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Abstract

Volumetric defects in additively manufactured parts cause significant fatigue scatter due
to the variations in their size, shape, and location. This dissertation aimed to identify the
morphological features of process-induced volumetric defects that most influence the fatigue
behavior of laser powder bed fused (L-PBF) Ti-6Al-4V. Firstly, fatigue test specimens were
machined from round bars fabricated using eight distinct process parameter sets and three build
orientations to ensure a wide range of defect morphologies and populations. Uniaxial, constant
amplitude, fully-reversed fatigue tests were conducted on these specimens. Fractography was
performed to identify the defect responsible for the fatigue crack initiation and extract its
morphological features. The influence of these features on fatigue behavior was examined by
analyzing experimental data and finite element analysis results. While size was the most critical
defect feature influencing fatigue behavior, it could not fully explain the variation in fatigue life
by itself. For defects of similar size located at the same location, circular defects appeared to be
more detrimental than irregularly shaped ones. A new defect size parameter, Varea of the maximum
inscribed circle, was introduced to account for both the size and shape of the volumetric defects,
which exhibited an improved correlation with life compared to existing parameters. Fatigue cracks
initiated from the surface and internal defects exhibited distinct crack growth behavior. Using the
distinct material constants for surface and internal defects obtained from the Shiozawa plots, a
novel fatigue life prediction model was proposed, which accounted for the distinct crack growth
rates for surface and internal defects. Additionally, a probabilistic approach was utilized to
determine the size of the largest possible defect for a given probability of failure. The fatigue

design curve estimated with this defect size, using the proposed crack growth model, has been



shown to be a more accurate estimate compared to the design curves developed using conventional
approaches for fatigue qualification. Furthermore, the cross-platform transferability of the
structure-property relationships, specifically defect-fatigue, was assessed for L-PBF Ti-6Al-4V.
The transferability of defect-fatigue relationships established for the specimens fabricated on the
EOS M290 platform was tested and validated with those fabricated on the Renishaw RenAM 500Q
platform. Fatigue crack growth parameters derived from the EOS M290 specimens could be
successfully applied to the fatigue life prediction of the RenAM 500Q specimens. The validity of
fatigue design curves constructed using the short crack growth model with parameters from the

EOS M290 platform was verified with data from the RenAM 500Q.
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\area enveloping the defect and free surface
Square root of the area of the crack at the final loading cycle

Square root of the area of the crack at the first loading cycle

Murakami's Varea

Reversals to failure

Distance from the free surface to the nearest point of the defect
Hatch spacing

Laser power

Stress ratio

Ultimate tensile strength

Yield strength

Layer thickness

Laser speed

Reduced variate

Extreme values distribution shape parameter
Extreme values distribution location parameter
Stress amplitude

Relative density
Coefficient of Paris-Erdogan curve

Distance from the free surface to the nearest point of the defect

Cumulative distribution function for the largest defect size expected in 1
specimen

Cumulative distribution function for the largest defect size expected across a
set of 100 specimens

Exponent of Paris-Erdogan curve

Cycles to failure

Failure probability

Stress ratio

Effective stress ratio

Standard deviation

Murakami’s location dependent factor
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1. Introduction
1.1. Background and motivation

Additive manufacturing (AM) is a fabrication process that joins materials layer-by-layer
and track-by-track from three-dimensional model data, as opposed to the traditional subtractive
processes [1]. AM technology has the potential to revolutionize the manufacturing sector,
especially for the fabrication of components with complex geometries (e.g., heat exchanger),
components requiring multiple part assemblies (e.g., fuel nozzle), or applications requiring
customized design (e.g., implant, brace, etc.). AM techniques are particularly suitable for
fabricating intricate parts using materials that are difficult to machine, such as Ti-6Al-4V.
However, process-induced volumetric defects are inherent to the additively manufactured (AM)
parts in the current state of AM technology, which can initiate fatigue cracks in the machined
surface condition. This phenomenon is particularly critical for the defect sensitive materials, such

as Ti-6Al-4V.

The fatigue behavior of AM materials with finer microstructure, such as Ti-6Al-4V, is
primarily governed by the process-induced volumetric defects in the machined surface condition
[2-5]. These process-induced volumetric defects can be categorized into three types: lack of fusion
(LoF), keyhole (KH), and gas-entrapped pore (GEP). LoFs are typically formed in the AM parts
when there is insufficient energy input during the formation, which can be caused by various
reasons, including lower power input, higher scanning speed, larger hatching distance, etc. [6]. On
the other hand, KHs can be formed as a result of “pinch-off” from the bottom of the depression in
the melt-pool due to excessive energy input during the fabrication, which can be caused by higher
laser power, lower scanning speed, etc. [7,8]. GEP can be formed due to the entrapment of the

inert gases within the melt-pool due to the combined effect of the Marangoni force, vapor coil
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induced turbulence, and buoyancy during the fabrication of the parts [9]. In AM, there are infinite
possibilities of combinations of feedstocks (e.g., morphology and rheology of powder, powder
recycling, etc.), process parameters (such as laser powder, scanning speed, hatching space, etc.),
design parameters of the part (i.e., part volume, orientation, sudden change of geometry within the
same part, etc.), design of the platform (such as powder delivery mechanism, types of laser, number
of lasers, inert gas delivery method, inert gas type, etc.), etc., all of which can influence the defect
population and defect characteristics of the AM parts [10—13]. Since fatigue is a localized and
permanent structural change [14], the presence of such volumetric defects can significantly impact
the fatigue behavior of the AM parts by reducing fatigue life, knocking down the fatigue strength,

and causing scatter in the fatigue data [15].

The stress concentration around the volumetric defects varies depending on the
morphological features of the defects (such as their size and shape [8,16—18]) and location [4,19].
The effect of crack-initiating volumetric defect size on the fatigue behavior of materials is
relatively well studied. The findings suggest the inverse correlation between the fatigue critical
defect size and the fatigue life or fatigue limit [20-22]. The location of the volumetric defect with
respect to the free surface is another factor that influences the fatigue behavior of the AM metallic
parts. Regarding the effect of location, defects located near free surfaces have been shown to be
more detrimental than internal ones [22-25]. For modeling the effect of location, Murakami et al.
distinguished between surface and internal defects based on the ratio of the defect’s distance to the
surface to its size along that direction and assigned a coefficient to the stress intensity factor (SIF),
which was greater for surface defects and smaller for internal ones [26]. In contrast, the effect of
volumetric defects’ shape is more complex and thus less understood. While literature generally

acknowledges the effect of defect shape, there exists a lack of consensus regarding the difference

21



in fatigue behaviors of different defect types, such as LoF and KH, of the same size [27,28]. A
robust defect sensitive model, incorporating the effect of defect morphologies, can be one of the

solutions to facilitate broader industrial use of AM parts and establish their trustworthiness.

Contingent to the volumetric defects governing the fatigue behavior and the large scatter
of fatigue data of AM parts, using conventional fatigue qualification approaches for AM parts
typically leads to either overdesign (resulting in weight penalties) or noncompliance (due to
insufficient reliability) [29-31]. Due to the defect accelerated crack initiation, the use of traditional
linear elastic fracture mechanics based fatigue life prediction approaches, where fatigue life is
calculated by integrating crack growth rate functions, may be a promising option to overcome the
challenges faced by conventional qualifying approaches for AM materials. In fact, the “short
crack” growth approach has been the foundation of some fatigue life estimation tools, such as
NASGRO [32,33] and AFGROW [34,35], etc., which could successfully describe the stress-life
diagrams and fatigue responses of materials in the presence of volumetric anomalies. Nevertheless,
there are still questions that remain to be answered, such as the different growth rates of internal

vs. surface cracks [23,24,36,37].

Although the role of defects in fatigue behavior has been explored and incorporated in
modeling, a fundamental question remains unanswered, which is about reliably applying this
knowledge to parts fabricated from a different AM platform. AM is undergoing continuous
advancement, with established and new original equipment manufacturers (OEMs) contributing to
technological advancement, while some companies are exiting the industry. In general, there exist
significant differences in processing conditions (such as powder delivery mechanism, build
chamber design, gas flow, scanning strategy, layer thickness, etc.) among different platforms by

different OEMs, which can significantly influence the thermal history [6] and can affect the
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microstructure and defect content of the fabricated parts [38]. The optimal process parameters
recommended by OEMs for a given material can vary significantly among different platforms,
often to the extent that they are not transferable among the platforms due to differences in
processing conditions. Hence, the fatigue behavior of the fabricated parts for each platform for a
given material needs to be assessed before being adopted for critical load-bearing applications.
However, the research programs require significant time and resources to complete, and the speed
at which new OEMs and platforms emerge often outpaces research efforts focused on assessing
the structural integrity of AM parts. Hence, a critical knowledge gap remains whether each
platform should undergo the same extensive experimental campaign to establish defect-fatigue
relationships or whether the test data and knowledge gained from one platform can be reliably

applied to other platforms.

1.2.  Project goal and objectives

The overall goal of this study is to understand the effects of the size, location, and
morphology of the process-induced volumetric defects on the uniaxial fatigue behavior of the laser
powder bed fused (L-PBF) Ti-6Al-4V. In addition, this study proposes a novel defect sensitive
fatigue model capable of predicting fatigue life, incorporating defect size, location, and defect
shape. Furthermore, the data generated in this study can help close the Gap FMP1 on “materials
properties”, which was established as a high priority by the AM standardization road map created
by America Makes & ANSI Additive Manufacturing Standardization Collaborative [39]. Ti-6Al-
4V, which constitutes more than half of the commercial applications of Ti alloys, was chosen
because of its diverse applications in the aerospace, automotive, and biomedical sectors, credited
to it’s excellent strength-to-weight ratio and biocompatibility [40-42]. AM has been shown to be

a suitable method for the fabrication of Ti-6Al-4V parts. The AM Ti-6Al-4V can be used for
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critical applications if the underlying effect of defect morphology on fatigue behavior can be
revealed and incorporated in the development of material design allowables. This study aims to

accomplish its goal by addressing several objectives. The objectives of this study are as follows:

1. Investigate the critical features of the volumetric defects (i.e., size, location, and shape) on
the fatigue behavior of L-PBF Ti-6Al-4V.

e Hypothesis la: Circular volumetric defects are more detrimental to fatigue
behavior than the same sized irregular shaped defects.

e Hypothesis 1b: Insufficient energy during fabrication is more detrimental than
excessive energy to the fatigue resistance of AM specimens.

2. Estimate fatigue life and design curves using a fracture mechanics based semi-probabilistic
approach incorporating defect morphology for L-PBF Ti-6Al-4V.

e Hypothesis 2a: Crack growth behaviors of surface and internal defects are
different, and they need to be treated differently for accurate fatigue life prediction.

e Hypothesis 2b: Accounting for the transition of fatigue cracks from the interior to
the surface, along with variations in short crack growth rates, leads to more accurate
fatigue life predictions.

3. Investigate whether the defect-fatigue relationships established for L-PBF Ti-6Al-4V
specimens on one platform can be reliably transferred to specimens fabricated on another
platform.

e Hypothesis 3: For a given material, the defect-fatigue relationships and predictive
model developed based on data generated on one platform can be used to predict
the fatigue behavior of specimens fabricated on another platform, provided that

fatigue behavior is governed by the defects.
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1.3.  Outline of dissertation

This thesis is organized as follows: in Chapter 2, the most influential morphological
features of process-induced volumetric defects on the fatigue behavior of L-PBF Ti-6Al-4V were
identified. Fatigue test specimens were fabricated employing eight distinct sets of process
parameters and three build orientations to induce a wide range of defect morphologies and
populations. Force-controlled, fully-reversed, uniaxial fatigue tests were conducted on machined
and polished specimens using servo-hydraulic test frames. Crack-initiating defects of all failed
specimens were captured through fractography. The influence of these crack-initiating defects’
features was analyzed by examining experimental data and finite element analysis. A new defect
size parameter, Varea of the maximum inscribed circle (MIC), is proposed, which could account

for the influence of both defect size and shape on the fatigue behavior.

In Chapter 3, the efficacy of a proposed fracture mechanics based model in predicting the
fatigue life of L-PBF Ti-6Al-4V, incorporating the effect of volumetric defects’ size and location,
was evaluated. The effect of the volumetric defects’ location on fatigue behavior was accounted
for in modeling by utilizing a proposed crack propagation approach and incorporating the distinct
crack growth constants for surface and internal defects. The fatigue design curves estimated using
the largest defect size obtained from a probabilistic approach and the proposed crack growth model
have been shown to be a better estimate compared to the design curves developed using the

conventional fatigue qualification approaches.

In Chapter 4, the transferability of the defect-fatigue relationships of L-PBF Ti-6Al-4V
specimens fabricated using two platforms, the EOS M290 and the Renishaw RenAM 500Q, was
evaluated. Cylindrical L-PBF Ti-6Al-4V bars (which were machined to test specimens) were

fabricated using a wide range of process parameters to induce volumetric defects of varying
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morphologies and populations. The defect-fatigue relationships established for the specimens
fabricated on the EOS M290 platform were validated for those fabricated in the Renishaw RenAM
500Q platform through analytical analysis. In addition, the fatigue design curves, constructed using
the short crack growth model with parameters derived from EOS M290 specimens and the largest
surface defect sizes obtained from both RenAM 500Q specimens and the probabilistic approach,

were compared against the fatigue lives of the RenAM 500Q specimens.

Finally, in Chapter 5, the objectives and hypotheses are revisited to directly connect the
findings from the preceding chapters to the overall goal of understanding the effect of volumetric
defects’ features that are critical to the fatigue behavior of L-PBF Ti-6Al-4V. The outcomes

corresponding to each objective are also presented.

1.4. Broader impact

The results of this study can support AM users in advancing damage-tolerant design of
fatigue critical components through the application of defect sensitive fracture mechanics
approaches. The defect sensitive fatigue modeling proposed herein can significantly reduce labor,
cost, time, and energy associated with mechanical testing. Furthermore, the established
relationships between defect characteristics and fatigue behavior of L-PBF Ti-6Al-4V can be
leveraged to evaluate the fatigue strength and fatigue lives of parts without relying on extensive
experimental programs. In addition, the proposed crack growth model can be coupled with non-
destructive inspection techniques to develop a framework that can be used to accelerate the
industrial adoption of AM technology. Finally, this study contributes valuable material property
data, including fatigue and tensile data of L-PBF Ti-6Al-4V fabricated on EOS M290 and
Renishaw RenAM 500Q platforms, which will be made accessible to the AM community for

continued research and practical implementation.
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2. Defect features critical to the fatigue of additively manufactured Ti-6A1-4V

2.1. Introduction

Additive manufacturing, AM, processes, such as laser powder bed fusion (L-PBF) tend to
induce volumetric defects in the fabricated parts. In the surface machined condition, these defects
can act as stress risers, leading to early crack initiation, especially in materials with finer
microstructure such as Ti-6Al-4V [13,16,43-45]. This sensitivity of the material to volumetric
defects becomes more pronounced in the high cycle fatigue regime, where crack initiation
constitutes a major portion of the total fatigue life [14]. Any changes in the morphological features
of the defects, such as their size and shape, which often result from perturbations in local
processing conditions [8,16—18] and location [4,19], can influence the stress concentration and the

crack initiation, affect fatigue life, and introduce significant scatter.

In the surface machined condition, the effects of critical volumetric defects’ size [26,46—
50] and location [20,22,51] on the fatigue behavior of materials are both well reported and can be
somewhat accounted for using existing defect-sensitive fatigue models [15,20,26,46,50].
Regarding defects’ size effect, in a given shape, a larger volumetric defect possesses broader stress
concentration zones and can initiate fatigue cracks easier [20-22]. In addition, since the size of a
crack initiated from a larger defect is effectively larger (i.e., it consists of those of the initiated
crack and the defect itself), the crack experiences a much higher driving force for growth, which
significantly reduces the growth life [52]. As a result, an inverse relation exists between the size
of fatigue critical defects and the fatigue life or fatigue limit. Murakami et al. have treated
volumetric defects as cracks, used the square root area of the convex hull enclosing defects’
projection on the loading plane, Varea, as crack size [26,47-49], and quantified defects’

detrimental effects using the stress intensity factors (SIFs) of the equivalent crack [44,47].
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Numerous works applying Murakami’s model to various additively manufactured (AM) metallic
materials have demonstrated its effectiveness in capturing the size effect, i.e., an inverse
relationship exists between the size of the fatigue critical volumetric defects, Varea, and the fatigue

limit [20,53-55].

