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Abstract

Additive manufacturing (AM) supports innovative engineering design by enabling the
production of complex, high-quality parts on demand, but also introduces significant residual
stress and distinctive grain morphologies that influence mechanical behavior. Specifically, AM
presents challenges in reliability for fatigue critical applications where residual stress impacts
measured crack growth rates for damage tolerant life predictions. Although the importance of these
effects has been recognized, they are not well understood. Therefore, the aim of this work is to
quantify and compare the influence of process-induced residual stress on measured crack growth
rates of AM Type 304L austenitic stainless steel produced by directed energy deposition (DED)
and laser powder bed fusion (PBF). Orientation dependence was evaluated by comparing crack
growth parallel and perpendicular to the build direction. Alternating stress intensity factor (AK =
Kmax - Kmin) tests, where K characterizes the stress field at the crack tip, were used to assess fatigue
crack growth behavior in the near-threshold regime (<10 m/cycle). To connect process influence
and fatigue performance, data were compared to an existing engineering reference material

(annealed wrought Type 304/304L austenitic stainless steel).

Fatigue crack growth rates in DED builds manufactured with identical process parameters
were investigated. Macroscale residual stress and residual stress intensity factor (Kies) profiles of
a secondary fatigue specimen were measured using the slitting method. Positive values of Kies led
to higher fatigue crack growth rates compared to wrought material. While the slitting method
provided an estimate of residual stress effects, an accurate means of quantifying Kyes in individual
(primary) specimens offers better insight into the fatigue crack growth behavior of AM material.
The on-line crack compliance (OLCC) method was adopted to quantify K,es from data collected

during a fatigue crack growth rate test. However, the published methodology does not clearly

il



illustrate the process of determining K., so a validation study was undertaken using specimens
fabricated from aluminum alloy 7050-T74. An improved approach to data analysis based the
Schindler influence function was developed and applied to the fatigue test data of DED material.
The Kies profiles from OLCC showed that DED specimens oriented for crack growth perpendicular
to the build direction have larger values of positive Kres as compared to those with crack growth
parallel. Correcting measured fatigue crack growth rates for the influence of residual stress using
Kies caused data for both orientations to collapse into a single curve, indicating the primary
difference in crack growth rates parallel and perpendicular to the build direction was due to tensile
residual stress and that anisotropic grain morphology had a minor influence on the fatigue

performance.

PBF builds that were fabricated on different systems using similar process parameters were
evaluated using the same fatigue crack growth testing and Kies data analysis methods. Initial
residual stress measurements revealed higher values in the PBF as compared to DED. The OLCC
method indicated similar values of Kies for both specimen orientations in the PBF material that
were higher than those measured in either orientation of DED, leading to higher measured growth
rates in the PBF material compared to DED at the same applied AK. Data for both orientations of
PBF material demonstrated agreement prior to corrections for residual stress, consistent with the
similarity of Kres. After corrections, fatigue crack growth rate data were similar in all PBF and
DED specimens. Additionally, the corrected data of PBF and DED were consistent with data for
wrought material that had been corrected for fatigue crack closure effects, indicating the differing
amounts of residual stress was the primary contributor to the different apparent fatigue

performance in the materials produced by the AM and conventional methods.
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Chapter 1:
Introduction to Fatigue in Additively Manufactured (AM) Metals

Additive manufacturing (AM) technologies have revolutionized the production of
engineering materials by allowing the fabrication of small-volume, high-quality parts directly from
computer aided design (CAD) models. AM is an advanced method of materials processing where
near net shapes are created through the layer-by-layer deposition of material, providing
opportunities in the design of complex components that would otherwise be difficult or impossible
to create through conventional manufacturing techniques. While AM offers significant
technological advancements supporting innovative engineering design, gaps in understanding
mechanical performance of resultant materials and parts have limited its transition to structural
applications [1, 2]. Of specific interest is the fatigue damage accumulation that occurs due to cyclic
loading. Understanding and accurately predicting damage evolution and component lifetime is still
a major challenge [3] and is an important requirement in the design of engineering structures for

fatigue critical applications.

Mechanical properties of materials that control service life and capabilities depend on the
internal microstructures and stresses formed during manufacturing. Residual stress, internal stress
present in the absence of external applied loading, is a side effect of the AM deposition process
due to the inherently complex thermal history; in addition to rapid solidification due to high
cooling rates, the deposited material experiences continuous remelting and repeated solidification
as subsequent layers are added. Since complete residual stress relief is difficult without extensive
post-processing of AM materials [4], it is necessary to understand its effects on fatigue
performance. Furthermore, nonequilibrium microstructures that contain grains of non-uniform

sizes and elongated shapes are formed in AM materials [5]. Both residual stress and microstructure



morphology may influence the mechanical performance of AM materials, specifically under the

applied cyclic loading of fatigue conditions.

1.1. Directed Energy Deposition (DED) and Powder Bed Fusion (PBF) of Stainless Steel
Additive manufacturing encompasses all technologies that successfully form three

dimensional components by the successive addition of material (layer-by-layer) from engineering

CAD models. Individual AM methods can be further defined by processing principles as shown in

Figure 1.1.
Type -Of Metallic
material
State of
fusion Melted State
Material Wi orial o o
feedstock ire materia owder materia
l\/_Iat(?rlaI_ Deposition nozzle Powder bed
distribution
Basic AM Selective deposition of material Selective fusion of material in a
principle to a substrate powder bed
Electron beam|| Arc Laser Electron beam
Process Directed Energy Deposition (DED) Powder bed fusion (PBF
category gy Dep owder bed fusion (PBF)
A4
Laser Laser
DED PBF

Figure 1.1: Diagram of AM processing methods. Adapted from [6]. Highlighted methods are of
interest in this work.

A common AM method, laser Directed Energy Deposition (DED), refers to a technique in
which a high energy laser is used to create a molten pool into which powder material is blown.

Guided by a CAD model, cross sections of the desired geometry are directly deposited layer-by-



layer [6]. Another common AM method, laser Powder Bed Fusion (PBF), refers to an additive
manufacturing process in which a laser heat source selectively melts and consolidates regions of a
surface of a bed of powder as dictated by a CAD model [6]. In both methods, the molten pool
rapidly solidifies in the absence of the energy source (laser) and each subsequent layer reheats part
of the already solidified material, resulting in a complex thermal cycle. A schematic of the DED

and PBF methods is shown in Figure 1.2.

powder bed

laser
laser
recoating blade
>
7 Z (build direction)
powder nozzle
powder flow

= Z (build direction) ) Y
build platform X
! l

X 4 || powder supply

(a) Directed Energy Deposition (DED) (b) Powder Bed Fusion (PBF)

[ baseplate

Figure 1.2: Schematic of (a) DED and (b) PBF manufacturing methods. Adapted from [7].

DED and PBF each have their own distinct advantages and applications in engineering
design. DED occurs with high deposition rates and enables the production of large parts with
design flexibility, while PBF offers higher dimensional accuracy and lower surface roughness for
the fabrication of small intricate geometries [8-10]. But, in as-built components produced by both
DED and PBF, significant temperature gradients lead to the formation of high tensile residual
stress at the edges (just below the surface of the build) and compressive residual stress in the center
of the resultant builds [11, 12]. While the shape of their residual stress profiles is similar, the
cooling rates are orders of magnitude higher in PBF [5, 13, 14], resulting in higher values of tensile
and compressive residual stress in PBF as-built material compared to DED. In addition, the higher
cooling rates of PBF contribute to finer grain sizes in the inhomogeneous microstructures [15-17]

as compared to the average grain sizes present in DED [18, 19].



Austenitic stainless steels are known for their reliable mechanical performance, such as
strength, ductility, and resistance to corrosion and oxidation. Their specific chemical composition
favors a stable austenitic (face centered cubic - FCC) microstructure and preferred mechanical
properties [20, 21], which make them an attractive metal for AM with many engineering
applications. DED and PBF are the most common methods for the fabrication of AM austenitic
stainless steels [1]. As such, extensive work has been published to further develop the fundamental
understanding of the process-structure-properties relationships of these AM processing methods
on material properties including strength [16, 19, 22, 23], microstructure and defect formation [13,
16, 18, 19, 24, 25], and fatigue behavior [24, 26-32].

1.2. Residual Stress and Fatigue Crack Growth in DED and PBF Stainless Steel

Before additive manufacturing technologies, such as DED and PBF, can be fully realized
for use in fatigue critical applications, the effects of the manufacturing process on fatigue
performance must be further elucidated beyond the current state of uncertainty. The evaluation of
fatigue crack growth behavior of as-built AM material can aid in the accurate predictions of service
life under conditions of cyclic loading since fatigue life after initiation is dominated by the time
spent in stable crack growth [33, 34]. Yet, there is little information in the literature on fatigue
crack growth behavior of AM austenitic stainless steel [26, 28, 30] and those publications do not

investigate or quantify the influence of residual stress on measured fatigue crack growth rates.

The influence of residual stress on fatigue crack growth is amplified near the threshold
crack growth rates (<10 m/cycle), where the contributions from residual stress to crack growth
approach the low applied values of the stress intensity factor (K) characteristic of the near-
threshold regime [35]. K, which is a function of crack size and applied load, characterizes the stress

at the crack tip in a fatigue crack growth test. Residual stress contributes to the applied minimum



(Kmin) and maximum (Kmax) values of K, thereby affecting the stress intensity factor ratio (R =
Kmin/Kmax) and influencing the fatigue crack growth rates in the near-threshold regime [36]. In
addition to the process induced residual stress, the unique microstructure formed during layer
deposition due to the intense thermal gradients have been reported to contribute to noticeable
differences in threshold fatigue crack growth behavior [37, 38]. At the low applied loads,
microstructural contributions to crack path behavior may influence fatigue crack growth rates by
promoting tortuous crack growth or enabling premature crack face contact in the crack wake (crack
closure) that can lead to an artificial retardation of growth rates [39, 40]. Therefore, it is important
to understand how each AM process, DED and PBF, affects the mechanical performance and
structural reliability by measuring fatigue crack growth rates, recognizing and understanding
residual stress effects, and determining the significance of build/orientation specific
microstructures.
1.3. Quantification of K. and Correction of FCGR data

Since the presence of residual stress can have an important effect on the as-built AM
material’s fatigue resistance, quantifying its influence is crucial for an accurate interpretation of
fatigue crack growth rate (FCGR) data [41-47]. When a fatigue crack grows through a residual
stress field, the total stress intensity factor (Ki) can differ significantly from the applied stress
intensity factor (Kapp) that is associated with the external cyclic loading [44, 46, 48]. Residual
stress acting in the crack opening direction causes a residual stress intensity factor (Kies) that
contributes to the Ko acting at the crack tip. An increase in fatigue crack growth rates due to
tensile residual stress (positive Kres) is extremely detrimental to fatigue performance, while a
decrease in growth rates from compressive residual stress (negative Kres) can improve fatigue

resistance. Consequently, crack growth rates may be either enhanced or retarded depending on the



nature of the residual stress field [41-43, 47]. Developing a quantitative description of the fatigue
performance of additively manufactured materials that accounts for the process induced residual
stress and that can be compared to current certification standards for conventionally processed

materials is a significant challenge and is of great interest.

An accurate method of quantifying Kies values is necessary to account for the influence of
residual stress on measured fatigue crack growth rates. Recent developments in FCGR data
analysis have led to innovative methods to account for residual stress effects, both tensile and
compressive, during fatigue testing. Similar to the imposed cut of the slitting method for measuring
residual stress, a fatigue crack growing through a material causes the residual stress to relax and
redistribute, resulting in a deformation change that can be measured. As an extension of the slitting
method, the on-line crack compliance (OLCC) method quantifies Kres as a function of crack size
during a fatigue crack growth test through the analysis of compliance data (i.e., load vs.
deformation data) while simultaneously collecting FCGR data [49-53]. Kes(a) can then be used to
assess fatigue behavior and account for the process-induced residual stress using a correction
method based on the linear elastic fracture mechanics concepts of superposition [50, 51]. To date,

this method to assess and correct fatigue crack growth rates has not been applied to AM materials.

The influence of residual stress on the orientation dependent fatigue crack growth
resistance of AM Type 304L stainless steel produced by DED and PBF is evaluated in this work.
The stress intensity factor from residual stress (Kres) and from applied loading (Kapp) are considered
additive for the same mode of loading. The principle of superposition is used to determine a total
stress intensity factor (Ki) and total stress intensity factor ratio (Rut) to represent the net driving
force for fatigue crack growth, which can be used to correct fatigue crack growth rate data for

residual stress effects.



1.4. Objectives and Scope of Research

This work examines the influence of the AM process on orientation dependent fatigue
crack growth behavior of DED and PBF Type 304L austenitic stainless steel. Specifically, the
significant contribution of manufacturing-induced residual stress is quantified. Post-test analysis
of fatigue compliance data is used to determine the residual stress intensity factor (Kies). These
values are then used to correct fatigue crack growth rates to determine the intrinsic fatigue
resistance of the as-built material. The on-line crack compliance (OLCC) method for determining
Kres from fatigue crack growth rate test data is validated using quenched aluminum samples before

being implemented into the fatigue analysis of the DED and PBF Type 304L stainless steel.

First, the fatigue crack growth behavior of DED Type 304L stainless steel independent of
the influence of residual stress is evaluated by quantifying and correcting for Kies. The slitting
method is used to determine values of Kies as a function of crack length in a compact specimen
machined from as-built DED material. Decreasing applied alternating stress intensity factor (AK
= Kmax — Kmin) tests are used to explore the near-threshold fatigue crack growth rates below 10
m/cycle. A corrected stress intensity factor (AKcorr) is used to account for the effects of Kies on
fatigue data. In this manner, the intrinsic fatigue crack growth rates of DED Type 304L stainless
steel, independent of residual stress, is characterized. A comparison to annealed wrought Type

304/304L stainless steel reveals similar intrinsic fatigue performance in the near-threshold regime.

The well-established slitting method uses strain data to determine the contributions of
residual stress to fatigue performance. However, when material available for testing is limited,
such as in the case of AM, the sacrifice of fatigue data on the specimens used for slitting is a
substantial drawback. Therefore, the recently developed method of on-line crack compliance

(OLCC) is evaluated for its applicability in the characterization of the fatigue crack growth



behavior of AM materials. A validation study is performed using an aircraft aluminum alloy with
well characterized residual stress. Kres determined by OLCC in primary compact (C(T)) fatigue
specimens are validated through a comparison to slitting measurements on secondary specimens.
Additionally, details of different methods of analyzing the OLCC data are outlined and critical

steps for data reduction are recommended.

The OLCC method is then applied to FCGR data from DED and PBF to evaluate residual
stress reproducibility in AM components and orientation dependent fatigue behavior due to
residual stress. Fatigue crack growth rates of compact fatigue specimens extracted from each build
are evaluated and compared to address the repeatability of mechanical performance parallel
(vertical) and perpendicular (horizontal) to the build direction at near-threshold values. Kies values
as a function of crack length are calculated and compared. The intrinsic fatigue crack growth rates
of DED and PBF Type 304L stainless steel are found using a corrected stress intensity factor
(AKcorr) method and compared to data for annealed wrought Type 304/304L stainless steel
corrected for crack closure using an adjusted compliance ratio (AKacr) method. By characterizing
fatigue crack growth rates of AM stainless steel, quantifying residual stress effects (Kies), and
comparing corrected data to an existing engineering reference material (annealed wrought Type
304/304L stainless steel), this work contributes to a better understanding of the processing-

structure-properties relationships essential to the scientific advancement of AM technology.
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Chapter 2:
The Influence of Residual Stress on Fatigue Crack Growth Rates of Additively
Manufactured Type 304L Stainless Steel !

Abstract

To examine the influence of residual stress on mechanical performance, specifically fatigue
crack growth resistance, of additively manufactured (AM) Type 304L stainless steel produced by
directed energy deposition (DED) was evaluated and compared to that of conventional wrought
Type 304/304L stainless steel. Increasing and decreasing alternating stress intensity factor (AK)
tests were used to assess fatigue crack growth behavior over a range of crack growth rates in the
near-threshold regime (<10 m/cycle). Bulk residual stress and residual stress intensity factor
(Kres) profiles of a fatigue specimen were measured using the slitting method. Tensile residual
stress at the edges of the DED materials led to positive values of Kres and faster fatigue crack
growth rates in the DED material as compared to wrought material at the same applied AK.
Correcting for the effects of Kres and crack closure in DED Type 304L and commercially available
wrought Type 304/304L stainless steel shows that fatigue crack growth rates are similar at values

of AK lower than 6 MPa-m®° when compared to rates in wrought material.

Keywords: Additive manufacturing (AM), directed energy deposition (DED), residual stress,
fatigue crack growth, stainless steel

! Published: Smudde, C.M., et al., The influence of residual stress on fatigue crack growth rates of additively
manufactured Type 304L stainless steel. International Journal of Fatigue, 2022. 162. 106954.
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2.1. Introduction

Additive manufacturing (AM) has the potential to revolutionize the production of low
volume components for engineering applications. The controlled deposition of material offers the
opportunity to produce complex near net shape components on demand that would otherwise be
difficult or impossible to create with conventional manufacturing processes. However, before AM
materials can expand into structural engineering applications at a large scale, characterization of
their mechanical performance, specifically fatigue resistance, is required [1, 2]. Of particular
concern to fatigue performance is the fact that even the highest density AM parts exhibit evidence
of defects in the as-built condition [3]. Therefore, a damage tolerant design approach, where all
materials are assumed to contain defects [4], is essential to the adoption of AM components in
structural applications. In damage tolerant design, a thorough understanding of material fatigue
crack growth rate behavior is critical to accurately predicting service life under conditions where

fatigue resistance is a critical property.

Developing a description of the fatigue performance of additively manufactured materials
that is unbiased by the manufacturing process and that can be compared to current certification
standards for conventionally processed materials is a significant challenge. The unique
microstructure formed during layer deposition and the residual stress induced by the intense
thermal gradients of the AM process contribute to noticeable differences in fatigue behavior,
especially near the threshold of crack growth rates (<10 m/cycle) [5, 6]. In this regime, where the
applied loads of a traditional fatigue crack growth test are low, microstructural contributions to
crack path behavior may influence the crack growth rates by promoting a tortuous crack path or
enabling premature crack face contact in the crack wake. In addition, the influence of residual

stress on fatigue crack growth is amplified near the threshold regime, where the contributions from
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residual stress to the crack growth driving force approach the values of the applied minimum and

maximum stress intensity factors (Kmin and Kmax).

The influence of microstructure (grain size and morphology) and bulk residual stress on
the fatigue crack growth behavior in additively manufactured materials is not well described in the
literature. Studies focused on microstructure of AM materials have shown that there is an
orientation dependence of the fatigue crack growth behavior due to the anisotropic microstructure
of AM materials. Specifically, fatigue crack growth rates differ depending on the orientation of
the applied loading relative to the build direction in the Paris and threshold regimes [7-11]. Near
surface measurements have revealed that the residual stress at the edges of the AM material is
tensile [10], but the influence of residual stress on the fatigue crack growth behavior has not been
assessed. Other studies have focused specifically on quantifying manufacturing-induced residual
stress in AM materials. For example, in directed energy deposition (DED) material, high uniaxial
bulk (macroscale) residual stress directed along the build direction has been determined to have
tensile values at the edges and compressive values in the center of the build [12]. However, while
the magnitude of residual stress could be minimized by controlling the processing parameters,
elimination of residual stress requires post-processing heat treatment, but at the expense of
reducing strength. Therefore, it seems essential to understand the influence of process-induced

residual stress on the fatigue performance of DED materials.

Quantifying the effects of residual stress in fatigue crack growth data is necessary to reveal
the intrinsic fatigue resistance of DED material. By determining the residual stress intensity factor,
Kres, which characterizes the contribution of residual stress at the crack tip to the total driving force
of crack growth, corrections can be made to fatigue crack growth data. In the case of tensile

residual stress acting normal to the crack surface, where the crack is considered open, the effective
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value of the stress intensity factor is found by the superposition of Kres and the stress intensity
factor from applied loading (Kapp). Donald and Lados developed a method for correcting for
residual stress by considering the contributions of Kies on the minimum (Kmin) and maximum
(Kmax) stress intensity factors as a mean stress effect, resulting in a corrected alternating stress
intensity factor, AKcorr [13]. Few researchers have utilized the AKcorr method when evaluating
materials with residual stress [14, 15]. To date, the application of this method to AM materials has

not been published in the literature.

The objective of this study is to determine the fatigue crack growth behavior of DED Type
304L stainless steel independent of the influence of residual stress by quantifying and correcting
for Kies. The slitting method was used to determine values of Kes as a function of crack size in a
compact fatigue crack growth specimen machined from as-built DED material. Decreasing applied
alternating stress intensity factor (AK = Kmax — Kmin) tests were used to explore the near-threshold
fatigue crack growth rates less than 10-® m/cycle in the DED material. When the crack growth rates
reached a predetermined level of approximately 2-3 x 1071 m/cycle, the tests were continued under
constant applied load amplitude conditions to gain insight into the consistency of the fatigue data
under AK increasing conditions as described in ASTM E647 [16]. Commercially available
wrought Type 304/304L material was tested under the same conditions to establish a baseline for
fatigue crack growth behavior in typical material. Then, a corrected stress intensity (AKcorr) method
was used to account for the effects of Kies on fatigue crack growth rate data. In this manner, the
intrinsic fatigue crack growth rates of DED Type 304L stainless steel, independent of residual

stress, were characterized.
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2.2. Material and methods
2.2.1. Material

The Type 304L stainless steel under evaluation was additively manufactured via directed
energy deposition (DED) in a Laser Engineered Net Shaping (LENS®) 750 workstation utilizing
the time-invariant processing input parameters listed in Table 2.1. A hatch scan pattern that
alternated 90 degrees with each layer was utilized during the build process. Gas atomized austenitic
stainless steel powder of size 45 pm to 105 pm was used in the deposition process. The chemical
composition for the powder as determined by Smith et al. for replicate builds made on the same
equipment [17] is given in Table 2.2, showing that the powders conformed to standard
requirements of 304L grade alloys [18]. Solution annealed commercially available wrought Type
304/304L stainless steel was used for comparison. The chemical composition of the dual certified
wrought Type 304/304L is included in Table 2.2. The small differences in chemical composition

are assumed to have a negligible influence on fatigue crack growth behavior in this study.

