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Abstract 

Process-induced defects have been identifed as one of the principal failure sources in metal 
additive manufacturing (AM) under cyclic loading; yet, understanding how they impact 
fatigue behaviour, such as S-N curves, fatigue crack growth rates remains open. In this work, 
the high-cycle fatigue behaviour under constant amplitude, axial loading was studied for 
an AM titanium alloy Ti-6Al-4V that fails from sub-mm size, porosity type defects. More 
specifcally, the dispersion of fatigue life due to porosity and the propagation behaviour of 
cracks initiated from pores were investigated. 

Two different AM processes, namely wire+arc additive manufacturing and laser powder-
bed fusion, were used to manufacture titanium alloy Ti-6Al-4V used in this work. A 
trade-off was made by working with process-induced defects, e.g. defect morphologies were 
representative of real case scenarios, but the dimensions of defects were uncontrolled. A 
targeted experimental programme was developed to concentrate on the infuence of defects 
by circumventing other parameters that might impact the fatigue life such as the surface 
roughness, build direction and more. Size and spatial distribution of process-induced defects 
were measured using a laboratory scale X-ray Computed Tomography prior to fatigue testing. 
Load-controlled fatigue testing was conducted by repeating tests at the selected stress levels 
in order to obtain statistically signifcant data. Furthermore, fatigue crack growth rates were 
measured for cracks initiating directly from surface pores using the replica technique. After 
each fatigue test, the crack initiating pore size was quantifed by analysing the fracture surface 
using a scanning electron microscope. The experimental results were analysed both from a 
linear elastic fracture mechanics perspective and a total life perspective using the local elastic 
stresses in the vicinity of a pore. Key fndings are summarised below. 

A popular approach to evaluate defect criticality is assuming a volumetric defect as a 
planar crack by projecting its area to the plane perpendicular to the applied load direction. 
This planar crack is then assessed using a Kitagawa-Takahashi diagram or similar since 
cracks at the sub-mm scale could grow below the threshold value of stress intensity factor 
range (∆Kth). It was found that the analogy of assuming pores as cracks was lost after 
a certain transition size and fatigue life reduction saturated despite the increase of crack 
initiating pore diameter roughly by a factor of four. 



viii 

Total fatigue life of AM Ti-6Al-4V could vary up to three orders of magnitude for 
nominally similar test specimens, as seen in the exploratory literature studies. Defects are 
considered as one of the causes of this scatter and in this work, defect location, e.g. embedded 
or surface, was found to be the dominant factor rather than the defect size. In fact, within a 
same defect category, such as the surface pores, the scatter of fatigue life due to the variation 
in crack initiating defect size was less than a conventional manufactured Ti-6Al-4V, where 
the scatter assumed to be related to the distribution of unfavourably oriented surface grains. 

Individual fatigue life stages were also investigated by following surface cracks initiated 
from pores using the replica technique. First detected cracks were less than 50 µm length 
and occupied roughly 50% of the total fatigue life. This suggests that the crack initiation 
stage was signifcant and it should be accounted in fatigue life prediction approaches, noting 
that the measurements were limited to surface observations. During the crack propagation 
stage, small cracks could grow faster than the long crack growth measurements at the 
same nominal ∆K value, i.e. the so-called small crack behaviour. Such a behaviour was 
observed near the threshold region, however, it was less signifcant compared to conventional 
manufactured counterparts. Finally, a similitude to long crack growth rates was achieved, 
when the measured crack size added to the crack initiating pore size. 
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large cracks 
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σN p Fatigue strength at N cycles in presence of porosity 
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σlocal Local elastic stress component 

σ∞ Applied far-feld stress 

δ Critical distance value for averaging peak elastic stress 
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area Square root of the projected area of a volumetric defect 

Acronyms / Abbreviations 
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L-PBF Laser powder-bed fusion 

WAAM Wire+arc additive manufacturing 
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Chapter 1 

Introduction 

1.1 Overview 

Metal additive manufacturing (AM), which is referred as “3D printing” in some context, is 
a near-net shape manufacturing technique that could enhance our conventional processes. 
For instance, it enables manufacturing of complex designs such as components with internal 
cooling channels [1], topology optimised brackets [2], composite lattice structures that 
can be tough and strong simultaneously [3], and 4D materials that change their properties 
with respect to an external stimuli like time or temperature [4]. Yet, depending on the 
application, conventional manufacturing routes might be still superior; for example casting 
is economically more viable compared to AM for the case of a mass production that is 
commonly seen in automotive industry [5]. Therefore, despite the current hype, it is arguably 
more valuable to consider AM as part of our manufacturing capabilities rather than as a 
technology that will replace the current methods. 

Titanium alloys, such as Ti-6Al-4V used in this work, are an opportunity for AM as it 
eliminates high machining costs of titanium and reduce lead times compared to procuring a 
wrought material. Furthermore, since AM is a near-net shape approach, it can reduce the 
bulk material cost signifcantly, e.g. the so-called buy-to-fy ratio of a wrought material is 
estimated as 20:1, which means 20 times more raw material (billet) is required to produce 
each kilogram of a fnal component, and this ratio could be reduced to 3:1 using AM as 
discussed in [6]. These economic factors combined with the possibility of a higher design 
freedom should make AM an exciting option for producing components fabricated from 
titanium alloys in the future. 

This thesis is related to recent efforts of transitioning AM from building prototypes to 
load-bearing components, hence it has a structural integrity focus rather than the process. It 
is motivated not just by the new products that AM technology may provide, but also from 
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a fundamental fatigue research perspective since it offers a niche problem to study: the 
infuence of small volumetric defects on high cycle fatigue. 

1.2 Motivation, scope and objectives 

Currently, AM metals predominantly fail from process-induced defects under cyclic loading 
in the polished surface condition. This work aims contributing to our understanding of fatigue 
failure in presence of process-induced defects, which are a subset of material defects, i.e. 
metallurgical discontinuities in the lower end of the micron scale and usually comparable 
to grain size. As mentioned in the classic fatigue textbook from Suresh ([7], page 152, 
Section 4.9), the crack initiation in presence of material defects is alloy dependent, as can be 
anticipated due to their length scale. Therefore, alloy and process specifc research is needed 
in this topic, especially considering that the microstructure as a result of the AM process 
differ signifcantly from conventional manufacturing as discussed later in Chapter 2.4. 

Transition radii, bolt holes, and other design features are often the source of fatigue 
failures, however, they might be neglected in engineering practice if their size is less than 
∼1 mm, particularly for ductile metals based on the notch sensitivity diagrams. On the 
other hand, for high-strength materials like bearing steels, even inclusions less than 10 µm 
in diameter could be detrimental to the reference strength, see for instance [8]. Titanium 
alloy Ti-6Al-4V and process-induced defects in AM, which are generally below 100 µm 
for this alloy, belong to the latter case; the literature clearly demonstrates that defects act 
as the main source of failure under cyclic loading after the as-built surface roughness. It 
is conceivable that as the AM industry advances, process-induced defects will become a 
rarity; a similar observation can be made from the steel-making industry where the inclusion 
content signifcantly reduced with time [9, 10]. Yet, defects can still emerge either due to 
randomness or poor workmanship. Thus, developing assessment procedures are essential 
for a pass/fail decision instead of discarding the component outright, as well as deciding on 
whether to perform an additional post-processing such as hot isostatic pressing, which is 
a popular thermo-mechanical treatment in the AM industry. Well-established engineering 
assessment procedures such as BS 7910 [11] are mainly intended for macroscopic, planar 
defects in the mm-scale; hence not directly applicable for the case of process-induced defects 
in AM. 

There are two main types of defects in AM, or three if the as-built surface roughness is 
also considered as a defect. The scope of this thesis is limited to porosity type defects only, 
considering that pores are inherent to the process, whereas reducing surface roughness is a 
standard procedure for cyclic loaded components and lack-of-fusion defects could be avoided 
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by optimising process parameters as discussed in [12, 13, 14]. A further distinction between 
gas pores and keyholes was not made in the remainder, but pores with irregular morphology 
were marked, which might indicate keyhole type defects. 

Two different AM processes were used in this thesis, namely wire+arc additive manufac-
turing (WAAM) and laser powder-bed fusion (L-PBF). L-PBF was considered as the main 
process, and was investigated in Chapter 2 - Literature Review, then expanded in Chapter 
3 - Experimental Programme. WAAM scope was limited to using the remaining samples 
from a previous PhD work [15], hence the experimental details were reviewed briefy in 
Chapter 3.11, but a separate literature review specifc to WAAM process was not conducted; 
the reader is referred to the referenced thesis for this purpose. 

From a mechanics point of view, a constant amplitude axial loading in the high cycle 
fatigue regime was used due to its simplicity, which allowed focusing on pores without the 
additional complexity of multiaxial loading. All fatigue tests were conducted in air and at 
room temperature using a stress ratio (R) of 0.1. 

As discussed in the beginning of this section, the ultimate aim of this work is to improve 
our understanding of fatigue failure in presence of porosity type defects. In this regard, the 
main objectives can be summarised as follows: 

• Develop a controlled experimental programme that circumvents factors other than 
porosity such as surface roughness, build direction, post heat-treatment, and more that 
might infuence the fatigue performance. 

• Study the effect of process-induced porosity on fatigue endurance of L-PBF Ti-6Al-4V 
and WAAM Ti-6Al-4V by using the developed experimental programme. 

• Investigate fatigue crack propagation in L-PBF Ti-6Al-4V by measuring growth rate 
of fatigue cracks initiated from surface porosity and comparing them to fatigue crack 
growth rates obtained by standardised measurements of long, through thickness cracks. 

• Discuss, analyse and interpret the experimental results from an engineering design 
perspective to support future design guidelines for fatigue assessment of volumetric 
defects in AM. 

1.3 Assumptions and terminology 

The term “defect” is used frequently in the engineering literature, for instance atomic 
disarrangements like dislocations, manufacturing artefacts like non-metallic inclusions and 
in-service incidents like foreign object damage. In this work, the defect terminology is used 
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only for process-induced porosity, which is a subset of material defects. Some design codes 
distinguish defect and faw, where the faw refers to non-critical defects that have negligible 
infuence on fatigue life; this custom was not followed. 

In polycrystals such as Ti-6Al-4V, each individual grain has its own stress response to 
the applied loading. This is often disregarded in engineering practice based on the statistical 
understanding and a homogeneous material response is assumed. However, the homogeneous 
response could be invalid when the feature of interest is at the same length scale as grain 
size. Crack initiating pores in this work, which are given in Table A.3, were around 40 times 
larger than the grain size, i.e. individual α lath thickness as referenced in Section 2.4; hence 
a homogenised response in the vicinity of pores was assumed. Furthermore, engineering 
approaches that rely on nominal stresses were used in this work; thus the notch local plasticity 
was neglected given that the macroscopic response was strictly in the elastic regime. 

Although all AM technologies rely on layer-by-layer building, due to the differences in 
feedstock material, heat source and more, the resulting microstructure could be reasonably 
different. Therefore, it was strictly avoided to compare different AM processes and any 
literature comparison was made within the same AM sub-process. Furthermore, titanium 
alloy Ti-6Al-4V in the main text was often preceded with an abbreviation, e.g. AM, L-PBF or 
WAAM that indicates the manufacturing method. The abbreviations might seem inconsistent, 
yet this was deliberate to highlight whether a statement can be generalised to entire AM 
process or limited to a specifc subset such as L-PBF or WAAM. Finally, given that AM is 
still a developing technology, statements with regards to AM implicitly means the "current" 
technological maturity level and can be changed in the future. 

1.4 Thesis structure 

Literature review in Chapter 2 starts with a concise information about the process, formation 
of porosity, and AM specifc features of Ti-6Al-4V microstructure. The aim of these concise 
sections is to inform fatigue researchers on AM, and make a self-contained document. 
Building upon this foundation, Section 2.5 outlines the main parameters in AM that infuence 
the fatigue performance. Afterwards, a more targeted discussion starts by introducing the 
state-of-the-art in fatigue of defects followed by their application in AM Ti-6Al-4V so far. 

Chapter 3 describes the experimental programme and the approach for studying the 
infuence of porosity on fatigue performance of AM Ti-6Al-4V. This Chapter explains the 
methods used, along with a justifcation for using that particular approach. Care has been 
taken to provide enough details so that the work can be reproducible. As mentioned in the 
scope, the main feature was the L-PBF process. 
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Chapter 4 aims to present the raw experimental results in a way that contributes to 
understanding the phenomenology of the problem; i.e. fatigue behaviour in presence of 
material defects. For this reason the chapter is mostly descriptive, and comparative with 
respect to conventional manufactured counterparts. It also includes a Section on local elastic 
stresses in the vicinity of a pore, which includes stress concentration factor based on analytical 
formulation and a fnite element model to supplement the analytical formulations and to 
visualise the problem. 

Chapter 5 provides fatigue design interpretations in presence of porosity. In practice, the 
fatigue design is often depends on the application, i.e. some components are designed to 
resist a large number of cycles (durability), whereas some parts are designed to be replaced 
depending on crack dimensions detected during service intervals (damage tolerant). Similarly 
in Chapter 5, the fatigue of porosity problem was investigated from the standpoint of a 
durability and damage tolerant approaches. 

Finally, Chapter 6 presents a summary of main contributions and conclusions from this 
thesis, along with recommendations for future work. 





Chapter 2 

Background and literature review 

2.1 Introduction 

This Chapter starts with a brief introduction to metal additive manufacturing (AM) in order to 
make this work self-contained; more in-depth reading can be found in review papers [13, 16] 
or books [17, 18] on the subject. Afterwards, supporting topics are introduced such as the 
porosity formation (Section 2.3), microstructure specifc to AM (Section 2.4), including 
the implications for fatigue of an α + β titanium alloy Ti-6Al-4V. Sections 2.2 through 
2.4 should help interpreting the fatigue behaviour that is discussed later on. Section 2.5 is 
based on the exploratory fatigue testing results available in literature and outlines the critical 
parameters for fatigue behaviour of AM Ti-6Al-4V. Finally from Section 2.6 and onwards 
the state-of-the-art in fatigue of defects and its applications on AM Ti-6Al-4V are reviewed. 

2.2 Metal additive manufacturing 

In AM technologies relying on melting, a small layer (thickness) of a feedstock material is 
melted at a specifc location with respect to the computer model of a desired component. 
The manufactured component consists of many layers that are typically either 30 µm or 60 
µm thickness for the case of Ti-6Al-4V. Since the feedstock material is melted, almost fully 
dense components can be achieved, e.g. bulk density above 99%. Despite many subsets of 
AM, some shared elements can be defned as shown in Table 2.1. 

A typical AM process consists of (1) a computer model of the desired component, which 
eliminates the need of 2D shop drawings, (2) a feedstock material, (3) a strategy to handle 
the feedstock, and (4) a heat source for melting. Depending on the specifc AM technology, 
these shared elements are realised differently as listed in Table 2.1. In this work, laser 
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Table 2.1 Shared elements of additive manufacturing relating to melting processes 

Part model Feedstock Approach Heat source 

3D CAD Wire 
Powder 

Deposition 
Fusion 

Electric 
Laser 

Electron beam 

powder-bed fusion (L-PBF) and wire+arc additive manufacturing (WAAM) technologies 
were used, which are discussed further in the following. 

As the name suggests, L-PBF technology seen in Figure 2.1a deals with metal powders 
as the feedstock material. The powder is evenly distributed over a substrate that is often 
a thick plate made from forged counterpart. Then, a laser heat source melts the powder 
layer selectively depending on the computer model of a desired component. Next, the 
build platform is lowered and a fresh layer of powder is spread for the next layer. This 
sequence continues until the part is completely manufactured. In contrast, for the case 
WAAM technology, Figure 2.1b, the feedstock material is a wire and the wire is not spread 
but rather deposited selectively over a substrate depending on the computer model of a 
desired component. Furthermore, the heat source that melts the feedstock is also different 
and is made of electric energy, i.e. wire or plasma arc. In summary, although the steps of 
AM process are shared, these steps are performed differently depending on the specifc AM 
technology. 

It might be desirable to seek global mechanical properties for AM Ti-6Al-4V, however, 
the differences in processing discussed so far leads to reasonably different microstructures, 
e.g. coarse versus fne α lath thickness, that ultimately cause different mechanical properties. 
Consequently, there is an entire separate body of research work available that compares the 
mechanical properties of different AM techniques, such as electron beam melting versus L-
PBF [19, 20, 21]. As discussed in Section 1.2, the aim of this study was to understand fatigue 
in presence of process-induced porosity, hence a comparison of different AM processes was 
considered as out of the scope. For understanding the differences of mechanical properties 
between the available AM processes, the reader is referred to above referenced works. 

2.3 Origin of porosity 

Pores are volumetric defects caused by the manufacturing process and their size is typically 
below 100 µm for the case of titanium alloy Ti-6Al-4V. Two main categories of pores are 
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This item has been removed due to third party 
copyright. The unabridged version of the thesis can 

be viewed at the Lanchester library, Coventry 
University

(a) Laser powder-bed fusion 

(b) Wire+arc additive manufacturing 

Fig. 2.1 Overview of two additive manufacturing processes used in this work. Images are 
courtesy of TWI Ltd. 

present in metal additive manufacturing (AM): gas pores and keyholes, which are shown in 
Figure 2.2. 

Gas pores are roughly spherical, hollow sections that have a smooth interior surface 
as shown in Figure 2.2(a-b). Their origin is thought to be the shielding gas used across 
the processing chain. Because of titanium’s strong oxygen affnity, it is usual practice to 
use a shielding gas, which is commonly argon. For instance, argon is used during gas 
atomisation to produce metal powders, and traces of argon gas bubbles measured between 
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Fig. 2.2 Overview of porosity defects seen in AM Ti-6Al-4V. All images were captured 
as part of this work. (a) Cross-section of a gas pore using light microscopy of an etched 
metallographic sample (b) Gas pore as a crack initiation source obtained using scanning 
electron microscope from a fatigue fracture surface (c) 3D visualisation of porosity obtained 
using X-ray Computed Tomography (d) Keyhole pores seen on the gauge surface of a fatigue 
sample (marked by black arrows), obtained using light microscopy 

powder particles can be perpetuated to the manufactured components [22]. In some of the 
AM processing techniques, argon is also used during processing to protect the build chamber 
against oxygen pickup. Once the feedstock material is melted, the argon gas either from 
processing chamber or between powder particles could submerge to the melt pool. It is 
believed that during solidifcation, some of the submerged gas bubbles are unable to escape 
the melt pool, hence forming spherical cavities in the manufactured part (Section 2.9.2 in 
[13]), which are commonly referred as the gas pore defects. 

Another mechanism of porosity formation is the so-called keyholes. Keyholes are 
associated with lasers as the heat source, hence appear only in a subset of AM techniques. 
Compared to gas pores, their morphology is more complex as seen from Figure 2.2d. The 
formation mechanism of keyholes involves complex laser physics, however, recent works 
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revealed many unknowns using in-situ, synchrotron X-ray imaging of single track laser 
scanning; the reader is referred to these publications for an in-depth reading [23, 24, 25]. 

2.4 Microstructure specifc to additive manufacturing 

AM processing leads to distinct microstructural features that are uncommon in conventional 
manufactured counterparts; hence a separate Section is dedicated to introduce them. Having 
said that, these microstructural features are often eliminated in practice either via post 
heat-treatment [26] or even in-situ heat treatment by modifying process parameters [27]. 
Therefore, the features discussed in the following strictly refer to the as-built condition 
using standard processing parameters. An introductory knowledge of titanium metallurgy is 
assumed and will not be repeated. For this purpose, the reader is referred to textbooks such 
as [28, 29]. 

Martensitic phase 

AM processes considered in this work rely on melting of metals, hence extremely high 
temperatures are prevalent during manufacturing; for instance the melting temperature of a 
pure titanium is 1670°C (Table 2.1 in [28]). In contrast, the building platform (substrate) is 
heated to only a meagre degree, leading to high temperature gradients; for instance during 
the L-PBF process the substrate is between 200°C-400°C in standard practice [16, 30]. 
Furthermore, melting of the feedstock material is restricted to a small volume, e.g. semi-
circular melt pools with depths less than 200 µm reported in [14]. This combination of high 
temperature gradient and solidifcation of a tiny volume leads to rapid cooling. As a result 
of the rapid cooling, a hexagonal, acicular martensitic phase (α ′) is reported in [31] using 
the X-ray diffraction technique, noting that this approach might be inadequate to separate α 

′and α lattice constants [32]. Furthermore, the martensitic phase can be observed in high-
resolution scanning electron microscope images by [26, 30] and in transmission electron 
microscope images provided by [33]. The presence of martensitic phase suggests that the 
cooling rate is above 1000°C/min based on the continuous cooling transformation (CCT) 
diagram [28]. It is also worth noting that non-equilibrium martensitic phase is considered 
commercially irrelevant [28], which could be attributed to limited ductility; for instance less 
than 5% elongation was reported as a part of tensile testing in [34, 35]. 
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Columnar grains 

Columnar prior-β grains are another characteristic feature of microstructures as a result of 
AM processing, examples can be seen in [26, 36]. They can be attributed to the shallow melt 
pools, which cause a re-melting of the previous layer and promote a unidirectional heat fow 
roughly parallel to build direction [13]. Thus, columnar grains are present in AM and grow 
in an epitaxial fashion from the previous layer. Although reconstructed columnar prior-β 

grains show a strong texture, acicular martensitic phase (α ′) that grows inside these grains 
show a weak texture and does not exhibit a colony structure due to the rapid cooling [37]. 
Thus, discussing anisotropy of mechanical properties from a microstructure point of view is 
challenging and it is often attributed to defects instead [26]. An example of two characteristic 
features discussed so far is shown in Figure 2.3. 

This item has been removed due to third party copyright. The unabridged version of the 
thesis can be viewed at the Lanchester library, Coventry University

Fig. 2.3 Characteristic features of microstructures for AM Ti-6Al-4V: (a) Columnar prior-β 
grains seen using light microscopy. (b) Scanning electron microscope image of the acicular 
martensitic α ′ phase without any remaining β phase (bright spots) after solidifcation. Images 
are original work of [30] and reprinted by permission from Elsevier. 

Impact on fatigue 

As seen in Figure 2.3, columnar prior-β grains can extend a few millimetres, whereas 
individual α or α ′ laths growing inside them are extremely fne. The average α lath thickness 
values for L-PBF process is between 0.5-1.5 microns [32, 38, 39] based on the intercept 
method as described by ASTM E112. As described in [28], this type of an extremely fne 
microstructure is desirable for high-cycle fatigue resistance. Given that high-cycle fatigue 
is usually dominated by the crack initiation stage, the fatigue performance can be related 
to crack nucleation resistance. In the microstructural scale, resistance to crack nucleation 
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depends on plastic deformation, which is associated with dislocation motion, i.e. slip. In the 
colony type microstructures, i.e. a set of α-grains in the same orientation, slip bands can 
extend across the whole colony width that could be as large as 600 µm. On the other hand, 
for individual α-laths as seen in AM microstructures, crack nucleation mostly occur at the 
longest and thickest α-lath, afterwards propagate through the matrix, where all individual 
martensitic plates act as a potential obstacle for crack propagation. Therefore, absence of 
colony structure is usually associated with better high cycle fatigue performance, which is 
correlated with individual α lath thickness. 

Despite the extremely fne microstructure of AM Ti-6Al-4V, its high cycle fatigue 
performance is generally poor compared to cast or wrought counterparts as shown in review 
works such as [40]. This poor fatigue performance could be related to either high as-built 
surface roughness or to presence of manufacturing defects, which are an order of magnitude 
larger than the thickness of individual α plates. The defects could be suppressed by using 
heat treatments after manufacturing, however, such heat treatments usually coarsen the 
microstructure like the popular hot isostatic pressing (HIP). 

2.5 High cycle fatigue of laser powder-bed fusion Ti-6Al-
4V 

2.5.1 Introduction 

The aim of Section 2.5 is to review AM parameters that infuence fatigue performance and 
to understand fatigue behaviour that represents current development stage of the processing 
technology; in this regard experimental data from L-PBF process was used for demonstration. 
It is hoped that Section 2.5 will set the scene for defect assessment approaches in the 
following section and provide explanation for some of the decisions taken whilst developing 
the experimental programme in this work. 

2.5.2 Surface roughness 

Surface roughness in the as-built condition is a serious concern for laser powder-bed fusion 
(L-PBF) at the moment as demonstrated in Figure 2.4: it compares the surface roughness in 
L-PBF Ti-6Al-4V to other near-net shape manufacturing technologies and requirements of 
fatigue testing standards that often aims representing the true material fatigue strength. 

In Figure 2.4, surface roughness is quantifed using the Ra parameter, i.e. average of 
valleys and peaks measured over a certain distance as per ISO 4287 standard [47], thus 
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Fig. 2.4 As-built surface roughness in laser powder-bed fusion Ti-6Al-4V compared with 
other near-net manufacturing technologies (not necessarily correspond to Ti-6Al-4V material) 
and fatigue testing standards 

the actual roughness could be even higher in localised regions. Having said that, even 
the average value of surface roughness is poor for the L-PBF process and a considerable 
amount of material removal is necessary to achieve a surface quality that is acceptable 
for applications subject to high cycle fatigue, for instance Ra value of at least 3.2 microns 
specifed for aerospace applications in [46]. One of the main advantages of AM is near-net 
shape production and additional material removal to achieve desired surface quality could 
hinder design complexity potential of AM as special features like internal channels cannot be 
machined easily to achieve desired surface fnish. Furthermore, the surface roughness data in 
Figure 2.4 corresponds to simple rectangular structures. In case of more complex geometries, 
for instance with overhangs, surface roughness could be even higher due to the so-called 
staircase effect [13, 46, 48], which is inherent to layer-by-layer manufacturing. 