Regarding the effect of location, surface defects are typically more detrimental than
internal ones because the less volumetric constraints near specimens’ surfaces permit more plastic
deformation and give rise to higher SIFs of cracks; as a result, cracks can both initiate and grow
more easily [22-25]. To address this location effect, Murakami et al. differentiated surface defects
from internal ones based on the defects’ distance to the surface relative to the defect size along the
distance’s direction and assigned a coefficient to the SIF, which was greater for surface defects
and smaller for internal ones [26]. Murakami’s treatment of the location effect has also been shown
to be adequate, often resulting in conservative fatigue life estimations [53,56,57]. Recent research
has suggested that the detrimental effects of defects do not necessarily monotonically reduce when
they move from surface to internal [20]. Rather, near-surface defects (i.e., the defect just below
the surface but not exposed) can be more detrimental to the component’s integrity than internal or
surface-exposed defects of the same size. This is because the cracks may rapidly form in the highly
stressed region between the free surface and the defect, resulting in a significantly larger surface-
exposed defect [20]. Fatigue modeling efforts can somewhat account for this elevated criticality
by incorporating a corrected, effective defect size corresponding to either a surface-connected
convex hull [51] or a semi-ellipse [20] containing the near-surface defect. Nevertheless, this
hypothesized defect-surface interaction mechanism still requires further experimental validation

and clarification.
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In contrast, the effect of volumetric defects’ shape is more complex and less understood.
Specifically, although literature generally acknowledges this effect, there has been a lack of
consensus on the criticality of one defect shape relative to another and how this effect should be
quantified [27,28]. Among three commonly observed types of volumetric defects, i.e., lack of
fusions (LoFs), keyholes (KHs), and gas-entrapped pores (GEPs) [58,59], LoFs are generally thin,
irregularly shaped, and contain sharp edges, in contrast to KHs and GEPs, which are near-
spherical. On one hand, the higher stress concentration factors of LoFs, originating from their thin
and sharp features, have been postulated to make them more prone to nucleate cracks and more
detrimental to fatigue [60,61]. On the other hand, according to El Haddad [50], sharper notches
are associated with steeper stress gradients, and the cracks initiated from such notches can
experience an initial reduction in their effective SIF and have a higher likelihood of arrest. In other
words, LoFs should be less detrimental than the near-spherical defects of the same size despite
their higher stress concentration factors, which has been supported by recent studies examining

the behavior of crack-bearing defects [20,21,62].

Given the inverse relationship between the size of the fatigue critical defect and fatigue
resistance, the detrimental effects of volumetric defects are implicitly accounted for via their size.
Aside from the Murakami’s Varea [26], literature has quantified the defects’ size using elliptical
envelopes, which consider an ellipse enclosing the defect’s projection [23,63—65], and the actual
areas, which consider the actual size of the defect instead of the size of a convex hull surrounding
it [4,66-68]. The defect size measured using these approaches are similar for near-spherical
defects; however, ambiguity arises for LoFs, with the Murakami’s Varea and the elliptical
envelopes giving greater estimations than the defect’s actual projected area, representing different

degrees of criticality. In fact, Murakami has pointed out that the correction in Varea parameter is

29



necessary when the defect shapes become highly irregular, as the Varea parameter was originally

developed for casting defects and inclusions, which are of more regular shapes [26,69,70].

This work explicitly examines the critical features of volumetric defects (i.e., the ones that
describe the defect’s size, location, and shape) on the fatigue behavior of L-PBF Ti-6Al-4V
specimens. Ti-6Al-4V was chosen because of its popularity in key engineering sectors and its
fatigue behavior’s relatively high and consistent sensitivity to volumetric defects owing to its fine
and homogeneous microstructure [3,71-74]. Variations in the defect’s features were achieved by
altering the process parameters used during fabrication. Uniaxial, fully-reversed, force-controlled
fatigue tests were performed at different stress amplitudes. Fractography and numerical
simulations were used to further examine the role of defect features, especially regarding the
defects’ shape, on fatigue behavior. Accordingly, a new effective defect size parameter was

proposed.

This article is arranged as follows: Section 2.2 briefly describes the experimental
procedures followed for fabrication, mechanical testing, and numerical simulations; Section 2.3
presents the experimental results examining the influence of defect size, location, and shape on

fatigue behavior; finally, conclusions are presented in Section 2.4.

2.2, Experimental and numerical procedures

2.2.1. Material and fabrication

Ti-6Al-4V cylindrical rods were fabricated using the L-PBF technique employing an EOS
M290 machine with a total of eight sets of process parameters and in three part orientations. The
build layouts of Ti-6Al-4V cylindrical rods fabricated in this study are shown in Figure A6-1.
Plasma-atomized Ti-6Al-4V Grade 5 powder was used for the fabrication of the rods, whose

chemical composition provided by the supplier, AP&C, is listed in Table 2-1. Typically, over
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supply of energy during fabrication of AM parts leads to formation of KHs, while an energy deficit
results in LoFs [16,58]. Among the eight sets of process parameters used to fabricate the rods in
this study, one set was the manufacturer recommended (R) (listed in Table 2-2); five sets were
adjusted in laser power, P, and hatch spacing, h, to induce the condition of underheating (U) during
fabrication favoring the formation of LoFs (see the Ua through Ue conditions listed in Table 2-3);
the remaining two sets induced overheating (O), favoring the formation of KHs (see the Oa and
Ob conditions listed in Table 2-3). The U and R sets were fabricated in vertical (V), diagonal (D),
and horizontal (H) orientations since LoFs are typically relatively flat with their longest direction
being perpendicular to the build direction and expected to cause mechanical anisotropy. On the
other hand, the O sets, inducing mostly KH, were fabricated only in V orientation since KHs are
spherical and expected not to exhibit much directionality. The percent change of process
parameters and energy density values, along with the orientations of parts fabricated for each
processing condition, are included in Table 2-3. Each combination of processing condition and
part orientation shown in Table 2-3 constitutes a specimen set, and for each specimen set, a total

of 15 rods were fabricated for fatigue testing and 6 for tensile testing.

Before removing the fabricated rods from the build plate, they were stress-relieved together
with the build plate in an electric muffle furnace at 704°C for 1 hour with a heating rate of
5°C/minute, and then furnace cooled to room temperature [75,76]. Following stress-relieving, the
Ti-6Al-4V rods were detached from the build plate, machined, and polished to tensile and fatigue
specimen geometries following ASTM EO08 [77] and ASTM E466 [78] standards, respectively.
The geometry and dimensions of the tensile and fatigue specimens used in this study are included

in Figure A6-2.
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Table 2-1. Chemical composition of powder supplied by AP&C used for the fabrication of L-PBF

Ti-6Al-4V specimens, as reported by the supplier.

Element Wt%
Ti Balance
Al 6.260
\Y 3.910
Fe 0.210
O 0.140
C 0.010
N 0.010
H 0.002

Table 2-2. The manufacturer recommended process parameters for the fabrication of L-PBF Ti-

6Al-4V specimens on an EOS M290 machine.

Laser power, P 280 W
Scanning velocity, v 1200 mm/sec
Layer thickness, t 30 pm
Hatch spacing, h 140 um
Layer rotation 67°
Stripe width 10 mm

Table 2-3. Process parameter variations and part orientations used for fabricating tensile and

fatigue L-PBF Ti-6Al1-4V specimens.

Designation Variation in process Energy density | Orientation of
of parameters from _ P parts fabricated
processing | manufacturer recommended " Vht
condition values (%) (J/mm?)
P v h
Ua -20 0 0 44.44 V,D,H
Ub 0 0 20 46.29 V,D,H
Uc -10 0 0 50.00 V,D,H
ud -5 0 0 52.77 V,D,H
Ue 0 0 5 5291 V,D,H
R 0 0 0 55.55 V,D,H
Oa 30 -20 0 90.28 \Y
Ob 20 -30 0 95.24 \Y
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2.2.2. Micro/-defect characterization

Microstructural analysis was conducted on the samples excised from the gage section of
the machined fatigue specimens in the longitudinal plane (i.e., the plane parallel to the axis of the
specimens). The samples were mounted in epoxy resin, ground, and polished to a mirror finish
using SiC papers of decreasing grits and 0.05 um colloidal silica, in accordance with ASTM E3
standard [79]. Back-scattered electron, BSE, images of the polished surfaces were obtained using
the electron channeling contrast imaging technique utilizing a Zeiss Crossbeam 550 scanning
electron microscope, SEM, employing a 10 kV voltage [80]. As shown in the BSE images in Figure
A6-3, the microstructure of L-PBF Ti-6Al-4V specimens was fine lamellar and did not show clear

dependence on the process parameters used for fabrication.

Three-dimensional (3D) characterization of volumetric defects for each processing
condition was performed via X-ray computed tomography (XCT) scans on the entire gage section
of one machined fatigue specimen per processing condition using a Zeiss Xradia 620 Versa system.
Following the XCT scans, the 3D reconstructions of the projected XCT images were performed
using the Zeiss proprietary software. The defect populations in specimens fabricated with various
process parameters, intended to induce different levels of porosity and volumetric defect
morphologies, are shown in Figure 2-1. Along with the energy density (E) used for fabrication,
relative density, prelative, Of the specimens and the square root of the projected area of the largest
defect in the plane perpendicular to the axial direction of the specimens are also included Figure
2-1. In addition, some defect statistics, including defect count per volume, maximum axis of the
fitted ellipse of the largest defect, and 90™ percentile defect size for each specimen, are shown in

Figure 2-2.
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Figure 2-1.Visualization of volumetric defects within the entire gage volume of selected
vertically oriented specimens, obtained using XCT. For each specimen, the largest defect was
isolated and shown in insets. The maximum Varea represents the square root of the projected
area of the largest defect in a plane perpendicular to the axial direction of the specimen.
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Figure 2-2. Column charts of defect statistics of L-PBF Ti-6Al-4V specimens fabricated
using different process parameters: (a) defect count per volume, (b) maximum axis, and
(c) 90™ percentile size.
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The U specimen fabricated by increasing hatch spacing by 20% (i.e., Ub) exhibited the
highest defect count per volume and the largest defect size (both maximum axis and 90" percentile
size). The U specimens fabricated with energy densities comparable to the R specimen (i.e., Ud
and Ue) displayed comparable maximum axis and 90™ percentile defect size to those in the R.
Closer examination of the larger defects in the Ud, Ue, and R specimens revealed them to be LoFs
(see Figure 2-1); the limited process variation of Ud and Ue from R likely did not result in
significant changes in the size of these defects. Interestingly, these defect measures, Varea of the
projected area of the largest defect on the plane perpendicular to the axial direction of the
specimen, the maximum axis, and 90" percentile defect size of the Ud, Ue, and R specimens were
also comparable with those of both O specimens, although the larger defects in O specimens were

KHs (see Figure 2-1 and Figure 2-2).

2.2.3. Mechanical testing

Tensile behavior of all specimen sets was examined using quasi-static tensile tests
conducted at room temperature using MTS servo-hydraulic test frames according to ASTM E8
standard [77]. The tests were conducted in displacement control mode while maintaining a nominal
strain rate of 0.001 mm/mm/sec. Strain experienced by the specimens until the final fracture was
captured using a mechanical extensometer. The total elongation at failure was measured by
comparing the final and initial lengths between markings on the gage of the specimens. At least

five tensile tests were conducted per set to ensure repeatability.

Room temperature fatigue tests were conducted in uniaxial, force-controlled, and fully-
reversed (Ro= -1) mode using servo-hydraulic test frames according to ASTM E466 standard [78].
Fatigue tests were initially performed at stress amplitudes, ca, of 450, 500, and 600 MPa, and at

least 4 specimens per stress amplitude per set were tested (except for the run-outs) to ensure
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repeatability. The tests which did not fail by 10,000,000 cycles were treated as run-outs. If, for a
specific stress level and specimen set, run-outs occurred at least twice and no specimen failure
were observed, the stress level was designated as the run-out level for that particular specimen set
and no additional tests were performed. Following the completion of fatigue tests at the
aforementioned o, (i.e., 450, 500, and 600 MPa), additional fatigue testing of the remaining
specimens was conducted at 400 MPa to generate more fatigue data. A total of 232 specimens
were tested. Fractography was conducted on all failed fatigue specimens to obtain the crack-

initiating defect’s size and their morphological features using SEM.

2.2.4. Numerical analysis procedure

The SIF of planar cracks, whose shapes were identical to the two-dimensional (2D)
morphology of selected few fatigue critical defects obtained from the fracture surfaces, were
calculated via linear elastic finite element analysis. For the calculations, an internal crack
configuration, where a crack was embedded in a large, cubic body, was modeled in Ansys
Workbench. The loads and fixed boundary conditions were applied on the opposite faces of the
cubic body on planes parallel to the crack. Ten-node tetrahedral elements were used to mesh the
crack contour region and the remaining portion of the cubic body (see Figure A6-8 in Appendix
A). Initially, a mesh convergence study was performed using an embedded penny crack for which
the SIF values were known, and the same element sizes were used to mesh the cracks whose
geometries were modeled after the 2D shapes of fatigue critical defects. Mode I SIFs along the
crack front of the cracks were estimated using the contour integral approach implemented in Ansys

Workbench.
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2.3. Experimental results and discussion

2.3.1. Tensile behavior

The yield strength, Sy, ultimate tensile strength, S, and percent elongation to failure, %El,
of L-PBF Ti-6Al-4V specimens fabricated using different process parameters in different part
orientations are presented in Figure 2-3. As shown in Figure 2-3 (a), the tensile properties of the
specimens do not appear to correlate with its defects content. Notably, although the Ub condition
induced a substantially higher defect count (Figure 2-2 (a)) and relatively low part density (see
Figure 2-1) than others, neither strengths nor %EIl were negatively impacted. However, the O
specimens (i.e., sets Oa and Ob) demonstrated slightly improved tensile strengths (both Sy and S,).
On average, the O specimens exhibited slightly higher Sy (~ 40 MPa) and Su (~ 40 MPa) than the

R specimens.

The marginal improvement in the tensile strengths for the O specimens compared to the R
and U ones could be due to the slightly higher levels of interstitial oxygen and/or nitrogen [81,82].
Chemical analysis was performed on selected L-PBF Ti-6Al-4V specimens fabricated using
different process parameters to examine it further, and the results are shown in Figure A6-4 in the
Appendix A. While the oxygen and nitrogen concentrations were within the limits recommended
by ASTM F2924-14 standard [83] for all specimens, the Ob specimen exhibited slightly higher
levels of both elements, and the Oa specimen demonstrated a marginally higher level of oxygen
content compared to the R specimen. The higher energy density used during the fabrication of the
O specimens likely facilitated the dissolution of more interstitial oxygen and nitrogen within the
a-laths in Ti-6Al-4V [81,82]. These interstitial elements might have enhanced the tensile strengths

by impeding the dislocation motion [81,82].
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Figure 2-3. Column charts of tensile properties of L-PBF Ti-6Al-4V specimens
fabricated using different process parameters for (a) V, (b) D, and (c) H orientations.
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Tensile fracture surfaces of specimens fabricated using different process parameters, as
shown in Figure A6-5 for selected ones, reveal that differences in volumetric defect content among
the specimens did not significantly affect the fracture behavior. All tensile fracture surfaces
exhibited similar fracture features, including dimples and shear lips, which are characteristics of

ductile fracture.

2.3.2. Fatigue behavior

The stress-life fatigue plots showing G, vs. reversals to failure, 2Ny, of L-PBF Ti-6A1-4V
specimens fabricated using different process parameters and part orientations are shown in Figure
2-4. The run-out specimens were indicated by arrows. Overall, the adjustment in processing
conditions was effective in resulting in a relatively large variation in fatigue life.

Among V specimens, excluding the O ones (Figure 2-4 (a)), the ordering in fatigue life
among different specimen sets appeared to be consistent with the maximum axis and \area of the
largest defects (always LoFs, as shown in Figure 2-1) on the plane perpendicular to the axis of the
specimen measured from the XCT scans for different processing conditions (see Figure 2-1 and
Figure 2-2). Specifically, the XCT scans revealed that the larger defects in Ua and Ub specimens
well corresponded to the overall shorter fatigue lives of the Ua V and Ub V specimen sets. In
addition, Ud and Ue specimens exhibited the smallest Varea values for the largest defects, which
explained their longest fatigue lives. The trends observed among the U and R specimen sets in the
V orientation were qualitatively similar to those in the D and H orientations. The agreement
between fatigue life and the value of the \area of the largest defect among the U and R specimen
sets was not always the case for the Oa and Ob specimen sets. For example, like the U and R
specimens, the largest defect of Oa specimen having a smaller Varea value than Ob corresponded

to Oa sets’ longer fatigue lives. However, although the Varea value for the largest defect of Oa
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specimen was noticeably smaller than that of the Ud and Ue specimens, the fatigue lives measured
for the Oa specimen set were always shorter. This discrepancy could have originated from the
largest defects in the O specimens being KHs (Figure 2-1), which present a different extent of
detrimental effects to fatigue than the LoFs.

