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Abstract

Titanium (Ti) alloys are engineering materials widely used in various
fields including aviation, marine, petrochemical, sports, medical and more.
During manufacturing, all of these applications require the use of welding
processes. Laser welding is one of the most important processes used to
weld Ti alloys, because Ti has a high reactivity with atmospheric
components at high temperatures. This leads to the formation of hard and
brittle compounds that promote the development of weld defects.

Therefore, it requires the use of inert gas shielded welding processes.

The research objectives are to study the effect of changing laser welding
methods and welding parameters on Ti alloy welds. It is study the effect of
these parameters on weld geometry (weld penetration depth and weld zone
width), HAZ width, microstructure, hardness, tensile strength and fracture

surfaces.

In this work, continuous fiber and pulsed Nd:YAG lasers were used for
welding similar 3mm thick butt joints of CP-Ti and Ti-6Al-4V alloys. Two
variables were selected for each welding method: laser power and welding
speed with four values for each variable. Several tests have been carried out
to evaluate the performance of laser welds, including non-destructive tests
(energy dispersive spectrometry, X-ray diffraction, X-ray radiography and
macrography to measure the HAZ width). Other tests such as optical and
scanning electron microscopy, microhardness, tensile test and fractography

were also performed.

The most important results showed that the HAZ width in fiber laser welds
decreased with increasing welding speed. The HAZ's of the Ti-6Al-4V
alloy welds were wider than those that appeared in the CP-Ti welds. The
maximum penetration depths of the Nd:YAG CP-Ti and Ti-6Al-4V welds,
joined from both sides, were slightly higher than those of the one side fiber

welds. The fusion zone (FZ) microstructure of the CP-Ti laser welds
i



consisted of acicular a, and there was no martensite formed. However, the
FZ structure of the Ti-6Al-4V welds showed an acicular o (martensite)
phase. The HAZ microstructure of the CP-Ti welds was mainly composed
of acicular a near the FZ, which gradually decreased while moving towards
the BM. On the other hand, the HAZ microstructure of the Ti-6Al-4V
welds consisted of a small amount of acicular o, primary a and  grains

near the BM, and a large amount of acicular o near the FZ.

The maximum hardness values across the welds were in the weld center,
and decreased steeply while advancing towards the BM. The hardness
across the Nd:YAG laser welds was higher than that across the fiber welds,
and was significantly higher across the Ti-6Al-4V welds than that across
the CP-Ti welds. The maximum hardness across the welds was generally

associated with the lowest heat input.

For the CP-Ti welds joined by the fiber and Nd:YAG laser methods, the
maximum tensile strength values were 790MPa and 850MPa respectively,
while for the Ti-6Al-4V alloy welds were 1639MPa and 1695MPa
respectively. The most noticeable defects observed in laser welds were the
incomplete penetration and a few of porosity mainly related to the lowest
heat input, in addition to deep craters associated with the highest heat input.
There were no indications of cracks across all laser welds. Finally, the
fracture behavior of all laser welds was brittle, except the welds that
showed the highest tensile strengths, where the fracture mode was a brittle-

ductile.
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Chapter One Introduction

CHAPTER ONE: INTRODUCTION

1.1 Introduction

Titanium (Ti) and its alloys are considered important engineering
materials for industrial applications. The most important properties of Ti
and Ti alloys, which make these materials very attractive in various
applications, are the high strength-to-weight ratio, corrosion resistance at
room and elevated temperatures and mechanical properties that do not
deteriorate even at higher temperatures. Ti and its alloys are therefore used
in several industrial fields, including aerospace, shipbuilding, food
industries, petrochemicals and medical fields [1].

There are however, some alloying elements added to Ti alloys such as
aluminum, vanadium, molybdenum, manganese and others to enhance
specific properties such as workability, strength and hardness. These
elements are called “the stabilizer elements”, and they are two types, the
first stabilizes the alpha phase (a), and the second stabilizes the beta phase
(B) [2].

Ti also has the characteristic of allotropic transformation at 882.5 °C,
where it changes from a to  phase, and from Hexagonal close-packed
(HCP) to Body-Centered Cubic (BCC) crystal structure. The transition
temperature is affected by the chemical composition of the alloy, where
some elements which are stabilizers to the  phase, reduce the transition
temperature, and some that act as a-phase stabilizers, increase the degree of
transformation [3].

Ti alloys are usually classified as a, o+p and B alloys, with further
subdivision into near-a and metastable [ alloys, depending on the
stabilizing elements [4]. Commercially pure titanium (CP-Ti) alloys have a

Ti content of about 98 to 99.5% at least. They are used for thier excellent

1



Chapter One Introduction

resistance to corrosion, especially in applications where high durability is
not required. The yield strength of these alloys varies with the content of
alloying elements from 170 to 485MPa. The most important of these
impurities are iron and oxygen. When the alloy is of high purity, the
strength and stiffness are lower. The microstructure of the CP-Ti at room
temperature is 100% of the a-crystalline structure with a small content of
impurities, but when the content of stabilizing elements increases, a [3-
phase appears on the grain boundaries of the a-grains [5]. CP-Ti has
established a reputation for low density, high corrosion resistance and
excellent biocompatibility for dental prosthetic applications including
crown and bridge, partial framework and dental implant [6].

The Ti-6Al-4V alloy is the most important of the (a+p) alloys, and the
amount of B phase stabilizers is more than that of near a alloys. It is also a
heat treatable alloy for improving strengthening and mechanical properties.
One of its most important applications is the manufacture of aircraft bodies,
in addition to propellers and compressor blades in gas turbine engines and
other applications [7].

Ti alloys are easily weldable and less sensitive to cracking [8], but due to
the high affinity for reaction with some atmospheric constituents,
embrittlement may occur from contamination if the weld metal is not
adequately protected. Thus, these defects cause danger to the welded parts.
These defects often arise when the energy density is not high enough for
the welding process, or due to residual stresses [9]. Because of its high
melting point, and its ability to react with the elements in the medium at
high temperatures, it is preferable to use laser welding compared to
traditional methods [10].

Nowadays, laser beam welding (LBW) is widely used to minimize the
drawbacks of normal fusion welding processes. The welding speed is

higher, and the weld pool of the LBW is much smaller than that of the arc
2



Chapter One Introduction

welding due to the small focusing diameter used. In addition, LBW has
higher aspect ratio and higher welding efficiency [11]. The geometry of the
welds mainly depends on the welding parameters, which affect the
penetration depth and the width of the fusion zone (FZ) and heat affected
zone (HAZ) [12]. When welding CP-Ti by the laser welding process, the
microstructure of the FZ has a columnar (o) phase, while the HAZ is
composed of a mixture of columnar a and a phase [13]. On the other hand,
the FZ in the Ti-6Al-4V alloy however consists of & martensite. The HAZ
microstructure typically composed of primary a, acicular a, and acicular &
due to the increase of B stabilizer elements [14].

There are various laser welding systems used in industries. Each type has
different characteristics that mainly depend on the active medium used to
generate the laser [15]. Among the most important of these types are the
CO,, Nd:YAG and fiber lasers. The fast developments in laser technology
have contributed to reducing cost and weight and, on the other hand,

improving welding quality [16].

1.2 The Aims of the Research

Nowadays, Ti alloys are gaining great importance in industrial
applications, and laser offers a promising process for welding these alloys.
This work aims to conduct a comparative study on the effect of using
efficient and diverse laser welding methods, and the most effective
parameters of these methods on the industrially common Ti alloy welds.
The study includes investigating the influence of laser power and welding
speed on the microstructure and mechanical properties (tensile strength and
hardness) of the continuous fiber and pulsed Nd:YAG Ti alloy laser welds.
The research also aims to laser weld both the commercially pure titanium
CP-Ti (grade 2) and Ti-6Al-4V (grade 5) alloys, and to introduce

3



Chapter One Introduction

outstanding weld joint efficiencies. Another objective of this work is to
analyze the effect of laser welding parameters on weld geometry,

penetration and potentially defects, using several examinations.

1.3 Outline of the Thesis

The thesis consists of five chapters. The introduction to the research,
which includes a background on Ti alloys, the laser welding methods used,
and the research objectives, was presented in the first chapter. The second
chapter includes the theoretical part and literature background related to
laser welding of Ti alloys. The details of various experimental procedures
related to laser welding, microstructure analysis, hardness, tensile testing,
XRD, etc. are discussed in chapter three. The fourth chapter includes the
results obtained from practical experiments with their detailed discussion.
The fifth chapter includes the conclusions obtained from this work. The

references section contains all the references mentioned in the thesis.
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Chapter Two Theoretical Part and Literature Review

CHAPTER TWO: THEORETICAL PART AND
LITERATURE REVIEW

2.1 Titanium and Its Alloys

Recently, Ti has become a very important technical material whether
in form of a technically pure metal or an alloy. Ti has been discovered in
1791by Englishman W. Gregor. In nature, it is the tenth most common
element, but its use is limited primarily due to its high affinity to
atmospheric contamination. Despite being very chemically reactive, it
exhibits great resistance to corrosion because (similar to aluminum) it
covers itself with an oxide coating (TiO,) [17].

Ti and its alloys have also low specific weight, high strength, attractive
fracture behavior and relatively high melting point [18]. Figure (2.1) shows
the density of several metals.

Weldability of CP-Ti and most Ti alloys is good in general, although
specific cares must be taken during the welding process because pure
titanium and its alloys are highly susceptible to contamination from
atmospheric gases [19, 20]. They react during welding with atmospheric
oxygen forming TiOz. The oxide layer, however, prevents the surface from
more oxidation. At 550 °C, Ti also combines with chlorine, halogens and
hydrogen. Ti reacts with nitrogen at 800 °C to form TiN, which causes
embrittlement and thus loses ductility. Hence, vacuum or inert atmosphere
is suitable for processing of Ti [21]. When the shielding is insufficient, the
heated Ti surface absorbs gases from atmosphere and finally Ti forms
brittle carbides, nitrides and oxides causing hardness increasing and
simultaneously reducing the fatigue strength and notch toughness of the
welded joint and HAZ. The groove of the weld joint also must be perfectly
protected by shielding gas. Additionally, any surface impurities can diffuse

into the molten Ti, causing porosity and brittleness, thus, the joint area
5
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must be reduced and cleaned precisely. The content of carbon in the pure
titanium should not exceed 0.1%, but even very low content of carbon may
result in formation of Ti carbides, which have hardness up to 900 HV.
Additionally, in a case of low content of oxygen, the carbon oxide and/or
carbon dioxide may be formed causing weld porosity [22].

The electrical and thermal conductivity of Ti is relatively low, and
significantly affects the thermal cycle of welding, thus the cooling rate of
the FZ and HAZ is relatively low too. The low cooling rates usually lead to
grain growth of weld metal and HAZ as well [19]. Hard martensitic
microstructures can form under rapid cooling conditions, often requiring
post weld heat treatments. However, the martensite formed in Ti alloys has

less hardness compared to that associated with steels [23].

Ti and its alloys are produced in a wide variety of product forms shown in
Figure (2.2). Ti that can be wrought, cast, or made by powder metallurgy
techniques (P/M) may be joined by means of fusion welding, brazing,
adhesives, diffusion bonding, or fasteners. Ti and its alloys are formable

and readily machineable, assuming reasonable care is taken[7].
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Figure (2.1): Density of some metals [7].
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Figure (2.2): Some forms of Ti and Ti alloy products: (a) strip, (b) slab, (c) billet, (d)
sponge, (e) tube and (f) plate [24].

2.2 Influence of Elements on Properties of Titanium Alloys

In relation to the existence of allotropic change (882°C) of o into ,
the additives in Ti alloys are classified based on whether they increase or
decrease the temperature of this transformation, i.e. which of the two given
phases stabilizes in larger temperature range. This influence is closely
related to their higher solubility in phases. Impurities are especially
interstitial elements, such as oxygen, nitrogen, carbon and hydrogen, which
form interstitial solid solutions (O, N and C are a- stabilizers, H is a B-
stabilizer) or brittle oxides, carbides, nitrides or hydrides. These additives
lower the degree of plasticity properties, worsen weldability and increase
the corrosion susceptibility. On the other hand, they increase strength and
hardness [17].
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2.3 Physical Metallurgy of Titanium

Ti is an allotropic element, which means that it can exist in more than
one crystallographic form. At room temperature, pure titanium has an HCP
crystal structure, which is referred to as a phase. When temperature
exceeds 882°C, Ti transforms to a BCC crystal structure, called § phase as
shown in Figure (2.3). The temperature transition from o to B phase is
called B-transus, which dependent on the alloying elements. The § to o
transformation is very important due to its influence on the microstructure
formed in Ti alloys. The phase transformation from the high temperature 3
phase to the low temperature a phase depends on the cooling rate, so that
the phase transformation can either be diffusion-less (martensitic) or
diffusion controlled. Both of these transformations occur during welding of
Ti alloys [25]. The a stabilizing elements, such as Al, C, O, N can increase
the a - B transformation temperature and stabilize the o phase at higher
temperatures. On the other hand, B stabilizing elements, such as Mo, V, Ta,
Fe, Mn, Cr, Co, Ni, Cu, Si and H shift the field to lower temperatures by
reducing the B-a transformation temperature. Neutral elements, such as Sn,
Zr have however very small influence on the 3 transus temperature. Due to
the different usage of alloying elements and the fabrication process, Ti
alloys can form as a combination of various amounts and arrangement of o
and B phases. According to the amount of the two phases, Ti alloys can be
classified as a, near a, o+p, B and metastable alloys [26]. Two specific
cases of phase arrangement namely lamellar microstructure and equiaxed
microstructure exist. Normally, the lamellar microstructure is generated
upon cooling from the a phase field, while the equiaxed microstructure is a
result of the recrystallization process. Both types of microstructure can

have fine and coarse arrangements of the two phases [4].
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Figure (2.3): Structure modification of Ti with slip systems and lattice parameters in (a)
HCP and (b) BCC lattice [25].

In what follows the common thermomechanical process of Ti-based alloys
and microstructures evolution are detailed. Afterwards, microstructure
evolution in three important Ti-based alloys, Ti6Al4V, Ti6246 and Ti834,
which have been widely used for compressor manufacturing in aerospace
engines are discussed. Microstructures in Ti-based alloys are highly
dependent on the thermomechanical treatment including deformation,
solution heat treatment, recrystallization, aging and annealing. A
commonly used thermomechanical treatment is outlined in Figure (2.4). By
combining complex sequenced processes, various microstructure

morphologies can be formed in Ti-based alloys [26].
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Figure (2.4): Thermomechanical treatment of Ti alloys [17].
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2.3.1 Phase Diagrams

Alloying elements in Ti alloys are classified into o or B stabilizers
based on their effects on the o/p transformation temperature or on their
differing solubilities in the o or B phases. The substitutional element (Al)
and the interstitial elements (O, N and C) are strong o stabilizers, which
increase the transus temperature as shown in the schematic phase diagrams
in Figure (2.5a). On the other hand, the p-stabilizing elements lower the
transus temperature. Those are distinguished into B-isomorphous types (e.g.
V, Mo, Nb and Ta) and B-eutectoid types (e.g. Mn, Fe, Cr, Co, Ni. Cn, Si
and H) [27]. TTT diagram of the Ti alloys are also shown in Figure (2.5b).