Table 2.1: Processing Parameters for DED Type 304L Stainless Steel

Processing Parameter: Value:
Laser power Yb:fiber 450 W
Laser scan speed 10 mm/s
Hatch increment 0.64 mm
Layer increment 0.20 mm
Oxygen concentration <5 ppm
Powder size 45-105 pm
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Table 2.2: Composition (wt%) of bulk wrought Type 304/304L gas atomized Type 304L
feedstock powder

Fe Cr Ni Mn Mo N C Si (0] S P Cu

Wrought

Bal | 18.03 8.14 1.80 037 | 0.072 | 0.023 | 0.27 - 0.001 0.036 | 0.43
304/304L

DED 304L| Bal 19.1 10.6 1.50 0.07 | 0.010 | 0.015 | 0.60 [ 0.023 | 0.003 | 0.005

Processing parameters were optimized for greater than 99% density in the DED material.
Mechanical tests in similar builds made on the same equipment with the same processing
parameters previously exhibited yield strength of 320 MPa for the longitudinal direction, ultimate
tensile strength of 620 MPa, and total elongation to failure of 72% [17]. Additionally, large area
electron back-scatter diffraction (EBSD) images of the DED Type 304L microstructure
demonstrated anisotropic grain shapes that were elongated in the build direction [19]. Replicate
vertical wall builds with nominal dimensions of 107 mm x 55.9 mm x 7.62 mm were deposited on
individual wrought stainless steel baseplates of dimension 152 mm x 152 mm x 6.35 mm (Figure
2.1). Material for fatigue testing and analysis was isolated by first removing the vertical wall builds
from the baseplate via wire electrical discharge machining (EDM) (at the solid line in Figure 2.1).
Then, a thin segment of material from the side of each wall was removed (dashed line) by EDM
prior to the machining of fatigue crack growth testing specimens, leaving a plate of material with

nominal dimensions of 106 mm (along the build direction) by 38 mm.
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55.9 mm

Thickness
7.62 mm

Figure 2.1: Image of DED vertical wall build with black lines showing the locations of EDM
material removal.

From each plate of the two vertical wall builds (Figure 2.2), three compact (C(T)) fatigue
crack growth specimens were extracted to evaluate fatigue crack growth behavior in the near-
threshold regime. A total of five specimens with the loading axis oriented parallel to the build
direction (BD) were used in this study and were differentiated by their build number (DED1 and
DED2) and by their extraction location (bottom (B), middle (M), and top (T)) as seen in Figure
2.2. C(T) specimens were machined with thickness (B) of 6.35 mm and width (W) of 26.4 mm.
Prior to fatigue testing, a notch was introduced to all specimens by wire EDM to a nominal crack

size, an, of 5.1 mm in compliance with ASTM E647 [16]. The top and bottom specimens from both
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DED1 and DED2 were subjected to fatigue crack growth testing, while the middle specimen from

DED1 was reserved for residual stress measurement using the slitting method.

back-face
strain gage

W =26.4 mm
B =6.35 mm

Z (BD)

Figure 2.2: Schematic of C(T) specimen extraction from vertical wall build.

2.2.2. Residual Stress Evaluation

Residual stress was measured in the DED material using the slitting method. Build-
direction residual stress was measured as the C(T) specimens were extracted from the DED plates.
After C(T) specimens were completed, the C(T) specimen from the middle of vertical wall build
DEDI1 (DEDI1-M) was reserved for residual stress analysis of the C(T) geometry. Residual stress
was measured prior to the introduction of a fatigue starter notch at the same plane as crack
propagation in fatigue tests. The residual stress normal to the crack plane and acting to open the

crack was determined as a function of position from the front face of the specimen (x).

The slitting method is a one-dimensional mechanical relaxation technique for determining

average through thickness residual stress normal to a plane of interest. Incremental cutting along
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the plane results in a redistribution of residual stress and strains which are recorded by a strain
gage applied at the back face. An inverse analysis is performed using the strain from each cut
increment to determine the average through thickness normal residual stress. In the present work,
a strain gage was applied at the back face and slitting was performed by wire EDM using 0.381
mm fixed depth increments to 29.5 mm from the front face or 90% of the total specimen width
(90% of 1.25W) [20]. Strain was measured at each cut increment and residual stress was
determined using the pulse-regularization inverse analysis technique [21]. The slitting

measurement rendered DED1-M unavailable for fatigue testing.

To evaluate the contribution of residual stress to the stress intensity factor, values of Kyes
acting in the crack plane are determined from the strain data collected during the slitting method.
The residual stress intensity factor, Kies, is determined as a function of crack size as measured from
the load line, a* (a* = x - 0.25W). The fitted strain values and a geometry dependent influence
function (Z(a*)) as described by Schindler [22] and further developed by Olson for the C(T)

geometry [23] were used in Equation (2.1) to determine Kies:

x E de(a”)
Kres(a?) = 55— 2.1)

Here E is the elastic modulus of a fully dense austenitic stainless steel, 200 GPa, and a” is measured
from the load line. The derivative of the strain with respect to the crack size is determined by
differentiating a localized curve fit of the strain data. A schematic of the slitting method can be

seen in Figure 2.3.
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Figure 2.3: Schematic of slitting method.

To compare the value of Kes at the end of the notch depth, the residual stress intensity
factor was determined during the notch cutting using the slitting method as described for DED1-
M. This method was applied to the two bottom C(T) specimens (DED1-B and DED2-B) as well
as two wrought C(T) specimens, to assess residual stress in the DED and wrought material. The
top specimens (DEDI-T and DED2-T) were notched without measuring their residual stress
intensity factor.

2.2.3. Fatigue Crack Growth Testing

Fatigue crack growth testing of DED and wrought material was performed consistent with
the methodology described in ASTM E647 (long cracks) [16] on an Instron 1331 servohydraulic
load frame controlled by a MTS TestStar system. MTS 790.40 fatigue crack growth software was
used to execute the tests under K-control conditions at an applied stress ratio of 0.1 and frequency
of 10 Hz. For crack size monitoring during the fatigue test, the back-face strain compliance method

facilitated data collection of compliance data with high accuracy for post-test analysis. A Micro-
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Measurements CEA-09-062UWA-350 strain gage was centered on the crack plane on the back
face of each C(T) specimens as shown in Figure 2.2 and strains were measured using a Vishay
Instruments P3500 strain indicator. The MTS software was adapted to accept a back-face strain
input for the compliance method of determining crack size; the absolute value of the measured
strain was multiplied by the specimen width to create a modified back-face strain value that is
nominally equivalent to the crack opening displacement at the front face location in ASTM E647
compliance equations. Back-face strain coefficients were entered into the compliance calculation
for crack size in the MTS software [16]. During the fatigue crack growth tests, load and COD from
BFS data with 500 data points averaged over three cycles represented each crack size and were
recorded at 0.051 mm crack increments. A modulus of 200 GPa was consistently employed in the

compliance analysis for the materials in this study.

Prior to testing, all specimens were ground to 240 grit and one side was polished to enable
visual confirmation that the crack path remained straight. Then, the top and bottom specimens
from each build were precracked by an increment in crack size of Aa = 1.3 mm (to a/W = 0.25)
using a load shedding methodology incorporated in the MTS TestStar software. The final Kmax of
the precrack was less than the Knax at the start of the test in accordance with ASTM E647 [16]. For
each specimen, a decreasing applied AK procedure was employed to probe the near-threshold
crack growth behavior with a starting Kmax of 11 MPa-m®? and a load shedding parameter, C, of -
0.08 mm!'. When the crack growth rates reached values of 2-3 x 10719 m/cycle, the tests were
continued at a constant applied load amplitude, resulting in an increasing applied AK test. In this
manner, the consistency of the fatigue crack growth behavior as a function of loading condition
(i.e., AK decreasing compared to AK increasing) was evaluated for the DED material. To provide

data for comparison, similar tests were conducted on solution annealed wrought Type 304/304L
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stainless steel (Wrought1,2,3) with mechanical properties reported as yield strength of 320 MPa
and ultimate tensile strength of 600 MPa in compliance with ASTM standard A240 [18]. In
addition, residual stress was anticipated to be negligible (Kres = 0) in the wrought material.
2.2.4. Keorr Method to Correct Fatigue Data for Residual Stress

The methodology outlined by Donald and Lados to correct for varying residual stress
effects in fatigue crack growth data was used to transform the fatigue data of DED material [13].
Since residual stress contributes to both the maximum and minimum stress intensity factors, a
fatigue crack growing through a material with a residual stress field experiences a varying total
stress ratio (Riwt) even when the applied stress intensity factor ratio (Rapp) is kept constant. Adding
the Kies values from the slitting of DED1-M to the applied Kmin and applied Kmax of the fatigue

crack growth tests gives Ryt as a function of crack size (Equation (2.2)):

Kmin,app(@)+Kres(a)
Kmax,app (@) +Kres(a)

Rioe(a) = (2.2)

Normalized stress intensity factor data, AKnom, uses a material specific normalization
parameter, n, to eliminate the effects of varying total stress ratios due to residual stress as given in

Equation (2.3):

AKnorm(a) = AKeff(a)l_n ! (Kmax,app (a) + Kres (a))" (2~3)

The adjusted compliance ratio (ACR) method outlined in the appendix of ASTM E647 [16]
was used to remove the influence of crack closure on measured fatigue crack growth rate data. The
ACR method uses the compliance data to determine the deviation from linearity imposed by
contact stresses in the crack wake at low applied loads and correct for crack closure while including

the influence of crack tip strain [24]. The resulting value of AK is the effective stress intensity
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factor range (AKacr = AKefr) free of the influence of crack closure needed to compute AKnorm in

Equation (2.3).

Values of AKyorm were then further modified to reflect growth rates at the applied stress

ratio, Rapp, of 0.1 using the Walker relationship [25], as expressed in Equation (2.4):

AK orr(a) = AKyorm(a) (1 - Rapp)n (2.4)

The value of the normalization parameter, n, in Equations (2.3) and (2.4) was determined for the
DED material using decreasing AK fatigue crack growth test data of wrought Type 304/304L. A
single C(T) specimen (Wrought4) was tested at three Rapp values of 0.1, 0.3, and 0.5 to assess
fatigue crack growth rates for a range of applied AK values and to provide the necessary data to
determine the normalization parameter, n. In the absence of residual stress, AKnorm collapses data
tested at different Rapp values onto a single fatigue crack growth rate curve.

2.3. Results

2.3.1. Residual Stress and Kes

Slitting measurements performed during specimen extraction were used to further verify
consistency in residual stress throughout the DED material. Measurements performed between
bottom (B) and middle (M) specimens (DED-b) and between middle (M) and top (T) specimens
(DED-t) are shown in Figure 2.4. The expected parabolic residual stress profile across the width
of the DED material is slightly shifted due to the asymmetrical removal of material prior to

specimen extraction.
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Figure 2.4: Residual Stress as a function of position from the front face (x) from slitting during
specimen extraction with a C(T) specimen geometry superimposed.

The residual stress acting in the C(T) specimen as a function of position from the front face
(x) from the slitting measurement on DED1-M is shown in Figure 2.5. The tensile residual stress
decreases at relatively constant slope from the front face of the specimen towards compressive
residual stress, with an inflection between 5 and 10 mm from the front face. The inflection is
attributed to the machined holes in the C(T) specimen geometry, which interrupts the expected
parabolic residual stress profile of the DED material. The peak compressive residual stress occurs
around 23 mm from the front face, with the residual stress continuously increasing towards tensile

values at positions approaching the back face of the specimen (x > 25 mm).
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Figure 2.5: Residual Stress as a function of position from the front face (x) in DEDI-M from
slitting.

The corresponding residual stress intensity factor determined from the slitting
measurement as a function of crack size as measured from the load line, a*, is plotted in Figure
2.6. Tensile residual stress near the front face of the DED specimen (Figure 2.5) leads to positive
values of K.es throughout the entire range of crack size (Figure 2.6). The vertical lines in Figure
2.6 mark the location of the notch tip (solid line) and the crack tip after precracking (dotted line).
Results show that crack growth during the fatigue tests would begin with a maximum tensile Kies
that decreases monotonically as crack size increases. Positive Kres should contribute to higher
fatigue crack growth rates and lower fatigue thresholds when compared to tests in a residual stress-

free material of the same composition and microstructure.
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Figure 2.6: K,es as a function crack size for DED Type 304L and wrought Type 304/304L C(T)
specimens.
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Figure 2.6 also includes Kes values from the notching of the bottom DED C(T) specimens
(DED1-B and DED2-B) and two wrought specimens (Wroughtl,2). All the DED specimens
exhibited a Kes value of about 4 MPa-m®> at the end of the notch, suggesting that the residual
stress is relatively similar at each build height sampled in the present work and the slitting results
of DED1-M can be used to estimate the K.es values of all DED specimens under evaluation. In

addition, K.es for the wrought specimens verifies the expected negligible residual stress.
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2.3.2. Fatigue Crack Growth Results
Before fatigue crack growth data were analyzed, the validity of the COD from BFS

compliance method for measuring crack size was verified. The fracture surface of a wrought
specimen can be seen in Figure 2.7(a) and the fracture surface of DED1-T can be seen in Figure
2.7(b). Crack size was measured using ImageJ [26] analysis on the photos in Figure 2.7 using an
average of nine equally spaced positions through the thickness. Measured crack sizes agreed with
the values for crack size calculated by the test control software to better than 0.050 mm, which is
within the requirements of ASTM E647 [16]. Furthermore, the cracks in both specimens grew

straight as defined by the standard.
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Figure 2.7: Fracture surfaces of (a) Wrought Type 304/304L (Wroughtl) and (b) DED Type
304L (DEDI-T).

The results of the AK decreasing and AK increasing fatigue crack growth tests for all
specimens are plotted in Figure 2.8 as a function of the applied (non-corrected) AK. Fatigue crack

growth rates for three wrought specimens with negligible residual stress are plotted for
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comparison. Since the first specimen (Wroughtl) demonstrated equivalent fatigue crack growth
data for AK decreasing and AK increasing, the remaining two wrought specimens (Wrought2,3)
were tested only in AK decreasing conditions. The data show fatigue crack growth rates in DED
are higher than those in wrought, with the largest differences at lower applied AK. The higher
fatigue crack growth rates in DED are consistent with the positive values of Kis (Figure 2.6)

determined for the DED material.
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Figure 2.8: Fatigue crack growth rates (da/dN) vs AKapp for DED Type 304L and wrought Type
304/304L stainless steel.
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2.3.3. Fatigue Crack Growth Assessment of Wrought Type 304/304L
The wrought Type 304/304L stainless steel with negligible residual stress (Kies = 0) was

used to provide fatigue crack growth rate data for comparison with the DED Type 304L. The
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absence of residual stress in the wrought material also allows the determination of the
normalization parameter, n, which is assumed to be the same for the wrought and DED stainless
steel materials. Fatigue crack growth rates at different R values versus AK,pp are presented in
Figure 2.9(a) while Figure 2.9(b) shows fatigue crack growth rates versus AKacr. Correcting the
data for crack closure was necessary to find the effective values of AK, which were needed for the

calculation of AKom in Equation (2.3).
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Figure 2.9: Fatigue crack growth rates (da/dN) versus AKqyp (a) and AKcr (b) in wrought
304/304L stainless steel for different applied stress ratios.

The biggest change between the two plots is a shift to the left in the data for Rapp 0f 0.1 in
Figure 2.9(b) as compared to Figure 2.9(a). The shift is consistent with a correction for crack
closure in the fatigue crack growth data. The negligible difference between AKap, and AKacr for

data at Rapp 0f 0.3 and 0.5 is due to the negligible crack closure at these higher stress ratios.

To determine the appropriate value of n, AKnorm Was calculated using the effective crack
growth data in Figure 2.9(b) using a range of values, n =0.15 to 0.35. The normalization parameter
value, n = 0.25, was visually identified to best collapse the data into a single curve (Figure 2.10),

and therefore was chosen for AKcorr analysis of the DED Type 304L material.
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Figure 2.10: Fatigue crack growth rates (da/dN) vs AKyorm plots for normalization parameter of
0.25.

2.3.4. Fatigue Crack Growth Assessment of DED Type 304L
Values of Rt (Equation (2.2)) for the four AK decreasing and four AK increasing fatigue

tests are shown in Figure 2.11. Compared to Rapp 0of 0.1 (red line), Ry is always greater. During
the AK decreasing portion of the test, R increases as Kres becomes a larger contributor relative to
Kminapp and Kmaxapp (Equation (2.2)). In the AK increasing portion of the test, Kis becomes a
smaller contributor to Rio: because Kies decreases as the crack extends (Figure 2.6) and because
the applied K values increase. Thus, Ry trends toward Rapp, during the final stages of the test (a*

> 17 mm).
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Figure 2.11: R versus crack size for DED Type 304L stainless steel from all four decreasing
and increasing AK qpp fatigue tests using Kyes from slitting. The vertical lines represent the notch
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tip (solid line) and the end of the precrack region (dotted line) of fatigue crack growth.

2.3.5. Corrected Fatigue Crack Growth Data

Compliance data for wrought (Wroughtl) and DED (DED2-B) specimens are shown in
Figure 2.12(a) and Figure 2.12(b) respectively. In wrought material with nominally zero residual
stress, plasticity and roughness lead to crack face contact and a deviation from linearity in the

compliance data. In contrast, for the DED material, the positive Kres mitigates crack closure by

preventing crack face contact, thus AKacr is equal to AKapp.
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Figure 2.12: Compliance data for (a) wrought (Wroughtl) Type 304/304L stainless steel
showing deviation from linearity at AKqpp = 4.9 MPa-m®> and (b) DED (DED2-B) Type 304L

stainless steel showing complete linearity at AK,p, = 4.2 MPa-m"?.



To compare the intrinsic fatigue resistance of DED material to wrought material, fatigue
crack growth data for DED material corrected for residual stress (AKcorr) are compared to fatigue
crack growth data for wrought material corrected for crack closure (AKacr) in Figure 2.13. The
wrought material has higher fatigue crack growth rates than observed in the DED material after

correcting for closure and Kies, respectively.
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Figure 2.13: Fatigue crack growth rates (da/dN) vs AK corr for DED 304L and AK cr for wrought
304/304L stainless steel.

2.4. Discussion

Residual stress profiles on multiple planes in the DED vertical wall build are consistent
(Figure 2.4), suggesting that the residual stress in the build direction is relatively uniform along

the height of the build. The lack of variability of residual stress with build height can be attributed
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to the refinement and careful control of deposition process parameters. Thus, residual stress in the
test specimens is independent of the position of extraction from the build (i.e., bottom (B), middle
(M), and top (T)), however, it does vary with position from the front face (x). As shown in Figure
2.5, the residual stress near the front face of the C(T) specimen is tensile and becomes compressive
towards the middle of the specimen and remains compressive near the back face. The temperature
gradients of the deposited material result in rapid solidification of the surfaces and slower cooling
rates of the center. As such, tensile residual stress is induced at the surface, which is balanced by
compressive residual stress at the center as shown in the slitting results of Figure 2.4. This figure
highlights the high tensile residual stress at the as-built edges of the DED material, suggesting that
if the slitting measurement in Figure 2.5 had been performed for the entirety of the C(T) specimen
length (1.25W), the positions near the back face would return to large values of tensile residual

stress.

The slitting method measurements of DED1-M provided an estimate of Kies, which acts to
drive crack growth in the DED material. The tensile residual stress at the edges of the builds led
to positive values of Kyes close to 4 MPa-m®? at the front face of the C(T) specimens after sample
extraction. This positive value of K., despite decreasing as the cut progressed through the residual
stress field, is sufficient to maintain an open crack wake and accelerate measured fatigue crack
growth rates. In the case of positive Kies, the net value of the stress intensity factor can be found
using the superposition principle without complications of nonlinear crack face contact. That is, if
the residual stress field is known, a net driving force for fatigue crack growth can be calculated
during post fatigue testing analysis and the AKcorr method can be used to correct for the influence

of residual stress on fatigue crack growth data.
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Fatigue crack growth behavior from all four specimens of the two DED vertical wall builds
agreed well with each other (Figure 2.8) and suggests repeatability in mechanical performance of
AM materials manufactured with identical processing parameters. The differences between top
and bottom specimens were negligible, especially when compared to the differences between AM
and wrought. For all four C(T) specimens, the DED material displayed higher fatigue crack growth
rates in the near-threshold regime for equal applied AK as compared to the stress-free wrought
Type 304/304L (Figure 2.8). This difference in fatigue crack growth rate is associated with tensile
residual stress and the resulting effects on Ryt from the variation of Kes and the evolution of AKypp.
The positive Kres from the tensile residual stress in DED material led to values of R that were
higher than the applied stress ratio, Rapp, of 0.1 for the duration of the fatigue tests. Figure 2.11
demonstrates that at the low applied AK values as the AK decreasing test approached the threshold
for fatigue crack growth, R for the DED tests was close to 0.5, which is significantly different
from Rapp 0f 0.1. Typically, higher R (for the same AK) leads to higher fatigue crack growth rates.
This is the principal reason that the crack growth rates are higher in the DED material than in the

wrought material at the same values of AKqpp.

Subtle differences between the apparent fatigue crack growth rates are also evident in the
AK decreasing and AK increasing portions of the tests in the DED material. These differences can
be attributed to the evolution of Kies throughout the specimen. In the initial AK decreasing portion
of the fatigue crack growth tests, Kis is maximum with a shallow slope (Figure 2.6), thus the
apparent fatigue crack growth rates exhibit the largest effect from residual stress in this region. In
the AK increasing portion, however, the positive Kres values are less than in the initial stages of
crack growth and the apparent fatigue crack growth rates are slower than those of the AK

decreasing (initial) portion of the test. In the absence of residual stress, the wrought material AK

38



decreasing and AK increasing portions of the test resulted in consistent fatigue crack growth rates.
Therefore, the differences in apparent fatigue crack growth rates of the DED material are
associated with the varying K..s profile of the DED material. In the absence of crack face contact,
the intrinsic fatigue resistance of the DED material can be estimated from the AKcorr (Equation
(2.4)) with AKesr equal to AKapp. For a material with negligible residual stress, Rapp is equal to Rt
for the duration of the fatigue test and AKcorr is not applicable. Therefore, for the wrought material,

post-test analysis is limited to adjusting for crack face contact using AKacr.

The fatigue crack growth rate data are corrected for the influence of process induced bulk
residual stress when plotted as a function of AKcorr. To compare the intrinsic behavior of the DED
and wrought materials, the corrected fatigue crack growth data (AKcorr) of the DED material are
plotted with the AKacr of the wrought material in Figure 2.13. The fatigue crack growth rate data
for the DED material agree, confirming that the differences between the apparent fatigue crack
growth rate data were due to the influence of residual stress. Here, the apparent fatigue threshold
for DED material, if the current trend is projected to a threshold crack growth rate as defined by
the ASTM standard (101° m/cycle), appears to be similar to that of the wrought material at about
4 MPa-m®° (Figure 2.13). DED and wrought fatigue crack growth rate data converge when both
materials have been corrected for residual stress and crack closure respectively, suggesting that
the intrinsic fatigue resistance of the two materials are similar near threshold. However, for higher
fatigue crack growth rates (>10” m/cycle) and values of AK greater than 6 MPa-m®>, the DED
material exhibits slightly lower fatigue crack growth rates as compared to wrought material.

2.5. Conclusions
The residual stresses and unique microstructures formed by high cooling rates and thermal

gradients of the manufacturing process are expected to influence apparent fatigue crack growth
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rates in AM materials in their as-built state as compared to their wrought counterparts. The present

study focused on developing a quantitative understanding of the impact of residual stress on fatigue

cracking to evaluate the intrinsic differences between AM and wrought 304/304L materials. The

key conclusions are:

1.

The results show that near-threshold fatigue crack growth rates in DED Type 304L are
influenced significantly by the presence of tensile residual stress. Specifically, for the
specimens extracted from the as-built DED Type 304L stainless steel in this study,
fatigue crack growth rates were measured to be 3.5 times faster than in commercially
available wrought Type 304/304L stainless steel in the near-threshold regime (<1078
m/cycle) at an applied AK of 5 MPa-m°?,

The residual stress intensity factor, Kres, determined from slitting experiment data of
both DED and wrought materials revealed positive values ranging from 4 MPa-m®° at
the notch tip to 1 MPa-m®? at the end of fatigue crack growth for DED Type 304L; in

contrast, the wrought material displayed negligible residual stress.

