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Abstract

Structural strength may degrade during the service life of an aircraft due to undetected material defects
or accidental damages. Since the introduction of damage-tolerance regulations for the certification of
aircraft structures in the late 1970’s, fatigue resistance is a design criterion for airframe structural
elements and engine components. Design and fabrication processes must ensure that manufacturing
flaws or fatigue damages do not lead to any catastrophic failure up to the next scheduled inspection.
In recent years, the increased demand and more stringent requirements relating to the structural weight
and fuel consumption have driven the need for advanced materials and novel fabrication techniques.
The superior fatigue- and damage-tolerance characteristics of newly developed structures pose a
major challenge to their real application in the aerospace industry.

Welded structures are particularly susceptible to fatigue cracking due to stress concentration and
material degradation after the weld thermal cycles. Despite significant benefits provided by welding
as a manufacturing step, there is still a lack of understanding when it comes to the explanation of how
the welded joints fail under cyclic loading and what are the ways to extend the weld lifetime beyond
the designed value. This study aims to investigate the fatigue behaviour of the laser-welded
high-strength Ti-6Al-4V alloy in the region of high cycle fatigue (HCF) by focusing on the three
following aspects: First, the crack initiation mechanism and the influence of weld defects on fatigue
performance are comprehensively studied. Second, a set of post-weld treatments that can tolerate the
inherent weld imperfections and thereby extend the fatigue life are analysed. Finally, a lifetime
assessment model for predicting the joint durability in the HCF regime is developed.

Detailed microstructural characterization and mechanical testing of the Ti-6Al-4V weldments
demonstrated a strong mismatch between the weld zone and the base metal. The enhanced notch
sensitivity of the weld and the inherent welding-induced defects result in relatively poor fatigue
performance. Surface weld imperfections, such as underfills and weld toes, act as stress raisers and
initiate fatigue cracks early in the fatigue life. Five methods, including thermal and mechanical
treatments for the weld lifetime prolongation, have been quantitatively characterized. It was shown
that local surface modification techniques that enable smoothening of the weld notches lead to
significant improvement of the fatigue properties. A novel methodology to apply laser remelting as a
local post-weld surface treatment has been proposed. Application of a suitable surface smoothening
technique can increase the weld fatigue limit almost by a factor of three, thereby approaching the base
material level. Under these circumstances, fatigue cracks initiate at the welding-induced porosity
underneath the surface and result in a fish-eye type of fracture.

Conditions responsible for the fatigue origin transition from the surface to the interior were studied.
The effect of near-surface residual stresses generated via laser shock peening (LSP) on the growth of
the surface and internal cracks was evaluated. The results highlight that if sufficient surface quality
is ensured, internal pores or microstructural inhomogeneities control the fatigue behaviour. The
present work provides a necessary experimental background and deeper insights into the mechanisms
of interior-initiated fatigue fracture.



A robust and efficient analytical assessment model for internally flawed materials has been developed
on the basis of a fracture mechanics approach. An extensive experimental programme at the coupon
test level has been undertaken to obtain the fundamental material-specific constants and to validate
the semi-empirical model. It has been shown that the effect of short cracks, the environment at the
crack tip, and the crack origin position should be considered for accurate predictions. The statistical
distribution of internal welding-induced defects has been quantitatively characterized and
subsequently incorporated into the modelling framework to predict the fatigue scatter range. The
probabilistic methodology of fatigue life assessment, developed in this work, can be potentially used
for the reliability assessment of components with various types of defects, thus enabling a prospective
adoption of the defect-tolerant design for welded structures.



Zusammenfassung

Unentdeckte Materialdefekte oder zufallige Unfallschdden kdnnen zu einer Degradation der
strukturellen Festigkeit von Flugzeugstrukturen wahrend der Betriebslebensdauer fihren. Seit
Einfuhrung der Schadenstoleranz ist die Ermidungsbestandigkeit das maRgebliche
Auslegungskriterium  fir Rumpfstrukturelemente sowie Triebwerkskomponenten und deren
Zertifizierung. Die aktuellen Auslegungs- und Fertigungsmethoden muissen sicherstellen, dass
Herstellungsfehler oder Ermidungsschéden kein katastrophales Versagen bis zur nachsten Wartung
verursachen kénnen. In den letzten Jahren haben zunehmender Bedarf und steigende Anforderungen
an Strukturgewicht und Treibstoffverbrauch die standige Entwicklung wvon neuartigen
Hochleistungsmaterialien und Fertigungsverfahren vorangetrieben. Vor diesem Hintergrund stellt die
Verbesserung von Ermudungs- und Schadenstoleranzeigenschaften neu entwickelter Strukturen die
grofte Herausforderung hinsichtlich ihrer Anwendung in der Luftfahrtindustrie dar.

SchweiBverbindungen sind besonders anfallig fur Ermidungsrissbildung aufgrund von
Spannungskonzentrationen an Schweil3fehlern und der unerwiinschten Umwandlungen des
Werkstoffgefliges, welche wahrend eines thermischen SchweilRzyklus aktiviert werden. Trotz
signifikanter Vorteile des Schweillens mangelt es noch am Verstandnis zu Versagensmechanismen
von geschweifRten Strukturen sowie zu Nachbehandlungsverfahren zur Lebensdauersteigerung. Das
Ziel der vorliegenden Arbeit ist die experimentelle und theoretische Untersuchung des
Ermidungsverhaltens der laserstrahlgeschweiflten Titan-Legierung Ti-6Al-4V im Bereich von hohen
Lastzyklen (HCF) unter besonderer Bericksichtigung der folgenden drei Aspekte: 1.) die
werkstoffmechanischen Vorgénge der Rissinitilerung in der Schweinaht und Einfluss von
Schweil3fehlern auf die Ermudungseigenschaften werden ausfihrlich erforscht; 2.) verschiedene
Arten von Behandlungsverfahren nach dem Schweiflen mit dem Ziel, die Lebensdauer der
geschweiften Strukturen zu erhdhen, werden analysiert und 3.) im Rahmen einer theoretischen Studie
wird abschlieBend ein bruchmechanisches Berechnungsmodell entwickelt, welche die Abschétzung
der Dauerfestigkeit von SchweiBverbindungen und deren Streuung mit hinreichender Genauigkeit
ermoglicht. Der Modellansatz wird anhand von experimentellen Untersuchungsergebnissen
uberprft.

Eine detaillierte Charakterisierung der Mikrostruktur und mechanischen Eigenschaften zeigt, dass
wesentliche Unterschiede zwischen Grundwerkstoff und Schweinaht bestehen. Die hohere
Kerbempfindlichkeit der Schmelzzone gepaart mit unvermeidlich erzeugten Schweinahtfehlern
fuhrt zu verminderter Schwingfestigkeit der Schweilnaht im HCF-Bereich. Zahlreiche
Oberflachenfehler  von  Schweilndhten u.a.  Einbrandkerben  fungieren als lokale
Spannungskonzentratoren und initiieren Mikrorisse bereits in einer friheren Lebensdauerphase. Zur
Erh6hung der Ermiidungsfestigkeit und damit der Lebensdauer werden thermische und mechanische
Ansdtze zur Nachbehandlung optimiert und quantitativ charakterisiert. In diesen Untersuchungen
wird nachgewiesen, dass lokale Methoden der Oberflachenmodifikation, die ein Glétten der
Oberflache ermdglichen, zur deutlichen Verbesserung der Dauerfestigkeit von Schweilverbindungen
fiihren. Eine innovative laserstrahlgestiitzte Methode wie das Laserumschmelzverfahren wird als eine
lokale Oberflachenbehandlung nach dem Schweil3prozess vorgeschlagen. Im Rahmen dieser Arbeit
gelang es, durch eine sorgféltige und systematische Optimierung der geeigneten



Nachbehandlungsverfahren, die Dauerfestigkeit von laserstrahlgeschwei3ten Verbindungen um den
Faktor 3 zu erhdhen. Dabei nédhert sich die Schwingfestigkeit der Schweiverbindungen dem Niveau
des Grundwerksoffs. Es wird gezeigt, dass Rissinitiierung an schweillbedingten Mikrodefekten wie
Poren dicht unterhalb der Oberflache erfolgt und zum sogenannten ,,Fish-Eye“-Bruch fihrt. Die
Bedingungen fir den Ubergang von Rissen ausgehend von Oberflachenkerben zu inneren
Mikroporen werden untersucht. Der Einfluss von oberflachennahen Druckeigenspannungen, erzeugt
mittels Laser Shock Peening (LSP), auf die Fortschrittsraten von Oberflachenrissen sowie Innenrissen
wird ausgewertet. Die Ergebnisse deuten darauf hin, dass die inneren schweifl3bedingten Defekte und
mikrostrukturellen Inhomogenitéten die Rissinitiierung verursachen und fir die Betriebslebensdauer
einer Ti-6Al-4V-LaserstrahlschweilRverbindung bestimmend sind. Die vorliegende Arbeit beinhaltet
die umfassende experimentelle Basis zum Verstandnis werkstoffmechanischer Zusammenhange und
tiefergehende Einsichten in die Versagensmechanismen Ti-6Al-4V-LaserstrahlschweilRverbindungen
mit inneren rissinitiierenden Defekten.

Ein robustes und effizientes analytisches Modell zur Abschatzung der Lebensdauer von Materialien
mit inneren Mikrokerben und -defekten wird auf der Basis erweiterter kontinuumsmechanischer
Konzepte entwickelt. Ein umfangreiches Versuchsprogram zur Ermittlung der materialspezifischen
bruchmechanischen Kennwerte und Validierung des analytischen Modells wird umgesetzt. Der hier
vorgeschlagene Modellansatz zeigt, dass das Kurzrissverhalten, die Umgebungsbedingungen an der
Rissfront und der Rissausgangspunkt eine entscheidende Rolle bei der genauen Vorhersage des
Schadensgeschehens spielen. Dariiber hinaus erlaubt der Modellansatz, eine experimentell ermittelte
Porenverteilung in das Modell zu integrieren und damit die grof3e Streuung der Versuchsergebnisse
zu  bewerten. Die entwickelte Methodik zur Lebensdauervorhersage kann  zur
Zuverlassigkeitsbeurteilung von mangelbehafteten Bauteilen angewandt werden und dadurch zur
Weiterentwicklung von zukinftigen defekttoleranten Auslegungsmethoden von geschweiliten
Strukturen beitragen.

Vi
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1 Introduction

1.1 Motivation and research objectives

Commercial aviation has come a long way since the beginning of the jet engine era and its growth is
expected to continue. Future traffic volumes and passenger numbers are expected to grow by 4% to
5% per year in the next decades [1]. A steadily increasing demand for air travel expands market
opportunities and requires further developments in safety and security. Research and innovation in
air transportation systems are the key drivers for tomorrow’s mobility as well as the answer to
environmental and energy challenges. In view of a greater number of aircraft movements, it is
important that travel remains safe, fast, affordable, and environmentally friendly. Aeronautics is
recognized as one of the top advanced technology sectors that generates innovative solutions to meet
these new challenges.

A renewed Strategic Research and Innovation Agenda (SRIA) has been developed by ACARE
(Advisory Council for Aeronautics Research in Europe) to meet the ambitious goals for a sustainable
and competitive aviation sector defined by Flightpath 2050 [2]. They include a 75% reduction in CO;
emission, a 90% reduction in NOxand 65% in perceived noise by 2050 compared to the 2000 levels.
These substantial emission reductions and mobility goals require radically new groundbreaking
technologies to be incorporated into novel aircraft configurations. Conventional design and
manufacturing concepts currently in use are gradually approaching their intrinsic performance limits.
By 2050, around 75% of the world’s present fleet will be replaced by aircraft that adopt new
technologies [3]. In this context, major developments can be potentially realized in different aircraft
systems such as energy efficient engine architectures, new fuselage construction concepts, optimized
wing designs, and new flight guidance systems. Therefore, the need today is even greater for industry
and research to develop new advanced materials and effective fabrication techniques for more
environmentally friendly aircraft to meet market needs.