T o o+ B B metastable B
"Ny\
.:@:0
!i! Ms

o
(HCP)

Tiad

Mo, V,Nb, Ta,
Fe, Cr. Ni, Cu, W, Co
% Alpha (a) stabilizers: O, N, B, C, Al

% Beta (b) stabilizers | =

B transus temperature

Temperature

\ N\ >\

Figure (2.5): (a) phase diagram of Ti alloys, (b) TTT diagrams of Ti alloys [30, 31, 34].
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2.3.2 Martensitic Transformations

This process involves a cooperative movement of atoms, resulting in
a microscopically homogeneous tranformation of the BCC into the HCP
crystal lattice. Quenching of the BCC 3 phase of pure Ti and dilute Ti-
alloys can result essentially in two different crystal structures of
martensites: the hexagonal martensite which is designated (a'), and the
orthorhombic martensite which is designated (a™). The most prevalent type
Is o, which can occur in two limiting morphologies: massive or lath
martensite (high purity Ti and very dilute alloys) and "acicular” martensite
in alloys with slightly higher solute contents. The acicular martensite o'
occurs as an intimate mixture of individual plates, each having a different
variant of the Burgers relation. The orthorhombic martensite o' seems to
occur mainly in Ti-alloys with B stabilizers of the transition metals Mo, Nb,
Ta, W, Re and in Ti-alloys with Al and V. The compositional boundaries
a'/a" differ from alloy to another. The lattice parameters of o™ are strongly
dependent on solute content, and the o™ crystal structure is sometimes
conveniently viewed as a distorted hexagonal structure [28, 29]. Ti
martensite (o' phase) strengthens alloys to a lesser extent than martensite in
steels. Ti martensite of the (o) type generally has no effect on the strength
of the alloys (i.e., the strength is no higher than that of the original
phase). Nevertheless, considerable strengthening of Ti alloys due to the

formation of o' martensite occur [29].

2.4 Mechanical Properties of Titanium Alloys

Titanium and its alloys exhibit a unique combination of mechanical
and physical properties and corrosion resistance, which have made them
desirable for critical demanding in aerospace, chemical and energy industry
services. Titanium’s elevated strength-to-density represents the traditional

11
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primary incentive for selection and design into aerospace engines and
airframe structures. Its exceptional corrosion/erosion resistance provides
the prime motivation for chemical process and marine industrial use. Ti
alloys also offer attractive elevated temperature properties for application
in hot gas turbine and auto engine components, where more creep resistant

alloys can be selected for temperatures as high as 600°C [5, 32].

2.5 Corrosion Properties of Titanium and Its Alloys

Unalloyed Ti is very resistant to corrosion in various environments:
seawater, body fluids, and vegetable and fruit juices, salt solutions of
chlorides, sulfides, sulphates, HNO3 solution, and wet chlorine. Ti has a
limited resistance to oxidation above 540°C in air. Alloys depending on the
composition and surrounding environments may be affected by galvanic
corrosion (generated galvanic cells), crevice corrosion (hot solutions of
chlorides, iodides, bromides and sulphates), erosion-corrosion and

cavitation, stress-corrosion cracking [1,32,33].

2.6 Titanium Alloy Classification

The two crystal structures of Ti are commonly known as o and B. o
actually refers to any HCP titanium, pure or alloyed, while B denotes any
BCC titanium, pure or alloyed. The alpha and beta structures (sometimes
called systems or types) are the basis for the generally accepted five classes
of Ti alloys: alpha, near-alpha, alpha-beta, and beta. Figure (2.6)
schematically shows some effects of alloying elements on structure for

representative alloys and classes or subclasses of titanium alloys [6, 34].

12
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Figure (2.6): Effects of alloying elements on structure and some properties [34].

2.6.1 Unalloyed Commercially Pure Titanium and Alpha Alloys

The group of alloys called a alloys in Table (2.1) consists of the most
grades of CP-Ti and a alloys which upon annealing well below the f
transus contain only small amounts of B phase (2-5vol.%) stabilized by
iron. The B phase is helpful in controlling the recrystallized a grain size and
improves the hydrogen tolerance of these alloys. The four different grades
of CP-Ti differ with respect to their oxygen content from 0.18% (grade 1)
to 0.40% (grade 4) in order to increase the yield stress level. The two alloys
Ti-0.2Pd and Ti-0.3Mo0-0.8Ni offer better corrosion resistance than CP-Ti.
Their common names are grade 7 and grade 12, respectively, and the iron
and oxygen limits are identical to grade 2 of CP-Ti. Ti-0.2Pd is however
more expensive than Ti-0.3Mo0-0.8Ni. The (o) alloy Ti-5Al-2.5Sn (0.20%
oxygen) has a much higher yield stress level (780-820 MPa) than the CP-Ti

grades (grade 4: 480 MPa). It can be used at service temperatures up to
13
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480°C and in its ELI (extra low interstitials) version with 0.12% oxygen

also at low temperatures (—250°C). It is an old alloy, first manufactured in
1950, but still on the market, although it is being replaced by Ti-6Al-4V in

many applications [35].

Table (2.1) Some Ti alloys and it properties [7,17].

Alloy Composition General description and typical use
(ASTM Grade)
Gradel(CP-Ti) Ti is the highest ductility, cold formability, and impact

toughness, with excellent resistance to mildly reducing to
highly oxidizing media with or without chlorides and high
weldability

Grade2 (CP-T1)

For anticorrosive protection in chemical and maritime
industries and good weldability. Some applications are
Aircraft ducting, hydraulic, tubing, misc., Air pollution
control equipment, Architectural, roofing, Consumer products
(watches, eveglass frames, etc.)

Grade 5(T1-6Al-4V)

This titanium alloy is a versatile medium-strength titanium
alloy that exhibits good tensile properties at room temperature,
creeps resistance up to 325°C, and excellent fatigue strength.
It is often used in less critical applications up to 400°C. It is the
alloy most commonly used in wrought and cast forms.
Turbines discs and blades, parts of airframe structures.
Implants, prosthesis

Ti-3Al-8V-6Cr-4Zr-4Mo
(Beta C alloy)

Equiaxed beta grain structure with fine alpha precipitates
within the matrix. Good ductility, high strength. Applications:
Fasteners, springs, torsion bars, foil, tubular and casings in oil,
gas, and geothermal wells.

2.6.2 Alpha/Beta Alloys

These alloys contain larger amounts of 3 stabilizers (4 to 6%). o/

alloys can be heat-treated to develop a variety of microstructures and

mechanical propertys [36].

Ti-6Al-4V (Ti64) alloy is one of the most

important Ti alloys. It accounts for about 45% of the total weight of all Ti

alloys produced, and more than 80% of Ti alloys used in fan and

compressor sections, where temperatures do not exceed ~350°C [25]. Ti-

14
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6Al-4 V is also used in the aerospace industry, medical implants and in
automotive, marine and chemical industries. It is an a+f alloy, which
combines attractive mechanical properties with good workability and the
best weldability. Ti-6Al-4V has a relatively low hardenability and the o
martensite in this alloy is not as hard and brittle as in more heavily B-
stabilized alloys. The microstructure can be varied by varying the solution
and aging temperatures and times as well as cooling rates from above the 3
transus [36]. Air cooling results in a needle-like a-phase (acicular o).
Different varieties of phase morphologies form depending on the
temperature history of the Ti-6Al-4V alloy. Intermediate cooling develops
Widmanstatten microstructures, quenching from temperatures greater than
900 °C results in a needle-like (HCP) martensite o', while quenching from
750-900 °C produces an orthorhombic martensite o" [37, 38]. Three basic

and typical microstructures are shown in Figure (2.7).

2.6.3 Metastable Beta-Alloys

The B-phase is stable at room temperature with appropriate alloying
elements called B-stabilizers, which lower the B-transus temperature such
as Nb, Ta, Mo, V, and Cr. Alloys that have a high volume fraction of [3-
phase are B alloys. Examples of B-alloys are the binary alloys Ti-Mo and
Ti-Nb, or the quaternaries Ti-13V-11Cr-3Al and Ti-11.5Mo-6Zr-4.55n.
The elements V, Mo and Nb are commonly chosen as [-stabilizers because
they lower the B-transus temperature and do not readily promote the
formation of metastable phases in titanium alloys. These alloys possess the
distinctive properties of fatigue resistance, strength and toughness in wide

sections, thus being the most versatile Ti alloy [39].
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Figure (2.7): The microstructure of Ti-6Al-4V for different cooling processes [39].

2.6.4 Beta Alloys

Very large addition (30%) of B stabilizers results in retaining [ as a
stable phase at room temperature.  alloys resemble refractory metals in
their high densities and poor ductility and are used for highly specialized
burn-resistance and corrosion-resistance applications [38].

Figure (2.8) illustrates some of the microstructure of the Ti alloys.

2.8 Application of Titanium Alloys

Titanium and its alloys are used in many different fields such as
erospace, automotive, sporting equipment, chemical, marine and medicine
due to their excellent high strength-to-weight ratio, good creep resistance,
excellent corrosion resistance and good biocompatibility [41,42]. Figure

(2.9) outlines some applications of Ti alloys.
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Figure (2.9): General characteristics and typical applications of Ti alloys [43].
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2.9 Weldability of Titanium and Its Alloys

Most Ti alloys have excellent weldabilty in the annealed condition,
and relatively limited weldability in the solution treated and aged
conditions. In general, CP-Ti, a-Ti and o/B Ti alloys have better weldability
compared with metastable B Ti alloys. These facts imply the effects of
composition of the material and their conditions. Aside from the materials,
welding methods may have different influences on the weldability of Ti

and its alloys [42].

Ti alloys are characterized by high melting point, and high affinity for
interaction with oxygen at high temperatures during welding processes.
Therefore, they need welding techniques that provide high protection
efficiency, high welding efficiency, few distortion and complete
penetration. This is what made industrial trends move towards laser
welding [13,44].

2.10 Laser Welding Principle

Laser beam welding (LBW) and electron beam welding (EBW) are
classified as high-energy density welding processes. One of the
characteristics of these two processes is the high aspect ratio (penetration
depth to the width of the weld) compared to the conventional arc welding
processes. It is well known that the joint penetration depth of LBW is lower
than that of EBW at the same power level due to the formation of a laser-
induced plume during welding. This plume causes severe attenuation of the

incident laser power.

In recent years, various deep penetration techniques for LBW have been
developed through the control of the laser-induced plume. LBW is a high
energy-density welding technique, and is well known for its high speed,

minimum HAZ, fine quality of welds seam, and low heat input per unit
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volume. Figure (2.10) shows power density profiles of laser, electron beam,
plasma and arc, and the consequent weld bead geometries [22,45]. Laser
welding is a thermal process that follows the thermal cycle of heating,
melting and vaporizing. The effectiveness of this process depends on
thermal properties and to a certain extent, the optical properties, rather than
the mechanical properties of the material to be welded. Therefore, materials
that exhibit a high degree of brittleness, or hardness, and have favorable
thermal properties, such as low thermal diffusivity and conductivity, are
particularly well suited for laser welding. Laser welding is a flexible
process when combined with a multi-axis workpiece positioning system or
robot. The laser beam can be used for executing different welding
geometries on a single machine. This flexibility eliminates transportation
necessary for processing parts with a set of specialized machines. In
addition, laser welding can result in higher precision welded parts than that

produced by comparable other techniques [70].

The requirements of knowledge before designing a laser-based process
include the selection of lasers, the beam delivery system, the interaction
time between the laser beam and the workpiece, and the possible unwanted
side effects. In addition, important requirements for lasers, which are used
for materials processing, need to concern the sufficient power available at
the workpiece, controlled focal intensity profile (well-characterized spatial
mode). Repeatability of the laser characteristics such as power, mode,
polarization, pointing-stability, reliability, and capital and running costs
which are economic for the application are other requirements have also to

be concerned [71].

The principle of operation is shown in Figure (2.11). In this technique, a
laser beam is directed to a joint, and moved along the joint. The metals will

melt and turn into a liquid, fuse with each other and then solidify,
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completing the process of joining the two pieces. Laser processing is free
of electromagnetic fields and is thus, suitable for welding different couples.
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With flexibility in the power intensity, power distribution and scanning

velocity, laser welding is emerging as a major joining process.

Figure (2.10): Power densities for typical welding heat sources, and geometry of weld

beads obtained at respective densities [49].
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Figure (2.11): Principle of laser welding [50].
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The procedures and equipment used for welding CP-Ti and many Ti alloys
needs additional precautions to shield the molten weld pool due to their
increased reactivity with atmospheric elements [48].

The gas shield used in laser welding is of great importance to prevent the
brittleness of the welding zone (WZ), porosity and the resulting losses in
ductility. It improves the coupling between the incident beam and the
workpiece as well as avoids the formation of oxide on its surface. Several
nozzles for laser welding have been developed. The conical nozzle for
fixing the used plasma column is designed for good quality welding; the
ring nozzle is designed to avoid ambient air pollution. Greater penetration
depth is achieved using helium gas than argon due to the lower ionization

energy of argon, which reduces energy transfer to the material [50].

2.11 Generation of Laser

Lasers convert electrical energy into a high energy density beam of
light through stimulation and amplification. Stimulation (Figure 2.12)
occurs when electrons in the lasing medium are excited by an external
source such as an electrical arc or flash lamp, resulting in the emission of
photons. The energy required to raise an electron from one energy state to
another is provided by an excitation process or pumping. This is achieved
by the lasing medium's absorption of energy from mechanical, chemical,
electrical, or light sources. The lasing medium typically contains ions,
atoms or molecules whose electrons cause changes in energy level.
According to quantum mechanics, atoms or molecules in the lasing
medium have discrete electron energy levels. Laser light is created by the
transition from a higher to a lower energy level, and the wavelength
produced is a characteristic of the lasing medium. At the beginning of the

lasing process, photon emissions are random in nature. Each photon
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stimulates other excited electrons to emit photons. However, the new
photons will have similar wavelength, direction, and phase characteristics
as the initial photon. Eventually, a stream of photons with identical

wavelength, direction and phase will be produced [51, 53].
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Figure (2.12): Hlustration of laser amplification [53].

The laser beam exiting from the laser source may be 1-10mm in
diameter, when focused on a spot has energy density of more than
10kW/mm?2,

Laser beam welding is a thermoelectric process accomplished by material
melting and evaporation [45]. As the metal atoms evaporate and leave the
surface of the molten metal, forces in the opposite direction of evaporation
create a significant localized vapor pressure. This pressure depresses the
molten metal surface creating a hole, which is known as a keyhole. The
weld metal solidifies behind the keyhole as it progresses along the joint.
This method of welding produces high depth-to-width ratio welds, and is

the most common approach when using either LBW or EBW [23].
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2.12 Laser Material Interactions

The important physical phenomena that occur during the interaction of
high power laser radiation with surfaces are sketched in figure (2-13). The
top left portion of the figure indicates the absorption of the incident laser
light according to Beer Lambert's law (in the red rectangular), where Ix:
the intensity, Io: the initial intensity, a: the coefficient of absorption and x:

the depth in meters.
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: ~~ thermal E"Ilqmd
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Figure (2-13): Physical phenomena occurring when a high power laser strikes an
absorbing surface [53].

With the neglecting the fraction of the light that is reflected, the heat energy
then penetrates into the target by thermal conduction. When the surface
reaches the melting temperature, a liquid interface propagates into the
material, as indicated at the right portion of Figure (2-13). With continued
irradiation, the material begins to vaporize, as indicated in the button left
portion, and a hole begins to be drilled. If the irradiance is high enough,
absorption in the blow off material leads to hot opaque plasma. The
shielding of target by hot opaque plasma leads to a phenomenon called a
laser supported absorption (LSA) wave. The LSA wave is plasma that is

generated above the target surface and propagates along the beam path
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toward the laser; it is accompanied by a loud noise and a bright flash of
light. Plasma can grow back toward the laser as an (LSA) wave, it absorbs
the light and shields the surface and reduce the material removal as shown
in the bottom right portion of the Figure (2-13). Absorption of laser energy
can also produce large pressure pulses in the target. One mechanism by
which pressure pulses are produced involves evaporation of material from
the surface, with recoil of the surface in response to the momentum of the
vaporized material. Larger pressure pulses are developed when the LSA
wave is kindled. The hot plasma, as it expands, can drive a shock wave into
the target [54].

