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ABSTRACT

Author: Waddell, Michael, Waddell. MSAAE
Institution: Purdue University
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Title: Investigation of Short Fatigue Crack Growth and Damage Tolerance in Additive
Manufactured Ti-6Al-4V
Committee Chair: Michael D. Sangid.
Aeronautical products additively manufactured by Selective Laser Melting (SLM), are known to
have fatigue properties which are negatively impacted by porosity defects, microstructural features
and residual stresses. Little research is available studying these phenomena with respect to the
short fatigue crack growth (FCG) inconsistency problem, the large focus being on the long FCG.
This thesis seeks to add useful knowledge to the understanding of the mechanisms for short crack
growth variability in SLM manufactured Ti-6Al-4V, with the two variables for the process
conditions and build directions investigated. An in-situ FCG investigation using x-ray synchrotron
computed micro-tomography (μXSCT) was used to visually observe and quantify the short crack
path evolution. Crack growth, deflections and porosity interactions were noted and discussed in
relation to microstructure, build layer thickness and build layer orientation. A novel use of in-situ
energy dispersive x-ray diffraction (EDD) was able to show the lattice strains evolving as a
propagating crack moved through a small region of interest. The results presented show the ability
to reliably obtain all six elastic strain tensor components, and interpret useful knowledge from a
small region of interest.

There are conflicting views in literature with respect to the damage tolerance behavior of as built
SLM manufactured Ti-6Al-4V. In the 2018 review by Agius et al., the more prominent studies
were considered with Leuders et al. showing the highest long FCG rates for cracks parallel to the
build layer and Cain et al. showing cracks propagating through successive build layers as
highest [1]–[3]. Cain et al. and Vilaro et al. report significant anisotropy in long FCG for different
build orientations whereas Edwards and Ramulu present similar FCG behavior for three different
build directions [2]–[5]. Kruth et al. concluded that for optimized build parameters without any
(detectable) pores, the building direction does not play a significant role in the fracture toughness
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results [6]. All of the mentioned literature reported 𝛼′ martensitic microstructures and the presence
of prior 𝛽 grain structures for as built SLM Ti-6Al-4V.

No studies to the authors knowledge have considered the short FCG of SLM manufactured
Ti-6Al-4V and its implications to the conflicting damage tolerance behaviors reported in
literature [1]. In this work small cross-sectional area (1.5 x 1.5 𝑚𝑚) samples in two different build
conditions of as built SLM Ti-6Al-4V are studied. The short FCG rate of three different build
directions was considered with cracks parallel to the build layers shown to be the most damaging.
The microstructure and build layer are shown to be the likely dominant factors in the short FCG
rate of as built Ti-6Al-4V. In terms of porosity, little impact to the propagating short crack was
seen although there is local elastoplastic behavior around these defects which could cause
toughening in the non-optimized build parameter samples tested. The fracture surfaces were
examined using a Scanning Electron Microscope (SEM) with the results showing significant
differences in the behavior of the two build conditions. From the microindentation hardness testing
undertaken, the smooth fracture surface of the optimized sample correlated with a higher Vickers
Hardness (VH) result and therefore higher strength. The non-optimized samples had a ‘rough’
fracture surface, a lower VH result and therefore strength. Furthering the knowledge of short FCG
in SLM manufactured Ti-6Al-4V will have positive implications to accurately life and therefore
certify additive manufactured aeronautical products.

1

1. INTRODUCTION

As an emerging technology, additive manufactured (AM) materials quickly garnered interest in
the aerospace industry for their potential comparative manufacturing advantages over
conventional methods [7]. Notably, the ability to create layer-wise complex geometries and
material properties, that can be customized or functionally graded, has driven current research
interests [8], [9]. We are already seeing the impact of this research as direct changes to the
engineering product life cycle. These changes are evident by the compressed timeframe for
prototyping, rapidly manufactured individual and small-batch end use products and an overall
cost reduction in manufacturing and prototyping tooling [10]. Although many of the AM
methods have already seen decades of development, it is the recent proliferation of commercially
available systems that has the aerospace industry investing heavily in these technologies [11].

As a highly regulated industry, the numerous commercially available systems and constantly
improving technologies has presented an issue to aerospace organizations. This rapid growth has
meant a set of fully mature design principles, manufacturing guidelines and standards is not
necessarily readily available or reflective of recent advancements. These are required before
widespread certification and acceptance into service of AM products is seen, particularly in
safety/fatigue critical applications [8].
With the 1970’s introduction of damage tolerance design requirements (after numerous accidents
and reviews, ref [12]), aeronautical products were assumed to have an initial undetectable flaw
and the growth to detectable size, then to failure, analyzed to provide a useable life [12], [13].
Similarly, to conventionally manufactured metals and alloys, AM products exhibit significant
variation in fatigue life, particularly for short cracks. This variability leads to reductions in
fatigue life for aeronautical products and upwards cost drivers for the engineering product life
cycle. Understanding the short crack growth properties for AM materials is an important step in
furthering the use of this emerging technology.

2

1.1

Background

Linear Elastic Fracture Mechanics (LEFM) is the most common framework used to understand the
propagation of fatigue cracks in engineering metals and alloys used in aerospace applications .
There proceeded a number of important advancements leading up to the 1960’s when Paris used
LEFM to suggested a relationship between crack growth rate,

𝑑𝑎
𝑑𝑁

and stress intensity range, ∆𝐾.

Equation 1.1. states the Paris power law relationship, 𝐶 and 𝑛 are constants related to material
properties [14].
𝑑𝑎
𝑑𝑁

= 𝐶(∆𝐾 ) 𝑛

(1.1)

From Paris’s work, there are three distinct regimes of fatigue crack growth, Threshold Regime (I),
Paris Regime (II) and Final Fracture (III). Figure 1.1 illustrates the regimes and applicability of
the Paris relationship to the Paris Regime, a straight line on a log-log plot.

Figure 1.1. Schematic illustration of Paris law and Fatigue Crack growth regimes for Mode I
(opening) cracks in metals.
Regime I is typically described as the ‘initiation’ phase or ‘stage I’ and is mainly concerned with
short crack propagation. Regime I is considered intra-granular in nature for typical ambient
environments and crack behavior is highly dependent on microstructural characteristics. Regime
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II is the ‘propagation’ phase, where long crack propagation is well modelled by the Paris law and
this stable crack growth is insensitive to the microstructure. Regime III is the unstable fast crack
propagation phase which leads to final fracture.

Prior to the Paris law relationship researchers had sought to gain an understanding of the stress
fields near the tip of a crack. Traced back to the thermodynamic energy arguments for crack
advancement, postulated by Griffith and extended through the 1950’s by Orowan and Irwin, two
energy components for the creation of new surfaces were discovered [15], [16]. The surface energy
by Griffith and the more dominant energy, that absorbed by plastic deformation.

Irwin then

proceeded to study stress fields near the crack tip of 5 different cracked plate configurations, in all
cases Irwin discovered that at a relatively small distance from the crack tip the stress distributions
matched [17]. Equation 1.2 and 1.3 are the form of Irwin’s results for stress in the y axis, 𝜎𝑦 and
x axis, 𝜎𝑥 , 𝐾 is the stress intensity, 𝑣 is Poisson’s ratio and 𝜎𝑜𝑥 is a superimposed uniform
compression.

𝜎𝑦 =

𝜎𝑥 =

𝐾
√2𝜋𝑟

𝐾
√2𝜋𝑟

𝜃
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2

2

2
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𝜃
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2

2

cos {1 + 𝑠𝑖𝑛 sin

cos {1 + 𝑠𝑖𝑛 sin

} ; 𝑎𝑠 𝑟 → 0

(1.2)

} − 𝜎𝑜𝑥 ; 𝑎𝑠 𝑟 → 0

(1.3)

Equation 1.4 is Irwin’s Stress Intensity Factor (SIF) with, 𝐾 stress intensity, 𝑓(𝑔, 𝑎) a nondimensional factor dependent on geometry of cracked component and crack length, 𝜎 the reference
stress and 𝑎 the crack half-length (or radius for penny-shaped cracks). It was by taking the range
of this stress intensity 𝐾, from the applied stress, that Paris was able to illustrate his relationship
for crack growth per cycle.

𝐾 = 𝑓 (𝑔, 𝑎) 𝜎√𝜋𝑎

(1.4)

A clear limitation of the Paris law is the ability to characterize or quantify the crack growth rate of
small cracks within the Threshold Regime. It is understanding this regime that has attracted
considerable research, as the majority of the fatigue life of metals and alloys used in aerospace
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applications can occur within. As far back as 1979, researchers such as Schijve had shown that for
metals and alloys with a polished surface, crack initiation through to 100µm in size can account
for more than 60% of total life [18]. Furthermore, a significant amount of research is available that
highlights the large variability in growth rates within this regime, this includes statements from
Miller and Suresh implying that the use of extrapolated long crack growth data can lead to
significantly non-conservative fatigue life predictions [19], [20].

In 1975 Pearson conducted a set of experiments on commercial aluminum alloys and very clearly
concluded that short crack growth was anomalous, it differs from that of long cracks [21]. Since
then it has been shown that short crack growth rates can increase or decrease as stress intensity
range increases, including complete arrest for low driving forces. Figure 1.2 shows examples of
these deviations within the Threshold Regime, as suggested by Donahue et al [22]. Short cracks
can be observed growing at stress intensities lower than those associated with the long crack
threshold value, ∆𝐾𝑡ℎ [19], [20]. Finally, for cracks with a characteristic length similar to grain
size, boundary effects and tortuosity of the crack path play a significant role in the crack growth
rate. These effects can even cause complete arrest as obstacles may require an accumulation of
damage great enough to propagate past.

Figure 1.2. Schematic illustration of potential deviations in Short crack growth from the Paris
law, showing increased or decreased rates and growth below the ∆𝐾, threshold limit [14].
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In order to understand the behavior of short cracks a classification system is required, Table 1.1
contains small crack classifications adopted from several different versions suggested by Suresh,
Ritchie and Miller [19], [20], [23].

Table 1.1. Short crack classifications by characteristic length scales [19], [20], [23].
Small crack
classification

Characteristic
length (a)

Mechanically small

𝑎 ≈ 𝑟𝑝

Microstructurally small

𝑎 ≈ 𝑑𝑔𝑟𝑎𝑖𝑛

Physically small

𝑎 < 1 𝑚𝑚

Chemically small

𝑎 < 10 𝑚𝑚

Characteristic length property
Comparable to local plastic zone size, 𝑟𝑝
(Linear elastic fracture mechanics limitation)
Comparable to grain diameter, 𝑑𝑔𝑟𝑎𝑖𝑛
(Continuum mechanics limitation)
Physical property only, large impact from crack
closure
In reference to local crack tip environmental
effects

Major mechanisms that influence the short crack growth variability in the Threshold Regime are
generally accepted to be crack closure, local plasticity, crack tip plastic zone, 3d crack propagation,
crack driving force and microstructural features [19], [20], [23], [24]. Microstructural features can
include grain size, grain boundaries, texture, and the volume fraction, size, and shape of inclusions ,
defects, particles and porosity. As per Table 1.1 the size classification of a small crack also has to
be taken into account when trying to understand which of the afore-mentioned mechanisms for
variability is most applicable.

Numerous researchers have shown that microstructurally small cracks are significantly influenced
by their microstructural features, starting with Forsyth who showed that initiation and short crack
growth can begin within a single slip system [25]. McEvily and Boettner showed there is a
relationship between grain orientation and fatigue crack growth [26]. Yoder et al. discusses the
variability in Irwin’s SIF, finding that the grain size is directly related to threshold value, ∆𝐾𝑡ℎ for
polycrystalline

materials [27]. Navarro and de los Rios’s research considers that the

microstructurally short crack growth rate is dependent on the confinement of the crack tip plastic
zone by grain boundaries or other dislocation impeding obstacles [28]. Allen et al. describes the
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direction of crack growth, as the threshold value is approached, as tending to be crystallographic
in nature [17].

As the short crack growth path is typically three-dimensional the microstructural impacts from
interactions with grain boundaries is different with respect to depth, 𝑎, and crack length 𝑐. Even if
the crack length is impeded by a grain boundary the crack depth, 𝑎, may still be growing [29], [30].
Figure 1.3 depicts this phenomena, as the cracks grow beyond the microstructurally small length
scale the grain boundary influence is lessened [29]. As short crack growth variation cannot for
certain be entirely explained by grain size and orientation, in general researchers conduct
probabilistic assessments to assess the impact to growth rates [29], [31]. There is limited recent
advancements in the study of short crack growth variability caused by microstructural features.
One area of research by Rovinelli et al. looked at cycle by cycle data of short crack growth
combined with crystal plasticity simulations and machine learning, the resulting model was shown
to accurate predict the direction of short crack growth propagation [32].

Figure 1.3. Crack growth per cycle in depth, a, and length, c, due to grain boundary interactions
[29].
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When considering the characteristic length scales of short cracks, highlighted in Table 1.1, we can
say that all engineering materials would appear anisotropic and inhomogeneous. This can be due
to porosity, voids or inclusions and not only because of the inherent grain structure. The effect of
this is a localization of stress which can cause crack initiation, this is primarily a surface or near
surface mechanism due to highest local stresses and stress concentrators. Very early on a number
of researchers showed inclusion

driven crack initiation

over slip band mechanisms is

commonplace and this impacts the crack growth rates in Regime I [33]–[35]. Again there is limited
recent advancement in the understanding and modeling of this phenomenon. In one study reviewed
Naragani et al. successfully used absorption contrast computed micro-tomography (μ-CT) and farfield high energy diffraction microscopy (FF-HEDM) to study crack nucleation conditions around
inclusions in a Ni-based superalloy [36].

Crack closure is a long established phenomenon with varying agreement between the magnitude
of short crack growth rate variability that can be attributed to it. Elber first observed that fracture
surfaces contact during positive R ratio tests [37]. Since the discovery of this plasticity induced
crack closure other mechanisms such as surface roughness and corrosion of the crack surfaces
have been studied. Newman’s model for crack closure (or lack of closure within short cracks) has
been shown to have the potential to explain some of the short crack behavior [30].
Overall the mechanisms discussed manifest in the results shown in Figure 1.4, Pearson’s original
anomalous short crack growth are plotted, with Lankford’s data for various aluminum alloys as
well as the large crack growth data for comparison [21], [31]. From this we can clearly see the link
between the deviations of short crack growth rate within Regime I and the total life estimations
given by damage tolerant design methods.
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Figure 1.4. Short crack growth rates for various ∆𝐾 showing the variability in various aluminum
alloys alongside the large crack growth data [21], [29], [31].
The initial flaw size assumed by damage tolerance design methods is relatively large, normally
around 1.27 𝑚𝑚 [12]. Current methods used to determine damage tolerance crack growth are
described in ASTM E647 tests, typically the accuracy of these predictions are related to the

𝑑𝑎
𝑑𝑁

and adjusted ∆𝐾 inputs [38]. The current ASTM load reducing approaches have issues that can
result in overestimated thresholds and the crack closure corrected methods can produce a curve
that doesn’t correctly represent the small crack growth seen in experiments. Similarly, to crack
closure methods, the compression pre-cracking methods can also not account correctly for all the
crack tip shielding mechanisms. These shortcomings along with the considerable cost to conduct
the necessary short crack tests has led researchers to look for other methods.

With the recent advancement of higher energy synchrotron source imaging techniques, researchers
are now able to more accurately assess the mechanisms for short crack variability. By conducting
in-situ loading experiments on aerospace engineering materials, short cracks can be imaged in
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three-dimensions. These tomography scans can be taken at intervals of loading steps in order to
study crack evolution. Energy dispersive diffraction techniques can be used to study residual strain,
crack tip strain and strain evolution during fatigue cycling.

Potentially the greater the

understanding gleaned using these techniques the greater the chance we have to improve the
accuracy of life predictions by damage tolerant design.

1.2

Aim and Research Questions

The aim of this research is to investigate the short fatigue crack growth and damage tolerance
properties of AM Ti-6Al-4V. A particular focus is on these behaviors, when the associated AM
defects such as lack of fusion (LOF) bonding, pores and anisotropies due to build direction and
microstructure are present. To investigate, two high energy synchrotron characterization methods
are employed, Energy dispersive x-ray diffraction (EDD) and high-resolution synchrotron-based
computed micro-tomography (μXSCT). The following questions are considered: What is the
mechanisms that impact the damage tolerance properties of AM materials? Can EDD be utilized
to explain and further our understanding of the differences in short crack growth between AM
samples of varying build conditions?

1.3

Thesis Overview

This thesis contains 10 sections. Section 2 is used to review the current literature related to additive
manufacturing of Ti-6Al-4V, explain and review the relevant synchrotron techniques and give an
overview of previous work on the studied material. Section 3 is used to detail the material used
including sample production, composition, geometry and pre-cracking procedure. Two separate
synchrotron techniques were used, Sections 4 and 5 discuss the μXSCT experiment and post
processing steps taken for reconstructions and image processing of the acquired data. The EDD
experimental method is covered in Section 8. The results are discussed separately through Sections
6, 7, and 9. Section 6 contains the short FCG results including crack deflection and porosity
interactions. Section 7 covers the porosity analysis and Section 9 the EDD results. Section 10
concludes this work with a summary and recommendations.
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Throughout this work a number of equations are used and stated explicitly, the symbols within
these equations are defined within the work immediate prior or post. This was required as a number
of the equations have different conventions for the same variable. Therefore, there is no standard
list of symbols.
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2. LITERATURE REVIEW

2.1

Additive Manufacturing

2.1.1 Background
Of the many additive manufacturing processes, Selective Laser Melting (SLM) is one of the most
commonly used and is deemed most promising for Ti-6Al-4V aerospace engineering products [2],
[3], [39]–[41]. SLM manufactured Ti-6Al-4V is the chosen material and method of manufacturing
for this research as these are an area of significant recent advancements, highlighted in literature .
The previous research reviewed has considered fatigue properties, mechanical properties, surface
attributes such as roughness, the impact of post processing on inherent density and porosity,
microstructural characterization and the overall fit for purpose of SLM manufactured Ti-6AL-4V.
Understanding the fatigue properties of SLM manufactured Ti-6Al-4V requires characterization
methods, this research focused on the use of μXSCT and EDD.
2.1.2 Additive Manufacturing
Rapid prototyping, rapid manufacturing, additive fabrication, additive processes, freeform
fabrication and direct digital manufacturing are an example of the series of synonyms used within
literature to describe the same manufacturing process [7]. The term “additive manufacturing” was
chosen as the standard by the associated ASTM committee, the premise being that other
manufacturing methods employ some form of “subtractive” processes such as cutting, milling or
grinding [42]. The basic principle of all AM processes is the fabrication of products by adding
material in cross-sectional layer by layer steps. Generally, a three-dimensional model of the
required product is created using design software and then broken into layer by layer slices (at a
resolution as required by the AM layer thickness). Each layer of material is deposited as per the
model and if required an energy source is used to fuse the subsequent layers. There is research into
non-layer by layer AM which may revolutionize these manufacturing methods, this area of
research is not covered within this work [43].