Advanced fusion and solid-state welding technologies help reduce fabrication costs and minimize the
structural weight, thus contributing to overall aircraft efficiency improvement. Laser beam welding
(LBW) has become increasingly competitive over the last several decades due to its high productivity,
single-step process, and significant practical advantages over the electron beam welding (EBW)
because LBW does not need a vacuum environment. Fibre optic delivery systems integrated with
modern multiaxial robots enable the welding of complex 3D configurations even on a large scale.
Owing to superior technical characteristics compared to conventional fabrication methods,
incorporation of automated LBW into the manufacturing chain offers substantial economic benefits
without significant losses in structural integrity, as was first demonstrated by the LBW of skin/stringer
joints in aluminium fuselage panels of the Airbus A318 aircraft in the early 2000’s. Since that time,
the new concept of integral laser-welded fuselage shell has become a well-established process for
lower fuselage panels in several Airbus aircraft [4]. At the same time, the LBW technique is finding
wide and diversified applications in the gas turbine engine sector [5], automotive, and bio-medical
industries [6].

A majority of metallic materials can be successfully welded by LBW in different configurations. Most
titanium alloys, being highly weldable, are considered as promising candidates for joining by means
of laser beam. With its low density (60% that of steel), high strength, and excellent corrosion
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resistance, titanium is the material of choice for many key aerospace structural applications including
airframes and engines. Initially, the development of titanium processing techniques in the mid 1950°s
was driven by the extensive use of this material for jet engine applications. The use of titanium as a
percentage of engine weight has steadily increased since then, thus contributing to improved engine
performance. In airframe structural applications, titanium is utilized to a much lesser extent than
aluminium due to the relatively high cost of the raw material and fabrication of parts. However,
aluminium cannot be used as a structural material for components subjected to elevated temperatures,
if corrosion or weight limitations are primary considerations. Hence, the added cost must be adjusted
against the advantage of titanium’s superior structural efficiency.

Ti-6Al-4V (ASTM Grade 5) is the most commonly used titanium alloy in the aerospace industry,
accounting for about 60% of the total titanium production [7]. This alloy is used almost in all sections
of airframes, nacelles, pylons, landing gears etc. In gas turbine engines, Ti-6Al-4V is used for both
static and rotating components [5]. Large titanium parts are traditionally manufactured from castings
or forgings that are subsequently machined into the final shape [8]. By this, a significant amount of
material is milled away, having a negative impact on the overall buy-to-fly ratio. Fabricating these
parts by welding, instead of machining, offers several benefits regarding cost and weight reductions.
Welding, being a near net-shape technology, can be considered as an alternative to machining or
casting. Moreover, a combination of welding and subsequent hot deep drawing enables the
manufacturing of parts with complex geometries that cannot be realized by other fabrication
techniques [9].

The LBW of the Ti-6Al-4V alloy in butt- and T-joint configurations has been extensively studied
over the last few decades and reported by a number of researchers [10, 11]. The industrial application
of LBW as a joining technique for titanium components of jet engines has started only recently [12].
It is well known that the weld zones of Ti-6Al-4V exhibit higher tensile strength and lower ductility
due to the hardening phenomenon upon fast cooling. This effect provides a shielding effect and
protects the weld from fracture under static loading [13]. However, inferior fatigue behaviour of laser-
welded titanium joints, considerably lower than that of the base metal, is commonly observed [13].
Since the Ti-6Al-4V alloy is primarily used in fatigue-critical components subjected to cyclic loads,
poor fatigue behaviour of laser-welded joints is considered a serious problem limiting their wide
industrial application. Inferior fatigue and damage tolerance characteristics of welded Ti-6Al-4V are
related to inherent welding-induced defects in the weld zone [9]. This problem is even exacerbated
by an increased brittleness of the material after solidification. Thus, several life-limiting factors
contribute to fatigue property degradation. In this regard, a greater understanding of the reasons and
mechanisms for fatigue failure of the laser-welded Ti-6Al-4V joints is of great importance.

After several catastrophic accidents, fatigue and damage tolerance regulations were introduced in the
aircraft industry in the late 1970°s [14]. Considering the primary applications of Ti-6Al-4V, high
cycle fatigue (HCF) is a major factor that negatively impacts safety and, at the same time, increases
maintenance costs [15]. HCF results from vibratory stress cycles induced by various aeromechanical
sources. It is a widespread phenomenon in aircraft gas turbine engines that has historically led to
numerous premature failures of engine components [16]. Overall, HCF accounts for almost a half of
engine-related failures [17]. Thus, design of laser-welded titanium joints in engines as well as
airframes requires a thorough quantitative analysis of their HCF properties. Crack initiation and
propagation in a weld may, eventually, lead to component failure and result in catastrophic
consequences. The present HCF design methodology is highly empirical and relies heavily on the
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service experience to establish material allowable safety factors for each type of damage [17, 18].
Designing a component based on such over-conservative empirical guidelines is highly impractical
and does not fit with the modern tendency of weight reduction and fuel efficiency. A defect-tolerant
approach that considers the physical mechanisms of fatigue failure such as crack initiation and growth
in a less empirical manner is needed. Accurate durability and life prediction assessments of welded
titanium components in the presence of weld defects subjected to HCF loads are critical.

In addition, mitigation of the fatigue failure risk is crucial to ensure in-service safety and reduce the
costs associated with maintenance and replacement. In this regard, potential methods to prolong the
service life of laser-welded titanium joints beyond their originally designed lifetime are of paramount
significance. Since the traditional procedures to increase the fatigue strength of components are
associated with high costs [19], some alternative solutions to effectively extend the fatigue lifetime
should be found. For a welded structure, a post-weld treatment technology aiming at fatigue life
extension should be applied locally without affecting the overall mechanical properties. Moreover,
the effects of fatigue strength improvement should be accounted for in the predictive schemes for
lifetime assessment.

It is well known that the surface quality has a primary influence on the crack initiation in the region
of high cycles [14]. Fatigue cracks normally start from the surface roughness or other types of stress
concentrators. With increasing demands for greater safety, better performance characteristics, and
lower production costs, surface finishing technologies to eliminate surface flaws have evolved
significantly. Under these circumstances, internal material flaws and inhomogeneities are prone to
initiate cracks underneath the surface [20, 21]. Current HCF assessment procedures and design rules
pay no attention to internal material defects. Hence, interior-initiated cracks should also be considered
in the lifetime prediction models in order to reduce the risk of catastrophic HCF failure of welds.

The present PhD work aims to address the role of various types of welding-induced defects on the
HCF performance of laser-welded Ti-6Al-4V butt joints. The main objectives of this study can be
summarized as follows:

1. The mechanism of fatigue crack initiation and growth in laser-welded Ti-6Al-4V alloy shall
be comprehensively studied with respect to the effects of weld microstructure, surface and
internal defects, residual stresses, and loading conditions.

2. The effectiveness of various post-weld processing techniques for fatigue life extension in
the HCF regime shall be analysed and quantified. Special focus shall be placed on the laser-
based techniques for local surface modification.

3. The model for fatigue life assessment of laser-welded Ti-6Al-4V butt joints shall be
developed and validated based on the experimental fatigue data. The model shall consider the
physical mechanism of crack initiation from weld defects, account for several types of defects,
and reasonably address the fatigue scatter.

The assigned objectives of the work can be regarded as consistent milestones on the way towards the
development of a laser-based technology to produce the Ti-6Al-4V joints showing a fatigue strength
comparable to that of the base metal. This ambitious and still unsolved problem of any joining
procedure will facilitate future applications of advanced laser-assisted manufacturing technologies.
This, in turn, will contribute to the fulfilment of the global aims of achieving a sustainable and more
environmentally friendly aviation sector.
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1.2 General approach

In accordance with the defined objectives of this work, a combination of experimental and theoretical
approaches has been adopted. An extensive experimental programme comprising a large number of
employed techniques provides the necessary background for a deeper understanding of fatigue failure
mechanisms. On the other hand, it results in a set of fundamental material-specific properties required
for the development of a fatigue life assessment model. Special attention is paid to guarantee a close
symbiotic interrelation between the theoretical and experimental results. A schematic diagram of the
main philosophy underlying the entire work is shown in Figure 1.1. The link between the laser beam
welding process and the final HCF properties of welds is broken down into three dominant factors —
weld defects, microstructure, and residual stresses. Laser welding experiments, followed by fatigue
testing and comprehensive analysis of the weld regions, have been carried out to identify the influence
of LBW process parameters on the final weld characteristics. At this stage, various types of surface
and internal defects as well as conditions responsible for their occurrence were considered with a
special caution. Then, five different types of post-weld mechanical and thermal treatments were
analysed to determine the optimum technology suitable for fatigue life prolongation in the HCF
regime. The underlying reasons contributing to the increase of fatigue strength were carefully
characterized by microstructural and fractographic observations. Ultimately, a fatigue life assessment
methodology was developed on the basis of fracture mechanics framework. Experimental data
obtained prior to the model development have been used to identify the most pragmatic theoretical
approach accounting for the physical mechanisms of fatigue crack initiation and growth in a less
empirical manner.

Figure 1.1. General scheme of the approach followed in the PhD work.

Through the realization of the scheduled experimental procedures, the overall approach of this work
was slightly modified in accordance with the actual experimental results. At the beginning of the
work, internal defects such as porosity were considered unimportant for the weld HCF performance.
However, fatigue testing of the joints subjected to post-weld mechanical treatment by means of laser
processing revealed a pronounced deteriorative effect of internal pores on fatigue life. Subsequently,
a key role of internal defects in the HCF failure was realized and incorporated into the assessment
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model being developed. These findings helped reduce the number of input factors and concentrate
the model predictions on internal defects, thus making the assessment procedure less complicated and
easier to implement in engineering applications.

1.3 Thesis layout

To present the experimental and modelling results in a consistent way conforming to the global
scientific approach, this thesis is organized in the following chapters:

Chapter 2: State of the Art. This chapter presents an extensive literature review on several relevant
topics related to the subject of the thesis. In the first part, Ti-6Al-4V alloy and its basic physical
and mechanical properties are summarized. Then, the most common types of fusion welding
suitable for titanium alloys are described and compared with laser welding. Fatigue properties
of Ti-6Al-4V are analysed with respect to microstructure and surface conditions. Particular
attention is paid to the existing methods for fatigue life extension and their efficiency. Finally,
the modern approaches used for lifetime prediction in the HCF regime are presented.

Chapter 3: Methodology. This chapter gives a brief overview of the experimental procedures as well
as the theoretical concepts applied in the present work. The first part describes the experimental
details of laser processing techniques and procedures for weld examination. This is followed
by the types of mechanical testing strategies, specimen geometry, and loading conditions. The
second part of this chapter introduces some important concepts of fracture mechanics and
models used in common practice and adopted in this study. The last part presents some
statistical tools required for the characterization of fatigue scatter.

Chapter 4: Weld characterization. The experimental results are structured to give a complete
picture of the weld quality and the most important characteristics. First, the weld microstructure
and microhardness distribution are correlated to show the effect of microstructural
transformations on the local strength in the weld zone. Besides the fatigue testing, tensile and
crack propagation tests have been carried out to identify a full spectrum of weld mechanical
properties. The distribution of residual stresses in the proximity to the weld is measured by two
different techniques. The number and severity of surface and internal weld defects are analysed
and correlated with the LBW process parameters. Particular focus has been put on the
experimental determination of the pore distribution by the X-ray analysis of the welding seam.