2.13 Effect the Plasma in Laser Welding

Laser welding is accompanied by the phenomenon of the formation
of the plasma plume, as shown in Figure (2.14). The plasma consists of the
ionization of the surrounding covering gases and the plume consists of the
interaction of laser rays with metal vapor resulting from heating the metal
with a laser to a temperature higher than the melting point. The plasma
formed on the surface of the workpiece is called (the plasma column) and
inside the keyhole is called (keyhole plasma). The presence of plasma
causes reflections, scattering and absorption of laser energy, which affects
the penetration of welding [55]. In the case of using helium gas to cover,
laser welding will be accompanied by the formation of metal plasma only
because helium has high ionization energy. As for the use of nitrogen and
argon gases, metal plasmas called metallic plasmas and the resulting
plasma will be formed from the covering gases [49,56]. In the case of CO;
laser welding, the effect of plasma formation is large on the depth of the
weld when using the argon and nitrogen covering gases, due to its
absorption of the energy of the laser beam, but in Nd:YAG and fiber laser
welding, its effect is less [57,58].
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Figure (2.14): The plasma plume formation in laser welding [57].

2.13 Laser Welding Mechanisms

Materials are joined by melting during the fusion laser welding
process. Two mechanisms can be used to perform the laser welding: [59].

e Conduction Limited mode.

e Keyhole Mode.
Conduction mode welding creates a semi-circular weld cross-section
through absorption of the continuous laser beam by the material's surface,
and thermal conduction heating the material under the surface. Thick
materials cannot be joined with this technique. Larger heat generation is
required due to the considerable thickness, which results in a larger weld
zone (W2Z) and significant distortion [59, 60], as shown in Figure (2.15a).
Conduction welding is a reliable, low-energy method that can be carried
out with a laser that doesn't require a high-quality beam. Therefore, a
cheap, low-power laser can be employed. The characteristics of weldable
materials are comparatively unimportant as long as fusion is possible; for
example, their hardness has little influence on the process and they are not
required to transmit electricity. Materials of wires, strips, thin sheets, or a

combination of these in a variety of shapes can be connected.
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Figure (2.15): Modes of laser welding (a): conduction mode ;(b): key hole mode [60].

The alignment and fit-up tolerances may be quite wide due to the
comparatively large beam size. Small component geometries with
millimeter-sized weld beads are the perfect fit for the procedure. The weld
bead has a superb visual appearance as a result of the consistent welding
circumstances. However, the energy input per unit length of weld is
relatively considerable when using conduction welding to join thicker
parts, leading to a huge weld bead and significant distortion [61].

On the other hand, while welding with the keyhole mode (Figure2.15b),
deep penetration is possible as the laser power surpasses 1 kW and the
power density exceeds 10°W/cm?, and intense evaporation takes place on
the melt surface. Figure (2.16) illustrates how the energetic evaporation-
related rebound pressure is sufficient to create a deep, narrow depression in
the molten material. Even when the beam strength and travel speed are
constant, the keyhole, which is filled with a partially ionized plume of
vapour and ambient gas, is known to be unstable and subject to dynamic
changes [62, 63]. The equilibrium between the keyhole and the surrounding
molten metal determines how stable the keyhole will be. The following

equation can be used to represent this equilibrium:
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Pv+PI=Pa+Pg+Ph e, 2.1
Where:

Pv= Vaporization pressure
PI = Radiation pressure
Pa = Surface tension

Pg = Hydrostatic pressure

Ph = Hydrodynamic pressure

The equation can be reduced as follows because the values of Pl, Pg, and

Ph are small:
Pv=Pa e 2.2)
This indicates that the equilibrium between the vapor pressure and the

surface tension is what governs the stability of keyhole. The surface tension

tends to close the keyhole while the vapor pressure tends to open it [64].
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Figure (2.16): The weld pool using keyhole mode [23].

Due to numerous reflections within the keyhole, the rate of laser radiation
absorption rises inside. A portion of the beam energy is absorbed by the
material each time the beam strikes the wall of the keyhole. As a result,
keyhole welding, also known as deep-penetration welding, enables very

deep (>20mm) and narrow welds. Deep-penetration laser welding produces
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temperatures in the keyhole that are so high that ionized metal vapor and
temperatures well beyond 10,000K® (a plasma-like physical state) are
reached. The plasma acts as an energy transmission medium by absorbing a
portion of the laser beam. The plasma expands over the keyhole due to the
keyhole's evaporation pressure. The plasma cloud then defocuses and
scatters the CO; laser beam, increasing the focus diameter and altering the
focus position and energy density. The plasma cloud also absorbs laser
radiation. The weld's penetration depth is reduced by the enlarged plasma
cloud. The energy absorption in the cloud causes the weld to take on a nail-
head form. If there is a lot of plasma generation, the welding process can
possibly stop. The plasma cloud, which emits bluish light and is
distinguished by its composition, is often made up of a mixture of metal
atoms, ions, electrons, and elements of the surrounding gas atmosphere. In
some circumstances, the welding gas itself may potentially ignite the
plasma, especially when argon is utilized as the welding gas [65]. As the
laser power and pulse duration applied to the workpiece increase, the
transition from conduction mode to deep penetration mode takes place. A
power (or energy) transfer coefficient (1), which is the ratio between the
incident laser power and the laser power absorbed by the workpiece, can be
used to describe welding efficiency. 1 is typically quite tiny for conduction

welding, but if a keyhole has been created, it can approach unity [66].

2.14 Parameters of CW FiberLaser Beam Welding

To increase success rates in laser welding, numerous process
variables need to be carefully taken into account [67]. The keyhole shape of
the laser weld bead is determined by the laser welding input parameters
since their combination controls the heat input [11]. Correct selection of the
output power, welding speed, focal location, shielding gas and position

precision are necessary for a high-quality weld [68].
28



Chapter Two Theoretical Part and Literature Review

2.14.1 Parameters of Continuous Laser Beam Welding
el aser Power

Laser welding can be carried out using one of the laser generation
mechanism: continuous welding and pulse welding. Continuous wave
(CW) welding (Figure 2.17a) supplies stable laser beam power, resulting in
continuous generation of laser beam reflection among the resonator
mirrors. Over time, a fraction of this radiation progressively leaves the
resonator through the partially reflected mirror. Because the resonator can
provide a continuous laser beam, thicker materials can be penetrated more
deeply. In CW mode, it is possible to weld several metals. Long periods (a
few minutes or even hours) are frequently needed for CW lasers to settle
the beam intensity for highly steady output. Pulsed welding (Figure 2.17b)
fundamentally involves quickly turning on and off the laser. Here, the
workpiece's overall energy input decreases. Therefore, for very heat-
sensitive materials, pulsed welding is utilized. Each cycle of this procedure
lasts a millisecond. Pulsed welding can create ripple effects in welds. It is
thus employed in seam welding. The frequencies of pulses range from
100Hz to 10kHz [11,51]. The weld penetration depth is directly affected by
laser energy. Abdel-Monem and Abdel-Fattah [69] revealed in 2011 that
the penetration depth increases dramatically as laser power increases.
When the power increased from 4 to 8kW, the depth of penetration
increased from 3.4 to 4.7mm. As laser power is increased, the interface's

penetration depth and weld bead diameter increase too [70,72].

'

Power Power

Time Tune

(a) (b)

Figure (2.17): Time and laser power relationship during (a): continuous laser wave, (b):
pulsed laser wave [11].
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e\Welding Speed

The two key factors that determine the weld geometry, including its
depth and width, are laser power and welding speed. For instance, while
other processing parameters are held constant, a slower welding speed can
result in the melt pool expanding and becoming wider. A weld with
dropout is typically created at a slower welding speed, as seen in Figure
(2.18). A faster welding speed can create a significant flow in the melt
pool's center and reduce the amount of redistribution in the keyhole. Due to
the limited heat input brought on by fast welding speeds, there was a lack
of penetration at these speeds. This suggested that it was important to
carefully balance the amount of heat used and the welding speed. The weld
quality drops as the welding speed rises, and the weld metal develops pores
[73, 74].

(a) (b) (€)

Figure (2.18): Weld geometry affected by welding speed: (a) at the suitable welding
speed; (b) at high welding speed; (c) at low welding speed [71].

eFocal Spot Size

The diameter of the beam at the focal point can be used to define focal
spot size [59]. It establishes the density, or energy per unit area of the focus
point as well as the precision of the features that can be welded. Because
laser-material interactions are dictated by the energy density at the site of
contact, focal size is a crucial consideration. The smallest focusing point
for a given laser power produces the largest power density, however the

high power density is not necessarily ideal for welding because it may
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result in significant metal evaporation, which would produce the underfill
fault. The welding geometry will be extremely narrow for a small focal
spot, which is sensitive to the joint's alignment precision [43]. The

following equation can be used to calculate the focal spot size.

Where:

d =Focal spot diameter (mm)
0 = Beam convergence angle (radians)

F=Focal length (mm)

ePower Density or Irradiance (I): The energy density of the beam or
radiation is defined as the energy of the laser beam per unit area on the

surface. Power density, is given by the equation:

I=P/A | e e (2.4)

Where: A is the area of the laser beam that is targeted at the workpiece
surface [59]. The amount of heat needed to be supplied for the fusion of the
faying surfaces directly depends on the energy density associated with a
specific welding procedure. Because the time period over which heat must
be applied during welding for melting reduces with an increase in power
density, less heat is needed for melting and welding of work components.
The less time spent applying heat, the less heat is transferred from the
faying surfaces to the base metal (BM), resulting in a situation where the
majority of the heat delivered to the faying surfaces is only used for their
fusion.
eShielding Gas

Another important component that affects weld quality in laser

welding is the shielding gas. In some cases, the shielding gas may have an
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effect on the degree of scattering of the beam focus generated by the
plasma column created above the keyhole. The shielding gas can also
change the shape and size of the keyhole by changing the surface tension of
the weld pool surface, interacting with the hot metal to release more
energy, modifying the plasma conditions inside and on the surface of the
keyhole. According to earlier research, helium is better suited for CO,
lasers than argon. This is because He has a strong ionization potential
appears to regulate the creation of plasma during CO, laser welding
[56,75]. For high-power CO, laser welding, argon should not be utilized
since it is thought to support the plasma. The Nd:YAG lasers can employ
argon because they don't produce as much plasma. Because the wavelength
of ytterbium-doped fiber lasers is similar to that of Nd:YAG lasers (1070
nm), pure argon might be the best shielding gas for high-power fiber laser
welding. In contrast to Nd:YAG, disk and fiber laser welding, which only
produces a laser-induced plume from a keyhole, CO, laser welding allows
for the easy creation of Ar or N plasma (Figure 2.19). The absorption
caused by Inverse Bremsstrahlung, whose effect is approximately 100
times greater than that of Nd:YAG, disk or fiber laser, is used to interpret

the interaction between the CO, laser beam and the gas plasma [49,56].
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Figure (2.19): Effect of protective gases on welding penetration by using different laser
welding methods [49].
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eBeam angle: It can be defined as the angle of the laser beam at which
welding occurs and greatly affects the penetration of the weld.

eNozzle design: To improve the connection between the incident laser
beam and the weld surface, and to stop the production of oxides,

respectively, conical and ring nozzles are utilized [76].

2.14.2 Parameters of Pulsed Nd:YAG Laser Welding

ePulse width: The duration of the laser pulse is its pulse width.
Milliseconds are used as the units. It regulates the welding processes heat.

ePulse repetition rate: It is the number of pulses of flash lights per second.
In addition, it regulates the welding heat.

ePulse energy: Peak power and pulse width combine to form pulse energy
[76].

2.15 Laser Beam Welding Types

The simplest way to classify lasers is by their lasing mediums, which
are divided into four major groups based on the condition of the lasing
material: gas, liquid, solid and semiconductor lasers. Additionally, there are
two temporal modes used by all laser types: continuous wave and pulsed
modes. The laser beam is continuously emitted when in CW mode. The

laser beam emits pulses while in pulsed mode [52].

2.15.1 Gas laser

Gas lasers use high voltage, low current power sources to excite the
lasing medium (a gas mixture such as N, He, and CO,) for CO; lasers. Gas
lasers have the potential to produce substantially more power than solid-
state lasers, and they can operate in both continuous and pulsed modes
[49,51], as shown in Figure (2.20). Solid-state lasers have a wavelength of

1.06um, while CO, lasers create wavelengths of 10.6um. Because optical
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fibers are damaged by the absorption of high wavelengths in this laser, a
mirror and stiff lens delivery system are utilized instead. A gas laser can
provide power outputs (up to 40kW), which is more than a solid laser.
Similar to this, low-power laser beam applications use gas lasers like the
He and Ne laser, which emits laser beams in the visible range [11]. The
CO; laser is generally less expensive. Its employment with highly reflective
metals like Al is constrained by its light's increased reflectivity. Compared

to CO,, solid-state lasers are smaller and require less maintenance [25].
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Figure (2.20): CO2 laser generation system [25].

2.15.2 Solid State Laser

Figure (2.21) illustrates how ions suspended in a crystalline matrix are
used in solid lasers to produce laser light. The electrons for excitation are
provided by the ions or dopants, and the crystalline matrix propagates the
energy between the ions. Neodinium (Nd**) for Nd:YAG and Nd:glass
lasers and Chromium (Cr®") for ruby lasers are the two main kinds of
dopants in the laser medium [49]. Ruby lasers are generally no longer
employed due to their low energy efficiency and limited application
possibilities [52].
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e Nd:YAG Laser

This laser's host lattice is a crystal of yttrium aluminum garnet
(YAG), which has the chemical formula Y3z Als O, with some Nd**ions
(between 0.1-2%) in place of Y3* ions. Depending on whether pumping is
constant or intermittent, the Nd:YAG laser can be operated in either the
CW or pulsed modes. The rod size is comparable to that of the ruby laser,
and the excitation source can be either a xenon flash lamp or a krypton
lamp. The power output ranges from 150W to 6kW in CW mode, and it is
in the range of 50MW with a pulse duration of around 20ps and a repetition
rate of 1-100Hz in Q-switched pulsed mode. When three Nd:YAG rods are
lined up as a single oscillator and each rod is arc lamp pumped, a high-
power (up to 2kW) CW laser can be produced. Pumping with a diode laser
results in the extremely high powers (up to 6kW). Both pulsed and CW
Nd:YAG lasers typically have efficiencies between 1 and 3%. Laser
surgery and material processing, such as welding, drilling and surface
modifying, are two uses for Nd:YAG lasers [51].

Fiber Laser Welding

Another type of solid state laser is the fiber laser, which employs a
silica glass optical fiber as the active medium with a core that has been

minimally doped with rare earth elements like erbium (Er), neodymium
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Figure (2.21): The Nd:YAG laser system [51].
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(Nd), thulium (Tm) and ytterbium (Yb). The rare earth elements employed
as a dopant determine the wavelength of the fiber laser light. Because other
types of fiber lasers have lower wall plug efficiency, nowadays the
majority of high power fiber lasers on the market use Yb. The wavelength
of the Yb laser is 1.07um, which is comparable to the Nd:YAG laser. High
power diode bars, similar to those used in diode-pumped Nd:YAG lasers,
or semiconductor single emitter diodes that are connected into the doped
active fiber are utilized for pumping. The benefits of using a diode laser
over a diode bar include higher output power, higher pumping efficiency
and no need for alignment optics. This is because all other diode pumped
lasers use water cooling or fiber cooling, which requires less cooling, a
significantly longer lifetime of over 100,000 hours, less maintenance and
downtime, and lower costs for diode replacement [5]. There are single-
mode and multimode fiber lasers. Single-mode fiber lasers can currently be
found with power ranging from a few watts to 5kW. A multi-mode fiber
laser has a maximum output power of more than 50kW. Good beam
quality, excellent energy efficiency, minimal maintenance costs, and
compact size are properties of fiber lasers. They operate well for the
majority of laser material processing applications. They have also been
thought of as potential replacements for other laser systems (such Nd:YAG
and CO; lasers) in the industrial setting. Table (2.2) provides comparisons
between commercial laser systems. Fiber lasers are able to provide a deeper
penetration weld by using a low laser power because of their superior
properties. The military, telecommunications, and medical devices are
some of the most common fields used with fiber lasers [71]. The 1.07um
wavelength of the fiber laser allows for long-distance transport over a fiber.
In addition, fiber lasers have good beam quality, small and lightweight,
simpler attainment of high-power, high-intensity and high efficiency, and
need no maintenance. Commercially available fiber lasers include CW
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multi-mode lasers with a maximum power of 100 or 120kW and CW
single-mode fiber lasers with a maximum power of 10kW. A fiber with a
diameter of 0.5mm and a length of 50mm is used to deliver a 100kW fiber
laser, which is made up of 90 sets of 1.2kW lasers. On the other hand, a
single-mode fiber laser's disadvantage is that its delivery lengths are often
low and dependent on the laser power. Single-mode lasers now have a
greater delivery range. For microprocessing (welding and cutting) of thin
sheets, marking, 3D printing, etc., low-power lasers of less than 1kW are
utilized. Commercially accessible pulsed fiber lasers with great efficiency
can replace pulsed YAG lasers. For microprocessing of Cu sheets, ultra-

short pulse lasers or green lasers are also developed [16,77].

