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Welding of Ti-6Al-4V:
Influence of welding process and alloy composition on microstructure and properties

Sakari Tolvanen

Department of Industrial and Materials Science
Chalmers University of Technology
Abstract

Titanium alloys are widely used for components in the fan and compressor sections of aeroengines mainly
because of their superior strength-to-weight ratio. Large static compressor components can be manufactured
by welding together smaller subcomponents, which has potential to provide benefits such as higher buy-to-
fly ratio and improved performance of the components. This is the background for why welding and the
mechanical properties of welds have been investigated in this project. The aim of the work was to study
what kind of microstructures and defects are formed in welding of Ti-6Al-4V with different welding
processes and how these aspects affect the mechanical properties of the welds. Furthermore, the influence
of chemical composition of the alloy on the formation of microstructures and defects was studied.

The welding processes compared were electron beam welding, laser beam welding, plasma arc welding and
TIG welding. High energy beam welding processes rendered a finer weld microstructure in comparison to
the coarser microstructure produced by arc welding processes. The finer weld microstructure was found to
be beneficial for tensile ductility and low cycle fatigue performance. Porosity was observed in welds
produced by all the processes. Large pores and pores located close to the specimen surface the most
detrimental to the fatigue strength. Fatigue life in the welds produced by arc weld processes was more
sensitive to porosity than in the high energy beam welds. The finer microstructure has a higher resistance to
micro crack initiation and micro crack growth which contributed to the better fatigue performance of welds
produced by electron beam welding and laser beam welding.

The alloy composition had a significant influence on the microstructure of the welds and the formation of
defects. A small boron addition induced significant grain refinement in the welds in the boron alloyed
materials. Narrow columnar prior- grains were formed in the fusion zones of the boron alloyed welds. The
a colonies and a plates were also refined, as compared to the standard Ti-6Al-4V welds. In the cast base
material, the TiB particles were located along the prior-p grain boundaries restricting the grain growth in
the heat affected zone. In the fusion zone of welds, TiB particles had decreased in size and formed networks
of stripes along the interdendritic regions. EBSD combined with prior-p grain reconstruction was an
effective method to reveal the prior-B grain structure in the different weld zones. A significant batch-to-
batch variation in amount of porosity was observed in laser welding of Ti-6Al-4V. The most significant
factors affecting formation of porosity were the material batch, pulse length and welding speed. The material
batches that were most susceptible to formation of porosity had increased amount of carbon and oxygen.
The formation of porosity could be minimized in all material batches by optimizing the welding parameters.

Keywords: Ti-6Al-4V, welding, defects, porosity, microstructure, fatigue
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1 Introduction
Titanium alloys are widely used for components in the fan and compressor sections of aeroengines owing
to their high specific strength and creep properties at moderate temperatures. Large static compressor parts
are traditionally manufactured from large single piece castings that are machined into final shape. A
significant amount of the initial casting weight is machined away in order to achieve the finished geometry.
This is neither environmentally friendly nor economically viable. Fabricating these large static compressor
components through welding them out of smaller subcomponents instead of machining them from large
single piece castings provides several potential benefits. There will be less scrap material and the structure
can be designed to be more efficient owing to the possibility of selecting high strength titanium alloys in
specific parts of the structure enabling increased functionality and improved performance, in the end
resulting in reduced environmental impact. Fabrication technologies, however, require joining of

subcomponents which is why welding and the mechanical properties of welds have been investigated here.

Fusion welding involves localized melting of materials which produces changes and defects in the material,
which affect the mechanical properties of weld zones and make the design of fatigue resistant joints a
complicated process. The major challenges in welding of titanium alloys are the lowered ductility of weld
zones and formation of porosity in the fusion zone. The lowered ductility is attributed to chemical and
microstructural changes in the weld zones. There are many reasons for porosity formation in welding which
are typically divided into porosity arising from instabilities in the welding process and porosity arising from

chemical reactions, evaporation or shrinkage in the meltpool.

Of interest in this study is how the different welding processes and variation in the chemical composition of
the base material are influencing the microstructures and defects formed during welding. Welds produced
with electron beam welding (EBW), laser beam welding (LBW), tungsten inert gas welding (TIG) and
plasma arc welding (PAW) have different microstructures and different populations of defects in terms of
their size and distribution. The effect of these aspects on mechanical properties under different mechanical
testing conditions have been investigated in the present work. Furthermore, the chemical composition and
microstructure of the welded alloy has a significant effect on weldability of a material. The effect of variation
in chemical composition of Ti-6Al-4V on formation of porosity in laser welding and the grain refinement

effect of boron on microstructure of Ti-6Al-4V welds have been investigated.



1.1 Research Questions

The objective of the work presented in this thesis can be summarized in the following research questions.

e  What kind of microstructures are produced with different welding processes?
e How are the mechanical properties affected by different microstructures?

e What size and distribution of defects affect the mechanical properties?

e How is boron addition influencing the microstructure of titanium alloy welds?

o How does variation in base metal composition affect porosity in laser welding of Ti-6A1-4V?



2 Background

2.1 Titanium industry and applications

Titanium alloys have appealing properties which is why they have found applications in a variety of fields.
The biocompatibility of titanium makes the material attractive for medical industry, resistance to corrosion
makes it appealing for petrochemical and marine applications. Aerospace industry is one of the largest users
of titanium alloys where they are used as material for fan and compressor components in jet engines,
airframe structures and landing gear in aircrafts, space rockets and satellites. The main reason for the large
use of titanium alloys in aerospace industry is their excellent strength-to-weight ratio. Figure 2.1 shows a
comparison of specific strength against temperature for several materials. Titanium alloys show the highest

specific strength out of most metals up to approximately 500°C [1].
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Figure 2.1. A comparison of specific tensile strength (UTS/density) against temperature for various

materials. Adapted from [2].

The primary factor limiting more extensive use of titanium is its cost. With a significantly higher cost than
aluminum and steel alloys, titanium utilization must be justified for each application. The total cost of
titanium stems from high extraction cost from ore to metal as well as high processing costs. Aluminum sheet
has the same cost as titanium sponge which needs several additional processing steps to reach the finished

product [3]. In addition, machining of titanium alloys is 10-100 times slower than for aluminum alloys [1].



With these factors in mind, much research and development is being devoted to a reduction of the buy-to-
fly ratio of titanium components. The buy-to-fly ratio refers to the weight ratio between the initial material
and the weight of the final (flying) component after processing and manufacturing. Today, it is still common
that up to 90% by weight, or even more, of the initial casting or forging is machined off and turned into
scrap. Reduction of the buy-to-fly ratio therefore has high impact and importance on the cost reduction for
manufacturing of components. Several technologies are being developed further to reduce the buy-to-fly
ratio even more. These include welding, greater use of extrusions, superplastic forming and superplastic
forming with diffusion bonding, hot stretch forming to obtain more precise formed shapes, as well as powder

metallurgy and additive manufacturing [1].

2.2 Physical metallurgy

Titanium is an allotropic element, which means that it can exist in more than one crystallographic form. At
room temperature, pure titanium has a hexagonal close packed (hcp) crystal structure which is referred to
as alpha (a)) phase. When temperature exceeds 882°C, titanium transforms to a body centered cubic (bcc)
crystal structure, called beta (B) phase. The o to B transition temperature, B-transus, is dependent on the

alloying elements.
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Figure. 2.2. Schematic presentation of crystal structure of a) hcp o phase, b) bee B phase, and ¢) the Burgers

orientation relationship between the o and f phases. Reprinted from [4], with permission from Elsevier.

The B to a transformation is very important because of its influence on the microstructure formation in

titanium alloys. The phase transformation between high temperature B phase and low temperature o phase



follows the Burgers orientation relationship (BOR), which is illustrated in Fig 2.2¢. According to the BOR

the close-packed planes and the nearest-neighbor directions, correspond to each other [5]:
{110} // {0001}, and <111>p// <1120>, 2.1

Depending on cooling rate, the phase transformation can either be diffusionless (martensitic) or diffusion
controlled. Both of these transformations occur during welding of titanium alloys and are described in more

detail in section 3.2.2.

2.3 Alloy classification

Titanium alloys are alloyed with different elements to achieve improved properties. These alloying elements
are divided into 1) a stabilizers which elevate the B-transus temperature, ii) f stabilizers which lower the -
transus temperature, or iii) solid solution strengtheners which do not have any significant influence on the

[B-transus temperature.

The substitutional element Al and the interstitial elements O, N and C are strong a stabilizers. V, Mo, Nb,
Ta, Fe, Mn, Cr, Ni, Co, Cu and H are B stabilizing elements. Zr and Sn are considered to be neutral alloying
elements and thus do not change the B-transus. The increase in amount of a stabilizers O, N and C leads to
a significant strength increase but at the same time decrease the ductility. Titanium has high chemical
affinity to these elements, especially at elevated temperature, which is why inert atmosphere needs to be

used when processing titanium at high temperatures [6], [7].

Titanium alloys are divided into three main groups, o, a+f3 and B alloys, depending on which phases

dominate at room temperature.

Commercially pure (CP) titanium and a alloys consist of hcp crystal structure at room temperature. CP Ti
alloys possess the lowest strength but exhibit best corrosion resistance and also have best weldability.
Oxygen and nitrogen are used as alloying elements to increase the strength of CP Ti alloys. a alloys are
slightly less corrosion resistant but show higher strength than unalloyed titanium. o alloys cannot be
strengthened by heat treatment because they are single phase alloys but on the other hand they offer good
weldability. The principal alloying element in o alloys is aluminum, but certain o alloys contain small
amounts of B stabilizing elements. Some of these alloys are called near-a alloys and can then be influenced
by heat treatment to some degree. a and near-a alloys are characterized also by their high creep resistance

which is why they are preferred for use in high-temperature applications [6], [7].

A B alloy is defined as a titanium alloy with sufficient B stabilizer content to suppress the martensitic

transformation during quenching to below room temperature. B alloys are metastable, and precipitation of o



phase and other phases from the metastable f is a method used to strengthen some of these alloys. B titanium
alloys offer the highest strength to weight ratios and very attractive combinations of strength, toughness,
and fatigue resistance. They have also good formability due to bcc crystal structure. Some of the
disadvantages compared to a+p alloys are increased density, a small processing window, higher cost, and

microstructural instability at high temperatures [6], [8].

o+p alloys contain both o and B stabilizing elements. At room temperature equilibrium these alloys usually
support a mixture of a and  phases. This makes them the most versatile alloys as the microstructure and
mechanical properties of a+f alloys can be modified by adjusting the thermo-mechanical processing
parameters. These alloys are used in a wide range of applications from hip replacements to fan blades and
airframe structures in aerospace [6], [7]. The Ti-6Al-V alloy studied in this work belongs to the a+f alloys

and is the most used titanium alloy.

2.3.1 Ti-6Al-4V alloy

Ti-6Al-4V (Ti-64) is one of the most important titanium alloys. It accounts for about 45% of the total weight
of all titanium alloys produced and more than 80% of titanium alloys used in aerospace industry. Ti-64 is
also used in medical implants and in automotive, marine and chemical industries. Ti-64 is an a+f alloy
which combines attractive mechanical properties with good workability and the best weldability of a+p
alloys. This is due to its single-phase mode of solidification which makes it resistant to solidification related
cracking. Ti-64 has also low hardenability and the o’ martensite in Ti-64 is not as hard and brittle as in more
heavily B-stabilized alloys. In aeroengines, Ti-64 is normally used to manufacture components in the fan

and the compressor sections, where temperatures do not exceed ~350°C [6].

2.3.2 Boron modified Ti-alloys
Small boron additions to titanium alloys refine the solidification microstructure and a-colony size
dramatically. These microstructural refinements improve mechanical properties such as yield strength,

ultimate tensile strength, tensile ductility, creep and fatigue behavior [9]-[13].



Figure 2.3. Effect of boron on microstructure of cast Ti-64: a) 0 wt-% B and b) 0.11 wt-% B.

Figure 2.3 shows the microstructure of a cast boron-modified Ti-64 alloy in comparison to a standard Ti-64
alloy. As can be seen, the prior  grain size in cast Ti-64 is refined by an order of magnitude by trace addition
of'boron [9], [13]. Dark areas in prior § grain boundaries of the boron-modified alloy are TiB particles which
form via an eutectic reaction in the final stage of solidification. TiB particles also eliminate the grain

boundary a layer and refine the o microstructure by acting as nucleation sites for new a plates [12].

The mechanism of how boron refines the prior f grain size is related to its very low solubility in titanium.
This causes boron to segregate strongly during solidification which develops a constitutionally super-cooled
zone, a boron-rich layer that retards the growth of the solid thereby allowing more nuclei to form in the
surrounding supercooled melt, leading to a fine grain size [14]. The degree of grain refinement can be
estimated by the growth restriction factor, Q, which describes the influence of solute elements on the grain

refinement and characterizes the degree of growth restriction [15].
Q =m(k-1)Co, (2.2)

where m is the slope of the liquidus, k, is the partition coefficient (Cs/Cr), and Cy is the solute content.
Solutes that have a high growth restriction factor partition strongly ahead of the solidifying interface and
result in a rapid buildup of constitutional supercooling. The fast development of a constitutionally
supercooled zone allows the nucleation ahead of an advancing solid-liquid interface and results in a smaller
grain size. Boron is one of the most powerful segregating solutes in the titanium system (i.e. boron has a
very high Q value) whereas for example aluminum and vanadium provide negligible growth restriction and

therefore induce limited constitutional supercooling in Ti—6A1-4V [16].



In cast alloys, boron has been reported to promote formation of equiaxed prior-f3 grains [17] and that the as
cast grain structure changes from columnar to equiaxed at much lower solidification rates than in the absence
of boron [18]. The appearance of equiaxed grains in castings implies that constitutional supercooling is more
important during solidification than thermal undercooling [13]. In additive manufacturing, formation of fine
columnar grains has been reported [14], [19]. The formation of columnar grains is explained by the absence
of potent heterogeneous nucleants in the solidification front. However, the columnar structure was
significantly refined when boron was added. The lateral rejection of boron during epitaxial nucleation and
growth restrict the lateral growth of the dendrites which provides an opportunity for neighboring dendrites

to grow [14]. Solidification behavior of metals during welding is further discussed in section 3.2.1.