. The DED Type 304L did not exhibit crack closure, which is consistent with the positive

total stress ratio and positive values of Kres. In contrast, the effects of crack closure
were present in the data for wrought Type 304/304L, consistent with negligible Kies.

The DED Type 304L stainless steel and the wrought Type 304/304L exhibited similar
intrinsic fatigue crack growth rates when the DED Type 304L data were corrected for
residual stress using the AKcor method and the wrought Type 304/304L data were
adjusted for the effects of crack closure using the adjusted compliance ratio (AKacr)

method. This comparison demonstrates that the different apparent fatigue crack growth
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rates of DED and wrought material can be attributed to the combination of residual
stress and crack closure, which are different in these two materials.

While similar, corrected crack growth rates in DED Type 304L were slightly lower
than those in wrought Type 304/304L. The lower fatigue crack growth rates are
hypothesized to be related to the unique microstructure (grain size and morphology) of
the DED material, which had a small influence on its intrinsic fatigue crack growth

resistance compared to the more significant impact of residual stress.
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Chapter 3:
Validation of On-line Crack Compliance Data Analysis Methods for the Residual
Stress Intensity Factor 2

Abstract

Residual stress can significantly impact the fatigue crack growth rate (FCGR) observed in
standard tests. In the present study, implementation of the on-line crack compliance (OLCC)
method for determining the residual stress intensity factor, Kres, in FCGR tests is supported by
validation data, details of novel data analysis methods, and strategies for data reduction. Slitting
measurements on C(T) specimens of quenched (but not stress relieved) and aged aluminum alloy
7050-T74 provide reference profiles of K. as a function of crack size. The OLCC method
quantifies Kies profiles from stress intensity factor control and load control FCGR tests over a range
of residual stress states. Novel OLCC data reduction techniques are developed, and data analysis
attributes and limitations explored, contributing to an improved methodology for standardization.
The results demonstrate that the on-line crack compliance method is a valid means of quantifying

Kies during fatigue crack growth rate testing.

Keywords: Residual stress, residual stress intensity factor, fatigue crack growth rate testing, on-
line crack compliance method, aluminum alloys

2 Submitted: Smudde, C.M., J.C. Gibeling, and M.R. Hill, Validation of On-line Crack Compliance Data Analysis
Methods for the Residual Stress Intensity Factor. Engineering Fracture Mechanics, 2022.
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3.1. Introduction

Fatigue crack growth rate (FCGR) test data play a critical role in the design, operational
certification, and maintenance of engineering structural components. However, residual stress, a
common side effect of many metal processing and manufacturing techniques, can significantly
impact measured fatigue crack growth rates. When a fatigue crack grows through a residual stress
field, the stress intensity factor (K) that characterizes stress near the crack tip can differ
significantly from the applied stress intensity factor that is associated with the external cyclic
loading [1-3]. Specifically, the distribution of residual stress acting in the crack opening direction
causes a Mode I residual stress intensity factor (Ks) that affects observed specimen behavior.
Consequently, crack growth rates may be either enhanced or retarded depending on the nature of
the residual stress field [4-7]. An increase in fatigue crack growth rates due to tensile residual stress
(positive Kyes) is extremely detrimental to fatigue performance, while a decrease in growth rates
from compressive residual stress (negative Kres) can improve fatigue resistance. Even a small
magnitude of residual stress can greatly alter the total stress intensity factor under cyclic loading
conditions, especially at the low applied K values characteristic of the near-threshold regime [8],
or in cases when residual stress causes crack face contact [4, 9, 10]. Therefore, recognizing and
understanding the influence of residual stress on observed fatigue behavior is crucial for accurate

interpretations of FCGR test data.

A typical approach to account for residual stress in fatigue crack growth analysis uses the
principles of Linear Elastic Fracture Mechanics (LEFM) to correlate the observed FCGR behavior
of residual stress-bearing specimens to that of residual stress-free specimens (e.g., [7] and [11]).
The stress intensity factor from residual stress (Kies) and from cyclic applied loads (maximum and

minimum values of Kapp) are considered additive for the same mode of loading at the same crack
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size, and the principle of superposition is used to determine a total stress intensity factor (Ko:) and
total stress intensity factor ratio (Riot = (Kmin,appKres)/(Kmax,appTKres)) to represent the net driving
force for fatigue crack growth. The slitting method is a destructive measurement technique that
utilizes concepts of LEFM to estimate the values of Kres by introducing a cut into a material with
residual stress and measuring the deformation response. As such, slitting a secondary (duplicate)
specimen over a relevant range of crack size provides values of K.es that can be used to determine
Kot and Ryot, such that fracture mechanics data measured in a primary specimen can be adjusted
for the influence of residual stress. Earlier work has applied slitting of secondary specimens to
assess effects of residual stress in fracture mechanics tests for FCGR (e.g., [12] and [13]) and

monotonic crack growth resistance (R-curve) [10] properties.

Recent developments in FCGR data analysis have led to innovative methods to account for
residual stress effects, both tensile and compressive, during fatigue testing. Similar to the imposed
cut of the slitting method, a fatigue crack growing through a material causes the residual stress to
relax and redistribute, resulting in a deformation change that can be measured. As an extension of
slitting, the on-line crack compliance (OLCC) method developed by Lados, Apelian, and Donald
quantifies Kres by analyzing compliance data (i.e., load vs. deformation data) while simultaneously
collecting FCGR data [14-16]. K as a function of crack size (Kres(a)) from OLCC can then be
used to account for the influence of residual stress on the driving force for crack growth. By
utilizing compliance data from FCGR tests, the OLCC method obviates the need for secondary
replicate specimens inherent to the slitting approach, removing the uncertainty associated with

different residual stress states in the primary and secondary specimens.

While the OLCC method represents a significant advance for the fatigue testing

community, there has been limited progress towards its wide-spread adoption. Only a small
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number of publications have verified its usefulness and those have not provided a detailed
procedure for analysis of the compliance data [9, 17]. Therefore, the goals of this work are to
support broader application of the OLCC method by providing Kies validation data from primary
compact (C(T)) fatigue specimens and comparing it to slitting measurements on secondary
specimens, outlining the details of different methods of analyzing the OLCC data, and
recommending critical steps for data reduction.

3.2. Methods and Material

3.2.1. Slitting Measurements

Residual stress relaxes and redistributes in a material as a cut or crack progresses, resulting
in a dependence of the residual stress intensity factor on cut depth or crack size (Kies(a)). In this
study, the slitting method [18] is employed to determine residual stress profiles and the
corresponding Kies(a) values in secondary specimens. In a slitting experiment, a cut is made along
the plane of interest in an unloaded and unnotched specimen by wire electrical discharge
machining (EDM) at fixed increments of cut depth. The deformation response from the release of
residual stress acting normal to the cut plane is recorded as a function of cut depth and denoted as
eres(2). Residual stress normal to the plane of interest (opening stress) as a function of distance
from the front face (x) of the specimen is determined from the strain versus cut depth data using a
pulse-regularization inverse analysis technique [19]. The computed values of stress represent a
profile of residual stress versus position in the uncut part. The details of slitting, including residual

stress calculation, are described elsewhere [18, 20, 21].

The slitting method data can also provide the opening-mode (Mode I) K5 as a function of
crack size, Kres(a), for a one-dimensional edge crack in a planar elastic body by relating cut depth

to an equivalent value of crack size (a) in a fatigue test specimen. Invoking energy methods and
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the LEFM concept of the crack driving force, Schindler [22] approximated the cut from a slitting
measurement as a crack and showed that K.s(a) can be computed from a geometry dependent (and
stress independent) influence function Z(a), the effective elastic modulus E' (for plane stress or

plane strain), and the slope of the strain (es) versus cut depth data (Equation (3.1)).

E' deres(a)

Kres(a) = 7@ da (3.1)

The derivative of strain with respect to crack size (cut depth) is determined by an incremental
polynomial fit of the data, as described in [18]. An influence function (Z(a)) developed by Olson
for the compact (C(T)) geometry [23] is used in this work.

3.2.2. On-line Crack Compliance Method
Data Analysis Methods

Donald and Lados first introduced the on-line crack compliance (OLCC) method to
compute stress intensity factors due to residual stress using readily available data from FCGR tests
(load, deformation, and crack size) [14]. They further explored the similarities in LEFM concepts
between OLCC and slitting in a subsequent paper with Apelian [15]. Starting from fundamental
fracture mechanics definitions and the slitting derivation of Schindler, et al. [12], Lados, Apelian,
and Donald [15] present an equation for Kies in terms of a ratio of deformation changes measured
from crack mouth opening displacement (CMOD) compliance (i.e., load versus CMOD) data at
increments of crack size. In the present work, back-face strain (BFS) compliance data is used,

thereby expanding on the prior work using CMOD.

Schindler, et al. [12] note that the influence function, Z(a) of Equation (3.1), is derived
from a solution for an arbitrary reference load (Pr(a)) that provides the stress intensity factor

(Kref(a)) and a measure of deformation, here taken to be BFS, gef(a), as functions of crack size:
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E' derer(a)

Z(a) - Krer(a) da

(3.2)

While Equation (3.2) is specific to BFS, an analogous expression [16] enables the
determination of an influence function for deformation quantified by CMOD; the two expressions
are limited to use with their corresponding deformation measurement. Substituting Equation (3.2)

into Equation (3.1) provides:

Kres(@) = Kyep(a) [2222] /2] (3.32)

Although the residual strain is functionally independent of the reference strain, the

correlation of the two variables allows Equation (3.3a) to be approximated by:

d res( )
Kres(a) ~ Kref(a) dij(z) (3~3b)

which is written as an equality in the prior work [15]. Lados, Apelian and Donald then assume the

reference load to be the maximum applied load Pmax,app(@) in the FCGR test, so that:

d TES( )
Kres(a) ~ Kmax,app(a) —res® (3.30)

d&€max,app (a)

where &res(a) is determined at zero applied load [14, 15]. They further estimate the derivative in
Equation (3.3c) by a finite difference. Noting that compliance data are available at finite
increments of crack size, Aa, the derivative notation is replaced by a ratio of finite ranges of
deformation (changes in BFS in this study). The resulting equation, as given in the earlier work
[14, 15], provides Kies(ai) for the i™ crack size increment by what is referred to here as the OLCC

difference ratio:

Agres(a
Kres(a;) = Kmax,app(ai) Leres(@) (3.4)

Aemax,app(ai)
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To illustrate the data analysis, Figure 3.1 shows example load versus BFS (i.e.,
compliance) data for a FCGR test at a constant load amplitude. Throughout the test, data were
collected at fixed increments of crack size (Aa). Figure 3.1 shows data for a selected crack size
(ai, shown in red) and for a crack size m increments preceding that crack size (a;.», in black), where
m is somewhat large and suitable for illustration. A negative sign is used on the abscissa of Figure
3.1 because positive applied load on the C(T) results in negative BFS; plotting -BFS makes Figure
3.1 appear similar to figures of load versus CMOD in the prior work [14, 15]. To account for crack
closure, which is common in FCGR test compliance data and especially significant here owing to
negative K, data were only assessed above the opening load (Popen) determined using linear
regression as described in ASTM E647 [24]. The inverse slope of the data above Popen represents
the mechanical specimen compliance that is typically used to calculate crack size in FCGR testing.
Extrapolation of the linear trend to zero load (dashed lines in Figure 3.1) defines the residual strain
€res(a;). The data of Figure 3.1 show significant shifts between grs(a;) and €res(ai-m), as well as
between €max(a;) and emax(ai-m). In the absence of residual stress, no shift in residual strain would

be expected (i.e., s would be constant).

To apply the OLCC difference ratio of Equation (3.4), the ratio of the changes in residual
strain to the changes in strain at the maximum applied load over the finite increment of crack
growth from a., to a;need to be estimated. As such, the difference in residual strain at zero load

1s defined as:

Agres(ai) = Sres(ai) — Eres (ai—m) (3.5)

Since the measured deformation at maximum applied load includes strain due to both

residual stress and applied load, it is necessary to first apply superposition to subtract the shift in
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strain due to residual stress. Therefore, the difference in strain solely from the maximum applied

load is:
A‘gmax,app (ai) = [Smax(ai) - eres(ai)] - [Smax(ai—m) - gres(ai—m)] (3.621)
Agmax,app (ai) = [gmax(ai) - gmax(ai—m)] - Aeres(ai) (3~6b)

where emax 1S the measured deformation at maximum applied load. Kies(ai) from the OLCC
difference ratio is determined by substituting Equation (3.5) and Equation (3.6b) into Equation
(3.4), and noting that Kmax,app(a:) 1s found with Pumax.app(a;) using available equations for the C(T)

specimen [24].
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Figure 3.1: Schematic of OLCC in the presence of a compressive residual stress field showing
data at crack sizes a; (in red) and ai.m (in black) in a constant load amplitude test (after [14,

15]).
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Equations (3.5) and (3.6) comprise a backward difference approach, which enables Kies(a;)
to be determined in real time during an FCGR test. This method is comparable to the forward
difference (using crack size increment i and i+/) as described in the earlier work [14, 15]. A central

difference is an alternative that may offer some improvement, as noted below.

Figure 3.2 shows a second plot of example compliance data with two fundamental
differences from the data of Figure 3.1. First, the specimen was tested under constant AKapp
conditions, so that Pmax decreases as crack size increases. Second, there are data for three crack
sizes: a; and the crack sizes m increments smaller (a;.,) and larger (a;+m). Kres(a;) is then determined

from a central difference ratio using:
Agres(a;) = €res(Airm) — Eres(@imm) (3.8a)
Agmax,app (ai) = [g(ai+m) - e(ai—m)]Pmax_app(ai) — A& (ai) (3.8b)

where the measured maximum strain of Equation (3.6b) is replaced in Equation (3.8b) with the
strain at each crack size (e(ai.») and €(ai+n)) occurring at the same load, Pmaxapp(ai). These
maximum strain values at each crack size are determined from linear fits to the compliance data
above Popen (dashed lines in Figure 3.2), extrapolating as needed. Substituting Equations (3.8a)
and (3.8b) into Equation (3.4) allows the determination of Kies(ai) via a central OLCC difference
ratio, where the data are assessed over 2m increments of crack growth. It is important to note that
the same load must be used to determine A&max,app(a:) in Equation (3.8b) and Kmax,app(@i) in Equation

(3.4) for this data analysis method.
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Figure 3.2: Schematic of OLCC central difference ratio method for data from a test under
constant AK (decreasing load) in the presence of a compressive residual stress field.

While the backward and central difference ratio analyses described are complementary to
the forward difference analysis presented previously [14, 15], an improved data analysis that
applies a smoothing differential to determine Kies(a;) is proposed in this work. When compliance
data are saved during an FCGR test, two sets of strain values can be determined for each crack

size: the residual strain, €rs(a;), in the manner described above, and a reference strain:
eref(ai) = [g(ai)]Pref — Eres(ay) (3.9)

where €rf(a;) is found for each crack size from the linear fit to the compliance data above Popen
evaluated at a specific (but arbitrary) load Prr that must be constant for all crack sizes. Given

sequences of strains as functions of crack size, post-test determination of Kes(a;) follows prior
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work in slitting [18] by using the incremental polynomial method to determine each of the two
derivatives of strain with respect to crack size of Equation (3.3a) (deres(a;)/da and derer(a;)/da). The
incremental polynomial method appears in ASTM E647 [24], where it is used to determine FCGR
from the record of crack size versus cycle count. The analysis recommends a quadratic polynomial
fit to a set of 2N+1 consecutive data points, comprising data at a specific crack size, a;, along with
N additional data points at preceding values of crack size and N additional points at succeeding
values of crack size (data from crack sizes a..n to a;+n). The polynomial is used to compute the
analytical derivative of the quadratic fit for both strains of interest (&res and €rf) at a specified crack
size. With the two derivatives determined for each crack size, Kies(a;) is found from Equation
(3.3a), with Kref(a;) computed with Pr.r and the available equations for the C(T) specimen [24]. In
this work, Prer is assumed to be the maximum load at the first recorded crack size (i.e., Pref(a) =
Pmax(a1)) and this method for determining Kies(a) using Equation (3.3a) is referred to as the OLCC

derivative ratio method.

A final OLCC data analysis approach returns to the theoretical origins of the slitting
method and uses Schindler’s influence function to determine Kres as given by Equation (3.1). This
method, referred to as OLCC Z(a), requires a defined influence function for the specimen geometry
of interest and the specified deformation measurement (BFS in this study). At the time of the
publication of the earlier work by Lados, and Apelian and Donald, an influence function for a C(T)
specimen had not been established for BFS deformation data. Since then, Olson and Hill [23] have
developed Z(a) for the compact specimen (C(T)) with deformation measured by BFS. Therefore,
the OLCC Z(a) method can be used to compute Kies(a) from Equation (3.1) with Z(a) from [23]
and the derivative of residual strain with respect to crack size (ders(a)/da) computed as described

for the OLCC derivative ratio method (i.e., using the incremental polynomial method over 2N+1
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data points). This approach, like the OLCC derivative ratio method described previously, assumes
that the residual stress fields vary smoothly and continuously; if steep gradients of residual stress

are present, use of incremental polynomial smoothing may lead to errors.

Estimation of Noise in Data Reduction Methods

Noise about a typically smooth Kies(a) profile is expected for OLCC because the data
analysis involves derivative estimation, either directly or by ratios of deformation changes, from
noisy signals (measured residual strain, €s(a), and measured reference strain, €(a)) with respect
to crack size. As such, a robust OLCC data analysis method should limit the effects of experimental
noise on computed values of Kies. For the OLCC central difference ratio, noise can be reduced by
increasing m, thereby providing larger values of Agres and A€maxapp. Similarly, for the OLCC
derivative ratio or OLCC Z(a) methods, noise can be reduced by increasing the value of N so that

each value of Kes is found from a larger set of strain data.

To compare the noise in the calculated values of K;es determined by each OLCC data
analysis method, compliance data were examined for a representative FCGR test performed under
constant AKapp. The standard error about the trend of Kyes(a) provides a metric of noise in the data,

and was computed for a range of values of m and N from 2 to 30 using (from [25]):

_ i—3 (Kres(j)_3Kres(j+2)_Kres(j+3))2
Kres(noise) - \/Z;’=1 20(i-3) (3.10)

where i is the total number of crack size increments at which Kies(a) is computed. A plot of noise
as a function of m or N for Kes(a) determined by the OLCC central difference ratio, the OLCC

derivative ratio, and OLCC Z(a) informs a comparison of these three methods.
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3.2.3. Fatigue Crack Growth Rate Testing

A total of four specimens was used for FCGR testing at each residual stress state examined
in this study. In addition to the secondary specimens used for slitting tests (described below), two
specimens from each stress state were fatigue tested at a constant applied AK (AKapp). Then, the
remaining specimens were tested under decreasing AKapp, increasing AKapp, or constant load
amplitude. The FCGR tests were performed in lab air as described in ASTM E647 [24] at 15 Hz
with an applied stress intensity factor ratio (Rapp = Kminapp/Kmax.app) of 0.1 on an Instron 1321
servohydraulic load frame. Prior to testing, specimens were notched via wire EDM and precracked
to a/W of approximately 0.25 using a software-controlled load shedding methodology. The final
Kmax of the precrack was less than the Kimax at the start of the fatigue test in accordance with ASTM
E647 [24]. Constant AK,pp tests were programmed for execution at Kmax of 13.2 MPa-m®> and
decreasing AK,pp tests were programmed to start at Kmax of 15.4 MPa-m®> with a load shedding
constant (C) equal to -0.08 mm!. Two different increasing AKapp tests were performed: one at a
constant applied load amplitude of 3780 N (starting Kmax = 12.1 MPa-m®) and the other with a

load increasing constant (C) equal to +0.04 mm™' and a starting Kmax of 11.6 MPa-m°~.

An MTS TestStar II control system was modified to accept back-face strain (BFS) for the
compliance method of crack size monitoring. A Micro-Measurements CEA-13-062UWA-350
strain gage (gage length of 1.57 mm) was centered on the crack plane on the back face of each
C(T) specimen and strains were monitored using a Vishay Instruments P3500 strain indicator with
an analog output fed to the MTS controller as a calibrated input. Load versus BFS data were
recorded and indexed. Each compliance data set contains 500 data points from three consecutive
cycles and represents an averaged compliance for each crack size. The compliance data sets were

saved at crack growth increments of Aa = 0.051 mm for post-test analysis in MATLAB [26]. The
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inverse of the slope of the linear region found through least squares linear regression analysis of
stored compliance data was used to calculate crack size, a, during post-test analysis. Calculated
values of crack size were then compared to those determined by the MTS 790.40 fatigue crack
growth software during FCGR testing for control of applied load for tests under K control.

3.2.4. Material and Specimens

Material

For this study, material with a well-controlled residual stress state was required. As such,
aircraft aluminum alloy thick plate was chosen, from which quenched bars were made. Quench-
induced residual stress in AA 7050-T74 (non-stress relieved) bars is known to be large and
repeatable with a nearly symmetric parabolic distribution of stress acting along the bar length, that
is tensile in the center and compressive near the edges [1, 27, 28]. In this study, bars were cut from
a large section of 102 mm thick AA 7050-T7451 rolled plate, where the -51 suffix indicates stress
relief by stretching following heat treatment and quench. Bars were cut with dimensions 310 mm
(rolling direction, L) x 76.2 mm (long transverse, LT) x 102 mm (short transverse, ST) as shown
in Figure 3.3(a). To introduce residual stress, the T7451 bars were reprocessed to T74 temper by
solution heat treatment at 750 K, followed by immersion water quenching and artificial aging to
the T74 condition, and then used without stress relief. Replicate quenched bars were used in a
related study of residual stress and its effects on fatigue crack growth behavior and model-based

prediction [29].

Table 3.1 provides mechanical properties for the AA 7050-T7451 starting material, as
provided in the certificate of conformance, as well as those of AA 7050-T74, as reported in the

ASM Handbook [30].
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Table 3.1: Mechanical Properties for AA 7050

Elastic Modulus Poisson’s Ratio Yield Strength (ay) UTS (ov)

AA 7050-T7451 71,000 MPa 0.33 450 MPa 520 MPa

AA 7050-T74 71,000 MPa 0.33 414 MPa 483 MPa

Fatigue crack growth rate test specimens were extracted from two nominally identical
blocks cut from one 7050-T74 bar, referred to as Block 1 (B1) and Block 2 (B2). The blocks had
dimension 79.4 mm (L) x 76.2 mm (LT) x 102 mm (ST) and were oriented in the bar as shown in
Figure 3.3(a). A total of 20 compact (C(T)) specimens, 10 from each block, were extracted
symmetrically with respect to the block mid-line to mirror the symmetry of the expected parabolic

residual stress field (Figure 3.3(b)).