Table (2.2): A Comparison of traditional laser systems [71].

CO, Nd:YAG HPDL Fibre Laser
Wavelength (um) 106 106 0810 1.07-1.08 (Ytterbium)
avelength (um . . B1. 1.8-2.0 (Erbium)
1-3 (lamp pumped
Efficiency (%) 515 ( ) p pumped) 20-50 60-70
10-20 (diode pumped)
50 (multi-mode)
Output power (kW) upto 45 upto 8 upfo 8 )
5 (single-mode)
Average ener .
- g 93; 105 105° 10%° 108
intensity (J/mm?®)
Maintenance
) 1000 200 (Lamps) free 10000-100000
periods (hour)

eDisk laser

Instead of being a rod, the solid-state laser medium of this type is an
extremely thin disk. Since Yb:YAG is employed in this instance as the gain
medium, the beam can be given via fiber, as illustrated in Figure (2.22).
Never use an injected lamp and always use a diode-pumped disk laser [49].
The disc laser has a high degree of efficiency at high energy levels and a
high level of beam quality. As a result, it is employed in microprocessing,
and disc lasers can currently replace CO; lasers in multi-kilowatt thick
plate applications [78].

37



Chapter Two Theoretical Part and Literature Review

gain medium
Figure (2.22): Disk laser system [78].

2.15.3 Liquid Laser

It is also known as a dye laser since the laser's medium is a dye that has
been dissolved in ethanol, water, or another liquid solvent. Any wavelength
between 320 and 1200nm can be produced coherently by carefully
choosing the dye. There are numerous industrial uses for liquid lasers, such

as the medical, defense, and scientific fields [79].

2.15.4 Semiconductors Laser

When voltage is placed across the p-n junction of the electrodes, a p-n
type semiconductor serves as the active medium in this type of laser. When
a voltage is supplied, the active layer's two mirror-like edges combine with
holes at the p-n junction to produce light, as seen in Figure (2.23).
Currently, this light is not a laser. Because the coated layers' refractive
indices are lower than that of the active layer's, it is contained within the
active layer. Additionally, during the exchange of light in the active layer,
the ends of the active layer function as reflective mirrors. A laser
oscillation is then produced once the light is intensified by the stimulated

emission mechanism [80].
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Figure (2.23): Semiconductor laser system [80].

2.16 Laser Welding Joint

The preferred joint for laser beam welding is one that promotes keyhole

creation by absorption. Different thicknesses of the item to be joined have

no effect on high-intensity welding operations. This enables a few novel

sorts of joints, as depicted in Figure (2.24) [53].
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Figure (2.24): Various arrangements for welding joints [49].
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Joint preparation is a crucial step in the laser welding process; with the
right joint preparation, multi-pass laser welding can be used to join even
very thick sections. Generally, the joint design depends on the application.
Different joint designs, including single-pass V and T joints, butt joints,
and lap joints, have been used while laser-welding titanium alloys. Butt
joints are the most often used joint configuration. The alignment between
the beam and the joint must be good when designing butt joints. The
complexity of the connection fit-up is one disadvantage of butt-welding,
which calls for the highest precision along the edges to be welded.
However, the stringent butt joint fit-up requirement is lessened by the

introduction of filler metals [49].

2.17 Laser Welding of Titanium and Its Alloys

Ti applications require superior chemical, thermophysical and
mechanical qualities[20], such as a high mechanical resistance to weight
ratio, excellent corrosion resistance, and favorable high temperature
behavior. Additionally, these alloys are commonly employed for bio-
medical applications due to their bio-compatibility [81]. Most of these
applications require the use of joining procedures. Titanium welding
technology offers unique characteristics. When heated to temperatures
above 350°C, Ti aggressively interacts with ambient gases such oxygen,
hydrogen and nitrogen; as a result, the mechanical characteristics of the
weld joint significantly deteriorate. While exposing the titanium alloys to
welding thermal cycles, a significant increase in grain size occurs.
Therefore, welding should be performed with little heat input under an
environment of inert gas. Various welding techniques, such as TIG
welding, friction welding and EBW have been practiced to obtain joints
from titanium and its alloys. Each of these methods has a significant

drawback. TIG welding and friction welding have a limited range of
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applications, due to the restricted dimensions of the weld pieces [23]. The
overall dimensions of the weld workpieces can only be welded using an
electron beam, and the process is labor-intensive since a vacuum must be
created in the working chamber. The most promising method for welding
Ti is laser. There has been a wide spectrum of study in this area. There are
studies including the use of solid-state laser radiation in pulse mode to
reduce residual welding distortion, and in continuous mode to weld thick Ti
sheets of 16mm [82].

2.18 Advantages of Laser Welding

1- The ability to weld materials and thicknesses that are different [59].

2- The FZ is made narrower by the laser beam weld.

3- Geometries in three dimensions can be welded.

4- Small defects in the weld metal can be produced by laser welding along
with a very narrow HAZ and low residual stresses.

5- High welding speeds.

6- Filler metal is not necessary.

7- Simple automation, especially with lasers suitable for fiber optic
delivery.

8- The production of extremely small weld sizes, required for tiny and

delicate components, is made possible by concentrated heat sources.

2.19 Limitations of Laser Welding

1- Equipment is extremely expensive.
2- Usually, portability is poor.
3- Requires precise joint location in relation to the beam and very tight

joint fit-up.
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4- Aluminum and other highly reflective metals can be challenging to weld
with some laser beam welding techniques.

5- At welding some steels, high weld cooling rates may result in brittle
microstructures.

6- Possible problems with laser plumes.

7- Certain lasers demand specialized (and expensive)eye protection
[23,83].

2.20 Metallurgical Aspects of Laser Welding

The workpiece material undergoes heating, melting, solidification and
formation of the FZ with different structures during laser welding. As it
depends on the material compositions, solidification modes, cooling rates,
etc., solidification is a very complex process. The quality and effectiveness
of the laser-welded pieces are most strongly influenced by the structures
that have developed in the FZ [45,61].

2.20.1 Solidification of the Weld Metal

Solidification behavior is affected by different parameters such as
temperature gradient (G), solidification growth rate (R) and quenching rate.
The solidification behavior affects on the grain size and shape of the
welded microstructures and the extent of segregation, the distribution of
impurities, the extent of defects such as porosity and hot cracks, and
ultimately the properties of the solidified weld metal. When a liquid of
metal is cooled below its melting temperature, there is a driving force for
solidification. The initial solidification in a weld occurs epitaxially at the
melt pool walls. Epitaxial solidification is a heterogenous process. After
nucleation, growth of the solid occurs by the addition of atoms from the

liquid to the solid at the solid/liquid interface [18]. The nature of the
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solid/liquid interface will be determined by the G and R at the solid/liquid
interface. The mode of solidification can be planar, cellular, or dendritic
depending on the solidification condition. Figure (2.25) 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. The high G/R ratio will generate a planar mode,
while the low G/R will generate dendritic solidification. High cooling rates
(G*R) will produce finer solidification structure than slow cooling rates.
The solidification conditions may change during solidification. During
welding the ratio G/R decreases while advancing 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 FZ [3]. There are various requirements for solidification. Firstly,
it is requisite to nucleate solid species in the liquid phase. Once
solidification begins and the liquid turns into a solid, it is necessary that
heat of fusion created by the transformation be dissipated. This generally
occurs by conduction through the solid away from the solidification front.
The solidification of an alloy is also necessary to redistribute solute
between liquid and solid, since the composition of the liquid and solid
which in contact at the solidification front changes continuously as the
temperature decreases within the solidification range. This redistribution
will result in local variation in composition in the solidified structure if the
solid does not have time to reach its equilibrium composition, which is
common in most casting and welding processes [84].

During the solidification of alloys, constitutional super cooling occurs. The
solute is detached into the liquid ahead of the solidification front. This
causes a corresponding variation in the liquidus temperature-producing
conditions, where the melting point of the liquid is higher than the

temperature of the liquid. This allows small perturbations on the
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solid/liquid interface to expand into the supercooled liquid. When the tip of
any protuberance is at a higher temperature, the growth will be in planar
mode. 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 Figure (2.26), increasing

constitutional supercooling favors dentritic growth [25].
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Figure (2.25): Difference in the solidification microstructures as a function of
temperature gradient [84].
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Figure (2.26): Different solidification modes as a result of the effect of constitutional
supercooling [84].

During welding of titanium alloys,  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 HAZ provide
fewer epitaxial growth sites at the fusion boundary and dictate large prior 3
grains in the FZ [85,86]. The lack of segregating elements in Ti-6Al-4V
also provides limited constitutional undercooling which leads to coarse
prior-B grain structures in cast and welded alloys. The narrow freezing
range, lack of segregating elements and low melting phases makes Ti-6Al-
4V welds unsusceptible to solidification related cracking which may be a

problem for other high strength structural metals [24].
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2.20.2 Continuous Cooling of the Weld Metal

Depending on the cooling rate from B 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. Massive martensite occurs only in pure
titanium, very dilute alloys and in alloys with a high martensitic
transformation temperature. Acicular martensite occurs in alloys with
higher solute content (lower martensitic transformation temperature). The
acicular martensite consists of individual o laths, each with a different
crystal orientation. In Ti-6Al-4V alloys, the slow cooling rate leads to a
diffusion controlled transformation. The a phase first nucleates
preferentially at B grain boundaries forming a continuous o layer along f3
grain boundaries. During continued cooling, o plates nucleate at the  grain
boundaries and grow into the  grains as parallel plates belonging to the
same variant of the Burgers relationship forming a so-called a colony. The
a colonies continue to grow until they meet another a colonies. With
increasing cooling rate, the size of the a colonies as well as the thickness of
the individual o plates becomes smaller. At higher cooling rates, a plates
start to nucleate also at the o colony boundaries and start to grow
perpendicular to the nucleation site forming a basket weave structure
[17,35,86].

2.20.3 Microstructural Evolution during Laser Beam Welding of
Titanium Alloys

It is pointed out that the weld pool geometry is greatly affected by
focus/defocus beam which may create a surface tension, which is
responsible for the metal flow, and hence, the WZ shape. The widening top

and bottom surfaces, hence, hourglass-shaped is due to the presence of
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Marangoni convective currents which drives away the molten metal from
the location of the heat source [42]. The width of the FZ decreases with

increasing welding speed and increases with increasing laser power [50].

Ti alloy welds consist of three distinct regions, i.e., the BM, HAZ and the
FZ, depending on the temperature experienced during the welding
operation. A clear boundary between the BM and HAZ is easily
distinguished due to the microstructural differences. However, the fusion
line is not accurately identified due to the similar microstructures formed in
the HAZ and FZ, and thus it is approximately determined according to the

location of weld root and weld toe [87].

The microstructural analysis of a typical o titanium alloy (Ti-5Al-2.5Sn)
conducted in 2018 by Auwal et.al. revealed that the BM structure contains
fine equiaxed a-grains, as shown in Figure (2.27a). The microstructure of
the FZ changed from granular-like to columnar-like (Figure 2.27b). The FZ
consists of a very fine o' martensite because of the low heat input and
higher cooling rate in this zone. In contrast, no clear evidence of martensite
has been observed in CP-Ti laser weld beads due to the relatively low
content of the constituents promote martensitic formation. The
microstructural evolution of the FZ of the pure Ti alloy depends
significantly on the f—a phase transformation associated with the cooling
rate. The HAZ (Figure 2.27¢) contains a mixture of martensite, primary o

phases, and transformed [ phases.
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Figure (2.27): Microstructure of Ti-5Al-2.5Sn alloy (a): BM (b): FZ (o' martensite
formation) c): FZ/HAZ/ BM [26].

The BM of the Ti-6Al-4V alloy has been found to be composed of a dark S

phase in a bright a matrix, which is the typical annealed structure of the

base alloy. Namely, the BCC structured £ phase distributes along the
boundaries of the HCP structured a phase, as shown in Figure (2.28). The
microstructure of the HAZ is a mixture of &', acicular a and primary o
phases. This structure arises when it is quenched below the pg-transus
ranging from 720 to 985°C. The FZ, instead, mainly consists of acicular a
martensite. A similar structure is obtained when quenching the alloy from
the f phase region above the B-transus, which is 985°C approximately. It
has to be assumed that a value of 410°C/s required to obtain a completely
martensitic microstructure for the Ti-6A1-4V alloy. The acicular
martensitic structure is formed by columnar o and B grains in the FZ. This
transformed microstructure exhibits high strength and hardness value at the
expense of ductility and toughness [14,88].
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Figure (2.28): The microstructure of the Ti-6Al-4V alloy by using an: (a) optical image
containing from three zones (BM, HAZ, and FZ); b) optical image, and (c) SEM image
of BM; (d) optical image, and (e) FESEM image of FZ [88].

There is still some retained B available in the microstructure due to the
presence of B-stabilizer (Vanadium). Vanadium brings the martensite
formation temperature below room temperature, resulting in some
remaining B always present. The o’ martensite is a supersaturated non-
equilibrium hexagonal a-phase. The volume fraction of o’ increases with
increasing cooling rate [76]. Addition of small amounts of boron to cast Ti
alloys have shown to render a finer microstructure and improved
mechanical properties. This boron enrichment causes a corresponding
variation in the liquidus temperature, thereby leading to higher

constitutional supercooling which provides an additional driving force for
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the nucleation of more fine B-grains ahead of the solid/liquid interface. The
presence of equiaxed grains in boron titanium alloy castings implies that
constitutional supercooling is more important during solidification than

thermal undercooling [25].

2.21 Mechanical Properties of Laser Titanium Alloys Welds
2.21.1 Microhardness

Hardness testing is often the best way of establishing component's
survival and performance in their specific applications. The hardness
values of the welded samples depend on the presence of different phases of
the materials and developed microstructures during welding. The hardness
values in the HAZ give indications of its susceptibility to cracks. The
hardness values in the FZ are also commonly used to find out the less
ductile phases which may be prone to cracking [22]. In general, the
hardness of joints is closely related to their microstructure resulting in
diversity of mechanical properties. For typical a-alloys and near-a alloys,
the FZ is reported to have higher microhardness value than the BM. This is
due to the formation of a fine acicular o’ martensitic structure associated
with the higher cooling rate. Then, the microhardness drops rapidly in the
adjacent HAZ, and the BM has the lowest microhardness values [89]. In
the Ti-6Al-4V alloy, it is also observed variations of the microstructures
occurring during laser welding, which are clearly reflected in the hardness
distributions of the welded joints. The hardness values over the narrow
HAZ vary significantly. Full martensitic structure is obtained near the
fusion boundary and the amount of the martensite decreases gradually
while advancing from the fusion boundary, and finally disappears at the
HAZ/BM interface, as shown in Figure (2.29) [1,12,90].
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Figure (2.29): Microhardness distribution across the Ti6Al4Valloy laser weld [85].
2.22.2 Tensile Strength

Tensile test is typically used to analyze the ultimate tensile strength
(UTS) and percentage elongation of the BM and laser-welded specimens. If
the specimens fractured from the BM, this means that the tensile strength of
the weld is higher indicating that defect free joints are obtained [11]. On
the other hand, if pores in the FZ are formed, the tensile strength of the
laser-welded specimens will be less than the BM. The stress concentration
increases at pore locations during tensile loading, and crack propagation
starts from the micro pores. The formation of a fine acicular martensite o’
in the weld bead during LBW reduces the ductility of the welded joint. It is
known that the UTS firstly increases with the increase in heat input and

becomes maximum, and thereafter decreases [91].