In titanium alloys with boron, TiB needles are found throughout the microstructures. In cast alloys, TiB
particles are mainly located along the prior-f3 grain boundaries [9], [13], while in additively manufactured
and welded alloys TiB particles are typically clustered along the interdendritic regions [14], [20]. This shows
that TiB particles do not act as heterogenous nucleation sites for B phase during solidification. The TiB
particles are formed during the last phase of solidification via an eutectic reaction. Further, TiB particles
formed at the B grain boundaries at the eutectic temperature pin the grain boundary movement and restrict

the growth of B grains in the solid state [12].

Microstructural modification by trace boron addition affect also the B to a phase transformation and the
morphology of o microconstituents. o phase can nucleate heterogeneously on the TiB particles [12]. A
reduction in a colony size, length and aspect ratio of a laths [9], [14], [21] as well as the strength of a texture

[12] has been reported.

The microstructural refinement together with the presence of hard TiB particles results in improved
mechanical properties. Improvements have been reported on yield strength and ultimate tensile strength [9],
[14], [22], [23], ductility [14], [22], [23], fatigue [10], creep [11], and wear resistance [24]. However,
addition of higher amounts of boron (> 0.1 wt-% B) increases the volume fraction of TiB particles, which
eventually has been shown to act as crack initiation sites during fatigue loading, and can reduce ductility of

the alloy [13], [25].



3 Welding of Ti-alloys
For successful welding of titanium and its alloys, several factors need to be considered. Titanium alloys are
extremely reactive at high temperatures, particularly in a molten state, and readily pick up atmospheric
gases, dirt, grease, and refractories leading to embrittlement of the weld pool. Titanium reacts with elements
such as C, O, N, and H, which strengthen titanium but also impair ductility and toughness of titanium welds.
The effects of the heating and cooling cycles involved in welding and the influence of alloy composition on

the weld microstructure as well as formation of defects need to be considered [6].

3.1 Welding processes

Titanium alloys are readily joined with several common fusion welding processes such as tungsten inert gas
welding (TIG), plasma arc welding (PAW), electron beam welding (EBW), and laser beam welding (EBW).
Fusion welding processes can be characterized generally by the heat-source intensity. Figure 3.1 illustrates

the different characteristics of the aforementioned welding processes and how they affect the penetration.

EBW LBW

VVO

PAW TIG

Power density

Penetration
(schematic)

Power density

(W/em’) 10-10°0 1010’ 10>-10° 10>-10"
Penetration 6-75 15 15 3.4
depth (mm)

Figure 3.1. Spectrum of practical heat intensities used for fusion welding and its effect on penetration

depth. Adapted from [26], [27].

The major advantage of high energy beam welding techniques is the ability to produce welds that are deeper
and narrower than by arc welding. Also a much lower heat input is used than what is required in arc welding.
The lower heat input results in a narrow fusion zone and heat affected zone and noticeably smaller thermal

effects on the workpiece leading to smaller residual stresses and distortions.



3.1.1 Tungsten inert gas welding

Tungsten inert gas welding (TIG) or gas tungsten arc welding (GTAW) refers to an arc welding process
using an arc between a non-consumable tungsten electrode and the workpiece. The electric arc is produced
by the passing of current through conductive ionized shielding gas. Shielding gas is fed through the torch to
provide an inert atmosphere that protects the electrode and the weld pool while the weld metal is solidifying.
Argon, helium and their mixtures are used as shielding gases. TIG can be used to produce welds
autogenously or a filler material, usually a wire, can be added to the weld pool to fill the joint. The TIG

welding process is illustrated in Fig. 3.2.

Gas hose

Weld torch

Power
cable Gas

Filler material supply

Work lead

Workpiece Power
source

Figure 3.2. Schematic illustration of typical TIG equipment. Adapted from [26].

TIG is a flexible process that can be used to produce welds in many otherwise difficult to weld metals such
as magnesium, aluminum, titanium, stainless steels and nickel-based superalloys. TIG is best suited for
welding relatively thin sections up to approximately 3-4 mm. For thicker sections multipass welding is
required [26]. TIG can be used manually or automated, with or without filler wire. The heat source and filler
metal additions can be controlled independently. Welds are generally of high quality, spatter-free, include
few defects and there is no slag, hence no post weld cleaning is required. A further advantage is the relatively

low cost of the equipment, compared with for example laser or electron beam welding.

The limitations of TIG include the relatively low welding speed and deposition rate which makes it

inefficient to weld thick sections. TIG has low tolerance for contaminants in filler and base material and
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magnetic fields leading to deflection of the arc can make the process difficult to control. Also, the heat input

during TIG welding is relatively high.

The main process parameters in TIG welding are arc voltage, welding current, travel speed, wire feed and
shielding gas. The amount of energy produced by the arc is proportional to the current and voltage. The
amount of energy transferred per unit length is inversely proportional to the travel speed. Helium as a
shielding gas produces a hotter arc and deeper penetration than argon. An alternating welding current can
be used for better oxide removal and improving welding characteristics. Pulsing of the welding current can

be used to control heat input and increase penetration [26], [28].

3.1.2 Plasma arc welding

Plasma arc welding (PAW) is an arc welding process which uses a constricted arc between a non-
consumable electrode and the workpiece (transferred arc mode) or between the electrode and the nozzle (no
transferred arc mode). Two separate gas flows are used in PAW; plasma gas which flows through the orifice
and becomes ionized and shielding gas which flows through the outer nozzle. Usually these gases are the
same. Helium, argon and their mixtures are used as shielding gases. Hydrogen and nitrogen may also be
added in the mixture. PAW is essentially an extension of the TIG welding process and the differences
between the processes are illustrated in Fig. 3.3. TIG uses an open arc while in PAW, the electrode and arc
are surrounded by a gas chamber. The plasma gas in the orifice gets heated and ionized which creates a
narrow, constricted arc that provides excellent directional control and produces a more favorable depth-to-

width weld profile [28].
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Figure 3.3. The plasma arc is confined in PAW which makes it straighter and more concentrated. Adapted
from [28].
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PAW can be used in two distinct operating modes, the melt-in mode and the keyhole mode. At lower arc
currents, the process resembles TIG and produces a similar weld pool. This melt-in mode is used for material
thicknesses below 3 mm. At higher arc currents and plasma gas flow rate, the plasma column can displace
the molten metal and form a keyhole. Keyhole mode welding is used for single pass butt welds on material
thicknesses from 2.4 mm to 15 mm. Compared to laser welding and electron beam welding, keyhole PAW
is more cost effective and more tolerant of joint preparation, though the energy density is lower and the

keyhole is wider in PAW [29].

The advantages of PAW compared to TIG include:

. High welding speed: up to 5 times higher than conventional TIG

. Reliable arc ignition and concentrated stable arc with little sensitivity to arc length variation

. Lower heat input leading to smaller heat affected zone and little distortion as compared with TIG
welding

. Ability to perform keyhole welding and melt-in-mode welding with the same equipment

. Possibility to weld very thin materials (0.1 mm) and thick materials (15 mm) with a single pass

without filler material

. High metallurgical quality in comparison to conventional TIG [28], [29].
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PAW can be used to weld the same materials as TIG. Keyhole plasma welding is extensively used to weld
stainless steel pipes and tanks. In aerospace industry, PAW is used for airframe components, fuel vessels
and gas turbine components. The higher capital cost and complexity of PAW equipment are why PAW has

not become more common [28].

3.1.3 Electron beam welding

Electron beam welding (EBW) is a high energy beam welding process, which uses a focused beam of
electrons to melt the workpiece surface and create the joint. A high intensity beam of high velocity electrons
are concentrated onto a small area. Power densities as high as 10® W/cm? can be achieved. The high power
density can lead to keyhole formation which distinguishes EBW and other high energy density processes

from other welding methods.
EBW has the following characteristics in comparison to other weld methods:

3 High power density of about 10® W/cm? with a focused beam. A comparison with other welding

processes is shown in Fig. 3.1

. High welding speed for welds with high depth-to-width ratio, small heat affected zones and little
distortion

. Production of welds with very shallow to very deep penetrations

. The welding process is carried out in vacuum which provides good protection of the weld pool

against contamination.

The capital cost of EBW equipment is a major drawback in comparison to conventional welding processes.
The cost of joint preparation and tooling is also higher because the small electron beam spot size requires a
precise joint gap. The vacuum chamber limits the size of the workpiece and the production rate is affected

by the need to evacuate the chamber for each production batch [26], [30].

3.1.4 Laser beam welding
Laser beam welding (LBW) uses a concentrated laser beam as the source of heat. The coherent nature of
the laser beam allows it to be focused to a small spot which allows narrow and deep welds with high welding

speeds.

The first laser was introduced in 1960 but its use for welding application was limited until the introduction
of high-power continuous-wave lasers in the 1970s. High-power continuous-wave lasers include CO,,
Nd:YAG, fiber, disk and most recently high-power diode lasers. A comparison of properties between

different types of lasers is shown in Table 3.1.
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Table 3.1. Properties of high-power lasers [27].

Wavelength Average continuous Beam quality
[wm] power [kW]
CO; 10.6 50 max, Average-Good
1-15 normal
Nd:YAG 1.06 10-15 Poor
Fiber 1.07 100 Good
Disk 1.03 16 Good
Diode 0.98 10-15 Poor

CO, lasers were the first high-power lasers used for welding applications. Until recently CO» lasers have
offered the highest output power, good beam quality and relatively low machine cost making them an
attractive alternative especially for welding thick sections. CO; lasers operate at 10.6 um wavelength which
causes most of the disadvantages related to CO, lasers. Common transparent materials such as glass and
quartz are opaque to 10.6 um wavelength laser radiation which makes it impossible to use optical fiber
systems. This limits the flexibility of CO; laser systems. The 10.6 pm wavelength has also lower absorptivity

on metals and higher absorptivity on laser induced plasma [27].

Solid state lasers operating at wavelengths close to 1 um have a benefit that the laser radiation can be
delivered via optical fiber which makes the laser systems more flexible. The 1 pm wavelength has higher
absorptivity on metals and lower absorptivity on the plasma. Early high-power solid state lasers, Nd:YAG
lasers, had relatively poor beam quality and electrical efficiency. The development of disk and fiber lasers
has improved the beam quality and electrical efficiency significantly. Direct diode lasers are the latest
development. They have excellent electrical efficiency and compact size but poor beam quality allows only

conduction mode welding [27].

Laser beam welding has numerous benefits over traditional welding methods. However, it has also several

limitations that need to be considered.
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Major advantages of LBW include:

. Focused laser light provides high energy density
. High processing speed and narrow welds with deep penetration
. Heat input is close to the minimum required to fuse weld metal. Distortions and metallurgical effects

in heat affected zone are minimized

. Can be used under ambient atmosphere or shielding gas. No vacuum required

. No electrodes or filler materials required

. Difficult-to-weld materials, such as titanium and glass, can be joined

. Can be used in keyhole mode or conduction mode

. Can be readily mechanized for automated high-speed welding

. The laser beam can be transmitted to several workstations using beam-switching optics.

Limitations of LBW include:
. Laser welding equipment is almost 10 times more expensive than a comparable arc welding system

although they are cheaper than EBW systems and have higher productivity than conventional arc

welding
. Joints must be accurately positioned because of the small size of the laser beam
. Maximum joint thickness is limited compared to EBW
. The high reflectivity and high thermal conductivity can affect laser weldability of some materials

[26], [27], [30].

3.1.4.1 Laser welding fundamentals

Absorption of the laser light occurs when the incident beam hits the surface of a solid metal. The absorption
occurs via Fresnel absorption, where the incident light is partially absorbed and partially reflected by an
opaque surface. Absorption of the laser light is dependent on the substrate properties, as well as the
characteristics of the incident laser light. For example, titanium at room temperature has an absorptivity of
0.4-0.5 for light with 1 pm wavelength (solid state lasers) and <0.1 for 10 um wavelength (CO; laser) [31].
The absorptivity increases significantly at the melting point of the material. At beam intensity below 10*
W/ecm?, welding occurs in so called conduction mode. Transition to keyhole laser welding occurs at about
10*-10° W/cm? due to the vaporization of metal. The intense vaporization distinguishes keyhole laser
welding from other conventional joining methods. It causes a large increase in vapor pressure (recoil
pressure) that drills a depression in the melted metal, forming a long and narrow cavity called a keyhole
which is illustrated in Fig. 3.4. The laser beam can then penetrate deeper into the metal through the cavity.
As the beam reaches the keyhole surface, beam energy is partially absorbed on the surface and partially

reflected towards a new point of interaction. This multiple reflection Fresnel absorption increases the overall
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energy absorption up to 90% (or more). The keyhole cavity is filled with metal vapor that partly absorbs the
incoming laser light. The charged particles present in the vapor can gain kinetic energy from the beam

photons via inverse Bremsstrahlung absorption.

Incident laser beam

Welding direction

\\ " _______ - ==
Front keyhole wall —\\.( l\ Meltpool/,’
7/
Keyhole /‘\\) ‘7 Solidified weld metal
Rear keyhole wall N

Figure 3.4 Schematic view of a keyhole. Adapted from [32].

During keyhole laser welding the keyhole is formed and kept open by the pressure of the evaporating metal,
so called ablation or recoil pressure. The forces that try to close the keyhole are surface tension and
hydrostatic pressure. The recoil pressure is also one of the forces driving the flow of molten metal in the
meltpool. It causes a downward flow of melt in the front keyhole wall transporting the molten metal around
the keyhole. Marangoni force is induced by temperature gradient of surface tension which makes the melt
to flow towards the higher surface tension. For most metals the surface tension decreases as a function of
temperature. As a result, surface tension gradients, and liquid flow, will exist from center of the meltpool
towards the solid-liquid interface [33]. Frictional fluid flow induced by the metal vapor ejected from the

keyhole and buoyancy forces are also affecting the meltpool flow [34], [35].

3.2 Welding metallurgy of Ti-64
3.2.1 Solidification

Solidification behavior controls the size and shape of grains in welded microstructures, the extent of
segregation, the distribution of inclusions, the extent of defects such as porosity and hot cracks, and
ultimately the properties of a solidified weld metal. The solidification behavior is influenced by various
parameters such as temperature gradient, growth rate of the solidification front, undercooling as well as the

alloy system [36].