Chapter 5: Methods for fatigue properties improvement. This chapter presents five different post-
weld treatment procedures aiming at the fatigue life extension. The improvement potential of
conventional machining and post-weld heat treatment is compared with laser-based processing
techniques. A novel procedure of laser remelting is proposed to reduce the stress concentration
of surface defects. The effect of near-surface residual stresses induced by laser shock peening
(LSP) on fatigue crack initiation and growth is studied. Finally, it is shown how the adjustment
of welding parameters can minimize the internal defects in laser-welded Ti-6Al-4V butt joints.
The conclusions on the most effective and promising techniques enabling the maximum fatigue
strength are drawn.

Chapter 6: Mechanism of internal fatigue failure. This chapter acts as a gradual transition from
the experimental part to the modelling chapter. A thorough fractographic analysis of the
fatigued specimens after HCF failure is used to quantitatively describe the stages of fatigue
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crack growth. It is demonstrated that porosity governs the fatigue behaviour of surface-treated
weldments. Moreover, fatigue testing and subsequent fracture surface examination of the
unwelded base material show that interior crack initiation is a common attribute of HCF failure
even in the absence of internal weld defects. Microstructural features are correlated with the
crack initiation sites and a generalized scheme of interior-initiated fatigue failure is developed.

Chapter 7: Lifetime prediction. This chapter presents an adopted fracture mechanics framework
applied to develop a fatigue life estimation model for laser-welded Ti-6Al-4V accounting for
internal crack initiation. The first part describes the modifications of existing approaches
employed to describe the behaviour of internal short cracks in the weld zone of Ti-6Al-4V.
Then, the model is validated with the experimental fatigue data and applied to predict the
fatigue scatter range. The distribution of pores is statistically analysed and integrated into the
model to evaluate the HCF failure probability.

Chapter 8. Summary and outlook. The last chapter summarizes the most prominent results and
conclusions of this work in relation to the initial research objectives. An agreement between
the modelling and experiments is evaluated and discussed. Recommendations for future
research are finally given.
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2.1 Titanium and its alloys

2.1.1 Applications

Outstanding basic characteristics and superior structural efficiency of titanium alloys make them
attractive for a variety of applications in airframes (due to high strength, low density), gas turbine
engines (due to high strength, good creep resistance), biomedical and chemical industry (due to
corrosion resistance). The high costs associated with titanium usage still restrict the wider use of its
alloys in other industrial sectors. Approximately 10% of the Boeing 777 airframe weight is titanium,
whereas the total use of titanium in the Airbus aircraft family is between 4-5% [22]. The weight share
of titanium in modern gas turbine engines is about 25-30% [8, 23], being applied mainly for disks
and airfoils in the fan and compressor sections [5, 22]. The usage of titanium in offshore structures
and shipbuilding has become more common in recent years due to its high corrosion and fatigue
resistance in the seawater.

The demand for titanium usage has boomed in the past few decades. It has been driven mainly by its
current largest consumer: the aerospace sector. Considering the wider use of carbon fibre reinforced
polymers (CFRP) in the aircraft industry, metallic/composite interfaces are becoming increasingly
common [7]. From this perspective, the use of titanium alloys helps minimize the risk of galvanic
corrosion with carbon fibres that is a common problem for aluminium alloys. So, the amount of
titanium used in the A350XWB aircraft manufactured by Airbus, where a large amount of CFRP is
used, has grown by more than a factor of two compared to the conventional aircraft with aluminium
fuselage [24]. Similarly, titanium usage in the Boeing 787 aircraft, which is roughly 50% composite
by weight, has reached the highest percentage (about 20%) of any commercial aircraft in history [22].

The high price of titanium primarily stems from the high reactivity of this metal with atmospheric
gases. Thus, the use of inert atmosphere or vacuum is required during the production of titanium
ingots. Additional major cost drivers are high energy needs and the initial high cost of the raw
materials [25]. On the other hand, high reactivity with oxygen leads to the formation of a stable oxide
layer when exposed to air, thus resulting in superior corrosion resistance. Owing to enhanced
oxidation and creep processes, the maximum service temperature for titanium alloys is limited to
approximately 600°C. Above this temperature, activated diffusion processes generate a brittle
oxygen-rich surface layer or a so-called a case, which negatively affects the mechanical properties.

2.1.2 Basic properties

Pure titanium undergoes an allotropic phase transformation at 882°C changing from a body-centred
cubic (BCC) B phase at higher temperatures to a hexagonal close-packed (HCP) crystal structure or
o phase at lower temperatures. The transformation temperature and kinetics are strongly dependent
on the alloying elements and the purity of the metal. The unit crystal cells of the a and 3 phases with
corresponding lattice parameters are shown in Figure 2.1(a, b). The three most densely packed lattice
planes of the o phase are basal planes (0002), one of the three prismatic planes {10-10} and one of
the six pyramidal planes {10-1-1}. Figure 2.1(b) also indicates the family of the most densely packed
{110} lattice planes in the BCC B phase. The a phase content in Ti-6Al-4V at room temperature is
normally around 90-95% [26]. Therefore, the o phase properties govern the overall characteristics of
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the Ti-6Al-4V alloy. The inherent anisotropic nature of the HCP crystal structure of the o phase has
important consequences for the elastic mechanical properties of titanium alloys. It was reported that,
depending on the stress direction, the modulus of elasticity E of pure a titanium crystal varies between
145 GPa (stress is parallel to the c-axis in Figure 2.1(a)) and 100 GPa (stress is perpendicular to the
c-axis in Figure 2.1(a)) [27]. Elastic properties of the polycrystalline a titanium rely on the nature and
intensity of crystallographic texture. Therefore, a strong texture after the rolling process results in a
pronounced anisotropy of mechanical properties in different sheet directions.

Figure 2.1. Unit cells with corresponding densely packed lattice planes: (a) HCP a phase; (b) BCC  phase
(reprinted from [22] by permission of Springer Nature).

Alloying elements in titanium are usually classified into a- or B-stabilizing additions, depending on
whether they increase or decrease the a—f transition temperature. Aluminium, oxygen, and nitrogen
are all strong a stabilizers and increase the 3 transus temperature. It is important to note that, with an
increasing aluminium content, a brittle intermetallic TizAl (o) phase can be formed in titanium alloys.
According to the binary Ti-Al phase diagram, coherent TizAl precipitates start to form in the o phase
at about 5-7% aluminium content [22]. The B-stabilizing elements can be divided into B isomorphous
and P eutectoid forming elements, depending on the resulting binary phase diagram. The most widely
used P isomorphous alloying elements are vanadium (V), molybdenum (Mo) and niobium (Nb).
Certain concentrations of these elements make it possible to stabilize the B phase even at room
temperature.

Commercial titanium alloys are classified into three categories — a, o+ and B alloys — according to
their position in the B isomorphous pseudo-binary diagram and the phase content at room temperature
(see Figure 2.2(a)). The group of a alloys consists of various grades of commercially pure titanium
containing only small amounts of B phase (less than 5%). These alloys do not show any response on
the application of heat treatment and are, therefore, highly weldable. The group of a+f alloys has a
range from the o/o+f phase boundary up to the intersection of the martensitic line Ms with a horizontal
axis representing the room temperature. Thus, o+f alloys transform martensitically upon fast cooling
rates from the P phase field. This group of titanium alloys is dominated by the most widely used
Ti-6Al-4V titanium alloy, which is in the focus of this work. Microstructures of o+f alloys are
generally described by the size and arrangement of the constituent a and § phases. Metastable f§ alloys
are located in the equilibrium o+ phase region of the phase diagram shown in Figure 2.2(a) beyond
the Msline. Stable 3 alloys do not exist as commercial materials. One of the important features of the
B alloys is that they do not undergo martensitic transformation at high cooling rates. In general,
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commercial B titanium alloys have lower modulus of elasticity E than o and o+f alloys. Typical
values are in the range 70-100 GPa [28].

Figure 2.2. (a) Classification of titanium alloys according to the pseudo-binary section of a 3 isomorphous
phase diagram (depicted and adopted according to [25]); (b) position of Ti-6Al-4V on the phase diagram of
the Ti-6Al — V system (depicted and adopted according to [28]).

2.1.3 Ti-6Al-4V alloy

Ti-6Al-4V (Grade 5 by the ASTM classification) alloy was initially developed in the 1950’s and first
used for compressor blades in gas turbine engines [28]. Today, the wrought Ti-6Al-4V is a
‘workhorse’ a+f alloy and is used extensively in manufacturing gas turbine engines and airframes.
The aerospace industry accounts for more than 80% of the entire Ti-6Al-4V alloy usage [28]. In
addition, it is a useful material for surgical implants because of its relatively low modulus of elasticity,
and good tensile and fatigue strength. Mechanical properties of Ti-6Al-4V are very sensitive to the
microstructure and, in many cases, also to the crystallographic texture of the hexagonal a phase. The
correlation between the microstructure and mechanical properties is, therefore, decisive for its
effective application.

Being an a+f alloy, Ti-6Al-4V may have different volume fractions of the o and 3 phases, depending
on the heat treatment and precise interstitial content. Figure 2.2(b) illustrates the Ti-6Al — V phase
diagram with the corresponding phase regions and transformations. In the Ti-6Al-4V titanium alloy,
the p—a transition temperature might be slightly altered by the presence of alloying elements and
impurities [29]. Moreover, the temperature range for the transformation depends on the cooling rate
and gradually moves towards a lower temperature with an increasing cooling rate. It was reported
that Ti-6Al-4V could be treated as an alloy with a f—p+a equilibrium transus temperature of around
995 + 20°C, as schematically shown in Figure 2.2(b). However, martensitic transformation upon fast
cooling starts at temperatures below 800°C (see Ms line in Figure 2.2(b)). Ti-6Al-4V can acquire a
large variety of microstructures, depending on the thermomechanical treatment and processing
history. This variety of morphologies can be roughly classified into three distinct categories: lamellar,
equiaxed, and a mixture of both (bi-modal microstructure). Typical micrographs of the most common
microstructural types are shown in Figure 2.3(a—e).

Lamellar microstructures can be obtained by the recrystallization heat treatment in the  phase field,
i.e. the heat treatment temperature should be higher than 1000°C. The most important parameter in
the processing route is the cooling rate, which determines the o colony size and the thickness of
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individual a plates. In this regard, the B—a transition can be categorized by three basic mechanisms,
depending on the cooling rate from the B-phase field and the alloy composition: diffusional
transformation [30], displacive (martensitic) transformation [29, 31], and massive transformation
[32]. Slow cooling into the two-phase a+f region from above the B transus leads to diffusion-
controlled nucleation and growth of the a phase in the plate form, starting from the  grain boundaries
(see Figure 2.3(a)). The resulting lamellar microstructure is characterized by a coarse and plate-like
appearance.

If the cooling rate is sufficiently high, the p—a transformation occurs through a displacive or
martensitic mechanism without activating the diffusion processes. Martensitic reaction takes place at
cooling rates above some critical cooling rate that can be achieved by quenching. Water quenching
of the Ti-6Al-4V alloy from the B phase field results in a very fine needle-like HCP o’ martensite (see
Figure 2.3(b)). Martensitic transformation is diffusionless in nature and involves a cooperative
movement of atoms through a shear type process. At intermediate cooling rates, massive
transformation can occur by nucleation and short-range diffusion jumps across the massive/matrix
interface. Martensitic and massive transformations are both initiated and completed without any
change in the composition between the parent and the product phases. Very often, a careful
consideration of the constituent morphology and crystallography is needed to differentiate the
martensite from the massive products.
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Figure 2.3. Microstructure types of Ti-6Al-4V alloy: (a) coarse lamellar (B-annealed) microstructure
(reprinted from [33] by permission of Elsevier); (b) fully martensitic microstructure (reprinted from [34]

under CC BY 4.0); (c) bi-modal (duplex) microstructure (reprinted from [33] by permission of Elsevier);
(d) equiaxed microstructure (reprinted from [34] under CC BY 4.0); (e) mill-annealed microstructure.