Fractography performed on all failed fatigue specimens confirmed that all but one fatigue
crack initiated from GEPs, KHs, or LoFs in all specimens. The only failure that did not initiate
from these defect types was one instance within the Ud set, where graphite particles were found at
the crack initiation site. In addition, the fatigue critical defects (i.e., the defects responsible for the
initiation of fatigue failure) of the U and R specimens sets were mostly LoFs and those for the O
sets were all KHs, which was consistent with the types of the largest defect detected for each
processing condition via XCT. Selected fractography images for specimens fabricated using
different process parameters are shown in Figure 2-5. For U specimens, except for Ud and Ue, all
fatigue cracks initiated from LoFs located either on the surface/near-surface or internal region (the
classification of defects based on location following the approach of Wu et al. [64], which will be
formally discussed in Section 2.3.3.1, see Figure 2-7 (a)). In contrast, fatigue cracks in Ud and Ue
specimens predominantly initiated from internal LoFs, with rare occurrences of crack initiations
from GEPs/KHs defects. For the R specimens, all fatigue cracks were initiated from LoFs located
either on the surface/near-surface or internal region. In the O specimens, all fatigue cracks were
initiated from KHs, with only four located at the near-surface, while the rest were internal. In most
cases, fatigue cracks were initiated from a single defect (~72%). The majority of the specimens
that experienced fatigue crack initiation from multiple defects were from sets with higher defect

content (i.e., Ua, Ub, and Uc).
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Figure 2-4. Stress-life fatigue plots of L-PBF Ti-6Al-4V specimens fabricated using
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indicated with arrows.
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different process parameters. Crack-initiating defects are indicated by red arrows and
their areaacwal are enveloped with red-dashed lines




2.3.3. Criticality of defect features on the fatigue behavior

2.3.3.1. Effect of size and location of defects on the fatigue behavior

Stress-life bubble plots, in which the size of the markers is proportional to the size of the
crack-initiating defects, are shown in Figure 2-6. For each fatigue critical defect, the square root
area of both its actual projection in the loading plane and the convex hull construct around its
projection was measured as its size (the construction of the convex hull followed Murakami’s
approach [26], see Section 6.1.6 of the Appendix A for details). These are respectively referred to
as Vareaacwal and Vareamurakami in this manuscript. Crack-initiating defects whose shape appeared
irregular (i.e., LoF) and circular (i.e., GEP/KH) are plotted in blue and red shades, respectively.
As expected, the measured values of Vareamurkami were larger than the Vareacwal, particularly for
irregularly shaped defects. As shown in Figure 2-6, although a general trend of larger crack-
initiating defects leading to shorter fatigue lives appears to exist, the obscuring presence of outlier

suggests that size alone clearly cannot fully explain the observed variations in fatigue lives.
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To examine the effect of defect location that can synergistically influence the fatigue
behavior with defect size, the defects were categorized as either surface or internal ones based on
their distance from the surface following the approach by Wu et al. [64] (as shown in Figure 2-7
(a)). Defects were classified as “surface defects” if: (i) they were surface-exposed (i.e., distance
from the free surface to the nearest point of the defect, e = 0) or (i1) they were located near-surface

where Vareaer (i.e., the square root area enveloping the defect and free surface, denoted with red

dashed lines in Figure 2-7 (a)) = e. Internal defects are the ones where Vareaesr < e. Stress-life
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bubble plots displaying the distance of crack-initiating defects from the specimen surface and the
\areamurakami of crack-initiating defects at different location categories are shown in Figure 2-7 (b)-
(c) and Figure 2-7 (d)-(f), respectively, for all specimens with crack-initiating from a single defect.
Since surface-exposed defects (i.e., ¢ = 0) have no distance from the surface, only near-surface
defects (i.e., Vareaerr > e) were considered for assessing the effect of distance from the surface
among the surface defects. This defect classification approach proposed by Wu et al. [64], adapted
from Murakami’s approach [26,48], classifies more defects close to the free surface as surface
defects compared to the original Murakami’s approach, thus making it more conservative.

When the near-surface and internal defects were considered separately (see Figure 2-7 (b)
and (c)), no clear dependence of fatigue life on the distance of the defect from the free surface was
observed. This indicated that the criticality of the defect on the fatigue behavior was not solely
dependent on the distance from the free surface. Instead, defects’ location (i.e., surface, near-
surface, or internal) may augment or diminish the effect of defects’ other attributes such as size
and shape. This is evident by examining the size effect after categorizing crack-initiating defects
by location (i.e., surface-exposed vs. near-surface vs. internal, see Figure 2-7 (d)-(f)). For near-
surface (Figure 2-7 (e)) and internal defects (Figure 2-7 (f)), the trend of larger defects being more
detrimental became clearer. Comparing Figure 2-7 (d)-(f), although the defect sizes in all three
location categories fall within the same range, the overall fatigue lives for near-surface critical
defects appear to be the shortest, followed by surface defects and internal ones in order. In other
words, defects tended to be more detrimental when they were near-surface, not surface-exposed.

Such a non-monotonic variation in defect criticality as a function of depth can, on the one
hand, be ascribed to the highly stressed zone between specimen surfaces and near-surface defects

tending to form cracks easier, resulting in significantly larger, surface-exposed cracks [13],. On
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the other hand, this may also be credited to the compressive residual stresses induced by surface
machining. This stress, existing down to a depth of ~50 um (see Figure A6-7), may have partially
alleviated the stress concentrations near the surface-exposed and near-surface defects, retarding
fatigue crack initiation. The compressive residual stress near the surface may have also influenced
the size effect as perceived from Figure 2-7 (d) and (f). Indeed, compared to internal critical defects
(Figure 2-7 (f)), the size effect exhibited by the near-surface defects was less pronounced (Figure
2-7 (e)). For surface-exposed defects (Figure 2-7 (d)), the size effect was virtually non-existent.
Due to the finite depth of the compressive residual stress (~50 um), portions of many surface-
exposed defects (whose Vareamurakami were well over 50 um) resided outside its influence and
experienced minimal retarding effects on crack initiation, potentially disrupting the typical size
effect. Similar disruption was expected for some near-surface defects, in which case regions of
defects located further inside experienced higher stress concentration than those between the defect

and the free surface, where accelerated crack initiation was expected.
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Figure 2-7. (a) Criteria used for classifying defects into surface-exposed, near-surface, and
internal defects. Stress-life fatigue plots showing with bubble size representing the distance of
crack-initiating defects from the specimen surface for (b) near-surface and (c) internal defects,
and crack-initiating defect size for (d) surface-exposed, () near-surface, and (f) internal defects.
The scale bar of bubbles is shown on the right side of each plot.

For internal defects, where the size effect was the most prominent, discrepancies were still

observed in the defect size between irregular and circular defects. Despite similar fatigue lives (see

Figure 2-7 (f)), the size of irregular defects appears to be larger than the circular ones, suggesting
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that they may be less detrimental or their size might have been overestimated. This discrepancy
highlights a potential limitation in size measurement methods via the simple construction of
convex hulls, which were developed primarily for more regularly shaped defects in conventional
manufactured parts such as casting [26,48]. These methods might not be suitable for irregularly
shaped AM defects, especially when the defect geometry is highly irregular or jagged. The impact

of defect shape on fatigue behavior will be discussed further in Section 2.3.3.2.

2.3.3.2. Effect of shape of the defects on the fatigue behavior

A comparison of circular and irregular defects with similar fatigue lives from near-surface
and internal location showed that the size of circular defects was smaller than the irregular ones,
when measured by Vareawurakami, as shown in Figure 2-7 (¢) and (f). This suggests that, regardless
of their location, defect shape plays a critical role in fatigue behavior. Since no circular defects
were observed among surface-exposed defects, surface-exposed defects were excluded from the
analysis of the effect of defect shape on fatigue behavior. A popular shape descriptor, circularity,
was computed for the fatigue critical defects from the fractographs to examine any potential
dependence of fatigue life on defect shape. The circularity was calculated using Imagel software

as follows [84]:

4ATX, /areactual (21)

Circularity = —-——=

where perimeter is the length of the outside boundary of the selection of areayctyq;-
The stress-life data in Figure 2-7 (d)-(f) are replotted in Figure 2-8, with the marker size
now representing the circularity of the crack-initiating defects. However, just as revealed for the

distance effect in Figure 2-7 (b) and (c), circularity does not present a strong and clear influence

on fatigue life. It was therefore suspected that, again, like the location effect, the effect of defect

49



shape may manifest by augmenting or diminishing defects’ size effect. To explore this further,
three pairs of internal, fatigue critical defects are presented in Figure 2-9 (a)-(b), (¢)-(d), and (e)-
(f). Internal defects were selected to exclude any potential influence from the specimen’s free
surface. Within each pair, the corresponding fatigue lives were similar, but defect shapes varied
from irregular to near-circular, and the measured Vareaacwa also differed significantly. The

differences underscored the influence of defect shape on fatigue behavior.

Linear elastic finite element analyses were performed to calculate the SIF of planar cracks
whose shapes were extracted from the 2D profiles of the defects on the fractographs, following the
methodology outlined in Section 2.2.4. The distribution of normalized SIF along the crack fronts

is presented in Figure 2-9 (g)-(1). The normalization was calculated as:

Normalized SIF = S (2.2)
O-SXUa\/TE\/ areapurakami

where 0.5 X g, \/ ./ areayurakami Was the SIF calculated according to Murakami et al. [26] for

internal defects. For near-circular cracks, the entire crack front experienced relatively uniform SIF
values close to the maximum. In contrast, for irregular cracks, only a small fraction of the crack
front experienced SIF values near the maximum, particularly at the concave contours near the
interior region, as shown in Figure 2-9 (g)-(1). In fact, the maximum values of SIF appeared to
occur at locations where the crack contours connected with their maximum inscribed circles, MIC
(see the blue dashed lines in Figure 2-9 (a)-(f)). Similar trends were observed in several other crack
shapes examined in this study (see Figure A6-9), highlighting the significance of the interior region
in crack initiation. The higher SIF in the interior regions of the modeled planar cracks suggested
that the fatigue cracks were more likely to initiate from the interior of the irregular defects. Indeed,

in-situ studies examining the crack initiation from defects have revealed that, for irregular defects,
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cracks typically initiate from the interior region and require a significant number of cycles before

forming a convex hull shape [22].
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Figure 2-8. Stress-life fatigue plots for L-PBF Ti-6Al-4V specimens with bubble size
representing the circularity of crack-initiating defect for (a) surface-exposed, (b) near-
surface, and (c) internal defects. The scale bar of bubbles is shown on the right side of
each plot.
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The normalized SIFs along the crack front are presented again with respect to the distance
along the crack front in Figure 2-9 (m)-(r). The magenta lines in the figure represent the SIF
calculated based on Vareanurkami of the cracks/defects according to Murakami et al. [26]. As shown
in Figure 2-9 (m), (0), and (q), for irregularly shaped cracks, only small fractions (<5%) of the
crack front experienced SIFs exceeding the values estimated by defect-sensitive models using the

Vareamurakami parameter (such as Murakami’s model where maximum SIF = 0.65 X

Oq \/ ./ areayrakami for surface defects and maximum SIF = 0.5 X g, \/ ./ aredyyrakami for

internal defects [26]). In contrast, for circular defects, a substantial portion (> 60%) of the crack
front experienced SIFs similar to the values estimated based on the Vareamurakami (Figure 2-9 (n),
(p), and (r)). This contrast suggested that the SIF estimated by current defect-sensitive fatigue
models for irregular defects can be more conservative than that estimated for circular defects.
Specifically, in Ti-6Al-4V, defects are typically surrounded by randomly oriented grains; there is
a higher probability of finding favorably oriented grains for fatigue crack initiation when the highly
stressed regions of defects are larger or when larger portions of the crack front are experiencing
higher SIFs. Murakami et al. also emphasized the need for corrections to the Vareamurakami

parameter for cracks that were irregular, slender, deep, or feature a concave crack front [26,49,85].
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Figure 2-9. Comparison of pairs of defects having different morphologies but similar fatigue
lives. Panels in the first column are fractographs showing pairs of irregular ((a), (c), and (e)) and
circular ((b), (d), and (f)) defects. The red-dashed envelopes in the first column mark the
boundary of defects, and the blue-dashed circles indicate the MIC of the defect. The second
column visualizes the distribution of normalized SIF on planar cracks whose shapes are identical
to the 2D profiles of the respective defects. The third column presents the normalized SIFs as a
function of distance along the crack front. Reference lines of SIFs estimated based on
\areamurakami and Vareamc are also included.
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Noting the characteristics of modeled planar cracks that peak SIF occurs in the interior
regions (i.e., near the MIC as shown in Figure 2-9 (g)-(1)), a new parameter is proposed in this
study to represent volumetric defects’ size based on the MIC size, i.e., Vareamic. As shown in
Figure 2-9 (g)-(1), Vareamic was comparable to the existing Varea parameters for circular defects,
whereas, for irregular defects, the Vareamic was considerably smaller. Additionally, the Vareaic
decreased with increasing irregularity, suggesting that it could capture the fact that irregular

defects tended to correspond to similar fatigue lives as circular ones of the same Vareaacwal. The

SIFs calculated using Vareamic (i.e., SIF = 0.5 X g, /Tr,/areamc), as shown by the blue dot-

dashed lines in Figure 2-9 (m)-(r), appear to be typical of the SIF curves of the planar cracks

regardless of the defect shape.

The relevance of various Varea parameters of the fatigue critical defects to fatigue lives
was further investigated using the largest extreme value distribution (LEVD) [70,71,86]. In this
study, the probability density functions (PDF) of the LEVD were calculated using the non-

parametric Moments method [87,88] in terms of reduced variate, Y;, as:

Y, = —In (=In (i/N + 1)) (2.3)

where 1 and N are the rank and total number of crack-initiating defects, respectively.

The probability plots in terms of Y; are shown in Figure 2-10 for both irregular and circular
defects, estimated using three different size measures: Vareaactual, Vareamurakami, and Vareamic. In
addition, Figure 2-11 shows the probability density of 2Nr for both irregular and circular defects.
The probability density plots with respect to different size measures and 2Ny are also shown in
Figure A6-10 and Figure A6-11, respectively. No significant difference in the distribution of 2Nt

between fatigue failures caused by irregular and circular defects is observed in Figure 2-11 (and
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Figure A6-11), suggesting that if a defect size measure is suitable, the defect size distributions for
both defect types should also be identical. While the defect size distributions for Vareascar and
areamurakami showed a significant difference between circular and irregular defects (see Figure
2-10 (a)-(d)), the distribution based on Vareamic exhibited minimal variation (see Figure 2-10 (¢)-
(f)). Consequently, the Vareamic could be used as an alternative parameter for defect size

measurement for both surface and internal defects, accounting for defects’ shape.

The potential application of the proposed Vareamic parameter is not limited to the
correlation between defect features measured from fractgraphy with fatigue behavior as
exemplified above. Vareamic also has the potential to be used with nondestructive examination
techniques, such as XCT, as a more robust approach to identify fatigue critical defects in a part
and assess its probability of failure under intended service loads. Common defect size measures,
such as Vareaacta and \/areaMurakami, are sensitive to the resolution of XCT scans and can become
inaccurate for irregular defects, as they contain fine features that may be lost at reduced resolutions
[89-91]. In contrast, scan resolution is less likely to impact Vareamic, since the MIC typically

corresponds to the bulkier regions of defects that can be easily captured.
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Figure 2-10. Reduced variate with respect to crack-initiating defect size measured using

different defect size parameters: (a)-(b) Vareaacwa, (c)-(d) Vareamurakami, and (e)-(f)
‘areamic. Surface defects include both surface-exposed and near-surface ones.
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Figure 2-11. Reduced variate of 2Ny distribution for (a) surface and (b) internal crack-initiating
defects of Ti-6Al1-4V specimens. Surface defects include both surface-exposed and near-surface
ones.