When a liquid is cooled below its melting temperature, there is a driving force for solidification. The initial
solidification in a weld occurs epitaxially at the meltpool walls. Epitaxial solidification is a heterogenous

process. Homogenous nucleation requires high undercooling which does not normally occur in meltpool

16



conditions. After nucleation, growth of the solid occurs by the addition of atoms from the liquid to the solid
at the solid/liquid interface. The nature of the solid/liquid interface will be determined by the thermal
gradient (G) and the growth rate (R) at the solid/liquid interface. The mode of solidification can be planar,
cellular, or dendritic depending on the solidification condition. A solidification map in Fig. 3.5 shows the
variation of microstructure as a function of G and R, and the effect of these two variables. Ratio G/R is
related to undercooling and the product G*R is related to cooling rate. High G/R ratio will generate a planar
mode while a low G/R will generate dendritic solidification. High cooling rate (G*R) will produce finer
solidification microstructure than slow cooling rates. The solidification conditions may change during
solidification. During welding the ratio G/R decreases from the fusion line toward the centerline. This
suggests that the solidification mode may change from planar to cellular, columnar dendritic, and equiaxed

dendritic across the fusion zone [36].
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Figure 3.5. Solidification map showing the variation of solidification microstructures as a function of the
temperature gradient (G), growth rate (R), and the combinations of these two variables as GR (cooling rate),

and G/R undercooling. Adapted from [37], [38].

Constitutional supercooling occurs during solidification of alloys. The solute is partitioned into the liquid

ahead of the solidification front. This causes a corresponding variation in the liquidus temperature producing
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conditions where the melting point of the liquid is higher than the temperature of the liquid. This allows
small perturbations on the solid/liquid interface to expand into the supercooled liquid. The tip of any
protuberance will be at a higher temperature than the planar front. However, as long as the temperature of
the tip is lower than the melting temperature, solidification can occur and the tip may grow in a
cellular/dendritic manner. As shown in Fig. 3.6, increasing constitutional supercooling favors dentritic

growth.
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Figure 3.6. Effect of constitutional supercooling on solidification mode [36]. S indicates solid, L liquid and

M mushy zone. Reproduced with permission from John Wiley and Sons.

During welding of titanium alloys, B grains nucleate epitaxially and grow preferentially towards the
maximum temperature gradient. The favored growth direction for the dendrites in metals with cubic crystal
structure is in the <100> direction. Therefore, the nucleation sites with the <100> direction aligned with the
temperature gradient will outgrow less favorably oriented grains. Large grains in the base material and the
heat affected zone provide fewer epitaxial growth sites at the fusion boundary and dictate large prior 3 grains
in the fusion zone [36], [39], [40]. The absence of segregating elements in Ti-64 also provides limited
constitutional undercooling which leads to coarse prior-p grain structures in cast and welded alloys.
Therefore, addition of boron as a measure of grain refinement has been investigated recently and its
influence is reviewed in more detail in section 2.3.2. Ti-64 has very narrow freezing range, approximately

5°C. Hence, it behaves like a pure metal during solidification. The narrow freezing range and absence of
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segregating elements and low melting phases makes Ti-64 welds unsusceptible to solidification related

cracking which may be a problem for other high strength structural metals [6].

Under two-dimensional heat flow conditions, which is typical for keyhole EBW and LBW, columnar f
grains growing from the base material inwards are formed. Under three-dimensional heat flow conditions,
typical for TIG, more complex, multidirectional B grain morphologies are formed [6]. The prior-P grain size

in the weld zones increases with increasing heat input of the welding process [39], [41].

3.2.2 Continuous cooling

The o+p titanium alloys such as Ti-64 form complex microstructures during continuous cooling from [
phase field. Depending on the cooling rate from [ phase field, the transformation can be diffusionless
(martensitic) or nucleation and diffusion controlled. For high cooling rates the transformation will be
diffusionless forming martensite. In titanium alloys two martensite morphologies are observed, massive and
acicular martensite. The massive martensite consists of very thin laths (0.1 - 1 um), which all have similar
crystal orientation and can be observed as irregular areas that are hard to resolve with light optical

microscope. The acicular martensite consists of individual a laths, each with different crystal orientation
[7].

Slower cooling rates lead to a diffusion controlled transformation. The o phase first nucleates preferentially
at B grain boundaries forming a continuous o layer along 8 grain boundaries. During continued cooling, o
plates nucleate at the B grain boundaries and grow into the B grains as parallel plates belonging to the same
variant of the Burgers relationship forming a so-called o colony. The a colonies continue to grow until they
meet another a colony. With increasing cooling rate, the size of the a colonies as well as the thickness of
the individual a plates becomes smaller. At higher cooling rates, o plates start to nucleate also at the o colony

boundaries and start to grow perpendicular to the nucleation site forming basketweave structure [7].

Ahmed and Rack [42] demonstrated that martensitic, massive and diffusion-controlled phase
transformations occur in Ti-64. Cooling rates above 410°C/s are required to achieve fully martensitic
microstructure, a massive transformation is observed between 410 and 20°C/s which is gradually replaced
by diffusion controlled Widmanstétten a-formation. During a martensitic transformation, the composition
of martensite remains the same as that of the parent § phase, but the crystal structure changes from bcc to
hcp. The microstructure formed through diffusional transformation is also influenced by the cooling rate.
Faster cooling rates promote formation of basketweave microstructure, while lower cooling rates favor
formation of larger a colonies [43]. The grain boundary o layer in prior B grain boundaries forms

diffusionally and is typically observed in cast and weld materials with lower cooling rate [7].
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High energy beam welding processes such as EBW and LBW can have cooling rates between 100 to
1000 °C/s. Microstructures produced by these processes can be entirely martensitic. For arc welding
processes such as TIG and PAW, cooling rates between 10 to 150°C/s have been reported, which typically

produce a microstructure with a combination of martensitic a’, massive oy, and diffusional a [44].

3.2.3 Post weld heat treatment

Post weld heat treatments are applied on welds to relieve residual stresses, stabilize and homogenize the
weld zone microstructure and to improve ductility [44]. Residual stresses are almost fully relieved at 540°C
[45]. Microstructural changes occur during post weld heat treatments. In Ti-64, it has been observed that
martensitic o’ decomposes to equilibrium o and B. At temperatures below 550°C, coherent TizAl precipitates
form which is seen in a rise of hardness of welds post weld heat treated at low temperatures [7], [45].
Martensite decomposition is not completed at temperatures below 600°C. Significant diffusion of aluminum
into a phase and vanadium into § phase has been observed at 650°C [45]. A post weld heat treatment
temperature of 700 - 800°C is required for complete decomposition of martensite [46]. The microstructure
coarsens during post weld heat treatment. At temperatures below 700°C no significant coarsening occurs
whereas at temperatures of 800 to 900°C coarsening of the a laths and formation of grain boundary a has
been observed [45], [47]-[49]. The hardness of the welds starts to decrease at temperatures above 650°C
[45]. The ductility improves with increasing post weld heat treatment temperature but cannot be fully
restored in o+f titanium alloys. Fracture toughness is also improved with increasing temperature [44].
Fomin et al. [45] found that the notch sensitivity and high cycle fatigue performance improved with
increasing post weld-heat treatment temperature. Two stage heat treatments with recrystallization treatment
at approximately 900°C combined with aging at lower temperature provide the transformation of an acicular

type microstructure to a coarser colony microstructure with lower strength but improved ductility [45].

3.3 Typical defects in Ti-alloy welds
3.3.1 Cracking and embrittlement

Compared to other alloys such as nickel based superalloys and stainless steels, titanium alloys are not
considered susceptible to solidification related cracking because of low concentration of impurities.
Titanium alloys have been reported to crack if welded under severe restraint [50], but the Ti-64 alloy has
excellent cracking resistance. The absence of precipitate particles, impurities at grain boundaries and low
melting temperature phases in most titanium alloys makes them resistant to heat affected zone and liquation

cracking [6].
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Contamination cracking is a problem for titanium alloys. When titanium is exposed to air, moisture or
hydrocarbons at temperatures exceeding 500°C, the material will absorb oxygen, nitrogen, carbon and
hydrogen. These interstitial elements inhibit plastic deformation and increase strength but cause a decrease
in ductility. Iron or tungsten particles are also reported to cause embrittlement. If the contamination level
exceeds a certain amount, residual stresses generated by welding can cause cracking. At increased oxygen
contents, weld bead discoloration can occur as well as an increase in the surface hardness of the weld [6].
Contamination cracking can be avoided by protecting the heated weld region from interstitial elements.
High purity inert shielding gas needs to be used to shield the weld pool, hot weld bead and the backside of

the joint. Thorough cleaning and degreasing of joint surfaces is required [6].

3.3.2 Porosity

Porosity is a concern for high performance components that are subjected to cyclic loading as pores reduce
the fatigue resistance of the welds. Several studies indicate a significant decrease in fatigue life of welds
containing porosity compared with defect-free welds [51]-[53]. Surface porosity has shown to be especially
detrimental. Porosity is a concern particularly in components where the weld profiles are dressed or
machined away. In such components the geometrical defects in the weld profile do not affect fatigue life

and internal pores can break a surface, and act as stress concentrators [54].

There are many reasons for porosity formation in welding such as shrinkage of the weld material, trapping
of shielding gas, chemical reaction in the weld pool, keyhole instabilities, and evaporation [32], [S5]-[57].
The pores are often classified based on their shapes; rounded pores are classified as gas pores, irregular
pores are classified as shrinkage pores. In titanium alloy welds spherical gas pores are the most prevalent
[32].

3.3.2.1 Hydrogen porosity

Hydrogen is recognized as another major cause for porosity in titanium alloy welds. The hydrogen solubility
in titanium increases as the temperature decreases. There is a sharp decrease in solubility at the solidification
point, which causes the rejection of small hydrogen bubbles in the meltpool as the weld solidifies. Typically,
a hydrogen content of 280 ppm is required for hydrogen bubbles to be rejected, which is much more than

the hydrogen content in modern titanium alloys [58]. There are other potential sources for hydrogen such

as:

. preparation of joint surface

. welding consumables

. shielding gas and

. the hygroscopic titanium oxide layer [51].
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Workpiece preparation is essential in avoiding hydrogen porosity. Removal of the hydrated oxide layer and
other surface contaminants is important in minimizing the hydrogen content in the meltpool. Mechanical
cleaning and chemical pickling with a solution of hydrofluoric acid and nitric acid has been shown to be
effective [32], [51]. The time between joint preparation and welding should be minimized, because the oxide
layer continues to absorb moisture [32], [56]. Other sources of hydrogen may be the shielding gas or the
filler material which is why high-purity shielding gases and extra low interstitial filler materials are used

[32].

Hydrogen induced porosity has been reported to occur in various processes. In EBW and several arc welding
processes, it has been suggested to be the main reason for porosity [51], [55], [56], [59]. In LBW, the main
reason for porosity is suggested to be related to the instabilities in the welding process. Process induced
pores are typically larger in size than hydrogen porosity [32], [57], [60].

3.3.2.2 Porosity in laser welding

Weld metal porosity is reported to form easily in keyhole laser welding. Several studies have shown that
keyhole instability can lead to metal vapor or inert gas getting trapped in the weld metal [60]-[63]. This
occurs when the forces keeping the keyhole open are not in balance with the forces that try to close the
keyhole. In the following section, possible sources of formation of process induced porosity and methods

to control porosity are reviewed.
Pore formation

Keyhole welding is a complex and unstable phenomenon which has been extensively studied both
experimentally and theoretically. Formation of pores and their subsequent movement and escape of the
pores in the meltpool are affected by variety of factors. The forces acting on the keyhole and the meltpool
during laser welding are primarily determined by the properties of the incident laser radiation (wavelength,
power density, etc.), the material properties (thickness, chemical composition), the welding speed and the

surrounding environment (the gas utilized to shield the welding process) [27].

Analysis of origin of pore gases has been performed by few authors. Huang et al. [64] showed that the
majority of the gas inside a pore was hydrogen with some CO; in electron beam welded Ti-64. Studies on
laser welded aluminum and magnesium alloys have shown that the gas inside the pores has mainly been
hydrogen and argon shielding gas [63]. Successful pore gas analysis on laser welded titanium alloys has not
been published [63]. Most of the published studies suggest that the porosity is caused by shielding gas that
gets trapped by keyhole instabilities [60], [65], [66].

The incident laser radiation, in terms of total power and power density, can be perturbed by the metallic

vapor exiting the keyhole which provides a mechanism for the fluctuation in laser power and, as a result,
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the keyhole instabilities. Klein et al. [67] showed computationally that fluctuations of 1% in the incident

laser power can cause fluctuations in the keyhole causing collapse of the keyhole and formation of defects.

Matsunawa et al. [61] studied the behavior of transient behavior of keyhole during CO, laser welding of
AAS5083 using X-ray transmission imaging method. Despite the constant welding parameters the keyhole
exhibited unsteady behavior with fluctuations in penetration depth and the formation of porosity in the weld
metal. The observations showed that localized evaporation of metal in the keyhole front wall lead to

perturbations in the keyhole rear wall causing bubbles to form.

Panwisawas et al. [60], [68] showed that turbulent meltpool flow can introduce porosity in laser welding of
Ti-64. Their model showed that Marangoni flow due to the high thermal gradient during the process is
responsible for the recirculation at the melting front which was related to porosity observed in welding
experiments. Their model also showed that when the energy density was very high, the flow behavior within
the fluid region was predicted to become unstable at the tip of the keyhole. The porosity was mainly

dependent upon three parameters: plate thickness, laser power and welding speed.

Pang et al. [65] developed a model for CO, laser welding of titanium alloy to predict porosity induced by
keyhole instability. The model could predict keyhole depth fluctuations at different welding speeds and
found that the fluctuations were closely related to the size and number of pores in the weld beads. The model
showed that the temperature and pressure at the tip of the keyhole dropped severely during fluctuation

allowing shielding gas to flow into the keyhole and become trapped in a bubble.

Huang et al. [69] simulated laser welding of steel and aluminum alloy. In comparison to steel, the laser
welding of aluminum alloy produced a higher depth to width ratio keyhole and more intense melt flow. A

deep and narrow keyhole is more unstable and prone to collapse, and more bubbles are formed.