2.22 Main Metallurgical Defects of Laser Titanium Alloy
Welds

2.22.1 Surface Oxidation

Ti is very reactive with ambient contaminants such as oxygen,

nitrogen, hydrogen and carbon dioxide at high temperature. Therefore, one
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of the most commonly encountered defects of Ti and its alloys is the
formation of a hard and brittle Ti oxide surface layer. The formation of the
oxide layer can be detected by visual inspection [48]. The degree of
contamination is often determined by the color of the oxide that forms
during welding. The oxide color is a function of its thickness. A light silver
or bronze colored oxide indicates a mild contamination, while blue or
purple oxides are an indication of more extensive atmospheric
contamination, and may result in the rejection of the weld based on the
suspicion of embrittlement. A white, flaky oxide indicates severe
contamination. However, it is important to remember that the oxide can be
easily removed by wire brushing after welding; so a complete reliance on
the oxide color as a measurement of the weld quality is not always the best

approach [23].

2.23.2 Embrittlement

Ti has an elevated affinity for elements such as hydrogen, nitrogen
and oxygen at temperatures exceeding 500°C, which may result in
embrittlement of the weld metal if they are absorbed. This discoloration is
directly related to the degree of the weld metal embrittlement and hardness.
To avoid embrittlement, Ti alloys are ordinarily shielded with a high-purity
inert gas when they are keyhole laser welded. For reasons related to its
ionisation energy and the formation of a beam attenuating plasma, helium
is utilized when welding with a 10um wavelength focused laser beam,
whereas argon is used when welding with a 1um wavelength focused laser
beam. The shielding gas is often delivered through a trailing shield, which
covers the weld face, and through an efflux channel covering the weld root.
At sufficiently slow welding speeds, the shielding gas may be delivered
through a co-axial or lateral nozzle. This approach is often employed when

laser welding Ti alloys with a pulsed laser source [92].
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2.22.3 Porosity

Porosity refers to the gas pockets or voids of any solid material,
frequently found in welds. Porosity (Figure 2.30) is caused when gas is
released as the weld metal cools and its solubility is reduced, and from
gases formed by chemical reactions in the weld. Porosity may be
distributed uniformly throughout the weld, isolated in small areas, or
concentrated at the root. Though in many cases, porosity is spherical, in
some it is wormhole shaped, and elongated in the solidification direction of
the weld metal [93].

In laser welding, when the beam density exceeds a threshold, typically
around 10°W/cm?, a small vapor cavity, frequently referred to the keyhole,
filled with high temperature metallic vapor, or plasma will be formed due
to the evaporation of the material. Typically, the keyhole periodically
oscillates throughout the welding process and leads to porosity defects in
the final welds, especially in the case of partial penetration laser welding.
Large porosity defects can significantly deteriorate some of the mechanical
properties of the welds, such as the tensile and fatigue strength. The
process of keyhole instability and the formation process of keyhole-induced
porosity have been studied by many researchers [94,95,96].

It was found that during deep penetration laser welding, gas bubbles
intermittently form from the tip of the oscillating keyhole, and most of
them are captured by the solidification front, and then become pores in a
very short time [94]. The chemical content of the gas in the pores was also
studied and these experiments proved that this gas was the shielding gas
[95]. The average size and amount of porosity decreased for higher laser
power, mainly due to the variation in power density. High power density is
an important factor for achieving and maintaining the keyhole mode of
welding. Therefore, during the laser welding, a relatively more stable

keyhole formed, resulted in less and finer porosity [96].
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Figure (2.30): Pores in the Ti alloys welded by laser welding [94].

2.22.4 Undercut

Undercuts typically occur as a result of the displacement or
expulsion of the metal from the weld pool due to the high welding energy
density, which affect the quality of the weld and cause the concentration of
stresses. It is a common welding defect that can appear continually or
intermittently, specifically when welding at a high speed. In general, the
welding speed is reduced, to reduce or avoid the undercut, which would
greatly improve the fatigue properties of the welds. The undercut is one of
the complex welding defects, which occurs for several reasons, and
depends mainly on the metal flow mechanism and temperature. Figure
(2.31) shows three types of undercut formed by the laser welding method.
Due to reduced wetting, the curved undercut is increasingly created at
faster welding rates [97,128], with the temperature gradients between the

melt and solid being thought to be the determining factor.
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Figure (2.31): Different types of undercuts in laser beam welding [98].

Mechanism

2.23.5 Spatter

Spatter is a common defect in welding processes that affects the
quality of the weld. It is defined as melt droplets scattered from the weld
pool, adhered and hardened to the workpiece surfaces and along the weld
joint [99]. In general, laser welding is a process of heating and cooling
materials at a high speed, resulting in a narrow weld pool. The molten pool
close to the keyhole wall has an upward slope due to the effect played by
the recoil pressure. One of the variables that leads to the development of
spatter is the low surface tension of the molten metal in the area around the
keyhole. The melting upward around the keyhole is accelerated by the
recoil pressure caused by evaporation and the shear tension caused by the
movement of the metal vapor. Spatter decreases as welding speed is raised
because of lower heat input, which reduces the downward upward
momentum of the molten metal around the keyhole, as shown in Figure

(2.32). Keyhole stability thus results in spatter suppression [100].

55



Chapter Two Theoretical Part and Literature Review

Figure (2.32): Spatter at different welding speeds (a): low and (b): high speed [101].

2.22.6 Cracks

Cracks are breakage-type discontinuities that may occur in the weld

itself or in the base metal adjacent to the weld. Severe restriction during
shrinkage along with embrittlement or insufficient ductility of the base
metal causes cracks to occur in the weld. Usually, this defect must be
repaired, because of its great impact on the mechanical properties of welds
[102].
Hot cracking of the type known as "solidification cracking" takes place as
the weld pool solidifies. Ti alloys sometimes exhibit solidification
cracking. At the end of solidification, cracks occur at the beta (BCC) SGBs,
but during cooling, these boundaries change into alpha (HCP) [85]. A
solidification crack along a prior beta grain boundary in the o—f3 Ti alloy
(Ti-6Al-6V) is shown in Figure (2.33).
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Figure (2.33): Solidification cracking generated in (Ti6Al-4V) alloy [85].

2.23 Literature Review

Various research studies have been conducted to determine if laser
welding can be used to bond different grades of Ti alloys to each other, or
to other materials. Industries nowadays are constantly competing to create
goods that combine different types of minerals at the same time in order to
take advantage of the composite qualities of the materials. By using this
technology, the price of finished goods may also be reduced and the
mechanical properties of welded joints improved.

eXinjin C. et al. (2009) [90], studied the effect of welding speed on weld
geometry, metallurgical characterization, mechanical properties and
welding defects. The results found that the high-power Nd:YAG laser
welding is a suitable approach for the Ti-6Al-4V alloy, with or without
small cracks, porosity, and shape defects being generated. The main
component of the FZ is acicular martensite, which results in an increase in
hardness of about 20% when compared to that of the BM. It was also found
that there is a gradient in the microstructure and hardness properties in the
narrowv HAZ because it contains a mixture of martensitic phases and

primary a phases. The results also showed, compared with the BM, the
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strength of laser-welded joints was close to or slightly greater, but the
presence of fine pores and aluminum oxide impurities significantly reduced

the ductility of the joints.

e Duradundi S. et al. (2009) [104], Investigated the effect of continuous
Nd:YAG laser welding on the mechanical and metallurgical properties of
the CP-Ti sheets of 1.6mm thick. The results showed that the decrease in
the heat input led to a significant increase in the tensile strength, due to the
increase in the cooling rate. It indicates that the increase in the cooling rate
during welding with a decrease in heat input improves the relative
elongation and thus increases the ductility of the weld, which improves the

tensile properties.

eIn 2012, Mohammed J. T. el al. [105], studied the effect of long-pulse
Nd:YAG laser on the melt geometry of the CP-Ti with a thickness of
2.3mm. A welding machine used provides a 400watt pulsed laser for
welding, a frequency of 15-45Hz, and a welding speed of 2-10mm/sec.
Since the Ti metal tends to disperse when hot, the results showed that
increasing the peak energy was not an effective way to increase the depth
of penetration of Ti in keyhole cases. When welding Ti with a pulsed
Nd:YAG laser, reducing welding speed leads to higher penetration due to a
lower cooling rate, thus reducing scattering and porosity of the weld metal
using the Nd:YAG pulsed laser method.

e Squillace el al. (2012) [106], analyzed the effect of welding process
parameters on the metallurgical and mechanical properties of Ti6Al—-4V
sheets with a thickness of 1.6mm, using continuous Nd:YAG laser
welding. The results proved that the hardness values graduated from the

highest value in the weld area to the lowest value in the BM. The high
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hardness of the WZ is due to presence of the martensite structure, which
decreases while approaching the BM. The maximum hardness value was
at the lowest heat input due to the high cooling rate. The tensile strength of
the welds is close to or slightly lower than the BM, and this indicates the
lack of defects and the high quality of the weld. The microstructure of the

HAZ is a mixture of (¢) martensite, primary o and returned f.

e Shailesh S. et al. (2014) [107], investigated the effect of pulsed Nd:YAG
laser welding process parameters for 3mm thick Ti6AI4V sheets. The
results showed that the penetration depth depends mainly on the ratio
between the pulse energy and the pulse width. Increasing the peak energy
too much leads to form a crater, and higher hardness, but increasing the
average power results in an increase in the total heat input and thus a

decrease in the rate of cooling and hardness.

e Giuseppe C. et al. (2015) [73], studied the influence of different welding
conditions (the power level was kept constant at 1.2kW, whereas the
welding speed ranged between 1000 and 2500mm/min) on the bead
morphology, metallurgy and mechanical properties. Full penetration
welding of 2mm thick Ti6AIl4V plates in butt configuration was performed
by adopting a high brightness Yb fiber laser. Seam appearance and
microstructures were assessed by optical microscopy, while the mechanical
behavior was evaluated in terms of Vickers micro-hardness and tensile
strength. Fracture surfaces were inspected by the SEM. The output showed
that the higher linear energy promoted an X-shaped bead, whereas lower
one promoted the formation of a V-shaped bead; the microstructural
properties confirmed the formation of hard and brittle martensite structures
in the FZ. The weld pool was efficiently shielded by adopting a reliable

system of gas supply. Contaminations and oxidations were satisfactorily
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prevented and ultimate tensile strength exceeded 80% of that of the BM.
The formation of a hard and brittle phase reduced the elongation to 4-5%.
The results account for a good weldability of Ti6AI4V alloy using a fiber

laser.

e Ahn J. et al. (2016) [74], investigated the effect the fiber laser welding
parameters on the weld geometry of the Ti6Al4V sheet, welding quality
and the microstructure. The results showed that the weld penetration
increases with the laser power or a decrease in welding speed. Low heat
input resulted in fine acicular o~ (martensite) in the FZ. The HAZ however,
consists of acicular o, primary a and intergrainular § due to the relatively
lower cooling rate, whereas, increasing the heat input resulted in a coarse
acicular o~ in the FZ. The crater increases with increasing laser power or

decreasing welding speed.

e Chandan K. et al. (2017) [14], studied the effect of laser welding
parameters on the weld geometry and the mechanical properties of the Ti-
6Al-4V alloy having thickness of 5mm welded in butt configuration. The
equipment used a 2kW fiber laser in CW mode integrated with
computerized numerical control (CNC) workstation. It is observed that
welding power and speed plays a major role for full penetration welding. In
addition, welding power showed a direct effect whereas welding speed
showed an inverse effect on the output responses. It is noticed that the
hardness value of the FZ is higher than the HAZ and BM due to the
difference in cooling rate during welding, which promotes the formation of

o’ martensitic phase in the FZ.

e Kbse C. et al. (2017) [109], studied the effect of the different welding

speeds on the mechanical properties and microstructure of the (Ti-6Al-4V)
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sheet by using the fiber laser method. It was observed that the tensile
strength of the BM was higher than laser welded joints. Tensile strength of
joints using low heat input was lower than using high heat input. The
martensite phase formed in the FZ. Porosity was observed in the weld
metal. The hardness increased with decreasing heat input.

e Pramod K. et al. (2018) [84], investigated the effect of heat input in
pulsed Nd:YAG laser welding of (Ti6Al4V) titanium alloy on
microstructure and mechanical properties. The range of heat input various
heat inputs (43.7-103.5 J/mm) have also been investigated. Microstructures
of the fusion zone, HAZ and base material have been compared at various
heat inputs using optical microscope and field emission scanning electron
microscope (FESEM). The mechanical properties such as micro hardness
and tensile strength of the welded joints at various heat inputs have been
studied. Tensile tests of the welded specimen and base metal have been
conducted for analyzing ultimate tensile strength and percentage
elongation. Surface topography of the tensile fractured specimen of the
welded joints and base metal has been examined to analyze the ductile and
brittle behavior. EDS analyses of base metal and fusion zone of the welded
specimen have been studied. XRD of the as-received base metal and
welded specimen have been measured in the range of 30 to 85° to study the
crystallographic structure. It was found that the increasing the heat input
will increase the width of the FZ and the HAZ. The shape of the weld bead
profile is T-shaped at low heat input and becomes approximately X-shaped
at high heat input. The hardness of the FZ is higher than HAZ and the BM,
due to the formation of & martensite and increase in the size of the

micropore.

e Fedor F. et al. (2018) [111], investigated the microstructural variation of

fiber laser beam-welded T-junctions between Ti-6Al-4V alloys and CP-Ti.
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The results showed that the cooling rate was sufficient to produce
martensite in the Ti-6Al4V part of the FZ. In contrast, the presence of
martensite was not observed in the CP-Ti part due to the lower solute

content and thus the much higher critical cooling rate.

e Ruifeng Li et al. (2019) [110], analyzed the effect of the laser beam and
laser-MIG hybrid welding processes on the strengthening mechanism of
4.2mm thick CP-Ti plates. The results found that the FZ and the HAZ
contain coarsened and clongated o grains, acicular o phase and twined
grains in both welded joints. The laser beam welded joints featured a higher

tensile strength than the laser-MIG hybrid welding process.

e Muralimohan C. et al (2019) [12], investigated the effect of process
parameters and heat input on weld bead geometry of laser welded Ti-6Al-
4V alloy. The laser power of (1 to 1.5kW) and (5 to 9m/min) welding speed
were used. The results showed that the width and depth of the FZ varied
with welding conditions. The sizes and widths of the grains in the FZ and
HAZ varied greatly with the change in welding speed and laser power. The
best mechanical properties and the optimum weld bead geometry of the

weld joint were produced by controlling the welding conditions.

e Ahmad C. et al. (2020) [112], analyzed the microstructure, microhardness,
tensile properties and fracture characteristics of the laser welded Ti—10V—
2Fe—-3Al (Ti1023) titanium alloy. A CW fiber laser was used for the butt-
welding of 1.6mm thick sheets. Welding was performed at a power of
1.2kW, a constant welding speed of 150cm/min. Beam diameter at the
focus spot was 0.28mm, and the focal point was situated 2mm below the
top surface of the sheets to obtain an adequate power density. Results

indicated that the mechanical properties were related to the microstructure
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development across the weld. In the BM, the primary o phase with
spherical and lath morphologies appeared. The volume fraction of the o
phase in the HAZ decreased to some extent compared to the BM as a result
of its partial dissolution and/or transformation to the  phase. In the FZ,
primary o phase was completely transformed to the B phase. The BM
exhibited a higher hardness than the HAZ and FZ due to a higher volume
fraction of the primary a phase, which is harder than  phase. For the same
reason, the yield strength (YS) and UTS of the weldments were somewhat
lower than those of the BM. In addition, the presence of porosity, undercut,
concavity and coarse columnar 3 grains in the FZ contributed to lower YS,
UTS and total elongation in the weldments in comparison to the BM.
Examination of the fracture surface of the weldment tensile samples

indicated a mixed brittle and ductile fracture mode.

e Na Qi et al. (2020) [114], analyzed the effect of laser power on tensile
performance of Ti-6Al-2Zr-1Mo-1V (TA15) laser-welded bottom locked
joint. The laser welding speed was constant and the laser power was
(1000W, 1300W and 1600W) respectively. Significantly, increasing the
laser power leads to an increase in FZ and HAZ width. The HAZ
microstructure was relatively complicated, mainly composed of martensite
@, acicular a structure and B. The amount of martensite formed at the
highest laser power was small, while the lowest laser power produced a
large amount of martensite ¢, due to the higher cooling rate. All the
specimens fractured near the HAZ, and the fracture was ductile in the shape
of dimples. The tensile strength of the welded joint decreased with the
increase of laser power. When the laser power was 1.0kW, 1.3kW and
1.6kW, the tensile strength was 723MPa, 705MPa and 695MPa
respectively, which was 64.55%, 62.95% and 62.05% of the BM strength.
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Alireza A. et al. (2020) [115], investigated the effect of the Nd:YAG laser

welding on the microstructure and mechanical properties of the Ti-6Al-

4Vand CP-Ti dissimilar and similar joints of 3mm thick. The defects found

were porosity and lack of filling, whereas indications of lack of penetration

or cracks were not observed in all weld joints. The fracture in all welds of
the Ti6Al4V was from the FZ.