In the Ti-6Al-4V alloy, the products of diffusionless martensitic transformation have a unique acicular
morphology. The acicular martensite comprises an intimate mixture of individual o’ plates, each
having a different variant of the Burgers relationship. Generally, martensitic plates contain a high
dislocation density and sometimes twins [22]. Ahmed and Rack investigated the effect of different
cooling rates on microstructural transformations in the Ti-6Al-4V alloy [35]. They reported that
cooling rates above 410 K/s were required to achieve a fully martensitic microstructure. A massive
transformation was observed in their work at cooling rates between 410 and 20 K/s. The massive
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mechanism was gradually replaced by the diffusion-controlled Widmanstétten o formation at cooling
rates lower than 20 K/s. In their investigation, Ahmed and Rack found that, at cooling rates lower
than 410 K/s, a grain boundary a morphology was formed upon cooling. Thus, some remnant o phases
between the B grain boundaries acts as an indicator of fully martensitic transformation.

A bi-modal (duplex) type of microstructure consists of isolated primary o grains in a transformed 3
matrix, as demonstrated in Figure 2.3(c). The processing route to obtain this microstructure includes
a hot working in the o+ phase field, recrystallization, and the final aging [26]. By controlling the
cooling rates, the volume fraction and size of equiaxed a grains can be altered. If the cooling rate
from recrystallization annealing is sufficiently low, only the globular o grains will grow, resulting in
a fully equiaxed structure, as shown in Figure 2.3(d). A relatively straightforward, but less defined,
processing route leads to a mill-annealed type of microstructure, which is very common nowadays.
In this case, the recrystallization step is completely omitted and the cooling after hot deformation
determines the resulting morphology, which normally has some remnants of deformed lamellar zones
in the globular matrix. An example of a typical mill-annealed microstructure for the as-received
Ti-6Al-4V sheet is shown in Figure 2.3(e).

2.2 Fusion welding techniques

Fusion welding is the most commonly used joining method for metallic materials and structures. It
involves local melting and resolidification of the base metal to form a sound joint. The part of the
joint that is melted is known as the fusion zone (FZ). Industrial applications of welding are nowadays
of extreme importance. Many large-scale engineering structures such as bridges, ships or airplanes
could not have been designed and fabricated without various types of fusion welding. Very often, the
application of welding provides numerous structural design options that cannot be realized with other
production techniques. Laser welding, which is in the focus of this research, belongs to the fusion
welding processes and, therefore, has some inherent characteristics attributed to this type of welding.
This section gives a brief overview of some important properties of fusion welding and describes the
most widespread welding methods used for joining titanium alloys.

Most a and a+f titanium alloys can be welded by a wide variety of conventional fusion and solid-
state processes [36]. Fusion welding of titanium is performed principally either by inert-gas-shielded
arc or by the high intensity beam welding methods. In general, metal weldability is determined by the
capability of the alloy to produce a weld that is free of discontinuities or defects. Owing to a single-
phase mode of solidification, the Ti-6Al-4V welds are not susceptible to many of the weld
solidification cracking problems that cause troubles with aluminium and ferrous alloys. Nevertheless,
owing to some specific requirements with regard to gas shielding, some engineers still believe that
titanium is difficult to weld. Indeed, enhanced embrittlement through air contamination is the biggest
threat to successful welding; however, if the weld area is thoroughly cleaned and inert gas shielding
is provided, titanium welding is relatively easy to implement. Contamination due to inadequate inert
gas shielding is the most frequent defect in titanium welds of all types. Visual post-weld inspection
based on colour changes correlating with oxide thickness can be used for a qualitative evaluation of
the shielding efficiency.

The weldability of an alloy also depends on its ability to produce a joint that exhibits acceptable
mechanical properties. On this criterion, the weldability of structural titanium alloys depends
primarily on the application of suitable post-weld heat treatment (PWHT). As in the case of any other
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metal, subsequent heat treatments for titanium welds are usually performed to reduce the tensile
residual stresses formed in the weld zone. PWHT can be performed in a vacuum or argon atmosphere
to prevent the above-mentioned formation of the o case layer. Heat treatment in the air is also possible,
but the oxidized surface should be removed by grinding or pickling afterwards.

The mechanical properties of welded titanium structures depend on the microstructural characteristics
of each weld region, which, in turn, rely on the specific thermal cycles imposed during welding and
subsequent heat treatment. As mentioned in the previous section, the characteristics of the f—a
transformed products depend primarily on the cooling rate from above the B transus temperature.
According to the published literature, the key microstructural features of the Ti-6Al-4V alloy resulting
from the welding process are the prior B grain sizes in the FZ and the products of p—a transformation
during cooling to room temperature [25, 28]. Regardless of the welding type, the FZ in Ti-6Al-4V is
normally characterized by coarse columnar prior B grains that epitaxially grow from the fusion line
in the direction opposite to the heat flux [22]. The size and morphology of these grains depend on the
weld energy input, with higher energies promoting larger grain sizes [28]. Thus, welding creates a
microstructural and mechanical mismatch between the weld and base metal. The weld mismatch is of
great concern especially with regard to fatigue behaviour.

2.2.1 Keyhole mode vs. conduction mode

All fusion welding processes use any type of heat source to melt a small volume of material that
subsequently solidifies to form a weld joint. In this regard, numerous welding procedures are
distinguished from each other by the heat generation method. However, regardless of the heat source
and the weld type, two fundamental weld modes can be distinguished on the basis of the weld pool
shape and the resulting weld seam geometry characteristics. The weld mode classification
corresponds to the applied power density magnitude in a heat source at the weld surface. These two
basic modes of welding are conduction welding and keyhole or penetration welding, as illustrated
schematically in Figure 2.4(a, b). For simplicity, the laser beam is shown as a heat source.

Figure 2.4. Two fundamental welding modes: (a) conduction mode; (b) keyhole mode.

The essential difference between these two welding modes is that the surface of the weld pool remains
in its original state during conduction welding and opens up to allow the heat source to enter the melt
pool in the keyhole mode. Conduction welding corresponds to relatively low power densities typically
below 0.5 MW/cm? [6], depending on the processed material. Therefore, the produced weld seam has
a wide and shallow shape (see Figure 2.4(a)). The heat is completely absorbed by the workpiece
surface and then transferred by the conduction mechanism. The conduction mode offers less
perturbation because the heat source (laser or electron beam) does not penetrate the material. The
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weld produced in this mode are less susceptible to gas entrapment during welding. The main
disadvantage of conduction welding is that the maximum plate thickness that can be welded is limited
and depends on the applied power and the heat source. Additionally, high heat input normally
attributed to a large heat source results in high residual stresses and distortion.

With an increasing power density of up to 1.0-1.5 MW/cm? [6], a small channel filled with vaporized
material or a so-called keyhole is initiated and penetrates the material (Figure 2.4(b)). The vapour
pressure from the keyhole walls supported by the heat source ensures keyhole stability and prevents
the collapse of the molten material. The keyhole provides a direct delivery of the heat flux into the
bulk of the material and maximizes the weld depth. This helps minimize the heat input and the heat-
affected zone (HAZ) size. The resulting welds are, therefore, deep and narrow in shape. It should be
mentioned that, in this work, welding has been performed primarily in the keyhole mode.

2.2.2 Tungsten inert gas (TIG) welding

Tungsten inert gas (TIG) welding, also known as gas tungsten arc welding (GTAW), is nowadays the
most widely applied joining process for titanium alloys including Ti-6Al-4V. An electric arc between
the non-consumable tungsten alloy electrode and a workpiece provides the fusion of the joint region,
while an inert gas flow protects the electrode and molten pool from atmospheric contamination. A
schematic illustration of the TIG process is shown in Figure 2.5(a). Argon or helium normally plays
a role of the shielding gas protecting the weld zone. Welds can be made autogenously (without filler
material) or with the addition of a compatible filler wire. The TIG welding is the only process that is
routinely used at present for circumferential welds of titanium alloys [22]. Its main drawbacks are
low productivity, high heat input, and tungsten inclusions in the weld pool. TIG welding is typically
performed in conduction mode unless additional measures are undertaken to increase the penetration.

Poor weld metal ductility of TIG welded Ti-6Al-4V is normally observed and attributed to a large
prior B grain size stemming from high heat input [36]. Several researchers reported that the FZ
microstructure of TIG-welded joints consists of a lamellar o phase with some amounts of the o’
martensitic phase [37, 38]. Grain boundary o phase and small amounts of retained B phase might be
also present [39]. For arc welding processes such as TIG, cooling rates between 10 to 150 K/s
have been usually observed, which can produce a microstructure with a combination of
martensitic o’, massive o and diffusional o [40]. According to the results obtained by Ahmed and
Rack [35], this cooling rate is not sufficient to achieve a complete martensitic transformation. A
typical cross section of the weld FZ performed by TIG welding is shown in Figure 2.5(b). The FZ
hardness and tensile strength are typically higher than those of the base material. It was shown that
PWHT at 900°C leads to the coarsening of the a phase and can increase the FZ ductility; however, it
is accompanied by a commensurate reduction in joint strength [39]. An opportunity to refine the FZ
microstructure by changing the weld-pool solidification conditions is offered by the pulsed-current
TIG welding. Weld current pulsing results in a slight refinement of prior § grains, leading to a greater
hardness, tensile strength, and ductility of Ti-6Al-4V weldments [39].

Plasma arc welding (PAW) can be considered as a type of TIG welding [36]. It retains the high quality
associated with TIG welding while having a higher penetration and welding speed. The heat is
transferred by an arc generated between a tungsten electrode and either the workpiece or the water-
cooled nozzle. A copper tube restricts the arc from expansion to form a collimated arc coming out as
a flame. A plasma gas flows through the copper nozzle to produce the characteristic plasma jet. In the
conduction-limited mode, a weld pool is similar to that produced by TIG welding, whereas the plasma
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jet fully penetrates the joint in the keyhole mode [22]. PAW offers significant productivity gains over
TIG welding, especially when operated in the keyhole mode.

Figure 2.5. (a) Schematic view of the TIG welding (reprinted from [41] under CC BY); (b) lamellar FZ
microstructure of the TIG welded Ti-6Al-4V alloy (reprinted from [39] by permission of Elsevier).

2.2.3 Electron beam welding (EBW)

Electron beam welding (EBW) involves the melting of the metals to be joined by the impingement of
a focused beam of high-energy electrons. It has traditionally been the preferred process for making
critical high-quality welds with low distortion and high reliability in the aerospace industry [36].
Owing to the high intensity of an electron beam, heavy sections can be welded in the keyhole mode
in a single pass. The advantages of EBW include high depth of penetration, a narrow heat-affected
zone, and low distortion. Conventional EBW is performed in a vacuum of about 102 Pa [42].
Therefore, a vacuum chamber and a pumping system are required. The latter adds to the significant
capital costs of the equipment, especially for large components. A further disadvantage relates to the
time needed to achieve a vacuum, thus reducing the overall productivity. In this context, the recently
developed electron beam welding facilities operating at atmospheric pressure partly eliminates the
inherent costs and productivity problems related to conventional in-vacuum EBW [36].