AM as a manufacturing means has been around for nearly three decades, a typical early 1990s
breakdown of AM processes classifies them as liquid based, solid based and powder based [39],
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[44], [45]. To further detail the classifications, ASTM has produced its own classification
including naming convention of technologies, power sources and pros/cons; Table 2.1 states the
seven ASTM committee agreed categories and associated information adopted from ASTM
international [7], [8], [42]. The processes differ in terms of the technique used to deposit layers
and the intra layer bonding mechanism.

Table 2.1. ASTM classification and naming conventions of AM methods [7], [8], [42].
Categories
Material
Extrusion

Powder Bed
Fusion

Technologies
Fused Deposition
Modeling (FDM)

Materials

Contour Crafting

Thermoplastics,
Ceramic slurries,
Metal pastes

Selective Laser
Sintering (SLS)

Polyamides /
Polymer

Direct Metal Laser
Sintering (DMLS)
Selective Laser
Melting (SLM)

Atomized metal
powder
(Stainless Steel,
Cobalt
Chromium,
Titanium) and
Ceramic powder

Electron Beam
Melting (EBM)
Vat Photopolymerization

Stereolithography
(SLA)

UV curable
resin, Ceramics,
Wax

Material Jetting

Polyjet / Inkjet
Printing

UV curable
resin,
Wax

Binder Jetting

Indirect Inkjet
Printing (Binder
3DP)

Sheet
Lamination
Directed
Energy
Deposition

Laminated Object
Manufacturing
(LOM)
Laser Engineered
Net Shaping
(LENS),
Electronic Beam
Welding (EBW)

Polymer powder
(plaster, resin),
Ceramic powder,
Metal powder
Plastic film,
Metallic sheet,
Ceramic tape
Molten metal
powder

Energy
Source
Thermal
Energy

Highpowered
laser beam

Pros
Inexpensive
extrusion
machine

High
accuracy,
fully dense
parts, high
material
properties

Cons
Limited
quality of
parts

Powder
handling,
support and/or
substrate
complexities

Electron
beam
Ultraviolet
laser

Thermal
energy /
Photocuring
Thermal
Energy

Build speed,
resolution
Multi-material
printing,
surface
attributes
Color range of
material, wide
material
selection

Over curing,
scanlines
within
product, high
cost
Low strength
materials

High level of
porosity

Laser beam

Surface
attributes

Low cost

Laser beam

Can repair
parts,
functional
gradients
possible

Post
processing
required

13
There is a series of generic characteristics to all (or most) of the AM categories which highlight
the improvements over conventional manufacturing. Design flexibility is arguably the most
important feature of AM, the ability to create complex geometries with little added cost has led to
numerous potential uses, especially within the bio-medical, aerospace and high-end automotive
industries. Generally adding geometric complexities to a design would result in costly tooling,
time considerations and other increases to conventional manufacturing costs. Dimensional
accuracy is another positive feature of AM, with accuracies that can be on the order of microns.
Despite this, work is required to standardize the acceptable and expected tolerances of the various
commercial systems; early attempts at benchmark testing have been completed [8].

Time and cost for a production run has meant that AM is better suited to low quantity and one time
products, which is why bio-medical, aerospace and high-end automotive applications are favored.
In terms of aerospace the buy to fly ratio is very low for AM aeronautical product, due to the nearnet shape production, meaning very little waste. The majority of research into AM for metals has
concentrated on Ti-6Al-4V, along with other materials commonly used for high strength and/or
lightweight applications such as stainless steel, nickel based and aluminum alloys. Future use could
be for on demand or on location production of these materials as aeronautical products with the
extra benefit of lower supply chain costs.

Current challenges are centered around the limited materials available, inconsistency or
repeatability of products produced, scalability due to layer resolution, material heterogeneity and
standardization and certification [7], [8]. Herderick commented on all these issues during his 2011
AM manufacturing review, with emphasis on the complex thermal processing cycles linking to
microstructure and material properties of AM Ti-6Al-4V alloys [46].
2.1.3 Selective Laser Melting – Ti-6Al-4V
The most promising AM methods for use with metals in aerospace applications is within the
Powder Bed Fusion category, with the advantage of producing high resolution features, internal
passages (complex geometries) and accurate dimensions [9], [39]. Figure 2.1 is a schematic
representation of AM powder bed fusion techniques showing inputs of powder, CAD model and
energy source resulting in an end use aeronautical product. The two highlighted methods, SLM
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and electron beam melting (EBM) were developed in 1995 and commercial machines were readily
available from 2005 [8], [11].

Figure 2.1. Schematic representation of AM powder bed fusion techniques, adopted from Santos
[9].

Both methods use an energy source to selectively melt a powder, Figure 2.2 is a generalized
schematic of the powder bed process [39]. The roller or rake is used to create a layer of powder
within the working area of the beam. The energy source of either an electron beam for EBM, or
laser beam for SLM is used to heat and melt the powder selectively in accordance with the CAD
model input. The powder bed is then lowered by a preset layer thickness and successive layers of
the pre alloyed powders are raked across the work area, the described process is repeated to create
the component. This process is carried out within a controlled vacuum for EBM or inert
environment for SLM (typically argon), aimed at preventing oxidization.

As SLM manufactured Ti-6Al-4V is by far the most commonly used and extensively investigated
AM aerospace application, it will be the focus for the remainder of this literature review [1]–[3],
[6], [39]–[41], [45]. The goal for SLM manufactured Ti-6Al-4V is to produce aeronautical
products with the highest relative density possible, and a homogenous microstructure; this has
proven very difficult, in part due to lack of any mechanical pressure during fabrication [6], [47].
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Various researchers have described the inherent defects from SLM processes and their influence
on the mechanical properties of AM Ti-6Al-4V [2], [3], [6], [40], [41], [46], [48]–[54]. Broadly
the lack of fusion (LOF), un-molten powder and porosity defects are linked to the SLM process
parameters and the residual stresses and as fabricated out-of-equilibrium microstructures to the
high laser energy, short interaction time and steep temperature gradient [2]–[4], [6].

Figure 2.2. Generalized schematic of a powder bed AM process [39].
Considerable effort has gone into optimizing the SLM process to mitigate against the inherent
defects and improve material properties. Most researchers agree that there is a direct correlation
between the number of defects and the average energy input per volume of material, which is a
function of the basic SLM parameters [48], [51], [55]. Equation 2.1 gives the energy density, 𝐸𝑉,
and its relation to laser power, 𝑃 , scanning velocity, 𝑣 , hatch spacing, ℎ , and powder layer
thickness, 𝛿 . One obvious failing with this relationship is that the energy introduced by the
successive layers is not accounted for [55].

𝐸𝑣 =

𝑃
𝑣𝛿ℎ

(

𝐽

𝑚𝑚3

)

(2.1)
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Kaspervich et al. completed a series of experiments on SLM AM Ti-6Al-4V samples with
variations of the scanning parameters, concluding a clear result of scanning velocity being the
dominant factor for defect volume fractions [55]. Thijs et al. discussed in detail the influence that
the scanning velocity, spot size, and scanning strategy has on the types of defects occurring,
although there was no mention of the optimal process parameters required and quantitative
mechanical properties were not considered [48]. Gong et al. systematically studied the influence
of scanning velocity and laser power on SLM AM Ti-6Al-4V, concluding that there is a significant
relation between defect generation and energy density, although it is not linearly correlated [51].
Gong et al. have also proposed a classification system that describes an optimal SLM process
window, with hatch spacing and layer thickness constant. Figure 2.3 shows the various
classifications, Zone I is fully dense (limited porosity), Zone II is the over melted region, Zone III
is the incomplete melting region and Zone OH is the overheated zone.

Figure 2.3. Gong et al. proposed SLM process window for Ti-6Al-4V, with hatch spacing and
layer thickness constant (Raymor powder) [51].

Kruth discusses the various SLM scanning strategies (such as unidirectional, zigzag, alternating
etc), in terms of relative density attainable and number of defects in SLM AM Ti-6Al-4V, with the
alternating bi-directional with 90° rotation each layer resulting in the highest relative density [6].
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A significant amount of early research concentrated on the influence of process parameters on
defects, although a link was also quickly established between process conditions

and

microstructural properties. It was found that as built SLM AM Ti6Al-4V exhibited a very fine,
very textured, non-equilibrium structure, in particular an acicular martensitic phase [4], [6], [47],
[48]. Murr et al. demonstrated that the martensitic phase was either an 𝛼′ or 𝛼/𝛼′ microstructure
and hexagonal close packed, it was also observed that for small build components with a high
scanning velocity and therefore cooling rate the 𝛽 → 𝛼′ transformation was dominant [11]. The
elongated grains are primarily a function of the partial re-melting during subsequent laser passes
[47]. Figure 2.4 shows an example of the fine microstructure of martensitic 𝛼′ plates typical of
AM Ti-6Al-4V [3].

Figure 2.4. As built SLM AM Ti-6Al-4V exhibiting a martensitic morphology consisting of
fine 𝛼′plates, adopted from Cain et al [3].
Todd and Sangid investigated strain localization, and the role of the former 𝛽 phase boundaries
that enclose regions of highly textured microstructures in AM Ti-6Al-4V [56]. Localization of
strain is critical with respect to crack initiation. This study showed that optimizing process
parameters to decrease the size of the former 𝛽 grains and subsequently the textured regions helped
resist slip and increase fatigue properties [56]. Figure 2.5 shows an Electron Backscatter
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Diffraction (EBSD) characterization result from Todd and Sangid, the fine 𝛼′ microstructure
depicted is common for AM Ti-6Al-4V, the white dotted lines are suspected former 𝛽 boundaries
[56].

Figure 2.5. Fine 𝛼′ microstructure common to AM Ti-6Al-4V, the white dotted lines are
suspected former 𝛽 boundaries, sample was stress relieved with a horizontal build orientation
[56].
Similar to the optimization of process parameters to limit defects, Thijs et al. demonstrated that
different scanning strategies and process parameters can account for variations in grain growth,
average grain length and can also cause the precipitation of an intermetallic Ti3Al phase [48]. A
number of studies have also used heat treatments to transform the fine martensitic structure to other
preferable microstructures. Improved ductility without severely decreasing the yield strength can
be achieved via a lamellar 𝛼 and 𝛽 structure [1]. A mixture of fine 𝛼 and 𝛽 occurs at around
700 °𝐶 and the use of higher temps and added pressure has resulted in a microstructure similar to
wrought Ti-6Al-4V, although with elongated grains still evident [47]. Vilaro et al. conducted a
series of conventional and optimized heat treatments, the study shows that is possible to choose
the morphology of the grains in order to match the in-service loading regime, also highlighted is
the strong anisotropy of the mechanical properties due to build direction regardless of any heat
treatment [4]. Heat treatment is also beneficial for the reduction of internal stress and when
combined with pressure we also see a reduction in the inherent SLM defects. Hot Isostatic Pressing
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(HIP) has been shown repeatedly to decrease defect number and size, increase mechanical
properties and fatigue resistance [57], [58].

Other than the efforts to optimize the process parameters and the microstructure (mechanical
properties) of SLM AM Ti-6Al-4V the other significant theme within open literature is the fatigue
resistance. This literature review has found the orientation and types of porosity/defects, residual
stresses, build directions and surface properties to be widely covered, although with a number
conflicting observations.

Cain et al. and Vilaro et al. report significant anisotropy in FCG for different build orientation and
Lueduer et al. shows improved fatigue properties for cracks parallel to the build direction whereas
Edwards and Ramulu present similar FCG behavior for three different build directions [2]–[5].
Kruth et al. concludes that for optimized build parameters without any (detectable) pores, the
building direction does not play a significant role in the fracture toughness results [6]. Cain et al.
explains the anisotropic behaviors as likely to be a function of residual stress [3]. Edward and
Ramulu show that residual stress is the dominant variable in the fatigue growth behaviors where
Leuders et al. observes that pores and defects are significantly more important than the
microstructure for crack initiation [2], [5]. The variability in the number of defects has also lead
to contradictory ductility values in relation to build direction comparisons [4], [59]. Wang et al.
reported that fatigue cracks initiated at pores close to the surface for wired and arc additive
manufactured Ti-6Al-4V [60].

Various fatigue life comparisons to conventionally manufactured Ti-6Al-4V are available in
literature, in 2016 Li et al. conducted a thorough assessment of all reported uniaxial fatigue loading
results, normalized for differing stress ratios [61]. Of interest to this work is the as built condition,
Edwards and Ramulu presented the lower bound set of data for cycles to failure, significantly lower
than conventionally cast Ti-6AL-4V, for various build directions and surface conditions [5].
Broadly this was attributed to a relatively large defect volume fraction [5], [61]. Both Xu et al. and
Liu et al. report cycles to failure that outperformed reference data for post treated cast Ti-6AL-4V,
with improved microstructure being the driving factor [61]. Leuders et al. reported a high
monotonic tensile strength and significantly lower fatigue strength in comparison to cast Ti-6AL-

20
4V [53]. Wang et al. concludes a set of results with a mean fatigue life slightly higher than that of
forged Ti-6Al-4V [60]. Van Hooreweder et al. studied near full density SLM AM Ti-6AL-4V and
concluded fracture toughness and fatigue crack growth properties similar to that of conventional
manufacturing methods [54]. Although there is conflicting comparison for cycles to failure the
common theme is that the crack initiation phase and short crack growth behavior provides a lot of
the variation and is predominately impacted by material defects such as porosity.

The porosity in AM Ti-6Al-4V comes in three distinct forms, typically these are referred to as
trapped gas, LOF and keyhole porosity. Trapped gas induced porosity stems from an initial powder
contamination, this gas contamination remains in the material as the melt pool solidifies rapidly
resulting in voids/pores [4]. LOF induced porosity is mainly attributed to the lack of melt pool
overlap or low energy, this results in un-melted powder which insulates and lowers cooling rates
causing surface tension driven voids/pores [50]. Keyhole porosity can be formed at high energy
densities which can instigate evaporation of the metal and the formation of plasma [52]. This
results in a vapor cavity often deeper into the material than LOF defects, incomplete cavity collapse
leaves a trail of relatively deep (to build layer surface) voids/pores [52].

The initiation of the different types of pores are linked back to the processing parameters and
process window proposed by Gong et al., in Zone II (over melting / keyhole) the porosity is
characterized by being spherical in nature and in Zone III (incomplete melting / LOF) the pores
are irregular, elongated and sharp. Low energy density, insufficient reheating of the previous layer
and a too fast scan speed are all related conclusions drawn by authors who have confirmed the
presence of these irregular pores in Zone III [4], [51], [55], [62]. Morgan et al. discovered that a
rough surface can also cause excess gas entrapment between build layers which in turn causes
porosity as the trapped gas is heated by subsequent laser pass [63]. Figure 2.6 is from Kasperovich
et al.’s study into the correlation of porosity and process parameters of SLM AM Ti-6Al-4V, (a)
represents the irregular pores with a low energy density and (c) shows the spherical pores from
over melting [55].
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Figure 2.6. Various energy densities and their corresponding pore characteristics of spherical and
irregular, for additive manufactured Ti-6Al-4V [55].

The irregular pores have also been shown to relate to the build direction. As they are a primarily a
LOF defect present as a discontinuity in the intra-layer, the elongated length is parallel to the
boundary and perpendicular to the build direction [49]. The anisotropic variance in ductility for
different build directions can be explained by the elongated pores being pulled apart when loaded
perpendicular to the elongated length [4]. In terms of fatigue Viet-duc le et al. observes that the
critical pores related to the crack initiation are of the LOF defect type [41]. Researchers have also
characterized these LOF defects as being separated surfaces with or without the presences of unmelted powder particles. Figure 2.7 shows scanning electron microscope (SEM) images adopted
from Liu et al., taken from fractured compact tension samples of SLM AM Ti-6Al-4V, with an
𝐸𝑣 = 34.2

𝐽

, showing LOF defects with and without powder particles present [64].

𝑚𝑚3
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Figure 2.7. Example of LOF defects with or without un-melted powder particles in SLM AM Ti6Al-4V adopted from Liu et al. [64]
Pore size, shape and volume fraction has been studied with respect to fatigue behavior in literature.
Leuders et al. conducted the earliest and most extensive study into porosity, in summary a volume
fraction of 0.23% was achieved and pore sizes from 22 – 50 𝜇𝑚 studied (21 𝜇𝑚 threshold due to
tomography resolution), notably this study later removed all pores above 22 𝜇𝑚 using HIP [2].
Kasperovich et al. obtained a volume fraction of 0.08% by optimizing process parameters and 0.01%
using HIP [55]. Out of the 60 dog bone shaped samples of various build directions tested by Vietduc le et al., fatigue cracks initiated from a single pore in 59 samples, 4 were in the bulk of the
material the remainder classed as surface pores [41]. Pore size was considered and a relation to the
fatigue strength was found for two of the three build direction tested [41]. Kasperovich et al.
considers the sphericity measurement of pores in order to decide on the criticality for fatigue, any
sphericity lower than 0.7 (1.0 being perfectly round) with a large aspect ratio could be considered
critical if perpendicular to the fatigue loading [55]. With a large enough volume of these critical
pores the effective loaded area is decreased and the sharp pores are then acting as stress
concentrators, thereby lowering the fatigue properties.

The residual stresses that occur due to the SLM thermal process cycles have been shown to
significantly influence the initiation and crack growth phase. The macro residual strain (Type I)
across the SLM product exists of large tensile stresses at the top and bottom and varying gradient
of compressive stress through the bulk [65]. In the work by Leuders et al. residual stress was
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removed through the use of heat treatments and the results show a substantial influence on the
fatigue properties, although this effect is coupled with the improvements to the microstructure [2].
As the literature review showed there is still a significant variation in the reported fatigue
properties, a large factor is the cycles to initiation and short crack growth behaviors which have
not yet been fully investigated.