24. Conclusions

This study investigated the effect of volumetric defect’s size, location, and shape on the
fatigue behavior of L-PBF Ti-6Al-4V specimens. Volumetric defects of various morphological
features were induced into the specimens by varying the process parameters during fabrication.
Following fatigue tests, careful fractography was performed for the examination of various

features of fatigue critical defects. By treating 2D defect profiles extracted from fractographs as
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planar cracks, linear elastic finite element analysis was performed to examine how the defect shape
influenced the distribution of stress intensity factor along the crack front. The following

conclusions were drawn:

e Defect location significantly influenced the fatigue behavior of AM specimens, with surface
defects being more critical than internal ones. Fatigue critical defects that were near-surface
generally corresponded to the shortest fatigue lives, followed by surface-exposed and internal
defects.

e The effect of defects’ size on fatigue life was obscured by their shape and location. After
isolating and excluding these factors, a reasonable correlation between defect size and fatigue
life was observed.

e Among internal volumetric defects that resulted in similar fatigue lives, the irregular ones were
found to be larger than their circular counterparts when measured using existing defect size
measurement approaches. This implied that the defect size estimated with the existing
approaches could not adequately represent the severity of defects by addressing their shape.

e Linear elastic finite element analyses of planar cracks suggested that, unlike circular cracks,
only a small fraction of irregular cracks’ front, i.e., near their maximum inscribed circles,
experienced high stress intensity factor values. This implied that irregular defects were less
severe for fatigue crack initiation compared to circular defects of the same size and location.

o The proposed defect size parameter, Vareamic, could account for the effect of defect shape. SIF
calculated using Vareamic appeared to be more representative of planar crack’s true SIF,
regardless of their shape. The identical distributions of \areamic and fatigue lives for circular
and irregular defects suggested that Vareawmic could be used as an alternative defect size

parameter.
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The application of the proposed Vareamic parameter can be extended to the nondestructive
examination techniques, such as XCT, to identify fatigue critical defects and their impact on the
fatigue performance of the part. In particular, since the MIC typically corresponds to the bulkier
regions of defects, the scan resolution will be most likely less impactful on measuring the accurate
areamic. Finally, the proposed approach should be evaluated for different defect sensitive

materials containing a wide range of defect shapes to assess its robustness.
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3. A fracture mechanics based semi-probabilistic fatigue lifing approach for additively

manufactured Ti-6Al-4V

3.1. Introduction

Adoption of additive manufacturing (AM) in key industries, such as aerospace, for safety-
critical part fabrication has been limited primarily due to the additively manufactured (AM)
materials’ considerably scattered and often inferior fatigue properties, making the establishment
of reliable fatigue design allowables challenging [92]. This is rooted in the presence of volumetric
defects inherent in AM parts [93], which can act as stress risers and, in surface machined condition,
lead to early crack initiation, especially in materials with fine microstructure such as Ti-6Al-4V
[2-5]. The severity of stress concentration varies with the morphological features of these
defects—such as their size and shape—which are sensitive to the perturbations in local thermal
history [6,94]. Accounting for the resulting wide fatigue variability through traditional, statistics
based qualification approaches, without addressing the failure mechanism, can lead to either
significant overdesign (due to exceedingly low allowable to ensure reliability) or noncompliance

(due to insufficient reliability in pursuit of acceptable allowable) [29-31].

Traditional fatigue qualification relies on established methods for predicting the fatigue
life (and lower bound for fatigue life) of a component under cyclic loading, often using stress-life
(S-N) curves that express the ‘nucleation time’ for smooth specimens made of wrought materials
[14]. For materials with low volumetric defect densities, fatigue design curves can be statistically
determined from test data as a conservative locus corresponding to a low failure probability [95].
The low failure probabilities required for safety-critical parts (failure probabilities of the order of
107 for the entire life [96]) are then obtained by applying a safety design factor to material design

curves to obtain the ‘fatigue allowables’ [97—100]. Another practice in the aerospace field for ‘safe
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life’ assessment is to derive, from the experimental S-N data, a fatigue life curve corresponding to
10 failure probability, Py, for assessment against a 99.99%ile of the nominal service stresses
(since actual service stresses always tend to deviate from the nominal value at receding
probabilities) [101,102]. However, with the presence of significant scatter in fatigue data, the
statistically determined design allowables can be significantly lower than the mean, which can lead
to overly conservative part designs. As such, developing strategies to explicitly consider the failure
mechanisms (i.e., the incorporation of effect of defects for materials such as Ti-6Al-4V) into
fatigue design is necessary, which is a practice currently outside the scope of conventional
qualification methodologies. The stochastic nature of defect distribution and the role of defect
morphology on fatigue behavior call for a defect-tolerant and probabilistic qualification approach

to enable the part qualification for safety-critical applications.

Defect-tolerant design philosophy focuses on predicting the cyclic life span of components
with existing flaws and defects, utilizing crack growth-based approaches and treating these
flaws/defects as initial cracks. It is especially suitable for AM metallic materials, where the
ubiquitous presence of volumetric defects accelerates fatigue crack initiation and the life fraction
for crack growth is accentuated, and, as such, holds promise to resolve the challenges faced by the
conventional qualification for AM materials. Nevertheless, the small crack growth regime requires
special treatment since the small cracks initiated from the defects exhibit lower threshold stress
intensity factors, crack closure levels, and crack growth rates [103]. By considering initial defect
size, attempts to apply numerous models based on the concepts of ‘short crack’ threshold
(Murakami [48,49], El-Haddad [50], R-curve [104]) for fatigue strength and growth (Murakami-
Endo [105], NASGRO equation [32,33], Shiozawa’s model [106]) to describe S-N plots and the

fatigue response of AM parts in the presence of defects have been made with various degrees of
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success [20,44,47,107-110]. Nevertheless, the incorporation of defect’s other morphological

aspects, such the shape and location, in these models remains largely unaddressed.

This study examines the efficacy of traditional and defect-tolerant approaches for the
construction of material design curves for laser powder bed fused (L-PBF) Ti-6Al-4V parts.
Experimentally observed fatigue data of L-PBF Ti-6Al-4V [93], where fatigue cracks initiated
from volumetric defects with variations in the size, shape, and location was utilized for the
examination. A novel lifing approach is proposed, which emphasizes on the growth life of short
cracks initiating from the volumetric defects, incorporates the effects of defect shape and location,
and utilizes the crack growth constants corresponding to the short crack regime. The limitations of
traditional methods for fatigue design curve construction were identified, and an alternative semi-
probabilistic framework based on fracture mechanics and compliant with current regulatory

requirements is proposed.

3.2.  Methodology

3.2.1. Fatigue data

Fatigue data used for modeling in this manuscript were collected from the authors’ previous
study [93]. In that study, L-PBF Ti-6Al-4V rods were fabricated in varied process parameters to
induce underheated, recommended, and overheated processing conditions to achieve a reasonable
variation in the morphologies of the volumetric defects [8,111-113]. The rods were stress-relieved
at 704°C for 1 hour [74,75], followed by furnace cooling, and machined to the geometry of fatigue
specimens according to the ASTM E466 standard [114]. The final geometry of the fatigue
specimens is included in Figure A6-12 in the Appendix B. After machining, the normal

components of residual stress (RS) acting along the loading direction were measured at different
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depths from the free surface of the fatigue specimens, following the SAE HS 784 standard [115],

reported in Ref. [93], and also included in Section 6.1.2 of Appendix A.

Room temperature fatigue tests were conducted in uniaxial, force-controlled, fully-
reversed (stress ratio, Rs = -1) mode, following ASTM E466 standard [114], at stress amplitudes,
Ga, 0f 400, 450, 500, 600 MPa. The specimens that did not fail by 2x107 reversals were considered
run-outs. Fractography was conducted on all failed fatigue specimens to obtain the fatigue critical
defects’ size and their morphological features using a scanning electron microscope. All failed
specimens in this study experienced fatigue failure due to crack initiation from volumetric defects.
The S-N fatigue plots for different processing conditions are shown in Figure 3-1. In Figure 3-1,
the fatigue critical defects located at/near the free surface are indicated by triangles, whereas the
internal ones are indicated by squares. Run-out specimens are indicated with arrows. Classification
of defects based on their location (i.e., surface vs. internal) and size is discussed in Section 2.2.2.
As shown in Figure 3-1, underheated specimens exhibited greater scatter in fatigue lives than the
overheated and recommended ones, due to larger variations in the crack-initiating defects’ sizes

and their morphological features.
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Figure 3-1. S-N fatigue plots of L-PBF Ti-6Al-4V specimens fabricated in different processing
conditions: (a) underheated, (a) recommended, and (c) overheated. Arrows indicate run-out

fatigue tests.
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3.2.2. Defect size measurement and location classification approaches

Two defect size measurement approaches, as shown in schematic illustrations for both
single and multiple crack-initiating cases in Figure 3-2 (a)-(b), are used in this study. They are
\areamurakami, Which is the square root of the area of a convex hull surrounding the defect’s
projection measured according to Murakami’s approach [26], and Vareamic, which is the square
root of the area of the maximum inscribed circle (MIC) within the defect’s projection [93]. In the
previous study [93], it was demonstrated that the Vareamic accounted for the combined effect of
internal defect’s size and shape on fatigue behavior, while \areamurakami Was appropriate for surface

defects.

To account for defect’s location, following the classification criteria introduced by Wu et
al. [64], defects were categorized as either surface or internal based on their location relative to the
free surface (Figure 3-2 (c)). The criteria classified a defect as a ‘surface defect’ if either of the
following conditions was met: (1) the distance from the free surface to the nearest point of the
defect, e, was zero (i.e., the defect was surface-exposed), or (2) the square root area of the convex
hull enveloping both the defect and the free surface, \areaesr (indicated by the red-dashed line in
Figure 3-2 (c)), was greater than e. Conversely, the defect was classified as ‘internal’ otherwise.
The internal defects whose e > 500 um were further classified as ‘deep-internal’ defects. The
number of specimens failing from surface-exposed, near-surface, internal (excluding deep-
internal), and deep-internal defects is included in Table 3-1. Note that only the specimens with
single crack-initiating defects (a total of 165 specimens) are included in Table 3-1. Some

representative fracture surfaces of different failure origins are shown in Figure 3-3.
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(b)

Vareayyrakam When
g < 0.5(\ area.q + Vareags)

Surface-exposed defect when e = 0
Near-surface defect when Varea > e
Internal defect when Varea < e
Deep-internal defect when e > 500 um

Figure 3-2. Description of different size measurements for crack-initiating defects with (a)
single- and (b) multi-initiation cases, and (c) classification of locations of defects.

Table 3-1.Number of specimens with crack-initiating defects from different locations.

Crack-initiating defects’ location | No. of specimens
Surface-exposed 26
Near-surface 46
Internal (excluding deep-internal) | 56
Deep-internal 37
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Figure 3-3. Fracture surfaces of L-PBF Ti-6Al1-4V specimens for (a) surface-exposed, (b) near-
surface, (c) internal, and (d) deep-internal crack-initiating defects.

3.2.3. S-N plot and fatigue allowables

The data from the different processing conditions demonstrate the material fatigue
variability in the presence of the variability of the manufacturing process conditions [4,10,93] and
the data can be analyzed to obtain a prospective S-N plot. The stress values in the S-N data were
corrected with the RS at the crack-initiating defect’s centroid based on the RS measurements
presented in Ref. [93] and Section 6.2.2 of Appendix B. Specifically, the RS was superimposed
with the applied stresses, and the effective stress ratio, Refr, was calculated, according to the
procedure outlined in the Ref. [14]. Afterwards, the effective 6. for Rs = -1 was calculated using
Refr based on the Walker equation [14], as discussed in Section 6.2.3 of Appendix B. The RS-

corrected S-N data were then interpolated with an equation of the type [116]:

Ny = Ao, ™, (.1)

where Nris cycles to failure, A and n are coefficient and exponent of the fitted curve.
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The fatigue data, including run-outs, were fitted with Eq. (3.1) using the maximum
likelihood estimation (MLE) method [117]. It was assumed that the N¢ data follow a log-normal
distribution, which was equivalent to a Gaussian distribution for logioNf, where the mean, p, has
been defined by Eq. (3.1) and the standard deviation, s, is independent of 6a. The fitted S-N curve,
corresponding to the failure probability, Py, of 50%, along with the complete fatigue dataset are

shown in Figure 3-4 and the MLE parameters are reported in Table 3-2.

Table 3-2. Parameters for the S-N plot.

log10(A) 20.8201
n 5.5890
s 0.7360

According to United States Federal Aviation Administration (FAA) regulations [118], the
material fatigue design curve for a primary non-redundant component is the failure curve with
99% survival probability (i.e., Pr = 1%) with 95% confidence (i.e., this corresponds to A-basis
allowable for Metallic Materials Properties Development and Standardization [95]). In this study,

the FAA design curve has been adopted, which can be calculated as:

logyo (Nf,design) = u — 2.326s, (3.2)
which corresponds to the 1%ile of the standard normal distribution. Substituting the log

transformation of Eq. (3.1) into Eq. (3.2) provides:

log10 (Nf gesign) = 10g10(A) — no, — 2.326s. (3.3)

The Pr= 1% line, estimated using Eq. (3.3), along with its 90% two-tail confidence band
are shown in Figure 3-4. Details about the calculation of the confidence band through the local

Fisher information matrix of MLE can be found in Ref. [117].
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Figure 3-4. S-N plot with lines corresponding to Pr= 50% and Pr= 1% with its 90% confidence
band. Arrows indicate run-out fatigue tests, and the 90% confidence band is shown by the filled
grey area.

The Pr= 1% line appeared to provide extremely short fatigue lives (2x10° - 8x10* cycles),
compared with average fatigue lives (2x10° - 2x10° cycles) for 6, within the interval of 650-350
MPa. This overly conservative estimation of fatigue lives was a result of the significant scatter in
the fatigue data (s = 0.73), which was due to the wide variations in the crack-initiating defect
features [93]. Traditional qualification procedures, which do not consider the distinct physical
mechanisms of fatigue failures driven by specific material anomalies, are inherently limited in
their scope to account for such variability in both defect morphology and the resulting fatigue
behavior. Therefore, implementing a defect-tolerant approach, based on fracture mechanics
principles and considering a defect size at a desired probability of occurrence, would provide a

more appropriate estimation of the design curve.
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3.3. Analysis of experimental results

3.3.1. Defect location dependence

The S-N data, initially presented in Figure 3-4, are classified based on the crack-initiating
defects’ location and are separately presented in Figure 3-5 for surface and internal defects, along
with the same fitted Pr= 1% and Pr= 50% lines from Figure 3-4. From Figure 3-5 (a), it is evident
that all the failures originated from surface-exposed defects, even when accounting for the
potential presence of negative RS, consistently appearing on the lower 50% of the fatigue lives
(fatigue life < Pr=50% line) across the entire S-N plot. This indicates significantly reduced fatigue
resistance when crack initiation occurs from surface defects. On the other hand, when examining
the specimens which failed due to internal defects, their lives are clustered within the upper 50%
of fatigue lives, as shown in Figure 3-5 (b). Moreover, deep-internal defects (i.e., internal defects
with e > 500 um) do not show a significant difference in their fatigue lives with respect to the other
internal defects. The present observations about considerably longer lives for internal defects are
consistent with recent studies on AM materials, which have presented similar evidence for Ti-6Al-

4V [119] and Scalmalloy [120].

These observations of defect locations affecting the fatigue lives confirm that it is important
to prospectively determine and consider the difference in growth rates of cracks initiating from
surface and internal defects. It is also demonstrated that the lower bound of the overall fatigue lives
is controlled by surface-exposed defects, and therefore, when developing fatigue design curves
using the defect-tolerant approach, the crack-initiating defect located at the free surface of a part

should be considered.
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Figure 3-5. Dependence of fatigue response on defect location: specimens failed due to (a)
surface and (b) internal defects. Arrows indicate run-out fatigue tests. Grey shades indicate
90% confidence band of the line for Pr= 1%.
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3.3.2. Analysis with Shiozawa diagram

The Shiozawa’s equation [121] was originally derived from the Paris-Erdogan equation for
fatigue crack growth [122] for evaluating the growth rates of cracks initiating from casting defects.
It was derived under the assumption that, for cracks initiating from defects, the crack growth phase
dominated the total fatigue life, and the growth rates could be expressed using the Paris-Erdogan

equation [122,123] as:

2 _ caK)™, (3.4)

danN

where C and m are the coefficient and exponent [54,55], respectively. Integrating Eq. (3.4), from
an initial crack size, Vareai, under the hypothesis that the Varea; was considerably smaller than the

final crack size, Varearat failure, Shiozawa proposed the following relationship:

1

_L — -
. [ean=2]" m (_Nf m_ o (s 3.5
AKlTlltlal - [ 2 ] ( [area; ) =K (Jareal-) ’ ( )

1

d'=—,
where the term Ny/Varea; is referred to as defect-related fatigue life and AKinita1 is stress intensity
factor (SIF) range corresponding to the initial crack size. K and d' are the coefficient and exponent.
Equation (3.5) represents a linear relationship between AKinital and Ny/\area; in a log-log plot

(named as Shiozawa diagram). AKinitial can be calculated as:

[ 3.6
AKinitia = Ydo |m /area; , (36)

where Ao is the stress range, and Y is the location dependent factor, which is 0.65 for surface

cracks and 0.5 for internal cracks according to Ref. [26].
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It was shown that the Shiozawa diagram can accurately describe the fatigue crack growth
behavior of materials in the presence of defects (in castings and AM materials) [107,121,124];
however, no distinction was made between the surface and internal defects in those studies. Based
on the dependence of the crack-initiating defect’s location on fatigue lives discussed in Section
3.3.1 and the evidence from literature regarding the slower growth rates of internal cracks than
surface ones [36,125,126], Shiozawa diagrams are constructed separately for surface and internal
defects in this study. The Shiozawa diagrams, presented in Figure 3-6, demonstrate that the trend
in data for surface and internal defects are distinct. To examine this trend further, the data of
surface-exposed and deep-internal defects are fitted with function given by Eq. (3.5), as shown in
Figure 3-6, which was labelled as 50% interpolation line since the fitted line represents the average
crack growth behavior. Surface-exposed defects among all surface defects are selected for fitting
since they exhibited the shortest fatigue lives among different defect locations [58—60]. In the case
of internal defects, only the ones with e > 500 um (i.e., deep-internal defects) have been considered
for the fitting, because they satisfy the hypothesis at the basis of Shiozawa’s equation (which, in
fact, has been proposed for failures of internal defects in superlong fatigue [121]). In addition,
since for these defects most of their life is spent in the propagation of the so-called fish-eye [26],

e can be taken as the final crack size.