The next discussion point is the infuence of surface roughness on fatigue performance, 
which is demonstrated in Figure 2.5. In this fgure, fatigue data corresponds to different 
manufacturers, process parameters and more, but limited to the L-PBF process only. 

In Figure 2.5, the surface roughness in the as-built condition is compared to a reference 
state in which the surface roughness was removed and a hot isostatic pressing (HIP) was 
performed to suppress the infuence of internal defects. As seen in Figure 2.5, the surface 
roughness in the as-built state signifcantly reduces fatigue strength, for instance an average 
fatigue strength reduction by a factor of four at a fatigue life of one million cycles can 
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Fig. 2.5 S-N diagram plotted on a double logarithmic scale showing the infuence of surface 
roughness on high-cycle fatigue performance for Ti-6Al-4V manufactured using the laser 
powder-bed fusion process. In the "reference" state surface roughness is removed and defects 
are suppressed via a thermo-mechanical treatment (hot isostatic pressing) 

be calculated by converting the experimental data presented in Figure 2.5 into logarithmic 
values, then carrying out a linear regression analysis by treating the logarithm of the cycles 
as the dependent variable to ft S-N curves. For load-controlled, axial fatigue testing of small 
dog-bone samples as in Figure 2.5, fatigue is predominantly a surface phenomenon in the 
high-cycle fatigue regime, i.e. the dislocation motion leads to roughening of the surface 
(intrusions and extrusions), which then leads to crack initiation. In presence of a high surface 
roughness as in the L-PBF case, this roughening process is accelerated, which then leads to 
inferior fatigue life as seen in Figure 2.5. 

2.5.3 Process-induced defects 

When the as-built surface roughness is removed, fatigue performance improves markedly 
as seen in Figure 2.6. The fatigue data in this fgure is again only limited to L-PBF process, 
however, include different manufacturers, powders, process parameters and more. The 
references provided in Figure 2.6 reports that the samples with polished surfaces fail mainly 
from manufacturing defects, thus the S-N diagram in Figure 2.6 represents the infuence of 
defects on fatigue performance of L-PBF Ti-6Al-4V. 
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Fig. 2.6 Double logarithmic S-N diagram comparing the as-built condition with high surface 
roughness to samples with polished surfaces for Ti-6Al-4V manufactured using the laser 
powder-bed fusion (L-PBF) process 

Although fatigue life was improved after removing the surface roughness, the scatter of 
fatigue life was signifcantly increased in the polished condition compared to the as-built 
condition; for instance at 500 MPa and 600 MPa applied maximum stresses, the scatter 
of fatigue life is around three orders of magnitude as seen in Figure 2.6. This scatter is 
commonly attributed to the presence of defects [53, 54, 49], however, crack initiation source, 
location, and size were undisclosed in most of the published work, which is a concern shared 
with other researchers as well [55]. Thus, it is challenging at this stage to understand more 
about the infuence of defects on fatigue, apart from the scatter observed on the S-N diagram. 

The literature also highlights that surface defects are more detrimental than embedded 
defects, which could be an expected outcome when shape factors in stress intensity factor 
equations are considered for surface and embedded cracks. By quantifying defect size 
distribution within a gauge volume of test samples prior to fatigue testing, Tammas-Williams 
et al. [56] reported that crack initiating pores were usually located at the surface and were 
consistently smaller than larger embedded pores within the gauge volume. Even more 
strikingly, Serrano-Munoz et al. [57] reported fatigue cracking from micron-sized small 
surface defects for a cast material despite the presence of a large 1 mm diameter embedded 
artifcial defect. 

Arguably, hot isostatic pressing (HIP) is the most popular solution in AM industry to 
suppress the infuence of defects on fatigue; the improvement of fatigue performance after 
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HIPing can be seen in Figure 2.5. HIPing is achieved by applying simultaneous heat treatment 
and external pressure to the material of interest inside a chamber [28]; hence it limits the 
size of a component that can be manufactured and excludes porous structures. Furthermore, 
HIPing is performed above the recrystallisation temperature for the case of Ti-6Al-4V and 
leads to coarsening of the α lath grains [58]. Inspection of fracture surfaces after HIPing 
confrms that the root cause of failure switches from defects to microstructure [49]. There is 
a common misconception that HIPing closes the gas pores, see for instance [59]. Although 
the ideal gas law states that argon, which is the shielding gas commonly used in AM, can 
be infnitely compressed, the experimental evidence suggests that HIPing merely reduces 
the size of defects to a certain value that is not detectable by current imaging techniques. 
In fact, Tammas-Williams et al. [60] demonstrated re-growing pores by applying a heat 
treatment after HIPing. Thus, it is important to consider that HIPing should be the fnal 
post-processing step and the service conditions do not exhibit suffciently high temperatures 
for pore regrowth. 

2.5.4 Residual stress 

In the absence of external loading, the stress distribution present in a structure is referred 
as the residual stress. When an external cyclic loading with a certain stress ratio (R-ratio) 
is applied, the residual stresses are superimposed and thus can change the R-ratio. Given 
that a positive or high R-ratio is associated with inferior fatigue endurance in S-N diagrams 
and accelerated fatigue crack propagation da/dN vs ∆K plots, tensile residual stresses can 
be detrimental, whereas compressive residual stresses can be benefcial concerning fatigue 
design. 

In L-PBF process, thermally induced residual tensile stresses can be as high as 50% of 
the yield strength when measured on the surface [35]; this value is lower compared to arc 
welding in which the residual stress can be as high as the yield strength [61], but it is still 
suffciently high enough to distort and warp manufactured geometry as shown in [35] and 
to infuence fatigue crack growth resistance for the case of L-PBF Ti-6Al-4V. For instance, 
a clear shift in Paris region can be observed in [34] between stress-relieved and as-built 
samples, along with an increase in the threshold value of stress intensity factor range (∆Kth)√ √ 
from 1.7 MPa m to 3.9 MPa m. On the other hand, due to the high surface roughness in 
additive manufacturing, the infuence of residual stresses on high-cycle fatigue strength is 
hardly distinguishable, when the stress-relieved condition compared to the as-built condition, 
see for instance the S-N diagrams given in [49]. 

As discussed in [62], the origin of residual stress in L-PBF is mainly attributed to two 
mechanisms: (1) constrained thermal expansion near the melt pool by the surrounding solid 
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material. (2) The thermal contraction of the melted layer due to the high temperature gradients 
observed during processing: for instance in current commercial applications substrate (build 
plate) is heated between 200°C to 400°C, whereas the melting temperature of the titanium is 
above 1600°C. As a solution, heating the substrate around 700°C as in the electron beam 
melting additive manufacturing process helps reduce the residual stresses by decreasing the 
temperature gradient [58]. However, this is not possible in many other AM processes. 

Figure 2.7 demonstrates a representative residual stress distribution arising from an 
L-PBF process, which was measured using contour and neutron diffraction techniques as 
reported in [63, 64, 65]. It can be seen that the edges of manufactured sample are subject to 
tensile residual stresses, whereas compressive residual stresses are present inside the sample 
for self-equilibrium. It should be noted the curve steepness between compressive and residual 
stresses will depend on the build direction and sample geometry. Therefore, a sketch was 
provided only, since the absolute values of residual stress depends on the sample geometry, 
build direction and also by process parameters, for instance the travelling direction of the heat 
source, i.e. the so-called scan strategy as reported in [66]. To illustrate this point, absolute 
values of tensile residual stresses are provided in Figure 2.8 for different sample geometries. 
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Fig. 2.7 A sketch of residual stress distribution along a specimen cross-section manufactured 
by laser powder-bed fusion Ti-6Al-4V. The sketch is based on the results from [63, 64, 65] 
and corresponds to residual stress component that is parallel to manufacturing build direction. 
Tensile residual stresses can be observed on the surfaces (a,c), which are balanced by the 
internal compressive residual stresses (b). 

Figure 2.8 presents the residual stress measurements for evaluation points just beneath or 
at the surface using the X-ray Diffraction (XRD) technique, which was selected based on the 
data availability, noting that surface measurements might not be representative of the actual 
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Fig. 2.8 Tensile residual stress as measured on the surface compared to yield strength for 
laser powder-bed fusion Ti-6Al-4V 

stress state as seen in [65]. For comparison, yield strength measurements were also provided 
in Figure 2.8, however, it should be noted that the surface of residual stress measurements 
does not necessarily coincide with the cross-sectional plane of yield strength measurements. 
From Figure 2.8, it can be seen that the tensile residual stress component near the surface was 
generally higher than 20% of the yield strength, but this value depends on the build direction 
and manufactured geometry as well, i.e. residual stresses can increase to 50% of the yield 
strength for high aspect ratio samples. 

2.5.5 Build direction 

Additive manufacturing offers fexibility of building a design in many orientations; arguably 
the two main build directions are shown in Figure 2.9. A sample such as shown in Figure 
2.9 can be manufactured in the vertical direction, i.e. layer-by-layer rising away from the 
build platform, or can be manufactured in the horizontal direction lying on the build plate. A 
more rigorous and comprehensive way for specifying build directions is given in ISO/ASTM 
52921 standard. 

Majority of the AM literature touch on a potential anisotropy in mechanical properties as 
a result of the changing build direction, see for instance [35, 67, 68]. The possible anisotropy 
is most commonly related to crystallographic texture [37], and the presence of high aspect 
ratio defects such as the lack-of-fusion defect that has a planar, crack like morphology [26]. 
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Fig. 2.9 Examples of different build directions in additive manufacturing (a) Horizontal build 
direction (b) Vertical build direction 

Unfortunately, most of the published work report contradicting results, i.e. the existence of 
anisotropy [35, 68] or negligible infuence of the build direction [67, 51]. 

Recently, works that are more comprehensive have started to appear, for instance Rans 
et al. [69] studied the infuence of columnar prior-β grains on fatigue crack growth rate. 
In this referenced study, 130 mm tall single edge notched tensile (SENT) specimens were 
built in the same plane but with fve different build directions, and afterwards all specimens 
were subjected a stress relief heat treatment to eliminate the effect of potentially different 
residual stress profles. Resulting prior-β grains were reported to deviate between 5°-15° 
from the build direction and were in the order of 50 microns wide, resulting more than 10 
grains in the thickness direction. Within these constraints, the study was not able to detect 
any infuence of build direction on fatigue crack growth rate; this conclusion was established 
by comparing the scatter of individual build directions to all orientations, where the scatter 
band was defned as the 95% confdence interval of the mean experimental data. 

In summary, the infuence of build direction is still an active research feld in metal AM 
and in this thesis all samples were manufactured in the same direction to circumvent any 
potential effect on fatigue. 

2.6 State-of-the-art in fatigue of material defects 

2.6.1 Introduction 

The effect of sub-mm size volumetric defects on fatigue is often not covered by textbooks, 
and until recently, there was only one review paper available from 1994 [9], which presented 
the existing assessment approaches for fatigue of defects and discussed their predictive 
capability. In contrast, the aim of Section 2.6 is to present the theory and understanding 
behind the established fatigue assessment approaches for defects. Furthermore, towards the 
end of this PhD work, more review papers have become available [53, 70, 71, 72, 73]. As 
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a result, new researchers studying the fatigue of defects have now access to a variety of 
different resources. 

2.6.2 Notch effect 

Under cyclic loading, material defects like porosity often act as preferential sites for crack 
initiation since they cannot bear any load and increase stresses locally due to their morphology. 
Thus, defects can be considered as “stress raisers” or notches from a fatigue design perspective 
and can reduce fatigue performance signifcantly compared to plain (unnotched) conditions. 
The increase in local stresses is often quantifed by the stress concentration factor (Kt), which 
is calculated by using Equation (2.1). 

Kt = σmax/σ
∞ (2.1) 

where Kt the stress concentration factor, σmax the local maximum elastic stress component 
due to a notch and σ∞ the far-feld applied stress. Kt depends on the local geometry of stress 
raiser and far-feld loading conditions; it can be calculated using elasticity theory, e.g. for 
porosity [74], numerical approaches such as fnite element method, e.g. for porosity [75], or 
can be obtained from reference books such as [76], or can be measured using experimental 
techniques such as digital image correlation (DIC) [77] as a most recent example. 

Predicting fatigue strength in presence of stress raisers by dividing the fatigue strength 
of a plain (unnotched) sample to the Kt of a stress raiser is an ineffective approach, which 
can be attributed to the difference in areas under stress: in a plain fatigue test coupon, the 
entire cross-section is under stress, whereas in a notched sample only a small area is under 
high stress, which is characterised by Kt . Thus, dividing the experimentally determined 
fatigue strength value by Kt suggests that the entire cross-section under high stress, which 
is incorrect. Therefore, the actual knock-down factor, i.e. fatigue notch factor (Kf ) often 
deviates from Kt in reality and expressed using Equation (2.2): 

Kf = σw0/σw (2.2) 

where Kf the fatigue notch factor, σw the fatigue strength of a notched sample at a 
certain number of cycles and σw0 the fatigue strength of a plain (unnotched) sample at the 
same number of cycles. Kf depends on notch size and its root radius, and also depends on 
material type as well. Kf needs to be determined either experimentally or by using empirical 
relationships such those by Peterson [76], Neuber [78] and more. In general, following 
general characteristics can be said about Kf : 
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• Notch size effect: Knock-down factor Kf increases as the notch size increases for 
geometrically similar notches, i.e. equal Kt value, under same applied external loading. 
In literature, this is often associated with higher stress gradient of larger notches [79]. 

• Notch root radius: Kf almost converges to Kt value as notch root radius increases, 
which is demonstrated by classic notch sensitivity diagrams by Peterson [76]. 

• Material: Another conclusion that can be drawn from notch sensitivity diagrams is the 
knock-down factor Kf increases along with the increase in material static strength. 

In fatigue assessment of defects, stress or strain based notch approaches are not common 
because of the experimental observations that fatigue cracking occurs early in life, i.e. after a 
few cycles, hence crack tip stresses dominate the fatigue life rather than the local stresses 
due to a notch geometry. This fnding is important for understanding the research in the feld 
of “fatigue of defects” and is discussed further in the following. 

2.6.3 Non-propagating cracks 

In the 1950s, Frost and Dugdale [80] showed that for a notch of constant size, as the Kt value 
increases, i.e. sharper stress-raisers or smaller notch radii, experimentally determined fatigue 
strength becomes independent of Kt as demonstrated by a constant dashed line in Figure 
2.10. 

This item has been removed due to third party copyright. The unabridged version of the thesis can be 
viewed at the Lanchester library, Coventry University

Fig. 2.10 Fatigue strength at 107 cycles experimentally determined for a variety of Kt values. 
Mild steel, axial fatigue tests conducted at R=-1 in air and room temperature. Plain sample 
fatigue strengths (σw0) were 200 and 260 MPa respectively. V-notch radius was 0.1mm, 
0.254mm, 0.508mm and 1.27mm. Re-created from Frost [81] 

As seen in Figure 2.10, after a transition Kt value of around four, the reduction in fatigue 
strength saturates and the fatigue strength becomes independent of the stress raiser geometry 
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that is captured by the Kt parameter. The lost correlation between the stress raiser geometry 
and the fatigue strength was attributed to fatigue cracks initiating almost immediately from 
“sharp” stress raisers as observed during the experiments; hence, the problem was dominated 
by crack-tip stresses instead of the local elastic stresses due to the geometry of a stress raiser. 

Besides the observation of early fatigue crack initiation, Frost and Dugdale [80] detected 
fatigue cracks even in run-out samples. It was stated that, if the applied load was below the 
propagation threshold, i.e. dashed lines in Figure 2.10, fatigue cracks were still initiated after 
a few load cycles but then these cracks stopped propagating when a certain number of cycles 
was reached; hence the name non-propagating cracks. Therefore, the problem of estimating 
fatigue strength in presence of a stress-raiser turns into fnding a threshold stress value for 
fatigue crack propagation, i.e. determining a crack is whether non-propagating type or a 
critical crack that leads to failure. 

Similar observations were made later for small defects such as drilled holes in carbon 
steels by [82] and inclusions in aluminium alloys as per AGARD experimental programme 
[83], i.e. the researchers observed cracks initiated very early in fatigue life from these defects. 
Therefore, in the literature and the remainder of this chapter, the terminology of “defect” and 
“crack” is sometimes used interchangeably. 

It should be noted, however, relating the crack initiation phenomenon to a single Kt 

parameter could be overly simplistic, especially for the case of small defects in contrast 
to macroscopic notches as in Figure 2.10. In reality, fatigue crack initiation depends on a 
number of factors such as the morphology and slip characteristics of material microstructure, 
ductility or brittleness of the material, residual stress felds near defects and more. Thus, 
Kt could only be an empirical value when determining the transition regime; for instance 
Kt value of non-metallic inclusions is much smaller compared to the transition Kt value 
determined for macroscopic V-notches in Figure 2.10, yet the experimenters observed early 
crack initiation in both instances. 

2.6.4 Anomalous behaviour of small cracks and the threshold problem 

As discussed so far, given that fatigue cracks in presence of defects are observed to initiate 
early in fatigue life but could stop growing after a while, the fatigue assessment of defects 
could be reduced to predicting a threshold value below which cracks stay dormant. For 
macroscopic "long" cracks, this is a material constant and is defned by the threshold value of 
stress intensity range, ∆Kth, which can be determined by mechanical testing procedures given 
in industrial standards such as in ASTM E647 [84]. On the other hand, the non-propagating 
cracks discussed in Section 2.6.3 were relatively small, e.g. reported to be 200 microns or 
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less [82]. Such small cracks could grow below ∆Kth as reported by review papers on the 
topic of "small" cracks, e.g. [85], and sketched in Figure 2.11. 

K
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Long crack growth
Non-propagating crack
Small crack growth

Fig. 2.11 A sketch demonstrating the anomalous behaviour of small cracks 

Figure 2.11 shows a threshold value of ∆Kth can be experimentally determined for long 
cracks, which is defned as the asymptotic value of ∆K at which crack propagation rate 
(da/dN) approaches nearly zero. In contrast, small cracks can grow below the ∆Kth value and 
this anomalous behaviour of small cracks is often attributed to the breakdown of similitude 
condition at the crack tip: ∆Kth parameter is determined using large, through thickness cracks 
in the mm-scale and the shielding mechanisms, e.g. plasticity induced crack closure, present 
at this mm-scale can be absent in small, sub-mm scale cracks. As shown in Figure 2.11, 
some of the small cracks can still arrest after reaching to a certain size, i.e. non-propagating 
cracks, therefore different engineering assessment approaches were developed to determine 
the threshold value for propagation of small cracks. 

Continuing from the Frost and Dugdale study [80], a further observation that can be made 
from Figure 2.10 is that the threshold stress for fatigue crack propagation is size dependent, 
e.g. 45 MPa for a V-notch with 5.08 mm depth and 90 MPa for a V-notch with 1.27 mm 
depth. For prediction of the threshold stress, Frost [81] suggested an empirical formula by 
ftting a line to the experimental data in a stress versus effective crack length plot: 

σw 
3ae f f = constant (2.3) 
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where σw the fatigue strength at 107 cycles in presence of stress-raisers, ae f f the length 
of a stress-raiser plus non-propagating crack, and the constant equal to 5.2x105 for stress in 
MPa (or 140 for stress in ton/in2 as provided in the original paper). Later fatigue research 
justifed this empirical approach by using a stress intensity factor and a more rigorous fracture 
mechanics framework, i.e. the threshold value of stress intensity factor range (∆Kth) is a 
material constant. 

An important observation was made by Kitagawa and Takahashi [86] during their study of 
small crack growth initiated from a sub-mm size, artifcially introduced defect on the surface 
fatigue dog-bone samples. After determining ∆Kth value at a cut-off value of 2x10−9m/cycle 
for various crack dimensions, they have demonstrated that fatigue strength, σw, follows the 
linear elastic fracture mechanics (LEFM) formulation using long crack ∆Kth value as an 
input, however, for small cracks below a transition size of a0, fatigue strength, σw, deviates 
from LEFM formulation and approaches to the plain specimen fatigue strength, σw0, as 
shown in Figure 2.12. 

This item has been removed due to third party copyright. The 
unabridged version of the thesis can be viewed at the Lanchester 

library, Coventry University

Fig. 2.12 Kitagawa-Takahashi diagram [86] along with El-Haddad et al. modifcation [87] 

In contrast to empirical approach in Equation 2.3, here in Figure 2.12 a phenomenological 
approach was taken by defning a material constant that can be determined via typical fatigue 
experiments such as load-shedding to determine ∆Kth and endurance testing to determine 
∆σw0. The correct shape for the prediction curve is an on-going research area, see for instance 
[88, 87, 89, 90, 91]. In the context of metal AM, El-Haddad, Smith, Topper approach [87] is 
the most popular so far, which is shown in Figure 2.12 and can be generated using Equations 
2.4-2.5. 
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� �21 ∆Kth a0 = 
π ∆σw0 

(2.4) 

∆Kth 
∆σw = p (2.5)

π (a + a0) 

where ∆σw the fatigue strength range at 107 cycles in presence of stress-raisers, ∆σw0 

the range of fatigue strength of a plain sample, ∆Kth the threshold value for stress intensity 
factor range, a the length of a stress-raiser, and a0 the material constant. 

√
2.6.5 Stress intensity factor for cracks with arbitrary shapes and area 

parameter 

It is subjective to select an effective crack length either for 2D cracks that are common in 
fatigue such as elliptical cracks or in presence of stress raisers with different geometries, 
for instance selecting the diameter of a blind hole over its depth. By using elliptical cracks, 
Murakami and Endo [92] showed that maximum stress intensity factor is proportional to 
the fourth root of a cracked area up to an aspect ratio of fve. Then, for arbitrarily shaped 
cracks, Murakami and Nemat-Nasser [93] divided their area into triangles, i.e. similar to a 
fnite-element mesh, and calculated maximum stress intensity factor using the body force 
method. These numerical values were then plotted against fourth root of cracked area and 
the relationship in Equation 2.6 was obtained: q q√ √ 

Kmax = 0.629σ π area ≈ 0.65σ π area (2.6) 

where Kmax is the maximum stress intensity factor of an arbitrarily shaped crack under 
mode-I loading, σ the far-feld applied stress, and the 

√ 
area corresponds to square root of 

the cracked area. Equation 2.6 was determined by ftting a linear regression curve to the 
numerical solution data for a square crack, a rectangular crack, a partial circular crack, and 
a combined crack consists of a rectangle and triangle. Equation 2.6 enables to compare 
different shapes of stress raisers and assess their infuence on fatigue strength using a single√ 
parameter, area; hence extremely useful. 

Then, a practical problem related to non-propagating cracks initiated from stress raisers 
is that they do not exhibit a constant length and seem to follow an inherent uncertainty. 
Frost [81] reported the length of non-propagating cracks were different even though fatigue 
crack propagation threshold was constant. Similarly, Murakami [82] reported varying non-
propagating crack lengths between 10 µm to 100 µm for the same fatigue crack propagation 
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threshold. Given that the stress intensity factor requires crack size as an input, then a material 
can have multiple ∆Kth values due to the variable nature of non-propagating cracks. A 
pragmatic solution to overcome this problem was suggested by Smith and Miller [88] for V-
notches and later by Murakami and Endo [94] for defects: considering that non-propagating 
cracks are very small compared to the size of a typical stress raiser, they can be neglected and 
∆Kth value can be correlated with the actual stress raiser size. This assumption is visualised 
in Figure 2.13 and it is customary to use pore size only in this instance by neglecting the 
planar, non-propagating cracks. 

Fig. 2.13 Schematic of converting volumetric defects into planar cracks by projecting the 
defect area to the plane perpendicular to the applied load direction. 

2.7 Fatigue strength prediction of powder-bed fusion Ti-
6Al-4V in presence of defects 

The state-of-the-art in fatigue of material defects introduced thus far was mainly developed 
using conventionally manufactured mild steels. In the following, applications of these 
methods are reviewed for an additive manufactured Ti-6Al-4V. While evaluating the presented 
results in this Section, the reader should be aware of below listed caveats and limitations. 
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• Due to lack of available data, both powder-bed manufacturing techniques, i.e. electron 
beam melting (EBM) and L-PBF, were considered. As mentioned previously, due to 
differences in process, the resulting microstructures are reasonably different, which 
can infuence fatigue strength in addition to defects. 

• A common feature in all the referenced work in this Section is that they accept cracks 
initiate early in fatigue life without making any observations. In other words, defects 
were assumed as effective cracks without any evidence. 

• Although results were presented in a traditional Kitagawa-Takahashi (K-T) diagram 
that plots fatigue strength versus defect size, due to inclusion of different studies, 
fatigue strength is also inevitably infuenced by the difference in feedstock (powder 
quality), AM machine manufacturer and model, process parameters, test specimen 
size, surface quality, and more. 

• Except non-metallic inclusion studies, most of the previous work presented in the 
state-of-the-art was based on artifcial defects, e.g. V-notch or drilled hole with a 
certain depth and radius. Artifcial defects with controlled dimensions make it possible 
to determine fatigue strength in a statistically signifcant way, e.g. staircase approach, 
and the K-T diagram is drawn using these data points. In contrast, AM studies 
typically work with process-induced defects, which have uncontrolled dimensions, 
hence presented K-T diagrams in the literature were populated with data obtained from 
S-N type testing, i.e. not strictly suitable for fatigue strength determination. In fact, 
most of the data points presented in the following were failed way below common 
fatigue endurance of 107 cycles. 