During pulsed laser welding uncontrollable collapse of the keyhole may be a major cause for formation of
porosity [62], [66], [70]. Zhou et al. [70] observed that solidification rate, back filling speed of liquid metal
and aspect ratio of the keyhole had major influence on the formation of porosity. On wider welds, porosity
could be suppressed through laser pulse shape control to delay the solidification process. Narrow welds
were most susceptible to porosity. Blackburn et al. [63] showed that pulse frequency and pulse shape had a
significant influence on porosity. An oscillating wave was created in the weld pool when low porosity
welding conditions were used, which was thought to act in manipulating the ejection angle of the vapor

plume and aiding the escape of the gas bubbles in the weld pool.

Bubbles may escape from the meltpool via the keyhole wall or the meltpool surface. Huang et al. [64]
showed that pores that nucleate at the leading edge of the melpool during electron beam welding may escape

through the keyhole wall because the liquid film at the side of the keyhole is very narrow. The escape of the
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bubbles was hindered if the liquid film was thicker. Panwisawas et al. [60] observed that occurrence of
porosity was dependent on thickness of the material. On thin sheets, no pores were observed despite the
model predicting their formation. They suggested that on thin sheets the distance is smaller for the bubbles
to escape and thus more probable. Blackburn [63] calculated that if only buoyancy force is considered, larger
pores would typically have time to escape the meltpool before solidification. However, the majority of welds
produced at slower speeds had a significantly higher amount of subsurface porosity than those produced at
higher speeds which suggests that more gas bubbles are formed at slower welding speeds and once these

gas bubbles are present in the meltpool, it is difficult for them to escape.

Several methods to suppress the formation of porosity have been introduced in the literature. Welding
parameters have a significant influence on formation of porosity. The effect of process parameters, however,
appears to be complex and universal strategies for minimizing weld metal porosity have not been
established. Typically partial penetration welds exhibit more porosity than full penetration welds [34], [71]
with exception of conduction mode welding which is a more stable process than keyhole welding. It appears
that parameters producing keyhole with high depth to width ratio are more prone to porosity [66], [69], [72],
[73]. Modelling has shown that high velocity melt flow at the keyhole front can cause a vortex at the keyhole
tip causing porosity to form. Welding conditions producing lower melt flow velocities have been beneficial
in eliminating porosity [68], [74]. Modulation of laser power has been shown to decrease the porosity in
keyhole laser welding [63], [75]. High beam quality fiber and disk lasers have been shown to produce welds
with reduced porosity in comparison to Nd:YAG lasers [63]. Decreasing the joint gap has been observed to
minimize the amount of porosity [76]. Methods to stabilize the keyhole have also been explored. A gas jet
directed into the keyhole has been shown to stabilize the keyhole and produce pore free welds. Dual focus
lasers have also been investigated. With controlled focus spot separation, a stable elongated keyhole can be

formed promoting low porosity welds [63].

Furthermore porosity can be controlled by controlling the welding atmosphere. Vacuum welding has been
effective in the prevention of porosity while the same welding parameters in ambient pressure produced
porous welds. Also penetration depth increased [77]. Using helium as protective gas instead of argon has
produced good results with CO, laser welding [78]. Gas jets between the laser head and the workpiece have
also produced welds with improved quality when welding with high beam quality [63]. All these methods
minimize the metal vapor, ionized shielding gas, and hot gas column above the work piece therefore

reducing attenuation and refraction of the incident laser beam.

3.3.3 Geometrical weld profile defects
Geometrical weld profile defects can occur because of the welding process or due to the joint configuration.

For example joint misalignment is not directly related to the welding process but occurs more commonly in
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keyhole laser or electron beam welding because the narrow beam can more easily miss the joint line.
Incorrect clamping, restraint or inadequate machining may lead to other geometrical defects [32], [79].
Geometrical defects related to welding process include humping, undercut, slumping, concavity, lack of
penetration, burn through, and spatter. Usually it is possible to find a balance of process parameters, such
as weld speed and power, to achieve required weld penetration and minimize weld-profile defects. For
example, humping is usually observed at high welding speeds [79]. In laser welding, underfill depth has

been reported to decrease with increasing welding speed as less evaporation occurs [80].

Titanium has some favorable properties such as good weldpool fluidity, low thermal conductivity, low
density and high surface tension. These characteristics are favorable in minimizing weld geometry defects

and allow welding with an unsupported root surface [44].

Geometrical weld defects are particularly harmful in components subjected to dynamic loading. The defects
at the surface of the components act as stress concentrators and initiate fatigue cracks. In some cases
remelting the weld surface or machining can be used to reshape the weld geometry and remove the

geometrical defects [54].

3.4 Mechanical properties of welds
3.4.1 Tensile properties of Ti-64 welds

According to Liitjering [7], the important microstructural parameters for fully lamellar microstructures with
respect to mechanical properties are the B grain size, the a colony size, the width of the a plates, and presence
of grain boundary a layer. The most critical parameter is the size of o colonies which defines the effective
slip length. Decreasing o colony size improves the yield strength, the ductility, the micro crack nucleation,
and the micro crack propagation resistance, whereas the macro crack propagation and fracture toughness
are improved by large o colony size. Large increase in the yield strength is observed when the colony

structure changes to martensitic microstructure and slip length equals the width of individual a plates.

Tensile ductility of fully lamellar microstructures is lower in comparison to the bi-modal microstructures.
Microvoids can nucleate in the - interfaces and due to the large aspect ratio of a platelets, there is a large
amount of these interfaces in fully lamellar microstructures. Reducing prior B size has a positive effect on
tensile ductility [7], [81]. If the strength difference between the intragranular microstructure and the grain
boundary o layer is large, the cracks can nucleate at the grain boundary o layer causing less ductile

intergranular fracture [7].

For welds this means that the fine lamellar microstructure formed in the fusion zone and heat affected zone

has higher hardness than the base material. The ultimate tensile strengths of welds have been reported to be
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925 MPa to 1060 MPa. Welds have been reported to have both higher and lower strengths than the base
material depending on the welding process and the post weld heat treatment [44]. The martensitic
microstructures formed in high energy intensity processes have typically higher hardness and strength than

welds produced by arc welding processes [47].

The tensile ductility of welds is lower in comparison to the base material. Tensile elongation as low as 6%
has been reported for the welds, while 11% (cast) to 16% (wrought) elongation is typical for the base
material. TIG welds have the lowest ductility while EBW welds have been reported to have the highest
[81]-[84]. Post weld heat treatments improve the ductility of the welds but not to the level of the base
material [47], [85]. The ductility of welds can also be improved by reducing the prior B grain size. Using
pulsed current in TIG welding resulted in welds with smaller prior B grain size and better ductility. The
smaller prior B grain size in welds produced by EBW may explain their better ductility in comparison to

TIG welds [41], [44], [81], [82].

Fracture toughness and resistance to fatigue crack growth is typically better in the welds than in the base
material due to the fine lamellar microstructure [47], [86]. In defect-free structures fatigue cracks occur in
the area of lowest strength which in weldments is located some distance from the base material [87]. In
welds, the joint geometry, defects, and residual stresses can reduce the fatigue performance significantly

[51].
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3.4.2 Fatigue

Engineering components are frequently subjected to repeated loads, and the resulting cyclic stresses can
lead to microscopic physical damage to the materials involved. This microscopic damage can accumulate
with continued cyclic loading even at stresses well below the material’s ultimate strength. The microscopic
damage can develop into a crack which can lead to failure of the component. This process of damage and

failure due to cyclic loading is called fatigue [88].

The fatigue process is usually divided in three stages, the crack initiation, the crack growth and the final

fracture as illustrated in Fig. 3.7.

Cyclic Crack Micro crack Macro crack Final
slip nucleation growth growth failure

< Crack initiation >< Crack growth >

Figure 3.7. Schematic sketch of the different phases for the fatigue failure process. Adapted from [54].

Cracks often nucleate at the surface of the material due to cyclic slip occurring in the planes of maximum
shear stress in favorably oriented grains. Micro cracks initiate along these slip lines. The nucleation rate of
micro cracks depends to a large extent on the applied loading conditions. In general, with increasing load
the number of cycles for fatigue crack initiation decreases. In spite of early crack nucleation, the growth of
micro cracks is slow and they remain invisible for a considerable part of the total fatigue life. Once cracks
become visible, the remaining fatigue life of a laboratory specimen is usually a small percentage of the total
life. The growth of micro cracks is affected by crack growth barriers such as grain boundaries which makes
the small crack growth rate irregular or retard the crack growth and turning it into a non-propagating micro

crack. Non-propagating cracks can initiate at stresses lower than the fatigue limit [54], [89].

The crack initiation phase is supposed to be completed when micro crack growth is no longer depending on
the material surface conditions but the bulk properties of the material are controlling the crack growth rate.
The size of the micro crack at the transition to the crack growth depends on microstructural barriers to be
overcome and can significantly differ for different materials. Usually, the crack is growing perpendicular to
the main principal stress. The final fracture will take place when the crack becomes so large that the
remaining part of the cross section is too small to withstand the load and subsequently complete fracture

occurs [54].
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Cracks nucleate at the free surface because of reduced constraint for slip from adjacent grains, notch effects
of surface imperfections and effects of surrounding environment. Cracks can also initiate at grain boundaries
or internal inclusions and defects. These defects are normally not considered to be harmful for static strength

but could affect the stress distribution on a micro level and thus contribute to crack nucleation [54].

3.4.2.1 Fatigue design methods

There are three major approaches for analysis and design with respect to fatigue: i) stress based approach,
ii) strain based approach, and iii) fracture mechanics approach. Since in this project all the fatigue tests have
been performed with a stress control approach, the main concepts of this method will be discussed in more

detail.

A cyclic loading between maximum stress, Smax, and minimum stress, Smin, can be characterized by the

following values: stress range (AS), stress ratio (R), and mean stress Sy.

AS = Sinax = Smin (3.1)
Smin

R = % 3.2)

Sm = (Smax + Smin)/2 (3.3)

Material testing for this approach is done in load-controlled method, testing the material at different stress
levels. The results of such a test may be plotted to obtain a stress-life curve, or S-N curve. When the fatigue
life, N is plotted against stress range in a log-log plot with sufficient number of data points, a straight line
can be fitted to the data. Such a curve is called S-N curve and the corresponding equation will be of the

form:
AS = ANP (3.4)
, where A and B are fitting constants.

Figure 3.8 shows typical S-N curves. S-N curves vary with material, its processing, stress ratio, chemical
and thermal environment, frequency of loading and residual stress. Some materials like low alloy steels and
titanium alloys exhibit a fatigue limit or endurance limit, a stress range below which fatigue failure does not
occur and life is infinite. For other materials such as aluminum, that do not have a fatigue limit, fatigue

strength is defined as stress range at a specific life.

The stress based approach provides a good approximation at low stress levels when the loading causes only
elastic strains. This regime is called high cycle fatigue (HCF). If plastic strains are involved the life is shorter

and this method fails to model fatigue behavior accurately. The regime of low cycle fatigue (LCF) is better
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approximated using the strain based approach. The regime where high-cycle fatigue starts varies with

material, but is typically from 10* cycles or more [88], [90].

The fracture mechanics approach is a technique based on the analysis of fatigue crack growth. It takes into
account the pre-existing defects in the material. The pre-existing defects can develop into cracks which can
start growing. The fatigue material properties are characterized by the threshold stress intensity range, AKw,
the fatigue crack growth rate relationship, da/dN vs. AK, and the critical stress intensity factor, K¢, which
corresponds to the fracture toughness of the material. The cyclic loading is described by stress intensity
factor AK, which depends on the stresses, geometry parameters and the size and shape of the crack. Two
cracks with different conditions, but a constant value of stress intensity factor, will have the same stress

field and growth rate [88].

3.4.2.2 Fatigue in welds

Welding is used in a large portion of many engineering structures and it provides numerous structural design
options which cannot be realized with other production techniques. However, the fatigue strength of welded
structures is normally lower than that of unwelded components. This is also illustrated in Fig. 3.8 which
shows schematic stress range - fatigue life curves of 1) a smooth plate, ii) a plate with a hole, and iii) a fillet

weld [90].

Stress range

Cycles to failure

Figure 3.8. Fatigue strength comparison between a smooth plate, a plate with a hole, and a fillet weld.

Adapted from [90].
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Fatigue strength of welded structures is reduced due to many factors intrinsic to welded joints. The welding
process introduces changes to the material that can lead to reduction in fatigue strength. The main factors

include stress concentration due to weld geometry, tensile residual stresses and presence of weld defects.

A weld profile causes a change in shape and hence will result in stress concentration. This stress
concentration occurs at the toe of the weld that is the junction between the base material and the weld metal

which makes it a common site for fatigue cracking in welded joints loaded transverse to the joint [90].

Residual stresses are formed during welding when the weld metal cools down and contracts. This causes
tensile residual stresses to form in the weld, compressive residual stresses further away and distortions of
the welded structure. The tensile residual stresses can approach the yield strength of the base material which

contributes significantly to a reduction of fatigue strength in welded structures [90].

Welding defects such as cracks, slag inclusions, gas pores, lack of penetration at the weld root, and undercut
at weld toes may be present in welded joints. Typical defects in titanium alloy welds are discussed in

paragraph 3.3 and the effect of defects on fatigue strength is discussed more in paragraph 3.4.2.3.

3.4.2.3 Effect of weld metal porosity on fatigue

As described earlier, welding introduces imperfections to the welding joints which affect the fatigue
performance. In situations where the external weld geometry is left intact, fatigue cracking typically initiates
at the weld toe. Even if geometry specific stress-raisers, such as weld toes, are removed in order to maximize
the fatigue performance of the joints, fatigue strength can still be lowered significantly by the presence of

weld metal porosity as shown in Fig. 3.9 [91], [92].

Stress concentrators, such as notches, holes or pores, act to raise the local stress above the stress in the bulk
material. The stress concentration factor is defined as the ratio of maximum stress at the stress concentration
and the nominal stress which would be present if a stress concentration did not occur (Ki=6max/Gw). Stress
concentration factor is based on the assumption of linear elastic material behavior and the severity of stress
concentration is affected by the geometry of the notch configuration. Larger stress concentrations are
generated when the aspect ratio of the notch decreases or if notches are in close proximity to each other

[54], [89].
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Figure 3.9. Comparison of fatigue data of Ti-64 welds with and without porosity. Adapted from [93].