2.23.1 Studies Closer to the Current Research

Author
| and
(Year)

Experimental Range

Results

Xianguo Li .etal.
(2005)

The BM used is CP-Ti sheets
with a thickness of 0.5mm,
and the welding parameters
are the pulse width of 4.5ms,
pulse frequency of 5Hz,
welding speed of 0.4mm/s and
average power of 22-23W.
Weld surface discoloration is
verified by visual inspection.

The results showed that the color of the
weld surface changed from silver to blue
due to increasing the oxygen percentage
in the covering gases, and led to an
increase in hardness. The welding
strength increased first and then
decreased due to the presence of an
acicular o microstructure.

N
Mohammed J. et al.
(2012)

The metal used is CP-Ti plates
with a thickness of 2.3mm,
pulse welded by Nd:YAG
laser at peak power of 1.5kW
and various welding speeds
(4- 5.7mm/s)

The results showed that increasing the
penetration depth by increasing the peak
power is not suitable in the case of
keyhole due to the increased scattering
of Ti in the molten state. The use of
welding speed is better to improve
welding  penetration and  reduce
scattering and porosity.

w
Giuseppe C. et al.
(2015)

Ti-6Al-4V  of 2mm thick
plates were welded with a
high Yb fiber laser. Welding
speed varied at 1, 2, 2.5 and
5m/min, with a laser power of
1.2kW.

The development of an X-shaped bead
was favored by higher linear energy,
while the production of a V-shaped bead
was favored by lower linear energy. The
production of hard and brittle martensitic
structures in the FZ was confirmed. The
mean UTS of the FZ exceeded 80% of
the BM. Elongation reduced to 4-5%
after the creation of a brittle phase.
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NN
Fedor F. et al.

(2018)

Various Ti alloys have been
fiber laser welded in 0.8mm
thick dissimilar T joints. The
skin material was CP-Ti,
while the stringer material was
Ti-6Al-4V alloy. The welding
power was 650W and the
welding speed was 3.5m/min.

The results showed that the cooling rate
was sufficient to produce martensite in
the Ti-6Al4V part of the FZ. In contrast,
the presence of martensite was not
observed in the CP-Ti due to the lower
solute content and thus the much higher
critical cooling rate.

Ahmad C. et al.

(2020)

A CW fiber was used for butt-
welding of 1.6mm thick plates
of the Ti-10V-2Fe-3Al beta
alloy. Laser power of 1.2kW
and a constant welding speed
of 150cm/min were used. The
diameter of the beam at the
focus point was 0.28mm.

The structure of FZ was of coarse and
columnar beta grains. The martensite
phase or the o phase was not observed
due to the high cooling rate and the high
percentage of beta phase stabilizers such
as V and Fe. Hardness in the BM was
higher than the HAZ and FZ due to a
larger amount of the a phase in the BM.
Porosity and crater were observed in all
samples; the fracture occurred in the FZ.

Na Qi et al.

(2020)

The metal used was TAI15
alloy. The bottom locked joint
was welded with fiber laser of
variable thicknesses (1.5 and
2mm). The welding speed was
constant and the laser power
was 1.0, 1.3 and 1.6kW.

Significantly, increasing the laser power
led to an increase in FZ and HAZ width.
The HAZ microstructure was mainly
composed of martensite, acicular a and 3
structure. The amount of martensite
formed at the highest laser power was
small, while the lowest laser power
produced a larger amount of martensite
due to the high cooling rate. All the
specimens fractured near the HAZ, and
the fracture was a dimple ductile. The
tensile strength of welded joint decreased
with increasing the laser power. Samples
welded with low laser energy had higher
tensile strength due to high cooling rate.

\‘
Alireza A. et al.

(2020)

3mm thick CP-Ti and Ti-6Al-
4V alloy plates were welded
by fiber laser method. The
welding parameters used were
the laser power of (3-4kW)
and welding speed of (1.69-
2.25m/min).

The defects observed in the weld joints
were porosity and underfill; there were
no indications of a lack of penetration.
The place of failure of the asymmetric
samples was in the FZ, while the
identical samples of the CP-Ti fractured
from the BM.

After reviewing the previous literature, it was found that some researches
were confined to the use of certain laser welding methods, some of which
are outdated, and some are not automated. Other literature has dealt with

the use of variables with limited ranges, due to the limitations of the laser
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machines used. Moreover, some studies were confined to a limited
thickness of the base metal as a result of the limited laser power available.

As of the time of this writing, no comprehensive study has been found by
the researcher to investigate the effect of using efficient and diverse laser
welding methods on various types of industrially common Ti alloys.
Additionally, no research has been novated to analyze the influence of the
most effective variables of these methods with wide ranges on the Ti alloy
welds with relatively thick plates, and compare them in terms of the
microstructure, mechanical properties, weld geometry, penetration, joint

efficiency and potentially defects, using several examinations.
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CHAPTER THREE: EXPERIMENTAL PART

3.1 Introduction

This chapter gives a detailed picture of the experimental work and
explains all of the conditions under which the tests were conducted. It
comprises the materials, equipment and experimental techniques utilized in
this work, which include Nd:YAG laser and fiber laser welding of CP-Ti
and Ti-6Al-4V alloy plates. Microhardness and tensile tests were used to
study the mechanical properties of the weld joints. The changes in
microstructure of the weld joint were evaluated by the optical microscope
(OM), scanning electron microscope (SEM) and energy dispersive
spectrometer (EDS). X-ray radiography was used to detect internal flaws in
the weld joints, in addition to visual examination of tensile test specimens

after fracture.

3.2 Program of the Current Study

The general program structure employed in this study is shown in
Figure (3.1).

3.3 Workpiece Materials

The materials used are grade 5 (Ti-6Al-4V) and grade 2 (CP-Ti) alloy
sheets with the dimensions of (50x35x3)mm. Tables (3.1) and (3.2) show
the chemical composition and mechanical properties of the materials
respectively according to American Society for Testing and Materials
(ASTM). The chemical composition analysis for materials was achieved by
Niko Pajohan Tafsir in Tehran-lran. The EDS test was carried out to

validate the chemical composition of the alloys used in Al-Razi Labs/Iran.
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Figure (3.1): Flow Chart of the present work.
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Table (3.1): Chemical composition of the CP-Ti (grade 2) and Ti6Al-4V (grade 5) alloy

lates used in this study.
| Chemical Composition-wt% Residual ||

Materials ™21 T re C 0 H N V | Elements]||
Gcr:?:,d?nz R | Max- | Max- | Max- | Max- | Max- ] Total
. 0.3 0.08 | 0.25 | 0.015 | 0.03 Max-0.4
(Nominal)
Total
Actual R - 0.05 | 0.012 | 0.092 | 0.001 | 0.018 - <04
Grade 5
: 5.5- 3.5- Total
T|-6A_I-4V R 6.7 0.4 0.08 - - - 45 <0.4 ‘
(Nominal)
Total
Actual R 58 | 0.05 | 0.01 | 0.06 | 0.001 | 0.009 | 4.13 <04

* R-Remainder

Table (3.2): Mechanical properties of Ti alloy plates used in this study.

Yield Tensile
Materials strength Strength | Elongation Vickers Hardness
0.2% (Mpa) % Kg/mm?
(Mpa)
CP-Ti 275 Min. 345 Min. 20 Min. 145
(Nominal)
Actual 592 750 - 149
TFBAIAV oo Min. | 950 Min, | 11 Min. 396
(Nominal)
Actual 1593 1840 - 339

3.4 Laser Welding Machines

An IQL-10, Nd:YAG pulsed laser with a maximum average power of
400W (Figure 3.2) was employed in this investigation, along with high-
speed imaging. The laser's standard output was square-shaped pulses. The
laser parameters have ranges of 1-999Hz for pulse frequency, 0.2-20ms
for pulse duration, and 0-40J for pulse energy. The pulse energy and
repetition rate have to be chosen in such a way that the average power does
not surpass the laser's maximum capability (400W). The studies were
carried out with 10Hz frequencies and 3-6mm/s workpiece speeds. Two

lenses with a focal length of 150mm and a minimum spot size of 250um
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made up the focusing optical system. YFL-1500, a single mode CW fiber
laser (Figure 3.3), with a maximum power of 1500W, a wave length of
1080nm, workpiece speeds of 2-30mm/s and a Gaussian beam profile was
also used. The focusing optical system has a focal length of 150mm and a
minimum laser spot size of 200um. In this experiment, the laser power
should be between 600 and 1500W. Table (3.3) shows the capacity of the
welding machines and welding parameters used in the current study. All

experiments were carried out in the Iranian National Laser Center-Tehran.

Figure (3.3): Fiber laser machine
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Table (3.3): The capacity of welding machines and parameters used in laser welding of
the (CP-Ti) and (Ti-6Al-4V) alloy plates.

Type of welding

Machine parameters

Welding parameters

Machine used in the study

Pulse energy 0-40J 15,17, 18.5 and 19.7J ‘l

I‘ Nd:YAG Pulsed | Pulse frequency 1-999Hz 10Hz ‘I
I‘ laser machine | Pulse duration 0.2-20ms 8ms ‘I
|‘ (1QL-10) Focal length 150mm 150mm ‘l
I Welding speed 3, 4,5and 6mm/s ‘I
Fiber laser Power laser 1500W 600, 900, 1200 and 1500W ’I

I machine Welding speed 2-30mm/s 10, 15, 20 and 25mm/s ‘I
(YFL-1500) Focal length 150mm 150mm |

3.5 Laser Welding of Titanium Alloys

The joint design used in laser welding for both types of base material

(CP-Ti and Ti-6Al-4V) was a square butt. To prevent oxidation, an

incidence angle of 45° with a 99.9% purity argon as a shielding gas with a

flow rate of 10 lit/min was used for all welds. Moreover, the laser beam

was fired at an angle of 90° relative to the weld line. Figure (3.4) shows the

design and fit-up of the weld joint.

")
=

50 A
1<

S0

L 4

Figure (3.4): Dimensions of plates to be joined (in millimeters).

Before welding process, the following steps were carefully performed.

1- Removing oils, grease and others contaminants from the surfaces of

the plates to be welded using ethanol alcohol.
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2- Fixing the plates on the laser welding machine, and adjusting the
spacing between them to Omm.

3- Fiber laser and Nd:YAG laser welding the set-up along 35mm in a
subsidiary of the Iranian National Center, according to the conditions
described in Tables (3.4) and (3.5) below.

Figure (3.5) shows the samples joined by fiber and Nd:YAG laser welding

processes.

Figure (3.5): Some of the Ti alloy welds before manufacturing of test specimens.
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Table (3.4): Conditions for fiber laser welding.

A: for Grade 2, B: for Grade 5.

Laser ) )
Welding speed Heat input
Sample power
(mm/s) (kJ/mm)
(kW)
Al,B1 0.6 0.06
A2,B2 0.9 0.09
10
A3,B3 1.2 0.12
A4,B4 1.5 0.15
A5,B5 0.6 0.04
A6,B6 0.9 0.06
15

A7,B7 1.2 0.08
A8,B8 15 0.1
A9, B9 0.6 0.03
A10,B10 0.9 20 0.045
All1,B11 1.2 0.06
Al2,B12 1.5 0.075
Al13,B13 0.6 0.024
Al4,B14 0.9 . 0.036
Al15,B15 1.2 0.048
Al16,B16 15 0.06

Table (3.5): Conditions for the Nd:YAG Laser Welding.
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Sample Peak power | Welding speed Heat input
(kW) (mml/s) (KJ/mm)
Al7,B17 1.9 0.51
Al18,B18 2.12 0.54
A19,B19 2.3 ° 0.61
A20,B20 2.5 0.67
A21,B21 1.9 0.38
A22,B22 2.12 0.42
A23,B23 2.3 ) 0.46
A24, B24 2.5 0.50
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A25,B25 |
A26,B26 ||
A27,B27 2.3 0.37 ||
A28,B28 2.5 0.40 ||
A29,B29 1.9 0.253 ||

| A30,B30 2.12 ; 0.28 ||
A31,B31 2.3 0.31 ||
A32, B32

A: for Grade 2, B: for Grade 5.

3.6 X-ray Radiography

X-ray radiography is one of the significant non-destructive tests
employed for welded parts to detect internal defects formed in welds that
affect the quality of the welds such as cracks, pores and inclusions. This
test was performed on the welded samples before manufacturing of the test
specimens. Defects can be easily distinguished by the contrast in the image
formed on the film. Areas that do not absorb radiation energy are dark, but
those that absorb a small part of the radiation appear less dark. This
inspection must be done by specialists in this field. Figure (3.6) presents

the device used for inspection in Niko Pajohan Tafsir labs in Tehran/Iran..

Figure (3.6): Portable X-Ray inspection machine.
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3.7 Measuring the Heat Affected Zone Width

For fiber and Nd:YAG laser butt weld samples, the HAZ widths and
profiles were determined by measuring the distance between the visible
HAZ edge and the weld centerline by a 5mm intervals. The measurements
were made on the welded samples before manufacturing specimens for

tests.

3.8 Preparation of Test Specimens

After the non—destructive examinations, specimens were manufactured
from the welded samples shown in Figure (3.5) for microhardness, tensile,
micrography (OM and SEM) tests, based on the ASTM specifications.
Below are the most important procedures followed for manufacturing the

test specimens.

1- To make weldments easier to process on the milling machine, a fixed
head grinding machine was used to roughly straighten the weld zone (weld
line) with the weldment surfaces.

2- The top and bottom surfaces of the weldments were slightly milled.

3- On one of the two weldment surfaces, the dimensions of the required
specimens were marked.

4- A wire electro-discharge machining (W-EDM) was used to precisely cut

the weldments according to the marking (Figure 3.7).
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Figure (3.7): Wire electro-discharge machining cut.