2.2

X-ray Synchrotron Computed Micro-tomography

2.2.1 Background
Material characterization, in three dimensions, by high energy μXSCT has become relatively
common place within material science literature. Useful data for a number of different applications
has been reliably and rapidly obtained with the use of 2nd and 3rd generation (soon to be 4th)
synchrotron high energy x-rays. The recent reported resolutions are as low as 100nm and proceed
up to 10 𝜇𝑚 depending on the material being tested and the synchrotron source experimental
abilities [66]. This increase in resolution capability is largely due to the ability of recent
advancements, that enable the thousands of images required to be taken at many images per second.
Figure 2.8 shows the historical trends for tomography resolution and acquisition times for various
facilities, as at 2014 [66].

Figure 2.8. Showing established trends for resolution and acquisition times for μXSCT
facilities[66].
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One limitation of previous iterations of μXSCT facilities was the inability to acquire scans fast
enough to allow for time sensitive experiments such as changes in stress or temperature, most
experiments were done under quasi-static conditions. This has largely been solved and the 4th
generation synchrotrons will enable very fast scans. It is also now possible to produce high
resolution images of a particular area of interest well within a volume. Other than the attenuation
or absorption imaging, new methods such x-ray diffraction microcopy, contrast based tomography
and x-ray absorption at near edge structures amongst many others are continuing to improve and
allow for greater applications.
2.2.2 μXSCT Measurement Principles
This review largely focuses on the use of absorption μXSCT systems and techniques as this was
used within the following work. μXSCT is based on the attenuation of a transmitted beam as it
passes through a sample, the basic setup requires an x-ray beam, sample and detector, Figure 2.9
[67] . The sample is imaged through angular rotations about an axis normal to the incoming beam,
typically 180 or 360 degrees, at steps sizes usually of sub degree. These images are then a set of
projections (called a tomogram) that can be reconstructed in order to view either a two or three
dimensional output. The three dimensional output is created by stacking the two dimensional
images (the space between being analogous to the scan resolution). Each three dimensional point
in the tomogram is called a voxel.

Figure 2.9. Basic μXSCT schematic [67].
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The very high intensity of the hard beams used today are able to yield high signal to noise ratios
at very short time intervals. Polychromatic and monochromatic beams can be used and the high
parallelism of synchrotron source beams is used to limit imaging defects and the beam coherence
is important for phase contrast imaging. In simpler terms when Elliot and Dover first discussed
their x-ray micro-tomography (1980s) they described needed x-rays that are coming from a welldefined source, traveling in straight lines without scatter and obeying Beer’s Law [68].
The fundamental principle of μXSCT is Beer’s law of attenuation which is used to relate the
attenuation of beam intensity to the beam energy, path length and material attenuation coefficient.
Equations 2.2 and 2.3 show beers law for a monochromatic (and homogenous material) and
polychromatic beam respectively, with 𝐼𝑜 and 𝐼 the initial and final beam intensity, 𝜇 is the
materials linear attenuation coefficient and 𝑥 the length of the x-ray path.
𝐼 = 𝐼𝑜 exp [−𝜇𝑥]

(2.2)

and
𝐼 = ∫ 𝐼𝑜 (E)exp [∑𝑖(−𝜇 𝑖 (𝐸)𝑥𝑖 )] 𝑑𝐸

(2.3)

Of note in Equation 2.3, is the attenuation coefficient being a function of the polychromatic beam
energy (𝐸), this requires solving the equation over the entire range of x-ray energies used. Beer’s
law accurately describes the sample attenuation, it is relatively simple to use in its linear form but
can be difficult in the nonlinear polychromatic case, introducing beam hardening artifacts [69].
2.2.3 μXSCT Image Reconstructions
Considerable effort is required to be able to report quantitative results from the obtained two
dimensional images, this image processing is typically the largest component of any tomography
related experiment. The main step in all reconstructions is the use of a reconstruction algorithm,
in most reviewed work this is by an algorithm based on the filtered back approach by Kak and
Slaney [70]. A set of pre and post image processing steps are required to address the following
image quality concerns (mostly artefacts), a number of these are covered within Section 5.
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Many of the artefacts can impact the ability for researchers to report reliable data, for example ring
artefacts and beam hardening (polychromatic beams) can lead to contrast issues that result in poor
segmentation when using simplified thresholding tools. Many processing procedures are available
but each material tested often requires its own set of input value.
2.2.4 μXSCT Measurement Applications and Results
A good example of the use of μXSCT is the work of Pyzalla et al. who used in-situ μXSCT
combined with in-situ diffraction to look into the creep mechanism of deforming copper sample,
tomography provides the pores analysis and diffraction provides crystallographic information [71].
Vagner et al. studied steel powders used additive manufacture as they were sintered, this required
a very fast (less than 1 min) scan time [66]. A number of the reviewed studies in Section 2.1 used
tomography based experiments, Kasperovich et al. used μXSCT to quantify porosity and Gong et
al. used a similar approach [51], [55]. Leuders et al. used μXSCT, with a resolution that allowed
for porosity greater than 22 𝜇𝑚 to be examined (threshold of 21 𝜇𝑚 and below related to
tomography resolution) [2].

Overall as we see an increase in the availability of open source tools for tomography reconstruction
improvements and quantifications there is likely to be even more use. The current limitations are
the use of the filtered back approaches which do not suit noise data or too few projections and
there is no easy way to measure the errors associated with the numerous steps required [66].

2.3

High Energy Dispersive Diffraction

2.3.1 Background
Strain characterization by energy dispersive x-ray diffraction (EDD) has grown more prevalent
over recent decades with the advent and availability of 2nd and 3rd generation (soon to be 4th),
synchrotron high energy x-rays. The high energy and collimation of polychromatic (white) beams
has enabled penetration of samples in the order of tens of millimeters, small gauge volumes (often
a few grains only), fast acquisition times and significantly improved accuracies [72]–[74]. Overall,
recent research has proven the high spatial and strain resolution abilities of EDD, Figure 2.10
illustrates these capabilities in comparison to other methods [72].
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Figure 2.10. Resolution and penetration of various residual strain measuring techniques, as of
2012. Grey represents destructive methods [72].
Notably, fast acquisition times have proved useful for dynamic in-situ experiments previously
deemed problematic. Most important, is the vast improvement in the ability to validate theoretical
and computational models. This should lead to increases in the accuracy of service life predictions
for engineering materials and components. The two main drawbacks of energy dispersive
diffraction are related to the low scattering angle. These are the elongated gauge area resulting
from spatial variations between the lateral and beam directions, and the difficulties in
characterizing complex components.
Table 2.2 describes the different length scales that strains are typically characterized over, 𝜀 is the
strain value and 𝑑𝑔𝑟𝑎𝑖𝑛 is the grain diameter [74].
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Table 2.2. Strain classifications and associated characteristic lengths, adopted from Withers [74].
Strain classification

Characteristic
length (a)

Type I

𝜀 > 𝑑𝑔𝑟𝑎𝑖𝑛

Type II

𝜀 ≈ 𝑑𝑔𝑟𝑎𝑖𝑛

Type III

𝜀 < 𝑑𝑔𝑟𝑎𝑖𝑛

Characteristic length property
Macro residual strain that develops in the body
of a component on a scale larger than the grain
size of the material. Generally varying over
large distances that represent a significant
portion of the component.
Micro residual strains varying on the scale of
each individual grain. Nearly always present in
polycrystalline materials due to elastic and
thermal properties of the different orientated
grains.
Micro residual strains that exist within a grain,
essentially as a result of the presence of
dislocations and other crystalline defects,
including coherency at interfaces.

2.3.2 EDD Strain Measurement Principles
Many components are manufactured from engineering materials consisting of tiny grains randomly
oriented with respect to their crystalline structures. When subject to stress, elastic strain occurs
within the crystalline structure of each grain. EDD can then measure this inter-atomic strain. EDD
utilizes the relation between the lattice spacing 𝑑ℎ𝑘𝑙 and the associated diffraction line 𝐸ℎ𝑘𝑙. This
is derived using the energy relation and Bragg’s equation given at Equations 2.4 and 2.5
respectively. The variables are ℎ = Planck’s Constant, 𝑣 = wavelengths pre second, 𝑐 = velocity of
light, 𝜆 = wavelength of light and 𝜃 = the incident angle of light.

𝐸 = ℎ𝑣 =

𝑑ℎ𝑘𝑙 = (

ℎ𝑐

2𝑠𝑖𝑛𝜃

)(

1
𝐸ℎ𝑘𝑙

ℎ𝑐

(2.4)

𝜆

) = 𝑐𝑜𝑛𝑠𝑡. (

1
𝐸ℎ𝑘𝑙

)

(2.5)

The calculation of the lattice strain 𝜀ℎ𝑘𝑙 for a given orientation with respect to the sample becomes
Equation 2.6. Noting, 𝐸𝑜 and 𝑑𝑜 represent the energy related to the stain free lattice spacing and
the strain free lattice parameter respectively [75].
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𝜀ℎ𝑘𝑙 = (

𝑑ℎ𝑘𝑙
𝑑𝑜 (ℎ𝑘𝑙)

𝐸𝑜 (ℎ𝑘𝑙)
)–
𝐸ℎ𝑘𝑙

)– 1 = (

1

(2.6)

Therefore, the strain is calculated from the change in lattice spacing with reference to the strainfree lattice parameter.
Because EDD is inherently selective, there is a focus on only a small subset of grains within a
sample (gauge volume). The resulting peak shifts will give the strain average across the grains
within the given gauge volume [72], [76]. Commonly the use of assumptions such as plain strain
or other symmetry arguments are used to obtain the components of strain. For example, Ritwik et
al. used these assumptions combined with independent measurements at different angular
directions to calculate 5 components of the strain tensor [77].
2.3.3 EDD Strain Measurement Source, Setup and Techniques
The EDD synchrotron source can provide high energy monochromatic or polychromatic (white)
beams, which are up to a million times more intense than conventional laboratory x-rays. The basic
premise is the higher the energy of the beam, the lower the diffraction angle and greater the
penetration. For a monochromatic beam source, at an average intensity of 50 keV, it is possible to
achieve depths of 10 millimeters in aluminum down to 0.5 millimeters in iron or nickel [78]. This
gave rise to the earlier premise of EDD only being useful for near-surface residual strain
measurement.

In contrast, the polychromatic beam (up to 300 keV) provides a significant increase in total flux
and penetration (tens of millimeters) [78]. Furthermore, a high-count efficiency is achieved due to
the much larger bandwidth allowing for multiple simultaneous diffractions and a reduction in
inefficiencies seen by monochromatic optics [78]. A monochromatic beam will provide a single
diffraction peak, and polychromatic will provide numerous diffraction peaks across a spectrum.

Figure 2.11 is of the National Synchrotron Light Source, United States (NSLS), which is a typical
schematic for a synchrotron source EDD experiment [79]. Main components are the slits,
attenuator/s and filter/s which are used to collimate both the incident and diffracted beam and to
remove low energy beam components. Also, of note are the solid-state detectors and the detector
used to monitor transmitted beam intensity providing precise positioning of the gauge volume.
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Figure 2.11. A typical schematic for a synchrotron source EDD experiment. (NSLS) [79].

A fundamental adjustable component of EDD is the slit system used to collimate the primary beam;
these slits can have a significant impact on the definition of the gauge volume. Numerous slit
systems are used depending on the different beam lines. The alignment of these slits along with
the natural divergence of the beam is important for eliminating systematic errors in strain values
[80]. Figure 2.12 represents recent improvements suggested in slit design, showing these can result
in improved resolution, beam spot size, and shape. The use of a conical slit to prevent external
reflection and a shielding system on the slit exit to suppress diffuse scattering improved hardening
of the beam [80].
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Figure 2.12. Slit configuration experiments are showing the effect on beam spot size and shape,
intensity distributions and images of the scattered intensity behind the slit system [80].

Multiple detector systems are used, these are typically liquid cooled single crystal germanium
detectors, although scanning by other perfect crystals is possible [81]. In a standard multiple
detector system, the vertical and horizontal plane scattering vectors (q) are simultaneously detected,
Figure 2.13 shows a schematic of this type of experimental setup, for EDD conducted at Advanced
Photon Source (APS), United States.

Figure 2.13. Schematic of an APS EDD experimental setup, showing beam direction, slits and
detectors [77].
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The complete technique sees a prepared sample fitted to a translation and rotation table which is
capable of being scanned either across or along the beam (or both). The beam source is activated
and the beam hardened via the slits, attenuators, and filters. Sample adjustments are typically
conducted using a laser and a CCD camera. The choice of angle (2𝜃) is a function of the crystalline
structure and the beam energy spectrum. The diffracted beam is collected by the multiple
germanium detectors, and a multi-channel analyzer typically configured to output 2048 or 4096
channels. Diffraction pattern peak fitting via a number of methods, is used to obtain the lattice
strains, finally, the strain tensor can be computed using the different sample angular measurements.
Figure 2.14 shows a typical diffraction pattern obtained from a stainless-steel sample under a 5
MPa tensile load, the line fit uses the Rietveld method, the crosses are measured data, tick marks
are predicted peaks and lower graph is the difference [82].

Figure 2.14. Diffraction spectrum from stainless steel under 5MPa load, crosses indicate
measured data, line fit via a Rietveld method, ticks indicate expected peaks, and lower graph is
the difference [82].

2.3.4

EDD Strain Measurement Applications and Results

Recent applications of EDD which are of particular interest are those that have proven the
feasibility of both high spatial and high strain resolution or been used where other methods such
as neutron diffraction are unsuitable. An example is the research into short crack growth
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uncertainties which have continued to influence life predictions resulting in conservatism in the
original design and in-service repair. To study this phenomenon a relatively thick sample is
required (to negate near surface effects) and as the characteristic crack tip strain field length scale
is tens or hundreds of micrometers neutron diffraction is unsuitable [73].

Using EDD crack tip strain fields have successfully been characterized in a number of fatigue
cracked compact tension samples with similar EDD effectiveness [73], [79], [83], [84].
Representative of these is an EDD experiment on a 25 𝑚𝑚 thick standard compact tension sample
of austenitic steel, type 316H. The experiment was conducted at 300 𝑘𝑒𝑉 with a diffraction angle
of 3 − 3.5° (2𝜃), gauge volume of 400 by 400 𝜇𝑚 and a 2 𝑚𝑚 long pre-crack [73]. Figure 2.15
shows the geometry of the sample indicating the mapped area of 14 by 10 𝑚𝑚 and the refined
EDD diffraction spectrum with a Gaussian peak fit (deemed inappropriate by the difference curve
in blue) [73].

Figure 2.15. 316H austenitic steel compact tension sample geometry showing EDD mapped area
and diffraction spectrum with inaccurate Gaussian peak fit [73].
Figure2.16 shows the elastic strain in the loading direction (𝜀22 ) map (left) which correlated well
with the predicted finite element analysis. Also shown is a comparison of strain results through
mid-thickness, (right) indicating that neutron diffraction (black triangles) was unable to resolve
the steep strain gradient near the notch. Steuwer et al. (and others reviewed) demonstrated that
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synchrotron EDD can accurately characterize residual strain in thick components with spatial
resolution of 20 𝜇𝑚 and accuracy of ~10-5 [73].

Figure 2.16. 316H austenitic steel compact tension EDD elastic strain (ε22) map and strain
measurement comparison for EDD, neutron diffraction and FEA [73].

Another area of research for residual strain measurement is Titanium linear-friction welds, which
are utilized in jet aero-engines for the cost-effective joining of turbine blades to disks. The
localized heating, microstructural difference and poor thermal conductivity of titanium results in
high residual stress within the heat affected zone (HAZ) [85]. Although researchers have used
neutron diffraction for strain measurement, the poor scattering properties of titanium have limited
the success. Neutron diffraction studies state, penetration of ~5 𝑚𝑚 and gauge volumes of ~1.5
by 1.5 𝑚𝑚 [86]. Figure 2.17 shows a comparison of EDD (left) and neutron diffraction (right) for
two separate Titanium linear-friction weld studies [85], [86]. The disparity in resolution and
capabilities of the methods is clearly evident. The EDD was performed at 60-300 𝑘𝑒𝑉 , the
diffraction angle of 5° (2𝜃 ) and a gauge height of 200 𝜇𝑚 (50 𝜇𝑚 was possible).
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Figure 2.17. Comparison of typical Titanium linear-friction weld residual strain measurements,
EDD (left) and Neutron Diffraction (right) [85], [86].
Many researchers highlight the highly efficient fast strain mapping abilities of the 2nd and 3rd
generation synchrotron sources as the greatest benefit of EDD. For example, acquisition times
reported for 3 𝑚𝑚 Al, Ti, Fe and Cu alloys samples were ~30 𝑠 per 0.3 𝑚𝑚3 (accuracy of < 10-4 )
[78]. 50 𝑚𝑚 depths of aluminum have been probed with a 20 𝜇𝑚 gauge volume at <1 𝑠
acquisition times [76]. A recent paper (2012) on the monitoring of phase transformation stated
that neutron diffraction was too slow to be effective [72]. EDD however, at resolutions of 1-100
𝜇𝑚 and acquisitions time of 1 𝑚𝑠 was proven to acquire data [72]. Finally, dynamic in-situ
experiments at high temperatures are generally difficult to characterize due to the complicated
setups and limited timescales available to acquire data. Examples that have successfully used EDD
are the rapid thermal processing of CuInS2 (solar cell production) and residual stress growth in
CrN/Fe structures; both benefited from reported acquisition times of 10 𝑠 or less [75].

2.4

Previous Work

2.4.1 Background
The sample material investigated during this thesis had previously been used in a study into the
effect of build condition and direction on long fatigue crack growth of SLM AM Ti-6Al-4V [64].
Motivation for this work was the lack of data on long fatigue crack growth for SLM AM Ti-6Al4V. The variation of mechanical properties and crack growth property data was obtained from
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Compact Tension (CT) samples with various build conditions and notch to build direction
configurations.

Constant amplitude loading, with a stress ratio of 0.1 and cycling rate of 10 𝐻𝑧 was used in order
to conduct the crack growth tests. The two build directions and notch positions tested are the
horizontal and vertical builds as represented in Figure 2.18 [64].