One of early works in fatigue strength prediction of L-PBF Ti-6Al-4V in presence of 
defects was a conference paper by Wycisk and coworkers [51]. In this study, frst a fatigue 
strength of ∆σw0=450 MPa at 107 cycles was estimated from an S-N diagram. Afterwards, a 
threshold value of the stress range intensity factor ∆Kth = 3.48MPa 

√ 
m was determined by 

extrapolation of the fatigue crack growth experimental data. Then, these experimental values 
were taken as input to generate a K-T diagram by using Equations 2.4-2.5. The generated 
K-T diagram was evaluated by nine data points obtained from the S-N diagram; four of the 
data points were tested at ∆σ=450 MPa from which two were run-outs and the remaining 
fve data points were tested below ∆σ=450 MPa from which three of them were run-outs. In 
this early work, the results were presented using an equivalent crack length parameter that 
considers different shape factors for the variety of defects, e.g. lack-of-fusion, porosity, that 
were observed on the fracture face. This terminology was not followed in this review, and the 
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√ 
experimental data obtained from this work was converted to more familiar area parameter 
in the following. 

Afterwards, Beretta and Romano [55] published a review paper on sensitivity of fatigue 
strength to defects in AM metals. Unfortunately, the majority of the data points in this work 
were from casting, except for the Wycisk et al. [51] study as described above. Still, this√ 
work is an important milestone in fatigue of defects in AM since it presented to use area 
parameter in the horizontal axis of the K-T diagram. Furthermore in this work, a slightly 
higher fatigue strength of ∆σw0=495 MPa at 5x106 cycles was estimated. 

In general, there is lack of relevant data in L-PBF Ti-6Al-4V, i.e. most of the time crack 
initiating defect dimensions are not disclosed in literature. Also, most of the time, applied 
stress values are much higher than the estimated ∆σw0 values, hence the generated data points 
naturally fall outside of the K-T diagram, making it hard to evaluate the prediction curve. 
Therefore, the described studies so far were enriched by two further studies from literature 
[95, 96], however, nothing that the experimental data in them were generated by a different 
AM process, namely electron beam melting. 

This item has been removed due to third party copyright. The unabridged version 
of the thesis can be viewed at the Lanchester library, Coventry University

Fig. 2.14 Double logarithmic plot of change in fatigue strength with respect to crack initiating 
defect size for powder-bed fusion Ti-6Al-4V at R=0.1. Experimental data from [51, 95, 96] 

Figure 2.14 shows two prediction curves for fatigue strength in the presence of defects. 
This solid line curve was suggested by Beretta and Romano [55] using the El-Haddad, Smith,√ 
Topper approach (Equations 2.4-2.5) with a reference defect size area0=200µm; it should 
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be noted that a0 parameter in Equation 2.4 is replaced by square root of the defect area. √ 
On the other hand, area0=40µm can be estimated by dashed line curve from Wycisk et 
al. [51]. By looking at the available experimental data, i.e. scatter points, the Beretta and 
Romano curve seems promising in terms of prediction quality. Having said that, there is a √ 
lack of experimental data beyond area=100 µm crack initiating defect size, thus it would 
be challenging to state fatigue strength reduces monotonically above 100 microns defect size 
as the prediction curve suggests. Furthermore, the constant ∆Kth curve corresponds to 8.0 √ 
MPa m; this is much higher than the actual values as shown in Figure 2.16 and thus signifes 
the empiricism of the El-Haddad, Smith, Topper approach. Finally, the experimental data 
shown in Figure 2.10 of state-of-the-art were estimations of fatigue strength at 10 million 
cycles, whereas the experimental data in Figure 2.14 corresponds to S-N type testing with 
fatigue lives range from 50,000 cycles to 5 million cycles. Therefore, the prediction curves 
shown in Figure 2.14 should be validated using more realistic fatigue strength estimates at 
107 cycles, for example by using staircase type testing with known crack initiating defect 
dimensions. 

Next, a similar exercise was carried out for a stress ratio of R=-1 using the experimental 
data from literature, which can be seen in Figure 2.15. This time, another popular prediction 
approach from Murakami-Endo [94] was also considered, which is shown in Equation (2.7). 

1.43(Hv + 120)
∆σw = √ (2.7)1/6 area 

where σw the fatigue strength in presence of a defect and Hv the Vickers hardness of 
the material. It is worth noting that this equation follows a similar linear trend as originally 
proposed by Frost in Equation (2.3), albeit at a different slope. In the referenced publication, 
it is stated the prediction accuracy of Equation (2.7) is ±10% and valid for defects below √ 

area=1000 µm, Hv in the range of 70 to 720. 
The argument for empiricism can be further justifed by looking at Figure 2.15. The 

El-Haddad approach suggested by Beretta and Romano [55], which seemed to be working 
for R=0.1 data in Figure 2.14, is now over-conservative for majority of the experimental data 
and unconservative for some. On the other hand, Murakami-Endo approach [94] seem to be 
better suited for the mean values, except it requires a safety factor to cover extreme values 
around 500 MPa to 700 MPa stress range. 

Literature data collected for R=-1 load ratio reveals another problem that is not discussed 
so far: fatigue under far-feld stress is a variable with a certain statistical distribution. For 
instance, fatigue strength varies more than 50% for defect size approximately 50 µm as seen 
in Figure 2.15. The variability of fatigue strength data can be attributed to two categories: 
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Fig. 2.15 Double logarithmic plot of change in fatigue strength with respect to crack initiating 
defect size for powder-bed fusion Ti-6Al-4V at R=-1. Experimental data from [97, 98, 1] 

(1) due to difference in AM machine models, process parameters and more, (2) due to 
inaccuracy of methods determining fatigue strength. For instance, experimental data in [97] 
was collected using step-testing method, which is comprehensively validated for Ti-6Al-4V 
[99], whereas other data points correspond to run-outs in S-N type testing. Therefore, the 
variability of fatigue strength data makes it diffcult to assess validity of various approaches 
for fatigue strength prediction in presence of defects. 

2.8 Fatigue crack growth resistance of laser powder-bed 
fusion Ti-6Al-4V 

2.8.1 Introduction 

Fatigue in presence of defects is discussed so far from a “threshold problem” point of view, 
e.g. for a known defect size the problem of predicting fatigue strength at a certain number of 
cycles, or alternatively making a binary pass/fail decision for a given design stress. Examples 
of this approach are shown in Figures 2.14-2.15, in which the prediction curves are either 
determined using empirical equations, e.g. Eq 2.3, or by combining endurance limit of a 
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plain specimen and threshold value of stress intensity factor, e.g. Eq 2.5. Given that fatigue 
cracks either observed or accepted to initiate early from defects, an alternative approach to 
the threshold problem would be considering the fatigue life as a crack propagation problem 
for a given constant cyclic load or variable load spectrum. Therefore, this Section starts with 
introducing long crack growth rates measured from standardised tests such as ASTM E647 
[84]. Then application of these growth rates for fatigue of defects is discussed. 

2.8.2 Long crack growth rates 

Figure 2.16 shows fatigue crack growth rate of the additive manufactured titanium alloy 
Ti-6Al-4V and compares with conventional manufactured counterparts. Consistent with 
the previous sections, literature data was limited to L-PBF process, however, different 
manufacturers, powders, process parameters etc. were included. 
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Fig. 2.16 Fatigue crack growth rates of laser powder-bed fusion Ti-6Al-4V is compared to 
conventional manufactured counterparts. Experimental data from [28, 34, 44, 100, 101, 102] 
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The data in Figure 2.16 was generated using compact tension specimens and through 
thickness cracks. Such “long” cracks are mainly insensitive to local variations in microstruc-
ture, and follow the growth characteristic of a bulk material that is often quantifed using the 
empirical Paris law constants, e.g. C and m. Therefore, it is reasonable that the observed 
scatter is low in Figure 2.16; for instance in Paris regime between 10−9 to 10−6 m/cycles 
most of the test data was within two standard deviations, a value comparable to offshore 
steels reported by [103]. In contrast, a signifcant scatter is seen on Figure 2.6 for high cycle 
fatigue of plain and polished samples, where fatigue life is dominated by the small crack 
growth regime that is sensitive to local variations in microstructure, i.e. such as unfavourably 
oriented surface grains. Having said that, the relatively low scatter observed in Figure 2.16 
can be increased as seen in the reference [104], if additional data is included from different 
AM processes like electron beam melting, which replaces the laser heat source with an elec-
tron beam. The increase in scatter could be attributed to considerably coarser microstructure 
in electron beam melting compared to L-PBF. Consequently, it seems that mixing different 
AM processes should be avoided when collecting data from literature. 

As discussed in Section 2.4, fne microstructures are desirable for high-cycle fatigue 
performance. In contrast, resistance to fatigue crack propagation follows an opposite trend, i.e. 
coarser microstructures provide higher damage tolerance compared to fner microstructures 
[28]. This statement is based on the understanding that sub-micron grains cannot be an 
obstacle for long cracks in millimetre scale, whereas in a coarse microstructure it is possible 
that two large α-colonies with different orientations branching in front of a crack path could 
provide resistance to fatigue crack growth (Fig 5.24, [28]). L-PBF Ti-6Al-4V has a fne 
microstructure, thus it exhibits faster fatigue crack growth rates compared to conventional 
manufactured counterparts as seen in Figure 2.16 and expected from the arguments presented 
so far. In contrast, a cast Ti-6Al-4V with colony α grains of 600 µm width exhibits much 
slower growth rates in the Paris region between 10−9 to 10−6 m/cycles, and this difference 
slightly diminishes compared to a wrought material with colony α grains around 20 µm in 
width. Having said that, some works in the literature [34] account this difference within the 
usual scatter seen in fatigue crack growth rates and claim the damage tolerance of L-PBF 
Ti-6Al-4V is comparable to their conventional counterparts. 

2.8.3 Crack propagation approach for fatigue of material defects 

Assuming that majority of the fatigue life will be spend in the crack propagation regime, 
Figure 2.17 sketches various crack propagation scenarios depending on the crack initiation 
source and ignoring the possibility of non-propagating cracks, i.e. the applied stress level is 
high enough to propagate cracks until failure. Fatigue cracks initiated from defects spend 
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majority of their life as small cracks, i.e. in the sub-mm zone, as seen in Figure 2.17. This 
suggests that growth rates of fatigue cracks measured during standardised tests such ASTM 
E647 [84] might be inapplicable due to the anomalous behaviour associated with small 
cracks. This loss of similitude between long cracks and small cracks is discussed further in 
the following. 
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Fig. 2.17 Crack growth stages depending on the crack initiation source. Reproduced from 
page 22, Figure 2.7 in [105] 

Small cracks can grow faster than long cracks at the same nominal ∆K value and can grow 
below the ∆Kth value as well [85]. Furthermore, even using ∆K parameter could be suspect, 
since the small scale yielding condition cannot be always fulflled, i.e. crack-tip plastic zone 
size could be large compared to the crack and associated local elastic feld. Then, even if 
the small scale yielding condition is fulflled, the crack-tip conditions might still differ: long 
cracks are known to subject crack-tip shielding mechanisms such as plasticity induced crack 
closure in aluminium alloys [106] or roughness induced crack closure in titanium alloys 
[107]. Given that such shielding mechanisms are absent for small cracks, this could also lead 
to difference in crack growth rates. In summary, using measured growth rates of long fatigue 
cracks might lead to unconservative growth rates for small cracks. 
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Small cracks can be further divided into three categories [85]: (1) microscopically small 
cracks that are in the range of grain dimensions. (2) Mechanically small cracks where 
heterogeneous response of individual grains can be averaged, but the small-scale yielding 
condition cannot be fulflled, i.e. crack-tip plastic zone size is in the same range of crack 
size. (3) Physically small cracks, where the small scale yielding condition can be fulflled, 
but the crack growth does not exhibit any shielding effect. For the frst category, physics 
based crystal plasticity models are available [108], whereas the other categories are limited 
to phenomenological models such as the cyclic resistance curve [90]. In practice, specifcally 
for the case of AM Ti-6Al-4V, the concept of equivalent initial faw size (EIFS) is often used 
which will be discussed in the following. 

AM Ti-6Al-4V 

EIFS approach has been extensively used to predict fatigue life of AM Ti-6Al-4V and other 
alloys [109, 110, 111, 112, 113]. This approach assumes crack propagation from the frst 
cycle, usually using a semi-elliptical crack geometry. Then, an initial crack size is back-
extrapolated using a crack growth law, crack shape assumption, and fatigue life obtained 
from testing. A summary of some of the literature work is given in Table 2.2. 

EIFS ranges specifed in Table 2.2 were used to predict fatigue life as seen in experiments 
by plugging them in to the corresponding crack growth laws and crack driving forces. Table 
2.2 highlights the fexibility of the EIFS approach: it can be used to predict different crack 
initiating sources and load spectrums. However, selected crack growth law and crack shape 
leads to signifcantly different EIFS values, e.g. a three orders of magnitude difference is 
observed in Table 2.2. Therefore, this approach should arguably be used in ad-hoc basis 
rather than selecting an EIFS value from the literature. 

Generally speaking, a correlation between the EIFS value and the crack initiating defect 
size is non-existent; this can be seen in the frst line of Table 2.2. However, if the small 
crack growth rates are used during back-extrapolation, the EIFS value and the crack initiating 
defect size can comparable as seen in Figure 2 of [110]. This might not always be the case 
though, if the crack initiation from a defect is delayed or small crack propagation rate show 
a signifcant variability compared to the rates used during back-extrapolation. In line two 
of Table 2.2, small crack growth rates were used and EIFS values are comparable to crack 
initiating pore dimensions. However, this might be a coincidence as well, since Equation 
2.4 used to calculate crack driving forces is validated only for estimating maximum K-value 
at a given instance, not for growing a crack. Also small crack growth rates used in [111] 
corresponds to a direct energy AM process, whereas fatigue life prediction was performed 
for electron beam powder-bed AM process. 
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Table 2.2 Summary of equivalent initial faw size values calculated for additive manufactured 
Ti-6Al-4V 

[109] 

Constant amplitude axial fatigue ∆σ=540 MPa at R=0.1 

Growth law Driving force Nf , Life Initiation 
(m/cycle) (cycles) source 

2.1 × 10−10∆K2.451 Surface crack in 15,491 to Defects 
in a cylinder [114] 2,480,645 (20-160µm) 

EIFS range 
(µm) 

4-40 

[111] 1.8 × 10−13∆K4.7 Arbitrary shaped 
crack Eq. 2.6 

17,734 to 
101,868 

Defects 
(92-192µm) 

50-200 

[115] 

[110] 

1.4 × 10−12(∆Keff)
4× Semi-elliptical 80,000 to Surface � �2(∆Keff)th1 − crack using FEA 100,000 roughness

∆Keff 

Variable amplitude, representative fight load spectra 

2.79× 10−10(∆Keff)
2.12 not given 2700h Surface 

0.5(∆K−∆Kthr)∆Keff = design life crack(1−Kmax/A) 

70-170 

1270 

Finally, it is also worth noting that the initial ∆K values calculated in EIFS approach are 
usually lower than the ∆Kth value. Given that small cracks can grow below the ∆Kth value, 
the crack growth laws in Table 2.2 were either extrapolated in the case of linear laws, or were 
extended by setting ∆Kthr value to zero in the case of crack growth laws that model all three 
regions in the da/dN vs ∆K diagram. These approaches might not necessarily correlate with 
the actual growth rates of small cracks, hence the back-extrapolated EIFS value will have no 
physical relevance. 

2.9 Summary and knowledge gaps 

Most of the prior literature have focused on the infuence of AM process on fatigue perfor-
mance by changing many parameters, hence these works can be categorised as exploratory. 
The explored areas include but not limited to difference in laser scanning pattern, layer thick-
ness, build direction, powder quality, heat treatment and more. These work uncovered the 
main aspects in AM that infuence the fatigue; for instance the as-built surface roughness is 
the most detrimental condition and the wrought material fatigue performance can be achieved 
by a combination of surface roughness removal and hot isostatic pressing. Furthermore, 
based on the analysis of exploratory literature that represents the current AM technological 
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maturity, it is evident that process-induced defects such as porosity are a primary source 
of failure under cyclic loading and fatigue life in the polished surface condition exhibits 
a signifcant scatter on the S-N diagram. Yet, it is diffcult draw more conclusive results 
from the literature apart from these general remarks. This is because even if all samples in 
a particular study were failed from defects, it is challenging to uncouple effect of defects 
when other parameters such as the build direction were also different. Therefore, a targeted 
experimental programme is needed to understand the infuence of defects on fatigue. In 
addition, fatigue test results in literature often neglect reporting the morphology, size and 
location of crack initiating defects, thus there is a lack of relevant data at the moment, which 
is also mentioned by other researchers [55]. Finally, following questions can be asked related 
to fatigue of defects in AM: 

• How does porosity affect the scatter of fatigue life seen in AM metals? In the literature, 
the defect size has been suggested as the main driver, i.e. larger pores cause shorter 
fatigue lives and smaller pores lead to longer fatigue lives, thus ultimately causing 
a scatter of fatigue life on the S-N diagram. Does experimental data supports this 
statement? 

• State-of-the-art suggests assuming volumetric defects as planar cracks for engineering 
assessment. Yet, depending on the specifc alloy and considering the relatively blunt 
morphology of spherical gas pores, the crack initiation life might be signifcant, i.e. 
crack initiation might take considerable amount of cycles compared to total fatigue life. 
In this case, should pores be assumed as planar cracks or stress-raisers, i.e. notches for 
engineering assessment? 

• In case of an early crack initiation from porosity as suggested by current state-of-the-
art, do cracks spend majority of their lifetime in the small crack regime or a similitude 
to long crack growth rates obtained from standardised tests can be established? 





Chapter 3 

Experimental programme 

3.1 Introduction 

Building upon the exploratory research showing process-induced defects as one of the 
primary source of failure under cyclic loading, an experimental programme was designed 
to explore the fatigue behaviour in presence of defects. One of the main considerations 
in experimental design was to circumvent features other than defects that might infuence 
the fatigue performance without losing relevance to industry practice. The remainder of 
this section expands the experimental programme and provide concise information for 
reproducibility. A summary of the programme is given in Table 3.1 for convenience. 

Mechanical properties of metal additive manufacturing (AM) materials are improving 
rapidly, for instance the elongation at break improved from 5% to 15% for stress relieved 
laser powder-bed fusion processed Ti-6Al-4V samples in couple of years [34, 49]. Therefore, 
experimental programme designed in a way that it is not particularly focused on individual 
values of mechanical properties, which seems to be improving continuously, but rather to 
explore general trends of fatigue behaviour in presence of defects. For example, instead of 
S-N type testing, repeating the fatigue tests at an arbitrarily selected stress level was preferred 
to explore fatigue life scatter. Furthermore, even though defects are clearly demonstrated as 
a primary source failure under cyclic loading, only a handful of data is available in literature 
concerning crack initiating pore diameters. The handful of available data is also challenging 
to compare, because many process parameters were different, which is a curse of fexibility 
for AM. Therefore, a dedicated experimental programme enables to analyse crack initiating 
pore diameters within a single manufacturing batch. 

Majority of the experimental work on “fatigue of material defects” rely on artifcial 
defects in order to conduct a systematic study [116, 117]. By this way, size, location, and 
number of defects can be controlled, which enables a systematic investigation. On the other 
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Table 3.1 Summary of the experimental programme 

Manufacturing 
Process 
Manufacturer, model 
Powder 
Process parameters 
Layer thickness 
Build direction 
Parts 

Post-processing 

Laser powder-bed fusion 
EOS GmbH, M290 

Pre-alloyed, grade 5 Ti64 powder 
Proprietary information 

60 µm 
Vertical 

60x rectangular blanks and 
12x hourglass fatigue samples 

Heat treatment 

Surface roughness 

Characterisation 

Yes, at 800◦C for two hours 
while build plate still attached 

Mechanical grinding and polishing 
Ra≤0.2 as per ASTM E466 

Chemical composition 
Microstructure 
Porosity 
Fatigue 

Fatigue crack growth S
Environment 

Inert gas fusion 
Light (optical) microscopy 

X-ray Computed Tomography 
Load controlled, constant amplitude 

axial testing at R=0.1 
mall cracks using the Replica technique 

in air, at ambient temperature 

hand, morphology of an artifcial defect can be suspect and whilst machining of defects 
residual stress felds can be introduced unintentionally. Furthermore in AM, it is theoretically 
possible to “print” a defect rather than machining as shown in the references [118, 119]. 
However, such printed defects were rather large so far, e.g. 500 µm in diameter, and 
flled with un-melted powder particles with rough interior surface, i.e. morphologically 
unrepresentative of process-induced defects. In this work, naturally induced defects that are 
inherent to the process were preferred over artifcial defects due to the advantage of working 
with realistic defect morphologies and avoiding possible complications with artifcial defects 
discussed so far. When working with uncontrolled, naturally induced defects, each fatigue 
test would lead to a single crack initiating defect dimensions and location, thus a large number 
of tests would be required to achieve statistically signifcant data. In order to overcome this 
limitation and extract more information per test, some of the samples were scanned using 
X-ray Computed Tomography prior to testing. 
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3.2 Manufacturing process 

Samples for this work were manufactured using the laser powder-bed fusion technique by 
the industrial collaborator “EOS Electro Optical Systems Finland Oy” on their commercially 
available M290 model. A grade 5, pre-alloyed titanium Ti-6Al-4V powder was used as 
the feedstock material. A 60 µm layer thickness was selected by the manufacturer, which 
seems to be preferred by the major aerospace companies as seen in [35, 49, 120]. Process 
parameters were considered as proprietary information and undisclosed by EOS. 

Fig. 3.1 Photograph of samples after manufacturing whilst still attached to the build plate. 

Two different geometries were manufactured as shown in Figure 3.1, and the majority 
of them, e.g. 60 in total, were built as rectangular blocks. These blocks were considered 
as blanks from which a standardised test specimen geometry can be extracted for the sub-
sequent mechanical testing stage. A rectangular geometry was preferred since it provides 
the fexibility of extracting both fat dog-bone test specimens and cylindrical hourglass test 
specimens. All the subsequent machining work to extract test specimens was conducted 
using the electro-discharge machining (EDM) technique. 

In addition, a smaller batch of samples, e.g. 12 in total, were manufactured in the near-net 
shape of fatigue cylindrical hourglass test specimen geometry; the relevant dimensions can be 
found in Figure 3.10b. These near-net shape samples were mainly intended for porosity char-
acterisation using X-ray Computed Tomography, which require thinner samples compared 
to the rectangular blanks, hence a better resolution can be achieved during scanning. Using 
X-ray Computed Tomography in conjunction with test specimens extracted from rectangular 
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blanks was avoided, since this would have provided a censored data. In other words, mea-
sured pore population would have been limited to the extracted test specimen location only, 
whereas near-net shape samples enable quantifying the entire porosity population within the 
manufactured volume. More discussion on the infuence of X-ray Computed tomography on 
sample design can be found in Section 3.7. 

As an example, the manufacturing set-up used for rectangular blocks is shown in Figure 
3.2. The build plate seen in Figure 3.2 was 200 by 200 millimetres and the distance between 
the blanks was larger than 1 mm. Manufacturing was conducted in a protective argon 
environment to prevent oxygen pickup at high temperatures when the feedstock was melted. 
All samples were built in the vertical direction, in order to avoid the possible infuence of 
build direction on mechanical properties as discussed in Section 2.5.5 of Literature Review. 
Vertical build direction was preferred over the horizontal direction to maximise the number 
of samples that can be manufactured in a single batch, hence avoiding a possible infuence of 
batch-to-batch variation on mechanical properties. 

Fig. 3.2 Sketch of the manufacturing set-up. The rectangular blanks had 15 mm x 15 mm 
cross-section and were 120 mm tall. 
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3.3 Heat treatment 

A stress-relief heat treatment was conducted to relieve residual stresses induced by the 
process, which could be up to 50% of the yield strength as discussed in Section 2.5.4 of the 
Literature Review. A stress-relief heat treatment is also recommended by current industry 
practices such as ASTM F2924 and it helps the aim of concentrating the infuence of defects 
by removing the potential infuence of residual stresses on fatigue. 

After manufacturing, while the samples were still attached to the build plate, a heat 
treatment was conducted at 800°C in a vacuum furnace for two hours, followed by a room 
temperature cooling. These parameters are within the textbook values for stress-relief heat 
treatment for α + β titanium alloys [28, 29], and has been shown to relieve the residual 
stresses in L-PBF Ti-6Al-4V [34]. 

The heat treatment was below the recrystallization temperature of the Ti-6Al-4V, hence 
the morphology of the as-built is microstructure expected to remain roughly unchanged. A 
side beneft of this stress-relief heat treatment is the conversion of the undesired martensitic 
phase into a very fne α + β phase as discussed in [28]. 

3.4 Surface preparation 

As discussed in literature review, the as-built surface roughness of the powder-bed additive 
manufactured titanium alloys could be higher than Ra=30 microns and fail exclusively 
from the rough surface under cyclic loading. Therefore, the as-built surface roughness was 
removed to study the infuence of defects on fatigue performance. 

For the purpose of removing surface roughness, successive mechanical grinding and 
polishing steps were conducted using abrasive silicon-carbide (SiC) papers and diamond 
paste respectively. Using papers with adhesively bonded SiC particles, successive grinding 
steps were conducted on the surface of fatigue samples with following particle sizes 60, 120, 
300, 600, 1200 and 2500 as per the The Federation of the European Producers of Abrasives 
(FEPA) standard. After the fnal step of grinding, sample surfaces were polished using 
diamond paste with 15 and 6-micron grain size. In addition, for the samples in replica study, 
colloidal silica was applied to achieve a scratch-free surface to obtain better visualisation. 
The complete duration of the surface preparation process was around 3-4 hours per sample; 
during the process a longitudinal grinding and polishing motion parallel to loading axis was 
aimed, and the total amount of material removal was between 0.16 mm to 0.4 mm, noting 
that it was inconsistent due to the manual nature of the process. 
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Surface roughness of the samples was checked qualitatively using a light microscope at 
25x magnifcation. A representative image of the samples surface prior to fatigue testing is 
provided in Figure 3.3, which conforms the ASTM E466 standard, i.e. no deep machining 
marks are evident as per Appendix X1 of ASTM E466. 