The specimens were machined so that the applied loading direction was along the rolling
(L) direction of the parent plate and crack growth occurred along the long transverse (LT)
direction, which ASTM E1823 defines as the L-T sample orientation [31]. Specimen dimensions
of width (W) 61 mm and thickness (B) 6.35 mm are illustrated in Figure 3.3(c). The loading holes
of the C(T) specimens accommodated readily available load frame clevises, and as such were
slightly smaller than the ASTM recommended diameter of 0.25W. Specimen positions were
numbered 1 through 10 from top to bottom of each block. Specimens extracted at increasing
distances from the mid-line are expected to have decreasing magnitudes of residual stress.
Positions 1 and 10 are referred to as the low (L) residual stress state, positions 3 and 8 are referred
to as the medium (M) stress state, positions 2 and 9 as the second medium (M2) stress state, and
positions 5 and 6 as the high state (H). Therefore, the specimen from Block 1 at position 1 is

expected to have the low stress state and is denoted as B1-1 (L). Specimen positions from each
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block for the purpose of this study are shown in Figure 3.3(b) (unlabeled positions were not

tested).

a b
@) (o) o
~ || short transverse 7 )

direction (ST) Position 1 (L)
102 mm Position 2 (M2)

J % Position 3 (M)

% Position 5 (H)

ST % Position 6 (H)

Rolling direction (L) 102 mm

. ) 310 mm Position 8 (M)
\ - Position 9 (M2)

Long transverse Position 10 (L)

direction (LT)
76.2 mm
(c) ‘Lx A/LT'
d=12.7 mm 79.4 mm 76.2 mm
L Fracture plane
1.2W
Q W =61mm
B =6.35mm
LT
1.25W

Figure 3.3: (a) Bar geometry with extraction of Block 1 (B1) and Block 2 (B2), (b) Block
geometry with extraction of specimens and positions labeled, and (c) C(T) specimen geometry.

Slitting Details for C(T) Geometry

Kes was measured in several specimens by the slitting method. The slit was cut in 50 equal
cut depth increments, each 1.45 mm, to a final cut depth of about 95% of the total specimen width
(95% of 1.25W). BFS data were collected after each cut depth increment using a strain gage
applied at the back face (at x = 1.25W) of the crack plane and centered on the specimen thickness.
The strain gage was of the same type as those used in the FCGR tests (gage length of 1.57 mm).
Strain versus cut depth data were used to determine residual stress as a function of distance from
the front face, x, using an inverse analysis described previously [19]. Kyes(a) was determined using

Equation (3.1), where the derivative of strain with respect to cut depth was determined using the
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incremental polynomial method, as described earlier for OLCC, with N = 2. Slitting provides
values of Ky for all crack sizes starting from the front face of the specimen. For the C(T) geometry,
it is typically assumed that a = 0 at the loading holes (x = 0.25W). Therefore, slitting provides Kies
in the C(T) starting at negative values of crack size and may provide a non-zero value when a =0

(Figure 3.4).

Z (Rolling Direction)

O

> X I back-face
strain gage,
Kres(a) BFS g g

where a = x — 0.25W

Figure 3.4: Schematic of slitting method for the determination of K,.s as a function of cut depth
(Kres(a)) using back-face strain (BFS).

Specimen Designations

Results for Kes from slitting and OLCC are compared to validate OLCC and to assess the
various data analysis methods. The OLCC method was explored in FCGR tests under a range of
loading conditions, including constant applied load amplitude, constant AKapp, and with AKapp
gradients. Specimen designations for slitting and OLCC measurements can be found for reference

in Table 3.2 along with a description of their test type.
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Table 3.2: Specimen designations for validation of OLCC

Specimen Specimen
Name Test Type Name Test Type
slitting Aa = 1.45 mm AKapp= 12 MPa-m®3
B1-1(L) (a, =57.2mm) B2-1(L) (2, =47.9 mm)
AKapp = 12 MPa-m®” AKapp = 12 MPa-m®”
B1-2 (MZ) (aﬂnal - 458 mm) Bz-z (MZ) (aﬁnal - 462 mm)
slitting Aa = 1.45 mm AKqpp = 12 MPa-m®*
BI3M) | (@ =572mm) B2-3(M) (a,,, = 48.1 mm)
slitting Aa = 1.45 mm
B1-5 (H) (a, =57.2 mm) B2-5 (H) N/A
AKapy = 12 MPa-m0 slitting Aa = 1.45 mm
B1-6 (H) (a, = 45.2 mm) B2-6 (H) (= 57.2 mm)
AKapp — 12 MPa-m®* decreasing AKapp
BISMW | (o =486mm) | BZ8MD | —329mm)
increasing AKupp: increasing AKapp:
Punax = 3780 N = .
B1-9 (M2) B2-9 (M2) C=+0.04 mm
(aﬁnal =39.8 mm) (aﬁnal =40.8 mm)
AKapp — 12 MPam’ decreasing AKapp
BIOM | o —476mm) | BFOM | @ —311mm)

3.3. Results and Discussion

3.3.1. Slitting Measurements

The results shown in Figure 3.5(a) and Figure 3.5(b) confirm the consistency of residual
stress and Kyes, respectively, between the two different AA7050-T74 blocks and relative to the
anticipated symmetry about the block mid-line with specimen position. The residual stress fields
of specimens B1-5 (H) and B2-6 (H) are nominally the same, so the two blocks are considered

identical. The asymmetry of residual stress with respect to x is attributed to the release of residual
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stress when the loading holes were machined. Furthermore, specimens extracted from positions
adjacent to the mid-line contain the largest magnitudes of residual stress (B1-5 (H) and B2-6 (H)),
and the magnitudes decrease as the specimen extraction position moves away from the mid-line,
as seen in B1-3 (M) and B1-1 (L) of Figure 3.5(a). The large magnitude of compressive residual
stress at the front face of B1-5 (H) and B2-6 (H) is consistent with large negative values of Kyes
that become less negative (decrease in magnitude) as crack size increases. Even small changes in
the residual stress profiles of (Figure 3.5(a)) result in noticeable differences in the Kies profiles
((Figure 3.5(b)). This is evident in the middle stress state (position 3 and by symmetry, position
8), which has a small difference in residual stress as compared to positions 5 and 6, but a more
noticeable difference in Kres. The low stress state removed furthest from the center of the block
(position 1 and by symmetry, position 10) has a smaller magnitude of residual stress and
significantly smaller K. as compared to specimens from the other positions. Overall, the slitting

results of secondary specimens verified the expected residual stress trends in the material.
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Figure 3.5:Comparing (a) Residual stress profiles and (b) Ky es profiles from slitting of specimens
BI-1(L), BI-3 (M), BI-5 (H), and B2-6 (H).
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3.3.2 On-line Crack Compliance

Comparison of Methods for Data Reduction

Prior to examination of the OLCC data analysis methods, residual strain data (gres),
measured maximum strains (€max), and the adjusted maximum strain (Emax,app) data from FCGR
testing of specimen B1-8 (M) are compared to strain data from slitting of specimen B1-3 (M) from
a position equidistant to the block mid-line (Figure 3.6). The OLCC strains, €res and €max,app, have
opposite trends with crack size, resulting in negative values of the derivative ratio, which is
consistent with negative Kres. Although residual strain (€rs) measured during slitting and OLCC
exhibit similar trends, there is an offset between them due to each having a different zero datum
(for slitting, an uncut specimen, and for OLCC, a notched and precracked specimen). The
difference in zero datum does not affect values of K.es, since only derivatives (slopes) are used in

their computation.
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Figure 3.7 compares K.es determined by slitting in specimen B1-3 (M) to that determined
by the OLCC difference ratio method in specimen B1-8 (M), which was tested under constant
AKapp conditions (Pmax(a;) decreases as a; increases). Figure 3.7(a) and Figure 3.7(b) compare
results for the backward difference and central difference over two different increments of crack
growth. For the central difference, the difference is taken between crack sizes a;+» and a;.,, to find
Kres(ai). For the backward difference, the difference is taken between crack sizes a; and a;.2,. Thus,
the two figures reflect deformation changes over crack size increments Aa = 0.56 mm (Figure
3.7(a)) and Aa = 1.6 mm (Figure 3.7(b)). These results demonstrate that K..s from the OLCC
difference ratio agrees with the trend from slitting the specimen of the same residual stress state.

They further highlight the value of taking the difference over a larger range of crack size, with
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OLCC results of Figure 3.7(b) exhibiting much smoother trends than those in Figure 3.7(a).
Figure 3.7 shows that the backward difference causes a shift in Ks to lower (more negative)
values at high m relative to Kis from slitting. The shift increases as m increases, indicating a
systematic error that is associated with the backward difference data reduction. The central

difference does not exhibit a similar error and is therefore preferable.
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Figure 3.7: Comparing backward difference and central difference for the OLCC difference

ratio method in specimen B1-8 (M) for values of m representing similar increments of crack size
(a) i-10 and i+5 (4a = 0.56 mm) and (b) i-30 and i£15 (da = 1.6 mm).
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Figure 3.8 shows noise in Kis (from Equation (3.10)) for the three OLCC data analysis
methods over a range of m and N, each applied to data from specimen B1-8 (M). Noise decreases
monotonically with m and N, with small values leading to high levels of noise in the Kies(a) profile.
Figure 3.8 further shows that the Kes(a) profile from the OLCC difference ratio method has far
greater noise than the profiles from the OLCC derivative ratio or OLCC Z(a) methods, the latter
two exhibiting nearly identical noise levels. This result indicates that the incremental polynomial
method provides derivative estimates (used to compute Kies) that are more robust to noise than
those obtained by a difference ratio. As seen in Figure 3.8, at a value of 10 (where 2N +1 and 2m
+ 1 correspond to Aa of 1.07 mm) noise levels for the OLCC Z(a) and derivative ratio methods are
less than 0.04 MPa-m®>, which seems a suitable precision for Ky values. Furthermore, minimizing

N or m allows determination of Kres over a larger range of crack size (because estimating Kres(a:)
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requires truncating data of m or N points at each end of the data set). In this work, a value of m =
N = 10 is used to process the data from all tests, taken as an appropriate trade-off between

minimizing noise and limiting truncation at both ends of the data sets.
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Figure 3.8: Noise from K,es data analysis using OLCC Z(a) [12], OLCC central difference ratio
[14, 15], and OLCC derivative ratio methods for a constant AKpp test of specimen B1-8 (M).

A comparison of Kyes as determined by the three OLCC data analysis methods (with N = m
= 10) for specimen B1-8 (M) and by slitting for specimen B1-3 (M) is shown in Figure 3.9. The
Kies profiles from the OLCC Z(a) and the OLCC derivative ratio methods are indistinguishable
and agree very closely with results from slitting (green line). Since the OLCC method is derived
from Schindler’s technique for calculating Kies, similarity between results of the methods is

expected. Furthermore, the inset of Figure 3.9 shows a higher level of noise from the OLCC
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central difference ratio, as expected from Figure 3.8, but that the overall trends in Ky are similar
for the three OLCC data analysis methods. The results of Figure 3.9 are representative of data
analyses for all tests performed in this work; the results that follow employ only the OLCC Z(a)
method (with N = 10), which was selected because it relies on only a single set of experimental

strain data (€res).

5 T T T I ¥ T T T T T
—B1-3 (M) - slitting
—-—-OLCC central difference ratio (m = 10)
——OLCC Z(a) (N =10)
0= OLCC derivative ratio (N = 10) |
1
'g‘ |
|
e |
[l |
= -9 , i
e I -
d ! M/
X : i \,'\. rf
10 - : W S 1
I 5 ' I x
| .
' -6
1 25 30 35
_1 5 ] ] | ] ] ] ] ]

-10 0 10 20 30 40 50 60
a, crack size [mm]

Figure 3.9: K,es from the three OLCC data analysis methods in specimen B1-8 (M) with data
reduction over Aa = 1.07 mm (m = N = 10).

OLCC Kyes Results from FCGR Test Data

Figure 3.10 shows Kies from constant and decreasing AKapp fatigue tests of the low (L),
middle (M), and high (H) stress state specimens compared to Kies from slitting of companion

specimens. The location of the notch tip (solid vertical line) and the end of the precrack (dotted
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vertical line) are indicated. For these K-control tests, a range of 40% to 90% of Pmax was used by
the FCGR test control software to determine crack size from compliance data, and then determine
the appropriate applied load levels. For the low stress state (Figure 3.10(a)), the data for B1-1 (L)
and B2-1 (L) demonstrate excellent agreement in Kes profiles from slitting and OLCC methods.
The Kies values in sample B1-10 (L) are smaller (less negative) than those in the other two
specimens, which is attributed to a slight asymmetry of residual stress in specimens removed
farthest from the block mid-line. Results from B2-10 (L), tested under decreasing AKapp, agree but
have fluctuations of about + 1 MPa-m°?. For the medium stress state, both OLCC Kies results from
B2-3 (M) and B1-8 (M) show very good agreement with the slitting results from specimen B1-3
(M) (Figure 3.10(b)); both samples were tested under constant AK,pp. On the other hand, OLCC
Kies results from B2-8 (M), tested under decreasing AK,pp, show initial agreement with slitting but
then some divergence (of about 1.8 MPa-m®?) at the longest crack size. The OLCC Kyes profile
from the high stress state specimen B1-6 (H) (Figure 3.10(c)), tested under constant AKapp, shows
some differences with the slitting results of specimens B1-5 (H) and B2-6 (H), which agree well
with each other. In B1-6 (H), the starting Kies at the initial crack size (about -10 MPa-m®?) is close
to the AKapp of 12 MPa-m®°. The resulting crack path deviated from the crack plane by 29 degrees,
thereby invalidating the FCGR data. When the compliance data were analyzed using the OLCC
Z(a) method, a reasonable estimate of K.es in B1-6 (H) was obtained, indicating that the OLCC
method can provide useful values of Kres even for a skewed crack path (no longer a symmetric

geometry or solely Mode I crack growth).
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Figure 3.10: OLCC K, results for (a) low stress state (b) middle stress state and (c) high stress
State.

Post-test analysis of the compliance data from K control FCGR tests revealed challenges
related to test control. Figure 3.11 shows Pmax profiles for constant and decreasing AKapp fatigue
tests of the low stress state (L), middle stress state (M), and high stress state (H). The negative Kies
in the material under evaluation contributed to crack face contact in the crack wake (crack closure)
that was far larger than would occur in tests of specimens free of residual stress. As the crack size
increased and the loads decreased, Popen exceeded the lower limit of 40% of Pmax used for fitting
of the compliance data by the FCGR test control software. This resulted in inaccurate calculated
crack size and thus incorrect applied loads during the tests. Post-test analysis of the compliance
data made use of a linear fit of the compliance data above Popen for crack size determination, which

enabled a correct assessment of AK,pp and Rapp during the test. The dotted lines in Figure 3.11(a)
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and Figure 3.11(b) show the expected load shedding for constant AKapp at a Kmax of 13.2 MPa-m®?

and the decreasing AKapp fatigue tests starting at a Kmax of 15.4 MPa-m®> with C = -0.08 mm!.
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As revealed in Figure 3.11(a), tests of the middle and high stress state specimens under
constant AKapp did not follow the expected loads at small crack sizes, but as Kies decreased in
magnitude (and consequently, Popen also decreased) the applied loads approached the expected
values based on the control parameters. The low stress state specimen followed the expected
applied loads throughout the entire FCGR test. Despite deviations in applied load, an evaluation
of the actual stress ratio (Rapp,act) revealed the constant AK,p, tests were loaded at the intended Rapp
of 0.1 (Figure 3.11(b)). Figure 3.11(c) shows that during the decreasing AKapp tests, the middle
stress state specimen never experienced the expected applied loads, and the low stress state
specimen had the intended loads up to a crack size of 24 mm. In the case of the decreasing AKapp
tests, the erroneous estimates of crack size during the test led to the application of values of Kmax

and Rapp.act that were different from those that were intended (Figure 3.11(d)).

Despite the unexpected loading, a reasonable estimation of Kies is still found in these
specimens using the OLCC Z(a) method (Figure 3.10(a) and Figure 3.10(b)). This outcome can
be attributed to the post-test analysis of compliance data in which a linear regression above Popen
rather than above the fixed 40% of Pmax is used to determine €rs and an accurate calculation of
crack size. Rather than suggesting limitations in the OLCC method, the results of Figure 3.11
show limitations in the FCGR test procedure and control software. Specifically, to conduct FCGR
tests in the presence of a significant compressive residual stress intensity factor, the operator must
monitor and adjust, or the software must automatically adjust, the lower limit of the compliance
fit region to exclude the influence of crack closure. Preferably, more advanced test control software
that could intelligently select and adjust the least squares fit range for linear compliance
calculations of crack size would rectify the situation. Subsequent FCGR tests in constant and

increasing AKapp control were conducted for specimens from positions 2 and 9 where crack size
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was found from compliance data at high levels of applied load (65% to 95% Pmax). Figure 3.12(a)
shows that with this approach the applied Pmax matched the values expected for the entire FCGR

test (Figure 3.12(b) shows that Kmax and Rapp.act Were also as expected).
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Figure 3.12: Pyax as a function of crack size (a) and Kuax (left axis) with Rapp,act (blue markers,
right axis) as a function of crack size (b) for constant AK.pp fatigue tests and increasing AKqpp
fatigue tests for (M2) stress state demonstrating Pmax control for the entire crack size.

Plasticity Effects in OLCC

The Kies results from the increasing FCGR tests of positions 2 and 9 are shown in Figure
3.13. The specimens of position 2 were tested at a constant AKapp and the specimens of position 9
at AKapp increasing conditions. Additionally, a slitting measurement of Kres was performed while
machining the notch of B1-2 (M2) and B1-9 (M2) to determine K in the notch plane (left of the
solid vertical line indicating the notch tip). In this manner, full K5 profiles for B1-2 (M2) and B1-
9 (M2) across nearly the entire specimen width were found. The small differences in the notch
slitting of B1-2 (M2) and B1-9 (M2) (Figure 3.13) supports the earlier result (Figure 3.10(a)) of
a slight difference in Kes of specimens removed at positions far from the block mid-line, but on
opposite sides (i.e., specimens 1 and 10, or specimens 2 and 9), where higher numbered positions
exhibit lower magnitude Kres. The OLCC Kies results are consistent with the notch slitting, also

reflecting a small difference with specimen extraction location. Data from both the constant AKapp
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specimens of position 2 demonstrate a smooth Kes profile for the entirety of the FCGR test and
are used as a reference for the data from position 9 specimens. In the case of the increasing AKapp
tests of position 9, the trend in OLCC K5 agrees with the expected (position 2) trend, but deviates

at large crack sizes.
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Figure 3.13: OLCC K, profiles for constant AKupp fatigue tests and increasing AKqpp fatigue
tests of M2 stress state.

Previous work has suggested limitations with the OLCC method due to plasticity in the
remaining ligament (having size of W-a) [9], and proposed an analysis of the plastic zone size as
a function of crack size to assess this effect. The plastic zone size is a function of specimen yield
strength and Kmax (and therefore, crack size and applied load) [32]. Figure 3.14 illustrates the

plastic zone size for plane stress, calculated from the equation inset in Figure 3.14, divided by the
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size of the remaining ligament (rp,/(W — a)) as a function of crack size in the four tests of Figure
3.13. The Kmax at each crack size and the material yield strength of 414 MPa were used for plastic
zone size calculations. A reasonable limit for remaining ligament effects is identified when 1

approaches 5% of the remaining ligament (black horizontal line) [33].
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a, crack size [mm]

Figure 3.14: Ratio of plastic zone size to remaining ligament size for M2 stress state specimens.
The increasing AKapp tests (specimens B1-9 and B2-9) have plastic zone sizes that increase
rapidly as crack size increases, approaching and surpassing 5% of the remaining ligament. When
1p becomes too large in relation to the remaining ligament, LEFM concepts break down and no
longer permit accurate determinations of €ws (Which then contains a plastic deformation
component) used for Kies calculations. If OLCC Kies data are excluded when rp, > 0.05(W — a), there

is agreement among OLCC Kies found under constant and increasing AKapp tests for samples with
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the same level of residual stress; here, the exclusion applies for crack sizes larger than 34 and 37

mm for specimens B1-9 (M2) and B2-9 (M2), respectively, as shown in Figure 3.15.
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Figure 3.15: OLCC K, profiles for constant AKapp fatigue tests and increasing AKqpp fatigue
tests of M2 stress state with points having plastic zone size greater than 5% of the remaining
ligament grayed out.

3.3.3. Fatigue Crack Growth Rates

Fatigue crack growth rate data from the constant AKap, tests from the low residual stress
specimens (positions 1 and 10) and the second medium residual stress specimens (positions 2 and
9) are shown in Figure 3.16(a). Data from specimens at positions 3 and 8 are excluded because
applied loads deviated from those intended, as described above (Figure 3.11(a)). Data for the high
residual stress specimen (B1-6 (H)) are excluded because of applied load deviation (Figure

3.11(a)) and because excessive deviation of the crack path from the crack plane make the FCGR
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data invalid according to ASTM E647 [24]. The data from the present AA7050-T74 specimens
with compressive Kies are compared to those reported by Newman et al. for AA7050-T7451 [34]
at an applied stress ratio of 0.1 (black line), which are presumed to be unaffected by bulk residual
stress. Differences decrease as crack size and/or AKapp increase (Figure 3.16(a)). Under constant
AKapp, medium stress state specimens (B1-2 (M2) and B2-2 (M2)) demonstrate the lowest crack
growth rates with both specimens showing excellent agreement in FCGR behavior. The low stress
state specimens (B2-1 (L) and B1-10 (L)) demonstrate fatigue crack growth rates that are closer to
the value reported by Newman et al. with B2-1 (L) having lower FCGRs than B1-10 (L). This
difference in FCGRs in the low stress state is consistent with the differences in Kies in Figure

3.10(a) (relative to position 1, position 10 has smaller magnitude K.es and higher FCGR).

The FCGRs from the increasing AKapp tests of position 9 and the decreasing AKapp test of
position 10 are presented in Figure 3.16(b). The increasing AKapp tests are truncated at the crack
size where 1p reaches 5% of the remaining ligament. The decreasing AKap, test data are limited to
smaller crack sizes where the applied Pmax corresponded to the intended loads (a <22 mm). The
FCGRs of 16(b) are also compared to those reported by Newman et al. [34] at an applied stress
ratio of 0.1 (black line). Figure 3.16(b) shows that FCGRs over a range of AKap, values, for the
medium (B1-9 (M2) and B2-9 (M2)) and low stress state (B2-10 (L)) specimens, are lower than
those in material free of residual stress, which is consistent with negative Kies profiles found in

slitting (Figure 3.5(b)) and by OLCC (Figure 3.10(a) and Figure 3.13).
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3.4. Conclusions

The residual stress intensity factor (Kres) characterizes the effect of residual stress on the
response of a cracked body, which is known to affect measured fatigue crack growth rate (FCGR)
data. Prior work has shown Kes can be determined through a destructive testing method, notably
slitting of a secondary specimen. However, recent developments have led to the establishment of
the on-line crack compliance method (OLCC) that can be used to determine Kies during an FCGR
test, eliminating the need for secondary specimens [14, 15]. To support the broader implementation
of the OLCC method, this work has presented details of OLCC data analysis methods, applied
these methods in the context of FCGR tests under a range of loading conditions, and compared
OLCC Ky data to data obtained by the slitting method. Tests were performed in compact (C(T))
specimens removed from blocks of AA7050-T74 material with residual stress from the quench
and age heat treatment. All specimens exhibited negative values of Kis with specific specimens
having larger or smaller levels of Kis depending on the position from which they had been

removed from the blocks. The work of this study revealed:

1. The back-face strain approach works well for measuring deformation for the OLCC
method. This work complements prior publications that described the OLCC method

using crack mouth opening displacement.