Figure 2.18 Compact tension specimens and build directions. X-Z: Vertical Build and X-Y:
Horizontal build [64].
The focus of the research in the study by Liu et al. was on long FCG and the creation of the stress
intensity range, ∆𝐾 verse crack growth per cycle,

𝑑𝑎
𝑑𝑁

data plots. The experiments closely followed

ASTM FCG testing standards and allow for the comparison of the long FCG data to other AM and
conventionally manufactured Ti-6Al-4V. In contrast this current work is solely focused on short
FCG, specifically looking at behavior of the crack tip with respect to the inherent SLM defects.
This study is considered complimentary to the previous work and potentially confirms the
conclusions drawn by Lui et al. in regards to the variability seen and reasons therefore.
2.4.2 Results
The crack opening displacement and load were recorded during the cyclic loading and the linear
portion of the displacement was used to obtain the crack length [64]. Eight CT samples were tested
in total, and for the same build condition the horizontal crack growth rates were more consistent,
vertical samples exhibited significant scatter. Figure 2.19 shows the results for three horizontal
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and two vertical samples from the same build condition, sample naming convention includes B1
for build condition one, H for horizontal and V for vertical build directions.

Figure 2.19. Long FCG rates for vertical and horizontal build SLM AM Ti-6Al-4V CT
specimens of the same build condition [64].

The conclusions drawn by the authors suggest the scatter in the vertical samples is possibly due to
a high number of defects, porosity and lack of fusion (LOF), within the material. Furthermore, as
the crack is required to propagate progressively through the build layers the interlayers have
considerably more defects and hence a rapid acceleration in growth [64].

38

3. SAMPLE MATERIAL AND PRE-CRACKING

3.1

Material Properties and Sample Details

The material of interest is Ti-6Al-4V additively manufactured by the SLM manufacturing method.
The powder was manufactured by TLS Technik GmbH & Co in Germany, formed through gas
atomization and conforms with ASTM Grade 23 [64]. The percentage weight of each alloying
element is included in Table 3.1, the powder particles ranged from 25-45𝜇𝑚 in diameter.

Table 3.1. Chemical composition of Ti-6Al-4V powder used in SLM applications, manufactured
by TLS Technik GmbH & Co in Germany [64].

The production of the specimens was in a SLM Solutions GmbH, SLH 250HL system, as depicted
in Figure3.1, with a build chamber of 250 x 250 x 250 𝑚𝑚3 and a maximum laser power of 400W.
The chamber was purged with argon resulting in an oxygen level of 100 𝑝𝑝𝑚 and the powder was
preheated to 200 °𝐶.
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Figure 3.1. SLM Solutions GmbH, SLM 250HL system similar to the one used to manufacture
Ti-6Al-4V samples used within this work [87].

As per the discussion within the literature review, the properties and hence quality of the specimens
can be related to the energy density, 𝐸 as a function of build parameters, Equation 3.1. For these
samples there was no attempt at optimization of the laser power, 𝑃, scan speed, 𝑣, layer thickness,
𝛿, or hatch distance, ℎ, parameters. In general if the energy density is below a critical window for
optimization we expect to see incomplete melting, LOF and porosity, above the critical window
we have over melting and keyhole porosity [64]. For this study the material is in the as-built
configuration with two build conditions, trial and optimized as described in Table 3.1.

Table 3.2. SLM build parameters used to manufacture Ti-6Al-4V samples, the difference in
energy density is used to differentiate the build conditions as trial or optimized.

40
The only conclusion drawn from the different build conditions is that that the lower energy density
was clearly below the optimized window which resulted in a significant number of defects (LOF
and porosity). Therefore, the terms, trial and optimized are henceforth used as a qualitative
reference to sample quality.

𝐸𝑣 =

𝑃
𝑣𝛿ℎ

(

𝐽

𝑚𝑚3

)

(3.1)

The original samples were manufactured as standard sized CT samples in line with relevant ASTM
guidelines. The scanning pattern used for all samples was alternating between each layer, as per
Figure 3.2.

Figure 3.2. Scanning strategy used to manufacture Ti-6Al-4V samples is the alternating bidirectional with 90° rotation each layer.
The vertical and horizontal built CT samples with build directions illustrated were previously
shown in Figure 2.18. Specimens for the current work were machined from the CT sample halves
that had completely fractured during fatigue testing. ASTM E647 gives guidance for samples
excised from bulk material for which complete stress relief is impractical. Specifically, limit ing
the sample dimensions and a careful location and orientation choice to minimize the effect of
residual stress acting perpendicular to the crack growth direction [38]. The location chosen for the
samples was as far away from the fracture surface as possible so as to be deemed unaffected by
the propagating crack and associated plastic deformation. Figure 3.3 shows a schematic
representation of the CT samples, build layers and approximate location chosen for machining
samples.
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Figure 3.3. Schematic representation of the applicable locations and build directions for the
vertical and horizontal samples.

In total six samples were manufactured from the fractured CT sample halves. Table 3.3 is a matrix
showing the CT naming conventions, build conditions and characterization methods that were
undertaken. The sample numbers 1 through 6 are henceforth used to designate the different
samples throughout this thesis.

Table 3.3. Matrix showing the correlated sample number, specimen designation and original CT
sample naming conventions, build condition and characterization methods employed.
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3.2

Sample Geometry

The sample design was used in previous FCG studies within the ACME2 laboratory at Purdue, the
premise of the overall dimensions are to align them with ASTM requirements for small crack
growth tests [38]. Figure 3.4 shows the sample dimensions, all in 𝑚𝑚, including the gauge crosssection and corner notch position. The 1.5 x 1.5 𝑚𝑚 gauge volume was small by necessity to
ensure the x-ray tomography data could be obtained with a reasonable resolution. The samples
were machined using conventional methods and the corner notch was completed using wire
electrical discharge machining, as specified in ASTM E647 [38]. The ends of the sample, the grip
section, were machined with a tight tolerance of 0.01 𝑚𝑚 and a cylindrical shape to ensure an
optimal fit within the collets used to hold the specimen when under cyclic loading.

Figure 3.4. Diagram schematic of sample geometry in 𝑚𝑚, gauge cross section and corner notch
positon and dimensions.
The corner notch was chosen over a through thickness notch as the fan shaped crack would have
a significant crack front width to crack length ratio, with the crack front being of particular interest
in this study. A corner notch will also likely create an early crack front that exhibits significant
tortuosity as the microstructure will be dominant over this length and area scale, any early crack
path deflections will be evident in the high resolution tomography data.
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The placement of the notch with relation to the build direction is of importance for any crack
growth data analysis. Figure 3.5 shows that for the vertical build samples the notch and gauge
volume placement will always have the crack growing parallel to the build layer. The horizontal
build samples have an infinite number of crack growth direction to build layer orientations; two
examples are depicted. As maintaining an account of the orientation of the cylindrical sample with
respect to the original CT sample was difficult, porosity orientations and further characterization
of the microstructure post fracture was used to gather evidence of the orientation.

Figure 3.5. Diagram schematic of samples showing build layers, a vertical sample will always
have crack propagation parallel to build layer, horizontal sample has infinite crack propagation
direction to build layer orientations.

3.3

Elastic Notch Stress Concentration Factor

In order to determine the applied stress required for pre-cracking from standard Military Handbook
stress-life data, an estimate of the elastic stress concentration factor, 𝐾𝑡 is required. As the
geometry for this the corner notch is complex, standard analytical methods are unable to accurately
determine 𝐾𝑡 [88]. Previous work by the AMCE2 laboratory, on the same geometry samples, used
AUTODESK Fusion 360TM finite element analysis software to model the samples and provide an
estimate for 𝐾𝑡 [89].
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Carter et al. used quadratic ten-node tetrahedral elements (3D elements), to account for the mixed
mode stress state at the notch (plane strain or plane stress assumptions are invalid) [89]. Figure 3.6
shows the stressed mesh and the results indicated a 𝐾𝑡 of approximately 3.0 at the notch root [89].

Figure 3.6. Finite element analysis, showing ten–node tetrahedral elements, stressed mesh and
local notch yield stress [89].

3.4

Pre-cracking

Similar to the sample geometry considerations, the pre-cracking method took into account the
ASTM standards for small crack growth tests [38]. ASTM E647 gives small crack fatigue testing
guidance for the use of corner notches for crack initiation with respect to the R ratio, Equation 3.2,
applied stress, crack measurement, crack symmetry, off axis loading and plastic zone effects [38].
Initial consideration was for the R ratio used, as the use of any compression component of the
loading regime was difficult with the given small gauge volume. The pre-cracked samples were
also to be fitted to a small load frame for in-situ loading experiments which utilizes a gripping
mechanism unable to take such load regimes. Consequently, a tension-tension test using a R ratio
of 0.05 was deemed sufficient.

𝑅=

𝜎𝑚𝑖𝑛
𝜎𝑚𝑎𝑥

(3.2)
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In prior studies and also mentioned within ASTM guidance, a typical approach for tomography
characterization of small cracks is to initiate a crack within a larger sample then machine out a
small gauge volume that includes the crack tip [38], [89]. This approach can result in significant
crack tip plastic zones as the load reduction techniques employed, start at a higher applied stress
in order to initiate a crack within a reasonable cycle count. Other studies have used compression compression testing to mitigate the plastic zone, this method can impact the fracture surface and
is difficult to control due to the gripping mechanism chosen [90]. As the end use of the pre-cracked
samples is to conduct in-situ fatigue crack growth the simplest approach is to choose a constant
applied stress that will initiate a crack within a reasonable cycle count, have a limited plastic zone,
and produce a crack growth rate that is sufficient for the limited beam time available for
tomography scans.

First estimations for the applied stress comes from the ASTM small crack guidance section with
the suggested use of 0.6 times the material yield strength, 𝜎𝑦𝑠. As an estimate, Leuders et al. and
Kasperovich et al. give a yield stress for AM Ti-6Al-4V in the range of 950-1000 𝑀𝑃𝑎, meaning
an applied stress range of 570-600 𝑀𝑃𝑎 [6]. This is high when considering the small gauge volume,
expected variability and trial nature of the build conditions. To further estimate an applied stress
the calculated elastic stress concentrator, 𝐾𝑡 of 3.0 can be used with Military Handbook stress-life
data. Figure 3.7, shows the closest data fit available, predicting a life of around 105 – 106 , results
in 55 𝐾𝑠𝑖 or 379 𝑀𝑃𝑎 [91]. Taking into account the cross sectional area and subtracting the notch,
the applied force for the net cross sectional area for all pre-cracking was 825 𝑁.
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Figure 3.7. Extract from the Military Handbook (MIL-HDBK-5J), showing S/N curves for
annealed room temperature extruded Ti-6AL-4V, with 𝐾𝑡 = 2.8, used as an initial estimate for
pre-cracking load [91].
All pre-cracking was conducted via force control, on a hydraulic MTSTM fatigue testing apparatus.
A Manta Allied digital camera fitted with a Mitutoyo 10x or 20x lenses was used to inspect the
notch area for evidence of cracking. Figure 3.8 shows the fatigue test apparatus and an 20x image
captured from the digital camera depicting a crack initiating from the notch root. Previous work
on similar specimen geometries had used specially designed steel adaptors along with ER-11
collets to hold the samples and mount to wedge type MTS grips. Axial and rotation alignment was
difficult, so the use of v-type MTS grips was selected for this work. The benefits of these grips is
there is no requirement for the use of the ER-11 collets, there is an inherent axial self-aligning
tendency and negligible rotational alignment concerns. Although the v-type grips were largely
successful the comparative size of the sample to the fatigue testing apparatus still presents a
challenge for off axis loading and symmetry of the crack. Some evidence of off axis bending forces
was evident in the digital camera images, with the machining surface lines showing misalignment
whilst under load. Figure 3.9 shows this misalignment in sample 6, at 50,000 cycles, crack length
is approximately 200 𝜇𝑚 and load was 825 𝑁 this sample was not characterized further within
this work.
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Figure 3.8. MTS fatigue test apparatus setup used for all pre-cracking, example of a 20x image
showing a crack initiating from notch root on sample 6.

Figure 3.9. Indicates axial misalignment when mounting a sample in to the MTS fatigue test
apparatus. Sample 6, at 50,000 cycles, crack length is approximately 200 𝜇𝑚 and load was
825 𝑁 for this image.
As the Military Handbook estimate of applied stress and life was only a guide, blocks of 5-10,000
cycles were conducted at 3Hz, before a reduction of frequency to 0.5Hz, for 100 cycles in order to
inspect for crack initiation via the digital camera. Cracks tended to initiate at the base of the notch
root closest to one of the two corner surfaces, as this could occur on either side of the notch the
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sample had to be rotated to visually inspect as the camera was fixed in location. Figure 3.10. shows
20x image of a very early, visually recognizable crack initiation at the notch root of sample 4.
These images indicate the difficulty in confirming the presence of a crack, the images correspond
to unloaded 50 𝑁 (left) and loaded 825 𝑁 (right).

Figure 3.10. Notch root of sample 4 at 58,000 cycles, unloaded 50 𝑁 (left) and loaded 850 𝑁
(right) showing confirmation of a crack.

Once a crack was visually evident with confidence, it was grown until visible on both faces of the
sample adjacent to the notch. The approach was to grow the crack until it had propagated to an
average length of 150 to 200 𝜇𝑚 on each side of the notch. Table 3.4 contains all of the fatigue
cycle testing data for the six samples, pre-crack cycles are for a crack of 150-200 𝜇𝑚.
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Table 3.4. Non-cumulative fatigue cycle data, per sample, for pre-cracking, in-situ μXSCT, insitu EDD and fracture as applicable.

A primary concern when conducting fatigue crack initiation on small samples is the ability to
maintain the stress ratio, 𝑅 and accurately hit the 𝜎𝑚𝑖𝑛 and 𝜎𝑚𝑎𝑥 values. This is whilst completing
the required cycles within a reasonable timeframe and not inducing any temperature related effects.
For all pre-cracking the frequency used was 3 𝐻𝑧, with a cyclic periodic force which very
accurately maintained the preset stress values. Figure 3.11 shows a representative example of this
minimal variation over time obtained during the machine exploratory phase used to test the
sensitivity to cycle frequency. The image shows cycling at 3 𝐻𝑧, 𝜎𝑚𝑖𝑛 = 50, 𝜎𝑚𝑎𝑥 = 780 and
𝑅 = 0.06.
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Figure 3.11. Data log printout of fatigue cycle testing, showing minimal variation in output
variables at 3 𝐻𝑧, 𝜎𝑚𝑖𝑛 = 50, 𝜎𝑚𝑎𝑥 = 780 and 𝑅 = 0.06 . Note, these value are close to the
stress values tested in this work, data log taken during testing of machine capabilities.
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4. X-RAY SYNCHROTRON COMPUTED MICRO-TOMOGRAPGHY
EXPERIMENTAL METHOD

4.1

Background and Overview

In-situ crack growth experiments were conducted at the Argonne National Laboratory, Advanced
Photon Source (APS), beamline 2-BM between June 11th and 15th, 2018. Tomography scans with
intervals of cyclic loading were carried out on samples 1, 2 and 3, for a total of 79 separate scans
comprising approximately 0.5 TB of raw data. Each sample was cycled and scanned repeatedly
until the crack had propagated a sufficient amount for the purpose of this study, approximately
200-400 𝜇𝑚. FCG data for all three samples was successfully collected, within the timeframe
allotted and without any major issues.

4.2

In-situ Loading

In order to conduct in-situ loading experiments the ACME2 laboratory has built a portable load
frame capable of being fitted to the rotational stages used at APS beamlines. The load frame uses
a displacement controlled high tolerance screw-drive motor to apply an axial load. The motor to
frame connection is via a machined, slotted plate which allows for a very accurate axial alignment
of samples. Figure 4.1 shows the portable load frame mounted to the 2-BM stage and a close up
view of the sample mounting mechanism and load cell.

Figure 4.1. Experimental setup used for tomography at 2-BM, APS.

52
The ER-11 model collets use a conical shaped sleeve which is tightened against the sample by the
hexagonal nut and threaded receiver which provides a clamping force. The load applied to the
sample is measured via the SML-1000-16 load cell transducer which provides a voltage through
to an amplifier. Prior experimental work has calibrated this voltage, in 𝑚𝑉 to its corresponding
applied load, 𝑃 (𝑁), Equation 4.1 represents this relationship [89]. This voltage can be read by the
APS native control systems to provide a real time applied stress value, this is captured in the file
name for each scan whilst under constant load and manually recorded for all cyclic loading
applications.
𝑃(𝑁) = 1.626 (𝑚𝑉) + 93.228

(4.1)

In order to control the load frame motor displacement, the proprietary Copley Motion Explorer 2
V7.0 (CME2) control software (manufacturer of the screw drive load frame motor) is used in
conjunction with an amplifier and USB interface to a generic laptop [92]. A basic Python script is
used alongside the CME2 software to cyclically drive the screw motor, using a triangular periodic
form. At a frequency of 1 𝐻𝑧 the system was able to maintain a high level of stress value
repeatability, any further frequency increases caused instability in the 𝜎𝑚𝑖𝑛 and 𝜎𝑚𝑎𝑥 values.

4.3

Sample Mounting

The installation of samples was a tedious task with the very real risk of applying a torsional load
or excessive axial load great enough to either plastically deform or fracture the small gauge volume.
By using a tightening procedure that first tightened the freely rotating end (load cell end) followed
by carefully tightening the fixed end (motor end) the torsional load risk was mitigated. As the fixed
end collet is tightened a progressive axial load is applied to the sample, monitoring this load and
compensating by manually driving the screw motor meant the maximum load applied was minimal.

The collet grip design is prone to slippage whilst under high axial loads, previous experiments
with this load frame have had difficulties in maintaining the frictional force required. Fortunately,
the tight manufacturing tolerance for the grip section was strictly adhered to and with the use of a
cleaning process and diamond paste to improve the frictional force, little issues were encountered.
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Other than some minimal initial stress relaxation seen during tomography scans the applied load
remained steady throughout, samples were subject to full load prior to commencement of scans.