Fig. 3.3 Representative surface quality of a near-net shape manufactured hourglass sample 
prior to fatigue testing. The image obtained using light microscopy after grinding and 
polishing steps. 

3.5 Microstructure examination 

A microstructure examination was conducted to assess whether the samples used in this study 
were representative of the laser powder-bed fusion process. For this purpose, small pieces 
from rectangular blanks were sectioned in the build direction and transverse to the build 
direction. By following standard metallographic procedures, frst sections were embedded in 
a resin using hot compression mounting for easier handling. Then, starting from 120-micron 
grit paper, sequential grinding steps were applied until 2500-micron grit size. Finally, the 
metallographic samples were polished using a colloidal silica (OP-S) to obtain a scratch-free 
surface. In order to reveal the microstructure, the samples were etched using the Kroll’s 
reagent. Metallographic samples, which were obtained following the outlined procedure, 
were analysed using a light (optical) microscope. 
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3.6 Chemical analysis 

The chemical composition of feedstock material (powder) was provided by the manufacturer 
as part of their internal quality control; this composition is expected to be preserved given that 
manufacturing chamber was sealed using an inert gas. However, due to the high reactivity 
of titanium with oxygen, an additional chemical composition analysis was conducted on 
the manufactured samples for verifcation. Oxygen atoms are small enough to ft between 
normal crystalline lattice locations, i.e. the so-called interstitial atoms; hence could lead to 
solid solution hardening. This in-turn has signifcant infuence on the mechanical properties; 
for instance increasing the oxygen content improves strength but reduce ductility. From 
fatigue perspective, literature suggests that oxygen could change the deformation mode 
to planar slip which leads faster small crack propagation rates [28]. Due to the infuence 
of oxygen on mechanical properties, ASTM F2924 standard limits the oxygen content of 
additive manufactured Ti-6Al-4V by 0.20% in weight, which is also a common specifcation 
for conventionally manufactured Ti-6Al-4V. 

For measurement of the oxygen content, small cubes of ∼10 mm edge length were cut 
from the grip section of fatigue samples using a precision cutter. The measurement was 
conducted by an external, UKAS accredited company Element Materials Technology Ltd in 
Sheffeld, UK according to their LECO analysis procedure. As part of the LECO analysis, 
the oxygen content of the manufactured samples was determined using the inert gas fusion 
technique. 

3.7 Porosity characterisation 

As discussed in the introduction, this work is concerned with naturally initiated defects, 
hence features of the crack initiating defect is unknown prior to fatigue testing compared 
to an experiment with artifcially introduced defects. Therefore, in the scope of this work, 
morphology, size and location of pores inside the gauge volume of some fatigue samples 
were determined using non-destructive testing in order to compare crack initiating defect 
with the population of process-induced defects. The aim of this work item is to complement 
fatigue testing results. 

Process-induced defects in AM are embedded within the material in the as-built condition 
and their dimensions are in the sub-mm scale, thus making it particularly challenging to 
quantify them using non-destructive testing. An overview of the available non-destructive 
testing techniques for porosity can be found in the Yearbook by The British Institute of Non-
Destructive Testing [121] or more specifcally for AM materials in ASTM E3166 [122]. In 
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this work, X-ray Computed Tomography technique was used since it is capable of detecting 
pores in the sub-mm scale, quantify their dimensions, visualise their morphology and spatial 
distribution. Furthermore, successful application of this technique in AM Ti-6Al-4V has 
been extensively demonstrated [12, 95, 15]. 

X-ray Computed Tomography 

In X-ray Computed Tomography technique, an image is created based on the difference 
in X-ray absorption i.e. attenuation within a test volume. Although both terminologies are 
used in the literature interchangeably, attenuation is preferred in this work considering some 
of the incident X-rays are absorbed by the material and some are scattered away. Porosity 
defects, which are either argon flled or in vacuum, have a different density than the parent 
material, Ti-6Al-4V, hence can be detected using X-rays. 

This item has been removed due to third party copyright. The unabridged 
version of the thesis can be viewed at the Lanchester library, Coventry 

University

Fig. 3.4 Sketch of a typical laboratory scale X-ray Computed Tomography setup. The sketch 
originally published in [123] and reprinted by permission from Springer Nature 

As illustrated in Figure 3.4, a typical industrial tomography setup consists of an X-ray 
source, a sample stage that is used to manipulate the position of a sample, and a detector, 
which measures the attenuation of travelling X-rays. Unlike the medical imaging, in an 
industrial tomography sample is rotated around its own axis, while the source and the detector 
stand still. 
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Amount of X-ray attenuation depends (1) on the equipment, i.e. the energy of generated 
X-rays, (2) on the sample geometry, e.g. thickness and (3) on the material, e.g. bulk density. 
Achieving suffcient X-ray attenuation was considered during fatigue sample design, hence 
discussed in more detail: The attenuation can be described by using the Beer-Lambert law 
for monochromatic X-rays. This law cannot be used quantitatively, because the type of X-ray 
source used in this project produces a polychromatic X-ray energy spectrum, in other words 
intensity of X-rays vary over the energy range. However, Equation 3.1 provides insight for 
sample design considerations and constraints. 

I −µt = e (3.1)
I0 

where I0 is the X-ray intensity generated by the source, I is the X-ray intensity after 
passing through the sample, µ is the linear attenuation coeffcient that depends on equipment 
voltage (kV) and sample density, and t is the thickness of sample. In practice, somewhere 
between 10-30% attenuation is desired, i.e. ratio of I to I0. Due to the exponential nature 
of the Beer-Lambert law, as the sample thickness increases, attenuation decreases rapidly. 
Having said that, the thinnest sample will not necessarily provide the best imaging either, 
since the high-energy X-rays produced by a high-voltage source, the so-called hard beams, 
would not be attenuated by the sample, therefore no image would be created. Therefore, an 
optimum sample thickness needs to be determined based on the X-ray source and material 
density. In this work, 5 mm diameter samples were used, which is large enough to be 
accepted by ASTM E466 as representative amount of grain size within a testing volume, and 
20% attenuation was achieved during measurements as discussed later on. 

In relation to X-ray attenuation and sample thickness, another consideration during 
experimental design was the sample geometry. A cylindrical dog-bone sample was used in 
this work because fat dog-bone samples owing to their high aspect ratio are ill-suitable for 
tomography measurements. This is illustrated in Figure 3.5. 

In Figure 3.5 shows that as the sample rotates, incident X-rays has to traverse different 
thickness values marked by t and w. Considering the signifcant infuence of material 
thickness on attenuation, there will be varying attenuation rates as the sample rotates. Despite 
some modern software algorithms could fx this problem up to a certain extent, a cylindrical 
sample geometry was used to avoid this problem completely. 

µXCT setup and settings 

In this work, process-induced defects were measured using the Nikon XTEK High Flux 
Bay micro-tomography, referred as µXCT from here afterwards, which is located in the 
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Fig. 3.5 Sketch demonstrating incident X-rays on a high-aspect ratio sample 

Henry Moseley X-ray Imaging Facility (HMXIF) at the University of Manchester. It is 
equipped with a 225kV, 450W tube type X-ray source that has a 2-micron optimal spot size 
transmission rotating target. Detector is an indirect type, which frst converts received X-rays 
into light by using a scintillator material and then converts this light into an electric current 
by using photoconductors. Finally produced electric current is used the display the image by 
the common thin flm transistor technology which is the basis of many LCD screens. 

First two measurements of the gauge volumes on near-net shape manufactured (hourglass) 
samples were conducted by the author using the settings provided in Table 3.2. 

Table 3.2 µXCT settings for the frst two samples 

Parameter Value Unit 
Voltage 190 kV 
Current 32 mA 
Power 6 W 
Exposure 2 s 
Distance from source to sample 31.1 mm 
Distance from sample to detector 877.5 mm 
Voxel 7.1 µm 

Voxel size can be calculated by dividing the magnifcation factor, which is the ratio of 
distance between source and detector to source and sample, to the detector pixel pitch that 
was equal to 0.2 mm for the corresponding equipment used by Nikon. At the time of scanning, 
the detector was scheduled to be replaced; this is why roughly a 1.5 mm3 volume were faulty 
as marked in Figure 3.6. Considering that all samples were failed due to surface porosity, this 
volume was not relevant from a structural integrity perspective. Furthermore, a 5% deviation 
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between µXCT measurements and design diameter was detected as shown in Figure 3.6. 
Thus, during analysis of the µXCT data, the voxel size was taken as 7.44 µm. 

Fig. 3.6 Representative images from X-ray Computed Tomography of frst two samples. (a) 
Detector error (b) Slight deviation in sample diameter 

Afterwards the detector was replaced; however, due to the coronavirus pandemic that 
restricted travel, the remaining samples were scanned by the Senior Experimental Offcer at 
HMXIF using the same parameters as in Table 3.2 except the following revisions in Table 
3.3. 

Table 3.3 µXCT settings for the remaining samples 

Parameter Value Unit 
Distance from source to sample 70.1 mm 
Distance from sample to detector 1404.0 mm 
Voxel 9.99 µm 

Data processing and minimum detected pore size 

This subsection describes the procedure followed to quantify the dimensions of porosity 
detected using µXCT. A Python script was written to implement the described procedure, 
which is provided in Appendix C, along with a comparison of results with a commercial 
software for verifcation. 

The technique used for this purpose is referred as “image segmentation” in the literature. 
More specifcally, a global threshold value was assigned to create a binary image between 
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Fig. 3.7 Representative image of X-ray Computed Tomography after detector replacement 
and according to settings given in Table 3.3. Arrows are pointing to the detected pores. 

black (grey level = 0) and white (grey level = 255) from the original scan data. This step, as 
expressed in Equation (3.2), was carried out by using the open source software ImageJ [124]. 

( 
0 if I(i, j) ≤ t

B(i, j) = (3.2)
255 if I(i, j) > t 

In Equation (3.2), i and j refers to the location of a pixel in the 2048x2048 grid. Intensity 
function, I, has the initial grey level values between 0 and 255 obtained from the µXCT. 
These pixels were assigned either black or white colour based on the specifed threshold 
value, t. New binary image, represented by the function B, consists of black and white pixels 
only. An example image is given in Figure 3.8. 

Threshold value was determined by using the Otsu algorithm [125] provided in the 
ImageJ software. By this way, grey level intensity variation between the individual images 
were taken into consideration as selected algorithm was applied to each image independently, 
rather than applying the same threshold value to every image. Furthermore, operator bias 
was reduced to picking the algorithm only; hence, the procedure can be reproduced. As an 
example, Figure 3.9 is provided to visualise the procedure. 
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Fig. 3.8 Example output of the image segmentation step 

Fig. 3.9 Detailed look at the image segmentation step 

Figure 3.9 is a representative slide consists of bulk material, porosity and the surrounding 
air. A line was drawn to show change of grey level intensity along it. Figure 3.9 shows 
that there are two different grey levels. First one, around 200, corresponds to the material, 
whereas air and the porosity is around 50. Otsu algorithm fnds this difference by minimizing 
the interclass variance for the whole histogram. 

As shown in Figure 3.9, the classifcation of a voxel as pore depends on the difference in 
grey level values of the surrounding voxels, in other words a single voxel is insuffcient to 
detect a pore. Minimum two voxels are required to compare grey level values and given the 
3D nature of X-ray Computed Tomography scans, a cut-off value of 2x2x2 cubic voxels was 
selected as detection limit, i.e. pores larger than 8 cubic voxels were counted. Consequently, 
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the smallest measured pore in this work was 26 µm in diameter by assuming a spherical pore 
morphology and by using the largest voxel size of 10 µm as reported in Table 3.3. 

It should be noted that the selected detection limit was a subjective decision but shared 
among other researchers in the feld as well [56, 126, 127, 128, 129], thus enabling the 
possibility of direct comparison with other reported X-ray Computed Tomography scans. 
However, more quantitative analyses [130, 131] suggest using at least 5 voxels, i.e. 125 cubic 
voxels, within the feature of interest for an accurate detection. 

3.8 Static properties 

Tensile testing was conducted by the equipment manufacturer (EOS GmbH) to determine 
static properties of L-PBF Ti-6Al-4V. The testing was according to the ISO 6892-1 standard 
[132] using cylindrical test specimens with 4 mm gauge diameter and 16 mm gauge length. 
The test results are given in Table 3.4, which correspond to test specimens that were built 
using the same machine model, e.g. EOS M290, same heat treatment, and same built direction 
as in this work. 

Table 3.4 Static properties of L-PBF Ti-6Al-4V 

Ultimate tensile Yield strength at Elongation Reduction 
strength (MPa) 0.2% strain (MPa) at break % in area % 

1075 965 14 25 

3.9 High cycle fatigue testing 

Fatigue in presence of manufacturing defects was studied for the case of axial loading, 
without the infuence of environmental conditions, e.g. in air, at ambient temperature. Instead 
of aiming for an S-N curve, the fatigue testing strategy was repeating tests at selected load 
levels to determine fatigue life variability owing to the change in defect population. 

Load-controlled, constant amplitude fatigue tests were conducted at a stress-ratio of R=0.1 
following the recommendations given by the industry standard ASTM E466 [41]. Cyclic 
loading was applied using a servo-hydraulic actuator at a 10 Hz frequency. The actuator was 
a commercially available product from the company Instron with 100 kN maximum capacity. 
The calibration of the actuator load cell was inspected at regular intervals by an independent 
organisation, e.g. United Kingdom Accreditation Service (UKAS). The alignment of the 
loading axis was maintained by the industrial collaborator TWI Ltd. using a strain-gauged 
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alignment transducer as per ASTM E1012, hence a signifcant out-of-plane bending of the 
test specimens was unlikely. In addition, test specimens with a fat rectangular geometry 
are susceptible to in-plane bending due to eccentric mounting; a reasonably straight test 
specimen mounting was ensured by using a combination of a T-corner joint and a Vernier 
calliper. Given the best practice measures were taken and small dimensions of the fatigue 
test samples, a further investigation of the additional bending stresses using strain gauges 
were not carried out. 

Two types of sample geometries were used in this work for fatigue testing, namely 
fat dog-bone samples and cylindrical hourglass samples as shown in Figure 3.10. The 
motivation behind using different geometries was related to supplementary measurements, 
e.g. a cylindrical geometry allow incident X-rays to pass through a constant thickness during 
µXCT measurements, whereas a fat test sample surface allow examination of a larger area 
during replica measurements. The infuence of supplementary measurements on fatigue test 
sample design is more thoroughly discussed in their corresponding sections, e.g. Sections 
3.7 and 3.10. 

Scan region

10

Build direction R40

Φ5

(a)

20

Build direction R80

10

5

(b)

Fig. 3.10 Sample geometries used in this work for fatigue testing of L-PBF Ti-6Al-4V. All 
dimensions are given in millimetres. 
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The sample dimensions given in Figure 3.10 were according to the ASTM E466 standard, 
e.g. the test volume was large enough to contain a representative amount of grains for a 
bulk material response, and the transition radius was eight times the test diameter or width 
to ensure samples fail from the gauge section. As previously mentioned, electro-discharge 
machining (EDM) was used to extract desired sample geometries from the rectangular blanks 
shown in Figure 3.2. Furthermore for the case of cylindrical sample geometry, a limited 
12off set of near-net shape manufacturing was also conducted as shown in Figure 3.1. 

Due to the geometry change that was necessary for supplementary measurements, the 
gauge volume of fatigue samples was different. This raises a question about the so-called size 
effect in fatigue and fracture, e.g. for nominally similar materials, larger samples have lower 
(fatigue) strength due to the increased probability of weakest positions such as unfavourably 
oriented grain or a defect. A potential size effect was not investigated further based on 
the following arguments: (1) Minor effect in tensional loading in comparison to bending 
or torsion. (2) ASTM E466 standard allows sample size between 5-25 mm, meaning that 
a strong size effect is not expected within this range. (3) A recent work [133] reports an 
insignifcant size effect from L-PBF built samples with 8 mm diameter ( 2000 mm3) and 
5mm diameter ( 200 mm3) gauge sections, if the crack initiation source is the same, e.g. pore 
or lack of fusion defect. 

3.10 Fatigue crack growth measurements 

It is widely observed that cracks initiate early in fatigue life in presence of defects [134]. In 
this case, fatigue life will be controlled by crack-tip stresses instead of the defect geometry, 
hence the motivation behind this item in the Experimental Programme. Instead of performing 
fatigue crack growth measurements as per international standards such as ASTM E647 [84] 
using an artifcial through-thickness crack, growth of naturally initiated cracks were measured 
during high cycle fatigue testing. This is mainly because the similitude condition in presence 
of small fatigue cracks initiated from defects might be unfulflled, as discussed in Section 
2.8 of Literature Review. For small crack growth measurements, an industry standard is 
unavailable at the moment but the recommendations given in Appendix X3 of ASTM E647 
and experiences gathered in Proceedings of European Structural Integrity Society [135, 136] 
were considered for the experimental plan described in the following. 

The replica technique was used to measure the growth of fatigue cracks naturally initiated 
from process-induced porosity during some of the high cycle fatigue testing as described 
in Section 3.9. This technique is limited to surface observations, thus only crack length 
can be measured under normal circumstances, and crack depth has to be either inferred or 
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measured using an alternative technique. Compared to microscopy approaches, where the 
crack initiation location must be known beforehand and the microscope lens must be focused 
on that particular point, the replica technique allows capturing a large area. This feature was 
particularly useful when dealing with process-induced defects because the crack-initiating 
pore was unknown beforehand. 

In the replica technique, materials with low surface tension are employed to capture 
surface topography of a fatigue sample. A typical workfow can be described as follows: 
frst the fatigue testing is briefy interrupted to apply the replicating material on the sample 
surface. After drying of the replicating material, it is peeled away and stored for subsequent 
analysis under an optical or electron microscope. At this stage, the surface of the fatigue 
sample needs to be cleaned in order to remove any remaining debris and the fatigue testing 
is re-started until the next scheduled interruption. Until failure of the sample, such replica 
exemplars of the sample surface are taken at pre-scheduled intervals. Finally, by tracing back 
from the fnal replica until the frst one, crack length measurements can be obtained under a 
microscope. A representative surface from this work is given in Figure 3.11. 

Fig. 3.11 Representative image from the replica measurements. Image on the left shows 
frst crack detection from porosity, whereas image on the right shows subsequent crack 
propagation captured. 

Arguably, the most common replicating material is acetate sheets. Prior to application, 
acetate sheets are softened with a solvent such as acetone, then lightly pressed on the surface 
on interest. During trials, acetate sheets with two different thicknesses were employed. The 
thick acetate sheets were unable to capture small cracks below 0.5 mm. On the other hand, 
the thin acetate sheets were able to capture the small cracks; however, they require a certain 
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level of operator skill: easy to tear apart if too much solvent was applied and air bubbles 
were observed to form if not pressed on the surface properly. Furthermore, since acetate 
sheets are transparent, they require an additional contrasting material for observation under 
light microscopy. 

In this work, silicon-rubber type compounds were used as the replicating material mainly 
due to their ease of use compared to acetate sheets. Commercial products are available 
with dispensing gun, in which the replicating material can be applied to the surface of 
interest relatively easily by pointing and dispensing without much danger of any air bubbles. 
Compared to acetate sheets, their curing time was also much quicker, e.g. less than fve 
minutes, and they do not require any additional contrasting step for the light microscopy 
afterwards. For electron microscopy, a gold coating or similar is required for improving the 
conductivity of the silicon-rubber. 

Most of the silicon-rubber replicating materials are fuid when dispensed, hence making 
them unsuitable for tensile fatigue testing conditions where gauge surfaces are perpendicular 
to the ground as opposed to bending tests where gauge surfaces are parallel to the ground. 
In tensile testing environments, since gravity pulls the replicating material away from the 
surface, a suitable measurement cannot be obtained. Some manufacturers offer thixotropic 
compounds as well that have a toothpaste like consistency, making them ideal for conditions 
where gravity plays a role. Commercially available thixotropic replicating materials from 
the company Struers Ltd. were used in this work. The company offers two compounds, 
namely T1 and T3. During trials, it was observed that T3 type compound was unable to 
capture surface breaking cracks; hence, T1 compound was used throughout the experimental 
programme. It should be noted that this is a trial and error process, and different compounds 
seem to be working as well [137]. 

Although usage of replicating materials with curved surfaces were demonstrated in the 
literature [138], these works were mainly notches where crack initiation is limited to a 
small region at the tip of a notch. For cylindrical hourglass samples, cracks could initiate 
from anywhere on the gauge surface, making it an infeasibly large area to analyse under 
microscope. Furthermore, curved surfaces are mainly incompatible with optical microscopes, 
and stretching replicating material to make it fat could lead to erroneous results. Therefore, 
fat dog-bone samples were used for the replica measurements. The dimensions of these 
samples can be found in Figure 3.10. 

Procedure 

Replica measurements were taken at two different stress ranges, e.g. ∆σ = 540 MPa and 
∆σ = 360 MPa. During high cycle fatigue testing as described in the previous section, 
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tests were briefy interrupted every 10,000 cycles to apply the replicating material. During 
replication process, a mean tensile load was applied to aid crack opening and in less than fve 
minutes, fatigue testing was re-started after curing of the replica. Once the crack reached 
to a size where it is possible to detect via naked eye, i.e. somewhere between 0.5 mm to 
1 mm, replicating interval was reduced to 5,000 cycles for accuracy during data reduction 
stage. After fatigue testing, replica exemplars were traced back from the last cycle to the 
frst replication interval using a light microscopy. Projected crack length perpendicular to 
the applied load direction was measured using the proprietary software of the Zeiss light 
microscope. For every crack length measurement, at least three observations were taken. 

The fatigue life of some titanium alloys is reduced drastically, if the applied cyclic 
loading has a trapezoidal shape, i.e. held constant at maximum stress for longer than two 
minutes, which is known as the dwell fatigue (Section 6.4.1 in [28]). This phenomenon is 
not expected arise due to the replication intervals because of the following: (1) Ti-6Al-4V 
typically exhibit negligible susceptibility to dwell fatigue. (2) A mean tensile load was 
applied during replication, not the maximum applied stress. (3) Replication intervals were 
infrequent i.e. every 5,000 to 10,000 cycles, whereas in dwell fatigue the maximum stress is 
held constant in every cycle. 

3.11 Wire+arc additive manufacturing 

In addition to the experimental programme described so far on L-PBF process, a previous 
PhD study [15] from the same research group was expanded by fatigue testing of the 
remaining twelve test samples. As can be inferred from the Section title, these samples 
were manufactured using a different AM process, namely wire+arc additive manufacturing 
(WAAM). They were useful in understanding of the infuence of pores on fatigue performance, 
because some samples were manufactured using contaminated wires, as a result it was 
possible to examine a large variety of crack initiating pore diameters, ranging from roughly 20 
microns to 400 microns. A detailed information about the WAAM experimental programme 
can be found in [15]. In order to make this thesis self-contained, following information is 
extracted from [15], except the fatigue test results which are reviewed and interpreted in 
Chapters 4-5. 

3.11.1 Sample manufacturing 

A set of two wall shaped, 27 mm thick manufacturing blanks with 300 mm width and 160 
mm height were deposited on a 12 mm substrate material by using the plasma arc equipped 
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HiVe machine located at the Cranfeld University. An oscillation build strategy was followed 
using 1.2 mm diameter, AWS 5.16 specifed Ti-6Al-4V wires as the feedstock material. A 
sketch of this process is provided in Figure 3.12. During manufacturing, some of the wires 
were intentionally contaminated by spraying a WD-40 solution on the wire surface. The 
decomposition of the organic contaminant when subjected to plasma heating generates gases 
to promote porosity formation, which was found to be a non-intrusive approach [139, 140]. 

This item has been removed due to third party copyright. The unabridged version of the 
thesis can be viewed at the Lanchester library, Coventry University

Fig. 3.12 (a) Sketch of the WAAM process as published in [141] (b) Extraction of samples 
from manufactured blanks in [142] 
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From the wall shaped manufacturing blanks, cylindrical hourglass shape fatigue samples 
were extracted using electro-discharge machining and lathe turning. Residual stresses 
developed during processing were expected to be relaxed, when the deposited material was 
cut from the substrate material. Furthermore, tensile residual stresses were found to be 
located close to the substrate [64], which corresponds to the grip section of fatigue samples, 
i.e. far away from the gauge (test) section as seen in Figure 3.12(b). 

Fatigue testing conditions were nominally similar compared to the conditions described 
so far in this work. The build direction in manufacturing was parallel to the loading direction 
of fatigue testing as seen in Figure 3.12(b). Gauge section dimensions of the samples were 
5 mm diameter and 13.5 mm length, which are similar to the L-PBF samples from the 
experimental programme developed in this thesis, as shown in Figure 3.10. Prior to fatigue 
testing, surface roughness was removed similar to the procedure described in Section 3.4. 
Fatigue testing as per ASTM E466 was followed in air at ambient temperature. 

3.11.2 Chemical composition 

A chemical analysis was conducted using small samples extracted from manufactured walls, 
which were subject to the same procedure explained in Section 3.6. The results are sum-
marised in Table 3.5. 