The distinct growth behavior of surface-exposed and deep-internal defects can also be
noticed from the 50% interpolation lines plotted in Figure 3-6 (a)-(b). From Figure 3-6 (a), it is
confirmed that for a given AKinitial (a given combination of Ac and Varea;), the surface-exposed
defects have the shortest Ny/Varea;, while the near-surface defects have longer Ne/\area;. For the

same AKinital levels, the internal defects (shown in Figure 3-6 (b)) have considerably longer

73



Ny/Varea; than the surface-exposed defects (compare with Figure 3-6 (a)), indicating that cracks

initiated from them experienced substantially lower growth rates.

Using the s of Ny/Varea; data and a confidence level of 80%, the lower (10%) and upper
(90%) scatter band of the interpolation line are constructed, corresponding to -1.282s and +1.282s,
respectively, and are also shown in Figure 3-6. The line corresponding to the 10% scatter line
denotes a 90% exceedance, i.e., 90% of defects are expected to exhibit a crack growth rate slower
(i.e., longer defect-related fatigue life, Ny/Varea;) than the one indicated by this line. Paris-Erdogan
constants, calculated using the K and d corresponding to the 50% interpolation and 10% scatter

lines, are presented in Table 3-3.
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Figure 3-6. Shiozawa diagrams for (a) surface defects (the interpolation and scatter band lines
are calculated based on surface-exposed ones); (b) internal defects (the interpolation and scatter
band lines are calculated based on deep-internal ones).
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The distinct growth rates of surface-exposed and deep-internal cracks are also supported
by the results of dedicated experiments in Ref. [126,127] that have clearly shown that the absence
of environmental effects slows the crack growth rate. Other support to the different growth rate for
internal defects come from the many evidences about a different S-N diagram for superlong fatigue

failures originated by internal defects [128—131].

It is also worth mentioning that this result also explains the reason for near-surface defects
having slightly longer N/Varea; than the surface-exposed ones, since a portion of their growth is
spent in the absence of air [127,132,133]. The cracks nucleating from internal defects, in their
initial phases of life (i.e., before reaching the free surface), have considerably slower growth rates
than the ones nucleating from surface-exposed defects. The methodology for life prediction

incorporating the difference in growth behavior will be detailed in the following section.

Table 3-3. Paris-Erdogan constants obtained from Shiozawa plots for L-PBF Ti-6Al-4V.

Surface Internal
C m C m
m/cycle ) ( m/cycle )
(MPayvm)" (MPaym)™

Average constants (obtained from 50% 2.13x10712 3.07 | 1.28x10°1° 6.29
interpolation line)

Conservative constants (obtained from 10% 4.14x1012 3.07 | 3.51x1071® 6.29
scatter line)

34. Fatigue life estimation
3.4.1. Proposed crack growth-based lifing approach

Fatigue crack growth rate curves for cracks initiating from surface and internal defects,
derived using the Paris-Erdogan equation and material constants listed in Table 3-3, are shown in
Figure 3-7. Cracks initiated from surface-exposed defects and the ones from defects located

underneath grow following the growth rate curves shown using the red and blue lines, respectively,
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in Figure 3-7 [68,69]. The cracks initiated from internal defects, once opened to the free surface,
should grow at the surface crack growth rates. The following methodology is employed to describe

crack growth in the different stages.

For surface crack growth modeling, the shape of crack is assumed to be semi-circular and
an equivalent initial crack radius, ai, is used as the crack size. The methodology used for modeling
surface and internal crack growth is illustrated in Figure 3-8 (a). The SIFs at the deepest point on
the crack front, estimated using the closed form equations for semi-elliptical cracks in a solid
cylinder [134,135], are used in this approach. Fatigue lives are estimated using the Paris-Erdogan

equation [122,123] as:

— (% _4da 3.7
Ny = fai caK)™’ S

where the Paris-Erdogan constants C and m are obtained from Shiozawa curves and are given in
Table 3-3. Numerical integrations are performed using Eq. (3.7), following the incremental crack

extension methodology [136], until the final crack radius, as, reached 2 mm.

Cracks initiated from defects located underneath the free surfaces grow towards the surface
and interior simultaneously, as illustrated in Figure 3-8 (b) using blue curves. The growth rates of
these cracks are higher toward the surface and lower when they grow toward the interior regions
[51,137]. For these defects (including internal and near-surface ones), aj is estimated by assuming
the shape of the crack as circle. Closed form SIF equations for embedded cracks in a round bar are
used [138]. Different SIFs are considered for the point closer to the free surface and the point
towards the interior (AK. > AKyp) to mimic the difference in crack growth rates towards either
direction, as shown in Figure 3-8 (c). The number of cycles elapsed until the crack reached the

surface is estimated, using the Paris-Erdogan constants for internal cracks (see Table 3-3). Once
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the internal crack (blue dashed line) approaches the free surface, it transitions into a surface crack
(red solid line), as illustrated in Figure 3-8 (d). The growth following surface crack transition is
characterized by the surface crack growth rates, as shown by red lines in Figure 3-8 (b). The crack
growth continued until the final crack size reached 2 mm. The number of cycles that elapsed after
the surface crack transition until 2 mm is estimated. The sum of the number of cycles spent during

a crack’s growth through all relevant phases is considered as the fatigue life, i.e., Nr.
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Figure 3-7. Crack growth curves used in modeling for surface and internal cracks.
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(d)

* Surface crack
* Surface crack * Internal crack @

* Initial defect “ Initial defect

Figure 3-8. (a) Procedure used for surface crack growth modeling, (b) procedure used for
modeling an internal crack growth and the transition of an internal crack into a surface crack,
(c) procedure followed for modeling growing cracks at different rates towards and away from
the free surface, and (d) procedure followed for modeling transitioning the internal crack to a
surface crack.

3.4.2. Comparison with experiments

Estimated reversals to failure, 2Ny, following the proposed methodology, are plotted
against the experimentally observed 2Ny, as shown in Figure 3-9. For the estimation, the initial
defect size measured using Vareamurakami is used for surface-exposed and near-surface defects,
whereas the size measured using Vareamic is used for internal defects. Fatigue lives are estimated
using the average Paris-Erdogan constants (obtained from the 50% interpolation line discussed in
Section 3.3.2) and the conservative constants (obtained from the lower 10% scatter line), as shown
in Figure 3-9. It is evident from Figure 3-9 (a)-(b) that the use of Paris-Erdogan constants derived
from a lower 10% line provides conservative fatigue life estimations, which are well suited for
industries seeking to minimize the probability of failure. Fatigue life estimation of one specimen
(shown with black arrows in Figure 3-9 (a)-(b)) was always non-conservative, irrespective of the
Paris-Erdogan constants used; and fractography of that fatigue specimen revealed multiple
coexisting crack planes from one fatigue critical defect which indicated an accelerated,

simultaneous initiation of multiple cracks.

79



Figure 3-9. Crack growth approach estimated vs. experimentally observed 2N of L-PBF Ti-
6Al-4V using (a) average Paris-Erdogan constants and (b) conservative Paris-Erdogan

constants.
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3.5. Fracture mechanics based approach for derivation of design curve

3.5.1. Defect-based fatigue allowables

The crack growth-based lifing approach discussed in the previous section can be used as
the basis for a defect-based definition of a design curve fulfilling the requirements of the FAA
regulations. Since the fatigue failure in L-PBF Ti-6Al-4V is controlled by the crack propagation
from defects, the fatigue life corresponding to Pr = 1%, i.e., N1, can be determined using the
crack growth approach. This means determining N corresponds to the crack growth life from a
critical defect of size of 99% probability of occurrence, ago, (i.e., the defect size which has 1%

probability of being exceeded). Mathematically, which may be expressed as:

Nyo, = Ne(agoo,): Pr = 1%, (3.8)
where Njo, = Ni(agoy) is a lifetime function, which can be estimated from Eq. (3.7) for an initial
crack size aggy. Considering that Eq. (3.7) can be approximated to a line on logio(a) - logio(Nr)
(according to the Shiozawa’s hypothesis that af >> a;), this concept can be visualized in Figure

3-10 (a), where the N1, = Nf(agee) is linear on a log-log scale, for a given Ac.

The results presented in Section 3.3 shows that the growth rates of cracks initiated from
surface-exposed defects are considerably higher than the internal defects, which lead to the shortest
fatigue lives, as shown in Figure 3-5. Therefore, a conservative approach for establishing a fatigue
design curve based on the effective fatigue damage is to consider a life estimate based on the most
detrimental fatigue mechanism, i.e., the growth of a crack initiated from surface-exposed defects

of size agye.
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Figure 3-10. Concepts for the determination of a material design curve where life for Pr= 1%
corresponds to fatigue crack initiation/growth from a defect of size agge.

0 ‘\ N 1 0/6/’
Nl

3.5.2. Semi-probabilistic approach

Since the defects randomly occur in the volume of specimens, their occurrence can be
described using ‘extreme value statistics’. The distribution of defects can be described with a
largest extreme value distribution (LEVD) or Gumbel distribution, whose cumulative distribution

function for the largest defect size, x, expected in 1 specimen, F(max,1spec)(X), is of the form [139]:

-1
Fmax,lspec(x) = exp [exp (— XT)]’ (3-9)
where A and 0 are the location (which is also its modal value) and scale parameters of the Gumbel
distribution, respectively. It was shown in Ref. [93] that the size of surface defects could be

described by LEVD parameters. The parameters A and 6 of the Gumbel distribution, describing the
surface defect data, are estimated with the Moments method [86,140], yielding: A = 55.22 um and

§=27.72 ym.
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As introduced in Section 3.5.1, the defect for Pr= 1% corresponds to the defect size with a
return period T = 100 (i.e., the defect size that is expected to be exceeded once every 100

specimens, i.e., a9y, [69]. The estimate of agee, can be calculated as:

£(T) = 1+ 8. (~logye (~logye (1 — 1/T))), (3.10)
and its 90% confidence band can be estimated following ASTM E2283-03 [88]. This agg, defect
size corresponding to the return period T = 100 in one specimen is the modal value (most probable
value) of the distribution of the largest defect found in each of a set of one hundred specimens, as
illustrated in Figure 3-11. The cumulative distribution function for x expected across a set of 100

specimens, F(max,100 spec)(X), 1s of the form:
100 (3.11)

Fmax,lOO spec (x) = [Fmax,l spec (x: /1' & )] .

Equation (3.11) is again another LEVD [69]. For this distribution, the modal value and the
5% and 95%iles (together with their confidence bands that can be calculated by Eq. (3.11) and

expressions for confidence bands in ASTM E2283-03 [88]) are shown in Table 3-4.
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Figure 3-11. Schematic illustration of the probability density of defect with size a9, (red bell
curve) expected to be exceeded once in a batch of 100 specimens.

Table 3-4. Characteristic values of the largest surface defect whose size aggy, is with a probability
of exceedance of 1% (defect with return period T = 100 specimens) with their 90% confidence
bands.

5%ile Modal value 95%ile
152.5+21.0 182.7£27.0 265.2+43.5

The lower bound of fatigue life (the life for a target Pr = 1%) could be estimated by
integrating Eq. (3.7) for the estimated ag9y, defect size with T = 100 and the conservative Paris-
Erdogan constants corresponding to surface cracks. The reason for this choice is that this set of
constants provide conservative life estimates, and therefore, the adoption of this conservative crack
growth constants allows to avoid the burden of a fully probabilistic Monte Carlo simulation [141—
143]. The fatigue design curves, estimated following the crack growth model, using the defect size
obtained from the semi-probabilistic approach and the characteristic values of Table 3-4, are
shown in Figure 3-12. The design curve estimated based on the largest surface defect for T = 100

aligns closer to the experimental fatigue data than the traditional fatigue design curve based on P
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= 1%. This T = 100 design curve, being steeper than the Pr= 1% curve, also suggests that fatigue
lives do not increase as significantly with decreasing o, as indicated by the traditional design curve.
Hence, the T = 100 design curve provides a more appropriate basis for the conservative design of

L-PBF Ti-6Al-4V.
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Figure 3-12. S-N fatigue plot of L-PBF Ti-6Al-4V with Pr= 50%, Pr= 1%, and fatigue design
curve based on the largest surface defect for T = 100. Arrows indicate run-out fatigue tests.

3.5.3. Discussion

The approach adopted in the analysis stems from the understanding that the variability in
fatigue properties is due to diverse processing conditions. It is worth mentioning that the resulting
scatter of the experimental fatigue lives with s = 0.73 is extremely larger than the typical variability

recommended by fatigue assessment standards. For instance, welded structures, that is historically
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known to exhibit a large scatter of fatigue properties, have a typical fatigue scatter s = 0.20
[144,145]. In the presence of a significantly larger scatter for the Ti-6Al-4V dataset, as shown in
Figure 3-12, it becomes evident that a traditional fatigue design curve derived from the entire
dataset is excessively conservative. This is because the variability in the fatigue data is primarily
due to the variability in defect size (here considered by the LEVD for most detrimental defects)

and the presence of two different growth rates for surface-exposed and internal defects [146].

From this point of view, the defect-tolerant approach highlighted in this research clearly
offers a more refined and appropriate strategy as it provides a conservative lower bound fatigue
design curve closer to experimental outcomes. This method, by incorporating the influence of

defect size and location on crack growth behavior, accurately estimated fatigue life.

3.6. Conclusions

This study performed fracture mechanics based fatigue life estimation and estimated
fatigue design curves for defect laden laser powder bed fused Ti-6Al-4V. The effect of defect size,
shape, and location on fatigue behavior was accounted for in this approach, utilizing a proposed

crack growth-based lifing approach. The following conclusions were drawn:

e The fatigue design curves estimated using the conventional approaches were excessively
conservative for the investigated material, and potentially for other defect-sensitive
materials.

e The cracks initiated from surface and internal defects experienced different crack growth
rates, due to which surface defects resulted in considerably shorter fatigue lives. This
suggested the need to quantitatively account for distinct growth rates in modeling and

prediction.
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The proposed crack growth-based lifing approach, incorporating the effect of defect size,
shape, and location on fatigue behavior, accurately estimated fatigue lives. The estimated
fatigue lives of both surface and internal defects using average Paris-Erdogan constants
were within the scatter bands of +5 with respect to the experimentally observed fatigue
lives.

The fatigue design curves estimated using the proposed crack growth approach and the
largest possible defect size for a given failure probability were shown to be superior to
account for the significant scatter in the fatigue behavior than the existing design curve

estimation methodologies, which were overly conservative.
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4. Transferability of defect-fatigue relationships across laser powder bed fusion

platforms

4.1. Introduction

Additive manufacturing’s (AM’s) tendency of generating volumetric defects in parts is
among the reasons for many industries’ hesitancy in the adoption of the technology. This is
especially the case for Ti-6Al-4V parts in the aviation industry [147—-149], where the intricate
geometries could benefit from the net-shaping capabilities of AM, since the material exhibits
heightened sensitivity to these defects (in surface machined part condition) under cyclic loading
and suffers debits in fatigue resistance [93,150,151]. The formation of volumetric defects is
governed by the thermal history experienced by the part during fabrication, which is influenced by
various factors, such as processing conditions and design factors, including part geometry, build
orientation, and even the part’s location on the build platform [4,152-155]. Careful
characterization of the defect characteristics, fatigue behavior, and the defect-fatigue relationships

is therefore necessary before adopting AM parts in fatigue-critical applications [47,53,69,93,156].

To complicate the matter, different AM machines, even the ones belonging to the same
general family of technology (e.g., laser powder bed fusion (L-PBF)), tend to induce volumetric
defects of different characteristics in parts, which also exhibit different dependence on minor
adjustments in process parameters. This is due to the machines having distinct designs in powder
delivery mechanisms, build chamber configurations, gas flow dynamics, and scanning strategies,
to name a few [157]. The complex interplay of processing conditions and platform designs creates
uncertainty in defects’ morphological and spatial distributions, leading to considerable variations
in the fatigue performance of identical parts fabricated on different AM platforms, whether from

different OEMs or even different models by the same OEM. Such variations necessitate the
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evaluation of fatigue behavior of parts fabricated by each platform. However, generating
statistically significant fatigue data for one AM platform already represents a substantial time and
capital investment, accounting for such inter-platform variations relying on data generation alone
can become prohibitively expensive. The challenge is amplified by the fast-paced evolution of AM
technology, where new platforms constantly emerge and some existing ones are discontinued
faster than the research needed to establish defect-fatigue relationships. A salient question arises:
how should the dilemma between the daunting effort in the fatigue characterization for each AM

machine and the rapid iteration of AM machines into the market be resolved?