4.4

Beam Settings

The beam line scientists calibrated the beam parameters to suit the material and volume to be
scanned. By using the real time radiograph the notch and pre-crack locations are noted, the region
of interest is fixed using these locations and the scan macro adjusted accordingly. The 1.5 x
1.5 𝑚𝑚 gauge volume with a height of 1 𝑚𝑚 was scanned using an x-ray energy of 24.9 𝑘𝑒𝑉 . Xray radiographs were obtained using a 200 millisecond exposure time per scan and the sample was
rotated through 360 degrees with a velocity of 0.5 degrees per second. The sample was located 9
𝑐𝑚𝑠 from the detector resulting in a resolution obtained of 1.3 𝜇𝑚. Taking into account the ability
to distinguish between two separate pixels via Nyquist sampling, the smallest feature that can be
resolved must be 2.6 𝜇𝑚 or larger in size.

4.5

In-situ Fatigue Crack Growth Experimental Procedure

With the region of interest and beam parameters calibrated an initial tomography scan was taken
to ensure the output was useful and capturing the required data. By using the native APS TomoP y
code a non-optimized reconstruction was performed which enabled an accurate estimate of the
crack length obtained from pre-cracking [93]. Although these reconstructions were ‘rough’, the
runtime of a few minutes meant they provided the ability to check on crack propagation progress,
between each cycle block in real time.

For each of the three tested samples, after the first tomography scan the sample was cycled for 50100 cycles. Afterwards, a tomography scan was performed, this small number of cycles was in
order to check for any abnormally large crack growth which would indicate an issue with the
testing procedure or material. The cycling was progressively increased to 1000 cycles at 1 𝐻𝑧 with
an approximate run time of 20 minutes, each tomography scan took approximately 15 minutes.
Table 3.4 contains the total cycles completed for each sample during the tomography experiment,
further detail for each cyclic block is provided at Appendix A.
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For each block of cycling the motor position was recorded by taking the counts (equates to motor
rotation) away from a fixed zero position, this fixed the motor position for the 𝜎𝑚𝑖𝑛 and 𝜎𝑚𝑎𝑥
values. As the cycling is displacement controlled any relaxation in the sample, or extra
displacement due to the crack opening was adjusted for between each block by editing the Python
script used, driving the motor (counts) further. These changes were confirmed with a single load
to 825 𝑁 prior to each cycle block, in this way the 𝜎𝑚𝑎𝑥 values were maintained in the range of
800-830 𝑁 , and stress ratio maintained at 𝑅 = 0.05 on average, Appendix xx contains the
relevant details.

The constant load for the tomography scans was recorded, and the range was similar to the cyclic
loading, 800-830 𝑁. As the estimates for the crack length were recorded between each cycle
loading, if the crack was deemed to have not grown, the cycles were increased to 2000 or even
4000 cycles. Sample 2 and 3 exhibited much lower crack propagation rates and as such the cycle
blocks were on average larger for these samples. This process was repeated until sufficient crack
growth was seen, consideration for the limited beam time available was also taken into account.
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5. X-RAY SYNCHROTRON COMPUTED MICRO-TOMOGRAPGHY
RECONSTRUCTIONS

5.1

Background and Overview

One of the largest tasks undertaken was the optimization of the reconstruction methods used for
the 79 individual tomography scans obtained. The primary goal was to enable visualization of the
crack surface evolution and any material defects such as LOF or porosity, as three dimensional
volumes. The process is iterative and requires a systematic approach in order to optimize the pre
and post processing, thresholding and visualization. The reconstruction output is a stack of 32-bit
greyscale intensity images of 2560 x 2560 pixels with the resolution per the tomography scans, of
1.3 𝜇𝑚. The stacked images are also spaced 1.3 𝜇𝑚 apart so the voxel size is 1.3 x 1.3 x 1.3 𝜇𝑚 3
for the three dimensional renderings.

5.2

TomoPy Reconstructions

TomoPy is a parallelizable high performance reconstruction code created by APS beamline
scientists. The code provides a way to automate a number of image corrections and reconstruction
methods in order cope with the increase in data acquisition capabilities at synchrotron sources [93].
The code is completely open source and largely written in Python, with some C++ and C
components. Figure 5.1 is an overview of the process steps TomoPy is capable of performing,
most with some level of automation [93]. The process starts with raw x-ray radiographs (import
data), then corrects these radiographs, reconstructs into a sliced volume and performs image
corrections on these reconstructions. Various input parameters are able to be configured by the
user, with a number of these interrelated. In the case of this research some process steps were
conducted using TomoPy and others with methods discussed further in this section.
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Figure 5.1. Overview of the TomoPy process steps available for reconstruction and correction of
images from raw synchrotron radiographs [93]
5.3

Pre-processing

In terms of normalization, the standard method of using the white images (taken with the beam
only, in the absence of the sample) and dark images (taken without the beam) to correct the raw
data intensities was used. As with most datasets this basic subtraction normalization does not
correct for the other reconstruction artifacts caused by x-ray beam drift or imperfections within the
detector systems. Of particular concern for this dataset was the zinger and stripe removal, zingers
are outlier pixels and stripes are the horizontal stripes present in radiographs due to the rotating
sample with a fixed beam and detector. Figure 5.2 shows a slice from the image domain
(reconstructed domain) with and without these removal tools. As the conservation of image
features was the priority a series of iterations resulted in the combined use of the Wavelet-Fourier
filtering and Titarenko’s approach, parameters used are contained in Table 5.1 [94], [95] .
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Figure 5.2. Reconstructed slice (image domain) from sample 1, with notch and crack front
evident. Slice without the use of TomoPy tools to remove zingers and stripes/rings (a), and slice
showing results after removal (b).
5.4

Reconstruction

Of the inbuilt reconstruction methods, the Gridrec or Fourier grid reconstruction algorithm was
employed. The raw data domain (radiographs) are mapped to the image domain using a method
similar to the back-filtered approach described by Kak and Slaney [70], [95]. The major component
of ensuring the reconstructions are correct is having good estimates for the geometrical parameters.
The dominant parameter is the rotation center, which is also a function of the fixed beam and
detector with rotating sample. Although TomoPy has a number of automated algorithms for the
calculation of the rotation center, these were not possible for the obtained data set. A manual
process of trial and error was used, a single slice was reconstructed with varying rotation centers
until the image aligned and feature were sharp. Figure 5.3 shows a reconstructed slice with rotation
center incorrect (a), and optimized (b), visually obvious errors are blurring, streaking and
misalignment. Rotation center values used to reconstruct the complete dataset are recorded in
Appendix A.
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Figure 5.3. Rotation center parameter effects shown as incorrect with evidence of blurring,
streaking and misalignment (a) and optimized (b).

As the load frame is rotated through the entire 360 degrees the supporting posts obstruct the x-ray
beam for approximately 20 degrees of rotation twice. This obstruction results in dark images only
for these scans, this was taken into account during the full reconstructions by adjustments made to
the TomoPy script by the beamline scientist. Although largely successful the completed
reconstructions required significant post processing due to persistent ring artifacts and the low
contrast between crack surface, porosity and the bulk material.

5.5

Post Processing

The TomoPy ring removal tool was only marginally successful in completely removing the ring
artifacts, issues with rings at the center and rings overlapping the propagating crack front, resulted
in a significant loss of crack front and image features when thresholded. After trying numerous
software iterations, a Matlab script was modified from the work of Jha et al. which overall provided
much better results [96]. This Matlab script converts the reconstructed data back to polar
coordinates, creating lines from rings and uses a similar wavelet-Fourier filtering to TomoPy but
combines this with Lyckegaard’s algorithm to remove the lines [96]. All 79 reconstructions had
the ring removal performed using this adopted Matlab script in combination with TomoPy tools,
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the sharpness and contrast remained high and the fracture surface was preserved. Figure 5.4 shows
a comparison between the TomoPy native ring removal and the Jha et al. Matlab script; (a) is
without any ring removal tools, (b) is via the TomoPy native tool, clearly visible are wide dark
rings with a contrast similar to the crack front and (c) is the Matlab script resulting in a largely
homogenous contrast throughout the bulk material.

Figure 5.4. Different stages of ring artifact removal are shown, without any ring removal tools
(a), Tomopy ring removal showing dark contrast artifacts remaining (b) and reasonably
homogenous contrast obtained through the bulk via the Matlab script (c).
The other post processing software used was the open source ImageJ (Fiji plugin version) [97]. A
number of filtering, smoothing, de-noising, fast Fourier transforms and even a machine learning
segmentation tool (Weka Segmentation) were iteratively trialed over a period of months to ensure
the completed reconstructions were capable of being thresholded.

5.6

Thresholding and Visualisation

In the case of the tomography scans the object of thresholding was to obtain the intensities that
correspond to the fracture surface, crack front, pores and other material defects. Once obtained the
crack evolution or bulk material defects can be studied with clarity, the software used was the
previously mentioned ImageJ and also Avizo (version 9.1.1) [97], [98]. The object of the prior
steps is to optimize the sharpness, contrast and the reduction of reconstruction artifacts. The
success of these steps are not evident until the thresholding is completed with minimal loss in
features, this highlights again the iterative nature of image processing. Figure 5.5 shows the
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following images of samples 1, an SEM image taken post complete fracture (a) and an Avizo
volume rendering of the fracture surface (b), a high correlation of features indicates successful
thresholding.

Figure 5.5. Sample 1 images showing a high correlation of fracture surface features for an SEM
image, post complete fracture (a) and a reconstructed tomography scan, Avizo rendering (b).
As there are variations in the greyscale intensities for each sample and even within scans of the
same sample the threshold values changed for each reconstruction. For the crack growth
measurements, the thresholded fracture surface and crack front was compared between the two
dimensional orthogonal views (ImageJ) and three dimensional volume renderings (Avizo) to
ensure as close as possible to the entire crack was measured.
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Table 5.1. List of parameters and the values as inputs for the TomoPy tools used for the
reconstructions of raw tomography data.
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6. FATIGUE CRACK GROWTH ANALYSIS AND RESULTS

6.1

Background and Overview

In Section 2, the literature review showed various researchers have reported conflicting data on
the fatigue crack growth of AM Ti-6Al-4V, especially when defects are present. In order to
measure the crack growth for the comparisons between samples 1, 2 and 3 a rigorous experimental
technique was required. Whilst considering a suitable characteristic crack length, the tortuosity
and morphology of the crack along with any significant crack deflections must be observed.
Examining reasons for any crack deflections and defect interaction are also investigated. The
results for this section are considered in line with previous work on CT samples and any relevant
literature results.

The build directions and conditions are summarized again in Table 6.1, reiterating the three
separate cases discussed within this section. Furthermore, for all three samples the notch to build
layers are schematically shown in Figure 6.1, for sample 2 and 3 orientations are determined from
the porosity defects, this is discussed in Section 7.4.

Table 6.1. Summary of the build direction and build condition for samples 1, 2 and 3.
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Figure 6.1. Summary of the notch to build layer orientations for samples 1, 2 and 3.

6.2

Measurement Methods

For each of the in-situ FCG experiments conducted as per Section 4 and reconstructed with
methods described in Section 5, a series of tomography reconstructions were produced. Figure 6.2
shows an example of three dimensional renderings created using the Avizo software, sample 1 is
shown at 120,550 cycles with a measured crack length of 632 𝜇𝑚.

Figure 6.2. Example of Avizo three dimensional renderings of the FCG tomography
reconstructions, sample 1 is shown at 120,550 cycles with a crack length of 632 𝜇𝑚.
The analysis and measurement of the FCG behavior was conducted using the measurements tools
in Avizo and ImageJ. For every tomography scan taken three dimensional measurements using a
snap to feature function was taken in Avizo and a two dimensional measurement taken on the
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orthogonal views using ImageJ or Avizo. Both these measurements were taken on the largest
length of the propagating crack, starting at the notch root and measuring perpendicular, if the error
was minimal, as per Equation 6.1, the three dimensional length was taken (typically larger). Figure
6.3 depicts sample 1 with the two different techniques used to confirm FCG lengths, two
dimensional orthogonal view measurement, (a), and the three dimensional Avizo measurement, (b).
To note, the line measurements are in pixels and the resolution for these tomography scans was
1.3 𝜇𝑚, the result of this measurement pair was a 632 𝜇𝑚 crack length at 120,550 cycles.
3𝐷 𝑙𝑒𝑛𝑔𝑡ℎ−2𝐷 𝑙𝑒𝑛𝑔𝑡ℎ
3𝐷 𝑙𝑒𝑛𝑔𝑡ℎ

<+
−5%

(6.1)

Figure 6.3. Example of the two measurement methods used to obtain the short FCG data,
orthogonal measurement, (a), and three dimensional measurement, (b).

By using an arc drawn on the Avizo renderings the longest length was also confirmed where
possible, this extra care was taken during the measuring process as the crack growth rates were
minimal so any error would be deemed to affect the results significantly.

6.3

Crack Growth and Path Evolution

Crack growth evolution and the tortuosity and morphology of the crack is depicted for each sample
in Figures 6.4, 6.5 and 6.6. Each set of figures show a series of tomography scans (a–d) for
increasing cycle counts and a set of orthogonal views from relevant two dimensional sectional
slices, as described by ‘aa’ and ‘bb’ sectioning planes. These two dimensional orthogonal slices
are used to show the evolution (same slice shown each time) of the largest movements away from
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the more dominant parallel crack path, they are not a projected view of the tomography volume ,
detailed three dimensional images are included in Section 6.5.1.

Figure 6.4. Sample 1 crack evolution, (a-d), and orthogonal views described by the sectioning
planes ‘aa’ and ‘bb’.

Sample 1 displayed a uniform crack growth pattern as the crack front propagated in a fan like
structure, the crack initiated at the notch root, in multiple locations. There was early evidence of
an abrupt crack path directional change with ‘steps’ seen in orthogonal view ‘aa’ and Figure 6.2.
As the crack length grew the morphology became flat with little movement away from a parallel
crack path. Bifurcations occur and the crack front encountered or came in close proximity to a
small number of the spherical porosity defects, detailed images are included in Section 6.5.1.
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Figure 6.5. Sample 2 crack evolution, (a-d), and orthogonal views described by the sectioning
planes ‘aa’ and ‘bb’.
Sample 2 had a similar number of applied fatigue cycles to sample 1 during the in-situ tomography
experiment, despite this it is visually obvious there was less crack growth. The crack initiated at
multiple locations towards the top of the notch root and tended to grow with a bias towards this
side of the notch, as per images (a-d). Although this sample had significant spherical porosity little
evidence of crack and porosity interaction was seen. There is evidence of multiple bifurcations and
multiple cracks at the notch root and ‘steps’. These are limited to first half of the crack growth
measured, before the morphology becomes relatively flat. This notch root crack behavior is likely
to have produced the variability in the short FCG. To note, the notch was significantly larger
(approximately 200 𝜇𝑚 deeper than sample 1 and 3) for this sample.
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Figure 6.6. Sample 3 crack evolution, (a-d), and orthogonal views described by the sectioning
planes ‘aa’ and ‘bb’.

Sample 3 had the most fatigue cycles during the in-situ tomography experiment (30,150 cycles)
and also the least visual crack growth. Similar to sample 2 the crack initiated at the top of the notch
as per images (a-d). Sample 2 and 3 were mounted in different orientations (vertically 180 degrees
different) in the pre-cracking load frame, so any bias to this side of the notch was deemed most
likely not due to any off axis loading. Later it was evident that there was a large void/porosity
defect at the notch root (shown in ‘aa’ and ‘bb’ from either side of the void), the crack probably
initiated from two locations on this void. The short crack growth remained relatively flat with no
significant ‘steps’.

6.4

Scanning Electron Microscope Images

After μXSCT and EDD characterizations samples 1, 2 and 3 were fatigued to fracture under the
same loading regime as pre-cracking (Section 3), cycles to fracture are included in Table 3.4. The
fracture surfaces were examined using a SEM with the results depicted in Figures 6.7, 6.8 and 6.9.
Further details of interest from the SEM fracture surface images are discussed in Section 7. From
these images it was possible to gain another data point for the crack growth to cycles measurements
taken from the tomography scans. This was computed by overlaying the last tomography crack
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surface reconstruction onto the applicable SEM image and measuring from the longest crack length
to the beginning of the fast fracture surface. Figure 6.7 shows the sample 1 fracture surface, (a),
and an example of this measurement technique, (b), with (c) and (d) being close up images. Of
note, the two distinct crescent shaped lines in Figure 6.7 (c), represent the two EDD experiment
cycle numbers (122,550 and 124,550). As the scans took 18 hours we see the result of this as a
marker bands that required the following fatigue cycles to progress through large plastic zones
before continuing. Although striations are not clearly visible we see a relatively flat fracture
surface with three distinct steps shown ((c) and (d)).

Figure 6.7. Sample 1 post fracture SEM image (148,269 cycles), (a), and measurement technique
for crack growth to final failure (tomography scan at 124,550 cycles), (b). Images (c) and (d) are
close up fracture surface views.
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Figure 6.8 (a), shows the sample 2 complete fracture surface, of note is the visually larger fast
fracture surface, a number of pores are also evident and discussed in Section 7, (b) and (c) show
close up images. The close up images show a distinctly different fracture surface from sample 2
(trial/horizontal) to sample 1 (optimized/vertical), the fracture surface is less smooth and shows
the material being ‘pulled’ apart as opposed to a clean fatigue crack. There are elongated pores
visible in the fast fracture region, (c), which are perpendicular to the propagating crack direction.

Figure 6.8. Sample 2 post fracture SEM image (123,548 cycles), (a), with (b) and (c) close up
images of the fracture surface.

Figure 6.9 (a), shows sample 3 complete fracture surface, (b) and (c) show close up images.
Although this sample had significantly less crack growth up to the final tomography scan taken (in
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comparison to sample 1), there is evidence of a much larger fatigue crack prior to the fast fracture
surface, similar to sample 1. A significant number of pores are evident as well as a long vertical
step in the crack surface which was not there until after the scanned tomography crack length. The
step is seen running at an approximate 45 degrees, top left to bottom right, this started near the
large pore at the notch root and indicates the build layer to notch orientation and potentially the
crack preference to the layer interface. The fracture surface of sample 3 (trial/horizontal) and
sample 2 (trial/horizontal) exhibit the same behavior of the material being ‘pulled’ apart despite
different notch to build layer orientations.