Table 3.5 Chemical composition of WAAM Ti-6Al-4V samples in wt.% 

Source Al V O N H 

Clean wire 5.61 3.80 0.18 0.008 0.006 
Contaminated wire 5.89 3.80 0.17 0.017 0.007 

As discussed in Section 3.6, the main purpose of chemical analysis in this work was to 
check the oxygen content, which could infuence the mechanical properties. The measurement 
results in Table 3.5 were deemed satisfactory as the oxygen content was below the 0.20% 
weight specifed in ASTM F2924 standard. 

3.11.3 Microstructure 

Three metallographic sections were extracted from the manufactured wall in XY, XZ, and 
YZ planes as per Figure 3.12. The exact spatial and build height locations of these sections 
were not disclosed in the original work. The extracted sections were subjected to successive 
grinding and polishing steps similar to the procedure given in Section 3.5. Then, polished and 
etched metallographic sections were analysed under optical microscopy to quantify α lath 
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thickness using the intercept method according to ASTM E112. The revealed microstructure 
is shown in Figure 3.13. 

This item has been removed due to third party copyright. The unabridged version of the thesis can 
be viewed at the Lanchester library, Coventry University

Fig. 3.13 Microstructure of WAAM Ti-6Al-4V as captured by optical microscopy. (a)-(c) 
macro views, (d)-(e) zoomed-in views. Originally published in [15]. 

In macro views of Figure 3.13, columnar prior-β grains can be observed, which are a 
characteristic feature of metal additive manufacturing so far and related to the directional 
solidifcation as discussed in Section 2.4. The width of prior-β grains were reported to be 
between 1 mm to 3 mm, which is an order of magnitude larger than the L-PBF process 
values reported in [36, 69, 59]. From the zoomed in views, it can be seen that α plates 
are generally more orderly compared to the L-PBF microstructures shown later in Figures 
4.8-4.9, which suggests different cooling rates as expected from different energy sources, e.g. 
laser versus arc, used in manufacturing. The width of the α colony structure was reported to 
be between 20 µm to 30 µm, whereas the individual α laths were on average 3±0.7 µm, 
which is considerably coarser than the reported values in Table 4.2 for L-PBF process used 
in this work. Finally, the author also reported an α lath thickness 1±0.2 µm on localised 
regions, and an example of this difference in α lath thickness within the same microstructure 
can be observed by comparing Figure 3.13(d) and (e). 

3.11.4 Porosity 

Destructive and non-destructive analyses were carried out for porosity measurements. For 
the former, metallographic sections were extracted and polished, which were subsequently 
investigated to determine porosity statics; unfortunately the total number of sections, the 
location of sections, and the total area of sections were not disclosed. For the latter, an X-ray 
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CT was conducted to measure bulk density within gauge volumes of fatigue test samples 
extracted from both cases, i.e. clean and contaminated wires. A 20 µm voxel size was 
reported, which is twice as large the value obtained in this study. Unfortunately, the total 
number of samples used in X-ray CT study was not provided. 

Bulk density was measured as 99.99% for the clean wire case and 99.96% for the contam-
inated wire case using X-ray CT; no further statistics were reported from this measurement. 
Using metallographic sections, ∼17 pores were detected for the clean wire case with a mean 
pore diameter of 62±23 µm and ∼48 pores were detected for the contaminated wire case 
with a mean pore diameter of 206±80 µm. Although the number of pore observations were 
limited in metallographic sections, in both instances the mean pore diameter is larger than 
the L-PBF samples used in this work as discussed later in Section 4.3.3. 

3.11.5 Static mechanical properties 

For each condition, e.g. clean versus contaminated wire, 4off tensile testing in air, at ambient 
temperature was carried-out using fat test specimens as per the ASTM E8 standard. The 
test specimen was 5 mm thick with a gauge section of 25mm long and 6 mm wide. The test 
results are presented in Table 3.6, which correspond to a strain rate of 0.06 min−1. 

Table 3.6 Static properties of WAAM Ti-6Al-4V 

Source Ultimate tensile 
strength (MPa) 

Yield strength at 
0.2% strain (MPa) 

Elongation 
at break % 

Clean wire 859±4 802±7 10±2 
Contaminated wire 842±8 825±5 4±1 

From Table 3.6, it can be seen that static mechanical properties between two cases 
were similar, except the signifcant difference in elongation. As expected, the elongation of 
samples fabricated from contaminated wires was lower due to the increased defect density, 
which infuences the ductility as reported widely in literature [26, 59, 143, 144, 127, 145]. 
In this specifc instance, the static mechanical properties of WAAM Ti-6Al-4V were lower 
compared to L-PBF Ti-6Al-4V, which are given in Table 3.4. 

3.12 Summary of the fatigue testing programme 

The fatigue testing programme described so far is summarised in Table 3.1 for convenience. 
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Experimental programme 



Chapter 4 

Results and discussion 

4.1 Introduction 

Figure 4.1 shows the structure that was followed for presenting the experimental results, 
including the interpretation of experimental data provided in Chapter 5. The focus of this 
work is fatigue, hence the sections were divided accordingly. In Figure 4.1, the information 
given in parentheses identifes the AM procedure from which the experimental data was 
derived, i.e. individual sections do not mix and match different AM processes. For example 
Section 4.4.3 presents the fatigue crack growth measurements, which the experimental data 
was obtained from samples fabricated using the L-PBF process. 

4.2 Local stress distribution in the vicinity of a pore 

4.2.1 Introduction 

The aim of Section 4.2 is to review local stresses in the vicinity of a pore by means of 
analytical solutions available in the literature and by constructing a simplifed fnite element 
model to visualise the problem. Using the fnite element model, mechanics relevant to fatigue 
are summarised in this section, which serves as an introduction to the problem. Furthermore, 
some of the mechanics presented here provides context for the discussion of experimental 
results later on, e.g. the infuence of pore size on stress concentration factor and on fatigue 
endurance test results, the expected crack initiation location and its infuence on replica 
measurements. 

Local stresses in the vicinity of a pore are higher due to the pore geometry, which could 
explain process-induced pores in additive manufacturing being preferential locations for crack 
initiation under cyclic loading as discussed in the Literature Review. The morphology of 
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Fig. 4.1 The structure of results 

process-induced pores can be approximated as spheres based on the experimental observations 
available in the literature [146, 126, 12] and Section 4.3.3 of this study as well. These spheres 
are expected to be flled with vacuum for the case of keyhole pores or flled with an inert 
gas, which is used extensively across the processing chain. In either case, pores cannot 
carry any load, hence can be assumed as cavities (voids). Finally, given that the diameter 
of process-induced pores are in the sub-mm scale, they will be extremely small compared 
to the gauge volumes of the test samples used in this work, which were in the range of 
196-800 mm3, and as well as for most of the industrial applications. Thus, the problem of 
process-induced porosity in additive manufacturing can be generalised as spherical cavities 
embedded in infnite bodies. 

4.2.2 Stress concentration factor of a pore 

For the case of axial loading used in this work, analytical solutions are available for the local 
elastic stresses near a spherical cavity embedded in an infnite body; e.g. Southwell and 
Gough [74], Goodier [147] using the theory of elasticity and Eshelby using the inclusion 
method [148]. Inside a linear-elastic material regime, the stress concentration factor of a 
pore in an infnite body can be calculated using Equation (4.1), where stress concentration 
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factor is defned as the ratio of local elastic stress divided to a far-feld nominal stress. This 
equation was derived from the available analytical solutions discussed so far and can also be 
found in popular reference books such as the Peterson’s Stress Concentration Factors [76]. 

27− 15ϑ
Kt = (4.1)

14− 10ϑ 

where ϑ the Poisson’s ratio and was assumed as 0.34. Thus, the stress concentration 
factor (Kt) of a spherical pore equals to 2.067 for a titanium alloy Ti-6Al-4V. It should be 
noted that, this value of Kt , e.g. 2.067, is valid for all materials with the same Poisson’s ratio 
based on Equation (4.1). 

Furthermore, Kt is independent of the pore diameter as can be observed from Equation 
(4.1). This might challenge the basic intuition that larger pores are more detrimental. How-
ever, Kt depends on loading and geometry only. Given that pores are embedded in an infnite 
body, the stress concentration factor is unaffected by the change in pore size, i.e. radius of 
curvature (geometry). 

4.2.3 Finite element model 

A commercially available software, namely ABAQUS Version 2021 [149], was used to 
perform fnite element analysis in this work. A 3-dimensional model with a single spherical 
pore was used throughout. Using a 3D model instead of a 2D or axisymmetric model made it 
possible to consider Poisson’s contraction of a pore under axial loading and as well as the 
infuence of pore location on local stress distribution. The 3D geometry was selected as a 
cube with 1 mm edge length, which is often referred as a representative volume element 
(RVE) in multiscale problems. The fnite element model, alongside with material parameters 
are shown in Figure 4.2. 

As seen Figure 4.2, only 1/8th of the cube was modelled to be computationally effcient; 
in this model a 1 MPa unit axial load was applied in the Y-direction and symmetry planes 
were defned in X-Y, X-Z and Y-Z directions as boundary conditions. Despite the fnite 
boundary conditions, the size of modelled pore was suffciently small compared to the body 
in order to simulate the infnite body condition. Given that stress concentration factor is 
related to stresses in the elastic regime, a linear-elastic material constitutive behaviour was 
considered adequate. The elastic modulus was set to 114 GPa and Poisson’s ratio was set to 
0.34. 

It should be noted that for some stress ranges used in this work, a degree of localised 
plastic deformation is expected as the local elastic stress exceeds the yield strength of the 
material. For instance, majority of the fatigue testing was replicated at 600 MPa maximum 
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Fig. 4.2 Finite element model alongside with material properties. A unit axial load was 
applied in Y-direction and symmetry boundary conditions were defned in X-Y, X-Z and Y-Z 
directions. 

stress, which exceeds the yield strength of 965 MPa given in Table 3.4 when stress concen-
tration factor of 2.067 is taken into account. However, throughout this work, fatigue design 
approaches based on far-feld (nominal) stress measures were considered. Given that the test 
specimen was strictly limited to elastic regime, the local plasticity in the vicinity of a pore 
was not considered in this work. 

Mesh convergence analysis 

Second-order hexahedral brick elements were used, which are shortly referred as C3D20 
in ABAQUS. Mesh size was set to 100 microns globally, but a local mesh refnement was 
performed near the pore. In comparison, global mesh size of 100 microns is signifcantly 
larger than the individual α lath thickness of 0.5-1.5 microns seen in L-PBF process presented 
in Section 2.4, which is line with the homogeneous material behaviour assumption as 
discussed in Section 1.3. A representative meshing of the geometry is shown in Figure 4.3. 

Fig. 4.3 Finite element mesh 



67 4.2 Local stress distribution in the vicinity of a pore 

The numerical model described so far was verifed using the analytical solution given in 
Equation 4.1. For this purpose, a mesh convergence analysis was conducted by gradually 
refning mesh size and the analysis results are given in Figure 4.4. 
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Fig. 4.4 Mesh convergence study 

Figure 4.4 shows the stress concentration factor calculated using the gross section area 
for different mesh edge lengths, which were normalised using the pore diameter. When 
the ratio of the edge length of a brick mesh to the pore diameter was less than 0.1, the 
numerical solution of the stress concentration factor was converged to the analytical value of 
approximately two as seen in Figure 4.4. The numerical results presented in the remainder of 
this Section were calculated with respect to the converged mesh and the verifed numerical 
solution. 

4.2.4 Local elastic stress distribution 

For the stress component parallel to the applied load direction (σ22 or σY ), the distribution of 
local stresses near a pore is given in Figure 4.5, which displays Y-Z and X-Z symmetry planes 
as well for an easier visualisation of the local stresses with respect to the pore geometry. In 
this visualisation mode, ABAQUS calculate stresses in the actual 1/8th model, then mirrors 
them to the symmetry planes. 

Figure 4.5 shows the applied unit load, i.e. green contour, increases roughly by a factor 
of two, i.e. red contour, due to the pore geometry. Given that the stress concentration factor 
is defned as the ratio of maximum local stress divided to far-feld nominal stress, the legend 
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Fig. 4.5 Distribution of local elastic stress component in Y-direction under unit loading 

provided in Figure 4.5 can be interpreted as the stress concentration factor as well since 
a unit load of 1 MPa was applied. Therefore, the stress concentration factor is constant 
along the circumference of a pore as displayed by the red stress contour in Figure 4.5. This 
suggests that fatigue cracks can initiate anywhere along the circumference, considering that 
the location with the highest stress concentration factor is usually associated with crack 
initiation location. From a practical point of view, surface observations during a routine 
inspection might be inadequate to eliminate the possibility of cracks initiated from pores, 
since cracking could start from the embedded portion of a pore as well. 

4.2.5 Stress gradient and the infuence of pore size 

In the fnite element model described so far, the pore diameter was systematically increased 
to demonstrate the infuence of pore size on local elastic stress distribution. For this purpose, 
Figure 4.6 plots the change in maximum elastic stress component (σy) along the path that is 
perpendicular to the applied unit axial loading (1 MPa). 

In Figure 4.6, x is the horizontal distance from the pore edge and D is the pore diameter. 
As expected from the analytical expression, i.e. Equation (4.1), the peak elastic stress is 
constant and insensitive to pore diameter, which can be seen at x/D=0 in Figure 4.6. However, 
larger pores cause higher stresses in the surrounding area, for instance at x/D=0.5 peak elastic 
stress is reduced to around 1.2 MPa for the smallest pore (D) but only to around 1.6 MPa for 
the largest pore (4D). This feature is characteristic for geometrically similar stress-raisers as 
pores in this work, and it is commonly used to predict the size effect seen in experimental 
results of notched test samples; see for instance the Theory of Critical Distances [79]. The 
interpretation of difference in stress gradients is further discussed in Section 5.2 of Fatigue 
Design Perspectives. Finally, it can be seen that the increased local elastic stress due to the 
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Fig. 4.6 Change in maximum elastic stress component (Y-direction) evaluated at various 
distances away from the pore edge 

pore geometry approximately converges to the far-feld applied stress after a diameter away 
from the pore, i.e. at evaluation points x/D=1, 2, and 4 in Figure 4.6. 

4.2.6 The infuence of pore location 

Surface pores are more detrimental than embedded pores as discussed Section 2.5.3 of the 
Literature Review. This stems from observations made during high-cycle fatigue testing 
that the smaller surface pores acted as preferential location for crack initiation despite the 
presence of much larger embedded pores. In order to investigate this dominance of surface 
pores, the stress concentration factor of a pore with constant diameter was calculated for 
various spatial locations as shown in Figure 4.7. 

In Figure 4.7, pore spatial location is given as the distance from pore edge to the free 
surface, which is normalised by the pore diameter, and the stress concentration factor is 
evaluated at two points, e.g. A and B. Owing to two different evaluation points, the fgure 
has two x-axes corresponding to relevant distances. Furthermore, two additional insets are 
provided outside the fgure on the right hand side to further visualise the problem. Two 
remarks can be made as follows: 
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Fig. 4.7 Change in stress concentration factor with respect to pore spatial location for a 
constant pore diameter. Inset (1) shows the extreme location for point A when there is 
negligible material remains between the pore and the free surface. Inset (2) visualises the 
case of a surface pore as seen on fracture faces, e.g. Figure 4.18a, which typically occurs due 
to post-process machining to achieve desired surface fnish. 

First, dashed line in Figure 4.7 illustrates the stress concentration factor of a surface 
pore and an embedded pore is equal. Given that the stress concentration factor is a geo-
metrical parameter, for pores of the same size, the radius of curvature that produces stress 
concentration is the same for a surface and an embedded pore. Thus, the higher severity of 
surface pores over embedded pores is unrelated to the stress concentration factor. Instead, 
this phenomenon might be qualitatively explained by the lower restraint to cyclic slip at 
the free surface, whereas an embedded pore is surrounded by material that comparatively 
imposes a larger constraint against the slip motion. 

Another highlight from Figure 4.7 is that the stress concentration factor starts to increase 
on one side of the pore (point A), when the distance between the free surface and the pore is 
less than a diameter. This is because the increased local stresses due to the pore geometry act 
on an area roughly a diameter as shown in Figure 4.6, hence the stress concentration factor 
will increase from its nominal value of 2.08, if less than a diameter material is available 
to resist. In addition to linear-elastic material model used in this work, more advanced 
kinematic-hardening material models also suggest a similar behaviour as shown in [150]. As 
discussed later on in Section 4.4.1, when a pore was less than a diameter away from the free 
surface, it was assumed as a surface pore in this work despite its spherical morphology. This 
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is based on the assumption that a fatigue crack will quickly develop due to the high stress 
concentration factor and break into the free surface, hence forming a surface breaking defect 
in the process. Furthermore supporting this assumption, in fracture mechanics it is suggested 
to use almost equal shape factors for surface and subsurface defects [82]. 

4.3 Material characterisation of L-PBF Ti-6Al-4V 

4.3.1 Chemical composition 

The results of chemical composition analysis described in Section 3.6 are provided in Table 
4.1. The values of the individual elements in this table comply with the specifcations given 
in the industry standard ASTM F2924 [151] for Ti-6Al-4V manufactured using powder-bed 
fusion techniques. 

Table 4.1 Chemical composition of the L-PBF Ti-6Al-4V samples in wt.% 

Ti Al V Fe O N H 

Bal. 6.11 3.87 0.17 0.15 0.019 <0.001 

4.3.2 Microstructure 

This section presents the microstructure of a sample that was manufactured using the L-PBF 
process as part of this work; the procedure for obtaining the microstructure was described 
in Section 3.5. The aim is to examine whether the manufactured parts were representative 
of the L-PBF process; the examination was mainly qualitative except the measured α-lath 
thickness values. Furthermore, fatigue performance of a Ti-6Al-4V alloy depends on the 
microstructure type, e.g. lamellar versus bi-modal. The micrographs provided in this section 
can be used to correctly categorise fatigue test data when comparing to literature data. 

The microstructure was revealed using two metallographic cuts from the central grip 
section of fat fatigue dog-bone test sample labelled as 38-3, which was extracted from a 
rectangular blank shown in Figure 3.2. Microstructure images parallel and transverse to the 
build direction are shown in Figures 4.8-4.9. For both directions, two sets of images were 
provided: a macro view for prior β -grain morphology and a magnifed view for the α-phase 
structure. In the magnifed views, dark contrast corresponds to β -phase with body centred 
cubic unit cell structure, while white contrast is the α-phase with hexagonal closed pack 
structure. 
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(a) Macro view 

(b) Magnifed view 

Build direction5

View 
direction

(c) Cut of the metallographic section 

Fig. 4.8 Representative images of the microstructure along the build direction for L-PBF 
Ti-6Al-4V. Images were taken using a light microscope. (a) Macro view (b) Magnifed view 
(c) Position of the metallographic section cut 
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(a) Macro view 

(b) Magnifed view 

Build direction5

View direction

(c) Cut of the metallographic section 

Fig. 4.9 Representative images of the microstructure transverse to the build direction L-PBF 
Ti-6Al-4V. Images were taken using a light microscope. (a) Macro view (b) Magnifed view 
(c) Position of the metallographic section cut 
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As seen from the macro view along the build direction in Figure 4.8a, columnar prior 
β -grains were not immediately obvious compared to earlier literature, for instance in [37]. 
Yet, the prior β -grains along the build direction were still not as equiaxed as in the transverse 
direction shown in Figure 4.9a. In both close-up images Fig 4.8b and 4.9b, α-laths were 
intertwined and a colony structure was absent. These sample images of the microstructure are 
typical for the L-PBF process using standard process parameters, which exhibits a very fne 
lamellar microstructure, i.e. acicular needles, after the subsequent stress-relief heat treatment 
as discussed in Section 2.4 of Literature Review. A further distinction can be made depending 
on the α-phase orientations, which would classify the microstructure as Widmänstatten for 
single α-phase orientation or Basketweave for multiple orientations, however, this step would 
require an Electron Backscatter Diffraction (EBSD) analysis that was out-of-scope in this 
study. 

In addition to the type of microstructure, the characteristic length of a specifc microstruc-
ture type, e.g. α-lath thickness, also plays a role in fatigue performance. For instance as 
discussed in Section 2.4, fner α-lath thickness in lamellar microstructures leads to superior 
high cycle fatigue strength [28]. The characteristic microstructural length of an L-PBF 
sample, i.e. α-lath thickness, was measured using the procedure described in [58] by Na-
tional Institute of Standards and Technology (NIST). For each direction, i.e. metallographic 
section, a total of 20 thickness measurements were taken randomly using the magnifed 
optical micrography images given in Figures 4.8b-4.9b. This measurement was conducted 
three times to assess repeatability and the measured mean values and standard deviations are 
given in Table 4.2. 

Table 4.2 α-lath thickness measurements of L-PBF Ti-6Al-4V 

Build direction Measurement no.1 Measurement no.2 Measurement no.3 
(µm) (µm) (µm) 

Parallel 1.64 ±0.50 1.50 ±0.57 1.45 ±0.56 
Transverse 1.42 ±0.46 1.64 ±0.55 1.41 ±0.50 

The α-lath thickness measurements shown in Table 4.2 correspond well with the literature 
data, which were obtained using the more detailed intercept method as discussed in Section 
2.4. It is important to note that α-lath thickness measurements were taken from one section 
in a sample, hence they are extremely limited. In additive manufacturing, microstructural 
heterogeneity can be a concern [152], i.e. there might be a local variation in α-lath thickness 
due to uneven thermal history; for instance Sharma et al. [153] shows the infuence of build 
height on α-lath thickness. This possible local variation of microstructure was not further 
investigated in this work, since the experimental programme was designed to concentrate 
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on the infuence of porosity on fatigue, hence a single batch manufacturing and post-heat 
treatment were carried out to avoid any signifcant microstructural variation among the 
test samples. Furthermore, the minimum crack initiating pore size was 40 µm, which is 
considerably larger than the α-lath thickness, hence the fatigue life would be expected to be 
dominated by pore size rather than any variation in α-lath thickness. 

4.3.3 Porosity characterisation 

Pore size distribution 

Using the scanning parameters given in Section 3.7, pores within the gauge volume of 
near-net shape manufactured dog-bone samples were characterised prior to fatigue testing. A 
representative measurement from a sample is given in Figure 4.10, which shows a histogram 
of pore size distribution along with crack initiating pore diameter as measured on the fracture 
surface. The pore diameter in Figure 4.10 was calculated using Equation 4.2. r 

Area
d = 2 (4.2)

π 

where Area either calculated by summing number of pixels detected during image 
segmentation stage of X-ray Computed Tomography measurements as per Section 3.7 or 
by ftting a spline along the crack-initiating pore as seen on the fracture surface to establish 
boundaries, and then area inside this boundary was calculated by using the open-source 
image analysis software ImageJ [124], which counts the number of pixels to quantify this 
value. 

The histogram in Figure 4.10 reveals a positive skewed distribution of pore diameters, i.e. 
majority of the detected pores were below the mean pore diameter. This shape was expected 
based on the available literature studies not only from additive manufacturing [155] but also 
from inclusions in conventional manufacturing [134]. Positive skewed size distribution was 
consistent among the scanned samples in this work; therefore, the remaining samples were 
given in Appendix D for clarity. 

For the sample shown in Figure 4.10, despite a total of 189 detected pores, bulk density 
of the gauge volume was calculated as 99.98%. Yet, fatigue being a local phenomenon, one 
large pore above the critical pore size is enough to initiate cracking and lead to a premature 
failure. In this particular case, a large pore but not the largest was detected as the crack 
initiating pore during fracture surface study and marked in Figure 4.10 as well. In practice, 
by ftting a curve to the extreme tail of a known defect size distribution as in Figure 4.10, 
the maximum defect size can be estimated for a component where defect measurements are 
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This item has been removed due to third party copyright. The unabridged version of the 
thesis can be viewed at the Lanchester library, Coventry University

Fig. 4.10 Representative histogram of a pore size distribution detected in the gauge volume 
of a fatigue dog-bone sample manufactured using L-PBF (Sample ID = NNS no.8). The size 
distribution was obtained using X-ray Computed Tomography along with crack initiating 
pore diameter as measured on the fracture surface. As appeared in [154] 

. 

unavailable; example of such work can be found in [8, 134, 156]. Afterwards the estimated 
defect size can be used to predict fatigue life either using the threshold framework or crack 
propagation framework as discussed in Section 2.6-State-of-the-art. 

Intersample variability 

Although test samples were manufactured in a single batch, process conditions could still 
vary locally due to differences in test sample location on the build plate, which could lead to 
different defect population in each sample. In this regard, shape of the histogram for pore 
size distribution was consistent among the scanned test samples as mentioned previously. 
Furthermore in Table 4.3, pore size statistics of each scanned sample is provided. 

Table 4.3 shows that mean pore diameter and its standard deviation among the scanned 
samples was remarkably consistent. Given that the shape of size distribution was also 
consistent, it can be qualitatively stated that pore size population was unaffected by the 
sample location on build plate. This fnding, however, cannot be generalised since this would 
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Table 4.3 Pore size statistics among the scanned test samples 

NNS Sample ID 
Parameter #2 #3 #4 #5 #6 #7 #8 #10 #12 

Maximum 101.18 86.59 79.81 84.24 88.74 82.51 82.09 81.28 82.14 
dia. (µm) 
Mean 43.01 42.32 42.49 42.87 41.21 42.52 37.08 40.24 37.99 
dia. (µm) 
Standard 13.29 12.80 11.86 11.74 11.73 11.91 10.30 11.47 10.91 
deviation 
No. of pores 172 203 250 281 228 260 189 203 219 
detected 

require a quantitative analysis using statistical techniques like ANOVA, and also exploring 
more extreme locations on the build plate rather than clustering all specimens in one corner 
as in this work (Figure 3.1). 