3.9 Microscopy Test

3.9.1 Weld Penetration Depth Measurement

The purpose of this test is to know the effect of welding parameters
such as laser power and speed on the depth of the weld penetration. The
test was performed according to ASTM E 883-2017 within the scope of the
ISO/IEC 17025 standard using the optical microscope (Figure 3.8). This
test was permormed at Al-Razi Metallurgical Research Center in Tehran.
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Figure (3.8): Optical microscope.

3.9.2 Metallurgical Examination

Standard metallographic techniques were used to prepare specimens
for microstructural examination, which included the following steps.
1- To enable handling and thus reveal microstructural changes in different
zones, specimens were W-EDM cut to a suitable size.
2- The wet grinding was carried out by exposing the specimen surface to an
electrically powered rotary disk while using (SiC) emery sheets of various
grades in a sequential order (400, 600, 800, 1000, 1200, 1500 and 2000).
After that, the specimen was washed with water and dried with hot air.
3- Mechanical polishing was utilized to remove the new finer scratches
generated by the grinding process, using diamond particle pastes. Polishing
was accomplished by sequentially applying 6, 1, and 0.25um pastes to
specific clothes mounted on the rotating disk.
4- Etching with Keller’s reagent (85ml H,O+10ml HNO3z+5ml HF) was
used as an etchant to reveal the phases by its chemical effect on the
different phases in variable levels. Following the etching, the prepared

surface to be examined was cleaned with alcohol.
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The microstructure and topography of several zones on the prepared
specimen surfaces across the centerline of the welds (FZ, HAZ and BM)
were then defined using an OM. It was also utilized to identify the kind,
size, and location of any surface flaws throughout the welds. This test was

carried out at Tehran's Al-Razi Metallurgical Research Center.

3.9.3 Scanning Electron Microscopy (SEM)

Microstructural exams and chemical composition analyses were
carried out at Al-Razi Metallurgical Research Center in Tehran utilizing an
SEM and an EDS. For all prepared specimens, SEM images were collected
in order to clearly analyze the microstructure with higher accuracy. The
specimens were prepared with appropriate grinding papers, polished, and
then etched with Keller's reagent solution in the same way that welds were
inspected optically. The FZ, HAZ, and BM were all investigated across the
weld centerline. The EDS was used to analyze the chemical composition of
the BM. Figure (3.9) shows the SEM device.

Figure (3.9): Scanning electron microscopic device.
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3.10 Mechanical Tests

3.10.1 Microhardness Test

Microhardness test was achieved using digital VVickers microhardness
tester (Figure 3.10) according to ASTM E 384-17. The indenter is a square-
based pyramidal shape diamond with face angles of 136°. Measurements
were done across the weld centerline on both sides of the welds (FZ, HAZ
and unaffected BM) after grinding process of the surfaces to be measured.
This test was done with a load of 300g and a loading time of 10-15sec. The
measurement point distribution was by 0.25mm intervals across the welds,
with an average of two lines located at the top and bottom of the surfaces to
be measured shown in Figure (3.11). This test was done at Al-Razi

Metallurgical Research Center in Tehran.

= 1

Figure (3.10): Vickers microhardness device.

1 T

line 1

£
=
"

| HAZ BM
line 2

Figure (3.11): Locations of hardness measuring along the cross-section of the weld.
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3.10.2 Tension Test

The shape and dimensions of the tensile test specimen employed are
shown in Figure (3.12). The W-EDM cut was used to manufacture the
specimens as shown in Figure (3.13). The weld's centerline was in the
middle of the specimen, and the tensile strength was an average of two. The
test was performed at the labs of the Material Department-Faculty of
Engineering-University of Kufa using a universal type device WAW-200
(Figure 3.14) according to ATSM E8/E8M13a at a speed of 1 mm/min.

G=50, W=6, L=100, C=10, R=6, B=30, A=32, T=3

Figure (3.13): One of the manufactured tensile test specimens.

3.11 Fractography Observation

This test was carried out on the tensile specimens after fracture. The
purpose of this test is to determine the kind, size and position of probable
flaws such as inclusions, pores and cracks that are visible to the human eye.

The fracture mode was also specified by this test before photographed.
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Figure (3.14): Tensile test device.
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CHAPTER FOUR: RESULTS and DISCUSSION

4.1 Introduction

This chapter shows results of the practical part tests, including the
results of measuring the depth of weld penetration and the microstructure
using OM with the help of SEM. In addition, the results of mechanical tests
(hardness test and tensile) for similar joints welded by fiber and Nd:YAG
laser welding have been presented and discussed. The fracture surface, and
internal defects of the welds revealed by X-ray radiography were also

discussed.

4.2 X-Ray Radiography

An X-ray inspection was performed on 64 samples welded using
fiber and Nd:YAG laser processes of CP-Ti and Ti-6Al-4V plates before
cutting and preparing the specimens for future tests.

Figure (4.1a) displays X-ray radiographs of CP-Ti samples welded using a
fiber laser. It was noted from the figure that there is a lack of weld
penetration in Al and A2 samples due to the lower laser power used with
these samples. The laser power of (0.6 and 0.9kW) was not high enough for
obtaining complete penetration at the welding speed of 10mm/s, due to the
low heat input induced from the laser power and welding speed used. When
the laser power was increased to (1.2 and 1.5kW), and the welding speed
was fixed at 10mm/s, an increase in the weld penetration depth was
observed as a result of the increased heat input, as for A3 and A4 samples.
Figure (4.1a) also shows a lack in the weld penetration depth when the
welding speed was increased from 10 mm/s to 15, 20, and 25mm/s at laser
power of 1.5kW as in A8, Al2 and Al6 samples respectively. As well
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known, increasing the welding speed reduces heat input, and is therefore
insufficient to obtain complete penetration. It was also observed that A4
sample exhibited the best penetration over the welds; A12 sample, despite
using higher welding speed, presented good penetration. This is due to the
high laser power utilized with these samples; this agrees with [116].
Moreover, it can be seen from the figure that some samples contain a
number of pores at the FZ or near the FZ (FZ/HAZ interface). Low laser
powers cause the gases to remain trapped in the molten metal, and not be
able to escape to the surface before the metal solidifies. This is due to the
high cooling rates caused by the low heat input. Porosity was also observed
when the laser power was increased to 1.2 and 1.5kW due to the turbulence
in the flow of molten metal which leads to keyhole breakdown [117], as in
A3 and A4 samples joined at a welding speed of 10mm/sec. Porosity in A7,
A8 and A12 samples, probably formed due to the increase in the welding
speed from 10 to 15 and 20mm/s. Increasing the welding speed reduces the
heat input, and thus leads to an increase in the cooling rate, and the lack of
sufficient time for the gases to escape [117]. It was also noted that there are
no cracks in the welded samples. This could be attributed to the nature of
the crack-resistant metal.

Figure (4.1b) shows X-ray radiographs of the Ti-6Al-4V samples welded
using a fiber laser. It was noticed that there is a decrease in welding
penetration in samples B1 and B2 joined at a relatively low laser power of
0.6 and 0.9kW respectively, and at a welding speed of 10mm/s. The weld
penetration increased with increasing the laser power to 1.2 and 1.5kW,
and welding speed of 10mm/s as in B3, B4 samples respectively.

Figure (4.1b) also shows that the weld penetration depth decreased with
increasing welding speed to 15, 20 and 25mm/s, due to decreasing the heat
input, as in samples B5 up to B16. Better weld penetration was obtained in
samples B4 and B12 having a laser power of 1.5kW and a welding speed
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of 10 and 20mm/s respectively. Porosity was also observed in some

samples at the FZ and FZ/HAZ interface, for the same reasons mentioned

previously with fiber laser welding of the CP-Ti.
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Figure (4.1): X-Ray radiographic inspection for (a): CP-Ti and (b): Ti-6Al-4V welds
joined by the fiber laser method.
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Figure (4.2a) shows CP-Ti samples welded with an Nd:YAG laser. It can
be seen from the figure that there is incomplete penetration in samples A17,
A18 and A19 welded at peak power of 1.9, 2.12 and 2.3kW respectively
and 3mm/s welding speed. The highest weld penetration was however in
A20 sample with increasing peak power to 2.5kW, due to the increase in
heat input. A decrease in weld penetration was also observed in samples
A21 up to A32, as a result of increasing the welding speed to 4, 5, 6 mm/s,
and this corresponds to [12]. Good welding penetration at A24 and A28
samples was when the speeds were 4 and 5mm/sec, and the peak power
was 2.5kW.

Figure (4.2b) shows Ti-6Al-4V samples welded by using the Nd:YAG
laser. The figure reveals that there is a lack of welding penetration in
samples B17, B18 and B19. The welding penetration increased in B20
sample due to the increase in heat input (2.5kW peak power and 3mm/s
welding speed). It was also noted that the samples B21 up to B32 have less
welding penetration due to the increase in welding speed from 3 to 4, 5,
6mm/s. From Figure (4.2b), it was noted that better welding penetration
was in samples B20, B24, B28 when the peak power was 2.5kW and the
welding speed was 3, 4 and 5 mm/s respectively, because these parameters
provide sufficient heat input to obtain good penetration. Consequently, B20
sample had the best penetration. Porosity was also observed in some welds,
and it decreased with increasing laser power and decreasing welding speed
as a result of lower cooling rates.

No cracks were observed in these welds, because the Ti-6Al-4V alloy is not
sensitive to FZ solidification and HAZ liquation cracks due to the lack of
segregation of impurities and secondary phases on the grain boundaries
[85].
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Figure (4.2): X-Ray radiographic inspection for (a): CP-Ti and (b): Ti-6Al-4V welds
joined by the Nd:YAG laser method.
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4.3 Measuring Visual Heat Affected Zone Width

The width of the HAZ was measured from the edge to the edge
with 5mm intervals along the CP-Ti and Ti6Al4V welds as shown in

Figure (4.3).

Weld length (mm)

{CP-Ti) sample welded by (Ti6Al4V) sample welded by
fiber laser fiber laser

Figure (4.3): Measuring the width of the HAZ of the CP-Ti and Ti-6AL-4V welds
joined by the fiber laser process.

It was clearly noted from the figure that the HAZ had less width at the ends
of the samples, and increased in the middle because the ends dissipate heat
faster than the middle [118].

The HAZ extent of each of the fiber laser welded samples were plotted by
measuring the distance from the visible edge of the HAZ to the centerline
of the weld, at 5mm intervals along the weld length of the sample. Figure
(4.4) shows the measurement of the visible HAZ half-width of the samples

welded using the fiber laser.
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Figure (4.4): Visible HAZ half-width measured along the weld length of the (a): CP-Ti
(A4) weld and (b): Ti-6AIl-4V (B4) welded by the fiber laser.

Figure (4.4) demonstrates that the HAZ of B4 sample is wider than that of
A4 sample, although both of them were welded under the same conditions
with a laser power of 1.5kW and a welding speed of 10mm/s. Therefore,
the amount of heat input was 150J/mm, which is the highest heat input for
all over the samples. The Ti-6Al-4V alloy has thermal conductivity
(6.7W/mm.K") lower than that of the CP-Ti (21W/mm.K°). As a result,
thermal energy in the molten zone is stored rather than lost for a long time
[14, 96].

Figures (4.5) and (4.6) show the effect of laser power and welding speed
on the average width of the HAZ for CP-Ti and Ti-6Al-4V welds. It is
observed from the figures that the width of the HAZ increased by
increasing the laser power from 0.6 to 1.5kW at a welding speed of
10mm/s, due to the increase in heat input, and thus the decrease in the
cooling rate, as in Al, A2, A3, A4, B1, B2, B3 and B4 samples. The
figures also show that increasing the welding speed to 15, 20 and 25mm/s
reduces the average width of the HAZ, as a result of reducing heat input.

This is in agreement with that revealed by [90,106].
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Figure (4.5): Effect of welding parameters on the HAZ width of CP-Ti samples
welded by the fiber laser method.
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Figure (4.6): Effect of welding parameters on HAZ width of the Ti-6Al-4V samples
welded by the fiber laser method.

Figure (4.7) demonstrates the effect of the amount of heat input on the
HAZ width of the CP-Ti and Ti-6Al-4V samples welded by the fiber laser.

It appears from the figure that the average width of the HAZ increased with
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the increase in heat input, and its highest average value was 6.45mm in the
A4 sample and 6.69mm in the B4 sample, where the heat input was
150J/mm, which depends largely on the laser power and welding speed. It
was also noted that the width of the HAZ decreased with the increase in the
welding speed. It is well known that the HAZ width is inversely

proportional to the welding speed [73, 104].

Figure (4.8) exhibits a comparison of the effect of fiber laser welding
parameters on the average width of the HAZ for both CP-Ti and Ti-6Al-4V
samples. It can be seen from the figure that the HAZ for the Ti6Al-4V
samples was wider than that of the CP-Ti samples depending on the

thermal conductivity of the materials.

As for the samples welded using the Nd:YAG laser method, HAZ was

indistinguishable, so it was not measured.
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Figure (4.7): Effect of heat input on the extent of the HAZ width of the (a): CP-Ti and
(b): Ti-6Al-4V samples.
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Figure (4.8): Effect of heat input on the HAZ width of the CP-Ti and Ti-6Al-4V

4.4 Measuring the Weld Penetration Depth and Weld Zone

Width

This test was carried out after cutting the samples into specimens with
a cross-section of (3x20)mm, and making molds to easily handle them in
the grinding, polishing and etching processes, before inspecting them with
OM and SEM described in chapter three. Welding cross-sections are

usually characterized by three zones (FZ, HAZ and BM) as shown in

Figure (4.9).

samples welded by the fiber laser method.
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H1: Weld Pool Width

H2: Weld penetration depth

Figure (4.9): Weld cross-section characterization[12].

Figure (4.10) illustrates the effect of changing the laser power at low
welding speed of 10mm/s on the weld penetration depth for the CP-Ti
specimens welded by using a fiber laser method. It shows the presence of
an incomplete penetration when the laser power was 0.6kW. As a result of
insufficient heat input supplied to the samples, the weld pool was V shape.
When the laser power increased, the weld penetration and weld pool width
increased. The shape of the weld pool also changed from the V shape to an
hourglass shape, as a result of the increase in heat input transferred to the
material. Increasing the laser power will make the laser beam absorption
high by the metal surface, which will increase the width of the upper and
lower surfaces of the FZ. This was in agreement with [81,106,119]. On the
other hand, a crater was observed with all samples, but its depth increased
with increasing the laser power. The main reason is that the high power or
high heat input encourages evaporation and expulsion of the molten metal
from both sides of the weld into the weld center, which agrees with [120].
Porosity was also observed at low laser powers, as in Al and A2 samples,
because the heat input was low. So the weld pool was V-shaped, and the

cooling rate was high. The gas bubbles near the surface can escape easily,
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while the bubbles far from the surface (as in the V-shaped weld pool)
remain confined during the weld metal solidification. The porosity
decreases with the increase in laser power due to the decrease in cooling
rate, and the shape of the weld pool transforms into an hourglass, as in A3
and A4 samples. So, there is an enough time for gas bubbles to escape
through the upper and lower surfaces [74]. These results are consistent

with those of the X-ray radiography.

LP:09kW LP: 1.2kW LP:1.5kW
H2:1.7mm H2:2.32mm H2:2 65mm
H1:2.75mm H1:2.85mm H1:3.34mm H1:3.5mm

Figure (4.10): Effect of increasing laser power on the weld penetration depth, WZ width
and shape of the weld pool at welding speed of 10mm/s of CP-Ti samples.