A potential solution may lie in the establishment of transferability of the defect-fatigue
relationships from one platform to another. If a material fabricated on different platforms can be
demonstrated to obey the same or a similar defect-fatigue relationship, then the qualification of
parts fabricated on a new platform can proceed with only the characterization for microstructure
and defect content as well as limited fatigue testing, if necessary. This would drastically reduce
the need for redundant, extensive experimental campaigns for material qualification for every new

platform. However, studies systematically investigating this transferability have been lacking.

This study addresses this knowledge gap by examining the applicability of defect-fatigue
relationships derived from Ti-6Al-4V specimens fabricated on one L-PBF platform to reliably
predict the fatigue behavior of specimens fabricated on another. Fatigue data used in this study
include the ones generated from an EOS M290 machine as part of a prior works [93,156] and the
newly generated data from a Renishaw RenAM 500Q machine with specimens of identical
geometry produced under comparable processing conditions. The Kitagawa-Takahashi diagram
constructed from the EOS M290 data was first compared with fatigue data from the RenAM 500Q

platform. Furthermore, Paris-Erdogan crack growth constants obtained from EOS M290 data were
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used to predict the fatigue lives of RenAM 500Q specimens. Finally, lower bound fatigue design
curves developed from both platforms were compared to further confirm their cross-platform

transferability.

4.2. Experimental procedures

4.2.1. Material and fabrication

Ti-6Al-4V cylindrical rods were fabricated using the L-PBF technique on a Renishaw
RenAM 500Q Flex machine (designated as Platform 2) using plasma-atomized Ti-6Al-4V Grade
5 powder supplied by AP&C. To obtain a considerable variation in the defect characteristics,
besides the manufacturer-recommended process parameters (referred to as R), rods were also
fabricated using four other process parameters by altering the laser power, P, and scan speed, v
(see Table 3-1). The specific adjustments applied to P and v, relative to the R values, were similar
to those used in the authors’ earlier study involving EOS M290 (designated as Platform 1), but at
a reduced scope [93]. The Platform 1 study consisted of a total of eight processing conditions,
whereas the Platform 2 study utilized five processing conditions corresponding to a subset of the
ones for Platform 1. The processing conditions used for Platform 1 and the designation of
corresponding processing conditions from Platform 2 have been listed in Table 3-2. From Table
3-1 and Table 3-2, it can be observed that the process parameters used for R processing conditions

differ significantly between the two platforms.

Among the five processing conditions used in Platform 2, two were chosen to result in
insufficient energy input to introduce lack of fusions (LoFs) and were designated as underheated
(U) conditions in this study. Two processing conditions utilized excessive energy input to
introduce keyholes (KHs) and were designated as overheated (O) conditions. In addition, the

cylindrical rods (which were machined to test specimens) with U and R processing conditions were
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fabricated in vertical (V) and diagonal (D) orientations to capture any directional influence of the
irregularly shaped LoFs under cyclic loading. The O rods were fabricated only in V orientation, as
the KHs were spherical and not expected to exhibit any directionality under cyclic loading. A total
of eight specimen sets, each set defined by a unique combination of processing condition and part

orientation, were fabricated on Platform 2 for fatigue and tensile testing.

Following the fabrication, the Ti-6Al-4V cylindrical rods underwent stress-relieving at
704°C for 1 hour in an electric muffle furnace before detaching from the build platform. The rods
were then machined and polished to the final geometries of fatigue and tensile specimens,
according to the ASTM E466 [158] and ASTM ES8 [77] standards, respectively. The final geometry
and dimensions of the fatigue specimens are shown in Figure 4-1. Each fatigue and tensile
specimens set comprised 10 and 3 specimens, respectively. Details on tensile specimen geometry

and tensile testing procedures are provided in Section 6.3.1 of Appendix C.

Table 4-1. Process parameters used for the fabrication of L-PBF Ti-6Al-4V specimens on Platform
2 in this study.

Designation of Parameter Power Scanning Hatching Energy Orientation
processing conditions variation P speed distance  density of the
(%) (W) \4 h E specimens
(mm/s) (um) ( ]/mm3)
Ul P"OVOhO 153 1050 65 74.7 V,D
U2 P-SVOhO 161.5 1050 65 78.8 V,D
R pvh 170 1050 65 83.0 V,D
01 P+3°V‘20h° 221 840 65 134.9 v
02 P+20V-30h0 204 735 65 142.3 A%
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Table 4-2. Process parameters used for the fabrication of L-PBF Ti-6Al1-4V specimens on Platform

1.

Desig. of Corres. Parameter Power Scanning Hatching Energy Orientation

process. process. variation P speed distance  density of the

conditions  conditions (%) (W) \% h E specimens

in (mm/s) (um) a /mm3)
Platform 2

Ua - '20V0 0 224 1200 140 44.4 V, D, H*
Ub - OVO 20 280 1200 168 46.3 V,D,H
Uc Ul Y 252 1200 140 50.0 V,D,H
ud U2 P-SVOhO 266 1200 140 52.8 V,D,H
Ue - VnC 280 1200 147 52.9 V,D,H
R R OVOhO 280 1200 140 55.5 V,D,H
Oa O1 +3°V'2° 0 364 960 140 90.3 \Y%
Ob 02 +2°V'3° 0 336 840 140 95.2 A%

*H: Horizontal.

\

R46

«‘ggL

Figure 4-1. Geometry and dimensions of L-PBF Ti-6Al-4V fatigue specimen used in this study.
All the dimensions are in mm.

4.2.2. Defect and microstructure characterization

The entire gage section of one fatigue specimen from each set was scanned using a Zeiss

Xradia 620 Versa X-ray computed tomography (XCT) machine using a voxel size of 5.5 um for

obtaining the characteristics of volumetric defects. The XCT scanning was conducted with voltage
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of 140 kV and power of 21 W. After the XCT scans, the projection images were reconstructed and

post-processed using Zeiss proprietary and Dragonfly software.

Microstructural analysis was performed on the longitudinal planes (i.e., the plane parallel
to the axial direction of the specimens) of selected fatigue specimens at their gage. Prior to the
microstructural analysis, samples were extracted from the fatigue specimens, then mounted in
epoxy resin, ground, and polished with sandpapers of progressively finer grits to achieve a mirror
finish. The microstructural analysis was conducted using a Zeiss Crossbeam 550 scanning electron
microscope (SEM). Detailed microstructural information of the polished samples was collected

using the electron channeling contrast imaging technique.

4.2.3. Fatigue testing and fractography

Uniaxial, force-controlled, fully-reversed fatigue tests (i.e., a stress ratio of -1) were
performed, according to the ASTM E466 standard [ 78], using an MTS servo-hydraulic test system.
The tests were conducted with three different stress amplitudes, 6a, of 450 MPa, 500 MPa, and 600
MPa, at a frequency of 10 Hz. At least three fatigue tests were performed for each processing
condition at every stress level. Specimens that exceeded fatigue lives of 10 cycles were considered
as run-outs. Fractography of all failed specimens was conducted using the SEM to obtain the size,
location, and other morphological features of the crack-initiating defects. Based on the location
and size of crack-initiating defects, they were classified as surface and internal defects following
the criteria proposed by Wu et al. [64] (Figure 4-2 (a)). Crack-initiating defects were classified as
surface defects if either of the two conditions was met: (i) the defects were surface-exposed (i.e.,
the distance between the defect edge and free surface, e, is zero), or (ii) the defects were near-
surface (i.e., the area enveloping the defect and free surface, Vareaer, is less than e). Defects were

considered internal when Vareacrr > e. Surface defects’ sizes were measured using the approach
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proposed by Murakami [26,48,49] (referred to as Vareamurakami in this manuscript), while internal
defects’ size was measured using the square root of the area of the maximum inscribed circle

(MIC), Nareamc, as shown in Figure 4-2.

(a) (b)

eff1

/
1 < Naréayrakami
Jareayc

Vareay,c

Vareay,am When
g < 0.5( area,q + Vareays)

Considered as surface-exposed defect when e =0
Considered as near-surface defect when Varea; > e
Considered as internal defect when vareay; < e

Figure 4-2. (a) Classification of crack-initiating defects based on distance from the free surface.
Defect size measurements using different approaches for the cases of crack initiation from (b) a
single and (c) more than one defects.

4.3. Experimental results

4.3.1. Defect and microstructure characteristics

Three-dimensional (3D) visualization of the XCT scans on specimens fabricated in both
Platform 1 and Platform 2 for corresponding process parameter sets is presented in Figure 4-3.
Defect characteristics such as the relative density, prelaiive, and largest defect size (in terms of the
square root of the projected area of the defect on the plane perpendicular to the loading axis, Varea),
along with energy density, E, are also shown in Figure 4-3. The images of the largest defect from
each scan are shown in individual insets. Additional defect statistics such as the defect count per
volume, maximum axis [58], and 90" percentile size (in terms of maximum axis), are presented in
Figure 4-4 for comparison between platforms. As seen in Figure 4-3 and Figure 4-4, although both

platforms exhibited similar tendencies of forming defects with respect to the change in energy
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input (i.e., U condition encouraging LoFs vs. O condition encouraging KHs), the overall defect
counts of the respective conditions still differed between the platforms. This difference might be
due to the differences in processing conditions other than the adjusted key process variables (i.e.,

build chamber design, gas flow, scanning strategy, layer thickness, etc.) between the two

platforms.
U1:P-10v0h? U2: P-5v°h® R: POv%h? O1: P*3020n0  02: P*20y-30K0
(a) (b) (c) (d) (e)
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Figure 4-3. Comparison of 3D scanned volumes of L-PBF Ti-6Al-4V specimens fabricated
using different processing conditions on both platforms.



(a) Defects Count/Volume

— 60
£ = Platform 2
é b 0 Platform 1
o -
g <
3 40 A
=
)
o
=
8 20 9
[<e]
4 g >
T =]
o i 8% 3% 83 %H
8,l=ll 22 °n S& o
U1 u2 R O1 02
(b) Maximum AXxis
250 . = Platform 2
] = O Platform 1
_200] & 8 g
= 1 am S 3 = 8
—_— T — «© i 1 o
g 150 ] = = 3
£ ] N -
=] J ¢ @
E 100 ] o E 3 @
© - ©
= 50 ] I I
0 A r r r .
O O

U1 U2 R

(c) 90t Percentile Size

100

= Platform 2
0 Platform 1

€

= ] <+ 2

s |8 5 3 83 38

] = o o) 5N o o ®

L 50 1 2 I 0 0 ]

= o —

) : 8 |—| I

e

: | I

o

5 |

» 4

0 = T T T T
U1 uz2 R 01 02

Figure 4-4. Comparison of defect statistics of specimens fabricated on two platforms
using different processing conditions: (a) defects count per volume, (b) maximum axis,
and (c) 90 percentile size.
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Back-scattered electron (BSE) micrographs of L-PBF Ti-6Al1-4V specimens, fabricated on
both platforms, in longitudinal planes are shown in Figure 4-5. For samples from a given platform,
the width of a-laths appeared to be similar, suggesting changes in process parameters did not
significantly affect the microstructure. The majority of the a-laths in the samples from Platform 1
appeared to be very fine with a few coarse ones visible. In contrast, the a-laths in the samples from
Platform 2 were more uniform in size, with thicknesses residing within the range of the fine and
coarse a-laths in Platform 1 samples. Despite exhibiting minor microstructural differences, the
tensile strengths of specimens from both platforms were comparable (Figure A6-15 in Appendix
C) and exceeded the minimum tensile strengths specified by the ASTM F2924 standard [83] and
Metallic Materials Properties Development and Standardization [95]. Moreover, fatigue cracks in
almost all cases (300 out of 304 specimens tested, combining both platforms) initiated from
volumetric defects, indicating a dominating role of volumetric defects on the fatigue behavior of

Ti-6Al-6V specimens.
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Platform 2 Platform 1

Build Direction

Figure 4-5. BSE micrographs of specimens fabricated using different processing conditions on
both platforms.
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4.3.2. Fatigue behavior

The stress-life fatigue plot of L-PBF Ti-6Al-4V specimens fabricated on Platform 2 is
presented in Figure 4-6. Platform 2 specimens fabricated in both V and D orientations were plotted
altogether since the stress-life behavior did not vary with the specimen orientation, as shown in
Figure 4-6. The same trend had also been reported for L-PBF Ti-6Al1-4V specimens fabricated on
Platform 1 [93]. The blue dashed line in Figure 4-6, representing an envelope of fatigue data from
Platform 1, encloses almost all data points from Platform 2, suggesting their overall stress-life
behaviors could be identical due to the similar processing conditions. One data point from Platform
2, which appeared outside the envelope, was a case of fatigue crack initiation from multiple

defects, resulting in a shorter fatigue life.

For Platform 2 specimens, the R specimens had the longest fatigue lives on average,
whereas the U specimens had the shortest. This fatigue life ordering among different specimen
sets appears to be in line with the maximum axis and Varea of the largest defects for the respective
processing conditions reported in Figure 4-3 (a)-(e) and Figure 4-4. For instance, among the largest
defects of different conditions from Platform 2, the R condition had the smallest maximum axis
and Varea, whereas the U conditions had the largest maximum axis and Varea. Among the
processing conditions, the scatter in the fatigue lives in U conditions appeared to be higher

compared to the R and O ones.

Fractography performed on all failed Platform 2 fatigue specimens using the SEM (selected
fracture surfaces have been shown in Figure A6-17 in Appendix C) revealed that the vast majority
of fatigue cracks (69 out of 72 specimens) were initiated from process-induced volumetric defects,

either LoF or KH. In three cases, where fatigue cracks did not initiate from the volumetric defects,
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the presence of graphite particles was identified at the crack initiation sites using energy dispersive

spectroscopy.
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Figure 4-6. Stress-life fatigue plot of L-PBF Ti-Al-4V fabricated using different processing
conditions. Fatigue data of different sets from Platform 2 are indicated by different markers,
whereas the envelope of fatigue data from Platform 1[93] is shown using a blue dashed line.

4.3.3. Defect features critical to fatigue behavior

The variation in fatigue lives of Platform 2 specimens, presented in Section 4.3.2, was
examined further utilizing the crack-initiating defects’ morphological features obtained through
fractography. Utilizing the defect size and distance from the free surfaces, crack-initiating defects
from Platform 2 were classified into surface and internal ones, following the methodology
discussed in Section 4.2.3. The stress-life bubble plots of both platforms, in which the size of the
markers is proportional to the size of the crack-initiating defects, are presented in Figure 4-7 for
each location. In previous studies [93,156], it was determined that among different defect size

measures (Figure 4-2), Vareamurakami Was the appropriate for capturing the size effect of the surface

100



defects, while Vareamic was effective for capturing both size and shape effect for internal defects.
Accordingly, Vareamurakami and Vareamc of surface and internal defects, respectively, are visualized

in Figure 4-7 (a)-(b).
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Figure 4-7. Stress-life fatigue plots of L-PBF Ti-6Al-4V specimens from both platforms
showing the crack-initiating defect size for (a) surface and (b) internal defects.

Crack-initiating defect size influences the fatigue behavior of specimens from both

platforms, as illustrated in Figure 4-7 (a)-(b). Specifically, larger crack-initiating defects generally
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resulted in shorter fatigue lives for both platforms. This trend was more pronounced for internal
defects than surface defects. Only seven Platform 2 specimens failed due to crack initiations from

surface defects (Figure 4-7 (a)), which made it challenging to observe the associated size effect.

In addition, the applicability of Vareamic as a size measure to internal crack-initiating
defects for the Platform 2 specimens was further evaluated using the largest extreme value
distribution (LEVD) [69,70,86]. The non-parametric Moments method [86,87] was applied to
calculate the cumulative probability of the LEVD, formulated in terms of the reduced variate, Y,

as:

Y, = —In (=In (i/N + 1)), (4.1)

where i is the rank, and N is the total number of crack-initiating defects.

The probability plots of Y; for Varea of internal crack-initiating defects and reversals to
failure, 2Ny, of specimens from both platforms are shown in Figure 4-8 (a) and Figure 4-8 (b)-(d),
respectively. Surface defects were excluded in this analysis since there were not sufficient
specimens that failed due to crack initiation from surface defects. When plotting the probability
plots in terms of areamic (Figure 4-8 (a)), the crack-initiating defects were ranked based on the
size (from smallest to largest), and when plotting the probability plots in terms of 2Nt (Figure 4-8
(b)-(d)), the crack-initiating defects were ranked based on 2Ny for each stress level (from shortest
to longest 2Ny). The plots indicated no significant difference in the distribution of both the Varea
of crack-initiating defects and 2N between specimens from the two platforms, suggesting the
distributions of defect size and fatigue life from one platform could be used to represent those from

another platform with reasonable accuracy.
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Figure 4-8. Probability plots showing the reduced variate for (a) internal crack-initiating defects’
size and (b)-(d) the corresponding log(2Ny) at 450, 500, and 600 MPa, comparing both platforms.
Shades indicate 95% confidence band.