In general, pore size statistics shown in Table 4.3 is challenging to compare with literature 
data as defects depend on build part size and shape. For instance, albeit for electron beam 
melting process, Tammas et al. [95] reported 81.7 µm mean pore diameter, which is roughly 
double the value of pores detected in this work but it was for a 1600 mm3 volume, which is 
roughly 8 times larger than the volume scanned in this study. Similarly, Cunningham et al. 
[22] reported 6.21 µm mean pore diameter, but for a tiny volume of 1.5 mm3. 

In terms of fatigue, which is the main scope of this work, extreme values are usually the 
main point of interest, i.e. fatigue failure typically correlates with the extreme tail of a size 
distribution rather than the mean values. In this regard, maximum detected pore diameter 
shows a larger variance compared to mean pore diameter as shown in Table 4.3. However, 
this variance did not turn into a signifcant fatigue life scatter as discussed later on in Section 
4.4.1, and the pore spatial location rather than its size was found to be the main contributor 
to the fatigue life scatter. Spatial distribution of pores as measured using X-ray Computed 
Tomography is discussed next. 

Spatial distribution of pores 

In general, surface defects or cracks are more detrimental than their embedded counterparts, 
which is captured by the shape factors in stress intensity factor equations. Therefore, a 
pristine surface, and also sub-surface, is desirable against fatigue. Understanding the spatial 
distribution of pores could provide insight about their severity and also could help deciding 
a suitable post-manufacturing treatment; for instance the popular hot isostatic pressing is 
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ineffective against defects connected to free surface [157]. In this regard, Figure 4.11 shows 
all pores detected within a gauge volume projected into a This item has been 
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Fig. 4.11 A representative spatial distribution of porosity for L-PBF Ti-6Al-4V. In this image 
all the detected pores within a gauge volume using µXCT were projected on a cross-sectional 
plane. As appeared in [154]. 

Spatial distribution of pores showed a clear tendency towards the free surface as seen in 
Figure 4.11; around 85–90% of pores were located within 200 µm beneath the surface as 
marked with a blue circle. In contrast, early literature suggested that pores were distributed 
randomly [54, 158], based on the understanding that gas pores are formed when they are 
unable to escape the melt pool. Considering that the melt pool geometry can be infuenced by 
the selected process parameters, the latest evidence suggests that there is a strong correlation 
between the manufacturing strategy and location of the pores: Tammas-Williams et al. [146] 
related pore locations with the movement patterns of the energy source, i.e. scanning strategy, 
in powder-bed fusion AM, albeit for a process that uses a different energy source instead of a 
laser. Similar spatial distributions can be seen in literature [159], though not emphasized as 
in here, or produced based on metallography [160], hence not as distinct as in Figure 4.11. 
Some preliminary work [161] also further corroborates the tendency of pores being located 
towards the free surface. 

The majority of the L-PBF samples were failed from surface porosity, because spatial 
distribution of pores showed a tendency towards the free surface. When the defect dense 
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layer beneath the surface was removed, the samples still failed due to surface porosity 
since during additional material removal some of the embedded pores were exposed to the 
surface. There is on-going research concentrating on machining strategies, i.e. deep versus 
shallow machining as a post-processing option [162, 163]. Theoretically, by using a suitable 
machining strategy, embedded pores acting as the crack initiation source is also possible, but 
this was not the case for L-PBF Ti-6Al-4V in this work. 

Finally, measured pores as described so far were categorised as surface and embedded 
pores, then size statistics for each category was quantifed. A representative sample is shown 
in Figure 4.12, and the rest of the measurements can be found in Appendix D. 
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Fig. 4.12 Representative histogram of pore size distribution of embedded and surface porosity. 
(Sample ID = NNS no. 6) 

. 

Figure 4.12 shows that the shape of size distribution of embedded and surface pores 
were similar, and the main difference was the number of detected pores as can expected by 
looking at Figure 4.11. Thus, the mean pore diameter was found to be comparable for both 
populations, e.g. 41.77±12.14 µm for surface pores and 40.25±11.64 µm for embedded 
pores. This trend was observable in the remaining scanned samples shown in Appendix 
D. Therefore, it can be concluded that there was no signifcant difference in size between 
embedded and surface pore populations. 

https://40.25�11.64
https://41.77�12.14
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Distribution of pores along the height of gauge section 

The gauge length of the scanned samples were 10 mm, and for each sample a histogram was 
created by binning 1 mm sections along the gauge length. A representative sample is shown 
in Figure 4.13, and the rest of the measurements can be found in Appendix D. 
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Fig. 4.13 Representative histogram of detected pores along the height of gauge section. 
(Sample ID = NNS no. 2) 

. 

Figure 4.13 shows the number of pores detected within each 1 mm section along the 
gauge length; please note that considering the vertical build orientation, 0-1 histogram bin is 
closest to the build plate and 9-10 histogram bin is farthest to the build plate. A relatively 
uniform shape can be observed from Figure 4.13, hence no signifcant infuence of build 
height on pore distribution can be stated. However, it should be noted that a limited volume 
was scanned in this work, e.g. grip sections of the test sample were not scanned. In literature, 
albeit for electron beam melting process, Seif et al. [152] for 100 mm tall sample and 
Elambasseril et al. [145] for 300 mm tall sample have shown that defect density is higher 
closer to the build plate compared to the very top in a vertical build orientation. 
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Pore coalescence 

Given that majority of pores were located right beneath the surface, the likelihood of a pore 
coalescence is higher due to the increased defect density in a confned volume. In fact, 3-D 
visualisation of coalesced pores can be found in literature and shown in Figure 4.14. 

This item has been removed due to third party copyright. The unabridged version of 
the thesis can be viewed at the Lanchester library, Coventry University

Fig. 4.14 3D visualisation of coalesced pores (marked by black arrows). Image on the left 
originally from [146] and reprinted by permission from Creative Commons CC-BY license. 
Image on the right originally from [126] and reprinted by permission from Springer Nature. 

On fatigue fracture surfaces of L-PBF Ti-6Al-4V, it is possible to observe an irregular 
defect morphology as the crack initiation source; examples can be found in Figures 4.15a 
and 4.18b. An irregular defect morphology is unexpected, because pores are approximately 
spherical. The other common defect type in AM, the so-called lack of fusion defects are 
indeed irregular, however, they often manifest with un-melted powder particles and a rough 
interior surface, which is not the case in Figures 4.15a and 4.18b. Consequently, such 
observations are mentioned as “facet” [56] or “irregular pore” [100] in the literature. In order 
to clarify the crack initiation source, successive projections from a single µXCT scan are 
given in Figure 4.15(b-c). 

In Figure 4.15(b-c), it is possible to see two individual pores are combining, leading 
to an irregular shape that resembles the one seen in the fracture surface in 4.15a. From a 
structural integrity perspective, coalesced pores will have a higher stress concentration factor 
(Kt) compared to a spherical pore due to their irregular morphology, thus test specimens with 
coalesced pores or defects with irregular morphology as crack initiation source could have 
an inferior fatigue life compared to cases with a spherical pore as crack initiation source. 
However, such a difference was not observed as part of the fatigue tests that were carried 
out in this study as shown in Table 4.4, which consists of fatigue data from same applied 
maximum stress and nominally similar surface quality, but involves additional variability due 
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Fig. 4.15 (a) Fatigue fracture surface showing an irregular defect as the crack initiation 
source; the image was obtained using SEM under secondary electron mode. (b, c) Sequential 
µXCT slices of another specimen showing pore coalescence that is similar to the fracture 
surface observation in (a). As appeared in [154]. 

to manufacturing source and test geometry. This unexpected outcome is further discussed in 
Section 4.4.1 and more data is needed to further support this evidence. 

Table 4.4 The infuence of crack initiating defect morphology on fatigue life at 600 MPa 
applied maximum stress 

√ 
ID Source Test geometry Fatigue life area Defect 

(cycles) (µm) shape 

15-1 Rectangular blank Flat dog-bone 102,672 42.45 irregular 
38-1 Rectangular blank Flat dog-bone 104,712 55.81 irregular 
38-3 Rectangular blank Flat dog-bone 91,446 42.40 irregular 
NNS-6 Near-net manuf. Cylindrical 48,835 84.50 irregular 

Average 86,916 56.29 irregular 
19-T 
38-2 
NNS-8 

Rectangular blank 
Rectangular blank 
Near-net manuf. 

Flat dog-bone 
Flat dog-bone 
Cylindrical 

Average 

71,033 
101,562 
53,624 
75,406 

57.80 
44.87 
68.78 
57.15 

circular 
circular 
circular 
circular 

4.4 Mechanical testing 

4.4.1 High cycle fatigue 

Figure 4.16 shows the fatigue testing results in an S-N diagram, which were obtained by 
following the procedure outlined in Section 3.9. In Appendix A, the results are also provided 
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in a tabulated form; this table includes additional information such as the specimen type, 
crack initiation source, and more. Data points in Figure 4.16 and Appendix A correspond to 
the fatigue test results that were carried-out at TWI Ltd as part of this PhD. However, for 
completeness, previous fatigue test results from the same WAAM process batch were also 
included in Figure 4.16a, which were carried-out at Coventry University as part of a previous 
PhD work [15]. Thus, WAAM samples include an additional scatter source due to the change 
in fatigue testing machine. 
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Fig. 4.16 High cycle fatigue test results (a) Wire+arc additive manufacturing (WAAM) 
including results from a previous work [15] (b) Laser powder-bed fusion (L-PBF) 

A signifcant scatter of fatigue life can be observed in Figure 4.16; for instance there is 
three orders of magnitude difference in fatigue life at the maximum applied stress level of 
500 MPa for the WAAM process. The scatter of fatigue life is common in AM of metals, for 
instance similar plots can be seen in [40, 164, 165], and the scatter is often associated with 
manufacturing defects [53, 54, 49]. Therefore, a fracture surface analysis was conducted for 
each sample in Figure 4.16 to examine crack initiation sources. 

Five different crack initiation sources were determined from the fracture surface analysis 
of samples built by the WAAM process, however, majority of the samples were failed either 
from surface pores or embedded pores. On the other hand, four different crack initiation 
sources were observed in the L-PBF batch, yet majority of the samples failed from surface 
pores. Representative images from the fracture surface analysis are provided in Figures 4.17 
and 4.18. 

A surface pore can be distinguished from its semi-elliptical morphology on the fracture 
surface as seen in Figures 4.17a and 4.18a. Surface pores can be classifed as “semi-natural” 
defects considering that all pores are embedded in the as-built condition. The embedded pores 
are exposed to the surface after an additional material removal during the post-processing 
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Fig. 4.17 Fatigue crack initiation sources seen in WAAM samples. Images were obtained 
using scanning electron microscopy. (a) Surface porosity (b) Sub-surface pore (c) Embedded 
pore (d) Microstructure (e) Clustured pores 

stage, which is often necessary to achieve a desirable surface fnish for cyclic loading 
applications. Thus, the surface pores in AM are a relatively common defect type and they 
can be observed in many other works in the literature as well. 

The morphology of surface pores can deviate from the semi-elliptical shape seen on 
the fracture surface, an example is given in Figure 4.18b. Surface pores with irregular 
morphology were seen exclusively in L-PBF samples and their origin could be related to 
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Fig. 4.18 Fatigue crack initiation sources seen in L-PBF samples. Images were obtained 
using scanning electron microscopy. (a) Surface porosity (b) Irregular pore (c) Sub-surface 
pore (d) Microstructure 

coalescence of pores as discussed in Section 4.3.3 or the keyhole mechanism of lasers, which 
is absent in plasma sintering of WAAM. Compared to a semi-elliptical surface pore, the 
stress concentration factor of an irregular surface pore will be higher due to its complex 
morphology, however, a difference in fatigue life was not observed in this study as shown 
in Table 4.4. This observation based on limited data suggests that fatigue life might be 
dominated by the crack propagation regime, but later in the replica study in Section 4.4.3, 
the crack initiation life was found signifcant. Similarly, Leopold et al. [166] reported a 
negligible infuence of defect morphology and a signifcant crack initiation life for the same 
titanium alloy, albeit made from cast, hence much coarser, colony type microstructure. Thus, 
although the observed behaviour seem to be present across different microstructures, the 
available fatigue test data is limited and more research is needed to better understand the 
infuence of defect morphology on fatigue life of titanium alloy Ti-6Al-4V. 

The next distinct crack initiation source is the so-called “sub-surface” pore as seen in 
Figures 4.17b and 4.18c, which can be distinguished by the circular morphology, i.e. the 
pore is entirely embedded within the material. From the fnite element analysis results using 
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kinematic hardening material model presented in [150], it can be inferred that embedded 
pores should be classifed as “surface pores” when the distance between the free-surface 
and the pore is less than its diameter. When this criteria was fulflled, sub-surface pores 
were treated as surface pores in the remainder of this work, assuming that a crack will 
quickly develop between the free surface and the sub-surface pore as a result of the increased 
stress concentration factor (Figure 4.7). This crack will then subsequently break the surface, 
forming a surface pore. Thus, it was expected that sub-surface pores act as surface pores for 
the majority of the fatigue life. Similar arguments can be found in the literature [167] and 
also captured by shape factors of stress intensity factor calculations in [82]. 

The fourth distinct crack initiation source is “embedded defects” that are more than 
one diameter away from the free surface and have a circular morphology on the fracture 
surface, see Figure 4.17c. Embedded pores are expected to be less detrimental to fatigue 
performance compared to surface pores due to: (1) lower crack driving force for the same 
crack length, (2) crack tip subject more favourable environmental conditions. The frst 
point can be demonstrated by comparing an embedded penny shaped crack in an infnite 
medium to an edge crack in a semi-infnite body for simplicity, noting that a more appropriate 
comparison would be using fnite body solutions discussed later in Chapter 5. Crack driving 
force equations for both cases can be found in handbook of stress intensity factor solutions, 
e.g. [168], and given in Equation (4.3) for the former and in Equation (4.4) for the latter. 

2 √ √ 
∆K = ( )∆S πa ≈ 0.64∆S πa (4.3)

π 

√ 
∆K = 1.12∆S πa (4.4) 

where ∆K is the crack driving force, ∆S the applied far-feld stress range, a the crack 
depth or radius. It can be seen that for equal crack dimensions, the crack driving force ∆K, 
will be lower for an embedded defect. Furthermore, crack propagation rate is sensitive to the 
environmental conditions. For instance, fatigue crack growth rate was found to be slower in 
vacuum, which would be relevant to embedded cracks, compared to fatigue cracks propagat-
ing in air for conventional manufactured Ti-6Al-4V [169, 170, 171]. Therefore, embedded 
defects are expected to be less detrimental than surface defects due to the combination of 
lower crack driving force and more favourable environmental conditions. 

As shown in Figure 4.17e, pores clustered together were also seen as a crack initiation 
source in intentionally contaminated WAAM samples. This scenario was considered out-of-
scope for this work and was not pursued further. It is worth emphasizing that clustered pores 
as the crack initiation source was only present in the samples fabricated from a contaminated 
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wire, which suggests that it could be avoided by following the best-practice measures during 
manufacturing. Similarly, industrial standards such as ASTM F3187, Clause 8.2.2.4 put 
measures on quality of the feedstock material, hence this failure source might not have 
any practical relevance. Finally, it should be noted that, some of the samples were failed 
either from remaining surface roughness or scratches as labelled in Appendix A. These were 
considered as user-errors and removed from the analysis in the following plots. 

4.4.2 Scatter of fatigue life 

Categorising S-N data of WAAM Ti-6Al-4V 

Fracture surface analysis did show a variety of crack initiation sources, which could explain 
the signifcant scatter observed in the S-N diagram shown in Figure 4.16a. Here, it is argued 
that the scatter seen in Figure 4.16a is normal, since samples fail from different sources. This 
statement is further demonstrated by using a normal probability plot in the following. 

The procedure given in BS ISO 12107 [172] was followed to produce a normal probability 
plot: frst fatigue test results were sorted in the ascending order, e.g. from lowest life to the 
highest fatigue life obtained at the applied load level. Then individual probabilities were 
calculated using Equation (4.5). 

i− 0.3
Pi = (4.5)

n+ 0.4 

where Pi is the probability of failure of ith sample, n the total number of samples at that 
applied load level. For demonstration, fatigue data of WAAM samples were used at 500 MPa 
and 600 MPa maximum applied stress levels; in the former samples were mainly failed due 
to large surface pores, whereas in the latter a mixture of failure sources and crack initiating 
pore dimensions were present. The calculated normal probability plot is shown in Figure 
4.19. 

As seen in Figure 4.19, the scatter of fatigue life is around an order of magnitude at 500 
MPa applied maximum stress level, whereas it is more than two orders of magnitude for 600 
MPa. Furthermore, a linear line can be drawn at 500 MPa maximum applied stress level; 
a linear line is expected based on the common assumption that logarithm of fatigue lives 
being normally distributed. However, at 600 MPa applied maximum stress level two distinct 
groups of fatigue data is visible, suggesting entirely different failure sources, e.g. from a 
surface pore and an embedded pore. 

Based on the evidence from fracture surface analysis and normal probability plot, WAAM 
Ti-6Al-4V fatigue test data was categorised according to the failure source. After categori-
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Fig. 4.19 The infuence of porosity on fatigue life of WAAM samples shown in normal 
probability plot. Plot legend with respect to maximum applied stress values. As appeared in 
[173]. 

sation of failure sources, it was possible to ft a linear S-N curve in the log-log plot with a 
high correlation coeffcient, e.g. R2 around 0.9. Coeffcients of the linear regression analysis 
are provided in Table 4.5, which correspond to the Basquin equation (power law) that was 
modifed by Morrow [174] to accommodate the mean stress infuence, Equation (4.6). 

Table 4.5 Linear regression results of the S-N curves 

′σ f -σm 

b 
No. of data points 

Correlation coeffcient (R2) 

Surface pore 
failure 

1305 
-0.131 
14 
0.896 

Embedded pore 
failure 

2597 
-0.145 
7 
0.897 

� �� �b′
σa = σ f − σm 2Nf 

� � � �′ logσa = b log 2Nf + log σ f − σm � �−0.131
σa = 1305 2Nf 

(4.6) 

(4.7) 
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′where σa the applied stress amplitude, σ f the cyclic fracture strength, σm the applied 
mean stress and b the Basquin coeffcient. As an example, Equation (4.6) is expanded to 
show equation for the S-N curve of samples failed from surface porosity in Table 4.5. 
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Fig. 4.20 S-N curves according to the crack initiating defect type for WAAM Ti-6Al-4V. As 
appeared in [173] with additional fatigue data from subsequent testing. 

S-N curves calculated using linear regression analysis are plotted in Figure 4.20. This 
fgure suggests that the signifcant scatter of fatigue life, which was shown in Figure 4.16a, 
is mainly related to the defect type, more specifcally defect location. Defect size in the 
surface porosity group ranged from approximately a minimum of 100 microns in diameter to 
a maximum of 400 microns in diameter, and the average crack initiating surface pore size was 
175.5 microns. On the other hand, defect size in the embedded porosity group ranged from 
approximately a minimum of 20 microns in diameter to a maximum of 60 microns in diameter, 
and the average crack initiating embedded pore size was 32.7 microns. As previously 
discussed in the Experimental Programme, some of the samples were manufactured using 
contaminated wires, which enabled to investigate a large range of crack initiating pore 
diameters as evident from the preceding statistics. 

From a fatigue design perspective, individual S-N curves according to defect type can 
be calculated using linear regression, which can be subsequently used in practice with 
appropriate confdence intervals and safety factors. A similar situation exists in the welding 
design recommendations, e.g. Hobbacher [175], where according to the weld type or joint 
confguration, a specifc S-N curve exists, the so-called FAT classes. Such a scenario could be 
suitable for the AM materials, since early literature in AM fatigue has established that there is 
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no competition among the failure sources but rather a clear hierarchy exists [40, 176]: Surface 
roughness in the as-built condition is the most detrimental situation. After eliminating it, 
process-induced defects, such as porosity, act as main sources of fatigue failure. Finally, 
if a thermo-mechanical treatment such as hot isostatic pressing (HIP) is applied, fatigue 
performance can reach to the wrought material level and fatigue cracking initiates from 
microstructural features. Therefore, for engineering design, a specifc S-N curve can be 
selected depending on the expected failure source (defect type), which can be predicted 
depending on the post-processing history. The further nuance about the critical defect size is 
discussed later in Section 5.2. 

Fatigue life reduction in L-PBF Ti-6Al-4V and comparison of scatter with conventional 
manufacturing 

After demonstrating the major infuence of pore location on fatigue life, this Section is 
dedicated to the infuence of pore size on fatigue life by considering the same defect types 
only; more specifcally, surface pores since majority of the fatigue data corresponds to this 
defect type. Again, normal probability plots were used to demonstrate fatigue life variability 
by using the procedure given in BS ISO 12107 [172]. The standard recommends using at least 
seven data points, hence L-PBF test series were suitable in which fatigue tests were repeated 
at selected load level and surface pores were the dominant failure source. For comparison, 
fatigue test results from a forged Ti-6Al-4V were extracted from [177] and shown in Figure 
4.21 as well. For L-PBF Ti-6Al-4V fatigue life variability was assumed to be related to 
the change in crack initiating pore diameter, whereas for the forged Ti-6Al-4V fatigue life 
variability was associated with distribution of unfavourably oriented surface grains. 

From Figure 4.21, it can be seen that defects reduce fatigue life on average, e.g. 50% 
of probability, by a factor of 27.8 at 600 MPa applied stress level. However, fatigue life 
variability, which is up to three orders of magnitude in forged Ti-6Al-4V, was reduced 
signifcantly for the case of L-PBF Ti-6Al-4V, e.g. between 50,000 cycles and 100,000 
cycles. This suggests that defects act as preferential location for crack initiation hence 
reducing scatter despite the fact that crack initiating pore diameter was changed by a factor 
of two, e.g. from 40 µm to 80 µm. On average, crack initiating surface pore diameter was 
56 µm in L-PBF Ti-6Al-4V, which is comparable to crack initiating pore dimensions given 
in Appendix A for WAAM Ti-6Al-4V when a clean wire is used, whereas considerably less 
when a contaminated wire is used in the WAAM technique. 
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Fig. 4.21 Infuence of surface pore size on fatigue life scatter of L-PBF Ti-6Al-4V, including 
a comparison with conventionally manufactured counterpart. Originally published by the 
author in [154] 

4.4.3 Fatigue crack growth measurements of L-PBF Ti-6Al-4V 

The replicating procedure coupled with the fatigue testing was outlined in Section 3.10. 
Following the procedure, three useful measurements were obtained and these are plotted in 
Figure 4.22. The crack length measurements in Figure 4.22 also include pore width as seen 
on the test specimen surface. 

At ∆σ=540 MPa applied stress range, somewhat fortunately, a crack initiating pore 
located close to the sample edge was observed as shown in Figure 4.23a. Under normal 
circumstances, replica measurements are limited to crack length observations; however, 
owing to this coincidence the crack depth measurements were also obtained. Furthermore, 
the fatigue cracks initiated from pores formed a semi-elliptical shape as shown in Figure 
4.23b, which is a common observation in fatigue. The measurement results from ∆σ=540 
MPa applied stress range were used in Figure 4.24 to further describe replica test fndings. 

The particular sample seen in Figures 4.23a-4.24 failed at 71,033 cycles using an applied 
stress range of ∆σ=540 MPa; the crack initiation source was a surface pore with an equivalent 
diameter of 65 µm as shown in Figure 4.23a. At frst replicating cycle, e.g. 20,000 cycles, 
there was not any observable cracking, noting that this technique is shown to capture cracks 
as small as 10 µm [178]. First fatigue cracking was detected at 40,000 cycles as shown in 
4.24a. At this stage, the crack was still in the “microstructurally small” regime distinguished 
by the zig-zag path; hence it could be argued that the crack might not yet evolved into a 
semi-elliptical shape. At 60,000 cycles, the crack was growing perpendicular to the applied 
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Fig. 4.22 Crack length measurements plotted against replicating intervals obtained from three 
different fatigue tests. Crack length includes the pore width as seen on the sample surface. 
Hollow markers indicate crack depth measurements. First published in [154]. 
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Fig. 4.23 (a) Fracture surface of one sample used in the replica study at ∆σ=540 MPa, 
obtained using scanning electron microscopy in secondary electron mode at 20 kV. Surface 
pore was identifed as a crack-initiating source. (b) Macro-photo of the fracture surface 
shows a clear semi-elliptical crack shape that is evolved from process-induced porosity. First 
appeared in [154]. 
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load direction as shown in Figure 4.24b, which corresponds to the stage II in fatigue crack 
growth regime under the mode-I loading. At this stage, the crack was assumed to be advanced 
enough to develop into a semi-elliptical shape. 
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Fig. 4.24 Surface replica results of a sample tested at ∆σ=540 MPa and failed at 71,033 
cycles (a) First crack detection at 40,000 cycles located along the width of the fatigue sample. 
(b) At 60,000 cycles, the crack reached to the stage II type growth distinguished by the 
perpendicular growth to the applied load direction. (c) The same crack along the sample 
thickness direction at 60,000 cycles. First appeared in [154]. 