Finite element modelling of the effect of the proximity of a free surface and other pores has been recently
published [53], [94], [95]. Two adjacent pores cause an increased stress concentration if the distance
between the pores is less than their diameters [95]. Stress concentration is also increased when a pore is
closer than its diameter to a free surface. The stress concentration is at its highest when a pore is just below

the surface [95], [96].

In case of fatigue, inclusions and pores can be approximated as small cracks [97]. Therefore, they can be
assumed to generate a stress intensity factor which is dependent on the projected area of the defect. The

stress intensity factors generated by surface and subsurface defects were formulated by Murakami et al. [97]

as follows.
Kpnax = 0.650+ marea (Surface) (3.5)
Kpax = 0.50vmvarea (Subsurface) (3.6)

Equations 3.5 and 3.6 show that defects near the surface will lead to higher stress intensity factor and
therefore higher crack growth rate. However, if the size of the crack is small enough, the stress intensity
factor can be below the threshold value for crack growth and thus the crack can become a non-propagating

crack [97].
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4 Experimental techniques
4.1 Materials

A variety of different material batches and alloys were used in this work and their compositions are shown

in Table 4.1.

In Papers 1 and 3, Ti-64 sheet material (AMS4911) in annealed condition was used as parent material. For

TIG welding Ti-64 welding wire was used.

In Papers 2, 4 and 5, cast Ti-64 with boron additions was used. After casting, the ingots were hot isostatically

pressed (HIP) at 900°C at 100 MPa for 2 hours. The material was delivered by Titanium Castings Ltd, UK.

In Paper 6, 4 batches of sheet material with differing composition were chosen to study the effect of chemical
composition of base material on pore formation. All material batches were in accordance with the aerospace

material specification AMS 4911N.

Table 4.1. Chemical compositions (in wt-%) of materials used in experimental work.

Paper | Alloy | Type | Al v Fe o C N H B Ti

1,3 Ti64 Sheet | 6.12 | 3.81 |0.17 |0.12 | 0.006 | 0.005 | <0.001 | O Bal.

1,3 Ti64 Wire | 5.50- | 3.50- | <0.22 | <0.18 | <0.05 | <0.03 | <0.015 | 0 Bal.
filler 6.75 |4.50

2,4 Ti64- | Cast | 6.16 |4.04 |0.20 |0.20 |0.010 | 0.002 | <0.001 | <0.001 | Bal.
0B

2,4 Ti-64- | Cast | 6.24 |4.06 |0.18 |0.19 | 0.012 | 0.003 | <0.001 | 0.06 Bal.
0.06B

2,4,5 | Ti-64- | Cast | 6.18 |4.02 |0.19 |0.24 |0.007 | 0.004 | <0.001 | 0.11 Bal.
0.11B

6 Batchl | Sheet | 6.08 |3.88 | 0.19 |0.14 | 0.008 | 0.001 | 0.0038 | 0 Bal.

6 Batch2 | Sheet | 592 |4.04 |0.16 |0.17 | 0.016 | 0.008 | 0.0028 | 0 Bal.

6 Batch3 | Sheet | 6.23 |3.82 | 0.17 |0.14 | 0.009 | 0.012 | 0.0043 | 0 Bal.

6 Batch4 | Sheet | 6.13 393 |0.20 |0.16 | 0.011 | 0.009 | 0.0024 | 0 Bal.
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4.2 Welding

The welding experiments were performed by GKN Aerospace Engine Systems in Trollhdttan, Sweden.

In Papers 1 and 3, a 4 mm thick Ti-64 sheet material was used as base material to produce welds with TIG,
PAW, EBW, and LBW. The EBW, LBW and PAW were produced autogenously and for the TIG weld a

filler wire was used. Standard welding parameters were used for the processes.

In Papers 2, 4 and 5, bead-on-plate TIG and LBW welds were produced on 8.5 mm thick sections of cast
and HIPed conventional Ti-64 alloy and Ti-64 with 2 different boron concentrations. For TIG welding
partial penetration bead-on-plate welds, and for LBW full penetration bead-on-plate welds were obtained.

In Paper 6, bead-on-plate welds on 4 mm thick Ti-64 sheet were deposited using IPG YLR-6000-s 6 kW

fiber laser equipped with a 160 mm collimator lens, a 300 mm focal length, and fiber with 0.6 mm diameter.

4.2.1. Design of experiments

A design of experiment (DOE) is a systematic method for planning an experiment that will yield statistically
useful results. The simplest way to build an experimental plan is changing one variable (factor) at a time
while holding others constant. This approach may fail to capture dependences or interactions among the
governing factors and several tests are needed for adequate precision in the estimation of the effect. A more
efficient method to study the effect of two or more factors is to vary them simultaneously. Therefore,
designed factorial experiments are used when searching for the main contributing factors or the best
parameter combination to minimize the variation in a response. DOE describes how an experiment should
be performed in order to correlate the controllable and uncontrollable input factors, with the response, while

maintaining statistical accuracy and good reproducibility [98], [99].

Depending on the purpose and resources of the experiment, the factors, levels, and ranges of the experiment
are set in advance. Typically types of DOEs can be classified as screening designs, characterization designs,
and optimization designs. For screening designs, fractional or full factorial designs are typically used. Many
factors with few levels are tested to identify most significant factors and the effects of individual factors,
the main effects. For characterization designs, the main effects and interactions of small number of factors
are studied. Such designs are usually based on full factorial models using two or three levels. Optimization
designs are used to study complicated effects and interactions involving one or two factors and may involve

several levels to capture nonlinearities [98], [99].

The 2 factorial designs are a major set of building blocks for many experimental designs. The 2* refers to
designs with k factors where each factor has just two levels and all possible combinations of these levels

are considered. In these designs, the levels of factors are referred as high and low; +1 and -1. In most cases,
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the levels are quantitative, although they do not have to be. 2* factorial designs can capture linear main
effects of factors and interactions between two or more factors. Centre points can be added to 2* designs to

capture quadratic effects and estimating the error [98], [99].

Replication, randomization and blocking are fundamental principles for a well-designed experiment.
Selecting experimental units and run sequence randomly helps to restrain systematic errors. Replication is

performed to evaluate the experimental error and making statistical tests possible.

Moreover, blocking runs that are similar with respect to a certain factor that cannot be randomized, results
in reduction of noise effects. Blocking is especially helpful for experiments that involve people or when all
of the experiments cannot be carried out in one single day or with a single batch of material. In a blocked

experiment, the block effect can be separated from the effect of other factors [98], [99].

In Paper 6, a blocked 2* factorial study was designed in order to determine the effect of material variation
and welding parameters on weld metal porosity. 4 material batches were chosen on basis of different
compositions. The controlled factors in this experiment were welding speed, average power and pulse
length. The 4 material batches were treated as blocks and the factorial design was replicated for each material

batch.

4.3 Characterization methods

4.3.1 Specimen preparation and optical microscopy

The specimen preparation for microstructural characterization was performed applying conventional
metallographic techniques used for titanium alloys. The specimens were cut using cutting wheels developed
for non-ferrous metals. Afterwards, the specimens were hot mounted with Struers® PolyFast mounting
powder. The subsequent planar grinding and polishing was performed in a Struers® TegraPol-
31/TegraForce-5 semiautomatic polishing machine using P240, P320, P800, and P2000 SiC papers. The
final polish was carried out using Struers® MD-Chem cloth and OP-S polishing solution. The

microstructure was revealed using Kroll’s etchant (1 ml HF, 2 ml HNO3 and 97 ml water).

Light optical microscopy (LOM) is a primary technique for studying microstructure of metallic materials.
In this work, a Leica DMRX microscope was used to capture the microstructures of all the investigated

materials. Large mosaic images were composed with the Microsoft Image Composite Editor -software.

4.3.2 Scanning electron microscopy
Scanning electron microscopy (SEM) is the most versatile electron microscopy technique and it is one of

the most important scientific instruments [100]. SEM provides a wide range of magnifications with high
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spatial resolution, excellent depth of focus, and allows collection of chemical and crystallographic
information. SEM uses a focused electron beam which interacts with matter producing a range of signals
that can be detected by different detectors. The smaller wavelength of the electron beam offers significantly
higher spatial resolution than visible light in optical microscopy. The electrons are generated in an electron
source (tungsten, LaBs or field emission gun) and accelerated with voltages between 1 to 30 kV. The
electron beam is controlled and focused by means of several electromagnetic lenses and scanning coils. As
the electron beam is scanned across the sample surface, electrons interact with the atoms at the sample
surface, creating a number of signals. The signals commonly used for imaging are the secondary electrons
(SE) and backscattered electrons (BSE), while characteristic X-rays are the most common signal for

chemical analysis.

e Secondary electrons are generated by ionization of the atoms in the sample. Secondary electrons
are generated in the whole interaction volume but due to their kinetic energy, they can only escape
from a depth in the order of 100 nm, providing information of the topography of the sample surface.

e Backscattered electrons result from elastic scattering of the primary electron beam. The interaction
volume is larger, approximately 1 pm, which also leads to lower spatial resolution. The
backscattered electron yield is affected by the atomic number and the crystallographic orientation
which can be used for imaging contrast.

o  Characteristic X-rays are emitted when an electron from an outer shell fills a vacancy in an inner
shell which was removed by interaction with the primary electrons. The characteristic X-rays have
a unique energy depending on the element. The X-rays are emitted from the interaction volume
providing spatial resolution of 1-10 um depending on the energy of the electron beam. Energy-
dispersive X-ray spectroscopy (EDS) uses characteristic X-rays for chemical composition analysis

[100].

The majority of the SEM work done in this thesis was performed using a FEG-SEM Leo Gemini 1550
which is equipped with an Oxford Nordlys II detector for electron backscatter diffraction and Oxford Inca
and Aztec systems for EDS analysis. In this work, SEM was used for fractography using secondary
electrons, microstructural characterization using mainly backscattered electrons on unetched samples, and

for obtaining crystallographic information by use of electron backscatter diffraction technique.

4.3.3 Electron backscatter diffraction

Electron backscatter diffraction (EBSD) is a characterization technique integrated in SEM systems
providing quantitative information of the crystallographic nature of crystalline materials such as grain size,
grain shape, grain boundary character, and grain orientation, and allows identification of texture and phases

[101]. The schematic representation of the EBSD technique is shown in Fig. 4.1. Kikuchi bands or electron
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backscatter patterns are obtained in the SEM by focusing a stationary electron beam on a crystalline sample.
The sample has to be tilted ~70 degrees out of the horizontal. Upon interaction with the sample, the primary
electrons are incoherently scattered and subsequently, the scattered electrons are coherently scattered by the
lattice planes, undergoing Bragg diffraction. The generated diffraction pattern is imaged on a fluorescent
screen positioned close to the sample and recorded by a highly light sensitive camera. The diffraction cones
produce a pattern of Kikuchi bands which can be used to identify the local crystal structure and orientation.
Each band in the Kikuchi pattern corresponds to a set of crystallographic planes, the intersections of the
bands correspond to zone axes and the pattern center can be used to determine the orientation of the crystal.
Hence, with prior information about the expected phases in the material, the EBSD software indexes the
acquired EBSD pattern by comparing with the crystallographic information of the expected phases.
Performing EBSD analysis over a defined area of the specimen allows acquisition of orientation maps or

phase maps [101], [102].

Kikuchi pattern Lens
on phosphor screen polepiece
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beam

CCD
camera |

Specimen

Figure 4.1. Schematic representation of the experimental set up for EBSD. Adapted from [101].

The acquisition and analysis of EBSD patterns is done in different ways according to the purpose. In Papers
4 and 5, EBSD has been mainly used for reconstruction of parent B phase from measured o phase. Scanning
electron microscopy (SEM) and EBSD analyses were performed with a Zeiss Leo Gemini 1550 SEM
equipped with Nordlys II detector and HKL Channel 5 software. A 4 um step size was used to acquire
overview orientation maps across the fusion zone, the heat affected zone and the base material. EBSD
analyses were performed on unetched samples. The process of B phase reconstruction is described in the

following section.
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4.3.3.1 Beta grain reconstruction

Pure titanium and many titanium alloys undergo a solid state phase transformation from  phase to a phase
as they cool down from above B-transus temperature. The solid state B-o transformation disguises the prior
[ grain structure in a similar manner as austenite to ferrite/bainite/martensite transformation in steels. This
is illustrated in Fig. 4.2. As shown earlier, prior-f grain structure has an effect on mechanical properties of
welds. Hence, it is import to be able to study the prior-f grain structure. Methods for B grain reconstruction
have been developed for example by Germain et al. [103], Cayron et al. [104], Glavicic et al. [105], Davies
et al. [106], Simonelli et al. [107], and Yang et al. [108]. The methods have different levels of automation
as well as different approaches for o domain and B grain identification and for calculating the orientations

of B grains.

4 Temperature
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Figure 4.2. Application of the reconstruction technique to evaluate parent B grain structure from measured

o phase.

The phase transformation between high temperature B phase (bcc) and low temperature o phase (hcp)
follows the Burger’s orientation relationship (BOR). According to the BOR the close-packed planes and the

nearest-neighbor directions, correspond to each other [5]:
{110}p// {0001}, and <111>p// <1120>, (5.1)

There are 6 {110} planes in B phase, each of which shares two o variants as shown in Table 4.2. Therefore,
there are 12 possible a variants that can originate from a single B grain. The possible variants are listed in

Table 4.2. By comparing all 12 variants, 12 misorientation angles can be computed. Due to crystal

37



symmetry, misorientation angles between some of the variants are identical. It turns out, that there are only

five independent misorientation angles between the o variants originating from a single B grain [4], [109].

Table 4.2. Twelve possible variants generated by the B to o transformation through the Burgers orientation

relationship [109].