2. The three data analysis methods explored in this study — OLCC Z(a) (Schindler’s
influence function), OLCC central difference ratio, and OLCC derivative ratio — are
valid approaches for analyzing residual strain data to determine Kes via post-test data
analysis. A comparison to slitting results from a secondary specimen validated OLCC

as useful and accurate.
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3. The OLCC central difference ratio method eliminated an erroneous systematic shift in
the values of Kies that was present in the OLCC backward difference ratio method.
However, since the OLCC central difference ratio method estimates a change in
deformation over a finite interval of crack size by a difference, the overall noise in the
Kres values was higher as compared to the other data reduction methods that use more

robust derivative estimates.

4. Both OLCC Z(a) and OLCC derivative ratio methods utilize incremental polynomial
derivative estimation and provided nominally identical results. The OLCC Z(a) method
depends on the existence of a reliable influence function for the fatigue specimen
geometry of interest. For the compact (C(T)) geometry with back-face strain
measurement, an influence function has been developed and published in the literature
[23]. As such, the OLCC Z(a) method was chosen as a best practice for the

implementation of OLCC in this study.

5. In the case of constant AKpp control tests and constant applied load amplitude tests,
the OLCC method provided accurate measurements of K. relative to measurements

from slitting.

6. In the case of decreasing AKa,, control tests, crack face contact influenced the
estimation of crack size leading to inaccurate test control at the low applied loads
associated with small values of AKap,. While these issues did not affect the
determination of Kies, carefully choosing test control and post-test data analysis
parameters is recommended to obtain accurate and useful FCGR results when

specimens have significant levels of compressive residual stress.
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7. In the case of increasing AKapp tests, limitations are present due to plasticity effects in
the remaining ligament for long cracks. When the plastic zone size reached 5% of the
remaining ligament size, the OLCC method provided inaccurate results, similar to what

has been observed in prior work.
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Chapter 4:
Effects of Residual Stress on Orientation Dependent Fatigue Crack Growth Rates in
Additively Manufactured Stainless Steel

Abstract

Localized heating and resulting temperature gradients during additive manufacturing (AM)
creates significant residual stress that influences mechanical behavior, such as fatigue
performance. To quantify residual stress effects on fatigue crack growth in AM materials, crack
growth rates parallel and perpendicular to the build direction in directed energy deposition (DED)
Type 304L austenitic stainless steel were measured. The on-line crack compliance method was
used to determine the residual stress intensity factor, Kies, while simultaneously collecting fatigue
crack growth rate (FCGR) data. Constant applied alternating stress intensity factor (constant
AKapp) tests revealed the primary influence on measured FCGR is the orientation dependent Kres.
Critical analysis of the compliance data from decreasing AKapp tests was used to quantify Kies,
which was then used to correct FCGR data in the near-threshold regime. Results demonstrated that
the fatigue response of DED Type 304L is inherently similar to that of annealed wrought Type

304/304L.

Keywords: additive manufacturing, fatigue crack growth, residual stress intensity factor, on-line
crack compliance, directed energy deposition

3 Submitted: Smudde, C.M., et al., Effects of Residual Stress on Orientation Dependent Fatigue Crack Growth Rates
in Additively Manufactured Stainless Steel. International Journal of Fatigue, 2022.
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4.1. Introduction

Directed energy deposition (DED), a common additive manufacturing (AM) method,
enables fabrication of fully dense metal components layer-by-layer directly from computer aided
design models. Residual stress is an important side effect of the processing due to the inherently
complex thermal history imposed during deposition of the material. Specifically in DED,
significant temperature gradients lead to the formation of high residual stress in the build direction
[1-3]. The deposited material experiences continuous remelting and repeated solidification as
subsequent layers are added, resulting in a residual stress profile in the build direction that is tensile
at the edges (surface zone) and compressive in the center of wall builds [3]. Whereas residual stress
can be minimized by tailoring the processing parameters, complete stress relief is difficult without
post-processing [1]. Due to the same rapid solidification that results in residual stress,
nonequilibrium microstructures are formed in DED materials, which consist of grains with non-
uniform size and shape. For example, the solidification and growth of grains follow the heat-flow
direction, resulting in a variety of elongated shapes [2]. Both residual stress and microstructure
morphology may influence the mechanical performance of DED materials, specifically under the

low applied cyclic loading of near-threshold fatigue crack growth (da/dN < 10-® m/cycle [4]).

Residual stress and microstructure must be assessed to achieve accurate characterization
of mechanical properties and fatigue crack growth rates (FCGRs) in DED materials. A thorough
investigation of and correction for the influence of residual stress on orientation dependent fatigue
crack growth rates in the near-threshold regime of DED Type 304L stainless steel have not been
reported. Moreover, the orientation dependence of residual stress has not been considered in this
context. Smith, et al. explored the specimen orientation dependence of high cycle fatigue life of a

DED Type 304L austenitic stainless steel, but they did not consider the orientation dependence of
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residual stress [5]. Other studies have identified anisotropic fatigue crack growth behavior in
structural alloys produced by AM and found that the orientation dependence decreased after heat
treatments [6-9]. Since the heat treatments were at sufficiently high temperatures to relax the
residual stress and recrystallize the material, the anisotropy of residual stress and microstructure
likely contributed to the observed orientation dependence of the fatigue crack growth response in

as-built AM materials of those studies.

In fatigue, crack growth is typically characterized as a function of the applied alternating
stress intensity factor range (AKapp). Residual stress contributes to the total stress intensity factor
acting at the crack tip and is quantified by the residual stress intensity factor (Kres), which combines
with both the maximum and the minimum applied stress intensity factors (Kmax,app and Kmin,app)-
Since Kres is essentially a mean stress effect, a positive value will increase the total stress intensity
factor ratio (Rit), whereas a negative value will reduce Ri. A larger mean stress, represented by
a larger Ry, results in higher fatigue crack growth rates, indicating that the measured fatigue
threshold can be markedly reduced and observed fatigue crack growth rates can be increased in

the case of positive Kres [10] — and the opposite is true in the case of negative Kyes.

An accurate method of quantifying Kies is necessary to account for the influence of residual
stress on fatigue behavior. The on-line crack compliance (OLCC) method allows for the
determination of Kres through the analysis of compliance data as a function of crack size [11-15].
Using a correction method based on the linear elastic fracture mechanics concepts of superposition
[11, 13, 14], the influence of residual stress on individual test specimens can be determined and
fatigue crack growth data can be corrected to quantitatively account for the impact of process-
induced residual stress. To date, this method to assess and correct fatigue crack growth rates has

not been applied to AM materials.
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Accordingly, the goal of this study is to demonstrate the influence of residual stress on
fatigue crack growth rates in DED Type 304L stainless steel material and to evaluate the
orientation dependence of the intrinsic fatigue response after correcting for residual stress. Fatigue
crack growth rate experiments are performed on compact (C(T)) specimens with crack growth
oriented both parallel and perpendicular to the build direction under conditions of both constant
AKapp and decreasing AKapp. Load versus deformation (back-face strain, BFS) data are analyzed
via the OLCC method to determine the residual stress intensity factor as a function of crack size
(Kres()). In this study, Kies(a) determined by the OLCC method is compared to values determined
from a destructive measurement (slitting experiment) of a secondary specimen [16]. The measured
FCGR data of DED material are then corrected for residual stress using Kies(a) from OLCC. An
investigation of the microstructural contributions to crack growth is used to enhance understanding
of the intrinsic material behavior.

4.2. Material and Methods

4.2.1. Material and Specimens
Type 304L stainless steel powder was built via DED in a Laser Engineered Net Shaping

(LENS®) 750 workstation at Sandia National Laboratories in California. The resulting
composition of the deposited material is nominally the same as that of the starting powder. Four
replicate vertical wall builds with nominal dimensions of 107 mm (Z-direction or build direction)
x 55.9 mm (Y-direction) x 7.62 mm (X-direction) were each deposited on individual stainless steel
baseplates with identical processing parameters and are denoted as DED1, DED2, DED3, and
DED4. Processing was optimized to achieve greater than 99% density as described in an earlier
study of the same material [16]. Tensile properties of similarly processed DED Type 304L are
superior to solution annealed (conventionally manufactured) Type 304/304L stainless steel

wrought material [17].
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The DED vertical walls were removed from their baseplates via wire electrical discharge
machining (EDM). A segment was removed for material characterization before three compact
(C(T)) fatigue specimens with a thickness (B) of 6.35 mm and width (W) of 26.4 mm were
extracted at different distances above the baseplate (bottom (B), middle (M), and top (T) in Figure
4.1). The C(T) specimens were not centered in the Y-direction as result of the removal of the
segments for material characterization (highlighted in light blue in Figure 4.1). Specimens
oriented with loading both parallel and perpendicular to the build direction were utilized to
evaluate crack growth in the horizontal (H in Figure 4.1(a)) and vertical (V in Figure 4.1(b))

directions.

(@)

Z (BD) Z (BD)

Horizontal (H) Vertical (V)

baseplate baseplate

Figure 4.1: Schematic of DED Type 304L builds of each orientation showing extraction location
for top, middle, and bottom compact (C(T)) specimens. The segments shown in light blue on the
right side of the builds were removed for material characterization.

Eight specimens were used in this study to evaluate residual stress intensity factors (Kres)
and fatigue crack growth rate behavior. An equal number were tested with crack growth oriented
horizontal (H) and vertical (V). Specimens were differentiated by their build number (DEDI,
DED2, DED3, or DED4) and by their extraction location (B, M, or T), as identified in previous

work [16]. Four specimens in each orientation from multiple builds were tested to verify
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reproducibility. Kies results from destructive slitting from Ref. [16] are also included for

comparison to the OLCC method.

For reference, the test method designations for the specimens extracted from the DED Type
304L stainless steel are presented in Table 4.1. Additionally, three wrought specimens extracted
from a dual certified Type 304/304L solution annealed stainless steel plate were tested for

comparison and are also listed in the table.

Table 4.1: Specimen designation for K.s and FCGR evaluation.

Specimen FCGR test Specimen FCGR test Specimen FCGR test

DED1-B (H) | decreasing AKapy | DED3-B (V) decreasing AKapp | DED1-M (H) slitting [16]

DED2-M (H) | constant AKapp DED3-M (V) constant AKapp Wroughtl constant AKapp

DEDI1-T (H) | decreasing AKapy | DED3-T (V) decreasing AKapp Wrought2 decreasing AKapp

DED2-T (H) | decreasing AKapp | DED4-T (V) decreasing AKapp Wrought3 decreasing AKapp

4.2.2. Fatigue Crack Growth Rate Tests

Prior to fatigue crack growth rate testing, a notch was introduced to all specimens by wire
EDM to a nominal crack size, a,, of 5.1 mm (a/W = 0.19) in accordance with ASTM E647 [4].
Fatigue precracking and testing were performed on an Instron 1331 servohydraulic load frame
controlled by MTS 790.40 TestStar software under K-control conditions at an applied stress
intensity factor ratio of Rapp = 0.1 and frequency of 10 Hz. Crack size was monitored by the
compliance method in which the modulus was assumed to be that of a fully dense austenitic
stainless steel, 200 GPa. The MTS 790.40 fatigue crack growth software was modified to accept a
back-face strain (BFS) input for the compliance method; additional detail can be found in the

literature [16].
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All specimens were precracked to an initial crack size, a,, of 6.6 mm (a,/W = 0.25) using
a load shedding methodology in accordance with ASTM E647 [4]. Constant applied alternating
stress intensity factor tests with AKqpp = 6.6 MPa-m®> were used to evaluate the influence of
process-induced residual stress on fatigue crack growth rates. Decreasing AKapp tests with a
starting Kmax,app = 11.6 MPa-m®? and a load shedding parameter of C =-0.08 mm™! were performed

to further probe near-threshold FCGR behavior.

Compliance data (load and BFS) with 500 data points from three consecutive cycles
represent an average compliance at each crack size and were recorded at crack size increments of
0.051 mm (Aa/W = 0.002). Following completion of each test, these data were evaluated to verify
crack size at each recorded increment and to determine Kies as a function of crack size via the
OLCC Z(a) method described below. While the fatigue crack growth rate tests were performed at
a fixed applied stress intensity factor ratio (constant Rapp), residual stress acts at the crack tip and

the total stress intensity factor ratio (Rr) must include the effects of Kes:

Kmin,app (@) +Kyes(a)
Kmax,app (a)+Kyes(a)

Reor(a) = (4.1)

where Kminapp(2) and Kmaxapp(2) are determined from the applied cyclic loads and Kies(a) is
calculated at each increment of crack size.
4.2.3. On-line Crack Compliance Method

The on-line crack compliance (OLCC) method was recently developed to calculate the
residual stress intensity factor, Kis, as a function of crack size from data collected during a
traditional fatigue crack growth rate test [11-15]. Derived from a fracture mechanics description
of the residual stress intensity factor (Ki), the OLCC method enables the simultaneous

determination of traditional FCGR data and quantification of Kes(a) to correct the data for the
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influence of residual stress using a single specimen. Residual stress in a material shifts the load-
deformation (BFS in this study) data, such that the compliance plot does not extrapolate to zero
deformation at zero load as expected in a stress-free material. Moreover, the residual stress relaxes
and redistributes as the crack grows, resulting in a continuous shift in the deformation at zero load
that can be quantified. A recent study [18] has explored an improved methodology for data
reduction using BFS data and Schindler’s geometry dependent influence function (Z(a)) [19, 20].
This OLCC Z(a) method for data reduction only requires the determination of the residual strain
€res(a), which represents the shift in deformation data at zero load, and a geometry dependent

influence function [18]. The calculation for the OLCC Z(a) method is described in Equation (4.2):

E' deres(a)

Kres (a) = 7(@) da 4.2)

where E’ is the elastic modulus for a fully dense material (in this case of plane stress for fatigue
tests, 200 GPa). An influence function developed by Olson and Hill for the C(T) specimen

geometry [21] was used in this study.

To depict the OLCC Z(a) method for data reduction, an example set of compliance data
from a constant AKapp test with AM induced residual stress (specimen DED2-M (H)) is illustrated
in Figure 4.2. Compliance plots for two crack sizes are shown in this figure: one for a crack size
of interest (a;) and a second for a crack size preceding a; by m increments (a;.»), where m is taken
to be large for illustration. To determine Kies(a) via the OLCC method, a singular value of residual
strain, €res(a;), 1s measured at each crack size, a;, by extrapolating the linear region of compliance
data to zero load as represented by the dashed lines in Figure 4.2. In this manner, the &s(a;) can
be determined for all crack size increments. In the edge crack fatigue specimens of this study, the

contribution of AM induced residual stress is tensile and maintains an open crack wake throughout

98



the tests. Since crack closure is absent when the crack wake remains open, the compliance data are

entirely linear.
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Figure 4.2: Schematic of determination of residual strain, &-s(a;), for the OLCC Z(a) method
from a compliance plot of load and -BFSS.

The derivative of the residual strain as a function of crack size in Equation (4.2) was
determined numerically by using a quadratic polynomial regression fit similar to that described for
crack growth rate calculations in ASTM E647 with 2N+1 consecutive data points centered around
each value of crack size [4]; this method truncates N points at the beginning and end of the data
set. Therefore, it is important to minimize the chosen value of N to avoid loss of data at either end
of the data set, especially in fatigue specimens with small values of W (26.4 mm in this study).

However, at small values of N, high levels of noise can arise in the K,es profile. To determine an
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appropriate N for this study, Kis was calculated by the OLCC method and compared for three
values (N =5, 10, and 12) for a specimen tested under constant AK,pp, conditions (DED2-M (H)).
A value of N = 10 was used in previous work for specimens with larger W [18].
4.2.4. Characterization of Crack Profiles

Crack path micrographs were collected after fatigue testing. Samples including the crack
tip were cut via wire EDM from specimens that had been tested at constant AKap, (DED2-M (H),
DED3-M (V) and Wroughtl). Samples were then mounted in epoxy and ground to 1200 grit with
SiC paper prior to polishing with an alumina suspension of 3 um, 1 um, and 0.3 pm. Samples were
then vibropolished for 9 hours with 0.05 um colloidal silica. The microstructure of the DED Type
304L material was explored by backscatter electron (BSE) imaging, including grain morphologies
surrounding the crack path. A Thermo Fisher Quattro ESEM operating at 5 kV and 0.46 nA
revealed the differences in grain sizes and shapes in the DED material as compared to annealed
wrought material.
4.3. Results and Discussion

4.3.1. Kyes from On-line Crack Compliance

The residual stress intensity factor (Kes) as a function of crack size was determined using
residual strain (grs) and the Schindler influence function as described by the OLCC method of
Equation (4.2). In Figure 4.3, & for two constant AKap, tests (DED2-M (H) and DED3-M (V)) is
compared to the strain measurements from slitting of a horizontal specimen from Ref. [16]. The
location of the notch tip (solid vertical line) and the end of the precrack zone (dotted vertical line)
are indicated in the figure. The slitting measurement was made prior to the introduction of a fatigue
starter notch and therefore strain is measured at values of negative crack size (crack size is

measured with respect to the load line, not the front face of the specimen).
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Figure 4.3: Residual strain (eres) from OLCC of DED2-M (H) and DED3-M (V) tested under
constant AK .y, condition and slitting of DED1-M (H).

Residual strain (€rs(a)) measurements from slitting and from the OLCC method exhibit
similar trends in Figure 4.3 for horizontally oriented specimens (DED1-M (H) and DED2-M (H),
respectively), suggesting the derivative (hence Kies(a)) will have similar values. The residual strain
data from the vertically oriented specimen (DED3-M (V)) have a more gradual slope and exhibit
a small change as crack size increases throughout the fatigue crack growth rate test. Thus, the
vertically oriented specimen is expected to exhibit small (and relatively constant) values of Kes(a)

and small effects of residual stress on the fatigue crack growth rates.

Figure 4.4(a-c) shows the K results for horizontal specimen DED2-M (H) for three

different values of N: 5, 10, and 12 corresponding to Aa of 0.56 mm, 1.07 mm, and 1.27 mm. The
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smaller loads and smaller strains measured in the material of this study (as compared to [18])
require smoothing over larger crack increments to achieve a reasonable Kis profile. Since
macroscale residual stress does not vary on the length scale of millimeters, using a higher N
(compared to those [18]) is a valid approach to data reduction and N = 12 (Figure 4.4(c)) was used
to analyze data in this study. However, to minimize the truncation of data (since W is small), N =
5 (Figure 4.4(a)) was used for 7 increments of crack size at the beginning (i = 6 to 13) of the
OLCC data analysis prior to the use of N = 12. A similar strategy was implemented at the end of

the data set to reduce the amount of truncated data.
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Figure 4.4: Comparison of choice of N values (values of N: 5, 10, and 12 corresponding to Aa of
0.56 mm, 1.07 mm, and 1.27 mm) for OLCC data analysis of specimen DED2-M (H) with slitting
of DEDI-M (H) [16] for reference.
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In Figure 4.5, the K.es(a) results from the constant AKqp, fatigue crack growth tests of the
horizontal and vertical orientations are compared to values from specimen slitting of Ref. [16].
Despite small scale oscillations in Krs from OLCC attributed to experimental noise and
instrumentation limitations, the horizontal test specimen (DED2-M (H)) agrees well with the
slitting data from DED1-M (H) [16], both of which have Kies values of around 4 MPa-m’? at the
beginning of crack growth, and which decreases continuously as the crack extends. Kies of this
magnitude can significantly impact the total stress intensity factor ratio (Equation (4.1)) in the
near-threshold regime. For example, a AKqpp 0f 6.6 MPa-m® with Rapp = 0.1 corresponds to Kmin,app
and Kmaxapp of 0.7 MPa-'m®® and 7.3 MPa-m®3, respectively. With the addition of Ky of 4
MPa-m®>, Ry is 0.42. While the overall magnitude of Kies(a) from OLCC matches the slitting
measurement, it deviates at longer crack sizes. In contrast, the vertical specimen (DED3-M (V)) is
shown to have negligible residual stress effects on fatigue crack growth, evident by very low Kyes
values (0 — 1 MPa-m®?) that trend towards zero as the crack grows. This level of Ky is consistent

with that present in the annealed (nominally stress-free) wrought material (Figure 4.5).
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Figure 4.5: K,es(a) for specimens DED2-M (H), DED3-M (V), and Wroughtl tested under

constant AK .y, condition compared to slitting measurement of DED material (DEDI1-M (H))
[16].

The large spike in the Kies at a crack size of 8 mm for DED3-M (V) (Figure 4.5) can be
attributed to a transient in the grs(a) slope at this crack size as shown in Figure 4.6. Prior to a crack
size of 8 mm, the decrease in the strain versus crack size data is gradual. At a crack size of 8 mm
there is a transient change in slope, which rapidly recovers to a slope consistent with that prior to

the transient. This dependence of residual strain on crack size is amplified during the derivative

determination of the data reduction and results in the spike in the Kes(a) profile.
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Figure 4.6: Detailed view of transient in residual strain (eres(a)) for DED3-M (V) tested under
constant AKpp condition near 8 mm crack size.

Figure 4.7 presents the Ky results from the constant and decreasing AK,p,, fatigue crack
growth tests for all specimens. The Kies(a) profiles reveal a clear difference between H and V
orientations. The crack growth specimens tested under decreasing AKapp, conditions were found to
have similar K.s(a) profiles as DED2-M (H) and DED3-M (V) tested under constant AKqpp
conditions. Comparison of the two testing configurations (constant AKap, and decreasing AKapp)
across several builds shows consistent Kres profiles demonstrating the repeatability of the DED
method and the consistency of process-induced residual stress. All horizontal orientation
specimens, regardless of extraction location with respect to build height, had similar Kes(a) values
(3.5 - 4.5 MPa-m®? for a < 17 mm). For example, all DED1 specimens (B, M, and T) show similar

values of Kres around 4 MPa-m®? at the notch tip, which decreases as crack size increases. The
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Kres(a) values of DED2-T (H) agree with those of DED2-M (H) and start at around 3.5 MPa-m®?
at the notch tip. Variability in K.s(a) between specimens of the same orientation is more apparent
in the vertical specimens with the OLCC results from the decreasing AKapp tests (DED3-B (V),
DED3-T (V), and DED4-T (V)) having slightly higher values of Kes(a) of around 1.5 MPa-m®- as
compared to the constant AKpp test (DED3-M (V)) with values around 0.5 MPa-m®3. All wrought

specimens have Kies values that are small and agree well, independent of test condition.

6 T T T T

-------- DED2-M (H) --DED2-T (H) DED3-B (V)
—-=-DED3-M (V) DED1-B (H) =-=-DED3-T (V)
—— Wrought1/2/3 s DED1-T (H) DED4-T (V)| -

T

&)

1 I DED1-M (H)
slitting [16]

-5 0 ) 10 15 20 25
a, crack size [mm]

Figure 4.7: K,es data as a function of crack size for all specimens.