The basic principle of EBW is illustrated schematically in Figure 2.6(a). The EBW process is
performed in a vacuum chamber having a controlled atmosphere. A thermal emission mechanism
from a tungsten filament generates free electrons, which are then accelerated by a high voltage
between the anode and cathode to achieve a kinetic energy required for welding. At high vacuum,
electrons are accelerated by a voltage of about 150 kV and their speed reaches 2-108 m/s, which is
around two-thirds the speed of light [42]. The electron beam is focused on a small spot by magnetic
and electrostatic lenses. When the high-energy electron beam impacts on the metal surface, the kinetic
energy of electrons is transformed into heat, leading to a rapid temperature increase. When the beam
is focused on a spot size of around 1.0 mm in diameter, a power density is sufficient to activate a
keyhole mode that enables deeper and narrower welds. This opens an opportunity to produce a thick
weld in a single pass, thus eliminating the need for multi-pass welding needed for conventional TIG
or PAW techniques. Numerous works have been devoted to parametric optimization of the EBW
process of Ti-6Al-4V for a desired penetration depth, FZ shape, and the weld quality [43, 44, 45].
Since the welding is performed in a vacuum environment, low weld contamination is usually
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observed. Nevertheless, internal porosity has been frequently reported to be found in electron beam
weldments [46, 47]. Figure 2.6(b) shows a deep penetration single-pass weld of a 50-mm-thick
Ti-6Al-4V performed by EBW [48].

Figure 2.6. (a) Basic principle of EBW in a vacuum chamber (reprinted from [42] by permission of Elsevier);
(b) macrograph of a single-pass weld produced by EBW (reprinted from [48] under CC BY-NC-ND);
(c) martensitic microstructure of the FZ (reprinted from [49] under CC BY).

EBW is a promising method for joining high strength titanium alloys. The phase transformations and
microstructural evolution of the Ti-6Al-4V alloy during EBW are known to be relatively complex,
particularly in the FZ. Microstructural analysis of the FZ indicates that the FZ mainly consists of the
o’ martensitic phase, which greatly contributes to the mechanical properties of welded joints [50].
Figure 2.6(c) shows a fully martensitic morphology of the weld FZ obtained by EBW [49].
Mechanical properties of the EBW joints correlate with microstructural features. The weld tensile
strength nearly equals that of the base metal, and fracture under static loading normally occurs outside
of the weld [51]. Some authors studied the effect of heat treatment on the mechanical properties of
EBW weldments [52, 53]. Tsai et al. pointed out that the subsequent heat treatment at 790°C can
provide the weldment a superior combination of tensile properties and elongation [53]. In general,
high penetration and low distortion promote the current extensive use of EBW to join thick-section
titanium gas turbine engine parts including compressor discs and compressor rotor shafts [42].

2.2.4 Laser beam welding (LBW)

LBW is finding increasing application as a joining process for a titanium sheet and plate. In laser
welding, the workpiece is melted by the impingement of a high-intensity coherent beam of light, as
shown in Figure 2.7(a). The LBW process offers low distortion, high productivity, and is potentially
more flexible for automated welding than TIG welding. The LBW process has some practical
advantages over conventional EBW because the LBW application is not restricted by the
requirements of high vacuum. Furthermore, the modern high-energy, solid-state lasers offer superior
process flexibility due to the possibility of using fibre optic delivery systems. Laser welding is usually
done using a local inert gas shielding to prevent weld contamination. From the standpoint of plate
thickness to be welded, LBW is generally more limited compared to EBW. However, with the
recently developed high-energy, single-mode fibre lasers, the weld depth is comparable to that
produced by electron beam. Considering the similarities of the heat sources, metallurgical and

15



2 State of the art

mechanical properties of the welds performed by EBW and LBW are close to each other [36].
Depending on the laser power and the focusing parameters, LBW can be performed either in the
conduction mode at relatively low power densities or in the keyhole mode (see Figure 2.4). In welding
applications, the most commonly used laser types are CO; gas lasers, solid state Nd:YAG lasers, and
the recently emerged high-power fibre lasers. Since the availability of high-energy lasers with a good
beam quality is relatively new, there have been only few opportunities until now to introduce the
LBW process for joining large structures. One of the most prominent examples is the welding of
skin/stringer aluminium joints in lower fuselage sections of Airbus A318, A340 and A380 aircraft as
a replacement for the mechanically stiffened panels [54].

(b)

Figure 2.7. (a) General scheme of the LBW technique; (b) cross section of the Ti-6Al-4V weld seam obtained
with the Nd:YAG laser (depicted and adopted according to [55]).

Wirdelius et al. reported the industrial application of the LBW-joining technique for thin titanium
components of jet engines [12]. Recently, the European project DELASTI (Horizon 2020 Program)
has been successfully accomplished, in which the laser welding of dissimilar titanium T-joints for the
vertical stabilizer of Airbus A380 has been developed [34, 56]. There have been a number of
comparative studies of laser welding in relation to other welding methods suitable for the Ti-6Al-4V
alloy [37, 40]. Generally, the LBW method offers a high weld quality and a welding speed comparable
to those of EBW [22]. Specific applications may identify the particular strengths and weaknesses of
each welding type. Similar to EBW, high cooling rates between 100 to 1000 K/s during the laser
welding promote the martensitic f—a’ transformation in the FZ (see Figure 2.7(b)). In contrast, a
mixture of the coarser Widmanstétten microstructure with some of the martensitic phase is usually
formed at the lower cooling rates associated with TIG or PAW welding. This results in a higher
ductility and lower strength of TIG welds compared to the fully martensitic structure after EBW or
LBW [57]. Gao et al. compared the effect of the Nd:YAG laser welding and the TIG welding of a
thin Ti-6Al-4V plate [37]. They found that the FZ width and the overall residual distortion of the
joints welded by TIG were significantly greater than that of the laser-welded joints.

In recent years, there has been a remarkably growing interest in the laser welding of Ti-6Al-4V.
Numerous studies have examined how filler materials [11, 58], shielding gas [59, 60], surface
preparation [61], and welding parameters [10, 13] are correlated with the weld microstructure and
mechanical properties. As discussed in Section 2.1.3, the mechanical properties of the Ti-6Al-4V
alloy are significantly affected by the microstructure and the phase content. Previous studies have
shown that the LBW process parameters must be carefully optimized to produce a joint with good-
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quality [11, 13]. Akman et al. described the microstructure of Ti-6Al-4V welds obtained with the
Nd:YAG laser as acicular martensite within large columnar prior P grains [60]. Similar
microstructures have been reported for welds obtained with a high-power CO; laser [57, 62] and with
a fibre laser [10, 63]. This extremely fine acicular morphology exhibits high strength and hardness
but relatively low ductility [11, 13]. It has to be noted that most research works focus primarily on
the static strength of laser-welded Ti-6Al-4V. Only few researchers addressed the fatigue properties
of the laser-welded Ti-6Al-4V [9, 13].

The most frequently observed defects in laser weldments of titanium alloys are underfills and porosity
[55, 64]. A typical weld cross section with these defects is shown in Figure 2.7(b). The weld
imperfections are particularly undesirable for structures subjected to cyclic loading because they lead
to stress concentration and, consequently, premature crack formation. The evaporation and/or
expulsion of the molten material from the weld pool and liquid metal flow around the keyhole are
dominant processes affecting the formation of underfills [13, 65], which are always present in the
case of autogenous laser welding. The inherent spherical shape of most pores observed in laser-
welded Ti-6Al-4V indicates a gas-type porosity. A number of researchers have investigated the main
causes of porosity formation during laser welding of titanium alloys [59, 65]. Potential sources are
related to the keyhole instability leading to the entrapment of shielding gases and the presence of
excessive hydrogen in the FZ, which is rejected upon solidification. A parametric study on the
influence of welding parameters on the amount of porosity in the laser beam welded Ti-6Al-4V butt
joints was qualitatively studied by several researchers [10, 11]. Employing a vacuum environment in
the laser-welding process can reduce the problem of porosity in titanium alloys [60].

Post-weld heat treatment is applied to relieve residual stresses, stabilize and homogenize the weld
zone microstructure and to improve ductility. Some aspects of the heat treatment effect on the laser
welded Ti-6Al-4V have been studied in the work of Cao et al. [66] and Kabir et al. [67]. It has been
observed that at temperatures above 700-800°C, the martensitic o’ phase decomposes into
equilibrium o+ with subsequent microstructure coarsening. The weld ductility and fracture
toughness were reported to increase with increasing heat treatment temperatures. However, there is
still no clear consensus about the influence of PWHT on the weld fatigue performance especially in
the HCF regime.

2.3 Fatigue behaviour of Ti-6Al-4V

2.3.1 Basic concepts of fatigue

The term ‘material fatigue’ relates to the progressive deterioration of the material strength during
service such that failure can occur at much lower stress and load levels than the original ultimate load
level. Since the early studies on metal fatigue conducted by A. Wohler in the late 19" century, the
S-N diagram or a Wohler curve, which shows a number of cycles to failure N as a function of the
applied alternating stress Ao, has been the basis of design against fatigue failure. A typical shape of
the S-N curve in a semi-logarithmic scale (Ao vs. log(N)) is illustrated in Figure 2.8. According to
the number of endured load cycles, three distinct fatigue regimes can be distinguished, namely the
low cycle fatigue (LCF) up to 10*-10° cycles, high cycle fatigue (HCF) up to 107 cycles and very
high cycle fatigue (VHCF) beyond 107 cycles. In the majority of cases, the S-N curve is assumed to
have a horizontal asymptote or a so-called ‘knee point’ located approximately between 10° and 10’
load cycles. The stress level corresponding to this knee point is generally considered as the “fatigue
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limit’ or ‘endurance limit’ of a material. Steels, in particular, are considered to possess a well-defined
fatigue limit corresponding to a threshold stress amplitude, below which fatigue life is believed to be
infinite [68]. Non-ferrous alloys, including titanium alloys, typically do not exhibit any pronounced
knee point and the S-N curve usually decreases gradually with an increasing number of load cycles.

Figure 2.8. Schematic illustration of the basic fatigue regimes and the concept of fatigue limit.

An assumption of the existence of a horizontal asymptote in the range of 108-107 cycles is, in fact, a
convenient and economically justified approximation with the aim to reduce the experiment time and
is not a rigorous approach. Over the last several decades, numerous fatigue studies on different
metallic materials have indicated that fatigue failure can occur in the life regime exceeding 107 cycles
and at stress amplitudes below the conventional fatigue limit [69, 70]. It implies that there is a further
gradual decrease of the S-N curve in the region of very high cycles (N = 10°-10° cycles), as shown
in Figure 2.8. These findings suggest that the endurance limits determined by the conventional fatigue
tests cannot provide the safety design data of a component over a very long period. Therefore, fatigue
properties in the VHCF regime (N > 107 cycles) tends to be an important subject in the structural
design to ensure long-term safety. In this work, fatigue testing and assessment is conducted up to the
conventional fatigue limit at 107 cycles. Nevertheless, very important correlations between the present
thesis and the topic of VHCF can be found, as identified in the following sections.

The recent studies and available experiment data in the VHCF regime [69, 71] indicate that the well-
established current definition of ‘fatigue limit’, i.e. the critical stress below which the fatigue cracks
do not initiate and a component has an infinite fatigue life, should be revised. A correct and reasonable
definition of the fatigue limit should consider the recent findings in the field, especially for a further
decrease of the S-N curve. Extensive research on the VHCF of high-strength steels carried out by
Murakami and co-workers revealed that arrested and non-propagating fatigue cracks are normally
present in the specimens tested at the fatigue limit of stress [68]. These findings imply that the
condition of crack arrest determines the abrupt change in the slope of the S-N curve. According to
Murakami et al., the fatigue limit, in a narrower sense, is the threshold stress for crack propagation
and not the critical stress for crack initiation as considered previously [68]. Hereinafter, this
particular definition of fatigue limit will be used. In other words, even after testing at the fatigue limit
of stress, some micro-cracks might be found in the material; however, the stress level is not sufficient
for their further growth and they become arrested [71].
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2.3.2 Fatigue behaviour of Ti-6Al-4V base metal

This section provides a brief overview on the effect of fatigue regime, microstructure, stress ratio,
and environment on the fatigue behaviour of Ti-6Al-4V base material. The microstructure types have
a significant influence on the fatigue strength, in particular on the HCF properties [72]. Wu et al.
reported a thorough analysis of these effects on the basis of a systematic analysis of data collected
from available sources of the 1972 to 2013 period [72]. However, a special attention must be paid to
the specimen preparation conditions and the experimental set-up while comparing the results of
fatigue testing from different available sources.