Variant Plane parallel Direction parallel Rotation angle from
V1
V1 (110)3 // (0001), [111]//[1120]s -
V2 (101)s // (0001), [111]6//[1120]a 60°
V3 (011)5// (0001), [111]6//[1120]a 60°
V4 (110) // (0001)¢ [111]// [1120], 90°
V5 (101)p // (0001), [111]//[1120], 63.26°
Vo6 (011)5// (0001), [111]// [1120], 60.83°
\% (110) // (0001), [111]// [1120]a 90°
V8 (101)g // (0001)q [111]//[1120]a 60.83°
\E (011)p // (0001), [111]// [1120], 63.26°
V10 (110)g // (0001), [111]p // [1120], 10.53°
V11 (101)p // (0001), [111]// [1120]a 60.83°
V12 (011)p // (0001), [111]//[1120]a 60.83°

All the B grain reconstruction methods are based on the Burgers orientation relationship. EBSD technique
allows the measurement of the orientations of the transformed a phase. The method developed by Germain
et al. [103] is described here in detail. The Merengue 2-software is based on the method described. The

method is an iterative process and follows the following steps.

Correction of the as measured o phase EBSD map

Identification of o domains

Identification of o variants originating from the same parent 3 grain
Determination the orientation of the B grain

Management of ambiguity

A S e

The as-measured EBSD orientation maps for a phase can contain a fraction of non-indexed and/or mis-
indexed points. Therefore, in most cases, the as measured a-orientation maps need to be corrected before

applying the reconstruction method. The correction can be done using a commercial EBSD software that
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allows to identify wild spikes and consider them as non-indexed pixels. In a second step, the non-indexed

pixels can be reduced by assigning them the orientation of their neighboring pixels.

The a domains or colonies are then identified using an ALGRID grain identification algorithm which
improves identification of weakly misoriented o domains. Reliable identification of o domains is a

prerequisite for reliable B grain reconstruction.

The o variants originating from the same parent B grain are identified by comparing the misorientation
angles between variants. The o variants related to the same parent follow the misorientation angles shown
in Table 4.2. The o variants originating from the same B grain follow the misorientation angles with their
direct neighbors but also with all the other variants inherited from the same parent. Checking all
misorientation combinations between variants makes it possible to recognize those stemming from the same

parent.

Determination of the orientation of § grains is performed by calculating the possible parent grain orientations
for each a variant originating from the parent grain. For a single o variant there exists six potential parent [3
grain orientations. The potential parent grain orientations from all the considered a variants are weighted by
their surface fraction. Potential parent grain orientations are compared and the orientation with maximum
surface fraction is assigned. Because of the statistical nature of the approach, the method is useful in data

sets where small amounts of wrongly indexed pixels are found.

In Papers 4 and 5, the effect of boron on prior-p grain structure was studied with EBSD analysis combined

with prior-p grain reconstruction performed by the Merengue 2 software.

Method based on removal of intervariant boundaries

A method based on removing the grain boundaries between the o variants was also explored. According to
the Burgers orientation relationship, each prior-p grain can transform into up to 12 different orientation
variants of a. As shown in Table 4.2, these variants have specific misorientation angles and axes between
them. HKL Channel 5 software allows to disregard grain boundaries with specified misorientations. Figure

4.3 shows the result of a reconstruction with this method.
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Figure 4.3. a) Orientation map of a phase and b) reconstructed  phase map using HKL Channel 5 software.

Both maps are shown in Euler angle coloring.

The principle of this method of prior-f reconstruction is simple and efficient but, in practice, it proved to be
difficult and ultimately unsuccessful. As shown in Fig. 4.3, some of the prior-f grain boundaries are
captured. However, it appears that several prior-f grain boundaries have been incorrectly removed.
Numerous tiny grains also show that all the grain boundaries between the o variants originating from the

same parent grain were not identified.

This method has some drawbacks. First, it is possible that o variants originating from different  grains may,
in some cases, have misorientation angles that match the ones shown in Table 4.2. This leads to removal of
this intervariant boundary and ultimately the two B grains are combined. Another drawback is the fact, that
the B to o transformation does not follow the Burgers orientation relationship strictly but there are small
deviations in the orientations of the a variants [110]. Therefore, a more advanced method was required for

successful B grain reconstruction.
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4.3.4 Quantitative image analysis

The quantification of microstructure features in o/f titanium alloys is quite difficult because the
microstructure is complex. It involves features spanning a wide range of size scales. Stereological analysis
procedures have been studied for titanium alloy Ti-64 [111], [112]. They suggested measuring methods for
most of the microstructure features in titanium alloy Ti-64 using Adobe Photoshop software with FoveaPro
add-in, a set of functions for computer-based image processing and measurement in images. However, in
welded Ti-64, the microstructural features are very fine and the contrast in the images was not sufficient for
automated image processing. Thus, in the present work, quantitative image analysis was performed
manually using ImageJ software. Images for quantitative image analysis were acquired using optical

microscopy or SEM using backscattered electrons on unetched samples.
Phase fraction

The volume fraction of phases was evaluated by measuring the area fractions of different phases from SEM-
BSE micrographs. In the original grey scale SEM-BSE image (Fig. 4.4), o phase is seen in dark and the 3
phase in bright color. The difference in composition generates the contrast between the phases. To confirm
the phase contrast produced by backscattered electrons, EDS and EBSD were used. The phases were
separated using thresholding to generate a binary image. The method was used to evaluate phase fraction of

TiB phase in Paper 4 and the base material § phase fraction in Paper 6.

Figure 4.4. Example of o and B phase fraction evaluation in Ti-6Al-4V using thresholding technique.
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Size of prior-beta grains and alpha colonies

The prior-P grain sizes and o colony sizes were estimated by a size factor using a mean intercept length
method. The colony size factor is the average length of a randomly oriented line that intersects the colony.
The colony size factor has a dimension of length that represents the colony size; it is called “size factor”
because it does not give any information regarding the shape of the colonies. A set of random lines is drawn
in a micrograph; all the intersections of those lines with the colony boundaries are marked (Fig. 4.5). A
numerical value for the colony size factor is then obtained by dividing the total line-length by the total

number of marked intercepts [112]. The size of prior-B grains was evaluated in a similar manner.

10 pm

Mag= 3.00KX EHT=10.00kVv. WD = 58 mm  Signal A = Centaurus

Figure 4.5. SEM-BSE micrograph used for measuring the colony size factor. The black lines are randomly

placed and the intercepts of the lines with the colony boundaries marked with white circles.

Thickness and length of alpha laths

To measure the thickness of a laths, a set of random lines is drawn on the image. The intercept length, A, is
calculated by dividing the total line length with the number of intercepts where the line crosses the B phase.
By inverting the lengths and calculating the mean value, (1/ )mean » the mean thickness of the laths was
calculated from the following relation:

1

thickness = ————
1
15( /A)mean

(4.1)

The factor 1.5 comes from the stereological relationship by which the thickness of infinite o laths can be

estimated by the line segments which are the intersections of the lines with those o laths [112].
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In paper 4, the length of a laths was evaluated by measuring the 15 longest a laths in each SEM micrograph.
A minimum of 15 micrographs was used to evaluate the a lath length in HAZ and FZ of welds with different

boron contents.

4.3.5 Fractography

By characterizing the topography of the fracture surface, information about the cause of crack initiation and
fracture mechanisms can be revealed. Fatigue failure can be divided into different stages, i.e. crack initiation,
crack propagation and final fracture. Figure 4.6 shows a crack initiation at a pore, a relatively flat crack

propagation area around the initiation and the final fracture surface.

A

Crack initiation i

Figure 4.6. Fracture surface of a fatigue specimen.

In Papers 1 and 3, fractography was carried out on the fracture surfaces of fatigue-tested samples. The type,
size and location of the crack initiation sites were recorded. In addition, tensile tested samples were
investigated in Paper 3. Fractographic evaluation was carried out in a LEO Gemini 1550 FEG scanning

electron microscope.
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4.4 Mechanical testing
The tensile testing and the low cycle fatigue testing were carried out by an ISO 17025 certified commercial

mechanical testing laboratory. Below, the details from the performed mechanical testing are provided.

4.4.1 Tensile testing
The strain controlled tensile testing at room temperature was performed according to ASTM E8. The testing
carried out at 250°C was performed according to ASTM E21. The tensile testing was performed in

transverse direction to the weld.

4.4.2 Fatigue testing

The load controlled fatigue testing (Paper 1 and 3) at room temperature and at 250°C was performed
according to ASTM E466. In Paper 3, a set of polished and unpolished LBW specimens was also tested at
200°C.

Figure 4.7 shows the removal of the external weld geometry from tensile test samples and LCF samples.
The fatigue specimens were polished in order to study the effect of microstructure and internal defects. In
addition, a set of unpolished laser beam welded samples were tested to determine the influence from the

external weld geometry.

VAR

Sheet
Weld
[ LI \ ]
/ Sheet
Sheet Weld

Figure 4.7. Schematic sketch of the LCF specimen geometry. Removal of the external weld geometry.
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Specimens for fatigue testing were prepared in longitudinal and transverse direction to the weld as shown

in Fig 4.8. Equal amount of samples were tested in both directions.

Fatigue ) Fatigue

type 1 Tensile type 2
By i LB ] 1
/ROTUR 1[5

Al
A

Sample dimensions (mm)
TIG, EBW, LBW PAW

Fatigue Tensile | Fatigue Tensile

A 25 25 20 20
B 6 4 4 3
C 23 18 19 13
R 10 7.5 10 5

Figure 4.8. Schematic drawing and table with dimensions of the fatigue test specimens.

4.4.3 Hardness measurement
Vickers hardness measurements were performed with a Shimadzu HMV-2000 hardness tester using a load

of 300 g or 500 g for 12 seconds and a Wolpert 2RC hardness tester using a load of 5 kg for 12 seconds.

4.5 X-ray techniques

4.5.1 X-ray radiography

The principle of X-ray radiography is illustrated in Fig 4.9. A 3-dimensional object is projected onto a 2-
dimensional plane, i.e. the detector. The detector can be a film or a CCD detector. X-rays are generated in
an X-ray tube when a beam of electrons is accelerated on to a target by a high voltage and stopped suddenly

on striking the target. X-rays interact with the object by scattering and absorption. As the X-ray beam passes
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through material, photons get absorbed or scattered so the intensity of the X-ray beam is reduced; this is
known as attenuation. The advantage of conventional X-ray radiography is the high efficiency for porosity
detection in large components. As disadvantages can be named the overlap of different defects, the difficulty

to detect planar defects, and the relatively low spatial resolution [113].

Radiation
iy source

Radiograph

Figure 4.9. Illustration of a basic radiographic set-up. Adapted from [113].

Radiographic sensitivity is a measure of the quality of an image in terms of the smallest detail or
discontinuity that may be detected. Radiographic sensitivity is dependent on the object, the scattering, the
detector, and geometric factors. Geometric unsharpness refers to the loss of definition that is the result of
geometric factors of the radiographic equipment and setup. It occurs because the radiation does not originate
from a single point but rather over an area. As shown in Fig. 4.10, there are three factors controlling
unsharpness: size of the X-ray source, source to object distance, and object to detector distance. The source
size is obtained by referencing the manufacturer’s specifications for a given X-ray source. Industrial X-ray
tubes often have focal spot sizes of 1.5 mm but micro focus systems have spot sizes in the 30 um range. As
the source size decreases, the geometric unsharpness, or the size of penumbra (Uy) also decreases. The
resolution of conventional X-ray radiography can approach around 2% of the thickness of the specimens.
Image quality indicators mimicking different defect types are used to estimate the capability of a

radiographic technique [113].
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Figure 4.10. Schematic visualization of image magnification and geometric unsharpness. Adapted from

[114].

In this work conventional X-ray film radiography was used to characterize porosity in Paper 6. Radiographic

examination of all bead-on-plate welds was performed using Yxlon 160 kV X-ray tube with X-ray film.

4.5.2 X-ray tomography

A schematic illustration of steps involved in X-ray computed tomography is shown in Fig. 4.11. In a
laboratory X-ray imaging equipment, X-rays are generated by an X-ray source. The X-ray beam is directed
towards a detector with the sample being placed between the source and the detector. As the X-ray beam
passes through the sample, some of the photons are attenuated. The attenuated beam intensity is measured
by the detector as the sample is rotated and radiographs are recorded for each rotation step. The rotation
steps used are typically between 0.1° and 1°. The series of projected images is then used to reconstruct a 3D
matrix where each element is referred as voxel. The value of a voxel corresponds to the X-ray attenuation

at that point in the sample [113]-[115].
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Figure 4.11. Schematic illustration of X-ray computed tomography process. Reprinted from [115], with

permission from Elsevier.

The most common method to reconstruct a 3D volume from the series of 2D projections is called filtered
back-projection technique. Back-projection reconstructs an image by taking each view and smearing it along
the path it was originally acquired. The final back-projected image is then taken as the sum of all the back-
projected views. The resulting image is a blurry version of the correct image. In the filtered back-projection
technique, blurring is reduced by applying a filter to each recorded view before back-projecting them. The

back-projection of the filtered radiographs results in a much sharper image [116].

Magnification in X-ray tomography is typically achieved through geometric enlargement as illustrated in
Fig 4.10. The image quality in X-ray tomography is dependent on the size of the X-ray source, geometrical
factors, and the detector. The resolution of X-ray tomography systems has been improved by using micro-
and nanofocus X-ray sources. With these sources X-ray micro-tomography can reach resolution down to 1
pum. The resolution of micro-tomography equipment quickly decreases as the sample size increases. This is
due to geometrical factors and the fact that higher intensity X-rays are needed for sufficient penetration. In
general, the X-ray source size increases with the beam current [113], [115]. X-ray microscopy (XRM),
developed by Carl Zeiss Microscopy, uses optical magnification in addition to the geometric magnification
to achieve higher resolution. Sample images are initially enlarged through geometric magnification as they

are in conventional micro-tomography. The projected image impinges on a scintillator, which converts X-
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rays to visible light, which then is subsequently magnified by an optical objective before reaching the

detector. Spatial resolution down to 50 nm can be achieved by XRM equipment [117].

In Paper 3, XRM investigations were performed on selected LCF specimens using Zeiss Xradia 520 Versa
equipment located at the Zeiss Microscopy Customer Center in Oberkochen, Germany. The scan volume

was 3 mm X 5 mm x 8 mm with 4 um voxel size, and 3 mm x 5 mm x 1 mm with 1 um voxel size.