Figure 6.9. Sample 3 post fracture SEM image (140,433 cycles), (a), with (b) and (c) close up
images of the fracture surface.
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6.5

Results

6.5.1 Crack Deflections, Initiation and Defects
Each sample exhibited very different behavior at the notch root, this early crack behavior is one
possible explanation for the significant variation seen in the short crack growth rates. Sample one
has three distinct (un-joined) individual notch cracks, as seen in Figure 6.10, the current cycles are
100,000 (pre-crack only) and the largest crack length is 135 𝜇𝑚. The image is looking directly at
the notch in the 1 direction (into the page), the cracks are confirmed by the orthogonal slice taken
at a distance of 5 𝜇𝑚 back from the notch, the crack is growing out of the page in the direction of
the reader. Each initiated crack is mostly parallel and the distances between cracks at the notch
root are steady, both cracks i) and the lower part of iii) are approximately 30 𝜇𝑚 from the plane
of crack ii).

Figure 6.10. Sample 1, 3D Avizo rendering and 2D orthogonal slice at the notch root showing
three individual cracks at 100,000 cycles at crack length of 135 𝜇𝑚.
Figure 6.11 shows sample 2, notably there is a larger notch, 200 𝜇𝑚 deeper, so the notch face is
significantly wider, there is five distinct (un-joined) cracks at the notch face, there is also a large
number of micro cracks and evidence of crack bridging and overlap between crack iv) and v). The
image is looking directly at the notch in the 1 direction, the orthogonal slice view is taken 5 𝜇𝑚
back from the notch face and the cracks show bridging within 5 𝜇𝑚 of growth is which is different
to the behavior seen in sample 1. The current cycles for this sample are 78,000 and the largest
crack length is 162 𝜇𝑚. There is no distinct pattern of distances apart or a preference for a parallel
plane, except for crack five every crack is having some movement in the 2 direction (loading
direction).
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Figure 6.11. Sample 2, 3D Avizo rendering and 2D orthogonal slice at the notch root showing
five individual cracks (and numerous micro cracks) at 78,000 cycles and a crack length of 162
𝜇𝑚.
Figure 6.12 shows sample 3 which had a large pore (100 𝜇𝑚 tall) less than 5 𝜇𝑚 from the edge of
the notch. The crack is assumed to have initiated at the pore as it is evident there is two main large
cracks either side of the pore. The orthogonal slice view is taken 5 𝜇𝑚 back from the notch root,
the crack is growing out of the page, current cycles for this sample are 73,000 and the crack length
is 215 𝜇𝑚. There are four distinct (un-joined) cracks at the notch face, there is relatively parallel
crack growth, although the pore side of the sample is preferred and similar to sample 2 we see
crack movement in the 2 direction (loading). Sample 3 had over 200 𝜇𝑚 in crack length at the least
amount of cycles, at this point the crack growth rate reduced and largely remained static until after
100,000 cycles.
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Figure 6.12. Sample 3, 3D Avizo rendering and 2D orthogonal slice at the notch root showing
four individual cracks at 73,000 cycles and a crack length of 215 𝜇𝑚.
Sample 1 exhibited a crack bifurcation and steps at the free surface and within the bulk as
highlighted in Figure 6.13. To analyze these deflections measurements were taken using
orthogonal views and three dimensional renderings in Avizo, the error in measurement is
analogous to the tomography scan resolution and added human error, reported values are rounded
to the nearest whole number and are indicative only. The three individua l cracks had all bridged
by 105,550 cycles, the preference for the crack plane was the top crack, ii) in Figure 6.10.

Figure 6.13. Sample 1 at 120,550 cycles, showing steps at free surface and notch root (crack
initiation site), a bifurcation has also occurred at the crack front.
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The free surface steps are measured and correlated to the applicable cycles to see if there was any
impact on the FCG, or any discernable reason for the steps. Figure 6.14 shows the entire crack
surface and indicates the largest steps seen, which are at the surface. The steps began below the
longer term crack plane and remained between 24 and 50 𝜇𝑚 away, by measuring the tortuous
crack path and comparing with the indicated 500 𝜇𝑚 direct crack length, we see that the steps add
approximately 70 𝜇𝑚 in length. The crack in this location travels almost 15% more than the crack
in the center of the bulk material for the same overall crack length. There is no impact to the crack
length to cycles data as this measured tortuous crack was still not the largest crack length in the
material. One potential reason for the steps seen and the multiple cracks at the notch is the 30 𝜇𝑚
build layer, as sample 1 was of the optimized build condition with less defects, the build layer
could be a more dominant driver than the limited porosity seen for the short crack growth.

Figure 6.14. Sample 1, 120,550 cycles showing free surface steps and the entire crack surface.
Figure 6.15. shows the two pores that come within close proximity to the fracture surface and a
small bifurcation. The large spherical pore marked (i), is 26 𝜇𝑚 in width and the small pore is less
than 6 𝜇𝑚. In both locations the crack does not deflect towards the pores, the distance between the
fracture surface and the pores is under 10 𝜇𝑚. The small pore was located 100 μm from the
bifurcation, the large pore was in the bulk of the sample and the crack within the vicinity of both
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pores was largely a steady parallel fracture surface. It is likely that the longer crack behavior was
dominated by the vertical build direction so the pore was not significant enough to cause a crack
deflection. The indicated bifurcation is at an angle of 50 degrees and has a length of 60 𝜇𝑚, the
bifurctation occurred as the crack slightly deflected, the other branch of this bifurcation rejoined
the main crack plane.

Figure 6.15. Different 3D rendering views showing sample 1 crack surface, pores and a
bifurcation, in the bottom images the crack is growing from the notch towards the reader.
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Although there was significant porosity in samples 2 and 3 the only encountered porosity defect
was sample 3 at the notch root, this adds little scientific information so is not discussed further in
the section. Sample 1 however, did have a crack path that propagated through two small pores, a
pore of approximately 6 𝜇𝑚 and a pore less than 5 𝜇𝑚 in diameter. Both of these interactions
coincide with steps in the fracture surface and are located within the crack path as the crack
amalgamates back with the more dominant steady parallel crack.

Sample 2 and 3 had in common the larger number of disparate cracks at the notch which over a
very short period amalgamated with the parallel steady crack plane, the length scale over which
this happened was significantly different to sample 1. Sample 2 took approximately 100 𝜇𝑚,
sample 3 75 𝜇𝑚 and sample 1 300 𝜇𝑚, to become a relatively flat stable single fracture surface,
although with some crack deflections still occurring . The extra crack surfaces seen in the first
100 𝜇𝑚 of crack growth in sample 2 and 3 can potentially explain the lower FCG rate as there is
energy expended in creating these. As the pre-cracking lengths were on the order of 150 𝜇𝑚 the
fatigue crack growth data reported below does not indicate this variability.

In sample 2 the early steps were larger in number than that seen in sample 1, Figure 6.16 (top)
shows a 40 𝜇𝑚 step which is typical for this sample and Figure 6.11 shows the number of steps
and cracks. Figure 6.16 (bottom) shows the crack plane at a slice 90 𝜇𝑚 from the notch, the ‘noise’
or surface profile of this crack front aligns with the fracture surface seen in the SEM images, Figure
6.8 and differs from that seen in sample 1. Figure 6.17 shows the three dimensional nature of the
crack and indicates a small 20 𝜇𝑚 crack deviation at the free surface, this was the largest edge
deflection seen for sample 2 beyond 100 𝜇𝑚 in measured crack length.
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Figure 6.16. Different 3D rendering views showing sample 2 crack morphology, crack growing
from the notch towards the reader. 50 𝜇𝑚 out from the notch (top) and 90 𝜇𝑚 out from the notch
(bottom).

Figure 6.17. Sample 1, 102,6000 cycles showing a free surface step and the entire crack surface.
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Sample 3 was a horizontal trial build and did not experience any crack bifurcation or significant
steps until after the last tomography scan, the SEM image at Figure 6.9 shows a large step. Largely
the crack initiation and short growth seen by the tomography scan was dominated by the significant
void directly at the notch root.

As mentioned, the behavior of the multiple initiated cracks at the notch was not captured in the
tomography data due to the pre-cracks being longer than the crack length required to amalgamate
the individual cracks into one dominant fracture surface. As this behavior is of interest the observed
crack deflections, bridging of crack surfaces and any bifurcations are noted in Table 6.2. As the
general surface roughness of the fracture surface for sample 2 and 3 (sample 1 is relatively smooth)
is of the order of 10 𝜇𝑚, only deflections larger than this ‘noise’ are reported.
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Table 6.2. Showing measurements of observed crack deflections, bridging of cracks surfaces and
bifurcations for samples 1, 2 and 3. Minimum crack deflection distance reported, 10 𝜇𝑚.
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6.5.2 Short Fatigue Crack Growth
As discussed in Section 2.4, the previous work studied the same material in compact tension form.
In that work the authors provide stress intensity range, ∆𝐾, verse crack growth per cycle,

𝑑𝑎
𝑑𝑁

data

plots for five sample in the trial build condition, Figure 6.18 replots this data with black and red
indicating samples of the equivalent build layer to notch orientation as per sample 2 and 3
respectively [64].

Figure 6.18. 𝑑𝑎/𝑑𝑁 vs ∆𝐾 for compact tension samples with the same notch to build layer
orientation as sample 2 (black) and sample 3 (red), adopted from Liu et al. [64].

From the short FCG measurements taken (Section 6.2) the crack size verse the number of cycles
are plotted in Figure 6.19. Confirming the visual observations, the crack growth rate for sample 1
was significantly higher than for samples 2 or 3. Of note, the number of cycles to the start of the
fast fracture is the final data point and was measured as per Section 6.4. Samples 1, 2 and 3
fractured at 148,269, 123,548 and 140,433 cycles respectively.
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Figure 6.19. Crack length vs cycles plot for samples 1, 2 and 3.
6.5.3 Microindentation Hardness
Vickers Hardness (VH) testing was conducted on samples 1 and 2 to establish any difference
between the apparent strength of the two build conditions. The VH testing followed ASTM E38417, with the use of a line of ten indentations at 30 𝜇𝑚 apart, as depicted in Figure 6.20 [99]. A
force of 25 𝑔𝑓and a time of 13 seconds per indentation was used. Results are given in Table 6.3,
the trial build conditions have a significantly lower VH result.
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Figure 6.20. Vickers Hardness indentations on sample 2.

Table 6.3. Results from Vickers hardness microindentation testing on two different build
conditions.

6.6

Discussion

Motivation for this work comes from the lack of understanding of the short FCG and particularly
the lack of literature on short FCG in additive manufactured Ti-6Al-4V. Current availability of
crack growth data for AM Ti-6Al-4V is restricted to researchers considering the long FCG
properties. Understanding the mechanism for short FCG variability may help to understand the
variance in fatigue properties seen in long FCG studies.

From the literature review we know that the short crack growth will be highly dependent on
microstructural characteristics and we expect the material tested to have a fine 𝛼′ microstructure
[1]. We also expect to have a prior 𝛽 grain influence on strain localization and most importantly
build layers showing as tracks at fixed intervals within the microstructure. The material tested has
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had the parent CT sample microstructure previously characterized. For sample 2 and 3 equivalent
materials (trial condition) the microstructure showed the formation of columnar prior 𝛽 grains and
equiaxed prior 𝛽 grains, notably the prior 𝛽 grains are separated by the build layers [64]. Sample
1 was similar with columnar prior 𝛽 grains along the build direction [64].
Viet Duc le et al. clearly shows these elongated columnar grains in the building direction, notably
this corresponds to perpendicular to the crack path in sample 1 [41]. One of the questions in the
reviewed study was which of the two parameters, the microstructure (build direction related) or
the porosity was more damaging to fatigue properties. Similar to this work Viet Duc le et al. also
reported the worst fatigue properties for the crack front parallel to the build direction (8mm dog
bone samples), for long FCG tests [41]. A clear link to porosity was shown for samples with build
directions equivalent to sample 2 and 3 but inconclusive for samples equivalent to sample 1.

In terms of reported long FCG rates for as built SLM Ti-6Al-4V there is conflicting reported data
on the fatigue resistance of sample 1 equivalent tests, with the build layer and crack plane parallel.
Leuders et al. reported significant variation in the FCG rate for sample 1 equivalents and a similar
but slightly lower FCG rate for sample 2 equivalent, at low ∆𝐾 values (although with less
scatter) [2]. At high ∆𝐾 values sample 1 equivalent tests had significantly higher FCG rates [2].
Cain et al. differ as they reported FCG rates for sample 2 equivalent build directions as higher than
the sample 1 equivalent [3]. For these reported results the microstructure and residual stress are
deemed the dominant drivers. In terms of the sample 1 short FCG reported in this study, we have
shown that having the crack plane parallel to the build layer is the most damaging, we have also
shown that the measured crack deflections appear to be related to the size of the build layer
(discussed below). Also the relatively flat fracture surface implies that the crack is likely
propagating along the build layer.

Cain et al., Edwards and Ramula, Leuders et al. and Liu et al. all found that the crack plane to build
direction equivalent to sample 3 has the highest FCG resistance for as built SLM Ti=6Al-4V [2],
[3], [5], [64]. Within this work we see the short fatigue crack growth behavior follow this trend.
Cain reports a fracture toughness as significantly higher for the sample 3 build direction over 1
and 2 [3]. Similar to the results shown in Figure 6.18, Leuders et al. shows a decrease in the
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variability of the FCG at higher ∆𝐾 for sample 2 build directions [2]. If the columnar grain
structure reported in the sample 2 CT parent is aligned with the crack plane, this could be expected
to increase the FCG rate, this is contrary to the results in literature and this study. The fracture
surface for sample 2 was characterized as ‘rough’ and this sample exhibited the most crack
deflections. There was also a significantly larger number of independent crack surfaces through
the initiation and early growth. This sample was of the trial build condition and had a large number
of defects, we expect some local elastoplastic behavior which would cause toughening of the
material. The effects of residual stress relative to the crack plane, as discussed by Vranken et al.
show that FCG rates for sample 2 and 3 orientations should be similar, this study finds the short
FCG rates to agree [58]. Furthermore, Cain et al. suggests the microstructure anisotropy to be
slightly more favorable for fatigue resistance in sample 3 equivalent tests, again this work agrees
[3]. Sample 3 had little or no crack deflections, this suggests the more favorable microstructural
anisotropy could be a reason for the lowest short FCG rate.

The crack deflections for as built AM Ti-6Al-4V in the near threshold region have been studied
by Galarraga et al., the study shows that for cracks growing parallel to the horizontal or vertical
build direction different mechanisms cause deflections [100]. The build layer for that study was
50 𝜇𝑚 and the crack locally was shown to deviate from the average propagation plane over
distances in line with the microstructural features, for sample 1 equivalent build directions. The
build layers were shown to contribute to the deflection of the crack front, although these region
boundaries contained complicated microstructures [100].

Sample 1 had the largest crack growth per cycle of all three samples yet the build condition was
optimized (reduced size and occurrence of porosity). The fracture surface was smooth and the
crack growth typical. Of the nine crack defections measured four were of the order of 30 𝜇𝑚 and
five were of the order of 60 𝜇𝑚, this suggest a correlation to the build layer. Crack propagation
along the build direction in this work is shown to be the most damaging.
As the material studied in this work contains a predominately fine 𝛼′ microstructure the preference
for the steps seen is likely related to the build layers, the steps shown in Galarraga et al. were
related to the coarse alpha regions typical of EBM,

whereas SLM does not exhibit these
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regions [100]. Furthermore, in the presence of fine microstructures the crack paths were shown to
be largely continuous [100]. Tao et al. also states that for an 𝛼′ acicular martensitic microstructure
the crack path is less tortuous due the grain structure [101].

The fatigue resistance to crack propagation has been shown to relate to the size of movements
away from the parallel propagating crack path [102]. Overall sample 2 did exhibit more
movements away from the parallel crack plane, this was most evident in the initial crack growth
(crack length < 100 𝜇𝑚). This early crack behavior is likely to explain some of variation seen in
the reported long FCG rates. Leuders et al. have reported considerable variation in the as built
SLM AM Ti-6Al-4V which is significantly reduced with heat or HIP treatments [2]. As this
removes build layer induced residual stress and changes the grain size the short crack path
deflections could explain the lessor variation seen.

The long crack studies reviewed consider cracks that have a length and width considerably larger
than size of the microstructural influences whereas the cracks in this work progress from
microstructurally small to physically small (Table 1.1), the FCG properties of these different scale
cracks differs considerably. Clearly further work is required to understand all regions of crack
growth, particularly the microstructurally small crack deflections as seen in sample 1 and 2.

The same researchers mentioned above have also considered the residual stress and strongly
suggest that the influence of porosity on the fatigue strength is larger than the influence of the
microstructure [2]. To further understand the role of porosity Section 7 is used to characterize these
defects.
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7. POROSITY AND LACK OF FUSION ANALYSIS AND RESULTS

7.1

Background and Overview

Section 2 and the results from the previous work on the CT parents, showed that porosity was
likely a significant driver in the variation of crack growth seen between samples [64]. As
researchers have shown the irregular elongated pores can cause crack initiation and any defects
can cause strain accumulation or carry plastic deformation (damage). As the damage tolerance of
the tested material is likely a function of the size, number and shape of pores within the gauge
volume an investigation was undertaken. Within this section, using Avizo, the pores in samples 1,
2 and 3 are characterized with respect to characteristics, sphericity, volume and quantity.

7.1

Measurement Methods

With reconstructions that have well defined contrast between the bulk material and cracks/pores
Avizo can be used to isolate and analyze the porosity from tomography scans. There are numerous
variables and this is again an iterative process. To confirm the shape and size of pores ImageJ was
used to match pores and confirm the segmentation was correct. Of note, there is a threshold for
upper and lower volumes of the segmented porosity that Avizo recognizes. The lower bound was
set to 3 pixels in all directions for a minimum volume of 27 voxels, resolution is 1.3 𝜇𝑚. The upper
bound was adjusted for each sample to remove the crack surface as this was recognized as a large
pore.

Once optimized Avizo produces a table of results in which each pore can be physically identified
via a set of cross hairs, the table contains data which includes the volume, area, center location and
greatest length. Figure 7.1 shows an example of a highlighted pore (large green LOF defect) in
sample 3, included is an extract from the data tables for this pore (in blue).
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Figure 7.1. Example of the Avzio data attributed to each identified pore, pore of interest (large
green) highlighted by the yellow cross hairs.