4.3.2. Fatigue Crack Growth Rates

Figure 4.8(a) illustrates the fatigue crack growth rates as a function of crack size for DED
Type 304L stainless steel in both the horizontal and vertical orientations and for wrought Type

304/304L material at constant AKapp and Rapp of 6.6 MPa-m®> and 0.1, respectively. The highest
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crack growth rates were observed in the horizontal specimen at the beginning of the fatigue test,
and they decreased gradually as the crack extended. The vertical specimen displayed similar
fatigue crack growth rates to the wrought material, although the rates diverged for crack sizes
greater than about 15 mm. Color is added in Figure 4.8(b) to show the changes in R with crack
extension as determined from the OLCC method (Equation (4.1)). For the horizontal specimen,
Riot varied from about 0.45 at the beginning of the fatigue test to about 0.35 at the conclusion of
the test, compared to the Rapp of 0.1. The crack growth rates of the vertical specimen were
noticeably slower and R was significantly lower than for the horizontal specimen (although the
change of Rt was about the same, evolving from 0.2 to about 0.1). The difference of R between
the vertical and horizontal specimens can be attributed to differences in the values of Kies(a),
whereas the similar change of Ry over the course of the test is reflected in the similar trends in the
Kres(a) profiles for the two orientations. While the spike in Kies(a) is not seen in the FCGR data of
the vertical specimen, it is reflected in the Ry, since Ry is directly related to Kies(a) through
Equation (4.1). At the location of the K.es(a) spike in Figure 4.5 (i.e., about 8§ mm), R for the
vertical specimen is 0.35, compared to values between 0.2 and 0.1 for most of the test. For the
wrought material, Ry remains close to Rapp of 0.1 throughout the entire fatigue test due to small

values of Kres(a) illustrated in Figure 4.7.
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Figure 4.8: Fatigue crack growth rates (da/dN) plotted versus crack size for specimens DED2-M
(H), DED3-M (V), and Wroughtl tested under constant AK .y, condition (a) without and (b) with
Rtot-
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The constant AKapp tests did not result in constant FCGRs in DED material as would be
expected in the absence of crack closure or residual stress. In the case of the horizontal specimens,
tensile residual stress significantly increased the total stress intensity factor, increasing the mean
stress intensity factor and the measured FCGRs as compared to the vertical specimens and wrought
material. Since Ry is similar to Rapp for both the vertical specimens and the wrought specimens,
the small differences in measured fatigue crack growth rates between the two conditions are

attributed to differences in crack path interactions with the surrounding microstructure.

Fatigue crack growth rates from the decreasing AKapp tests are shown in Figure 4.9. The
horizontal specimens exhibit some specimen-to-specimen variability in the measurements,
whereas the FCGRs of the vertical specimens agree closely. The crack growth rates in the
horizontal specimens are all higher than those in the vertical specimens, consistent with the
orientation dependent fatigue behavior described above for these DED materials. The measured
fatigue crack growth rates in the near-threshold regime (da/dN < 10-® m/cycle) are higher for both
orientations of DED material compared to the annealed wrought condition. Despite similar Kes(a)
to the vertical DED specimens, the wrought material showed a higher apparent fatigue threshold
and lower fatigue crack growth rates for all values of AKapp. This trend is attributed to crack closure

observed in the compliance plots of [16], which decreases the measured FCGRs.
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4.3.3. Corrected Fatigue Crack Growth Rates

The fatigue crack growth rate test data can be corrected to account for the effects of residual
stress by normalizing the rates to a common mean stress or R value. This adjustment can be

accomplished with the Walker relationship [22], as expressed in [11, 14]:

AKcorr(a) = AKeff(a)l_n(Kmax,app (a) + Kres(a))n(l - Rapp)n (4~3)

where AKcor represents the corrected alternating stress intensity factor. The normalization
parameter, n, in Equation (4.3) was found to be 0.25 in a previous study [16], consistent with

literature values for structural metals [14, 16, 23]. The adjusted compliance ratio (ACR) method
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outlined in the appendix of ASTM E647 was adopted for both materials to account for crack
closure and determine AKefr [4, 24]. For the DED material in this study, the effects of crack closure
are minimal because of the tensile residual stress (H) and crack tip processes that maintained an
open crack wake (V). Thus, Equation (4.3) primarily accounts for the contributions of Ks(a) to
the applied stress intensity factors in the DED material. In contrast, the wrought material exhibits
small values of Kres(a), but large amounts of crack closure, therefore AKesr differs significantly

from AKapp in the correction (Equation (4.3)).

Figure 4.10(a) illustrates the corrected fatigue crack growth rate data for the horizontal and
vertical specimens using Kies(a) from the OLCC method and AKacr. All data nominally collapse
onto a single curve that is shifted to slightly higher AK compared to Figure 4.9. The FCGRs for
the wrought material were similarly analyzed using both AKacr and Kies(a) to determine AKcorr
values and are included in Figure 4.10(b) for comparison to the DED material. Due to closure
(meaning AKacr < AKqpp) and a nominally zero Kres(a), the FCGRs for the wrought material are
shifted to slightly lower AK. Corrected fatigue crack growth rate data for the DED Type 304L
austenitic stainless steel are similar for both orientations (vertical and horizontal) and agree with
the FCGRs of the corrected wrought material, demonstrating similar intrinsic material

performance between DED and wrought material.
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4.3.4. Characterization of Crack Profiles

Figure 4.11 shows BSE images of grain size and morphology in the Y-Z plane surrounding
the crack path of the DED material in the horizontal and vertical crack growth orientations (Figure
4.11(a) and Figure 4.11(b), respectively). Both images reveal an elongation of grains in the build
direction (Z) from the temperature gradient induced during the deposition of the DED material.
Furthermore, the influence of the hatch scan pattern is visible in the alternating fine equiaxed grains
and larger columnar grains in Figure 4.11(a) and Figure 4.11(b) at the same scale as the 640 um
hatch spacing [16]. A BSE image of grain size and morphology of the wrought material is shown
in Figure 4.12. The DED microstructure has a grain size ranging from 1-50 um, whereas the
wrought material has an average grain size of 40 um with an equiaxed morphology expected from

the annealed condition.
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Figure 4.11: BSE of crack path of DED material from (a) horizontal crack growth and (b)
vertical crack growth with the direction of crack growth indicated by a black arrow.

—
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Figure 4.12: BSE of crack path of wrought material with the direction of crack growth indicated
by a black arrow.
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The DED material exhibits transgranular crack growth with some branching (especially in
the horizontal growth direction), but with an overall straight crack path (Figure 4.11). Crack paths
do not appear to be significantly influenced by the elongated grain shape in the build direction in
the DED material; overall crack paths are straight for both orientations. While the magnitudes of
Kres(a) differ significantly between horizontal and vertical crack growth orientations, the positive
residual stress intensity factor from tensile residual stress is sufficient to maintain an open crack
wake (no crack closure) and promote a straight crack path. In contrast, the wrought material
exhibits greater crack branching and a more tortuous transgranular crack path as compared to the
DED material.

4.4. Conclusions

Fatigue crack growth rates of DED Type 304L austenitic stainless steel were measured
under constant and decreasing AKapp conditions. Crack growth was oriented perpendicular (H —
horizontal) and parallel (V — vertical) to the build direction to explore the influence of process-
induced residual stress on crack growth rates. The on-line crack compliance (OLCC) method with
the Schindler influence function (Z(a)) data reduction technique was applied to the test data and
showed distinctive residual stress intensity factor (Kres) profiles for each orientation. Backscatter
electron (BSE) large area images provided insight into the crack path profiles of the DED material.

These experiments reveal the following trends:

1. The application of the OLCC method provided values of Kies(a) for individual fatigue
specimens that showed overall agreement for those of the same orientation. Kyes(a) was
higher in specimens oriented for horizontal crack growth (3.5 — 4.5 MPa-m®?) than

those oriented for vertical growth (0.5 — 1.5 MPa-m®?). The small Kres(a) values in the
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vertical specimens were on the same order as of those in solution annealed (stress-free)

wrought material (0 — 1.0 MPa-m®9).

The DED material exhibited higher FCGRs as a function of AKapp, when compared to
wrought specimens of the same geometry and test conditions. This observation is
consistent with the Kes(a) values determined from the OLCC method and is attributed
to greater residual stress in the build direction. Kyes(a) combines with the maximum and
minimum applied stress intensity factors (Kmax,app and Kumin,app), resulting in a total stress

intensity factor ratio (Ryt) that varies as Kies varies with crack extension.

Using consistent methods, correcting the DED FCGR data for the primary influence of
Kres(a) shifts the data to higher values of AK, reduces the spread in FCGRs due to
orientation, and brings agreement with the FCGRs of annealed wrought material
corrected primarily for the influence of crack closure, demonstrating similar intrinsic

behavior between DED and wrought materials.

Both orientations of crack growth in DED material revealed similar crack path behavior
and an open crack wake (consistent with tensile residual stress). Differences in crack
path due to microstructure in the AM material appear relatively small, especially

compared to the influence of residual stress on fatigue crack growth rates.
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Chapter 5:
Evaluation of Residual Stress Reproducibility and Orientation Dependent Fatigue
Crack Growth in PBF Stainless Steel *

Abstract

The complex thermal gradients of additive manufacturing (AM) result in residual stress and
distinctive grain morphologies that influence mechanical performance and contribute to concern
regarding the fatigue properties of AM parts. In this study, residual stress, microstructure, and
fatigue crack growth rates were compared in AM Type 304L stainless steel produced by laser
powder bed fusion (PBF) on different systems using similar process parameters. Residual stress was
remarkably consistent in the PBF builds. Backscatter electron large area grain maps revealed
similar grain morphologies in the different builds, all of which exhibited elongated grains in the
build direction and inhomogeneous grain size and shape. Fatigue crack growth investigated both
parallel and perpendicular to the build direction revealed higher measured fatigue crack growth
rates in the near-threshold regime in both orientations of the PBF material compared to wrought
material. The difference in near-threshold fatigue crack growth is attributed to the influence of
processing-induced residual stress, which was quantified by the residual stress intensity factor
determined using the on-line crack compliance method. These values were then used to account
for residual stress effects to reveal a convergence of the corrected FCGR data of PBF and wrought

specimens.

Keywords: Additive manufacturing, laser powder bed fusion, residual stress, residual stress
intensity factor, fatigue crack growth

4 Submitted: Smudde, C.M., et al., Evaluation of Residual Stress Reproducibility and Orientation Dependent
Fatigue Crack Growth in PBF Stainless Steel. Additive Manufacturing, 2022.
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5.1. Introduction

Laser powder bed fusion (PBF) is one of the most common additive manufacturing (AM)
processes and offers freedom in the design and optimization of engineering components. However,
the current incomplete understanding of processing-structure-property relationships and the
consequent structural reliability of as-built components are limiting factors in the widespread
adoption of AM technology. Specifically, in the cyclic loading conditions of fatigue, accurate
prediction of damage evolution is still a major challenge in engineering design [1, 2]. The layer-
by-layer build process of PBF material leads to high temperature gradients, fast cooling rates, and
remelting of material as subsequent layers are added. This complex thermal history results in high
tensile residual stress near (at and just below) surfaces and compressive residual stress in the center
of resultant vertical wall builds [3, 4]. In addition, PBF materials typically have fine
nonequilibrium and inhomogeneous microstructures, the development of which is controlled by
the thermal history of the deposition process [5-7]. Both residual stress and microstructure
morphology formed in PBF influence fatigue performance, yet the optimum methodology to either
mitigate or account for their effects has not been established [3, 8, 9]. In addition, the
reproducibility of residual stress has not been explored previously [10]. Engineering estimates of
fatigue life and structural reliability depend on knowledge and repeatability of measured fatigue
crack growth rates. Therefore, to accurately predict fatigue performance and promote PBF
technology, it is necessary to understand the effects of material characteristics, such as residual
stress and microstructure, on fatigue crack growth rates (FCGRs) in as-built material, as well as to

explore build-to-build variability.

Residual stress influences fatigue behavior, specifically FCGRs, by contributing to stress

at the crack tip. The resulting residual stress intensity factor, Kies, is a function of crack size,
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orientation, and location in the AM build. Under cyclic loading, Kes adds both to the maximum
and minimum applied stress intensity factors (Kapp,max and Kapp,min). Because Kyes is known to vary
considerably with crack size, FCGRs measured in residual stress-bearing materials are generated
under a non-constant total stress intensity factor ratio (Riot = (Kmin,appTKres)/(Kmax,apptKires)), which
differs from the applied ratio (Rapp = Kumin,app/Kmax,app). Evolving Kres and Ryor significantly influence
FCGRs in PBF material [11, 12], primarily in the near-threshold regime (da/dN < 10-® m/cycle
[13]) where applied loads are low and Ks can approach Kappmin and/or Kappmax. Previous
investigations of near-threshold FCGRs reported anisotropic behavior that was attributed to the
unique columnar grain microstructures typical of PBF material [11, 14, 15]. In these studies, the
machine, build size, and specimen geometry all differed, and the relationships between fatigue,
orientation, and microstructure were not consistent. This lack of consistency of processing
conditions and results in previous studies demonstrates that the repeatability and reproducibility

remain challenging in PBF technology [10].

Quantifying residual stress and orientation dependence of FCGRs in PBF material is an
important step to understanding the reproducibility of the process and fatigue performance of the
as-built materials. Numerical models are typically used to account for the effects of residual stress
on FCGRs and predict the mechanical performance of PBF structures [16]. However, an
experimental approach of measuring Kies by the on-line crack compliance (OLCC) method can be
used to account for the influence of residual stress in traditional fatigue crack growth rate data [17-
23]. This approach enables the determination of K.es as a function of crack size and has successfully
been used to account for Kies in AM materials produced via directed energy deposition (DED)

[17].
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The main objective of this study is to evaluate and compare residual stress in PBF
components in four similarly processed Type 304L stainless steel AM builds produced via PBF
on three different AM platforms. Additionally, the dependence of FCGRs on orientation of crack
growth is explored. Slitting measurements are used to evaluate the reproducibility of residual stress
in these PBF materials. Microstructure is explored through backscatter electron (BSE) large area
grain maps of grain morphologies in the different builds. Fatigue crack growth rates are evaluated
in compact (C(T)) fatigue specimens from each build and crack growth in the near-threshold
regime is assessed in two orientations: parallel (vertical) and perpendicular (horizontal) to the build
direction. The influence of residual stress on FCGRs is quantified by Kies as determined by the
OLCC method for each individual fatigue specimen [17-23]. These values of Kies are then used to
correct measured fatigue crack growth rates [17, 18, 20, 21, 24, 25] to compare the intrinsic fatigue
performance of PBF with that of annealed wrought material.

5.2. Material and methods

5.2.1. Material

Four nominally identical vertical D-ring wall structures (Figure 5.1) were built by laser
powder bed fusion on three different commercial machines (EOS, Renishaw and 3D Systems) at
three independent laboratories (L, N, and S, respectively). Two equivalent builds were produced
on the ‘L’ platform approximately one year apart (designated as L1 and L2). All builds utilized
the same heat of Type 304L stainless steel powder with the nominal composition shown in Table
5.1. Each laboratory independently developed proprietary processing parameters to optimize
deposited material density and tensile ductility. In general, the laser power was 220-240W with a
scan speed of ~1 m/s, resulting in similar energy densities of ~60 J/mm? in each build. All three

laboratories utilized a hatch spacing of 0.1 mm. Measured tensile properties for the PBF material

124



under evaluation revealed yield strengths in the range of 416-440 MPa, demonstrating similar

strength among the builds [26].

Table 5.1: Type 304L stainless steel powder composition (wt%)

Fe Cr Ni Mn Si C N P S

Bal 184 9.8 14 0.6 0.018 0.06 0012 0.005

Build direction

Figure 5.1: PBF-L2 with material (plate) isolation indicated by thin vertical blue lines and the
build direction by the arrow.
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Material for fatigue testing was isolated from the PBF builds via wire electrical discharge
machining (EDM). The plate of material from which fatigue specimens were extracted is within
the thin vertical blue lines shown in Figure 5.1. Two builds (PBF-L1 and PBF-S) were designated
for the evaluation of FCGR behavior perpendicular to the build direction, meaning the crack
growth direction was horizontal (H) and loading was applied along the build direction. PBF-L2
and PBF-N were designated for the evaluation of FCGR behavior parallel to the build direction
where the crack growth direction was vertical (V), and loading was applied normal to the build
direction (Figure 5.2). From each PBF build, three C(T) fatigue test specimens (bottom (B),
middle (M), and top (T)) were extracted from the removed plates for testing under constant and
decreasing applied alternating stress intensity factor (AKapp = Kapp.max - Kappmin) conditions as
designated in Table 5.2. Each specimen is designated by build laboratory, extraction position in
relation to the build plate, and crack growth orientation. For example, PBF-L1-M (H) is the middle

specimen from laboratory L PBF build evaluating horizontal crack growth.

Table 5.2: Specimen designation for K. and FCGR evaluation in this study

Build Fatigue Crack Specimen Position Specimen Position

Growth Orientation | and Test Condition | and Test Condition

PBF-L1 H - horizontal B, T~ decreasing M — constant AKapp
AKapp

PBF-L2 V - vertical B, T~ decreasing M — constant AKapp
AKapp

PBF-S H - horizontal B, T- decreasing M — constant AKapp
AKapp

PBF-N V - vertical B, 1- Adle;creasmg M — constant AKapp
app
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In addition to the PBF material, solution annealed dual certified wrought Type 304/304L
stainless steel of a composition previously reported [24] was investigated for comparison. Four
C(T) specimens with the same width and thickness as the PBF specimens were tested under
constant (Wrought 1 and Wrought 2) and decreasing (Wrought 3 and Wrought 4) AKapp loading
conditions.

5.2.2. Material Characterization

Large area backscatter electron (BSE) grain morphology mapping was performed on each
build to evaluate the microstructures of PBF materials processed on different AM platforms. Crack
tip regions were extracted via wire EDM from specimens that had been tested at constant AKapp
(PBF-L1-M (H), PBF-L2-M (V), PBF-S-M (H), PBF-N-M (V), and Wrought 1). These crack-tip
sections were then mounted in epoxy and progressively ground with SiC paper down to 1200 grit.
Polishing with alumina suspensions of 3 um, 1 um, and 0.3 pm then preceded automatic
vibropolishing for 9 hours with 0.05 pm colloidal silica. A Thermo Fisher Quattro ESEM operating
at 5 kV and a current of 0.46 nA was used to examine grains in the PBF and wrought materials.
5.2.3. Slitting Measurements and K., Quantification

Prior to machining C(T) specimens for fatigue testing, process-induced residual stress in
the PBF material was evaluated. Measurements were made on the plates removed from the builds
as shown in Figure 5.1. Build direction residual stress as a function of position across the plate
was determined by the slitting method [27] on the planes between specimen positions indicated by
horizontal black lines in Figure 5.2. Micro-Measurements CEA-09-062UWA-350 strain gages
were applied on the EDM surface (indicated by yellow rectangles in Figure 5.2) at two equally
spaced locations (1 and 2). Incremental cutting along the planes of interest at fixed increments of

0.84 mm resulted in a redistribution of residual stress and a corresponding change in strain at the
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back face (back-face strain, BFS) measured as a function of cut depth. Detailed descriptions of the
slitting method are found in the literature [25, 27, 28]. Similar slitting measurements were
performed on C(T) specimens during the introduction of the notch as indicated by the red lines in

Figure 5.2.

EDM cut EDM cut EDM cut EDM cut

Strain gage (2) Strain gage (2)

Horizontal (H) Vertical (V)

Strain gage (1) Strain gage (1)

Z (BD) Z (BD)

Slitting direction (Y) Slitting direction (Y)

Figure 5.2: Schematic of slitting measurements and C(T) specimen extraction in the PBF
material. Blue lines correspond to blue lines of Figure 1.

Values of Mode I Kies (driven by residual stress acting normal to the cut plane) in the notch
were determined from the residual BFS data, ., as a function of crack size (cut depth) collected
during the slitting measurements. The strain values and a geometry dependent influence function

(Z(a)) as described by Schindler [29, 30] were used in Equation (5.1) to determine Kyes:

E' deres(a)

Kres(a) = 7(@) da (5.1)

where E’ is the elastic modulus (plane stress) and the derivative of the strain with respect to cut
depth is approximated using a quadratic polynomial regression of 2N + 1 data points centered

around each value of cut depth [13, 17, 23], with N = 2 for the slitting measurements. The Schindler
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influence function (Z(a)) for the C(T) geometry was available from the earlier work of Olson and

Hill [31].

The on-line crack compliance method was used to determine the residual stress intensity
factor, Kies, in the crack plane (green lines of Figure 5.2) from compliance data generated during
fatigue tests [18-23]. Similar to relaxation during the slitting measurement, residual stress normal
to the crack plane relaxes and redistributes as the crack extends, resulting in an offset of the
compliance data (load versus deformation), which can be quantified as residual strain (gres). For
finite intervals of crack growth, an approximation of the derivative of residual strain with respect
to crack size (a) can be used to determine K.es using Equation (5.1). The OLCC method enables
measurement of Krs while simultaneously collecting fatigue crack growth rate data. When
calculating the derivative in Equation (5.1) for OLCC, N = 12 was used because &res data from the
fatigue tests had more noise than those in a slitting experiment. Furthermore, a lower value of N
was used for small crack sizes to minimize data truncation as described in previous work [17].
5.2.4. K control fatigue crack growth rate tests

Compact specimens of width (W) 26.4 mm and thickness (B) 4.06 mm were used to
evaluate fatigue crack growth rate behavior. Fatigue testing was performed on an Instron 1331
servohydraulic load frame controlled by MTS 790.40 TestStar software under K-control
conditions in lab air at an applied stress intensity factor ratio of Rapp = 0.1 and frequency of 10 Hz.
The software was modified to accept a BFS input for the compliance method of monitoring crack
size [13] in which the modulus was assumed to be that of a fully dense austenitic stainless steel,
200 GPa [17, 24]. For all fatigue tests, a Micro-Measurements CEA-13-032UWA-350 strain gage

was centered on the crack plane on the back face of each C(T) specimen with an additional gage
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on a secondary specimen for temperature compensation. Strains were monitored using a Vishay

Instruments P3500 strain indicator with a calibrated output to the MTS TestStar controller.

Constant AKapp fatigue tests were performed at Kmax of 7.3 MPa-m®3. Decreasing AKapp
tests began at an initial Kmax of 11.6 MPa-m®? and employed a load shedding parameter of C = -
0.08 mm! [13]. Prior to fatigue crack growth rate testing, all specimens were precracked under
decreasing AK,pp conditions using the crack growth routine (rather than the precracking routine)
in the TestStar software to a crack size of 6.6 mm (a/W = 0.25) in accordance with ASTM E647
[13]. In this manner, compliance data at the crack size of the notch were saved for each specimen,
allowing complete post-test analysis of data from notch size to final crack size. Compliance data
with 500 data points from three consecutive cycles were recorded to represent an average fatigue
cycle for each crack size and were saved at crack size increments of 0.051 mm. After testing, all
compliance data were then analyzed in MATLAB [32] to determine crack size, FCGRs, AKapp,
and Kies via the OLCC method. Post-test analysis of the data verified crack size as calculated by
the TestStar software and facilitated the determination of corrected alternating stress intensity
factors (AKcorr) that account for the effects of varying Ryt due to Kyes contributions [18-20].