In Paper 4, X-ray micro-tomography was used to study porosity in boron alloyed laser welds. The porosity
in the welds was examined with a Nikon XTEK XTH 225 kV X-ray micro-tomography system. A 27 mm
long section of each laser weld was scanned and the dimensions of the examined volumes were
approximately 8.5 mm x 8.5 mm x 27 mm. The reconstruction was done using a voxel size of 5 um. The X-
ray tube settings (180 kV, 130 pA) produced a focal spot size of approximately 20-25 um. The geometric
enlargement was 23.5x, and the detector pixel size 127 um. With these conditions the geometric unsharpness

was 0.5 mm and the smallest detectable defect size was in the range of 20 pm.

4.6 Chemical analysis
Chemical compositions of base materials and welds were analyzed by SEM-EDS, electron microprobe-

analyzer (EPMA), X-ray fluorescence spectroscopy, inert gas fusion, and combustion analysis.

4.6.1 EPMA

Electron probe microanalyzer (EPMA) is a type of electron microscope used to provide chemical
information. The operating principle of the electron probe micro analyzer (EPMA) is based on directing a
focused electron beam on the sample surface and collecting the characteristic X-ray photons emitted by the
various elements in the sample. The characteristic X-rays are recorded using wavelength-dispersive
spectroscopy (WDS). The WDS detector provides better spectral resolution and shorter detector dead time
than SEM-EDS systems. This provides better sensitivity for analyzing light elements such as O, N and C.
EPMA is considered as fully qualitative and quantitative method for elemental analysis of submicron-sized

volumes at the sample surface with sensitivity in parts per million (ppm) [100].

EPMA was used in Paper 3. A JEOL JXA-8500F electron probe micro analyzer was used to analyze the
oxygen and aluminum content of TIG and EBW welds in comparison to the base material. Measurements
were performed at the Norwegian University of Science and Technology (NTNU) in Trondheim. Qualitative
line scans across the welds were performed using an acceleration voltage of 10 kV, a beam current of 30 nA,
a step size of 100 pm, and a 5 um defocused beam. Quantitative analysis was not performed due to lack of

standard material.
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4.6.2 Chemical analysis by Degerfors Laboratorium

The amount of hydrogen, oxygen and nitrogen were determined using inert gas fusion method which was
carried out according to ASTM E1447 and ASTM 1409 standards. In inert gas fusion method, the test
sample is fused in a graphite crucible under a flowing inert gas stream at a temperature sufficient to release
O, N and H. Oxygen combines with carbon to form carbon monoxide (CO) while nitrogen and hydrogen
are released as N> and H,, respectively. The released gases are swept by the inert gas stream and analyzed
by an infrared or thermal conductivity detector. Uncertainty of measurement is 0.001% for H and 0.01% for

O and N [118], [119].

The amount of carbon is determined by combustion analysis which was carried out according to ASTM
E1941 standard. In combustion analysis, a metal specimen is combusted in an oxygen atmosphere in an
induction furnace. The carbon in the specimen is oxidized to carbon dioxide or carbon monoxide, or both,

and is eventually carried to the detector. Uncertainty of measurement is 0.002% [120].

The amount of Ti, Fe, Al, and V were determined by X-ray fluorescence spectroscopy which was carried
out according to ASTM E549 standard. In X-ray fluorescence spectroscopy, a specimen is irradiated by
high-energy X-ray photons. Secondary X-rays are produced and emitted from the sample. This radiation is
measured by a detector, which measures the count rates at specified wavelengths. Mass fractions of the
elements are determined by relating the measured radiation from samples to calibration curves prepared

using reference materials of known compositions. Uncertainty of measurement is 0.004% [121].

In Paper 6, the aforementioned methods were used to analyze the chemical compositions of the base material

and the weld metal. The analyses were carried out by Degerfors Laboratorium AB.
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5 Summary experimental results and discussion
This thesis is the result of the work carried out over five years, which led to the six appended papers. Each

paper has its own research focus which contributes to the research objectives outlined in section 1.1.

e In Paper 1, the effect of defects and microstructure on fatigue strength of Ti-64 welds produced by
PAW and TIG was studied. The welds were fatigue tested and the weld microstructure, fracture
surfaces, crack initiation sites and internal defects such as porosity were studied.

e In Paper 2, the microstructures and microhardness of TIG and laser welds performed on cast Ti-64
with boron contents of 0 wt-%, 0.06 wt-% and 0.11 wt-% were characterized. An addition boron to
refined the solidification microstructure and a-colony size dramatically in the Ti-64 welds.

o In Paper 3, the effect of microstructure and especially of defects on mechanical properties of Ti-64
welds produced by TIG, PAW, EBW and EBW were studied. The welds produced with different
processes have different microstructures and different populations of defects in terms of their size
and distribution. The effect of these aspects on mechanical properties under different testing
conditions were investigated.

o In Paper 4, the effect of small additions of boron in cast Ti-64 on the microstructure and porosity of
laser welds was investigated. The boron addition was found to refine the prior-p grain structure in
the weld zones significantly. The TiB particles that exist in the as cast alloys restricted grain growth
in the HAZ and decreased in size in the FZ. Boron addition affected the spatial distribution but not
the amount and size distribution of porosity.

e InPaper 5, a method of prior-f reconstruction based on Burgers orientation relationship was applied
to study the prior-f grain structure in the different weld zones. The prior-B reconstruction could be
performed successfully and the reliability of the reconstruction was evaluated. The fine
microstructure in the weld zones together with low magnification resulted in a relatively low
indexing rate in the FZ and HAZ which did not affect the quality and reliability of the prior-f grain
reconstruction.

e In Paper 6, the effect of material variation on porosity in laser welding of titanium alloy welds was
investigated. Laser welding was performed on 4 selected material batches with differing
composition. The material batches were characterized in terms of microstructure and chemical
composition and the laser welds in terms of porosity, weld geometry, microstructure and chemical
composition. 2 out of 4 material batches were found to be significantly more sensitive to formation
of porosity. Formation of porosity could be suppressed with choice of welding parameters in all

batches.
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5.1 Microstructure of welds produced by TIG, PAW, LBW and EBW

Tungsten inert gas welding (TIG), plasma arc welding (PAW), laser beam welding (LBW) and electron
beam welding (EBW) are all processes capable of creating high quality fusion welded joints in titanium
alloys. Due to the different characteristics of the welding processes, the welds have different microstructures
and different populations of defects in terms of their size and distribution. As shown in Fig 5.1, the welding
process had significant effect on microstructure of the welds. The TIG weld was widest and contained the
largest prior-P grains. The fusion zone (FZ) and prior-f grain size was smaller in PAW than in TIG welds.
Welds produced by EBW and LBW were considerably narrower. LBW had the smallest weld zone and
smallest prior-f} grain size. Also, the prior-f§ grains in LBW were more equiaxed as compared to the other

welds where prior-f grains are elongated.

Figure 5.1. Optical micrographs showing the weld cross sections for a) TIG, b) PAW, ¢) EBW, and d) LBW

welds, in 4mm thick Ti-64 sheet material.

Welded a+f titanium microstructures are complex. In all type of welds, the microstructure consisted of fine
a plates separated by thin layers of § phase. The thickness of the individual a plates in EBW and LBW
samples was on average below 1 um and in TIG and PAW on average 1.2-1.3 pm. The microstructure of

EBW and LBW welds showed features of acicular a’ which is a result of martensitic transformation during
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fast cooling when welding. Upon post weld-heat treatment at 704°C, existing martensite has decomposed
into o and P phases, but o laths have retained acicular morphology [46]. The resulting microstructure in
EBW and LBW samples is a fine basketweave type of structure. TIG and PAW processes have larger heat
input and slower cooling rates which results in a mixture of martensitic and diffusionally transformed
products. TIG welds have more of a colony type of microstructure whereas PAW mainly contains the

basketweave type of microstructure.

The size and amount of porosity in the welds was estimated by investigating fracture surfaces and
performing an XRM study on selected samples. Comparing the pore size distribution in different welds, it
can be seen that the pores produced in EBW are the smallest followed by PAW. TIG and LBW produced
welds with more porosity and larger in size. In LBW continuous porosity with small pore size was found
along the centerline in the weld, with occasional large pores at the root side of the weld. In TIG, the porosity

seemed to be scattered.

It should be noted that the microstructural features presented here were achieved using company standard
welding parameters. Microstructure and formation of defects can be controlled with welding parameters.
However, the results presented here are in line with literature. Arc welding processes have significantly
higher heat input producing wider welds with coarse microstructure. Laser and TIG welding are more

susceptible to formation of porosity than PAW and EB welding.

5.2 Mechanical properties of welds produced by TIG, PAW, LBW, and EBW

The microhardness of the welds was found to be higher as compared to the base material. Despite the higher
hardness of the welds, all the welds fractured in the fusion zone during tensile testing and fractures were
found to be a combination of transgranular and intergranular fracture. The tensile ductility was lowered, and
TIG and PAW showed the lowest ductility. The tensile ductility depends on the strength difference between
the prior-p grain boundary layer and the intragranular microstructure. The high strength of the fine a
microstructure inside the grains concentrates the strain in the grain boundaries with lower strength. In
addition, the prior-f grain size is related to tensile ductility [7]. Therefore, the larger prior-§ grain size found
in the TIG welds could explain the lower ductility. TIG welds had the largest prior-p grain size, followed
by PAW that also had lowered ductility. LBW and EBW had the smallest prior-p grains and also showed
the highest ductility. Titanium alloys are very reactive at elevated temperatures and pick up of interstitial
elements such as O, N and C during welding has been suggested as a reason for lowered ductility [122].

However in this case, EPMA measurements did not reveal elevated oxygen levels in TIG and EBW.
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Figure 5.2. Etched side views and fracture surfaces of weld samples tensile tested at room temperate.

a) and b) EBW, c¢) and d) LBW, and ¢) and f) PAW.

Figure 5.3 shows the results of LCF tests carried out at 250°C with the type of crack initiation indicated by
a unique symbol. Large defects have most detrimental effect on fatigue life on all stress ranges. At high
stress ranges, cracks initiate easily and surface initiations dominate. At lower stress ranges, smaller defects
can act as crack initiation sites, because cracks do not initiate and grow from the surface. At room

temperature, the fatigue performance was found to be more sensitive to porosity.

EBW and LBW were found to have better fatigue performance than TIG and PAW. Almost all TIG and
PAW specimens had crack initiation at a pore, whereas most EBW and LBW samples had a crack initiation
at a defect-free surface. Only large pores and surface pores were found to initiate cracks in EBW and LBW.
The finer microstructure in EBW and LBW improves resistance to micro crack initiation which contributes

to better fatigue performance and makes the welds less sensitive to porosity.
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Figure 5.3. LCF results of a) welds produced by TIG, PAW, EBW and LBW at 250°C, b) EBW and TIG
at room temperature, and c) the effect of weld geometry in LBW. In a) and b), the shape of the symbol

indicates the welding process and the fill of the symbol indicates the type of the crack initiation.

5.3 Welding of boron alloyed Ti-6Al-4V

Addition of small amounts of boron to cast titanium alloys have shown to render a finer microstructure and
improved mechanical properties. For this type of improved alloys to be fully applicable for large aerospace
structural components, successful welding of such castings is essential. Addition of boron in the cast base

material altered the microstructure of the LBW and TIG welds significantly as shown in Fig. 5.4. The most
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distinct changes that were observed were the presence of TiB particles and the refined prior-f grain size in
the HAZs and FZs of the boron alloyed welds. Also, changes in a phase morphology were observed as a
laths got shorter and the amount of colony type microstructure increased with increasing boron content. As
shown in Fig. 5.5, the TiB particles were affected by the welding process. In the fusion zone the TiB particles
were much finer and formed networks of stripes along the interdendritic regions whereas in the HAZ and

base material, the TiB particles were unaffected and located along the prior-p grain boundaries.
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Figure 5.4. Optical micrographs of a) TIG Ti-64, b) TIG Ti-64+0.06B and c) laser weld Ti-64+0.11B.

The B-grain refinement is based on the growth restriction provided by boron as a boron-rich layer is formed
around the solidifying B-grains. This boron enrichment causes a corresponding variation in the liquidus
temperature, thereby leading to higher constitutional supercooling which provides an additional driving
force for the nucleation of more fine B-grains ahead of the solid/liquid interface. The presence of equiaxed
grains in boron alloyed titanium alloy castings implies that constitutional supercooling is more important

during solidification than thermal undercooling [12].

When a steep temperature gradient is present, as in welding or additive manufacturing, columnar growth of
grains tends to occur. This was observed in the FZs of boron alloyed welds. Bermingham et al. [14]
explained the formation of thin elongated columnar grains by lateral solute rejection during epitaxial
nucleation and growth from the base material. The presence of boron produces constitutional supercooling
which restricts the lateral columnar growth allowing neighboring columnar grains to nucleate and grow.
Columnar grains are also favored by the lack of potent nuclei in the melt. TiB particles that were observed
in the base material and the FZ were initially dissolved in the melt and only precipitate during the last phase

of solidification. Consequently, they do not affect the grain refinement during solidification. The grain
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boundary pinning effect of TiB particles may be important in restricting the B-grain growth when the
temperature exceeds the B-transus temperature. This effect is apparent in the HAZs of boron alloyed welds

where no coarsening of prior-f3 grains was observed.

Figure 5.5. SEM images of microstructure of L-0.11B: a) FZ and HAZ, b) FZ, ¢) HAZ close to the fusion
line, and d) HAZ.

Titanium alloys are typically very resistant to solidification cracking because of the absence of segregating
elements. Addition of boron, however, may increase the risk of liquation cracking in the HAZ during
welding. Close to the fusion line (Fig. 5.5¢), it appears that the TiB may have partly melted/dissolved while
the B-grains appear unmelted. The phase diagram for the Ti-B system [123] shows that the Ti-B eutectic has
a lower melting point than pure Ti metal. This eutectic component, which segregates to the prior-f grain
boundaries during solidification, could therefore risk to form a liquid film along the B-grain boundaries in
the HAZ during welding. This increases the risk of liquation cracking during welding. However, no cracks

were observed in this study.