As discussed in Section 2.1.1, Ti-6Al-4V is widely used as a structural material in gas turbine engines.
Analysis of published data indicates that fatigue failure of titanium engine components can be
correlated with its usage and location in the engine [15, 16]. As shown in Figure 2.9, HCF is the
predominant failure mode for titanium parts, with fretting fatigue, LCF, and foreign object damage
(FOD) being significant contributors. Nearly 90% of the occurrence has been identified in the fan and
compressor (titanium blades, vanes, rotor discs etc.) [16]. These data emphasize the importance of
the HCF regime analysis for the Ti-6Al-4V titanium alloy.

Figure 2.9. Historical distress modes of titanium engine components according to Pratt & Whitney report
(depicted and adopted according to [16]).

According to Lutjering, the most influential microstructural parameter on the mechanical properties
of lamellar Ti-6Al-4V microstructures is the a colony size, which is controlled by the cooling rate
from above the B transus temperature [26]. The a colony size determines the effective slip length in
lamellar microstructures because the colony of parallel a plates with almost equal crystallographic
orientation (see Figure 2.3(a)) acts as one large grain, and a slip can be easily transferred through the
entire colony. As discussed in Section 2.1.3, cooling rates have a big influence on the resulting
configuration of the a plates and their colonies. With an increasing cooling rate, the o colony size
decreases with a commensurate reduction of effective slip length. This yields a corresponding
increase in the yield strength and hardness. A drastic increase in yield strength is observed when the
colony structure is changed to a martensitic morphology, in which the colony size is equal to the
width of orthogonally oriented individual a plates. The latter is clearly visible in Figure 2.6(c), which
shows the martensitic microstructure in the FZ of the EBW joint [53]. With increasing cooling rates,
ductility slightly increases at first and then declines. Very high cooling rates, promoting the
martensitic transformation, result in relatively low ductility with fracture strain in the range of 4-6%
for Ti-6Al-4V [22].

HCF properties are normally attributed to the material resistance against self-initiated microcrack
nucleation and growth. It was reported that the dependence of HCF strength dependence on the slip
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length and the a colony size is qualitatively similar to that of the yield strength described above [22].
Figure 2.10(a) shows the HCF strength at 107 cycles for lamellar microstructure as a function of the
cooling rate from the 3 phase field. The ratio of fatigue limit at R = -1 to the yield strength is typically
around 0.5 for Ti-6Al-4V. However, it can be as low as 0.45 for very coarse microstructures and as
high as 0.6 for very fine-grained microstructures. In lamellar microstructures, fatigue cracks usually
nucleate at the longest and widest a plates [72].

Figure 2.10. (a) Dependence of the HCF strength on cooling rate from the § phase field (reprinted from [22]
by permission of Springer Nature); (b) effect of a grain size on the HCF fatigue properties of fully equiaxed
microstructures (reprinted from [22] by permission of Springer Nature).

Fatigue behaviour of fully equiaxed microstructures of Ti-6Al-4V alloy is primarily influenced by
the a grain size because it determines the effective slip length. As shown in Figure 2.10(b), relatively
high fatigue limits can be achieved by the grain refinement. Additionally, very small o grain size
results in considerably high magnitudes of ductility. Comparing fully equiaxed and fully lamellar
microstructures with equivalent effective slip lengths, the HCF strength values of fully equiaxed
microstructures are higher [22].

The effect of crystallographic texture on mechanical properties including fatigue behaviour can be
quite pronounced for a fully equiaxed microstructure. A material with a T-type texture, i.e. the basal
planes are oriented predominantly in the transverse sheet direction, exhibits a lower fatigue strength
than that of a material with a B/T-type of texture (the basal planes are oriented both in the transverse
and normal directions of a sheet). Furthermore, anisotropic fatigue properties in different sheet
directions have been found for each type of texture [73]. The above-mentioned deviations are
enhanced if fatigue testing is performed in a vacuum [22].

The effect of the stress ratio R on the fatigue limit was evaluated by Morrisey et al. [74]. From their
work, it can be concluded that the fatigue limit of Ti-6Al-4V (in terms of stress range) decreases with
an increase in the stress ratio. The authors have shown that the HCF properties of Ti-6Al-4V alloy
exhibit an anomalous mean stress dependency. At high stress ratios, Ti-6Al-4V undergoes a change
in the fracture mode to a ductile failure similar to conventional tensile test. Additionally,
environmental conditions might have an impact on the fatigue behaviour. Peters et al. [73] have shown
large decreases in the fatigue strength of Ti-6Al-4V in air when compared with that in vacuum. In
their work, the fatigue life in air was comparable to fatigue life observed in the 3.5% NaCl solution.
The fatigue damage and the environmental effect were explained as the result of hydrogen
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embrittlement. Finally, it should be noted that surface roughness and near-surface residual stresses
can affect the fatigue limit of Ti-6Al-4V considerably [75].

2.3.3 Fatigue of Ti-6Al-4V welds

Welded joints are particularly vulnerable to fatigue damage under cyclic loading. The fatigue strength
of welded structures is normally lower than that of unwelded components [76]. In the overall
structure, the welds can be therefore considered as the weakest spots regarding the fatigue properties.
Nowadays, welded joints are used widely for components under primarily static loading and rarely
for fatigue-critical parts. A typical example illustrating this tendency is related to the application of
laser welding for 6xxx aluminium alloys in the fuselage panels of several Airbus aircraft. The new
concept of welded fuselage panels resulted in a significant manufacturing cost reduction and weight
savings compared to conventional riveting techniques [4]. However, the implementation of LBW was
restricted to the lower fuselage panels, where the loading conditions are less demanding and only
compressive stresses prevail. The welded integral structures have less crack arrest capability than
mechanically fastened components and are less reliable from the fatigue perspective. Thus, the
introduction of laser welding has thrown up new aspects that have to be taken into account from the
damage-tolerance perspective.

Ti-6Al-4V, as a high-strength structural titanium alloy, is often selected as the material for
fatigue-critical parts operating in the LCF and HCF. As discussed in the previous section, the
Ti-6Al-4V base metal offers superior fatigue and damage tolerance characteristics, if the
microstructure and surface conditions are properly designed. However, the application of laser
welding or other types of fusion welding has a pronounced detrimental effect on the fatigue
performance, thus overriding the characteristic benefits of the base metal [28]. In spite of extensive
research carried out in the field of laser welding of Ti-6Al-4V over the past decades, the majority of
the works deal with static mechanical properties and only a few researchers analysed a poor HCF
behaviour of Ti-6Al-4V after application of laser welding [9, 13]. In this context, better understanding
of fatigue failure phenomenon of the LBW Ti-6Al-4V joints is of paramount importance.

In the absence of weld defects and discontinuities, the generally higher yield and tensile strengths of
the weld zone versus the mill-annealed base material promote equivalent axial fatigue properties of
transverse weld-oriented specimens [28]. In practice, lower axial fatigue properties are commonly
observed, particularly in welds made with high energy density [77, 78]. This behaviour is attributed
to the presence of undercuts (underfills) or other types of defects that are inevitably generated by
fusion welding [28]. Inferior fatigue properties restrict the application of welded titanium joints to
many structural components subjected to cyclic loads in operation. The presence of a brittle
martensitic structure and residual stresses can further promote the early fatigue crack initiation and a
very short fatigue life. The martensitic microstructure, typical for high depth-to-width ratio electron
beam and laser welds, is characterized by a toughness values below those of the mill-annealed base
metal [36]. This additionally lowers the fatigue strength due to a higher notch sensitivity of the
martensitic phase.

Regardless of the welding technique applied, fatigue cracks initiate from the weld defects such as
weld toes, underfills etc. All these defects act as stress raisers and degrade the fatigue properties.
Squillace et al. have analysed the influence of LBW parameters on the microstructure and mechanical
properties of Ti-6Al-4V butt joints [13]. The authors observed that the fatigue life in the as-welded
condition was strongly influenced by the value of underfill radius that causes stress concentration at
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the weld toe. The magnitude of the stress concentration, in turn, depends on the sharpness of the
underfill. The S-N curve tends to move towards a higher number of cycles as the underfill radius
increases. This implies that the partial or total elimination of the underfills might improve the weld
fatigue strength. In their work, fatigue cracks always started at the lower points of the underfill
convexity at the interface between the FZ and HAZ. Kashaev et al. have also reported inferior fatigue
properties of the laser-welded Ti-6Al-4V butt joints compared to those of the BM and the similar
crack initiation mechanism at the weld toes [9]. A comprehensive literature analysis showed that most
of the published works consider only surface defects in the laser-welded titanium joints [13, 79].
There is lack of understanding about how other types of defects, such as internal porosity, affect
fatigue performance. Moreover, conditions responsible for the crack origin shift from one type of
defect to another are still not clear.

2.3.4 Internal crack initiation

The mechanism of fatigue crack initiation depends on the competition among different defect types.
In spite of a general agreement that fatigue failure is a surface phenomenon, numerous researchers
have identified internal fatigue origins during the fatigue testing of Ti-6Al-4V and some other
titanium alloys [80, 81]. Since titanium is a material characterized by a relatively high level of
cleanliness, it is unlikely that non-metallic inclusions or interstitial contamination could be the cause
of internal origins as is usually observed in steels. Summarizing the published data on this topic, it
can be concluded that interior crack initiation in Ti-6Al-4V can be observed either on pre-existing
metallurgical defects [82] induced during manufacturing or microstructural inhomogeneities in the
clean material [20].

Early studies on the internal crack initiation sites in titanium alloys have been reported in the
mid-1970’s. Neal et al. studied the environmental effect on the HCF behaviour of Ti-6Al-4V and
found that internal fatigue origins occur below the knee of the S-N curve, i.e. in the region of 10108
cycles [80]. Analysis of the fatigue crack origins indicated that their incidence was independent of
the environment. The cleavage of a grains or groups of grains was responsible for fatigue crack
nucleation in their work. Later works demonstrated that fatigue crack initiation in titanium alloys
could occur internally in the HCF and VHCF regimes, similar to the so-called “fish-eye” failure of
high strength steels in the VHCF region [68]. The initiation area of internally fractured Ti-6Al-4V
normally reveals faceted features with a cleavage-like appearance, as shown in Figure 2.11(a—c). The
fish-eye fatigue failure of the Ti-6Al-4V alloy in the region of very high cycles (N > 107 cycles) has
been extensively studied in the past few years [20, 21]. VHCEF of titanium alloys as well as other
structural metallic materials is drawing increased attention because many structural components
nowadays operate well beyond 107 cycles (car engines, railway axles, gearboxes, etc.). Therefore, the
topic of internal crack initiation, even in the absence of internal defects, is of great relevance.

