiating from both
flat and spherical defects for corner configuration with p/d of 0.25 and 15, respectively.
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S3: Mathematical fittings for sub-surface and lateral-surface configurations
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Fig. S6. Crack geometry factor F for pure cracks initiating at different distances from the notch
surface in (a) sub-surface and (b) lateral-surface configurations. Also, F for very short cracks in
different root radii notches for (c).

The crack geometry factors for pure cracks at different distances from the notch surface
(I/'w) in sub-surface and lateral-surface configurations are shown in Fig. S6. A higher F was
observed for pure cracks closer to the notch surfaces. Among different notch geometries, sharp
notches showed higher F likely due to their ability for higher stress concentration near the notch
root. For I/w < 0.1, F increased asymptotically when the crack modeled the free surface. However,

for I/w > 0.1, this behavior was not observed since a crack length of only up to 250 pum was

analyzed. For configurations with I/w > 0.1, near-constant F for crack lengths up to 250 pm is
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plotted in Fig. S6(c and d), respectively, for sub-surface and lateral-surface configurations. An

approximation function of F for I/w > 0.1 is written as

l/w

A3
F= KiMax) =Ale_(A2) + A, (S1)

ONominalVTQ

where A1, A2, As, and Ay are the fitting constants and can be calculated using Egs. (S2-S5) and (S6-

S9) for sub-surface and lateral-surface configurations, respectively.

A; = 0.332 + 4.709e~(P/@)/0151 4 3 187¢=(p/d)/0.961 (S2)
A, = 0.509 — 0.481e~(P/2)/0:895 (S3)
Az = 1.025 — 0.423¢~(P/@)/0.378 (S4)
A, =112+ 0.107 (g) —0.0063 (5)2 (S5)
A; = 0.156 + 0.748e~(P/2)/0:0.624 4 () 748¢~(P/d)/0.762 (S6)
A, = 0.510 — 0.483¢~(p/@)/0.896 (S7)
Az = 1.022 — 0.359¢ ~(p/2)/0-365 (S8)
A, = 0.474 + 0.035 (g) (S9)
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