From this table any indicated porosity within the notch area/crack surface were manually removed
by considering the location data and confirming on the three dimensional volume. Then a set of
data for pores within the bulk of the material was created. The volume fraction, 𝑉𝑓 , was computed
by summing the pore volumes, 𝑉𝑝, and dividing by the gauge volume, 𝑉𝑔 , (with notch volume
subtracted) in voxels as per Equation 7.1. Table 7.1 contains the results and applicable volume
measurement values. These results are in line with Leuders et al. and Kasperovich et al [2], [55].

𝑉𝑓 =

𝑉𝑝

(7.1)

𝑉𝑔

The sphericity, 𝜑, of each pore was calculated using Equation 7.2 with values for the volume of
each pore, 𝑉𝑝, and area of each pore, 𝐴 𝑝, taken from the Avizo porosity analysis data table.
1

𝜑=

2

𝜋3 (6𝑉𝑝) 3
𝐴𝑝

(7.2)
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Table 7.1. Volume fraction calculation data and results. Note, all volumes are in 𝜇𝑚3.

7.2

Visualization

The visualizations shown in Figures 7.2, 7.3 and 7.4 correlate the results of the volume fraction
calculations. Furthermore, the non-spherical irregular pores are clearly visible in sample 3 and the
larger average pore volumes in sample 2 are evident, when compared with sample 1.

Figure 7.2. Sample 1 showing pores highlighted in color from the Avizo porosity analysis.
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Figure 7.3. Sample 2 showing pores highlighted in color from the Avizo porosity analysis.

Figure 7.4. Sample 3 showing pores highlighted in color from the Avizo porosity analysis.
The extremely irregular pores can be examined as a surface such as Figure 7.5, which shows the
sharp nature to the defect which could cause a local stress concentration point and possible fatigue
crack initiation. The pore depicted is from sample 3, largest pore in Figure 7.4 (purple color).
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Figure 7.5. Exploded view of the largest pore seen in sample 3 (purple pore in Figure 7.4).
7.3

Scanning Electron Microscope Images

The porosity highlighted in the three dimensional renderings was also examined using an SEM on
the post fracture surfaces of samples 1 – 3 and on sample 5. Figure 7.6 - 7.9 depict various porosity
defects as discussed below. Figure 7.6 shows two of the pores seen in sample 2, notably within the
pores is possible evidence of ridges which have been shown by Kasperovich et al. to be caused
by fast cooling rates [55].

Figure 7.6. SEM images of sample 2 semi spherical porosity (both) showing possible internal
ridges (right).
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Figure 7.7 depicts sample 3 elongated irregular pores, within the pore (right) there is significant
cracking evident and potential interconnectivity with the lower pore. The extreme sharpness of the
pores within this sample is particularly apparent and the round structure inside the pore is why
Figure 7.5 has its peculiar shape (left).

Figure 7.7. SEM images of sample 3 elongated and irregular shaped porosity.
Figure 7.8 is also from sample 3 and shows again an example of a round shape protruding into the
cavity responsible for the form of Figure 7.5.

Figure 7.8. SEM image of sample 3 showing a LOF defect.
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Sample 5 fractured during pre-cracking at a considerably lower number of fatigue cycles (24,200)
and was not characterized further via μXSCT or EDD during this work. When inspected for defects
with the SEM there was a large interconnected porosity defect (length > 600 μm) that included a
number of un-melted powder particles. Figure 7.9 shows the extent of the defect which likely
caused the low cycles to failure.

Figure 7.9. SEM image of sample 5 showing large (> 600 𝜇𝑚) porosity defect as the possible
cause for failure at 24,200 cycles.

7.4

Build Direction

From literature we that know that LOF defects are related to the build direction as they are
elongated in the direction parallel to the build layer and perpendicular to the build direction [49].
From Figure 7.4 we can see distinct lines of elongated pores slightly off axis in the 1 direction. In
Figure 7.8 the expected build layer orientation has been marked with black dotted lines and the
sample schematic given as a reference to the sample build layers and build layer to notch
configuration. A step in the fracture surface discussed in Section 6 and shown in Figure 6.9 was
also parallel to the elongated pores, this step is aligned with the large pore at the root notch.
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Figure 7.10. Sample 3 likely build layer to notch orientation using LOF defects elongated lengths
as indication. Sample schematic from Figure 3.5 shown to illustrate build layers.
Sample 2 did not exhibit the obvious elongated pores from the porosity analysis within the gauge
volume used for tomography scans, however from the fracture surface SEM images we can infer
the build layers by considering the pores that became evident during the fatigue cycles post
tomography and prior to final fracture. Figure 7.11 shows the elongated porosity defects evident
from the SEM images in the fast fracture region, used to infer the build direction and an
approximate schematic showing the build layers.
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Figure 7.11. Sample 2, elongated porosity defects evident from the SEM images in the fast
fracture region, used to infer the build direction. Sample schematic from Figure 3.5 shown to
illustrate build layers.
7.5

Results

The results of the porosity analysis are presented as two cumulative distribution function (CDF)
plots. The CDF plot at Figure 7.12 is the volume of pores (for pores >27 voxels), this gives an
indication of the numbers of large pores and spread. To note, the total numbers of pores was 38,
194 and 268 for samples 1, 2 and 3 respectively. Figure 7.13 shows the results from the sphericity
calculations using Equation 7.2, with a value of 1 meaning a perfect sphere.
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Figure 7.12. CDF plot of pore volumes with a minimum threshold set at 27 voxels.

Figure 7.13. CDF plot of the sphericity of all pores above the minimum threshold of 27 voxels.
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7.6

Discussion

Leuders et al. showed that for samples that failed at considerably lower cycle counts, generally the
cracks had initiated from porosity defects [2]. Of the four samples fatigued to fracture, sample 5
was the only early failure, this was shown to agree with literature, a large LOF porosity defect was
evident in SEM imaging (Figure 7.9) and this is the likely failure mode. Largely the threes samples
considered had distinctly different porosity characterizations.

Sample 1 had the lowest volume fraction and the most spherical pores, this sample also had the
largest crack growth rate with a typical fan shaped crack emanating from the corner notch. Sample
2 had the second largest volume fraction and majority of pores above the critical sphericity value
of 0.7, suggested by Kasperovich et al. [55]. The crack growth was less than sample 1 and the
fracture surface much less smooth. Sample 3 had the largest volume fraction and the largest
number of pores below a sphericity value of 0.7, this indicates a significant number of potential
stress concentrations points. This sample exhibited LOF defects throughout the bulk of the material
and a significantly lower crack growth rate.

All three samples (1-3) reached final fracture between 120-150,000 cycles, although they had very
different defects and fracture surface characteristics. The main difference was the cycles to precrack which include the initiation through to 150-200 𝜇𝑚. Sample 1 had the largest number of
cycles and smallest crack length. Sample 3 had the large pore at the notch root and sample 2 had
significantly more porosity than sample 1.

Leuders et al. suggest that micron sized porosity mainly affects the fatigue strength and it is the
residual stress and microstructure which greatly affects the fatigue crack growth. In this study
sample one had minimal porosity and yet the largest crack growth rate. This suggests that the short
fatigue crack growth seen may be mostly affected by residual stress or microstructure. The short
crack growth variability is very dependent on porosity levels, size and location in terms of initiation
(sample 3) and local elastoplastic behavior (sample 2 and 3).

Edwards et al. had varied FCG behavior and this can be shown to be likely due to the LOF defects
similar to those seen in sample 3 [5]. The worst performing sample in that study had the loading
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applied parallel to the build direction which resulted in the largest area of the defects being ‘pulled’
apart, this was detrimental to the crack initiation phase and subsequent growth. In sample 3 the
fatigue loading was applied parallel to the largest area of the LOF defects, which may explain the
slower FCG than was expected from this non optimized build condition, the crack did initiate at
the large porosity defect. As both samples 2 and 3 were trial build condition with a large number
of defects we expect to see some local elastoplastic behavior and toughening of the material which
would also contribute to lower short FCG rates reported in this study.
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8. ENERGY DISPERSIVE DIFFRACTION EXPERIMENTAL METHOD

8.1

Background and Overview

In-situ, axial loaded Energy Dispersive Diffraction experiments were conducted at the Argonne
National Laboratory, Advanced Photon Source (APS), beamline 6-BM between July 30thth and
August 5th, 2018. A series of EDD scans were taken with intervals of cyclic loading and
tomography scans on a single sample, (sample 1). In total 3 loaded and 1 unloaded EDD scan, 1
far field strain EDD scan and 3 tomography scans were taken. The aim of this experiment was to
capture strain related data for a region of interest which included the propagating crack front and
any bulk material defects whilst under a constant load. Of interest was to see if this characterization
method could be applied to such small regions of interest, if all six strain components could be
computed and whether or not any new information can be gathered to help explain the short crack
growth properties of AM Ti-6Al-4V.

8.2

In-Situ Loading and Sample Mounting

In order to conduct in-situ loading for the purposes of taking EDD scans under load or for the
interrupted fatigue cycling, the same load frame and basic setup used for tomography scans,
described in Section 4, was utilized. The main difference from the previous experimental setup is
the control software. Prior to this beam time, the load frame had successfully been connected to
the native APS control software, EPICS, this greatly simplifies and de-risks the setup with no need
for the previously used CME2 software, python script or generic laptop.

The sample mounting system and method was unchanged from the previous experiment. For the
static loading the drive motor was controlled via the APS GUI in the same way the rotational stage
drive motors are controlled, real time force readout in Newtons was also available. For cycling
through EPICS a simple macro is used to initiate parameters and conduct cycling. As the time
constraint was less for this experiment the cycling was conducted at 0.5 𝐻𝑧 to ensure no slipping
between scans (critical), cycle parameters are recorded in Table 3.4. Figure 8.1 shows the portable
load frame mounted to the 6-BM stage.
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Figure 8.1. Experimental setup used for EDD at 6-BM, APS.
8.3

Region of Interest

Considerable thought went into the selection of the region of interest as there was time constraints,
crack growth propagation lengths, grid size, beam spot size and overall data resolution to consider.
Ultimately a three dimensional grid was chosen, as depicted in Figure 8.2, of note is the elongated
gauge volume length in the beam direction (inherent to EDD experiments) and the 5 𝜇𝑚 overlap
used for each grid location. The total grid dimensions are 6 x 24 individual grid locations resulting
in a 155 x 630 𝜇𝑚 region of interest when accounting for the 5 𝜇𝑚 overlap. The grid coordinate
system is shown as aligned with the lab system with the gauge volume fixed in the beam direction.
The sample was then rotated through the fixed gauge volume with nine unique configurations as
discussed in detail below.
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Figure 8.2. EDD grid on region of interest only (sample not shown), showing beam spot size of
30 x 30 𝜇𝑚, with a 5 𝜇𝑚 overlap. The total number of grid locations was 6 x 24 which resulted
in a 155 x 630 𝜇𝑚 region of interest. To note, the elongated (2-3 mm) gauge volume length in
the beam direction. Coordinate system is the fixed lab system.
The chosen grid was required to be located on the 1.5 x 1.5 𝑚𝑚 gauge volume in order to see the
crack front propagating into the region of interest. Three coordinate systems, two fixed to the
sample and one fixed to the lab are also required. Figure 8.3 shows the coordinate systems and
region of interest overlaid on the sample gauge volume.
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Figure 8.3. Chosen region of interest overlaid on a schematic of the sample, showing interaction
with propagating crack front. Three coordinate systems, two fixed to the sample and one fixed to
the lab are also depicted.

8.4

Beam Settings

The EDD beam settings were primarily the 30 x 30 𝜇𝑚 x 2-3 𝑚𝑚 beam spot size and gauge length,
5 𝜇𝑚 overlap and the 50 sec exposure time required to gather sufficient data per grid point. The
experimentally obtained lattice strains that are obtained for each grid point are defined by the
average of the strains over the entire beam spot size (including in the elongated beam direction).
The APS 6-BM beam line setup, as configured for EDD experiments uses a polychromatic beam
provided via bending magnets. The beam is processed through three slits and one filter in order to
harden the beam. Two germanium detectors, of horizontal and vertical orientation, with scattering
angles 𝑞ℎ and 𝑞𝑣 are placed at angles of 2𝜃ℎ = 4.75° and 2𝜃𝑣 = 4.75° to the 𝑌 and 𝑋 lab
coordinated system axes, respectively.
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8.1

Strain Measurement Experimental Method

A series of tomography scans were taken, the first was used to fix the location of the crack front,
the resolution for all scans was 1.172 𝜇𝑚. After the initial tomography scan the grid was placed
with approximately 50 𝜇𝑚 of crack length protruding into the region of interest, parallel to the 630
𝜇𝑚 length. The crack front was centered in the region of interest along the 155 𝜇𝑚 length, this
position allowed for up to 580 𝜇𝑚 of crack growth and ≈75 𝜇𝑚 of crack deflection.

After each EDD scan, fatigue cycles were conducted at 825 𝑁, the same load as pre-cracking and
the in-situ FCG experiment. Cycle blocks were kept to 200 – 1000 cycles, and the raw radiographs
checked for crack growth (in case of any abnormally large crack growth) once deemed as a
sufficient level of growth an EDD scan was initiated. The goal of the experiment was to achieve
total crack growth over the three EDD scans of 100 – 200 𝜇𝑚. Figure 8.4 shows the crack evolution
into the region of interest, through the three load steps, total crack growth was approximately 150
𝜇𝑚 and a total of 2000 cycles were added between load steps.

Figure 8.4. FCG propagation into the region of interest used for EDD experiment. Total fatigue
cycles between each load step is 2000 cycles. Crack growth was approximately 150 𝜇𝑚 total.
Each of the four full region of interest EDD scans took approximately 18 hours, estimated by 144
grid locations for nine unique rotations and 50 s per location, assuming no beam down time. The
EDD scans were automated through a series of rotations and grid steps, three were taken with a
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constant load of 825 𝑁 and one unloaded. As per Section 2.3.2, the EDD strain measurement
principle requires an estimate for the strain free lattice parameter, 𝑑𝑜 . For this experiment an
estimate for 𝑑𝑜 was measured by taking an EDD line scan at a sufficient distance from the cracked
gauge volume. Figure 8.5 show the results of the line scan, counts and inter-planar spacing
(Angstroms) which are plotted corresponding to the third 𝛼 peak, a normal distribution was fitted
and the mean result of 2.22598 Å used for an estimate of 𝑑𝑜 .

Figure 8.5. Results from an unloaded EDD line scan far from the gauge volume, showing interplanar spacing corresponding to the third 𝛼 peak. Fitted with a normal distribution the mean
value of 2.22598 Å is used for the strain free lattice parameter estimate.
8.2

Strain Measurement Calculations

Previous work by Bandyopadhyay et al. included conducting an APS 6-BM EDD experiment on
Linear Friction Welding (LFW) of titanium (covered in section 2, literature review) [77]. The
author was able to successfully compute 5 components of the elastic strain tensor from EDD line
scans, using a series of rotations giving seven unique configurations, five from Ω and two from χ
[77]. A goal for this work was to obtain all six strain components, via an improvement in
measurement techniques suggested by the authors. Figure 8.6 shows the orientation of the rotations
with respect to the lab coordinate system and the sample, Ω is the sample rotation around the 𝑌
axis and χ is the rotation about the rotated 𝑍 axis (𝑍’).
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Figure 8.6. Sample rotation coordinate system used during EDD experiment.
The rotations used for this work are given in Figure 8.7, the Ω was set to -10°, 0° and 10° with the
χ rotated through -8°, 0° and 8° for each Ω. Therefore, this work differs from the previous by
having nine unique configurations.

Figure 8.7. Rotation angles used during EDD sample, three Ω angles with three χ angles for each
Ω were used for a total of nine unique configurations.
8.3

Strain Measurement Results

Post processing of the EDD experimental data involves obtaining the lattice strains via a peak
fitting method and then calculating the six strain components using the lattice strains. An example
of a diffraction pattern obtained is given in Figure 8.8, with a peak fit via the Pseudo-Voight peak
fit function in MATLAB. The material exhibited highly textured characteristics with only the third
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𝛼 peak being consistently present throughout the region of interest, significant noise was also
present. No β phase peaks were detected and this was in-line with the expected microstructure of
elongated grains, and primarily martensitic 𝛼′ phase [11], [48], [64].

Figure 8.8. Example of a diffraction pattern obtained, peak fit via MATLAB Pseudo-Voight
function shown in red.
From the peak fits the obtained energies, Ehhkl and Evhkl are combined with the experimentally
estimated strain free lattice parameter, dhkl
0 , planks constant, ℎ, velocity of light, c, and detector
take of angles, 𝜃ℎ and 𝜃𝑣 . These values are used to compute the lattice strains, εqh and εqv ,
Equations 8.1 and 8.2, states these relationships.
hc
2dhkl
0 sinθh
hc
2dhkl
0 sin θh

Ehkl
h −

ε qh =
and

(8.1)
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hc
2dhkl
0 sinθv
hc
2dhkl
0 sin θv

Ehkl
v −

ε qv =

(8.2)

Two equations for each combination of Ω and χ are computed using Equations 8.3, 8.4 and 8.5.
εqh is related to the horizontal detector, εqv is related to the vertical detector, 𝛆′ refer to strain in
the x-y-z coordinate system and R describes the rotation matrix relations. Equations 8.6 give the
rotation matrices, 𝐑 𝛀𝟎 , 𝐑 𝛀 and 𝐑 𝛘.
εqh = 𝒒𝒉 𝐑𝛆′𝐑𝐓 𝒒𝐓𝒉

(8.3)

εqv = 𝒒𝒗 𝐑𝛆′𝐑𝐓 𝒒𝐓𝒗

(8.4)

𝐑 = 𝐑 𝛀𝟎 𝐑 𝛀 𝐑 𝛘

(8.5)

and

cos Ω 0
𝐑𝛀 = [ 0
1
sin Ω 0

− sin Ω
cos χ − sin χ
0 ], 𝐑 𝛘 = [ sin χ cos χ
cos Ω
0
0

cos Ω0
0
0], 𝐑 𝛀𝟎 = [ 0
sin Ω0
1

0
1
0

− sin Ω0
0 ] (8.6)
cos Ω0

These pairs of equations (8.3 and 8.4) combined with the six unknown strain components form an
over determined linear system of 18 equations and 6 unknowns, in the form of Equation 8.7, with
x being the strain components, A the coefficients and b the lattice strains.
𝐀𝐱 = 𝐛

(8.7)

As per the method outlined by Bandyopadhyay et al. the system is solved using the MATLAB
𝑙𝑠𝑞𝑙𝑖𝑛 function, a least squares method where the 𝐿2 norm of the residual is minimized
[77].The 𝑙𝑠𝑞𝑙𝑖𝑛 method requires a set of bounds, the bounds used were plus and minus infinity,
Equation 8.8 states the 𝑙𝑠𝑞𝑙𝑖𝑛 curve fitting problem, which minimizes 𝐀𝐱 − 𝐛.
1

2
min ‖𝐀𝐱 − 𝐛‖
𝐱

2

(8.8)
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8.4

Strain Measurement Accuracy

There is two sources of error within the reported strain values, one is the EDD experimental error
of the order of 10 −4 and the other is the error associated with the least squares solution of the strain
tensor and is of the order of 10−6 . The accuracy of the obtained strain components are discussed
by Bandyopadhyay et al., the authors compute the condition number (ATA) as a way to measure
the accuracy of the inverse operator (ATA)-1 [77].As the condition number (Cond (A)) increases
the inverse operator becomes less reliable and the least squares minimization becomes ill defined.
In this work Cond (A) was plotted against the initial rotation Ω0 , as shown in Figure 8.8, a large
value for Cond (A) occurs at the initial Ω0 (−135°) angle. As such the initial value was taken as
−136° for the following results which minimized the numerical error.