There is still some ambiguity with regard to the formation mechanism of a facets usually found at the
internal crack nucleation sites. Pilchak et al. argued that many load cycles contribute to the gradual
growth of a facet — i.e. no cleavage mechanism is involved [83]. In contrast, Liu et al. investigated
the mechanism of faceted crack initiation in Ti-6Al-4V and concluded that o facets are initiated in
the early stages of the lifetime by the cleavage of isolated a grains [20]. In addition, the authors
showed that there is a strong relationship between the multi-site faceted crack origins and the
microstructure. Despite this disagreement, it is generally accepted that the inherent anisotropic nature
of the a phase leads to localized internal stress concentration, which, in turn, depends on the local
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misorientation of the neighbouring grains. In other words, depending on the grain crystal orientation
that determines the elastic modulus, there are hard and soft grains. As a result, the dislocation slip is
facilitated in the soft grains, and the piling up of dislocations at the grain boundaries leads to a
cleavage of hard grains [80]. From this perspective, the average o grain size is very important for
fatigue properties and increasing the a grain size generally causes a decrease in the fatigue life [84].

Figure 2.11. Fracture surface appearance after internal crack initiation of Ti-6Al-4V. (a) Low magnification
image; (b) crack initiation site with a number of faceted features under higher magnification; (c) schematic
presentation of the internal fish-eye fracture. The images are reprinted from [85] by permission of Elsevier.

Interior-initiated fish-eye fatigue failures have also been observed in TI-6Al-4V alloy fabricated by
some advanced powder-based manufacturing processes such as powder metallurgy [86] and additive
manufacturing [82]. VVoids or cavities are inevitably generated in the components produced by any
type of additive manufacturing because of their layered structure. These internal discontinuities were
reported to have a strong impact on fatigue properties. Under these circumstances, fatigue cracks are
prone to emanate from internal cavities or pores, thus resulting in the fish-eye fatigue failure mode
similar to that illustrated in Figure 2.11(a) [82]. The presence of internal defects or voids acting as
crack initiators leads to a much earlier transition of the crack origin from surface to interior. In
titanium components produced by powder metallurgy, a shift to subsurface occurs after around
108 cycles [86], while in wrought titanium alloys it occurs in the VHCF regime, i.e. at approximately
107 cycles. The mechanism of crack origin transition is still not well understood, and further research
should explain this behaviour. It should be noted that there is almost no published data on the internal
fatigue origins in the laser-welded Ti-6Al-4V alloy. Apparently, the as-welded condition is normally
tested, and internal weld defects such as pores are less detrimental than surface stress concentrators
such as underfills or weld toes. Nevertheless, it is shown in Chapter 5 that, under some circumstances,
fatigue cracks in laser-welded Ti-6Al-4V consistently initiate at interior weld defects. Thus, the topic
of internal crack nucleation and growth is of great importance in this work.

Transition to the subsurface crack initiation in the case of clean material without any internal defects
may happen earlier in the fatigue life if compressive residual stresses are generated in the subsurface
layer. It was reported that conventional shot peening treatment could promote the interior-initiated
fatigue cracks and fish eye formation starting from around 10° load cycles [87], i.e. in the HCF regime.
Hence, it is always a combination of several factors including the stress level, material cleanliness,
defects as well as surface finishing procedures that determine whether fatigue crack will initiate
underneath the surface.
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2.4 Lifetime extension methods

As discussed in Section 2.3.3, the application of LBW for joining of Ti-6Al-4V has a strong
detrimental effect on fatigue properties. The poor HCF performance of laser-welded butt joints is
considered a serious problem that reduces the safety of a welded structure. In this regard, various
improvement methods aimed at prolonging the weld lifetime are required. This section briefly
summarizes the most widely used techniques for fatigue life extension that can be potentially applied
as post-weld processing techniques for the Ti-6Al-4V alloy.

Mechanical surface treatments such as polishing, shot peening (SP), roller-burnishing, and deep-
rolling are often applied on high-strength titanium alloys to improve their fatigue performance [19,
88]. These processes induce plastic deformation in the near-surface regions, thus resulting in
work-hardening. In addition, compressive residual stresses are generated in the surface layer due to
the localized plastic deformation. The effect of different mechanical treatments on the fatigue
behaviour of Ti-6Al-4V with lamellar microstructure is shown in Figure 2.12. The fatigue
performance of a component after a mechanical surface treatment depends in a complex way on the
final surface layer characteristics. Wagner compared the effect of different surface treatments on the
fatigue behaviour of Ti-6Al-4V with equiaxed and lamellar microstructures [19]. A combination of
three main parameters — surface roughness, dislocation density and residual stresses — determines the
influence of mechanical treatment on fatigue properties. SP results in high compressive residual
stresses on the surface layer having a depth of about 200 um; however, this effect is accompanied by
a roughness value much greater than that after roller-burnishing or deep-rolling [19].

Figure 2.12. Effect of various types of mechanical treatment on the fatigue performance of Ti-6Al-4V (depicted
and adopted according to [19]). Abbreviations: SP—shot peening, EP—electro-polishing, SR-stress relief.

Subsequent mechanical polishing or electro-polishing (EP) can mitigate the negative effect of SP on
the surface quality. The profiles of dislocation density and residual stress are not affected by this
removal of material. Wagner has shown that heat treatment at 600°C for 1 hour is sufficient for
complete stress relief, whereas a significant decrease in the shot-peening-induced dislocation density
occurs at temperatures only above 650°C [19]. Thus, a suitable heat treatment can separate the effect
of residual stresses from that of the high dislocation density (work hardening). The results
demonstrated that SP improves the fatigue performance by two mechanisms: retardation of micro-
crack growth by residual stresses and an increase of the crack nucleation period in the work-hardened
surface layer. Leverant et al. pointed out that fatigue life improvement after SP mainly stems from
the prolongation of the crack propagation rather than the nucleation life [88]. It is worth mentioning
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that a shift in crack nucleation site from surface to subsurface regions in mechanically surface-treated
specimens was frequently observed [19, 87, 88].

The application of SP as a post-weld mechanical treatment of Ti-6Al-4V TIG welds was studied by
Berge [89]. Most of the specimens in their work failed in the weld zone. Residual stresses resulting
from peening caused the crack initiation at internal defects, generally of a sub-millimetre size. It was
shown that internal pores cannot be avoided in TIG welds and are the governing factor for fatigue
strength. So, compressive residual stresses can suppress the surface crack initiation in welds and have
a positive effect on fatigue properties.

Titanium alloys with shot-peened compressive residual stresses at the surface of components have
been extensively used in the aerospace industry since the 1970’s [90]. Starting from the early 2000’s,
an alternative method for generating compressive residual stresses, namely laser shock peening
(LSP), has been investigated as a potential substitution for a conventional SP process. Nowadays,
LSP is a commercially available process to induce deep residual stresses up to millimetre depths. In
this technique, the workpiece surface is treated by a high-energy laser beam with a very short pulse
duration to produce compressive residual stresses in the material surface layer. The shock wave is
generated via the direct ablation of a coating or ablative tape applied to the surface of the workpiece
as shown in Figure 2.13(a). A transparent water layer that suppresses the plasma expansion and
ensures momentum transfer considerably enhances the process efficiency. Very high strain rates
encountered during the LSP process activate different deformation mechanisms to what is
conventionally observed during SP [90]. On comparing with traditional SP, a major advantage of LSP
that emerges is its ability to generate residual stresses significantly deeper under the metal surface,
while keeping the surface roughness almost unchanged [91]. The latter is demonstrated by the in-
depth profiles of residual stresses in Figure 2.13(b).

Figure 2.13. (a) Schematic view of the LSP process; (b) comparison of residual stress profiles in Inconel 718
induced by LSP and conventional SP (reprinted from [91] under CC BY).

Extensive research has been done to verify the effect of LSP-induced residual stresses on the fatigue
properties of aluminium and titanium alloys. The results of previous studies clearly indicate the
beneficial effect of LSP treatment in enhancing the HCF resistance of Ti-6Al-4V [92, 93]. Zhang
et al. demonstrated that fatigue strength at 2-10° cycles of unnotched Ti-6Al-4V with a bi-modal
microstructure can be increased by approximately 40% compared to the as-received condition [93].
According to their results, Figure 2.14 illustrates that the fatigue strength increases with an increasing
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number of overlapped spots. The authors pointed out that the specimen is subjected to ablation if the
absorbing layer is damaged during LSP, leading to a microstructural degradation and decrement of
fatigue life. A few researchers have addressed the influence of LSP on the fatigue properties of fusion
welded Ti-6Al-4V. Cao et al. reported that the application of LSP treatment on the laser-welded
Ti-6Al-4V has a 50% positive effect on the LCF properties [94]. However, this effect was validated
only at one stress level without considering the statistical aspects and fatigue scatter. There is still
lack of understanding on how the LSP treatment affects the HCF properties of the laser-welded
Ti-6Al-4V alloy. In this regard, the results presented in Chapter 5 fill this gap and provide a
comprehensive analysis of various techniques to extend fatigue life in the HCF regime.

Figure 2.14. Fatigue lives of laser-peened and as-received Ti-6Al-4V specimens at different applied stress
levels (R = 0.3) (reprinted from [93] by permission of Elsevier).

The LSP process parameters can be thoroughly adjusted and controlled in real time to account for
local material properties and component configuration. By this, a tailored structure, with a desired
distribution of stiffened regions in the fatigue-critical positions, can be developed. In contrast to
traditional shot peening, LSP has a minimal effect on the surface roughness and is an entirely
mechanical process. Thus, almost no thermal effect or microstructural changes are observed. The
aerospace industry is currently leading the integration of LSP into the manufacturing process (turbine
blades, rotor components, disks, gear shafts) [17].

It must be noted that the testing temperature and applied stress level might influence the LSP-induced
residual stresses. For instance, Nalla et al. studied a detrimental effect of elevated temperatures on
the fatigue response of LSP-treated specimens [92]. A major conclusion from their work is that the
beneficial effect is still evident, although reduced, at temperatures as high as 450°C. Cyclic loading
at high temperature leads to an almost complete relaxation of the surface compressive residual
stresses. It implies that the benefit of surface treatments at higher temperatures is associated primarily
with the induced work-hardened near-surface layer suppressing both the crack initiation and initial
crack growth.

2.5 Fatigue life assessment

Prediction of a component fatigue life relies on several factors that determine a potentially applicable
approach. First, a fatigue failure mode with regard to the number of cycles has to be anticipated. LCF,
HCF, and VHCEF regimes require considerably different concepts and assumptions for the assessment
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of the life span. As mentioned in Section 2.3.2, HCF is the predominant failure mode for titanium
alloys used in the aerospace industry, and particularly in the gas turbine engine sector. Therefore, the
focus of this thesis is on the HCF fracture of Ti-6Al-4V and the lifetime assessment will be analysed
with an emphasis on this particular regime. With extensive use of titanium in fatigue-critical
components, accurate durability and life prediction assessment are essential. Development of
improved methods for lifetime assessment could reduce the risk of the catastrophic HCF fatigue
failure. This appreciably increases the overall service safety and reduces the maintenance costs.

The need for accurate HCF predictions has been felt quite recently. The current assessment
approaches are largely empirical and the inherent probabilistic aspects of damage occurrence are
overtaken by large safety factors. The latter, in turn, leads to lower allowable stresses and heavier
components. A lot of research, primarily stimulated by the engine community, has been conducted
over the past few decades. The lack of HCF durability prediction models for titanium was emphasized
by Cowles, based on extensive experience with the application of titanium in engine components
acquired at Pratt & Whitney [16]. Cowles reported that the most promising future HCF assessment
approach is likely to be a hybrid of crack initiation methods combined with fracture mechanics and
damage tolerance methods. It was also emphasized that, from a life prediction standpoint, the most
threatening defect types for current titanium alloys are internal defects such as hard o grains and
porosity [16]. The prediction of HCF failure from internally embedded defects is much more
challenging and should include the tools for probabilistic damage tolerance assessment.