5.3. Results and discussion

5.3.1. Materials Characterization

Backscatter electron images of grain size and morphology of the PBF and wrought
materials are shown in Figure 5.3 and Figure 5.4, respectively. Despite different machines and
manufacturing details, all four PBF builds have similar grain morphologies (size and shape),
showing an elongation of grains in the build direction (Z) from the directional solidification of the
material. Qualitatively, PBF-S has slightly smaller average grain size as compared to the others,

PBF-L1 has slightly larger grain size, and PBF-L2 and PBF-N are indistinguishable from each
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other. The similarities in microstructure are expected due to the similar energy densities used in
the processing of the Type 304L stainless steel powders. The energy density, which is a function
of laser power and scan speed, controls the thermal history and therefore the cooling rates [5-7].
The cooling rates and the cyclic reheating of subsequent layers dictate microstructure
development. The similar size and shape of grains in these four PBF materials is nominally
consistent with the similar processing conditions and suggests mechanical properties may also be
comparable. In comparison, the wrought material (Figure 5.4) features an equiaxed and uniformly-
sized grain structure with grain sizes similar to the long axis of the elongated grains seen in the
PBF materials. As such, it can be inferred from these evident differences in grain morphology that

FCGRs in the near-threshold regime may differ between annealed wrought and AM materials.
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Crack Growth Direction
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—
BD and Crack Growth Direction

Figure 5.3: BSE large area grain maps of PBF material (a) PBF-L1-M (H), (b) PBF-S-M (H),
(c) PBF-L2-M (V), and (d) PBF-N-M (V) from the middle (M) C(T) specimens.
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Figure 5.4: BSE large area grain maps displaying equiaxed grain structure of wrought material.

5.3.2. Slitting Measurements
For plates from all PBF builds, tensile residual stress of approximately 200 MPa is present

at the edges along with compressive residual stress of about -100 MPa near the center as shown in
Figure 5.5. For each build, there is not a significant difference in residual stress at the different
heights above the build plate (1 and 2 in Figure 5.2). Since each PBF build has a large number of
layers and rapid cooling rates from the deposition process, large residual stress was expected [11].
The maximum values determined during slitting are approximately 50% of the measured yield
strengths of the materials. All four PBF builds exhibit consistent residual stress within +10 MPa
over most of the profiles. These results demonstrate reproducibility of residual stress in PBF builds
of the same geometry produced at different laboratories, on different machines, and using similar
energy densities. After the plate slitting measurements, C(T) specimens were extracted from the
PBF material for fatigue testing (Figure 5.2). The tensile residual stress at the edges of the PBF

material is expected to result in positive (tensile) Kies in the edge crack C(T) specimens.

133



N
o
S

Residual Stress [MPa]
o

—F—PBF-L1 (2) —F—PBF-L2 (2)
~-§--PBF-L1 (1) -f-PBF-L2 (1)
=200 + —J—PBF-S (2) —f—PBF-N (2) .
I PBF-S (1) '"I"'PBF-N (1)

1 1 1

0 3 10 15 20 25 30 35
distance from front face, x [mm]

Figure 5.5: Residual stress profiles obtained from slitting of PBF wall builds at locations 1 and
2 as shown in Figure 5.2.

5.3.3. Kyes in C(T) Specimens

The residual stress intensity factors (Kyes) as a function of crack size for each specimen are
shown in Figure 5.6. The locations of the notch tip (solid vertical line) and the end of the precrack
zone (dotted vertical line) are indicated. Prior to precracking, a slitting measurement was
performed to find Kies in the notch plane (left of the solid line). Subsequently, the OLCC method
was used to determine Ky in the crack plane (right of the dashed line). As such, a profile of Kyes
for the majority of the C(T) width could be determined. In each figure (Figure 5.6(2)-(d)), Kes

from notch slitting and OLCC of two wrought specimens is included for comparison.
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Figure 5.6: Full K, profile for PBF C(T) fatigue specimens with notch slitting to the left of the

solid line and OLCC to the right of the dashed line (end of precrack) compared to selected
wrought data.



Overall, Kies 1s consistent for all specimens. This is the case whether tests were performed
using constant AK,pp (M) or decreasing AKapp tests (B and T), and is independent of specimen
position (B, M, and T), demonstrating there is minimal variation of residual stress in the build
direction. The horizontal crack growth specimens (PBF-L1 (H) and PBF-S (H)) were all found to
have similar K values (6.5 - 7.5 MPa-m®®) at the notch size. The Kyes values decreased gradually
throughout crack growth, but fatigue tests were terminated prior to Kes reaching zero. Evaluation
of the vertical crack growth specimens (PBF-L2 (V) and PBF-N (V)) revealed a Kies profile of
slightly smaller magnitude than those from the horizontal test specimens (5.0 - 6.5 MPa-m®?) at
the notch size, but Kes for the V orientation approached zero more rapidly as the cracks extended
than in the H orientation. There is some difference in K. s between specimens at different build
heights in the vertical specimens (PBF-L2 (V) and PBF-N (V)), suggesting the residual stress
component in the Y-direction is not as uniform as the component in the Z-direction. All wrought
specimens have Kies values that agree well and are approximately zero. While the two wrought
specimens display some fluctuations in OLCC Ky data, the slitting K. are in excellent agreement.
One possible contributor to the larger fluctuations in OLCC Kies for wrought specimens could be
crack closure that was observed as deviations from linearity in the compliance data of all wrought
specimens. Crack closure may interfere with residual strain measurement. In comparison, the
positive Kres in PBF specimens eliminated closure, as evident in their fully linear compliance data.
5.3.4. Fatigue Crack Growth Rate Behavior

Figure 5.7 illustrates the fatigue crack growth rates at constant AKqpp = 6.6 MPa-m®> for
horizontal and vertical PBF specimens compared to values in wrought specimens. In all PBF
specimens, FCGRs decrease monotonically with crack size, consistent with the general shape of

the Kies profiles. The FCGRs for the horizontal specimens, both PBF-S (H) (right triangles) and
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PBF-L1 (H) (diamonds), agree very well. The FCGRs of PBF-N (V) (left triangles) are initially
similar to the two horizontal specimens (2.5 x 10 m/cycle near a = 7 mm) but deviate at longer
crack sizes corresponding to the steeper decline in Kies profile for this orientation. The FCGRs of
PBF-L2 (V) (squares) are approximately parallel to PBF-N (V) but shifted to slightly lower rates
(2 x 10 m/cycle near a = 7 mm). Both wrought specimens (circles) display similar FCGRs, which

are demonstrably lower than all PBF rates.
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Figure 5.7: FCGRs (left axis) from constant AKqp, = 6.6 MPa-m"? tests of PBF and wrought
materials. Ry from K,es determined via OLCC method is shown in color (right axis).

Cracks growing in both orientations in PBF specimens experience significant contributions
of positive Kies to the total stress intensity factors, which lead to higher R in PBF compared to
wrought and is consistent with higher measured FCGRs. Since the Kies in the (H) specimens

decreases more gradually towards zero as compared to the (V) specimens (Figure 5.6), the FCGRs
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also decrease more gradually. In the case of the wrought material, the effects of crack closure
increase as the crack extends, resulting in a decrease in FCGRs with crack size. PBF-L2-M (V),
despite having similar values of Kies, exhibits lower FCGRs compared to the other specimens for
all values of crack size. Post-test examination of the fracture surface of PBF-L2-M (V) revealed a
twisted crack path (Figure 5.8); partial shear loading on the twisted crack could have led to lower

fatigue crack growth rates in this specimen.

_—

Figure 5.8: Photograph of twisted crack path of PBF-L2 -M (V). Location in the specimen
indicated by the red box.

For all specimens, the constant AKap, tests do not result in a constant fatigue crack growth
rate. To understand this effect, the Kyes profiles of Figure 5.6 were used to calculate for each
specimen the total stress intensity factor ratio, R, as a function of crack size. The color scale of
Figure 5.7 shows that Ry differs from Rapp and how it evolves with crack extension due to the
presence of residual stress. In the horizontal specimens (PBF-L1 (H) and PBF-S (H)), Riot
decreases from about 0.5 to 0.3, which is smaller than the change of about 0.45 to 0.15 observed
in the vertical specimens (PBF-L2 (V) and PBF-N (V)). Since they are nominally free of residual
stress (annealed), R in the wrought specimens remains close to 0.1 throughout the entire fatigue

test. Figure 5.7 demonstrates the influence of tensile residual stress and corresponding positive
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Kies on both measured FCGRs and total stress intensity factor ratio compared to the stress-free

state.

Fatigue crack growth rates from the decreasing AKapp tests are shown in Figure 5.9. The
measured FCGRs of specimens with horizontal and vertical crack growth demonstrate excellent
agreement; regardless of the machine on which the PBF material was processed, the FCGRs are
the same in these builds processed with similar energy density. The slight differences in Kyes in the
two orientations shown in Figure 5.6 do not significantly influence the measured FCGRs. When
compared to results from wrought material, the PBF data in the near-threshold regime exhibit
significantly higher fatigue crack growth rates; for example, at AKapp of 6 MPa-m®, the wrought

material exhibits a FCGR of 4 x 10"!° m/cycle compared to 1.3 x 10 m/cycle of the PBF material.

Values of the threshold for fatigue crack growth, AKm, were estimated by performing a
linear regression of log da/dN versus log AK using 30 data points between FCGRs of 10 and 10-
19 m/cycle and calculating the operational AKy by extrapolating to a crack growth rate of 101
m/cycle [13]. The corresponding fatigue crack growth thresholds are 5.10 MPa-m®> (2 tests) and
3.47 MPa-m®° (6 tests with standard deviation & 0.15 MPa-m®) for wrought and PBF materials,
respectively. However, it is important to recognize that this value of AKy is not an intrinsic
material property for the PBF material because it is influenced by residual stress, which is
dependent on processing parameters, build geometry, and the test specimen details including

geometry and extraction location.
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Figure 5.9: Measured FCGRs for PBF decreasing tests with wrought data for comparison.

5.3.5. Crack Path Characterization
The fracture surfaces of specimens Wrought 4 and PBF-S-B (H) are presented in Figure

5.10. Final crack size was measured with ImageJ [33] using an average of nine equally spaced
positions through the specimen thickness. Measured crack sizes agreed with the values for crack
size calculated by the test control software within 5% [13]. Additionally, the fracture surfaces
reveal relatively straight fatigue crack paths and show extensive deformation in the uncracked
ligament from monotonically breaking the specimens. The fatigue surface of the wrought material
appears comparatively matte (Figure 5.10(a)), in contrast to the PBF fatigue surface (Figure
5.10(b)), reflecting greater surface roughness. This roughness indicates greater tortuosity in the
crack wake of the wrought material, consistent with the observed crack closure and reduced crack

growth rate as the crack extended in the constant AKap, tests.
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Figure 5.10: Surfaces of (a) Wrought 4 and (b) PBF-S-B (H) specimens including EDM notch,
fatigue crack (and precrack), and fracture.

BSE images of the crack path of the constant AKapp tests of PBF and wrought specimens
are shown in Figure 5.11 and Figure 5.12, respectively. Cracks propagated in a transgranular
manner in both PBF and wrought materials. Furthermore, in the PBF material, crack growth in
both the horizontal and vertical directions does not appear to be significantly influenced by the
elongated grain shape and displays limited evidence of crack branching. The positive Kres
throughout crack growth leads to faster FCGRs and an open crack wake in the PBF specimens as
compared to wrought material. Unlike the differences in apparent surface roughness shown in
Figure 5.10, the tortuosity and minimal crack branching in the wrought material (Figure 5.12)
appear only slightly greater than in the PBF material. These observations highlight the fact that the
inhomogeneous microstructure has a much less significant effect on fatigue crack growth behavior

in the PBF specimens than does the tensile residual stress.
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Figure 5.11: Crack path BSE images of all PBF material (a) PBF-L1-M (H), (b) PBF-S-M (H),
(c) PBF-L2-M (V), and (d) PBF-N-M (V).
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Figure 5.12: Crack path BSE image of wrought material.

5.3.6. Corrected Fatigue Crack Growth Rates

All FCGR data were corrected to account for the extrinsic effects of crack closure and

residual stress by normalizing the rates to a common R value. This adjustment was accomplished
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by the Walker relationship [34], in conjunction with Kres from the OLCC (Figure 5.6) to correct

the FCGR data to Rapp 0f 0.1 as expressed in [18-21]:

AKcorr(a) = AKeff(a)l_n(Kmax,app (a) + Kres(a))n(l - Rapp)n (5~2)

where AKcor represents the corrected alternating stress intensity factor. The normalization
parameter, n, was previously found to be 0.25 for AM Type 304L stainless steel [24]. The adjusted
compliance ratio (ACR) method outlined in the appendix of ASTM E647 was used to account for

crack closure and determine AKefr [13, 35].

Figure 5.13 illustrates the corrected fatigue crack growth rates for all wrought and PBF
specimens in this study. Negligible crack closure (AKesr = AKapp) in the PBF material is consistent
with fatigue crack growth through a tensile residual stress field that leads to contributions of Kies
that increase Rt compared to Rapp [36]. In contrast, the wrought material exhibits small values of
Kies but significant crack closure, resulting in AKefr # AKapp. However, to maintain a consistent

approach, the same analysis procedure was applied to all specimen data, both PBF and wrought.
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Figure 5.13: Corrected FCGRs for PBF decreasing tests with a comparison to data for
conventional wrought material.

The corrected FCGR data for the PBF material shift AKapp to higher values of AKcorr as
compared to the uncorrected test data shown in Figure 5.9. In contrast, for the wrought material,
AKapp are shifted to lower values of AKcorr after data corrections. These shifts bring the data for
the two materials into agreement. When the corrected data of Figure 5.13 are analyzed and
compared, the estimated PBF and wrought fatigue thresholds are 3.73 + 0.29 MPa-m®> and 3.70 +
0.42 MPa-m®?, respectively. These two values are not significantly different, indicating similar
intrinsic fatigue resistance. The larger standard deviations in corrected threshold values compared
to uncorrected values can be attributed to variations in the K;.s data. In addition, FCGRs of the two
materials overlap at high crack growth rates approaching the Paris regime, where the effects of

microstructure on crack tip processes are normally less important.
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The results of Figure 5.13 compared to those of Figure 5.9 demonstrate the importance of
incorporating residual stress into the analysis of fatigue crack growth rate data from AM
specimens. To further emphasize the need to quantify the influence of Kes on the measured crack
growth rates, two additional decreasing AKap, fatigue crack growth tests were conducted (one in
the horizontal growth orientation and one in the vertical orientation). Decreasing AKapp tests of
PBF-S-T (H) and PBF-N-B (V) were stopped at a crack size approximately a/W = 0.5 and restarted
at the same initial Kmax as the first portion of the decreasing test (11.6 MPa-m®?). The data in terms
of AKapp in Figure 5.14(a) show an offset between the measured crack growth rates of the first
portion (d1) and the second portion (d2) of both tests. Using the methodology described above, all
data were corrected for Kies using AKcorr, which also includes AKacr corrections. The resulting
FCGR data collapse onto a single curve (Figure 5.14(b)). In other words, the offset in the
uncorrected data demonstrates the influence of the local Kes and the sensitivity of the measured
FCGRs to crack tip location in the specimen because the residual stress contribution (Kres) changes
as the crack extends. Furthermore, the methodology described herein corrects for changes in Ry,
thus enabling determination of the intrinsic fatigue response of the material unbiased by residual

stress and/or crack closure.
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Figure 5.14: Applied and corrected FCGR test data for decreasing tests restarted midway
through the test.
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5.4. Conclusions

Constant and decreasing AKap, fatigue crack growth rate (FCGR) tests of specimens with
crack growth oriented perpendicular (horizontal - H) and parallel (vertical - V) to the build
direction were used to explore the reproducibility of process-induced residual stress effects on
crack growth rates in laser powder bed fusion (PBF) Type 304L stainless steel. Slitting
measurements provided residual stress profiles for the four builds in this study. The application of
the on-line crack compliance (OLCC) method with the Schindler influence function (Z(a)) data
analysis method provided residual stress intensity factor (Kres) profiles along with FCGR data for
PBF material produced on three different machines, which are located at different laboratories. In
addition, backscatter electron (BSE) large area grain images showed nominal variation of the
microstructure in the four different builds. The results of these experiments reveal the following

specific points:

1. Residual stress measurements in plates cut from PBF builds from three different
machines demonstrated consistent values of tensile (near the edges) and compressive
(at the center) residual stress in builds with similar dimensions. These results
demonstrate that remarkably consistent residual stress (= 10 MPa) can be obtained in
PBF builds manufactured at different laboratories by different users on different

machines.

2. A comparison of fatigue crack growth rates of specimens oriented for crack growth
horizontal and vertical revealed small differences in FCGRs under constant AKapp
conditions. The only difference was due to a twisted crack path observed in one
specimen (PBF-L2-M (V)) that led to anomalously low crack growth rate. Excellent

agreement of FCGRs was obtained under decreasing AKap, conditions.
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3. The residual stress intensity factor, Kres, determined by the on-line crack compliance
method in individual fatigue specimens indicated that high levels of tensile residual
stress influence FCGRs in specimens of both orientations. Only a slight orientation
dependence of residual stress was indicated. The horizontal specimens (H) had peak
Kres values from 6.5 to 7.5 MPa-m’°, while the vertical specimens (V) had 5 to 6.5
MPa-m®3. Additionally, Ky in vertical specimens decreased more quickly towards

zero as crack size increased compared to horizontal specimens.

4. Measured FCGRs of all PBF specimens demonstrated higher fatigue crack growth rates
for all values of AKap in the near-threshold regime when compared to annealed
wrought material. Additionally, the PBF material had an estimated fatigue crack growth

threshold that was 30% lower than that calculated for the wrought material.

5. When corrected for the influence of Kres, the intrinsic fatigue performance of the PBF
materials was nearly identical to that of annealed wrought material corrected for crack
closure. The similar corrected fatigue crack growth threshold values for PBF and
wrought materials indicated that residual stress accounts for the primary difference in

the observed fatigue crack growth rates.

6. Transgranular crack growth was observed in the PBF materials and in the wrought
material. The elongated grains of the PBF materials compared to the equiaxed grains
in the wrought material had a negligible influence on the intrinsic fatigue performance

in the near-threshold regime.
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Chapter 6:
Comparison of Fatigue Crack Growth in Additively Manufactured Stainless Steel
Processed by Different Methods °

Abstract

Highly localized heating and steep temperature gradients of additive manufacturing (AM)
processes lead to the formation of significant residual stress and distinctive grain morphologies
dependent on the deposition process. Both of these characteristics may contribute to the
mechanical behavior of AM materials. In this study, fatigue crack growth resistance of AM Type
304L stainless steel produced by both directed energy deposition and powder bed fusion was
evaluated and compared for crack growth parallel and perpendicular to the build direction.
Decreasing and constant alternating stress intensity factor tests were used to assess fatigue crack
growth behavior in the near-threshold regime and to reveal the importance of residual stress to the
observed fatigue crack growth rates. Data for annealed wrought material were included for
comparison. The residual stress intensity factor, Kres, was then used to correct for the influence of
residual stress on measured fatigue crack growth rates. These corrections brought all results into
agreement with the intrinsic behavior of wrought material, indicating that differences in processing
method and specimen orientation are accounted for through differences in residual stress.
Furthermore, the role of grain morphology was insignificant in this austenitic stainless steel

material and crack growth was transgranular for all tested specimens.

Keywords: Additive manufacturing, directed energy deposition, laser powder bed fusion,
residual stress, fatigue crack growth

5 To be adapted for journal submission: Smudde, C.M., et al., Comparison of Fatigue Crack Growth in Additively
Manufactured Stainless Steel Processed by Different Methods..
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6.1. Introduction

The two major metal additive manufacturing (AM) processes, laser directed energy
deposition (DED) and laser powder bed fusion (PBF), are layer-by-layer manufacturing techniques
that involve melting and subsequent solidification of feedstock powders. Each method has its own
distinct process parameters such as laser power (P) and scan velocity (V) that control unique
thermal cycles with steep temperature gradients, high cooling rates, and cyclic reheating/remelting
of previously deposited layers [1, 2]. In both AM processes, the complex thermal history results
in significant residual stress and nonequilibrium microstructures that evolve during the cyclic
reheating of subsequent layers [3], and which are known to influence mechanical performance.
Mechanical behavior, specifically fatigue performance, of AM components is not well understood,
which prevents the technology from realizing its full potential in cyclic load bearing applications
[4]. There is a direct relationship between thermal history and build characteristics such as
microstructure and residual stress. Yet, a direct comparison of the microstructure, residual stress,
and fatigue performance of different AM manufacturing methods has not been performed. A
deeper understanding of the factors that affect the reliability of AM fatigue performance such as
microstructural heterogeneity and residual stress is critical for the widespread adoption of the

technology.

The objective of this study is to compare fatigue crack growth rates of additively
manufactured material produced via directed energy deposition and powder bed fusion. Fatigue
crack growth rates in the near-threshold regime were measured in two orientations, both
perpendicular and parallel to the build direction. The process-induced residual stress of the as-built
materials was characterized through slitting measurements and was used to determine the

consistency of residual stress development in identical (DED) and similar (PBF) builds. The
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influence of process-induced residual stress on fatigue crack growth behavior was quantified by
the stress intensity factor, Ky, determined via the on-line crack compliance method [5-9]. These
values were then used to correct the measured fatigue crack growth data for the influence of
residual stress [5, 8]. Furthermore, microstructural contributions to crack path behavior were
evaluated and compared for the different AM materials.
6.2. Materials and Methods

Additively manufactured Type 304L stainless steel material built via directed energy
deposition (DED) and powder bed fusion (PBF) was evaluated in this study. The materials
produced by both methods have been previously investigated individually [10, 11, 12], but their
properties and performance have not been directly compared. The chemical composition of gas
atomized feedstock powders conformed to ASTM requirements for austenitic Type 304L stainless
steel material [13] and has been reported elsewhere for PBF and DED in Refs. [10] and [12],
respectively. Since the small differences in chemical composition were not expected to
significantly influence fatigue performance, the processing method was considered the primary

difference in the Type 304L materials under consideration.

Two replicate DED builds were fabricated as vertical walls with nominal dimensions of
110 mm (Z-direction, build direction) x 56 mm (Y-direction, long transverse or width) x 7.6 mm
(X-direction, thickness). All DED builds were made on the same machine with the same
processing parameters over the course of several weeks, which were optimized for 99.9% density
and are described in earlier studies of the same material [11, 12]. Additionally, two nominally
identical PBF builds were fabricated one year apart on the same machine at different times with
comparable strength and ductility. The PBF builds were deposited as vertical D-shaped cylinders

with processing parameters described in previous work [10]. Nominal dimensions of the wall of
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interest were 110 mm (Z-direction) x 36 mm (Y-direction) x 5.1 mm (X-direction). One build from
each processing method was used to evaluate fatigue crack growth rates parallel to the build
direction (vertical) and one build from each method was used to assess crack growth perpendicular
to the build direction (horizontal). Three compact (C(T)) specimens were extracted from each build

for fatigue testing.