Figure 8.9. Figure 8.10. Showing the accuracy of the inversion process as sensitive to Ω0 rotation
[77].
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9. ENERGY DISPERSIVE DIFFRACTION ANALYSIS AND RESULTS

9.1

Background and Overview

Sections 6 and 7 showed there was some correlation between the porosity and the FCG behaviors
for the tested material. The results from the EDD experiment tended to agree by showing regions
of higher strain that included pores within the elongated gauge volume. To show this the crack
front and pores characterized by the tomography scans are compared to the strain component
contour plots.

9.2

Estimate for Plastic Zone

Before the EDD experiment was conducted a first order approximation was calculated for the
plastic zone size ahead of the crack tip, using the classical formula shown at Equation 9.1 which
stems from the 1950s work of Irwin and Williams [103]. The plastic zone 𝑟𝑝, was estimated using
the approximate stress intensity factor, 𝐾𝑚𝑎𝑥 , for a penny-wise corner crack in a semi-infinite
plate, Equation 9.2 [104]. It must be stressed that this is a simplified relation only used to ensure
that the region of interest was larger enough to obtain the crack tip strain behaviors.

𝐾𝑚𝑎𝑥

𝑟𝑝 = 𝛼 (

𝜎𝑦𝑠

2

)

𝐾𝑚𝑎𝑥 = 1.41𝜎𝑚𝑎𝑥 √𝑎

(9.1)

(9.2)

For Equation 9.2, 𝜎𝑚𝑎𝑥 is the maximum applied stress and 𝑎 is the crack length. For Equation 9.1,
𝜎𝑦𝑠 is taken as (900 𝑀𝑝𝑎) and as 𝛼 varies from

1
𝜋

to

1
3𝜋

for plane stress at the surface to plane strain

in the bulk, a range using these extreme was calculated. The resulting range is approximately 30 100 𝜇𝑚.
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9.3

Results

The strain results are presented as a series of contour plots showing strain components. The loading
direction for all results is in the 2 direction. Both axis’s for the contour plots are in 𝑚𝑚, with the
x axis representing the 630 𝜇𝑚 width and the y axis representing the 155 𝜇𝑚 height of the scanned
region of interest ((1, 2) plane). Figure 9.1 shows the region of interest tomography plot for load
step 3, with all the porosity in the z (beam) direction collapsed on to the one plane, there are 22
visible porosity defects and the propagating crack in shown in blue.

Figure 9.1. Load step 3 tomography scan of the region of interest, all porosity throughout the
volume collapsed onto the (1, 2) plane, crack and pores shown in blue.
Figure 9.2 shows the strains calculated at load step 1, of interest is the 𝜀22 , and a potential
correlation between the strain hotspots and the identified pores in Figure 9.1. The remaining loads
steps 2 and 3 are depicted in Figures 9.3 and 9.4, which show the evolution of the crack tip and
potential porosity related strains, these are discussed below.
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Figure 9.2. Sample 1, load step 1, EDD strain component contour plots (top) and region of
interest tomography scans (bottom). Load at 825 N and total cycles 120,550.
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Figure 9.3. Sample 1, load step 2, EDD strain component contour plots (top) and region of
interest tomography scans (bottom). Load at 825 N and total cycles 122,550.
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Figure 9.4. Sample 1, load step 3, EDD strain component contour plots (top) and region of
interest tomography scans (bottom). Load at 825 N and total cycles 124,550.
Figure 9.5 shows the unloaded EDD scan (taken after load step 3), clearly the 𝜀22 strain is at
minimal values as well as the strain on the (1,2) plane in the 1 direction. The 𝜀12 component still
shows considerable hotspots on the same order as the stressed load step 3.
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Figure 9.5. Sample 1, EDD strain component contour plots (top) and region of interest
tomography scans (bottom). Load at 0 N and total cycles 124,550.
From the work of Gong et al. we can obtain an estimate for Young’s Modulus for SLM AM Ti6Al-4V, of 𝐸 = 110 𝐺𝑃𝑎 , and Poisson’s ratio from literature as, 𝜈 = 0.31 [105]. As the volume
of the material that the elastic strains are measured over is reasonably large (2 mm in the beam
direction), we can take the isotopic relations and use the Generalized Hooke’s Law. The stress
tensor, 𝜎𝑖𝑗 and strain tensor, 𝜀𝑖𝑗 are related by the stiffness matrix, 𝐶𝑖𝑗𝑘𝑙 , with only two
independent coefficients, Equation 9.3. Equation 9.4 gives the index notation form of the isotropic
stress-strain relationship with Lame’s modulus, 𝜆 and the shear modulus, 𝜇, given as Equations
9.5 and 9.6 respectively.

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙 𝜀𝑘𝑙

(9.3)

𝜎𝑖𝑗 = 𝜆𝜀𝑘𝑘𝛿𝑖𝑗 + 2𝜇𝜀𝑖𝑗

(9.4)
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𝜆=

𝜇=

𝐸𝜐
(1+𝜐)(1−2𝜐)

𝐸
2(1+𝜐)

(9.5)

(9.6)

From the EDD elastic strain contour plots above we can see that the loaded 𝜀22 component (in the
loading direction) varies from 4.0 – 5.0 𝑒 −3 within the region of the crack tip. The 𝜀11 and 𝜀33 on
average from 0 – 1.0 𝑒 −3 within the region of the crack tip. From this we can report an estimated
stress range, Δ𝜎22 for the stresses seen in the region of the crack tip as, 335 – 830 𝑀𝑃𝑎.

9.4

Discussion

The 𝜀22 component evolution shows the crack tip affected zone moving into the region of interest
as the crack propagates. The crack tip strain region in load step 1 is on the same order as the first
order approximation of 30 - 100 𝜇𝑚. An exact measurement of these region is not possible from
this data with any level of certainly, due to the low resolution and small region of interest. We can
however, say that clearly the crack tip zone is moving into the region of interest and interacting
with the anisotropic strain fields.

A number of pores show correlation with hotspots, although the three individual pores indicated
in Figure 9.1 do not ‘light up’ until the sample is unloaded, potentially this could be an indication
of the effects of residual stresses within the material. The issue with commenting on the individua l
pores is again the elongated gauge volume, the noise that exists within this region is possibly
greater the strain around the individual porosity defects. Despite this the strain that is averaged
through this region is showing as a hotspot and through the three load steps is increasing in
magnitude. This anisotropic strain response could be related to the damage tolerance or fatigue life
aspects for this material. In all load steps the highest strain values are seen not only around the
propagating crack, but also within other regions of the material, this includes in the unloaded state
with 𝜀12 showing strain values as high as the crack tip in load step 3.
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LEFM assumes the plastic zone around the crack tip is small compared to the size of the crack
which is not applicable for short cracks. With a real world material such as this showing anisotropic
strain response throughout the bulk material (potentially defect driven), and the short crack growth
being related to the anisotropic microstructure this may explain some of the variation seen in
Regime I crack growth, which in turn provides a variation in results for Regime II, Paris regime.

It is reasonable to assume that part of the reason for the lower crack growth rates in sample 2 and
3 is due to similar anisotropic strain behavior that would be exacerbated by the larger and less
spherical porosity. If the pore size was larger we would expect a larger strain response, for
elongated non spherical pores this would be even more pronounced. So although the crack is not
physically growing (sample 3) the material likely has small regions which are highly strained, such
as around the LOF defects.

This strain response makes lifing the material difficult with standard Damage Tolerance methods.
It is likely a larger number of small undetectable flaws within the regions of porosity are present,
once a critical number of cracks or accumulated plastic damage has been reached the crack
propagation rate will increase or the material could fail immediately. Sample 2 and 3 both exhibit
this behavior to some extent, low crack growth rates, followed by a large increase in growth rate
and then failure, both samples failed at slightly lower cycles to sample 1.
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10. CONCLUSIONS AND RECOMMENDATIONS

10.1 Conclusion
This research aimed to contribute to the knowledge of short crack growth and damage tolerance
properties of SLM AM Ti-6Al-4V. The primary focus was on the crack behavior with respect to
defects and anisotropies within the material. Very little research has been conducted on short crack
growth in this material with the larger focus being on the long FCG, optimizing of AM process
and production of more favorable microstructures. A secondary focus of this work was to consider
whether EDD on very small samples was able to provide a useful real world understanding of the
evolving strain fields around defects and the tip of a short crack. SLM AM Ti-6Al-4V samples
with small (1.5 x 1.5 𝑚𝑚) notched cross sections were fatigued and studied using in-situ loading
μXSCT and EDD methods. From this work crack path behavior, porosity and local lattice strain
was studied.
From the results of the tomography scans we can see that sample 1 (optimized condition / vertical
build / crack plane parallel to build layer) had a cleaner microstructure with significantly less
porosity and a smooth fracture surface. Interestingly this sample had the fastest FCG rate of the
three samples tested. There was three distinct cracks that initiated at the notch root and these
remained separated with limited bridging until a crack length of approximately 300 𝜇𝑚, from
which point the crack largely assumed a steady parallel crack until ultimately fast fracture.
Although crack deflections were seen this largely did not impact the cracks characteristic length,
similarly two spherical porosity defects were encountered by the crack tip, this was during steps
in the crack as it moved back towards the main crack plane. Furthermore, two more pores were
bypassed, one larger than 20 𝜇𝑚 came within less than 10 𝜇𝑚 from the propagating crack tip in
the steady parallel phase and did not cause any deflection.
Sample 2 (trial condition / horizontal build / crack plane propagating through successive build
layers) exhibited a significantly larger number and size of (mainly spherical) pores. Despite the
poor build quality and excess defects this sample grew at a stagnated rate, from the tomography
results we see that at the notch there is 5 distinct cracks, numerous micro cracks and a significant
amount of crack deflection and bridging in the loading direction. Unlike sample 1 this behavior
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largely subsided by the time the crack was 100 𝜇𝑚 in length. This sample had the second lowest
crack growth rate and the fracture surface was rough, showing signs of the material being pulled
apart, this was also evident in the crack reconstructions.
Sample three (trial condition / horizontal build / crack plane propagating along the build layers at
90 degrees) was basically a defect driven crack initiation with a large 100 𝜇𝑚 LOF defect seen
adjacent to the notch. There were four distinct notch cracks, two from either side of the large pore,
there was similar behavior to sample 2 with regards to fracture surface. Notably, due to the notch
to build layer orientation a large step was evident running parallel to the LOF defects (and therefore
perpendicular to the build direction). This sample exhibited significant LOF defects throughout
the bulk of the material and had the lowest reported density (99.853%). Of note, is this sample
actually had the lowest FCG rate of all three samples tested. From this study we can see that for
short crack growth potentially defects are not the only or main driver for initiation and growth.
The difference in the fracture surfaces was very pronounced, a microindentation analysis was
undertaken with the Vickers Hardness values indicating that the optimized build condition was a
higher strength material. This variance in strength can explain some of the fracture surface
behaviors.
Of the mechanisms considered for short FCG this study found that microstructural impacts for as
built SLM Ti-6Al-4V have the largest impact. The conflicting long FCG for sample 1 equivalents
was explored in terms of short FCG with this orientation shown to be the most damaging. There
is evidence of build layer related crack defections and a smooth fracture surface, porosity (at the
lowest volume fraction) was shown to most likely not impact the short FCG rate. Sample 2 and 3
were likely to have had some local elastoplastic behavior around defects, this would produce a
toughening effect on the fracture properties. Sample 2 and 3 were shown to agree with the longer
FCG rate, residual stress and anisotropic microstructure induced impacts.
The investigation into the use of EDD on a very small region of interest (smaller than the elongated
gauge volume inherent to EDD) was successful. From this work all six elastic strain tensor
components were reliably computed and the lattice strain in the loading direction was seen to
evolve as the crack grew into the region of interest.

118

10.2 Recommendations
To confirm some of the suggestions within this work, namely the role of the microstructure and in
particular the build layer influence, EBSD mapping of the sectioned samples is currently in
progress. In terms of future work, a similar study using only an optimized build condition with
various build directions could be tested to identify its role in short crack growth, including the
pertinent mechanisms such as microstructurally or defect driven behavior, this may help to further
understand the variance of fatigue life reported in literature for SLM AM Ti-6Al-4V.
If further investigations were to be considered a significant amount of care with regards to the
build conditions, notch locations and sample selection would be required. In terms of the current
research considerable work went in to characterizing the short FCG in material that was not
representative of the quality that is currently able to be produced. Numerous studies have covered
the optimization of build parameters and perfected the stated use of energy density as measure of
quality. To correctly consider the build layer to notch orientations a careful approach to ensuring
the orientations are tracked throughout the manufacturing process is required. This would then
allow for a rigid test matrix of a larger sample size of representative materials and orientations.
For the limited porosity seen in currently produced SLM Ti-6Al-4V a selection of a notch location
that includes pores within the expected crack plane would be required to study any interactions.
Finally, in order to correctly capture the microstructural impacts to short FCG in this material there
needs to be a considered and rigorous approach to the characterization of the microstructure.
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APPENDIX

𝝁XSCT EXPERIMENT DATA

Sample 1
Center Shift Value Exp # Load _Cycles (N)
1
N/a
2
N/a
1275.50
3
N/a
1276.00
4
N/a
1280.00
5
830
1281.00
6
816
1282.00
7
828
1282.00
8
806
1282.00
9
817
1282.00
10
825
1282.50
11
816
1282.50
12
N/a
1282.50
13
815
1282.50
14
825
1282.50
15
821
1282.50
16
830
1282.50
17
808
1282.50
18
N/a
1282.50
19
819
1282.50
20
819
1282.50
21
823
1282.50
22
821
1282.50
23
821
1282.50
24
816
1282.50
25
820
1282.50
26
821
1282.50
27
800
total

Cycles Drive Motor Counts Load_Scan (N)
0
0
N/a
0
0
30
0
0
21
0
0
776
50
-72000
825
500
-72000
812
1000
-72000
813
1000
-73900
835
1000
-73000
825
1000
-74000
824
1000
-74000
21
N/a
N/a
820
1000
-75000
825
1000
-75500
828
1000
-75500
822
1000
-76000
826
1000
-7000 -75000
829
N/a
-7000 -76500
824
1000
-8000 -77000
825
1000
-8000 -77000
826
1000
-6000 -78000
823
2000
-6000 -78000
823
1000
-6000 -78000
830
1000
-6000 -78000
829
1000
-7000 -79000
820
1000
-7000 -79000
825
1000
-8000 -79000
825
20550
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Sample 2
Center Shift Value Exp # Load _Cycles (N)
1282.00
28
N/a
1283.00
29
780
1284.00
30
800
1284.50
31
810
1285.00
32
830
1285.00
33
830
1285.00
34
830
1285.50
35
829
1286.00
36
821
1286.00
37
830
1286.00
38
831
1286.00
39
825
1286.00
40
818
1286.00
41
825
1286.00
42
822
1286.00
43
817
1286.00
44
830
1286.00
45
824
1286.00
46
819
1286.00
47
830
1286.00
48
828
1286.00
49
817
1286.00
50
825
1286.00
51
813
1286.00
52
818
1286.00
53
829
1286.00
54
840
1286.00
55
830
1286.00
56
833
1286.00
57
830
total

Cycles Drive Motor Counts Load_Scan (N)
0
-73800
840
100
-73800
835
500
-82000
812
1000
-83500
825
1000
-86500
828
1000
-87500
828
1000
-88700
830
1000
-89000
831
1000
-89000
829
1000
-90000
820
1000
-90500
820
1000
-90500
831
1000
-91000
823
1000
-91500
825
1000
-92000
827
1000
-92000
825
2000
-93000
824
2000
-93000
820
1000
-93500
825
1000
-94500
825
1000
-94500
819
2000
-95500
824
2000
-95500 -8000
816
0
2000
-98000 -11000
824
2000
-99000 -11000
836
1000
-99000 -11001
828
1000
-99000 -11002
813
1000
-99500 -11003
821
1000
-99700 -11004
826
32600
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Sample 3
Center Value Exp # Load _Cycles (N)
1280.00
58
N/a
1281.50
59
780
1281.50
60
825
1282.00
61
828
1282.00
62
817
1283.00
63
820
1283.00
64
831
1284.00
65
834
1284.00
66
818
1284.00
67
825
1284.50
68
819
1284.50
69
825
1284.50
70
831
1284.50
71
852
1284.50
72
811
1284.50
73
787
1284.50
74
843
1284.50
75
826
1284.50
76
1284.50
77
821
1278.00
78
825
1280.00
79
825
total

Cycles
0
50
200
200
200
500
1000
1000
1000
2000
2000
1000
2000
2000
2000
2000
2000
2000
2000
2000
4000
1000
30150

Counts Load_Scan (N)
-88500
831
-88500
821
-93000
815
-95500
833
-95700
825
-97000
826
-98000
825
-99000
829
-98500
825
-99000
825
-99000
828
-100000
808
-101000
835
-101000
845
-100000
778
-101000
793
-103000
840
-103000
847
-102000
823
-104000
829
-104000
825
-105000
837
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