Prediction of the fatigue life of a welded joint is even a more problematic task because of the
interaction between the numerous factors such as weld defects, microstructural changes, residual
stresses, mechanical mismatch etc. A comprehensive description of the fatigue behaviour of welds
can be found in the books of Maddox [76] and Schijve [14]. A relatively straightforward and practical
approach for the prediction of the fatigue life of welded joints is based on the design codes, where the
fatigue life estimate depends on the joint classification [76, 95]. However, these codes have been
elaborated for various structural steels and aluminium alloys. In addition, they do not include some
recently emerged types of welding, such as laser welding. Thus, the study of durability assessment
models of laser-welded titanium alloys is a quite new topic and is of great relevance from the scientific
and industrial viewpoints.

Numerous researchers attempted to develop a HCF assessment model for metallic materials and
joints. The applied fracture mechanics concepts are usually not material-specific and can be therefore
adopted with minor modifications for other materials and configurations. Since the amount of
literature is vast, this section reviews only a few existing models for the lifetime assessment in the
HCF regime with a particular focus on the influence of internal defects and the fish-eye failure
because internal defects play a key role in the HCF fracture of laser-welded Ti-6Al-4V, as shown in
Chapter 6. Therefore, conceptual similarities to the current work can be found in the studies dealing
not only with welding but also with components in which internal material flaws might initiate fatigue
cracks.

In recent years, an increasing amount of research has been done to explain the failure mechanism of
high-strength steels in the very high cycle fatigue (VHCF) regime. It was reported that fatigue failures
in the VHCF range generally originate from small internal defects and discontinuities, such as non-
metallic inclusions [96, 97]. Owing to its typical characteristic appearance, this type of fracture
surface is normally called fish-eye. Figure 2.15(a) illustrates a typical fish-eye fracture surface of
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high-strength steel. Few models are able to predict the effect of non-metallic inclusions on fatigue
strength in the HCF and VHCF regime [98, 99]. This may be because adequate reliable quantitative
data on the non-metallic inclusions are hard to obtain. Murakami and co-workers [68] have
investigated the effects of defects, inclusions, and inhomogeneities on fatigue behaviour of high
strength steels and expressed the fatigue limit as a function of Vickers hardness HV and the inclusion
size

C - (HV + 120)
Oy = ————,
v (Varea)/6

where g, is the endurance limit at 107 cycles for R = -1, HV is Vickers hardness and varea is the
square root of the projection area of an inclusion on the loading direction. The parameter C depends
on the defect type and for inclusions underneath the surface it equals to 1.56 [68]. The concept of
linking the fatigue performance with material hardness has a great practical advantage because the
procedure of hardness measurements is relatively straightforward and fast. Within this model, a non-
metallic inclusion is assumed to be equivalent to a small crack. The Murakami equation was derived
based on the threshold data for crack growth of specimens containing artificial defects ranging from
40 to 500 pm. Thus, for reliable lifetime predictions, the size of inclusion or any other type of defects
should be limited to this range. Figure 2.15(b) shows the ratio of the applied cyclic stress to the fatigue
limit estimated by the Equation (2.1) for some steel types [68]. It can be seen that the Murakami
methodology results in approximately + 10% deviation at 107 cycles.
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Figure 2.15. (a) Fish eye mark on the fracture surface of SAE 9254 steel (reprinted from [68] by permission
of Elsevier); (b) relationship between the ratio of nominal fracture stress ¢’ to estimated by the Murakami
equation fatigue limit o, at inclusion (reprinted from [68] by permission of Elsevier).

A fractographic analysis after interior-initiated fatigue failures in the HCF or VHCF regimes revealed
that internal crack initiation inevitably leads to the formation of a ring-like fish-eye pattern at the
fracture surface [68, 100]. A non-metallic inclusion or any other type of defects is always located at
the centre of the fish-eye mark. A rough circular area in the close vicinity of an inclusion at the
fracture origin is normally seen (see Figure 2.11(a) and Figure 2.15(a)) [100]. It is generally accepted
that more than 90% of fatigue life is attributed to the formation of a rough area [101]. Therefore,
without careful consideration of the crack-growth mechanisms involved in the rough area formation,
it is impossible to develop any lifetime prediction model. In addition, since the size of the rough area
is typically less than 0.5 mm, special attention should be paid to the short crack effect. There are two
opposite viewpoints on distinguishing the crack initiation and propagation stage in the rough area of
the fish-eye. Some researchers considered the crack initiation period as a number of cycles to create
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a crack length given by the radius of the rough area [102, 103]. However, other researchers consider
that fatigue crack initiation from an inclusion or a pore begins early in the fatigue life, and then a
fatigue crack grows within the rough area [101, 104]. From this perspective, the size of the rough area
can be predicted by an analysis of the short crack growth process using fracture mechanics. The
existing theoretical models for a fish-eye formation and the mechanism of crack growth in the rough
area can be found elsewhere [100].

Fatigue properties of materials are usually controlled by the presence of defects induced during the
manufacturing process. Internally initiated fatigue failures have been also frequently observed in cast
parts [105] as well as parts produced by powder metallurgy [86] and additive manufacturing [106].
These findings additionally suggest that appropriate assessment models are needed to account for
inherent risks related to interior material flaws. Recently, Cao and Chandran studied the fatigue failure
mode and early stage crack growth in the Ti-6Al-4V alloy produced by powder metallurgy [86]. The
authors analysed the quantitative relationship between the fatigue life, crack origin size, and the early-
stage short crack growth. According to their findings, the transition from surface-initiated to internally
initiated failures happens due to domination of crack initiation from larger internal microstructural
discontinuities. Based on the fish-eye appearance, the crack growth rates at the early stages of fatigue
life were estimated in the magnitude of 10>-10 m/cycle. The effect of a pseudo-vacuum
environment at the tip of an internal crack was implicitly taken into account by a correction factor.
The authors emphasized the importance of a vacuum environment for accurate predictions.

Beretta and Romano showed that defect-tolerant design and extreme value statistics can be potentially
adopted to characterize the correlation between the fatigue strength of additively manufactured
Ti-6Al-4V and the number of defects [106]. Based on extensive literature review, they demonstrated
that linear elastic fracture mechanics (LEFM) cannot be applied for predicting the fatigue strength of
additively manufactured parts with small defects. In addition, the authors used the so-called
Kitagawa-Takahashi diagram to correlate the fatigue strength with defects present in the volume.
However, it has been assumed that the maximum defect in a given material volume is decisive for
crack initiation. As shown in Section 7.2.2, this assumption is not always valid particularly for the
Ti-6Al-4V alloy.

Thus, various approaches have been hypothesized to solve the complicated problem of lifetime
assessment in the HCF regime. Accounting for internal crack initiation in the predictive schemes
makes this issue even more complex and contradictory. Unfortunately, only indirect fractographic
measurements are now the single possible tool for model verification. Very little is still known about
the growth of short cracks of submillimetre size in the interior of a component subjected to cyclic
loading. A significant part of this PhD work is devoted to development of a HCF prediction model,
considering the internal welding-induced pores in the laser-welded Ti-6Al-4V. Many existing
concepts and approaches have been adopted with slight modifications; however, a few novel and
interesting solutions are proposed. A more detailed description of the fracture mechanics tools and
models adopted in this work is given as the part of the methodology in the following chapter.
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3.1 Experimental procedures

3.1.1 Material

The material used in this study was a Ti-6Al-4V (ASTM Grade 5, AMS 4911N) [107] alloy in the
form of hot-rolled and mill-annealed sheets with a thickness of 2.6 mm supplied by the VSMPO-
AVISMA Corporation. The nominal chemical composition of the alloy from the corresponding
standard is shown in Table 3.1. For comparison, the contents of alloying-element determined by an
energy-dispersive X-ray (EDX) analysis are also shown. Considering the detection limits of the EDX
technique used in this work, values lower than approximately 0.5% should be taken as qualitative.
Interestingly, an insignificant amount of silicon (Si) has been found in the Ti-6Al-4V alloy in spite
of the absence of this alloying element in the standard. Apparently, this addition was deliberately
made in order to increase the creep resistance of Ti-6Al-4V. It is widely recognized that a moderate
addition of silicon can significantly improve the creep behaviour of titanium alloys [108].

Table 3.1. Chemical composition (wt.%) of Ti-6A1-4V alloy in the original as-received condition.

Al \Y Fe Si N H o Ti
AMS 4911 5.5-6.75 3545 <03 - <0.05 <0.015 <020 Bal
Measured 6.54 3.31 0.21 0.48 - - - 89.46

Prior to laser welding experiments, the sheets were cut into the workpieces of required geometry. The
first group of coupons for preliminary welding trials had the dimensions of 40 mm x 80 mm. The
final large-scale coupons with the size 190 mm x 110 mm were extracted for verification of the effect
of specimen size in welding experiments and for subsequent extraction of fatigue samples. These
coupon dimensions were sufficient to extract seven fatigue specimens from one weld.

3.1.2 Laser processing

3.1.2.1 Laser beam welding (LBW)

The welding equipment consisted of an 8-kW continuous wave ytterbium fibre laser YLS-8000-S2-
Y12 (IPG Photonics Corporation) integrated with an IXION ULM 804 CNC-controlled universal
laser machine. A collimation lens with a 120-mm focal length, a focusing lens with a 300-mm focal
length, and a process fibre with a diameter of 300 um were employed to produce a focal spot diameter
(beam waist diameter) of approximately 2w, = 750 pum. A schematic illustration of the laser optics
is shown in Figure 3.1. The central wavelength of the fibre laser isA = 1070 = 10 nm. The half-angle
divergence of the focused laser beam was 6 = 30.3 mrad. The beam parameter product (BPP) of a
laser beam is defined as a product of the beam radius at the beam waist w, and the beam divergence
half-angle 6:

BPP = 6 -w,. (3.1)

The BPP parameter is often used to specify the beam quality, i.e. the higher the BPP, the lower is the
beam quality. The smallest possible BPP is achieved for a diffraction-limited Gaussian beam, which
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is equal to 1/t =~ 0.34mm-mrad for the given wavelength. Real high-power laser beams are
normally non-Gaussian, being multimode or mixed-mode. The resulting BPP of the multimode laser
beam used in this work is 11.3 mm-mrad. Another common measure of laser beam quality is the
beam quality factor or the M? factor. According to the standard [109], it is calculated as the BPP
divided by A/m:

mTow,
A

M? = (3.2)
For the beam parameters given above, the M2 factor equals to 33.3, a typical value for a multimode
laser beam. In other words, the laser beam used in the present work can be regarded as around 33
times diffraction-limited.

Figure 3.1. Simplified illustration of the laser beam geometry in the optical system including the collimation
lens and the focusing optics.

The Rayleigh length Z of a laser beam is the distance from the beam waist to the position where the

beam radius is increased by a factor of v2. This beam quality parameter plays an important role
because it essentially reflects the depth of focus for a given laser beam. The Rayleigh length can be
estimated as the ratio of the beam waist radius to the divergence half-angle Zp = w,/6 that gives
the length of 12.5 mm for the applied laser beam focusing system. According to this result, the current
laser beam is not sensitive to the deviations of the focal position, i.e. slight variations of the focal
spot relative to the specimen surface in the order of several millimetres do not result in significant
changes of the beam diameter. This is one of the major advantages of modern high-power fibre lasers.

Laser welding was performed both autogenously and with the addition of filler material (Ti-6Al-4V
wire, diameter of 1.0 mm). Prior to the welding, the faying edges of the specimens were milled,
ground, and then thoroughly cleaned with ethanol to remove any surface oxides and contaminants.
Owing to the high reactivity of titanium with atmospheric gases at elevated temperatures, adequate
measures need to be taken in order to shield the molten pool during the LBW process. The specimens
were fixed in an open plastic box filled with argon to protect the weld bead from air during the LBW
process. A uniform argon flow around the weld bead was provided by the injection of the shielding
gas through the p