The X-ray microtomography study of the laser welds revealed no significant effect of boron on the amount
or size of porosity. Pores in laser welded titanium alloys are normally considered to be related with keyhole
instabilities or contamination [56], [63]. However, the spatial distribution of pores was found to be different
in standard grade Ti-64 (L-0B) when compared with the boron alloyed welds (L-0.06B and L-0.11B). In L-
0.06B and L-0.11B, the pores were confined at the root side of the weld, whereas in L-0B, the pores were
found also in the middle of the weld. Boron alloyed welds were wider than the corresponding welds of
standard grade Ti-64 alloy, even though identical welding parameters were used. The face undercut was

larger in L-0B than in L-0.06B and L0.11B welds. These observations are probably related to the flow of
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the meltpool. Boron is known to influence the melting point and solidification range of titanium alloys [12]
and may have an effect on the viscosity and surface tension characteristics of the melt which therefore could

influence the flow in the meltpool.

5.3.1 Prior-beta grain reconstruction
The effect of boron on prior-f grain structure was studied with EBSD analysis combined with prior-§ grain

reconstruction performed by the Merengue 2 software [124]. Relatively large areas of 3 x 5 mm were
mapped to acquire the overview of the base material, the HAZ and the FZ of the laser welds. A step size of
4 um was chosen to be able to acquire maps of such large areas in timely manner. The as-measured
orientation map of the o phase in a laser weld with 0.06% B is shown in Fig. 5.6a in inverse pole figure
coloring. Figures 5.6 b-d show the orientation map of the numerically reconstructed B phase in laser welds
with different boron contents. The step size was similar to the average size of the o colonies in the HAZ and
the FZ. This means that data was not acquired from all the o colonies. The fine microstructure also resulted
in a lower percentage of indexed points and lower quality of the EBSD patterns. The change in EBSD pattern
quality between the base material and HAZ is illustrated by the band contrast image in Fig. 5.6f.

The reconstructed  grain map reveals the prior-f grains in the different zones. In the base material and the
heat affected zone, the prior-§ grains were relatively equiaxed and no significant grain growth was observed.
TiB particles located in the prior-p grain boundaries seemed to restrict grain growth in the HAZ during
welding. The prior-P grains in the fusion zone were narrow and elongated. The [ grains nucleated and grew
epitaxially from prior-p grains in the heat affected zone but there were also large number of B grains
nucleating within the fusion zone. A smaller prior-f3 grain size in the HAZ also offers more nucleation sites
for grains to grow in the FZ which contributed to the finer prior-f grain structure in the FZ. The {100} pole
figure shown in Fig 5.7¢ shows a weak texture in the FZ which indicates that the growth direction of the
columnar grains was close to the elongation direction of the grains which is typical for competitive growth

during solidification. This texture was not seen in the base material.
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Figure 5.6. EBSD maps of a) the o phase in L-0.06B and reconstructed B phase in b) L-0B, ¢) L-0.06B, and
d) L.0.11B. e) IPF color code for the HCP a phase and the BCC 3 phase and f) magnified band contrast
image of BM/HAZ boundary in L-0.11B.

The reliability of the reconstruction was evaluated by comparing the band contrast image and reconstructed
B grain maps. An example of the comparison is shown in Figs 5.6d and f. The reconstructed prior-f§ grain
boundaries correspond to the locations where TiB particles were observed in the band contrast image. In the

fusion zone, TiB particles were finely dispersed throughout the microstructure. Hence, validating the B grain
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reconstruction this way was not possible. Therefore, EBSD orientation information of selected adjacent
grains A-C (indicated in Fig. 5.6) were analyzed in detail. Figure 5.7 shows pole figures of {0001}, {011},

and the orientation map of o phase in the reconstructed B grains A-C.
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Figure 5.7. EBSD analysis of grains A-C: (a-c) {0001} pole figure, {011} pole figure of reconstructed 3
phase, and orientation map of o phase in grains A-C, respectively. d) Misorientation profile in the

reconstructed grain C, and ) {100} pole figure of B phase in fusion zone.

As shown in Fig. 5.7, {0001}, poles within each reconstructed B grain gathered into six positions in the pole
figure. In B phase, there are 6 {011} poles to which the {0001}, poles coincide exactly according to Burgers
orientation relationship. Comparison of these adjacent grains shows that the measured o variants within
each grain A-C must stem from different B grains. If o variants selected in the area of an reconstructed grain
originated from different B grains, the {0001}, pole figure would show more than 6 poles. This is visible in
grain C; there was a small shift of the projection of the {0001}, poles. This is due to a low angle grain
boundary which is shown in the misorientation profile (Fig. 5.7d) of reconstructed p phase measured along

grain C. Overall, the reliability of the presented B grain reconstruction method appears to be good. In the
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base material and the heat affected zone, microstructural features revealed the prior-f§ grain boundaries and
the reconstructed map captured these boundaries. In the fusion zone, analysis of the a variants stemming

from adjacent B grains showed that B grains were correctly reconstructed.

5.4 Effect of material variation in porosity in laser welding

In laser welding, the formation of porosity is mainly attributed to instabilities related to the keyhole. Several
studies have shown that keyhole instability can lead to metal vapor or inert gas getting trapped in the weld
metal [57], [68], [70]. However, significant variations between material batches in terms of porosity
formation have been observed. Therefore, in this study, a blocked 2* factorial study was designed in order
to determine the effect of material variation and welding parameters on weld metal porosity. The factorial
design was replicated in four material batches with differing chemical compositions. The 3 key process
variables; welding speed, average power and pulse length, and the appropriate range for these variables were
chosen based on previous experience. 11 bead-on-plate welds were deposited on each batch of material and
the welds were characterized in terms of microstructure, weld geometry and weld metal porosity. The
material batches were characterized in detail to explain the batch variation in the amount of weld metal

porosity.

Characterization of the material batches showed differences in chemical composition, hardness and
homogeinity of the microstructure. The microstructure of all material batches was fully equiaxed. Some of
the batches showed differing degrees of banding. The Vickers hardness of material batches was varying
between 323 HV and 354 HV. The chemical compositions of the material batches (BM) and selected welds

are shown in Table 5.1.

Table 5.1. Chemical compositions of different material batches and selected welds (in wt-%).

Batch/ | Al[%] | V[%] | Fe[%] | C[%] | N[%] | O[%] | H Ti
Run [Ppm]
1/BM 6.08 3.88 0.19 0.008 0.010 0.14 38 Bal.
2/BM 5.92 4.04 0.16 0.016 0.008 0.17 28 Bal.
3/BM 6.23 3.82 0.17 0.009 0.012 0.14 43 Bal.
4/BM 6.13 3.93 0.20 0.011 0.009 0.16 28 Bal.
1/CP 0.009 0.006 0.14 31
1/CP 0.012 0.006 0.14 39
2/CP 0.017 0.008 0.16 28
2/HP 0.020 0.006 0.14 20
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The porosity in the welds was characterized using X-ray radiography. Figure 5.8 shows radiographs of welds
in batches 1 and 2 produced with same welding parameters. The porosity was classified in three categories,
i.e. large pores, small pores and chain porosity. The diameters of observed porosity were summed up to

cumulative length of porosity which was used as a measure of amount of porosity.

b chain porosity

> mm_ Small pores Large pore

Figure 5.8. X-ray radiograph of a weld in a) batch 1 and b) batch 2 produced with the same weld parameters.

Figure 5.9 shows the amount of porosity in the 3 DOE center point welds in each batch. It shows that batches
2 and 4 were significantly more susceptible to formation of porosity than the batches 1 and 3. The variance

in amount of porosity within the batches was smaller than the variance between the batches.
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Figure 5.9. Cumulative length of porosity in the center point welds in the 4 material batches.
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Welding parameters had also a significant effect on amount of porosity. Welding speed, laser pulse length
and combined effect of welding speed and pulse length were found to be the most significant factors along
with the material batch. Figure 5.10 shows response surfaces for amount of porosity for batches 1 and 2.
The response in amount of porosity to change of welding parameters was found to be similar in each batch.
However, the level of response varies significantly. The amount of porosity could be minimized in all the
batches with optimization of welding parameters. In terms of porosity, acceptable welds according to AWS

D17.1 specification [125] could be obtained in all material batches.
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Figure 5.10. Response surfaces for cumulative length of porosity for given power level 0 (a and b), and for

given pulse length level O (c and d) in batches 1 and 2, respectively.
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To study the sources of the batch-to-batch variation in porosity, the 4 material batches were characterized
in terms of chemical composition, microstructure and hardness. Figure 5.11 shows the amount of different
alloying elements in relation to the accumulated length of porosity in the center point welds. The material
batches with most hydrogen and nitrogen had the lowest amount of weld metal porosity while the material
batches having increased amount of carbon and oxygen showed increased amount of weld metal porosity.
Table 5.1 shows the chemical compositions of center point welds in batches 1 and 2 (CP) and the
composition in a weld with high amount of porosity in batch 2 (HP). Contamination of the weld metal was
not observed. All the welds appeared to have a slight increase in carbon content compared to the base
materials whereas the amount of O, N, and H was at the same level or slightly lower than in the base
materials. The change in all the welds was similar. The amounts of C, O, N and H in the weld metal were

within the AMS 4911N specification.
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Figure 5.11. Cumulative length of porosity in central point welds in relation to the chemical composition

of the base material. There are 3 center points in each batch, but some of the data points are overlapping.
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Partial least squares (PLS) analysis showed that the most important variables were welding speed and
amount of carbon, together with banding of microstructure and amount of oxygen. Increased amount of
hydrogen did not increase the amount of porosity. Base material hardness and amount of B phase did not
have an effect either. PLS showed that some of the factors were not independent. The amount of carbon and
oxygen were correlated in the batches used in the present study. Hence, it is not possible to separate their

individual effects based on this data.

It was shown that there is significant batch-to-batch variation in amount of porosity in laser welding of Ti-
6Al-4V. However, it was difficult to point out an exact source of the batch-to-batch variation in formation
of porosity. Typically in laser welding, keyhole fluctuations are the main cause of porosity. The variation
in the base material chemical composition, surface condition or local variation (e.g. banding) may affect the
surface tension, viscosity or reflectivity of the meltpool that affect the force balance in the keyhole.
Evaporating elements and surface contaminations may also be important. Further studies are required to

identify the sources of batch-to-batch variation in terms of porosity.

5.5 Conclusions

The aim of the work was to study what kind of microstructures and defects are formed in welding of Ti-
6Al-4V with different welding processes and how these aspects affect the mechanical properties of the
welds. Furthermore, the influence of chemical composition of the alloy on the formation of microstructures
and defects was investigated. The study showed that TIG, PAW, LBW and EBW are all processes capable
of creating high quality fusion welded joints in titanium alloys. The welds had different microstructures and
different populations of defects in terms of their size and distribution. The welds produced by TIG and PAW
had wider weld zones, coarser prior § grain structure and coarser intragranular microstructure. EBW and
LBW welds were narrow and had very fine acicular intragranular microstructure. Fractographic
investigation and X-ray microscopy showed that TIG and LBW had more porosity with larger size than

EBW and PAW.

The differences in the microstructures and defect distribution were found to have an effect on the mechanical
properties. The finer microstructure in EBW and LBW contributed to higher tensile strength and tensile
ductility of these welds. The finer microstructure has also a higher resistance to micro crack initiation and
micro crack growth which contributed to better fatigue performance of EBW and LBW welds. The fatigue
results showed large scatter and fractographic investigation revealed that presence of large pores and surface
pores decreased the fatigue life significantly. The fatigue performance of EBW and LBW welds seemed to

be less sensitive to porosity, as most samples had crack initiation at the surface of the sample. On the
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contrary, welds produced by TIG and PAW had a crack initiation almost always at a pore. Small internal

pores were more detrimental to fatigue life at room temperature than at elevated temperatures.

The alloy composition had a significant influence on the microstructure of the welds and the formation of
defects. A small boron addition refined the grain size significantly and rendered narrow columnar grains in
the fusion zone. A significant feature of the welds in boron alloyed material was the presence of TiB
particles. In the cast base material, the TiB particles were located in the prior-p grain boundaries restricting
the grain growth in the HAZ. In the fusion zones of the welds, TiB particles formed networks of stripes
along the interdendritic regions. The TiB particles were affected by the welding process. In the fusion zone
and HAZ close to the fusion line, the size of TiB particles was smaller than in the base material indicating
that TiB particles were dissolved during welding. This may increase the risk of liquation cracking in the
HAZ of welds in boron alloyed titanium alloys. TiB particles act as nucleation sites for a phase leading to
decreased length of o laths when boron was added. The width of the FZ and the distribution of porosity
were affected by boron addition which may indicate that boron affects the melt pool flow during welding.
EBSD combined with prior-p grain reconstruction was an effective method to reveal the prior- grain
structure in the base material, the HAZ and the FZ. The original EBSD map was measured at low
magnification and relatively large step size in comparison to the size of the o micro-constituents. The fine
microstructure together with low magnification resulted in a relatively low indexing rate in the fusion zone
and heat affected zone. Even with the low indexing rate, the prior-p grain reconstruction could be performed

successfully with good reliability.

A significant batch-to-batch variation in formation of porosity was observed in laser welding of Ti-6Al-4V.
It was found that most significant factors affecting formation of porosity were the material batch, pulse
length and welding speed. Multivariate analysis showed that out of the base material properties, the amount
of carbon and oxygen and banding of microstructure were most important variables affecting porosity.
Amount of hydrogen, fraction of B phase or hardness of the base material were not found to affect formation
of porosity. Formation of porosity could be minimized in all material batches by optimizing the welding

parameters.
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6. Suggestions for future work
Addition of small amounts of boron to cast Ti-6Al-4V alloy has shown to render in a finer microstructure
in the weld zones. However, for such an improved alloy to be widely applicable for aerospace structural
components, further studies are required. The mechanical properties and the effect of heat treatments need
to be characterized in more detail. The boron rich Ti-TiB eutectic along the prior-f grain boundaries has
lower melting point therefore increasing the risk of liquation cracking. The liquation cracking susceptibility

of boron alloyed titanium alloys should be further evaluated.

A significant batch-to-batch variation in amount of porosity was observed between material batches in laser
welding of Ti-6Al-4V. Because of the complex nature involved where several variables influence the
formation of porosity, it was difficult to point out an exact source and mechanism for the batch-to-batch
variation. More experimental data is needed to confirm if C and O are the cause of porosity. Keyhole
monitoring could be used to confirm if the porosity is related to keyhole instabilities. Furthermore, most
simulation efforts are being performed with nominal material composition and material data. Small changes
in impurity levels may change the properties of the melt which is another area where further work is

required.
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