Microstructural heterogeneity was evaluated through electron backscatter diffraction
(EBSD) imaging of the DED and PBF materials. Samples for material characterization were
extracted via wire electrical discharge machining (EDM), mounted in epoxy and ground to 1200
grit prior to polishing with an alumina suspension of 3 um, 1 um, and 0.3 um. Samples were then
vibropolished for 8-9 hours with 0.05 pm colloidal silica prior to examination in the SEM. A Scios
Dual-Beam FIB/SEM operating at 15 kV with 3 um step size was used to examine differences in
grain sizes and shapes in the DED and PBF materials in X-Y and X-Z planes. In addition, crack
tip sections were extracted by wire EDM from tested specimens and electron backscatter (BSE)
imaging on a ThermoFisher Quattro ESEM operating at 5 kV and 0.46 nA was used to reveal
fatigue crack growth profiles in the DED and PBF materials. Secondary electron (SE) imaging on

the same instrument operating at 5 kV and 0.11 nA was used to examine fatigue surfaces.

Process-induced residual stress in both materials was evaluated prior to fatigue crack
growth rate testing to evaluate the consistency and reproducibility of the residual stress in the DED
and PBF builds. Plates from each build with similar dimensions in Y and Z were removed via wire
EDM as shown by the thin vertical blue lines in Figure 6.1. Vishay CEA-06-062UW-350 strain
gages were applied on the EDM surface at two equally spaced locations (1 and 2). Build direction
residual stress as a function of cut depth was then determined by the slitting method on the two

planes of interest (horizontal black lines) [14]. The slitting method is a one-dimensional
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mechanical relaxation technique that uses strain measured at fixed cut increments to determine an
average of the through thickness (X-direction) residual stress acting in the build direction (Z-
direction) as a function of position across the plate (Y-direction). Detailed descriptions of this
method are presented elsewhere [14, 15, 16]. Additional slitting measurements were performed

during the machining of the specimen notches as indicated by the red lines in Figure 6.1(c).

(a) EDM cut (b) EDM cut EDM cut
cu

gage (2)

Z (BD) gage (1) Z (BD)

EDM cut
o—— o——

Slitting direction () X Slitting direction ()

(C) W =26.4 mm

W =26.4 mm
Horizontal (H) Vertical (V)

Figure 6.1: Schematic of slitting measurements and specimen extraction of (a) DED and (b)
PBF material with (c) C(T) specimen geometry and orientation.

To evaluate the contribution of residual stress to the stress intensity factor, values of Kres

acting normal to the cut plane were determined from the strain data collected during the slitting
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measurements. The derivative of the strain with respect to cut depth (or crack size), de/da, was
found using a polynomial regression outlined and described in previous work [10, 11, 17, 18]. The
strain derivative and a geometry dependent influence function (Z(a)) as described by Schindler

[19] were then used to determine K.es as a function of crack size:

_E' de(a)

Kyes(a) = 72(@) da (6.1)

where E' is the elastic modulus (plane stress in this work).

The residual stress intensity factor was also determined in the crack plane of fatigue
specimens using the on-line crack compliance (OLCC) method during the FCGR tests [5, 8, 9]. In
this method, the residual strain (erws) is quantified by extrapolating the linear region of the load
versus deformation data (i.e., compliance data) to zero load. The value of & is nominally
equivalent to the strain determined by a slitting measurement and can be used to determine Kies in
the same way (Equation (6.1)). A detailed methodology for determining Kies from the compliance
data of a fatigue crack growth rate test using Schindler’s influence function has been recently

developed [18].

The DED and PBF materials were machined into compact (C(T)) specimens in accordance
with ASTM E647 [17] for the evaluation of FCGR behavior with a specimen width (W) of 26.4
mm and thickness of 6.35 mm (DED) or 4.06 mm (PBF). Specimens from the top and bottom (T
and B) were used to evaluate near-threshold crack growth rates in K-control tests with decreasing
applied alternating stress intensity factor (decreasing AKapp), while specimens from the middle (M)
were tested under conditions of constant AK.pp. Consistent with specimen designations of previous
work [10, 11, 12], FCGRs perpendicular to the build direction (horizontal (H) crack growth) were

determined from specimens extracted from builds denoted DED2 and PBF-L1, whereas FCGRs

159



parallel to the build direction (vertical (V) crack growth) were determined from specimens
extracted from builds DED3 and PBF-L2. For reference, the specimen designations and the
associated FCGR test condition are presented in Table 6.1. FCGR data of AM material were
compared to a reference material of dual certified annealed wrought Type 304/304L austenitic
stainless steel tested under decreasing AK,pp conditions. Two wrought specimens of each thickness,
6.35 mm and 4.06 mm, were tested to provide a direct comparison for the DED and PBF

specimens, respectively.

Table 6.1: Specimen designation for K,.s and FCGR measurements

Specimen Specimen Specimen Specimen FCGR test condition
DED2 B (H) DED3 B (V) | PBF-L1 B (H) | PBF-L2 B (V) decreasing AKapp
DED2 M (H) | DED3 M (V) | PBF-L1 M (H) | PBF-L2 M (V) constant AKqpp
DED2 T (H) DED3 T (V) | PBF-L1 T(H) | PBF-L2 T (V) decreasing AKapp

An Instron 1331 servohydraulic load frame was utilized for fatigue testing in lab air at an
applied stress ratio of Rapp = 0.1 and frequency of 10 Hz. All specimens were notched via wire
EDM and fatigue precracked under decreasing AKapp conditions to a crack size (a) of 6.6 mm (a/W
= 0.25) in accordance with ASTM E647 [17]. Gages at the back face of each fatigue specimen
were used to monitor back-face strain (BFS) [10, 11]. The MTS 790.40 fatigue crack growth
software running on a MTS TestStar control system was modified to accept this BFS input to
determine compliance and crack size [13]. Constant AKap, fatigue tests were performed at AKapp
of 6.6 MPa-m®?> and decreasing AKap, fatigue tests had an initial Kmax of 11.6 MPa-m®? and a load

shedding parameter of C = -0.08 mm™! [17]. During the fatigue crack growth tests, load and BFS

160



data (i.e., compliance data) with 500 data points were recorded at crack size increments of 0.051
mm. Compliance data were then used for post-test data analysis to Kres via the on-line crack
compliance (OLCC) method.
6.3. Results and Discussion

EBSD images of two unique microstructural planes (X-Y and Y-Z) are shown in Figure
6.2(a) and Figure 6.2(b) for the DED and PBF materials, respectively. Both exhibit a distinct
elongation of grains in the build direction with no evidence of texture. Since preferential grain
orientations can lead to accelerated crack growth specific directions, the random texture in the
DED and PBF material suggests anisotropic fatigue crack growth behavior can be attributed to the

unique grain morphology and/or process-induced residual stress.
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Figure 6.2: EBSD orientation images for (a) DED material and (b) PBF material.

The grain morphology of the DED material represents a large distribution of shapes and
sizes, but with an average grain size that is larger than that of the PBF material. The DED process
generally results in thicker layers with average cooling rates ranging from 100 - 10000 K/s [20-
23]. In contrast, the PBF process typically has a smaller layer thickness with significantly higher
cooling rates of 10°- 40 x 10° K/s [24]. As such, smaller solidification layers and faster cooling
rates in the PBF process limit grain growth as compared to DED. The resulting finer microstructure
of the PBF material would commonly be thought to benefit fatigue initiation resistance [25]. In

contrast, the coarser grains observed in DED material are expected to benefit fatigue crack growth.
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Results from the initial slitting measurements made prior to FCGR specimen extraction are
shown in Figure 6.3. The overall residual stress profiles of both AM materials show a steep
gradient of stress between the center, which is in compression, and the edges of the plates, which
are in tension. The tensile residual stress at the edges contributes to positive Kres throughout the
entire cut depth. Residual stress and Kies results from the four slitting measurements of the DED
plates demonstrate excellent agreement. Since the DED builds were made with identical
processing parameters, the agreement of the slitting results indicates repeatability in the
measurement. The four results of the PBF plates also agree well, indicating that the build direction
residual stress is reproducible in the two PBF builds even though they were made at different times.
The extracted DED plates were not centered in the Y-direction of the wall builds (vertical blue
lines in Figure 6.1). As such, there is asymmetry in the residual stress profiles of the DED material
that is not seen in those of the PBF. The greater residual stress in PBF material, both tensile at the
edges and compressive at the center, is attributed to the steeper temperature gradients, which are

characteristic of the PBF process.
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Figure 6.3: (a) Residual Stress (RS) and (b) K. profiles from slitting of DED and PBF plates.

Figure 6.4(a) and Figure 6.4(b) present the K. results from notch slitting and OLCC for

the DED and PBF C(T) specimens, respectively. The DED specimens have significant positive
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Kres (4 to 3.5 MPa-m®? at the notch) in the horizontal orientation (H) but have negligible Kres (~1
MPa-m®> at the notch) in the vertical (V). The difference in Kes between orientations reflects
significant residual stress in the build (Z) direction and very little residual stress in the lateral (Y)
direction. In addition, Figure 6.4(a) shows good agreement among all specimens of DED2,
suggesting build direction residual stress does not vary throughout the build height. The PBF
specimens of Figure 6.4(b) have larger values of Kies at the notch tip (near the dashed line) as
compared to DED for both orientations (H and V). Furthermore, K;es decreases more quickly as
crack size increases in the PBF specimens. Kies in the horizontal specimens (H) varies from 6.5 at
the notch to 3 MPa-m®? at the longest crack size. In the vertical specimens (V), Kres varies from 5
to 1 MPa-m®>. While there are differences in Kis between the two orientations in the PBF

specimens, neither orientation has negligible Kes as in DED (V).
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Figure 6.4: Full K, profile for (a) DED and (b) PBF C(T) fatigue specimens with notch slitting
to the left of the solid line and OLCC to the right of the dashed line (end of precrack).

Fatigue crack growth rates from the constant AKayp, fatigue tests are shown in Figure 6.5.
The trends in FCGRs of the DED and PBF specimens follow the those in the Kies results shown in
Figure 6.4(a) and Figure 6.4(b), respectively. All FCGRs in these AM materials decrease as crack
size increases. As the crack grows and the residual stress redistributes, the influence of tensile RS
at the crack tip decreases and Kes decreases towards zero. Kres is superimposed on both the
minimum (Kumin,app) and maximum (Kmax,app) values of Kapp, thus a positive Kes has the effect of
increasing the mean value of K and the FCGRs. The PBF (H) specimen has the highest positive
Kies for all crack sizes, which contributes to this material and orientation displaying the highest
FCGRs. PBF (V) and DED (H) have similar values of Ky, and the FCGRs agree. DED (V)
displayed negligible Kics, and it follows that it has the slowest FCGRs. Unlike the other specimens,
tensile residual stress does not enhance the driving force for crack growth to the same extent in

DED (V).
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Figure 6.5: Measured FCGRs for DED and PBF in constant AK ) tests.

Both DED and PBF specimens demonstrated transgranular fatigue crack growth. Despite
differences in grain size shown in Figure 6.2(a) and Figure 6.2(b), the polished sections extracted
from specimens tested at constant AKap, revealed similar crack profiles (Figure 6.6). The
differences in grain morphologies did not significantly influence the crack path interactions with
the microstructures. This similarity of crack profiles supports the significance of the influence of

residual stress on FCGRs in AM materials.
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Figure 6.6: Crack path profiles of (a) DED2-M (H) (b) DED3-M (V) (c) PBF-L1-M (H) and (d)
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The measured FCGRs for the decreasing AKapp tests are presented in Figure 6.7(a). To
connect the influence of process on FCGR behavior, data were compared to annealed wrought
Type 304/304L material. Following the trends in Figure 6.4(a) and Figure 6.4(b) where Kies of
both DED and PBF converge to similar values in each orientation at crack sizes greater than 16
mm (~2.5 MPa-m®’ in (H) and ~0.5 MPa-m’ in (V)), the FCGRs of the two AM materials
converge to a nominally common value of AKqpp between 4 and 5 MPa-m®? at the lowest measured
crack growth rates. At high values of AKapp from the beginning of the fatigue tests, the PBF
specimens have higher FCGRs as compared to the DED consistent with the higher tensile values
of Kies in the former. Additionally, since the DED has greater differences in Kis based on
orientation, there is a larger spread in the measured FCGRs for DED specimens in the near-
threshold regime as compared to the PBF specimens. When the measured FCGRs of AM
specimens are compared to those of annealed wrought specimens, both DED and PBF specimens
have higher FCGRs at all values of AKapp. The difference in the measured wrought data is
attributed to the increase in crack closure effects in the thinner specimens (B = 4.06 mm). Since
AKapp 1s nominally a function of load, crack size and specimen geometry, a thinner specimen

requires a smaller load to impose the same value of AKap, at any given crack size.

The influence of crack closure on AK,pp, was accounted for using the adjusted compliance
ratio (ACR) method outlined in the appendix of ASTM E647 [17, 26]. Subsequently, the influence
of residual stress was corrected for using a method based on the Walker relationship [27] in
conjunction with K determined from the OLCC method [5-7]. To maintain a consistent approach,
the same analysis procedure was applied to all specimen data. Figure 6.7(b) shows the corrected
FCGR data for the AM materials compared to those of wrought material. When decreasing AKapp

test data from AM specimens are corrected — primarily for the contributions of Kies [5, 6, 8, 10, 11,
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12, 15] - all data collapse into a single curve independent of processing method and orientation.
Furthermore, the corrected AM FCGR behavior agrees with the intrinsic material performance of
annealed wrought material that has been corrected primarily for the influence of crack closure. The
agreement of the corrected data of the DED and PBF fatigue specimens with those of annealed
wrought highlights the significant influence of AM process-induced residual stress on fatigue

crack growth behavior.

1078

10-9 L

Wrought
DED2-B (H)
DED2-T (H)
v DEDS3-B (V)
DEDS-T (V)
¢ PBF-L1-B (H)
PBF-L1-T (H)
= PBF-L2-B (V)
PBF-L2-T (V)

da/dN [m/cycle]
> e

10-10

170



108

da/dN [m/cycle]
S

Wrought

DED2-B (H
DED2-T (H
DED3-B (V
DED3-T (V)

)
)

)
PBF-L1-B (H
PBF-L1-T (H
PBF-L2-B (V
PBF-L2-T (V

)
)
)
)

10-10 ‘
2 4

AK _ [MPavm]
corr
Figure 6.7: (a) Measured FCGRs for DED and PBF compared to wrought and (b) corrected.

After fatigue testing, specimens from decreasing AK,pp tests were fractured open by rapid
loading for evaluation and comparison of the fatigue surfaces. The fatigue crack surfaces
illustrated in Figure 6.8(a)-(d) reveal relatively smooth crack paths with similar levels of
roughness in the near-threshold regime for select specimens in this study (DED2-T (H), PBF-L1-
T (H), Wrought (B = 6.35 mm), and Wrought (B = 4.06 mm)). Striations are visible in a few
locations, a few pores are apparent in the DED specimen, and a small number of secondary cracks
can be observed in all specimens. Overall, these images from the interior of the specimens are
consistent with the crack profiles shown in Figure 6.6 and reflect relatively flat, transgranular
crack paths observed in these materials. They also confirm that the grain morphologies of the AM

materials have little impact on the fatigue crack growth process in this single-phase Type 304L

stainless steel.
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Figure 6.8: Fatigue crack surface images of (a) DED2-T (H) (b) PBF-LI-T (H) (c) Wrought (B
= 6.35 mm) and (d) Wrought (B = 4.06 mm). Build direction is normal to the crack surface for
the AM specimens.

6.4. Conclusions

In conclusion, a comparison of residual stress and fatigue crack growth rates of additively
manufactured Type 304L stainless steel produced by DED and PBF illustrates some significant
findings. Slitting measurements verified consistency and reproducibility in the residual stress in
the two AM processing methods. Greater residual stress in PBF builds compared to DED builds is
attributed to higher cooling rates, which is a consequence of the fundamental differences in the t

processes. Measurements of FCGRs in DED and PBF materials both parallel and perpendicular to
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the build directions reveal differences that can be attributed to residual stress. Specifically, the PBF
material featured comparatively larger tensile residual stress in both orientations resulting in higher
fatigue crack growth rates than observed in the DED material. Electron backscatter diffraction
(EBSD) images revealed similar grain shapes for both processing methods, although the grain sizes
in the PBF material were smaller than in the DED. The results of this study demonstrate that
residual stress differences from the two AM processes have a significant impact on measured
FCGRs. Correcting the data for the influence of the residual stress intensity factor brings the data
for both processing methods and both test orientations into agreement for this austenitic single-
phase Type 304L stainless steel. Furthermore, the corrected results agree with those for an
annealed wrought reference material similarly corrected for the influence of fatigue crack closure.
Finally, transgranular crack propagation was observed in all cases, indicating that grain size and
morphology have a relatively insignificant effect on fatigue crack growth compared to the more

significant effect of residual stress.
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Chapter 7:
Summary and Future Work
7.1. Summary

This work has advanced the understanding of the influence of processing methods on
mechanical properties of additively manufactured (AM) materials, further developed the methods
of characterizing residual stress effects on fatigue crack growth performance by quantifying the
residual stress intensity factor (Kres), and applied those methods to interpret the results of fatigue

crack growth rate (FCGR) experiments in AM materials.

The primary findings can be summarized as follows:

1. In Chapter 2, near-threshold fatigue crack growth rate (FCGR) data of edge cracks
growing perpendicular to the build direction (horizontal) in directed energy deposited
(DED) Type 304L austenitic stainless steel were determined to be influenced
significantly by the presence of tensile residual stress. A comparison to annealed
wrought material revealed faster measured fatigue crack growth rates in the DED
material in the as-built condition. A slitting experiment of a sacrificial specimen
demonstrated the significant contributions of residual stress to the driving force of
crack growth: the measured K.s values in the DED specimen were large in comparison
to the Kminapp and Kmax,app values of the near-threshold FCGR experiment. Using the
values of Kres from slitting to correct the test data provided an estimate of the intrinsic
material crack growth performance that accounted for the effects of residual stress. This
performance was similar to the FCGR data of annealed wrought material that had been
corrected for crack closure effects.

2. In Chapter 3, the on-line crack compliance (OLCC) method was used to provide

accurate predictions of Kes without the need for a secondary specimen in AA7050-T74
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edge crack specimens with compressive residual stress. New data analysis techniques
were developed and validated so that a clear and concise OLCC methodology would
be available for standardization. Kies values in this work agreed well with the results of
slitting measurements in replicate specimens. As such, it was concluded that the OLCC
method was an accurate means of quantifying Kres without the need to sacrifice
material, allowing FCGR data and Kis values to be collected in the same test.

In Chapters 4 and 5, near-threshold fatigue crack growth rates of edge cracks in DED
and powder bed fused (PBF) Type 304L austenitic stainless steel were evaluated in two
different orientations with respect to the build direction. Measured fatigue crack growth
rates reflected the differences in process-induced residual stress in the two materials.
Orientation dependent residual stress resulted in different fatigue crack growth
behavior in the DED specimens. The horizontal specimens exhibited higher FCGRs as
compared to the vertical (specimens oriented with cracks growth parallel to the build
direction). Higher average Kres measured by the OLCC method in the DED specimens
oriented for crack growth perpendicular to the build direction led to higher measured
FCGRs as compared to those oriented parallel that had lower values of Kie. In
comparison, implementing the OLCC method to determine K revealed small
variations in K;.s among PBF specimens and both orientations of specimens had similar
measured FCGRs.

Finally, DED and PBF materials are compared in Chapter 6. High tensile residual stress
acting at the crack tip enhanced crack growth and led to faster fatigue crack growth
rates in the threshold regime of PBF 304L than the DED 304L. Differences in Kies

between the two orientations in both DED and PBF were consistent with differences in
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measured FCGRs. However, when FCGR data were corrected for Kyes from OLCC, the
intrinsic material behavior was similar for all specimens, highlighting the importance
of accounting for residual stress effects on fatigue of AM materials. Furthermore, the
corrected FCGR data for the DED and PBF specimens agreed with those of an annealed
wrought material corrected primarily for crack closure. In addition, electron backscatter
diffraction (EBSD) imaging revealed elongated grains in the build direction in both
materials. While the average grain size in PBF was smaller than that in DED, neither
material microstructure demonstrated obvious texture in grain orientation. Since both
materials have anisotropic microstructures, it was concluded that the residual stress has
a large impact on fatigue crack growth rates and the unique AM microstructure does
not have a significant influence.
7.2. Future Work
The present work demonstrated the significant influence process-induced residual stress
has on measured fatigue crack growth rates of AM material. As such, a thorough understanding of
the effects of residual stress is critical for accurate predictions of fatigue life and reliable

engineering design. Some opportunities for future work on residual stress in AM materials include:

1. Performing stress relief heat treatments on DED and PBF Type 304L stainless
steel and comparing the measured FCGRs and K, values to those presented in
this work. Heat treatments that result in stress relief may also result in microstructure
evolution, which can detrimentally affect the material strength. Therefore, it would be
important to also compare the strength and grain morphology of the AM material before
and after stress relief in addition to using the methods further developed in this work to

compare FCGR behavior and Kies values. Finally, the corrected FCGR data of as-built
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material and stress relieved material can be compared to each other and to data for
annealed wrought to reveal the overall influence of processing methods and post
processing strategies on mechanical performance of AM material.

Assessing the accuracy of process model predictions of residual stress effects on
FCGRs in AM material. Engineering design requires accurate model predictions of
service life for fatigue critical applications, therefore validating model predictions of
FCGRs is critical to the integration of AM technology. By using AM material with
reliable processing parameters and well characterized residual stress profiles, Kres can
be measured via destructive slitting method in secondary specimens and compared to
model predictions of the same material. Then, measured Kies and predicted Kies can be
used to estimate FCGRs based on Ryt and Kot and well known FCGR data curve for
comparable stress-free material. Primary specimens can be tested, and the experimental
results compared to the predictions.

Mitigating residual stress through process parameter manipulation and exploring
the effects on resulting fatigue crack growth rate behavior. A long-term goal of AM
technologies is to be able to use as-built components that require limited post-
processing to achieve improved structural reliability, relative to the current work. So,
determining whether the manipulation of process parameters can improve crack growth
rate performance by minimizing residual stress magnitudes or manipulating the
distribution of tensile and compressive residual stress in different parts of the build
would be beneficial for the advancement of AM.

Measuring residual stress fields at a smaller length scale for applications in fatigue

crack initiation testing and modeling. Residual stress can be classified by the
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different length scales under consideration. In this work, macroscale residual stress
across the part scale (mm) was considered. However, knowledge of residual stress
between and among grains (um) can aid in the predictions of fatigue crack initiation by
enhancing the accuracy of current models. Therefore, determining a method for
quantifying Kes at these length scales is of interest. A possible approach comparable to
the slitting method introduces a cut using a focused ion beam (FIB) on a scanning
electron microscope (SEM) and the deformation is measured using digital image
correlation (DIC) after each increment. This method, known as microscale slotting, has
not been validated for use with AM material, yet could provide estimates of Kres at the

microscale for model predictions of fatigue crack initiation.
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Thank you
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