4.4. Transferability of defect-fatigue relationships between platforms

4.4.1. Fatigue strength

The fatigue limit of a material in the presence of a crack or defect can be estimated using
the Kitagawa-Takahashi (K-T) diagram, which is based on fracture mechanics principles [159—
162]. This diagram expresses the fatigue limit as a function of crack-initiating defect size and
thereby allows determination of a maximum safe operating ¢, for a component with a known defect
size. To examine its cross-platform transferability, the fatigue limit curve for the K-T diagram was

constructed using fatigue data of Platform 1 specimens and then cross-examined by Platform 2
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fatigue data in terms of stress range, Ao, and crack-initiating defect size, Varea (of a proper measure
according to defects’ location), as shown in Figure 4-9. This fatigue limit curve is referred to as
the reference curve in the remainder of this article. The reference curve was constructed following
the approach proposed by Shao et al. [20], utilizing the crack-initiating internal KH defects’ size,
their fatigue lives, and the tested stress levels of Platform 1 specimens. First, a log-linear
relationship was identified between the fatigue-critical internal KH defects’ size (i.e., Vareawmic,
which ranged from 15 to 62 um) and the cycles to failure, Ny, at each stress level. Next, ca-Nr
curves were constructed for different defect sizes from 10 um (smallest critical volumetric defect
reported for L-PBF Ti-6Al-4V [53]) to 60 um with 2 pm increments, through extrapolation or
interpolation of the Nf-VareaMIC relationships. From the ca-Nf curves, ca corresponds to Nf =
107 cycles for each defect size was estimated and Ac-VareaMIC curve, i.e., the reference curve,

was then constructed (blue dashed line in Figure 4-9).

The cross-examination of the reference curve from Platform 1, which was constructed
based on the internal defects, with the Platform 2 fatigue data, required the data to be processed so
that the effect of defect location could be incorporated. This was because of fatigue failures
observed for Platform 2 were from both internal and surface defects, and the growth rate of cracks
initiated from surface defects being greater than those from the internal ones [23,24,37,156].
Accordingly, the surface defects’ size in Platform 2 fatigue data were converted to internal

equivalents following the procedure below.

Following Murakami’s treatment of defects as cracks, the equivalent size of the surface
defects was obtained by equating the stress intensity factor (SIF) range, AK, equations of surface

and internal defects [26] as follows:
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(AK)surface = (AK)internala

0.65-A0\/Tt(\/area)surface = O.S-Aa\/n(\/area)

internal’
(4.2)
( \ area)surface = varedyyrakami
( area)internal = varédyc,

where 0.65 and 0.5 are Murakami’s location parameter [26], for surface and internal defects,
respectively. The relationship between the size of internal and surface defects can be obtained after

equating their AK as:

(\/area) = (%)2 (\/ area) (4.3)

surface internal’
Hence, an equivalent defect size corresponding to the defect’s Varea, (Varea)eq, can be estimated

as:

1.69 - (\/area)surface = 1.69 - Varea,,,, qkami (4.4)

(Varea)qq =
(Varea)internar = v areQyc

Essentially, for internal fatigue-critical defects, their equivalent size was unchanged; only the size

of the surface defects was converted.

The use of (\/area)eq could facilitate the direct comparison between the reference curve and
the crack-initiating defect size irrespective of the location. Together with the reference curve from
Platform 1, Ac vs. (Varea)eq data for Platform 2 are shown using markers in Figure 4-9. By
convention of the K-T diagram, the region below/inside the reference curve is the “safe” region,
and above/outside the curve is the “failed” region. The run-out data points from Platform 2 (shown
using the green markers) were appearing in/near the “safe” region. While the majority of failed

data points had appeared in the “failed” region, some failed data corresponding to the internal

105



defects were found in the “safe” region. These corresponded to internal defects of highly elongated
or branched shapes, which likely led to an underestimation of the defect size when measured using
‘areamic. Hence, the reference curve constructed using internal defects’ data from Platform 1

seemed to be applicable to the majority of the surface and internal defects’ data of Platform 2

specimens.
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Figure 4-9. K-T diagram illustrating the variation of fatigue strength with crack-initiating defect
size for L-PBF Ti-6Al1-4V specimens, considering run-out at 107 cycles. The blue dashed line is
a reference curve based on Platform 1 data and the data points are from Platform 2.
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4.4.2. Shiozawa approach

For materials with fatigue cracks initiating from volumetric defects, Shiozawa equation
[121,124] is widely used to describe the relationship between the driving force of crack-initiating
defects (i.e., AKinital) and the corresponding defect-related lifetime (i.e., N¢/\area). Shiozawa

equation is originally derived from the Paris-Erdogan equation [122,123] as:

da _ o oppym, (4.5)

dN

where C and m are the coefficient and the exponent, respectively [122,136]. Treating the fatigue-
critical defect as an initial crack and integrating Eq. (4.5) from the initial crack size, Varea;, (which
can be either Vareamurakami 0r Vareamic depending on the defect’s location) to the final crack size,

‘arear, the Shiozawa equation (Eq. (4.6)) can be obtained as:

1

1 P
o [ean=2)]" m Ng m 4.6
AI(l’l‘tltlal - [ 2 ] (\/ar—eal> 5 ( )

where AKinitial is the initial SIF range at Varea;. AKinitiat can be calculated using Eq. (4.7) as [53]:

4.7
ARinjtis = Ydo /n,/areai, (4.7)

where Y 1s Murakami’s location parameter (0.65 and 0.5 for surface and internal defects,
respectively) [26]. A linear relationship between the AKinisial and N¢/\area; in a log-log plot is

dictated by Eq. (4.6).

The Shiozawa plots generated using Platform 2 data are presented in Figure 4-10. Separate
Shiozawa plots were constructed for surface and internal defects, since the plots generated using
the Platform 1 data (reported in Ref. [156]) revealed that the fatigue cracks initiated from the
surface and internal defects exhibited different growth rates, with the internal crack growth rates

being slower than the surface ones [44,50,51]. The faster growth rate of cracks initiated from
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surface defects might be due to the embrittlement of the material at the freshly formed surface
cracks resulting from the adsorption of gaseous molecules from the atmosphere or oxidation
[24,36,125]. In the authors’ prior work, the AKinisia-Ny/Varea; relationship has been constructed
for Platform 1 [156]. To examine the applicability of this relationship on Platform 2, the best fit
as well as the 90%, 95%, and 99% exceedance curves based on the Platform 1 data, are also
shown in Figure 4-10. Paris-Erdogan constants corresponding to these curves of Platform 1 data,
which have been reported in Ref. [156], are listed in Table 4-3. The best fit curves obtained from
AKinitial-Ng/\area; data essentially correspond to the 50% probability of survival (or 50%
exceedance probability). For situations requiring higher reliability, exceedance curves for a given
probability of survival can be constructed by offsetting the best fit curve [163]. For instance, an
exceedance curve corresponding to a 90% probability indicated that 90% of cracks initiated from
volumetric defects were expected to exhibit longer defect-related lifetime, Nf/\/areai, than what

was represented by the curve.

Due to limited Platform 2 surface defect data (Figure 4-10 (a)), the cross-platform
applicability of surface defects’ AKinita-Ng/\area; relationship was inconclusive. For internal
defects (Figure 4-10 (b)), fatigue data from Platform 2 seemed to spread on both sides of the best
fit curve for Platform 1 data. In addition, 84%, 97%, and 100% of internal defects’ data from
Platform 2 exhibited longer defect-related lifetime than 90%, 95%, and 99% exceedance curves
constructed based on the Platform 1 data, respectively (Figure 4-10 (b)). This suggested that the
crack growth behavior of both platforms was similar, and the best fit and exceedance curves

generated from Platform 1 data could be used for Platform 2 as well.
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Figure 4-10. AKinitial vs. N¢/area; plots for L-PBF Ti-6A1-4V specimens, with data points from
Platform 2 and exceedance curves from Platform 1 data for (a) surface and (b) internal defects.
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Table 4-3. Paris-Erdogan constants obtained from Shiozawa plots, based on Platform 1 data [156].

Surface Internal
C m C m
m/cycle m/cycle
(MPaym)" (MPaym)"

Constants obtained from best fit curves 2.13x10712 3.07 | 1.28x10°!° 6.29
Constants obtained from 90% exceedance 4.14x107"2 3.07 | 3.51x107"® 6.29
curves

Constants obtained from 95% exceedance 5.00x107!'? 3.07 | 4.67x1071° 6.29
curves

Constants obtained from 99% exceedance 7.12x10°12 3.07 | 7.99x10°'6 6.29
curves

4.4.3. Fatigue life estimation

In this section, fatigue lives of Platform 2 specimens were estimated using the Paris-

Erdogan equation [122,123] (Eq. (4.5)) and the crack growth constants correspond to the best fit

and 90% exceedance curves of the Shiozawa equation obtained from Platform 1 data (Table 4-3)

[156]. For fatigue life estimation, the surface-exposed and embedded (including the near-surface

and internal) defects were treated as semicircular and circular initial cracks, respectively; and the

life was calculated by numerically integrating the Paris-Erdogan equation [122,123] with respect

to the cracks’ radii:

a da
Ny = fi

c(AK)™ *

(4.8)

Where a; and ar are the initial and final radii of a fatigue crack. For surface and embedded defects,

the a; was calculated as the equivalent circle radius of their projected area on the loading plane:

2
a, = \/;\/ area ., rqakami 10T surface-exposed defects,

a; = \/E\/ area,, . for embedded defects.
T
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Here, the incremental crack extension method was followed for numerical integration until
arreached 2 mm. For surface-exposed cracks, AK during each crack increment was estimated using
the analytical equations for semicircular cracks in a solid cylinder [134,135]. For embedded cracks,
analytical AK equations for circular cracks in a round bar were used [138]. Since the cracks
initiating from the surface and internal defects propagated at different crack growth rates
(discussed in Section 4.4.2), separate constants were used to model cracks initiated from surface-
exposed and embedded defects. Cracks initiated from surface-exposed defects were assumed to
grow at surface crack growth rates until failure. On the other hand, a two-stage modeling approach
was employed for cracks initiated from embedded defects: they initially propagated at internal
crack growth rates until reaching the free surface of the specimens, after which they propagated at

surface crack growth rates until failure [22].

Estimated vs. experimentally observed 2Ny of specimens from Platform 2, with scatter
bands of £3 and £5, are shown in Figure 4-11. Note that only fatigue specimens that failed from
single crack-initiating defects were included in this estimation exercise. The majority of the
estimated versus experimentally observed data points were within the scatter band of £5 while
using the Paris-Erdogan material constants corresponding to the best fit curves (Figure 4-11 (a)),
suggesting that the crack growth constants from Platform 1 data were appropriate to estimate the
fatigue lives of specimens from Platform 2. The data of internal defects were appearing in both
conservative (i.e., estimated 2Nr < experimentally observed 2Ny) and non-conservative (i.e.,
estimated 2Nr > experimentally observed 2Ny) sides, within the scatter band of +5 (Figure 4-11
(a)). However, data of all surface defects were appearing in the conservative side, with one data
point residing outside of the scatter bands of +5. The outlier was investigated further and found to

be a surface-exposed defect elongated towards the interior. For such defects, using Vareawurakami
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for measuring defect size could overestimate the defect size, which might have contributed to

conservative fatigue life estimation [26].

Fatigue life estimation using the material constants corresponding to the 90% exceedance
curves demonstrated that the estimated fatigue lives are mostly conservative (Figure 4-11 (b)).
Design of safety critical parts could benefit from a conservative approach to account for inherent
uncertainty in material properties, thereby mitigating risks and avoiding costly failures. Overall, it
could be concluded that the crack growth-based approaches, with the material constants from data
of one platform could be used to estimate the fatigue life of specimens from another platform with

reasonable accuracy, partially confirming the cross-platform transferability.
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Figure 4-11. Estimated vs. experimentally observed 2Nr with scatter bands of +3 and +5 for L-
PBF Ti-6Al-4V specimens fabricated on Platform 2 with material parameters from (a) best fit
and (b) 90% exceedance curves of Platform 1 Shiozawa plots.

Further, a fatigue design curves has been constructed using the Paris-Erdogan material
constants corresponding to the best fit curves of Platform 1 Shiozawa plot and largest crack-
initiating surface defect observed for Platform 2 (Nareamurakami = 115 pum) and shown in Figure

4-12. For comparison, a design curve for Platform 1, i.e., with the largest crack-initiating surface
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defect observed for that platform (Vareamurakami = 172 pm), was also included. No fatigue data
point fell to the left of the design curve for Platform 2, indicating that it represented the lowest
possible fatigue life at all stress levels. In addition, both design curves captured the lower bound
of fatigue lives using only the largest defect size and crack growth parameters from Platform 1.
This suggested that a design curve based on the crack growth parameters from one platform could
be reliably transferred to fatigue design of AM parts from another platform. With limited

information from the platform of interest, such as the extreme defect size it can generate, the design

curve could be further improved.
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Figure 4-12. The lower bound fatigue design curves for L-PBF Ti-6Al-4V specimens based on
the largest surface defect from both platforms, along with the experimentally observed data from

Platform 2.
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4.5. Conclusions

This study investigated the transferability of defect-fatigue relationships for Ti-6Al-4V
specimens fabricated using two different laser powder bed fusion (L-PBF) platforms: the EOS
M290 (referred to as Platform 1) and the Renishaw RenAM 500Q (Referred to as Platform 2).
Specimens from RenAM 500Q platform were produced with similar adjustments in process
parameters to those fabricated in the EOS M290 platform (as part of a previous work) to induce a
wide range of defect morphologies and populations. The following conclusions were drawn from

this study:

o The stress-life data of both platforms overlapped considerably, suggesting similar
adjustments in processing conditions can lead to similar fatigue behavior across the L-PBF
platforms for Ti-6Al-4V.

o The reference curve of the Kitagawa-Takahashi diagram, derived from the fatigue
data generated from Platform 1, could be applied to estimate the fatigue limit of specimens
fabricated on Platform 2.

J The fatigue crack growth parameters derived from Shiozawa curves generated from
Platform 1 data could be used to accurately estimate the fatigue life of specimens fabricated from
Platform 2.

o The lower bound fatigue life prediction curve constructed based on the largest
defect and crack growth parameters from Platform 1 data could be reliably applied to the Platform

2 for design purposes.
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5. Summary

The overall goal of this dissertation was to understand the effect of size, location, and shape
of volumetric defects on fatigue behavior and estimate the fatigue life of L-PBF Ti-6Al1-4V. This
goal was achieved by completing several objectives in three separate studies, which have been
discussed comprehensively in the preceding chapters (Chapters 2-4). A summary of these studies

is presented in this chapter.

In chapter 2, the morphological features of process-induced volumetric defects that have
the most impact on the fatigue behavior of L-PBF Ti-6Al-4V were identified. A comprehensive
range of defect morphologies and populations was ensured using eight distinct process parameter
sets and three build orientations during the fabrication of the specimens. The findings indicated
that while defect size was the most critical feature influencing fatigue behavior for a given location,
it alone could not fully account for variations in fatigue life. The effect of defect size on fatigue
life was obscured by the defect’s location and shape. After isolating the defects based on locations,
near-surface defects were found to be most detrimental to the fatigue behavior, followed by
surface-exposed and internal defects. Among internal defects with similar fatigue lives, circular
defects were found to be smaller than their irregular counterparts, indicating that the existing defect
size measurement did not adequately capture the effect of defect size. Moreover, the linear elastic
finite element based analysis also has shown that unlike circular cracks, only a small fraction of
irregular cracks’ front, i.e., near their MICs experienced higher SIF values. Hence, a new defect
size parameter, the Varea of the MIC, capturing both the size and shape of the volumetric defects,
was introduced. This new defect size parameter exhibited a strong correlation with fatigue life

compared to existing measures.
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In chapter 3, fracture mechanics based fatigue life modeling for L-PBF Ti-6Al-4V was
performed, with emphasis on the effect of volumetric defects’ size, location, and shape. The
predicted fatigue lives were validated against the experimentally observed fatigue lives. The cracks
initiated from surface and internal defects experienced different crack growth rates, where surface
defects resulted in significantly shorter fatigue lives due to higher crack growth rates. This suggests
the need to quantitatively account for distinct growth rates in modeling and prediction. Hence, the
short crack growth fatigue model, a novel fatigue life prediction approach that accounts for crack
growth towards both the free surface and the interior, was proposed. This approach considered
different SIF values at points of defects closer to the free surface and towards the interior, and
could incorporate the change of fatigue crack growth behavior when the cracks initiated from
internal defects reached the free surface. A probabilistic approach was utilized to determine the
size of the largest possible defect for a given probability of failure. The fatigue design curve
estimated with this defect size, using the proposed short crack growth model, has been shown to
be a better estimate compared to design curves developed with conventional approaches for fatigue

qualification.