In all fatigue tests involving replica extractions, frst cracking was detected around 50% 
of the total fatigue life, which suggests the importance of crack initiation life. In contrast, 
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material defects like porosity are often analysed from a fracture mechanics perspective 
based on the common observation that fatigue cracks initiate from defects relatively early 
as discussed in Section 2.6. Previous observations in literature were mainly based on small, 
micron-sized drilled holes or weld toes, where stress concentration factor is much larger 
compared to a blunt, spherical pore; this could explain the experimental observations made 
in this study. Given that signifcant crack initiation life was an unexpected outcome, in the 
following paragraphs limitations of the replica technique and accuracy of the measurements 
are discussed in order to put this result into context. 

A caveat of the replica measurements that they are limited to surface observations only, 
thus cracks originating internally cannot be detected, which is a possibility considering that 
stress concentration factor of a spherical pore is uniform along its circumference as shown in 
Figure 4.5. However, given that the frst detected cracks were still in the microstructurally 
small stage as shown in Figure 4.24a, an earlier crack initiation from the pore root seems 
unlikely. Furthermore, even greater proportion of crack initiation life, e.g. 70%, was reported 
for the same alloy using µCT [56]. But in reality, this proportion is likely to be closer to the 
reported 50% value here, because of the limited resolution of µCT, the smallest detected 
crack length was 900 µm in [56]. Moreover in [179], up to 70% crack initiation life was 
reported for cracks starting from foreign-object damage that has similar morphology and low 
stress concentration factor as porosity, albeit comparatively larger size with an additional 
residual stress feld. 

A smaller crack could also be missed due to the limited measurement resolution. In all 
experiments, the frst crack observation was consistently less than 50 µm length and the 
smallest being equal to 16.41 µm. The Standard Error (SE) based on the three observations 
taken for these measurements was less than 1 µm. It should be noted that the smallest 
measured crack length is highly dependent on the replication interval, which was every 
10,000 cycles in this work, and the combination of replicating material resolution, which 
was down to 0.1 µm according to the supplier, and the microscope resolution. Therefore, 
in theory it might be possible to detect even a sub-micron crack using a higher resolution 
microscopy and more frequent replicating intervals. However, in practice this seems unlikely 
as opening of such a small crack won’t be easily distinguishable in the vicinity of a much 
larger pore. Therefore, it was concluded that the crack initiation life in presence of porosity 
was signifcant, noting that the initiation life is defned as the number of cycles to detect a 
surface breaking crack that is between 16 to 50 µm in length. 



Chapter 5 

Fatigue design perspectives 

5.1 Introduction 

The porosity problem in additive manufacturing (AM) is analysed using two different 
approaches in this Chapter, e.g. local stress based depending on the pore geometry and 
fracture mechanics based depending on the crack tip stresses. The justifcation for this 
choice can be explained as follows: from a physical point of view, fracture mechanics based 
approaches are valid in presence of cracks. However, the point of crack initiation in total 
fatigue life cannot be determined defnitively due to current limitations in imaging, which are 
discussed at the end of Section 4.4.3 in the context of replica method and surface porosity. 
Therefore, fatigue design choices in practice can be driven by needs rather than the actual 
physics. For instance, common application areas of titanium alloys are hip joint replacement 
in humans, which are not easily accessible, and fan blades in aerospace, which are subject to 
very high number of cycles due to vibratory loads. Therefore, fatigue design from a durability 
perspective might be desirable in practice, i.e. S-N curves, local stresses and fatigue notch 
factors. However, fatigue cracks expected to initiate early in presence of manufacturing 
defects as discussed in Section 2.6 of the Literature Review, hence fracture mechanics based 
approaches might be more suitable from a physical point of view. Consequently, the porosity 
problem in AM is analysed using both durability and damage tolerant approaches in this 
Chapter, given that each approach could be useful depending on the industrial application. 
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5.2 Case against assuming pores as effective cracks 

5.2.1 Local stress based framework 

In presence of stress-raisers, like porosity or macroscopic features like bolt holes, reduction 
in fatigue strength is often predicted by using an averaged local stress value instead of the 
peak elastic stress. For instance in fatigue design recommendations for welded joints [175], 
the peak stress at the weld toe is averaged either using a fctional radius (R = 1 mm) or 
by linearising the local stress distribution at certain distances. Furthermore, Taylor [180] 
showed that the averaging approach to predict fatigue strength of notches could be extended 
to analysing cracks as well, which leads to producing Kitagawa-Takahashi type diagrams 
shown in Figure 2.12 of the Literature Review. 

Following this understanding, frst local elastic stress distributions in the vicinity of a 
pore and a crack were calculated by using analytical formulations. Then fatigue strength 
reduction with respect to varying pore and crack dimensions was determined by assuming a 
critical distance from the peak elastic stress as shown in Figure 5.1, i.e. the so-called point 
method [79]. This method was selected for demonstration only due to its ease of use, and 
there are other methods available for calculating the average local stress that correlates well 
with the reduced fatigue strength values determined experimentally; an overview of other 
methods can be found here [181] and their predictive capability for the case of Ti-6Al-4V 
can be found in [182, 183]. 

This item has been removed due to third party copyright. The unabridged version of the thesis can 
be viewed at the Lanchester library, Coventry University

Fig. 5.1 Sketch of the approach used in averaging the peak elastic stress. As appeared in 
[173]. 
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Assuming a far-feld axial loading as shown in Figure 5.1, the local elastic stress dis-
tribution near a spherical cavity in an infnite body has a closed-form solution as shown in 
Equation (5.1), which was found using the theory of elasticity [74, 147]. � � � � ��3 54 − 5ϑ r 9 r

σlocal (x) = σ∞ 1.0 + + (5.1)
14 − 10ϑ (x + r)3 14 − 10ϑ (x + r)5 

where σlocal is the local stress component parallel to the load direction, σ∞ the far-feld 
applied stress, ϑ the Poisson’s ratio, x the distance from pore edge perpendicular to the 
loading direction and r the pore radius. When point of interest is the pore edge, i.e. x=0, then 
the Equation (5.1) reduces to the stress concentration factor formula given in Equation (4.1). 

Considering a plain specimen with fatigue strength σN at a specifc fatigue life N, reduced 
fatigue strength due to a pore, σN p, can be assumed as equivalent to an average stress value 
found at a certain distance, δ , away from the pore: 

� � � � ��3 54 − 5ϑ r 9 r
σlocal (δ ) = σav−p = σN 1.0 + +

14 − 10ϑ (δ + r)3 14 − 10ϑ (δ + r)5 

σN σav−p
σN p = where Kf = (5.2)Kf σN� �−1

σN p 27− 15ϑ
when r ≫ δ → = = constant

σN 14− 10ϑ 

As seen in Equation (5.2), fatigue strength reduction is independent of the pore diameter 
for pores that are suffciently larger than the selected distance. The physical meaning of this 
distance is not discussed further, since it was merely seen as a ftting parameter. 

Local elastic stress in the vicinity of a crack can be calculated according to the Wester-
gaard solution available in most fatigue textbooks such as [105], see Equation (5.3). 

σ∞ 
σlocal (x) = rh i (5.3)� �2a1− x+a 

where σlocal is the local elastic stress component parallel to the load direction, σ∞ the 
far-feld applied stress, x the distance from crack tip perpendicular to the loading direction 
and a the crack size. Alternatively, for long cracks, this equation can be expressed as: 

σ∞
√ p

σlocal (x) = √ 
πa 

= σ∞ a/2x (5.4)
2πx 
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In presence of a crack, reduced fatigue strength, σNc, compared to the crack-free condition, 
σN , can be calculated similarly by following the steps in Equation 5.2. 

σNc 1
when a ≫ δ → = p (5.5)

σN a/2δ 

In contrast to Equation (5.2), it can be seen that in presence of cracks, fatigue strength 
reduces monotonically as the crack size increases based on the Equation (5.5). This difference 
in behaviour between pores and cracks are shown in Figure 5.2. 

This item has been removed due to third party copyright. The unabridged 
version of the thesis can be viewed at the Lanchester library, Coventry 

University

Fig. 5.2 The difference in fatigue strength reduction with respect to a crack and a spherical 
pore. As appeared in [173]. 

Figure 5.2 can be divided into three distinct zones. In the frst zone, fatigue strength 
in presence of porosity, σN p, is equal to the plain specimen fatigue strength σN , i.e. pores 
are too small to cause any fatigue strength reduction. Beyond a critical pore size, fatigue 
strength starts to reduce monotonically as marked by Zone 2. Here, it can be stated that 
suffciently small pores can be treated as cracks since fatigue strength reduction is similar in 
both instances as seen in Figure 5.2. In this case, the problem of predicting fatigue strength 
in presence of a pore can be translated into fnding suitable fatigue crack growth threshold for 
a planar crack of similar size as discussed in Section 2.6 of Literature Review. However, the 
analogy of assuming pores as effective cracks is valid up to a certain transition pore size as 
seen in Figure 5.2. After the transition size, fatigue strength reduction for pores saturate to the 
value given by the plain specimen fatigue strength divided by the stress concentration factor 
(σN /Kt), whereas fatigue strength continues to reduce monotonically for cracks. Therefore, 
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beyond the transition size (Zone 3 in Figure 5.2), assuming pores as cracks could lead to 
overly conservative results. Given the infnite body assumption of analytical equations, this 
statement cannot be extended to cases where pore diameter is comparable to load-bearing 
component size. 

5.2.2 Evaluation of WAAM Ti-6Al-4V fatigue test results 

The theoretical behaviour discussed so far, i.e. saturation of fatigue strength reduction beyond 
a certain transition pore size, will be explored in the experimental data. The majority of 
the fatigue test data in AM Ti-6Al-4V was generated using naturally occurring defects, i.e. 
uncontrolled dimensions. In this case, achieving constant life diagrams as in Figure 5.2 is 
challenging, hence the experimental data was analysed from a constant stress perspective. 
Given that a power-law relationship exists between stress and fatigue life, such as the Basquin 
law, reduction of fatigue life in presence of stress raisers should follow a trend similar to 
in Figure 5.2, albeit at a different scale. In this regard, Figure 5.3 was created, which is a 
constant stress diagram that shows reduction in fatigue life with respect to the crack initiating 
pore diameter. 

This item has been removed due to third party copyright. The unabridged version of the thesis can be 
viewed at the Lanchester library, Coventry University

Fig. 5.3 Infuence of pore size on fatigue life at given maximum applied stress for WAAM 
Ti-6Al-4V. (a) 700 MPa, (b) 600 MPa, wrought fatigue data is from [184]. Pore diameter 
was calculated using Equation 4.2, As appeared in [173] 

In Figure 5.3, plain specimen fatigue limit, i.e. the reference case, is marked using 
the fatigue life of wrought Ti-6Al-4V, which is obtained from [184]. As discussed in the 
literature review chapter, AM Ti-6Al-4V can reach wrought level performance if the as-built 
surface roughness is removed and the defects are suppressed using the hot isostatic pressing 
technique. Figure 5.3 shows that wrought level can still be achieved when the crack initiation 
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source was embedded pores roughly smaller than 85 µm diameter. This observation suggests 
the existence of a critical pore size below which the fatigue endurance is unaffected, i.e. 
Zone 1 in Figure 5.2. At this point, it is important to underscore the potential difference 
in failure sources between the wrought and AM material. Although the failure source of 
the wrought data was not provided in the referenced handbook [184], it would be fair to 
assume a microstructure related failure, e.g. surface initiation due to an unfavourably oriented 
grain, which is typical for high-cycle fatigue regime of smooth-surface fatigue test coupons. 
This suggests that AM material had reached the wrought fatigue performance despite the 
embedded pores as the failure source. 

After exceeding a critical pore size, fatigue life reduces signifcantly as can be observed 
from Figure 5.3. However, there was not suffcient data available to compare crack versus 
pore behaviour marked in Zone 2 of Figure 5.2, which can be attributed to working with 
process-induced defects of uncontrolled dimensions. Still, it is worth pointing out the 
difference in fatigue life reduction due to embedded pores and surface pores. As previously 
discussed Section 4.4.1, stress intensity factor is higher at the surface for cracks or defects of 
the same size, and fatigue crack growth rate is slower for embedded cracks due to different 
environmental conditions. Therefore, surface pores are expected to be more detrimental 
compared to embedded pores from a theoretical point of view and this can be observed in the 
experimental data shown in Figure 5.3. Furthermore based on the preceding arguments, the 
critical diameter for surface pores is expected to be lower than the embedded pores, i.e. in 
this study, crack initiating embedded pores in the range of 20 to 59 micron diameter were 
non-detrimental, but these dimensions cannot be transferred to surface pores considering 
the discussion provided so far. Unfortunately, crack initiating surface pore data was limited 
to large diameters in this study, hence an estimation concerning the critical surface pore 
diameter below which fatigue endurance stays unaffected cannot be made at this stage. 

In Figure 5.3, it can be observed that crack initiating surface pores larger than 100 
microns diameter do not follow the crack trajectory shown in Figure 5.2, i.e. the fatigue life 
do not monotonically reduce with a slope of two as per the linear elastic fracture mechanics 
formulations. It could be argued fatigue life reduction is saturated despite the increase in 
crack initiation pore diameter by roughly a factor of four, which is in line with the approach 
presented in Figure 5.2 that assumes full notch sensitivity Kt = Kf . Alternatively, it could be 
also stated that fatigue life still continues to reduce with increasing crack initiating surface 
pore diameter, albeit with a much shallower slope as can expected from a geometric blunt 
notch. In fact, Schoenbauer and Mayer [117] reports for martensitic stainless steels, which is 
an another high-strength alloy example as used in this work, when notch sensitivity is taken 
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into account by stress gradient approaches, the resulting prediction curve with a shallow 
slope can predict the experimental data within 10% of the mean fatigue strength values. 

A limitation of Figure 5.3 is that the fatigue test data was restricted to fnite life regime, 
i.e. fatigue endurance less than 105 cycles. At this regime, a large fraction of fatigue life 
is spent in the crack growth stage based on the experience from smooth, defect-free test 
specimens. Replica study presented in Section 4.4.3 suggested a similar outcome for test 
specimens with surface porosity, i.e. at least half of the fatigue life was spent in the crack 
growth stage. As a future work, it would be interesting to know, whether a similar outcome to 
Figure 5.3 can be generated at lower applied stress levels, i.e. fatigue endurance in the order 
of 106 cycles or more, where a large fraction of fatigue life is spent in the crack initiation 
stage based on the experience from smooth, defect-free test specimens. 

As a fnal remark, although Figure 5.3 seem to suggest a competition between embedded 
and surface pores, the difference in crack initiating source was related to test sample type, i.e. 
whether it was fabricated using contaminated or clean wires. As reported in Section 3.11, 
contaminated batch had signifcantly more porosity compared to the clean wire batch, e.g. 
three times more based on a metallographic analysis, hence likelihood of forming surface 
pores during post-process machining was higher. The difference in defect populations made 
an infuence on fatigue test results: contaminated samples were failed mainly from surface 
pores, whereas clean samples were failed from embedded pores. This observation is in 
agreement with literature fndings discussed previously, where a dominance of surface pores 
over embedded pores as crack initiation source was found in [56, 57]. 

To summarise, when evaluating criticality of a pore, considering it as a small crack 
could lead to overly conservative estimations in some cases. In practice, this is especially 
important for high strength materials, where the critical distance, δ , is small. Therefore, notch 
behaviour could be observed even for small micron-sized pores. Another way of thinking 
is from a qualitative perspective: for small pores, limited radius of curvature could lead to 
crack-like behaviour, whereas for larger pores blunt morphology could lead to notch-like 
behaviour. 



102 Fatigue design perspectives 

5.3 Propagation of fatigue cracks initiated from surface 
porosity of L-PBF Ti-6Al-4V 

5.3.1 Assumptions 

Suffciently small fatigue cracks could depict unexpected behaviour when analysed by using 
linear elastic fracture mechanics; examples of such behaviour include faster crack growth 
rates at the same nominal ∆K value compared to long crack growth rates and fatigue crack 
growth below the ∆Kth value as documented in review papers [85] and textbooks [7]. In this 
regard, two key factors can be listed: (1) small scale yielding condition, and (2) crack-tip 
shielding mechanisms. 

The small scale yielding condition is fulflled when the ratio of crack size to crack-
tip plastic zone is negligible. Given that titanium alloy Ti-6Al-4V used in this work is 
a high-strength material, this condition is most likely to be fulflled based on the Irwin 
formulation given in Equation 5.6. Since this Equation assumes a perfectly elastic-plastic 
material, a monotonic loading, and a circular plastic zone shape, it is only considered as a 
frst approximation. � �21 Kmax w = (5.6)

3π σys 

where w the plastic zone size, Kmax the maximum stress intensity factor calculated using 
Murakami-Endo Equation 2.6 and σys the yield strength of the material. Estimated plastic 
zone size using Equation 5.6 is less than 5 µm considering representative values in this work 
such as 600 MPa applied maximum stress, 50 µm square root of the projected pore area 
and 930 MPa yield strength. Therefore, the small scale yielding condition was assumed as 
fulflled and the linear-elastic fracture mechanics formulations were used in the remainder. 

In this work, the possible loss of similitude between the standardised long crack measure-
ments and small cracks initiating from porosity is most likely related to difference in crack-tip 
conditions and absence crack-tip shielding mechanisms for small cracks. An example for the 
former is increased local crack driving force due to the pore notch feld, and for the latter is 
the absence of crack closure at the micron scale. 

5.3.2 Similitude 

As part of the experimental programme, lengths of surface cracks initiated from pores were 
measured at certain intervals and provided as “a vs N” data in Figure 4.22. Then, the secant 
technique was used by plugging the data in Figure 4.22 to Equations 5.7-5.8 for calculating 
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growth rate (da/dN) data of fatigue cracks initiated from pores. Calculation results are shown 
in Figure 5.4. 

da 
dN 

= 
ai − ai−1 

Ni − Ni−1 
(5.7) 

ai + ai−1 aavg = (5.8)
2 

where a is the crack depth or crack length value obtained from replica measurements, N 
the corresponding fatigue cycle of the measurement and i the measurement number. ASTM 
E647 standard recommends using a constant ∆a (∆2c) in Equation 5.7 to prevent introducing 
artifcial errors during data reduction stage. This recommendation can be fulflled by using 
automatic data logging techniques that rely on electric potential difference or by taking 
pictures at frequent regular intervals with a light microscope. However, inadequate data 
was collected due to the labour and material intensive nature of the replica technique, hence 
constant ∆a condition was unflled. As a result, artifcial scatter might be introduced to the 
data presented in Figure 5.4. 
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Fig. 5.4 Growth rates of fatigue cracks initiated from surface porosity. Calculated using the 
secant technique from "a vs N" measurements. 

The growth rates presented in Figure 5.4 were compared to “predicted” growth rates 
using the measured long crack growth data available in the literature. For this purpose, 
frst the crack driving force was calculated using the Newman-Raju formulation [185], see 
Equation 5.9. Then the calculated ∆K values were plugged-in to the the long crack growth 
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rate measurements in Figure 2.16 for prediction. Finally, predicted crack growth rate values 
were compared with the measured values in Figure 5.5. r � �a a a

∆K = ∆S π F , ,ϕ (5.9)
Q c t 

where ∆S is the applied far-feld stress range, a the crack depth, Q the shape factor for 
a semi-elliptical crack, and F the function for boundary correction taking account of the 
crack depth (a), crack length (c), plate thickness (t) and specifc location (ϕ) of the ∆K along 
the ellipse. All Newman-Raju calculations were based on the semi-elliptical surface crack 
formulation, except the special case described in Section 4.4.3 where a quarter-elliptical 
corner crack formulation was used to simulate the scenario shown in Figure 4.23b. The 
surface crack cases consider total length (2c), i.e. pore plus crack length, and the ∆K 
evaluation was done at the surface, i.e. ϕ = 0°. On the other hand, corner crack case uses 
depth value (a), and the driving force was calculated at the deepest location, i.e. ϕ = 90°. 
Admittedly, these decisions are highly subjective; however, using two different cases was 
necessary to align better with the available measurement data and reduce systematic errors 
that could lead to a fortunate result. 
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Fig. 5.5 Prediction of the growth rates of fatigue cracks initiated from porosity 

In Figure 5.5, dashed prediction lines were calculated using a constant crack aspect ratio 
of 0.9; this was based on the replica measurements in which the ratio was varied between 0.7 
to 0.9 and marker load assisted fracture surface images in which the ratio was 0.9. However, 
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the experimental data for crack aspect ratio was limited to relatively large cracks, e.g. crack 
depths of 364 µm (replica) and 400 µm (marker load bands). To compensate this ambiguity, 
∆K calculation was re-performed for three additional aspect ratios 0.25, 0.5, 0.75, and added 
to Figure 5.5 as an error bar. As seen in Figure 5.5, a reasonable agreement between the 
prediction and measurement data was obtained. This suggests that long crack growth data 
could be used to predict fatigue life in presence of porosity, when the pore length as seen on 
the sample surface was added to the actual crack length measurements. 

Given that the dimensions of process-induced pores are variable, it is reasonable to expect 
that adding pore size to the crack length might be insuffcient to fulfl similitude condition 
for certain pore dimensions. Therefore, controlled experiments via artifcial defects or cracks 
could be useful to determine the transition size where similitude to long crack growth rates 
cannot be achieved. 

5.3.3 Small crack behaviour 

This Section concentrates on the problem’s phenomenology, which is the growth behaviour 
of fatigue cracks initiated from porosity. The aim was to examine whether the fatigue cracks 
initiated from pores exhibit an anomalous small crack behaviour, i.e. faster growth rates at the 
same nominal ∆K value. For this purpose da/dN versus ∆K plot was used and a comparison 
was made between the long crack growth rates and the growth rates of fatigue cracks initiated 
from porosity. In contrast to previous Section, measured crack lengths were also used without 
adding the pore length seen on the surface. 

Long crack growth resistance of a material is infuenced by the bulk microstructure type, 
for example bimodal versus lamellar microstructures in titanium alloys. In contrast, growth 
rate of small cracks does not seem to be infuenced by the change in bulk microstructure 
type as discussed previously in [110, 186]. Therefore, it is expected that the growth rate 
of small cracks in this work should fall into the same scatter band of growth rates of small 
cracks available in the literature for Ti-6Al-4V. Given that majority of the available literature 
data consists of naturally initiated surface cracks, the crack driving force was calculated by 
using the Newman-Raju formulation (Equation 5.9) for the replica measurements obtained 
in this work. This calculation assumes a semi-elliptical crack growth and ignores the stress 
concentration factor of a pore, but allows a direct comparison with the available literature 
data. To be consistent with the previous Section, an aspect ratio of 0.9 was assumed in 
Equation 5.9 and the results can be found in Figure 5.6. 

Figure 5.6 shows the growth rate of small cracks in the near-threshold zone and below √
∆Kth of L-PBF Ti-6Al-4V that is between 3-5 MPa m. The literature small crack data 
consists of conventional manufactured Ti-6Al-4V with either lamellar or bimodal microstruc-
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Fig. 5.6 Comparison of the growth rates of small cracks obtained in this work with the 
literature data from [187, 188, 102] 

ture; the small cracks were either naturally initiated surface cracks or were initiated from a 
foreign object damage that was simulated by fring a sphere on the specimen surface, hence a 
very similar morphology to surface pores in this work. Figure 5.6 further corroborates the 
measurements obtained in this work as they fall within the same scatter band of small crack 
growth data available in the literature. 

For investigation of the small crack behaviour, three different formulations were used to 
calculate the driving force of cracks initiated from pores: (1) semi-elliptical crack growth 
according to Newman-Raju formulation given in Equation 5.9. (2) Crack-tip embedded in 
an elastic notch feld according to Lukas [189], hence the stress concentration of a pore 
was taken into account. (3) Equation 2.6 by Murakami and Endo, which implies that the 
maximum stress intensity factor is dominated by the defect area and the actual crack length 
can be ignored; hence crack initiating pore size was used as in input. Following these 
formulations, the generated da/dN vs ∆K plot is shown in Figure 5.7. In this fgure, the 
crack driving force calculated using the Newman-Raju formulation was plotted as a scatter 
point, while the other formulations included as error bars to visualise the range. When the 
crack-tip was suffciently far away from the pore notch zone, e.g. more than a diameter, it 
was assumed that the fatigue crack initiated from a pore evolved into a semi-elliptical shape 
and the Newman-Raju formulation (Equation 5.9) was used exclusively. This assumption 
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corresponded to Paris regime in Figure 5.7 and the error bars were removed since only a 
single crack driving force was calculated. Furthermore, the crack length was added to pore 
length at this stage, hence the sudden jump of measurement results in Figure 5.7. 
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Fig. 5.7 Growth rates of fatigue cracks initiated from porosity compared to the long crack 
data 

As seen in Figure 5.7, fatigue cracks initiated from porosity deviate from the long crack 
growth rates in the near-threshold regime, which is a common observation for small cracks 
[85]. After reaching a suffcient length, growth rate of small cracks merge with the long 
crack growth rates. In Figure 5.7, it can be also observed that the difference in growth rates 
between small cracks and long cracks are smaller for L-PBF Ti-6Al-4V compared to their 
conventional manufactured counterparts. This difference in the near-threshold region was 
further quantifed by ftting a mean regression line to the small crack growth rates in Figure 
5.7 and comparing with long crack growth curves at the nominal ∆K values of 4, 5 and 6 √ 
MPa m. It was found that the small cracks were growing on average 1.74 to 2.20 times 
faster than the long cracks in L-PBF Ti-6Al-4V, whereas 15.67 to 17.34 times, i.e. an order 
of magnitude faster than the long cracks in conventional manufactured Ti-6Al-4V. 
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Fig. 5.8 Comparison of crack front roughness in the near-threshold zone (a) Forged Ti-6Al-
4V subjected to a heat treatment for obtaining a coarse lamellar microstructure with α colony 
size of 500 µm. Originally from [187] and reprinted by permission from Springer Nature. 
(b) L-PBF Ti-6Al-4V with extremely fne microstructure without any α colony. Originally 
from [190] and reprinted by permission from Elsevier. 