In chapter 4, the transferability of defect-fatigue relationships was evaluated for L-PBF Ti-
6Al-4V specimens of identical geometry and dimensions fabricated using two platforms: the EOS
M290 and the Renishaw RenAM 500Q. Specimens from both platforms were fabricated using
similarly varied process parameters to induce a wide range of volumetric defect morphologies and
populations. The transferability of defect-fatigue relationships established for the specimens
fabricated on the EOS M290 platform was tested and validated with those fabricated on the
Renishaw RenAM 500Q platform. The stress-life data from both platforms overlapped, indicating

that identical processing conditions can lead to similar defect characteristics and fatigue lives. The
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reference curve of the Kitagawa-Takahashi diagram generated using the fatigue data of EOS M290
was successfully applied to the fatigue data of RenAM 500Q. Paris-Erdogan constants derived
from Shiozawa plots corresponding to the fatigue data from EOS M290 specimens could be
successfully applied to the fatigue life prediction of the RenAM 500Q specimens. The validity of
fatigue design curves constructed using the short crack growth model with parameters obtained
from the EOS M290 platform specimens was verified with the data from the RenAM 500Q. Hence,

defect-fatigue relationships obtained from one platform are transferable to another.
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6. Appendices
6.1. Appendix A

6.1.1. Build layouts for tensile and fatigue specimens
The build layouts used for fabrication of laser powder bed fused, L-PBF, Ti-6Al-4V

cylindrical rods with different part orientations are shown in Figure A6-1.

Figure A6-1. Build layout for L-PBF Ti6Al-4V specimens in (a) vertical, (b) diagonal,
and (c) horizontal orientations.
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6.1.2. Geometry and dimensions of tensile and fatigue specimens

The final geometry and dimensions of the tensile and fatigue L-PBF Ti-6Al1-4V specimens
are provided in Figure A6-2. These tensile and fatigue specimens were machined from cylindrical
rods to final geometries according to ASTM ES8 [77] and ASTM E466 [78] standards, respectively,

and polished to a mirror finish before testing
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Figure A6-2. Geometries of (a) tensile and (b) fatigue L-PBF Ti-6Al-4V specimens. All the
dimensions are in mm.
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6.1.3. Microstructural analysis

Back-scattered electron, BSE, images of L-PBF Ti-6Al-4V fabricated using different
process parameters, obtained in the longitudinal plane (i.e., the plane parallel to the long axis of
the specimen) employing a scanning electron microscope, are shown in Figure A6-3. The
methodology for sample preparation for BSE is described in the main manuscript, Section 2.2.2.
As shown in Figure A6-3, a-laths of comparable sizes were observed in the microstructure of L-
PBF Ti-6Al-4V specimens fabricated using different process parameters. No significant difference
in the microstructure of L-PBF Ti-6Al-4V fabricated using different process parameters was

observed.

(a)Va (b) Ub

Build Direction

(c) Uc

(e) Ue (HR

Figure A6-3. BSE micrographs of L-PBF Ti-6Al-4V specimens fabricated using
different process parameters and in vertical orientation.
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6.1.4. Chemical analysis

Chemical analysis results of the oxygen and nitrogen content of selected L-PBF Ti-6Al-
4V specimens fabricated using different process parameters are shown in Figure A6-4. The oxygen
and nitrogen content analyses were conducted employing the inert gas fusion method in a Bruker

G8 Galileo instrument based on the ASTM F2924-14 standard [83].
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Figure A6-4. Chemical analysis of L-PBF Ti-6Al-4V specimens fabricated using
different process parameters. The maximum nitrogen and oxygen contents shown in the

figure by red-dashed and blue-dashed lines are based on the ASTM F2924-14 standard
[83].
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6.1.5. Tensile behavior

Fracture surfaces of selected failed tensile specimens of L-PBF Ti-6Al-4V
specimens fabricated using different process parameters are shown in Figure A6-5. The tensile
fracture surfaces of specimens from all sets exhibited similar features—contained dimples

(indicated by red arrows) and shear lips, suggesting ductile fracture.

TR

£

Figure A6-5. Tensile fracture surfaces of L-PBF Ti-6Al-4V specimens fabricated using different
process parameters. The dimples are indicated by red arrows.
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6.1.6. Defect size measurement approaches

Three different approaches were used to measure defect size: Vareaactal, Vareamurakami [26]
, and Vareamic. For defect size measurements, defects were classified into surface-exposed, near-
surface and internal categories following the methodology suggested by Wu et al. [64] (shown in
Figure A6-6 (a) and also discussed in the main manuscript Section 2.3.3.1). Defects were classified
as “surface defects” if they were either surface-exposed (e = 0) or near-surface (Vareaes > e).
Internal defects were classified as those where Vareaesr < e. Here, e represents the distance from
the free surface to the nearest point of the defect, and Vareaesr denotes the square root of area
enclosed between the curve enveloping the defect and free surface, as illustrated by the red dashed
lines in Figure A6-6 (a). Figure A6-6 (b)-(d) illustrates the measurement approach followed for
each defect location. Vareaactual corresponds to the area enclosed within the two-dimensional, 2D,
defect profile outline (enclosed by the purple line) obtained from the fracture surface. \areamurakami
represents the area enclosed by the convex hull (enclosed by red lines) surrounding the defect
profile. Vareamic corresponds to the area of the 2D profile’s maximum inscribed circle (enclosed
by cyan line). \areaactual, Vareanurakami, and Vareamc are indicated by purple, red, and cyan arrows,

respectively in Figure A6-6.
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(a) Classification of Defect’s Location (b) Surface-exposed

’\/areaMurakami

\/a r€anctyal

I
7 |
el 1
: I
Considered as surface-exposed defect when e =0 f
Considered as near-surface defect when Varea.> e Surface
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Figure A6-6. Schematic illustration of (a) defect classification based on their location; and
different defect size measurement approaches used in this study for (b) surface-exposed, (b)
near-surface, and (d) internal defects. Vareaactual, Vareamurakami, and Vareamic are indicated by
purple, red, and cyan arrows, respectively.
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6.1.7. Residual stress

Stress vs. depth plot showing the residual stress measurement on selected L-PBF Ti-6Al-
4V specimens is shown in Figure A6-7. The residual stresses were measured at specific depth
intervals from the free surface using a LXRD 20214. The measured results were corrected for

stress gradient and material removal according to the SAE HS 784 standard [115].
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Figure A6-7. Measured residual stresses at different depths from surfaces for L-PBF Ti-
6Al1-4V specimens.
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6.1.8. Linear elastic finite element analyses

Linear elastic finite element analyses were performed to calculate the stress intensity factor,
SIF, of planar cracks whose shapes were extracted from the 2D profiles of the defects on the
fractographs. The methodology used for analysis is described in Section 2.2.4 of the main

manuscript and illustrated in Figure A6-8.

Additional images visualizing the distribution of normalized SIF on planar cracks whose
shapes are identical to the 2D profiles of the respective defects (first column) and the normalized
SIFs as a function of distance along the crack front (second column) are shown in Figure A6-9.
The crack geometries were obtained from the fracture surfaces, and the numerical simulations were

performed using the methodologies discussed in Section 2.2.4 of the main manuscript.

Fracture surface Crack front Modeling defect Finite element Stress inten
and defect extraction as crack meshes factor soluti
H
|
T T 7]
7/
|:> K V ’

Loading direction

Vareay,
200 400 60C
Crack Front Leng

Figure A6-8. The simulation methodology used to calculate SIF considering the defect contours
as 2D cracks.
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Figure A6-9. (a)-(e) SIFs obtained from the finite element analysis are superimposed on
the defect profiles to illustrate the regions of the crack experiencing higher SIFs and ()-(j)
normalized SIFs along the crack front and SIFs estimated using Eq. (2.2) of the main
manuscript. MIC are drawn with blue dot-dashed lines in (a)-(e).
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6.1.9. Probability plots of defects
The various measurements of defect size were ranked from smallest to largest and then the
largest extreme value distribution, LEVD, [70] was calculated using the non-parametric Moments

method [87,88] in terms of the probability density functions, PDF, as:

PDF (x) = 1/8[exp (—(Warea — 1)/8] x exp [—exp (—(Varea — 1)/5]) (A1)
where 6 and A are scale and location parameters, respectively, which were determined using

the non-parametric Moments method.

The probability plots of irregular and circular defects using three different size measures,
i.e., Vareacual, Vareamumkami, and Vareamc, in terms of Y;, and the corresponding probability
density functions are shown in Figure A6-10. In addition, the probability density plots of reversals
to failure, 2Ny, for irregular and circular defects are shown in Figure A6-11. No significant
difference in fatigue lives between irregular and circular defects is observed in Figure A6-11,
which suggests the defect size distributions should also be identical. While the distribution of
defect sizes estimated using Vareaacwa and Vareamurakami showed significant differences between
circular and irregular defects (see Figure A6-10 (a)-(d)), the defect size estimated using Vareamic
exhibited minimal difference (see Figure A6-10 (e)-(f)). This could be because the Vareaacwa and
Vareamurakami do not account for the influence of defect shape; however, Vareamic somewhat

accounts for such defect shape influence.
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Figure A6-10. Probability density distribution with respect to crack initiating defect size
measured using different defect size parameters: (a)-(b) Vareaactual, (c)-(d) \areanurakami, and (e)-
(f) Vareamic. Surface defects include both surface-exposed and near-surface ones.
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Figure A6-11. Probability density distribution of 2Ny along with box plots for (a) surface and
(b) internal crack-initiating defects. Surface defects include both surface-exposed and near-
surface ones.
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6.2. Appendix B

6.2.1. Final geometry of fatigue specimen

Laser powder bed fused (L-PBF) Ti-6Al-4V rods were machined to the fatigue specimens

following the ASTM E466 standard [78]. The final geometry and dimensions of the fatigue

specimens are provided in Figure A6-12. The fatigue specimens were tested after they were

polished to a mirror finish.
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Figure A6-12. Geometries of fatigue L-PBF Ti-6Al-4V specimens. All the dimensions are in

mm.
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6.2.2. Residual stress

At specific depth intervals from the free surface of the selected fatigue specimens, the
normal components of residual stress (RS) acting along the loading direction were measured using
an LXRD 20214, following the SAE HS 784 standard [115], and reported in the previous study of

the authors [93]. Stress vs. depth plot showing the RS measurement on selected L-PBF Ti-6Al-4V

specimens is shown in Figure A6-13.
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Figure A6-13. Measured RS at specific depths from free surfaces for selected L-PBF Ti-
6Al-4V specimens, reported in Ref. [93].
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6.2.3. Calculation of Ac incorporating residual stress
Effective stress range, Ao, in the presence of RS was estimated using the approach
described in [108,164]. For this, firstly, the effective stress ratio, Resr, was calculated as:

_ O (A2)
Rerr = —5f7 >

max

e . . .
where amj;a is the maximum effective stress and o,

e . P . . .
/1" is the minimum effective stress considering

the RS. aﬁlfig and aﬁl];’; were calculated as:

Ao (A3)
eff _
Oin = T _RU.RG +RS,
eff _ Ao (A4)

Tmax = 7 "R, + RS,

where Rs is the stress ratio. RS was measured radially from the surface of the specimens and

collected from the previous study of the authors [93]. For the following step, based on the

calculated Resr, Ao could be calculated using the following equation [14]:

A = Ao (RG=O)(1 — R, (AS)

0 (Ry#0)

where y is the material constant, the value of which (i.e., 0.5431) was collected from [165].
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6.3. Appendix C
6.3.1. Geometry of tensile specimen and tensile testing

Cylindrical laser powder bed fused (L-PBF) Ti-6Al-4V bars were machined to the final
geometries of the tensile specimens in accordance with the ASTM ES8 standard [77]. The final

geometry and dimensions of the tensile are presented in Figure A6-14.

_‘ 20 ‘ 26

— B — S

80

Figure A6-14. Dimensions and the geometry of tensile L-PBF Ti-6Al-4V specimen investigated
in this study. All dimensions are in mm.

Quasi-static tensile testing of L-PBF Ti-6Al-4V specimens fabricated with different
process parameters was performed at room temperature using an MTS servo-hydraulic testing
system. A mechanical extensometer was employed to capture the strain experienced by the
specimens during testing up to the point of final fracture. The percentage elongation to failure,
%EIl, was manually calculated by measuring the change in length between the gage section
markings before and after testing. Tensile testing of at least three specimens per set was conducted

to ensure repeatability.
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6.3.2. Tensile behavior

Column charts illustrating the yield strength, Sy, ultimate tensile strength, Sy, and %EIl of
L-PBF Ti-6Al-4V specimens fabricated on both Platform 1 and Platform 2 using varying
processing conditions and different part orientations are shown in Figure A6-15. The tensile
behavior of Platform 2 specimens exhibited similar trends to those of Platform 1 specimens, as
reported in the previous study by the authors [93]. In Figure A6-15, specimens from both
underheated (U) and recommended (R) sets demonstrated comparable tensile properties, including
Sy, Su, and %El. This indicated that the variation of defect content across the specimen sets (see
Error! Reference source not found. in the main manuscript) did not appear to correlate with tensile b
ehavior, despite the significantly higher defect content and lower part density of Ul specimens

from Platform 2 compared to the R specimens.

However, the overheated (O) specimens from both O1 and O2 sets exhibited slightly higher
tensile strengths (both Sy and Su) than the specimens in the other sets. This increase might be
attributed to the higher oxygen and nitrogen content (see Section 6.3.3 for detailed chemical
analysis), a result of excessive energy input during fabrication. Higher levels of oxygen and
nitrogen likely contributed to the formation of interstitial oxygen and nitrogen, which marginally
enhanced tensile strengths [81,82]. This phenomenon of the slight increase in tensile strengths of

O specimens from Platform 2 is similar to the observations from Platform 1 specimens [93].

136



Vertical Diagonal

(a) S, 1300 (d) Sy
1300 prrra— aPlatform 1
| mPlatform 2 - - =Platiom 2 -
g8 B¢ g 8 z
,51200 M- 8 I I 6‘1200 3 = : o
& T A < - v :
= o = ] -
£ 1100 g 8 § £1100
=4 = o [=)]
5 5
% 1000 HI I 1000 |
900 L . : L 900 1 )
uz2 R 01 02 U1 U2 R
1 (b) S, e (e) S,
300 OPlatform 1 OPlatform 1
| ®Platform 2 {. mPlatform 2
HE
51200 - _]_ . g 51200 - + .
S TEE B R } S I 3 £
£1100 | = - £1100 |+ -
[=)] (=)}
; 5|
@ 4000 ® 4000 +
900 —- . . L L 900 L L
U1 U2 R 01 02 u2 R
(c) %ElI (f) %EI
20 OPlatform 1 20 + OPlatform 1
3 = Platform 2 3 [ ® Platform 2
215 [ 215 [ H o o k-
E t 5
F . 5 2
210 e 10 -
c c
£ S
= =1
25 5|
ke] o
] w [
0 1 1 1 1 0 L L 1
U1 u2 o1 02 U1 u2 R

Figure A6-15. Column charts comparing the tensile properties between Platform 1 and Platform
2 L-PBF Ti-6Al-4V specimens fabricated using different processing conditions in (a)-(c)
vertical and (d)-(f) diagonal orientation.
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6.3.3. Chemical analysis

The Oxygen and nitrogen contents of selected L-PBF Ti-6Al-4V specimens fabricated
using different processing conditions on both platforms, as determined through chemical analysis,
are shown in Figure A6-4. The measurements were performed using a Bruker G8 Galileo

instrument in accordance with the ASTM F2924-14 standard [83], employing the inert gas fusion

method.
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Figure A6-16. Chemical analysis of the oxygen and nitrogen content in L-PBF Ti-6Al-4V

specimens. The horizontal dashed lines represent the maximum oxygen and nitrogen content
based on the ASTM F2924-14 standard.

The maximum oxygen and nitrogen content, as recommended by the ASTM F2924-14
standard [83], are indicated using red and green dashed lines, respectively, in Figure A6-16.
Consistent with the observations for Platform 1 specimens, the O1 specimens from Platform 2
exhibited slightly higher oxygen and nitrogen content than the R ones. This increase in interstitial
oxygen and nitrogen content may be attributed to the higher energy input utilized during the

fabrication of the O specimens, which likely enhanced the dissolution of oxygen and nitrogen
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within the a-laths of Ti-6Al-4V [81,82]. The presence of these interstitial elements is known to

contribute to an increase in tensile strengths by impeding the motion of dislocations [81,82].

6.3.4. Fatigue fractography

Fractography images of selected specimens fabricated using different process parameters
are shown in Figure A6-17. Apart from three instances, fatigue cracks from all failed specimens
were initiated by process-induced volumetric defects. Actual Varea of the crack-initiating defects

on the plane perpendicular to the loading axis, Vareaacwal, of each fracture surface is shown on the

right side of each panel in Figure A6-17.

[o}]
o,=500 MPa
2N;= 8,162,928

U1
o,=500 MPa
2

46 ym

89 um \jareaActual = 108 um
61 um

72 ym

Figure A6-17. Fracture surfaces of L-PBF Ti-6Al-4V specimens fabricated using different
process parameters.
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