The negligible difference in growth rates of small and large cracks in L-PBF Ti-6Al-4V 
could be related to weak crack-tip shielding of long cracks. Such a mechanism for instance 
is the roughness-induced crack closure that under normal circumstances reduce the crack 
driving force signifcantly for this alloy; an example crack front profle in the near-threshold 
zone along with comparison to a conventional manufactured counterpart can be seen in 
Figure 5.8. The relatively fat crack front profle of L-PBF Ti-6Al-4V is striking in Figure 
5.8 and an another example can be found in [101]. This suggests a marginal infuence 
of roughness-induced crack closure in L-PBF Ti-6Al-4V, which could explain negligible 
difference in growth rates of small and large cracks. Similarly in [191], by using a crack 
starter notch and a synchrotron X-ray computed tomography, growth rates of small cracks 
were found to be even slower than long cracks in L-PBF Ti-6Al-4V. This also highlights the 
variability of small crack growth rates, which is further discussed in [192]. 



Chapter 6 

Conclusions and future work 

6.1 Summary 

In this work, the infuence of process-induced porosity on fatigue of additive manufactured 
(AM) titanium alloy Ti-6Al-4V was investigated. The aim of this work was contributing 
to our understanding of the material defect problem in fatigue, which could be helpful in 
the future when developing assessment methodologies for accepting AM components in 
service. The scope included two different AM processes: laser powder-bed fusion and 
wire+arc additive manufacturing; and the scope was limited to high cycle fatigue testing 
of constant amplitude, axial loading condition in air, at room temperature. In contrast to 
previous literature, a dedicated experimental programme was developed by circumventing 
parameters that might infuence the fatigue life other than porosity defects. High cycle 
fatigue testing was supplemented by X-ray Computed Tomography of the gauge volumes 
to quantify defect population, and by replica extractions to measure growth rates of fatigue 
cracks initiated from surface pores. 

6.2 Main conclusions 

Concerning the infuence of porosity on fatigue endurance: 

1. As opposed to common belief, the infuence of pore size on dispersion of fatigue 
life was found marginal for a Ti-6Al-4V alloy fabricated by laser powder-bed fusion 
(L-PBF). Despite the size of a crack initiating surface pore was varied by a factor of 
two, the resulting fatigue life dispersion was signifcantly smaller when compared to a 
conventional manufactured counterpart. 
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2. The main source of fatigue life dispersion due to porosity was found to be the pore 
type, more specifcally pore location e.g. surface versus embedded pores. Despite the 
presence of a highly dispersed fatigue endurance data for a Ti-6Al-4V alloy fabricated 
by wire+arc additive manufacturing (WAAM), S-N curves with reasonable accuracy 
were generated when fatigue endurance data was categorised according to the crack 
initiating source, e.g. surface or embedded pore. 

3. The impact of surface porosity on fatigue endurance was established by carrying-out 
fatigue test replications at 600 MPa maximum stress using a stress ratio of R=0.1: 
fatigue life on average (50% probability of failure) was reduced by a factor of 27.8 
due to surface pores in L-PBF Ti-6Al-4V when compared to a reference wrought 
Ti-6Al-4V with bimodal microstructure. 

4. X-ray Computed Tomography of fatigue test samples showed that larger pores but 
not necessarily the largest pore were acting as a crack initiation source under cyclic 
loading. 

Concerning the infuence of porosity on fatigue crack propagation: 

5. Fatigue crack growth rates were measured directly from naturally induced porosity for 
the frst time in L-PBF Ti-6Al-4V. 

6. Despite measured fatigue cracks were an order of magnitude smaller than the long 
cracks used in standardised measurements, a similitude to long crack growth rates 
was observed, when the measured crack lengths were added to the pore length as seen 
on the surface. This suggests that long crack growth rates could be useful for fatigue 
design in presence of defects, however, more data is required to further corroborate 
this fnding. 

7. When fatigue cracks initiated from surface porosity were considered in isolation, i.e. 
without adding the pore length, a small crack behaviour was observed: fatigue cracks 
were growing below the long crack ∆Kth value and the measured crack growth rates 
were higher than the long crack growth rates at the same ∆K value. 

Concerning the fatigue assessment of porosity: 

8. Two different evidences were provided against the common assumption of assuming 
an early crack initiation hence accepting volumetric defects as planar cracks. Firstly, 
surface breaking cracks of lengths between 10-50 µm were consistently detected 
around 50% of total fatigue life during replica measurements, i.e. fatigue cracking did 
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not occur early in life for L-PBF Ti-6Al-4V. Secondly, experimental data of WAAM 
Ti-6Al-4V did not follow Kitagawa-Takahashi type diagram, i.e. the trend of fatigue 
life reduction deviated from the slope of two as indicated by linear elastic fracture 
mechanics formulations. In the light of these evidences, a stress based notch assessment 
procedure was presented as an alternative for fatigue assessment of porosity. 

6.3 Recommendations for future work 

1. The scope of this thesis was limited to material defects. In practice, load-bearing 
components subject to cyclic loading often fail from geometric macro-notches that 
arise from design features like bolt holes, transition radius and more. The combined 
effect of a macroscopic notch and process-induced porosity has practical relevance and 
this work could be used as a building block to tackle this more complex problem due 
to the introduction of an additional geometric notch. 

2. Fatigue of material defects research often rely on artifcial defects such as micron-
sized drilled holes, lathe turned grooves and more to carry a systematic investigation 
of effect of defects on certain materials. This work instead concentrated on natural 
defects, which requires many fatigue tests to achieve statistically signifcant data. 
However, it seems plausible that AM technology can print natural defects on demand 
by locally manipulating process parameters. This feature can be exploited to carry-out 
a systematic study to further corroborate fndings in this work. 

3. The morphology of crack initiating pores can deviate from a spherical shape in presence 
of coalesced pores or keyholes as seen in Figure 4.18b. Yet, the change in defect 
morphology did not infuence the fatigue life of laser powder-bed fusion samples in 
this thesis. The same conclusion was reached in [166], albeit for a cast Ti-6Al-4V 
with signifcantly coarser microstructure. Since the defect morphology was found 
insignifcant, it could be stated that fatigue life was dominated by the crack propagation 
regime. Yet, the replica study in this work suggested a signifcant crack initiation life. 
Therefore, more research is needed for understanding seemingly negligible infuence 
of defect morphology on fatigue life. 

4. Fatigue assessment of volumetric defects relies on assuming them as planar cracks 
based on the experimental observations that cracks initiate from defects usually early 
in fatigue life. Frost diagram (Figure 2.10) offers a quantitative way to predict this 
behaviour, i.e. fatigue cracking is expected to initiate early for defects that have 
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suffciently high stress concentration factor. In this regard, a fundamental research can 
be conducted for investigating the limitations of Frost diagrams. For instance, analysing 
morphologically similar defects in different alloys to see whether fatigue cracking 
always initiate early in fatigue life. If not, this will signify that the stress concentration 
factor alone is inadequate for determining the transition zone for accepting volumetric 
defects as planar cracks. 

5. Hot-isostatic pressing (HIP) is often used in metal AM for suppressing the negative 
effect of defects on fatigue performance. However, HIPing is above the recrystallisation 
temperature of Ti-6Al-4V and leads to grain coarsening, which is undesirable for high-
cycle fatigue strength. Given that X-ray Computed Tomography measurements in this 
work revealed that the majority of the pores were located immediately beneath the 
free surface, laser surface polishing techniques could be investigated as an alternative 
post-processing treatment. These techniques could suppress the sub-surface porosity 
and retain the favourable fne microstructure. 

6. Fatigue life initiation was found signifcant in this work, hence fatigue life prediction 
approaches considering the initiation regime could be investigated. In this regard, a 
classic work by Dowling [193] calculates crack initiation life using the local strains 
and crack propagation life using linear elastic fracture mechanics. 
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Appendix A 

Tabulated results of high cycle fatigue 
testing 

This Appendix provides tabulated high cycle fatigue testing results to support S-N diagrams 
given in Figure 4.16. This table was also used as the source data for the analyses made in 
this work. For the wire+arc additive manufactured (WAAM) samples, a remark was made to 
clarify whether the sample was produced using clean wires or intentionally contaminated 
wires to promote porosity. On the other hand, remark column in laser powder-bed fusion 
samples (L-PBF) correspond to additional data such as X-ray Computed Tomography prior 
to fatigue testing or replica measurement during fatigue testing. Please note that, all fatigue 
tests were under nominally similar conditions as follows: 

• Load-controlled 

• Axial loading 

• Constant amplitude 

• Stress ratio R=0.1 

• Mechanically ground and polished sample surface 

• In air, at room temperature 

• Run-out was defned as 1e07 cycles. After reaching selected number of cycles, the 
run-out samples were tested at a higher load to determine crack initiating source. 
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(1) NNS refers to samples manufactured in Near Net Shape as discussed in Chapter 3 -
Experimental Programme. 

(2) The defect rich region beneath the surface (Figure 4.11) was removed during grinding 
and polishing step. 

(3) When the crack length as seen on the surface was approximately 1.5mm, the cyclic 
loading was stopped at 60,000 cycles and a quasi-static tensile load was applied until failure. 
This procedure enabled to reveal the crack shape initiated from porosity as seen in Figure 
4.23b, however, it concealed the dimensions of crack initiating pore diameter seen on the 
fracture surface. 

(4) Step testing technique [99] was conducted to determine fatigue strength at 107 cycles. 





Appendix B 

Tabulated results of fatigue crack growth 
measurements 

This Appendix provides raw measurements obtained using the replica technique. The data 
given in Tables B.1-B.4 were used as an input to generate plots presented in Section 5.3. The 
naming terminology to present raw data is shown in Figure B.1. 
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Sample cross section
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Fig. B.1 Sketch of the naming convention followed in Tables B.1-B.4 



140 Tabulated results of fatigue crack growth measurements 

Table B.1 Sample ID = 19-T, ∆σ = 540 MPa 

Cycles 
Crack length (µm) Crack depth (µm) 

c1 c2 c a 

20,000 0 0 0 0 
40,000 46.04 12.47 107.05 0 
60,000 309.0 141.0 498.54 364.0 
65,000 n.a. n.a. n.a. 900.0 
70,000 n.a. n.a. n.a. 2610.0 

Table B.2 Sample ID = 34-T, ∆σ = 540 MPa 

Cycles 
Crack length (µm) Crack depth (µm) 

c1 c2 2c a 

20,000 0 0 0 0 
40,000 n.a. n.a. 202.70 0 
60,000 n.a. n.a. 1492.14 1553.85 

Table B.3 Sample ID = S-4, ∆σ = 360 MPa 

Cycles 
Crack length (µm) Crack depth (µm) 

c1 c2 2c a 

60,000 0 0 0 0 
70,000 35.78 47.21 358.0 0 
80,000 89.24 71.28 435.52 0 
90,000 98.32 99.93 473.25 0 
100,000 154.57 156.92 586.48 0 
110,000 211.92 201.24 699.93 0 
115,000 n.a. n.a. 765.53 0 
120,000 n.a. n.a. 886.89 0 
125,000 n.a. n.a. 1027.76 0 
130,000 n.a. n.a. 1141.73 484.64 
135,000 n.a. n.a. 1338.70 886.17 
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Table B.4 Sample ID = S-5, ∆σ = 360 MPa 

Cycles 
Crack length (µm) Crack depth (µm) 

c1 c2 2c a 

53,000 77.37 0 327.37 0 
63,000 90.05 0 340.06 0 
73,000 135.65 0 385.65 0 
83,000 214.37 43.34 523.51 0 
93,000 254.42 269.21 778.65 485.47 
103,000 n.a. n.a. 1708.72 1317.12 
105,500 n.a. n.a. 2338.28 2084.63 





Appendix C 

Image segmentation of X-ray Computed 
Tomography 

This appendix presents the Python code developed as part of this thesis to analyse X-ray 
Computed Tomography measurements. The code imports segmented image data, track pores 
that appear on more than one projection and selects the instance with maximum projected 
area, which is later used in the plotted histograms. Finally, the developed code was compared 
to the output of an commercially available software, namely Avizo, for verifcation. Since 
different image segmentation algorithms were used, an exact match between the commercial 
software and the developed code was not possible. Yet, as seen in the following, the developed 
code produces a reasonably accurate output both for the distribution statistics, e.g. mean, 
standard deviation, and as well as for the shape of the distribution. 



[8]: import unicodecsv
import matplotlib.pyplot as plt
from math import pi, sqrt
import pandas as pd
import numpy as np
import csv
from matplotlib.ticker import FormatStrFormatter
from matplotlib.patches import Patch

• FIJI was used instead of ImageJ, because the latter had memory issues with 1659 images.
• File → Import → Image Sequence

– Click convert to 8-bit
– Import as “Virtual Stack”

• Crop image 824x824 pixel
• Set scale 1 px = 7 microns
• Process → Filter

– Gaussian Blur, r = 2px
• Image → Adjust → Threshold

– Otsu method
• Process → Binary → Open
• Process → Binary → Close
• Analyze → Analyse Particles

– Size threshold 200 - inf.
– Circularity 0.5 - 1.0
– Show: Overlay masks
– Exclude on edges

[2]: #Import number of detected pores in each slide
NNS8_count = []
with open('/Users/akgune/OneDrive - Coventry University/kodlama/EOS/NNS8_rev00/

↪→Summary.csv','rb') as f:
reader = unicodecsv.DictReader(f)
for row in reader:

NNS8_count.append(int(row['Count']))

#Create a list including slide numbers
NNS8_slides = range(1,len(NNS8_count)+1)

[3]: #Create individual lists based on Area and Spatial Locations(X and Y)
NNS8_A = []
NNS8_X = []
NNS8_Y = []

with open('/Users/akgune/OneDrive - Coventry University/kodlama/EOS/NNS8_rev00/
↪→Results.csv','rb') as f:

reader = unicodecsv.DictReader(f)
for row in reader:

1



NNS8_A.append(float(row['Area']))
NNS8_X.append(float(row['X']))
NNS8_Y.append(float(row['Y']))

#Create two new lists
#PoreNo is number of pores in each slide in ascending order, i.e. 1 2 3 4...
#Slide2 is dummy in case a slide has more than 1 pores, than it is written more␣

↪→than once, i.e. Slide 2, Slide 2 etc.
i = 0
j = 0
NNS8_PoreNo = []
NNS8_slides2 = []
while i < len(NNS8_count):

if NNS8_count[i] < 2:
NNS8_PoreNo.append(NNS8_count[i])
NNS8_slides2.append(NNS8_slides[i])
j += 1

if NNS8_count[i] >= 2:
k = 1
while k <= NNS8_count[i]:

NNS8_PoreNo.append(k)
NNS8_slides2.append(NNS8_slides[i])
k += 1

k = 1
i += 1

#Include slides with zero pores
i = 0
j = 1
tracker =[]
while i < len(NNS8_count):

if NNS8_count[i]==1:
tracker.append(j)
j += 1

if NNS8_count[i]==0:
tracker.append(j)
dummy=tracker.index(j)
NNS8_A.insert(dummy,0.0)
NNS8_X.insert(dummy,0.0)
NNS8_Y.insert(dummy,0.0)
j += 1

if NNS8_count[i]>1:
k = 0
while k < NNS8_count[i]:

tracker.append(j)
k += 1

j += 1
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i += 1

[4]: #Create a MultiIndex list

i = 0
with open("track.csv", "wb") as infile:

writer = csv.writer(infile)
writer.writerow(["SlideNo","PoreNo", "Area", "X", "Y"]) #Write Header
for i in zip(NNS8_slides2, NNS8_PoreNo, NNS8_A, NNS8_X, NNS8_Y):

writer.writerow(i) #Write Content

z = pd.read_csv("track.csv", index_col=[0,1])

[5]: #Drop pore repetitions

k = 1
pp = 1
while k < 1659:

for (i,m) in zip(z.loc[k,'X'],z.loc[k,'Area']):
for (j,n) in zip(z.loc[k+1,'X'],z.loc[k+1,'Area']):

if (i-j) < 100:
if (m-n) < 0:

z.loc[(k,pp),'Area'] = np.NaN
else:

z.loc[(k+1,pp),'Area'] = np.NaN
pp += 1

k += 1
pp = 1

zed = z.dropna()

[6]: #### Drop slides without any detected pores
NNS8_A0 = []
NNS8_SlideNo0 = []
for (i,j) in zip(zed.loc[:,'Area'],zed.index.get_level_values(level='SlideNo')):

if i > 0 and i < 17000:
NNS8_A0.append(i)
NNS8_SlideNo0.append(j)

NNS8_X0 = []
for (i,j) in zip(zed.loc[:,'X'],zed.loc[:,'Area']):

if i > 0 and j < 17000:
NNS8_X0.append(i)

NNS8_Y0 = []
for (i,j) in zip(zed.loc[:,'Y'],zed.loc[:,'Area']):

if i > 0 and j < 17000:
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NNS8_Y0.append(i)

[55]: NNS8_dPcorr = [2.0*sqrt(i/pi) for i in NNS8_A0]
mean = np.mean(NNS8_dPcorr)
std = np.std(NNS8_dPcorr)
#print mean, std, max(NNS8_dPcorr)

d_CIP = (74.0+69.2)/2.0
d_CIPa = [39, 40, 48, 48, 65, 71]

plt.rcParams.update({'font.size': 14,'figure.dpi':100})
fig, ax = plt.subplots(figsize=(7,5))
counts, bins, patches = ax.hist(NNS8_dPcorr, facecolor='#bdbdbd',␣

↪→edgecolor='black')
#ax.set_ylabel('Pore Population')
ax2 = ax.twinx()
ax2.set_ylim([0,5])
ax2.spines['right'].set_color('red')
ax2.tick_params(axis='y', colors='red')
ax2.yaxis.label.set_color('red')
counts, bins, patches = ax2.hist(d_CIP, bins, facecolor='red',␣

↪→edgecolor='black', alpha=0.7)
#ax2.set_ylabel('Crack Initiating Pore')
# Set the ticks to be at the edges of the bins.
ax.set_xticks(bins)
# Set the xaxis's tick labels to be formatted with 1 decimal place...
ax.xaxis.set_major_formatter(FormatStrFormatter('%.0f'))
ax.set_xlabel("Pore diameter, microns",family="sans-serif", fontsize=16)
ax.set_ylabel("No. of pores in gauge section",family="sans-serif", fontsize=16)
ax.tick_params(axis='both',which='major', direction="out", bottom="on",␣

↪→length=6, labelsize=14)
ax.tick_params(axis='both',which='minor', direction="out", bottom="on",␣

↪→length=6, labelsize=14)
ax2.tick_params(axis='both',which='major', direction="out", bottom="on",␣

↪→length=6, labelsize=14)
ax2.tick_params(axis='both',which='minor', direction="out", bottom="on",␣

↪→length=6, labelsize=14)
ax2.set_ylabel("No. of crack initiating pores",family="sans-serif", fontsize=16)
plt.xlim([23.7,82.2])
legend_elements = [Patch(facecolor='#bdbdbd', edgecolor='k',label='Pore size␣

↪→population'),
Patch(facecolor='red', edgecolor='k',label='Crack initiating␣

↪→pores')]
plt.legend(handles=legend_elements, bbox_to_anchor=(0., 1.02, 1., .102),␣

↪→loc='lower left',
ncol=1, mode="expand", borderaxespad=0.)
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ax.annotate("",
xy=(80, 12), xycoords='data',
xytext=(74, 12), textcoords='data', size = 16,
arrowprops=dict(arrowstyle="simple",

connectionstyle="arc3", color="red"),
)

fig.tight_layout()
plt.show()
fig.savefig("NNS8_poreDia.pdf", format="pdf",dpi=1000)

[74]: Avizo_EqDia = []
with open('/Users/akgune/OneDrive - Coventry University/kodlama/EOS/NNS8_rev00/

↪→Avizo.csv','rb') as f:
reader = unicodecsv.DictReader(f)
for row in reader:

Avizo_EqDia.append(float(row['EqDiameter']))

plt.rcParams.update({'font.size': 14,'figure.dpi':100})
fig, ax = plt.subplots()
counts, bins, patches = ax.hist(Avizo_EqDia, facecolor='#bdbdbd',␣

↪→edgecolor='black', label='Commerical software')
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ax.hist(NNS8_dPcorr, bins=bins, facecolor='k', edgecolor='black', label='This␣
↪→work')

meanA = np.mean(Avizo_EqDia)
stdA = np.std(Avizo_EqDia)

df = pd.DataFrame(index = ['Commercial','Thesis'], columns = ['Mean pore␣
↪→diameter','Standard deviation','Largest pore diameter','Number of pores'])

df.loc['Commercial'] = [meanA,stdA,max(Avizo_EqDia),len(Avizo_EqDia)]
df.loc['Thesis'] = [mean,std,max(NNS8_dPcorr),len(NNS8_dPcorr)]
pd.options.display.float_format = '{:.2f}'.format

display(df.head())

# Set the ticks to be at the edges of the bins.
ax.set_xticks(bins)
# Set the xaxis's tick labels to be formatted with 1 decimal place...
ax.xaxis.set_major_formatter(FormatStrFormatter('%.0f'))
ax.set_xlabel("PORE DIAMETER, microns",family="sans-serif", fontsize=12)
ax.set_ylabel("# OF PORES IN GAUGE SECTION",family="sans-serif", fontsize=12)
ax.tick_params(axis='both',which='major', direction="out", bottom="on",␣

↪→length=6, labelsize=12)
ax.tick_params(axis='both',which='minor', direction="out", bottom="on",␣

↪→length=6, labelsize=12)
plt.xlim([23.7,86])
plt.ylim([0,60])
plt.legend()
plt.show()

Mean pore diameter Standard deviation Largest pore diameter \
Commercial 40.41 11.05 85.17
Thesis 37.08 10.30 82.09

Number of pores
Commercial 206
Thesis 189
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Appendix D 

X-ray Computed Tomography 
Measurements 

Introduction 

This Appendix provides statistics of pore population measured in each sample. The same 
chronology presented in main text was followed: frst, pore size population is presented as 
detected in gauge volume of a test sample. Afterwards, this population was categorised as 
surface pores and embedded pores, which the latter refers to pores 200 µm away from the 
surface. Then pore size statistics from each category is shown. Finally, number of detected 
pores along the build direction and spatial location are presented. 
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Fig. D.1 Pore size distribution in near-net shape sample no. 2 
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Fig. D.2 Pore size distribution divided according to location in near-net shape sample no. 2 
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Fig. D.3 Pore spatial distribution in near-net shape sample no. 2 
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Fig. D.4 Pore distribution along the gauge length in near-net shape sample no. 2 
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Fig. D.5 Pore size distribution in near-net shape sample no. 3 
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Fig. D.6 Pore size distribution divided according to location in near-net shape sample no. 3 
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Fig. D.7 Pore spatial distribution in near-net shape sample no. 3 
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Fig. D.8 Pore distribution along the gauge length in near-net shape sample no. 3 
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Fig. D.9 Pore size distribution in near-net shape sample no. 4 
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Fig. D.10 Pore size distribution divided according to location in near-net shape sample no. 4 
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Fig. D.11 Pore spatial distribution in near-net shape sample no. 4 
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Fig. D.12 Pore distribution along the gauge length in near-net shape sample no. 4 



158 X-ray Computed Tomography Measurements 

NNS Sample no.5 

27 32 38 44 50 55 61 67 73 78 84
Pore diameter, microns

0

10

20

30

40

50

60

No
. o

f p
or

es
 in

 g
au

ge
 se

ct
io

n

0

1

2

3

4

5

No
. o

f c
ra

ck
 in

iti
at

in
g 

po
re

s

Pore size population
Crack initiating pores

Fig. D.13 Pore size distribution in near-net shape sample no. 5 
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Fig. D.14 Pore size distribution divided according to location in near-net shape sample no. 5 
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Fig. D.15 Pore spatial distribution in near-net shape sample no. 5 
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Fig. D.16 Pore distribution along the gauge length in near-net shape sample no. 5 
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Fig. D.17 Pore size distribution in near-net shape sample no. 6 
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Fig. D.18 Pore size distribution divided according to location in near-net shape sample no. 6 
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Fig. D.19 Pore spatial distribution in near-net shape sample no. 6 
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Fig. D.20 Pore distribution along the gauge length in near-net shape sample no. 6 
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Fig. D.21 Pore size distribution in near-net shape sample no. 7 

27 32 38 43 49 55 60 66 71 77 83
Pore diameter, microns

0

10

20

30

40

No
. o

f p
or

es
 in

 g
au

ge
 se

ct
io

n

Surface pore population
Embedded pore population

Fig. D.22 Pore size distribution divided according to location in near-net shape sample no. 7 
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Fig. D.23 Pore spatial distribution in near-net shape sample no. 7 
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Fig. D.24 Pore distribution along the gauge length in near-net shape sample no. 7 
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Fig. D.25 Pore size distribution in near-net shape sample no. 10 
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Fig. D.26 Pore size distribution divided according to location in near-net shape sample no. 10 
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Fig. D.27 Pore spatial distribution in near-net shape sample no. 10 
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Fig. D.28 Pore distribution along the gauge length in near-net shape sample no. 10 
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Fig. D.29 Pore size distribution in near-net shape sample no. 12 
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Fig. D.30 Pore size distribution divided according to location in near-net shape sample no. 12 
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Fig. D.31 Pore spatial distribution in near-net shape sample no. 12 
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Fig. D.32 Pore distribution along the gauge length in near-net shape sample no. 12 
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