Figure (4.11) depicts the effect of welding speed on the welding
penetration at 1.5kW laser power. It was observed to decrease the depth of
the weld penetration with the increase in the welding speed as well as a
decrease in the weld width. This was due to the decrease in heat input as a
result of insufficient time for the laser beam to interact with the metal
surface. The shape of the weld pool turned from the hourglass to a nail
head and V shape, as in A12 and A16 samples respectively. It also caused a
decrease in the width of the weld pool and the HAZ. This is in agreement
with that revealed by [121]. It was also found that the crater depth

decreased with increasing the welding speed.
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Figure (4.11): Effect of increasing the welding speed on the penetration depth and WZ
width at laser power of 1.5kW of CP-Ti samples.

On the other hand, Figure (4.12) indicates the effect of laser power on the
weld penetration depth at a welding speed of 10mm/s of Ti-6Al-4V
samples welded by a fiber laser. It shows a lack of the weld penetration
depth and the weld pool was V-shaped at low laser powers (0.6 and 0.9kW)
due to the low heat input, as in the samples (Bland B2). It is also noted that
the increase in laser power (B4 sample) led to an increase in the depth of
the weld penetration (2.75mm), and the width of the weld pool (4.01mm).
The weld pool shape also changed to an hourglass, as in the (B3 and B4).
The porosity was less at high laser power, and the crater depth increased.
These results are consistent with those found by [24]. It is also clearly noted
that the HAZ was wider than that appeared in the CP-Ti samples, which is

consistent with the results of the visual examination of the HAZ.

Figure (4.13) indicates the effect of increasing the welding speed on the
depth of the welding penetration with a laser power of 1.5kW. It is
observed that the penetration depth decreased with the increase in the
welding speed due to the reduction of heat input. In addition, the top and
bottom weld width decreased too. The depth of the crater decreased with
increasing the welding speed, or with the low laser power, as shown in (B1,
B2, B12 and B16 samples).
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LP:0.6kW LP:0.9kW LP:1.2kW LP:1.5kW
H2:153mm H2:2 35mm H2:2.72 mm H2:2.75mm
H1:2.74mm H1:3.3mm H1:3.74mm H1:4.01lmm

Figure (4.12): Effect of increasing the laser power on the depth of penetration and
WZ width at a welding speed of 10mm/s of Ti6Al4V samples.

WS:10 mm/s WS:15 mm/s WS:20 mm/s WS:25 mm/s
H2:2.75mm H2:2.79mm H2:2.69mm H2:1.83 mm
H1:4.0lmm H1:3.08 mm H1:1.83 mm H1:1.76 mm

Figure (4.13): Effect of increasing the welding speed on the depth of penetration and
WZ width at laser power of 1.5kW of Ti6Al4V samples.

Figure (4.14) exhibits the depth of the weld penetration for CP-Ti and Ti-
6AIl-4V samples using the fiber laser under the same conditions. It was
found that the Ti-6Al-4V samples have more penetration than the CP-Ti
samples, because the thermal conductivity of the Ti-6Al-4V alloy is lower,
which makes the heat concentrates in the WZ and adjacent areas for a long

time before dissipating.
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Figure (4.14): Effect of laser power and welding speed on the weld penetration depth
for the CP-Ti and Ti-6Al-4V alloys welded by the fiber laser method.

When using the pulsed Nd:YAG laser welding method, welding was two-
sided to obtain better penetration through the thickness of the welds,
because the pulsed welding has less penetration than the CW [22]. The
weld pool will therefore contain upper and lower keyholes.

Figure (4.15) illustrates the effect of changing the peak power on the weld
penetration depth and weld width at a speed of 3mm/sec. It is observed that
at a low peak power value, the depth of the weld penetration was low. The
weld width was also narrow. The porosity was observed at lower peak
energy due to the high cooling rates, because there was insufficient time for
gases to escape, and decreased when the peak power was increased, as
shown in samples (A17 and A18). It was also found that the depth of the
weld penetration increased by increasing the peak power to 2.5kW at a
speed of 3mm/s; the highest value was 2.75mm in A20 sample. Welding
speed has an inverse relationship with the weld penetration depth due to the

decrease in heat input, as shown in Figure (4.16).
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When the welding speed was increased to 4mm/s, a decrease in the weld
penetration depth and FZ width was observed, and the same results were
obtained when the welding speed was increased to 5mm/s and 6mm/s, as
shown in Figure (4.17). This is in agreement with the results revealed by

[23].

Peak power:1.9kW  Pea power:2.12kW  Peak power:2.3kW  Peak power:2 5kW

H2:1.15mm H2:1.97 mm H2:2.45 mm H2:2.75 mm
H1l:1.44 mm H1:1.54mm H1:1.82 mm H1: 244 mm
H3:1.42 mm H3:1.51 mm H3:1.8mm H3:2 4mm

*H3: Weld pool bottom width.

Figure (4.15): Effect of increasing peak power on the weld penetration depth and WZ
width at welding speed of 3mm/s of the CP-Ti samples welded by the Nd:YAG laser.

WS:3 mm's WS4 mm's WS:5 mm's WS:6 mm's
H2:2.75 mm H2:2 55mm H2:2.51 mm H2:2.03 mm
H1:2.41 mm H1:2.36 mm H1:1.59 mm H1:1.37mm
H3:2 4 mm H3:2.01 mm H3:1.53 mm H3:1.35mm

Figure (4.16): Effect of increasing the welding speed on the weld penetration depth and
WZ width at peak power of 2.5kW of the CP-Ti samples welded using the Nd:YAG

laser welding method.

99



Chapter Four Results and Discussion

3.0
WS5=3 mm/sec
. WS=4 mm/sec —
[ ]WS=S5Smm/sec
2.5 1

[ |WS=6mm/sec

N
o
1

=
o
|

Penetration depth (mm)
)
|

o
4]
I

0.0

1.9 1.12 23 25
Peak Power (KW)

Figure (4.17): Effect of peak power and welding speed on the weld penetration depth of
the CP-Ti samples welded by the Nd:YAG laser welding method.

For the Ti-6Al-4V samples, Figure (4.18) depicts the effect of the peak
power change on the weld penetration depth and WZ width at a welding
speed of 3mm/s. As for the CP-Ti samples welded using the Nd:YAG
laser, the weld penetration increased while increasing the peak power,
where the highest value was 2.83mm at 2.5kW laser power (B20 sample).
It was also found that the depth of the weld penetration decreased to 2.75,
2.67 and 2.25mm when the welding speed was increased to 4, 5 and
6mm/s respectively. A decrease in the width of the WZ was also
observed, as shown in Figure (4.19). Figure (4.20) shows the effect of
laser power and welding speed on the weld penetration depth. It is noted
from the figure that the highest penetration was at the peak power of
2.5kW and the welding speed of 3mm/s, because the heat input provided
by these parameters was sufficient to obtain better penetration. Figure
(4.21) exhibits a comparison for the weld penetration depth between the
CP-Ti and Ti-6Al-4V alloys welded by the Nd:YAG laser method.
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Peak power:1. 9 kW Peakpower:2.12kW  Peak power:2. 3kW  Peak power:2 SkW)

WS:3mm/s WS:3mm/s WS:3mm/s WS:3mm/s
H2:1.51mm H2:2.11mm H2:2.16 mm H2:2 83mm
H1:1.01lmm H1:1.23mm H1:1.36mm H1:3.32mm
H3:1.11lmm H3:12mm H3:1.35mm H3:33mm

Figure (4.18): Effect of peak power on the weld penetration depth and WZ width at a
welding speed of 3mm/s of the Ti6Al4V samples welded by the Nd:YAG laser welding
method.

‘ S:3mm/s 5 WS:4mm/s = WS:5mm/s :6mm/s
H2:2 83mm H2:2.75mm H2:2.67mm H2:2.25mm
H1:331mm H1:2 36mm H1:2.16mm H1:1.53mm

H3:33mm H3:2.35mm H3:2.14mm H3:1.51mm

Figure (4.19): Effect of welding speed on the weld penetration depth and WZ width at
peak power of 2.5kW of the Ti-6Al-4V samples welded by the Nd:YAG laser welding
method.
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Figure (4.20): Effect of peak power and welding speed on the weld penetration depth of
the Ti-6Al-4V samples welded by the Nd:YAG laser method.
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Figure (4.21): Comparison for the weld penetration depth between the CP-Ti and Ti-
6Al-4V alloys welded by the Nd:YAG laser method.
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4.5 Microstructural Observation

In the current study, 64 welds of the CP-Ti and Ti-6Al-4V alloys
were similarly joined by using the fiber and pulsed Nd:YAG laser methods
in different welding conditions, which consequently lead to various heat
inputs. Higher heat inputs are typically achieved with higher laser power
or/and lower welding speed, and vice versa [112]. The microstructure, and
thus the mechanical properties of the welds are directly related to the heat
input during welding. Therefore, the microstructure of the welds joined
with the lowest heat input, highest heat input and the heat input resulting in

highest tensile strength (highest weld joint efficiency) was studied.

4.5.1 Fiber Laser Welds Joined with the Lowest Heat Input

Microscopic examination for similar CP-Ti and Ti-6Al-4V welds
joined by a fiber laser at a power of 0.6kW and a welding speed of 25mm/s
(A13 and B13) respectively was achieved. These welding conditions
resulted in the lowest heat input (24J/mm) all over the fiber laser welds.
During laser welding, the laser beam is ordinarily focused on a specific
area of the workpiece. Hence, the weldment is exposed to a large thermal
gradient starting from the temperature of the FZ to that of the BM.
Consequently, three regions can be easily distinguished, namely the BM
unaffected by heat, the HAZ and the FZ, as shown in Figure (4.22). It was
noted from the figure that the weld pool was a VV—shaped for both welds,
because the heat input was insufficient to form an hourglass shape. For the
same reason, the penetration was incomplete. It was also observed that the
penetration of the B13 weld was deeper than that of the A13. The reason
behind this is the low thermal conductivity of the Ti-6Al-4V alloy
(6.7W/m.K) comparing to that of the CP-Ti (21W/m.K). This corresponds
with that proved by [14]. The HAZ was more clear and wider too.
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The figure also shows that relatively fine grains were formed in the FZ
center of both welds, due to lower heat input resulting in higher cooling
rate, and thus insufficient time for the grains to grow. This is consistent
with the [122].

FEA0 S

DT,

Vi
.

Figure (4.22): Cross-section of the (a): CP-Ti and (b): Ti-6Al-4V fiber laser welds
joined with a 0.6kW and a 25mm/s welding speed.

Figure (4.23) shows that the microstructure of the CP-Ti BM consists of
equiaxed grains of an alpha phase with a small amount of beta on the grain
boundaries, this corresponds to [110,122,123].

Figure (4.24) illustrates the optical microstructure of the HAZ of the (A13)
weld. HAZ is typically exposed to sufficient heat to undergo changes in the
microstructure without melting. It is observed that the HAZ consists mostly
of an acicular o phase, and this is consistent with that confirmed by [85].
The boundary between the HAZ and the BM can easily be distinguished
due to their different structures, this corresponds to [110,124].
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Figure (4.23): Microstructure of the (a): CP-Ti BM of the current study, (b): BM of the
CP-Ti in the [122] article.
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Figure (4.24): Optical microstructure of the HAZ of the A13 weld.
The FZ is ordinarily exposed to sufficient heat for melting. The resulting
microstructure depends on the behavior of solidification. Figure (4.25)
shows the FZ microstructure of the A13 weld which consists of an acicular
a phase. It is difficult to distinguish between the HAZ and the FZ as a result
of their similar structures. It is also observed that there was no martensite in
the FZ. Because the alloying elements are very few in the CP-Ti, the
nucleation and growth of equiaxed grains are highly challenging; only
acicular structure could form; this corresponds to [125]. It is also noted that
when the heat input is low, the resulting acicular a structure is thin due to

the high cooling rate, this corresponds with [104].
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Figure (4.25): Microstructure of FZ of the A13 sample laser welded at lowest heat input
using an (a): OM and (b): SEM.

As for the Ti-6Al-4V samples, the BM contains two phases, a (HCP
structure) and intergranular B phase (BCC structure), as shown in Figure
(4.26). Figure (4.27) exhibits the HAZ microstructures of the B13 weld. It
is observed that the HAZ region near the BM consists mainly of a primary
a and B phase with a small amount of acicular o~ (martensite), as shown in
Figure (4.27a and c). The acicular o~ amount decreased while moving
towards the BM due to the decrease in the cooling rate. It is also observed
that the HAZ microstructure near the FZ consists mainly of a fine acicular
o> and a small amount of the primary a and  phases due to the higher
cooling rate, as shown in Figure (4.27b), this agrees with [106,96].

Figure (4.26): (a) Optical microstructure and (b): scanning electron microstructure of
the Ti-6Al-4V BM.
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Figure (4.27): The HAZ microstructures of the B13 weld using an (a): OM, (b): SEM
near the FZ and (c): SEM near the BM.

Figure (4.28) shows that the FZ microstructure of the B13 weld consisted
mainly of needle martensite (acicular o), due to the effect of alloying
elements. It is also noted a B retained along the grain boundaries due to the
presence of vanadium in the Ti-6Al-4V alloy, which prevents the

transformation of the acicular o at room temperature [14].
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Figure (4.28): The FZ microstructure of the B13 weld using an (a) OM and (b): SEM.

4.5.2 Fiber Laser Welds Joined with the Highest Heat Input

Figure (4.29) exhibits micrographs of the A4 and B4 welds joined by
using a fiber laser at a power of 1.5kW and welding speed of 10mm/s.
These conditions resulted in the highest heat input (150J/mm) all over the
fiber laser welds. Therefore, the shape of the weld pool changed from a V-
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shape to an hourglass for both welds, this is compatible with [74]. It is
observed that the grain size in the FZ and the HAZ of the A4 and B4 welds
were coarser than that of the A13 and B13 welds, due to the relatively

higher heat input and lower cooling rate. Therefore, grain growth occurs,

this agrees with the [74,104,126]. For the same reason, the undercuts

formed were deeper; this agrees with the [90]. Figure (4.30) shows that the

HAZ microstructure of the A4 weld consists mainly of an acicular o and a

grains near the BM, but it is coarser than those of the A13 weld due to the

increase in heat input; this is compatible with the [25,11].
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Figure (4.30): (a) Optical and (b) SEM microstructure of the HAZ of the A4 weld.
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Figure (4.31) shows that the microstructure of the FZ of the A4 weld
consists of an acicular a coarser than that of the A13 weld. The higher heat

input led to a lower cooling rate allowing the grains to grow.
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Figure (4.31): (a): Optical and (b): SEM microstructure of the FZ of the A4 weld.

Figure (4.32) shows that the HAZ microstructure of the B4 weld consists of
acicular o, primary o and § phases near the BM, while the microstructure
near the FZ consists of acicular o and a small amount from 3 phase, this
agrees with the [113].
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Figure (4.32): The HAZ microstructure of the B4 weld using an (a): OM and (b): SEM.

Figure (4.33) demonstrates the FZ microstructure of the B4 weld. It is

observed that the FZ consists of large amount of acicular o> with small
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amount of B retained on the grain boundaries. Porosity was also observed in
the FZ of the B4 weld. Additionally, it was observed that the martensite did
not form in the FZ of the A4 weld due to the lower level of the alloying
elements in CP-Ti when compared to the FZ in the B4 weld.
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Figure (4.33): The FZ microstructure of the B4 weld using an (a): OM (b): SEM.
4.5.3 Fiber Laser Welds of the Highest Tensile Strength

Figure (4.34) shows the cross-section of the Al12 and B12 welds,
which have the highest tensile strengths among the CP-Ti and Ti-6Al-4V
fiber laser welds. It was observed that the shape of the FZ changed to the
nail head. The welding conditions of this weld were 1.5kW laser power and
20mm/s welding speed. Increasing the welding speed to this value reduced
heat input to 75J/mm, so that it was not enough to form an hourglass shape.
Pores were also observed due to the lack of sufficient time for gases to
escape from the weld metal as a result of increasing the solidification rate,
as mentioned previously. This is consistent with the results of the X-ray
examination. Micrography revered in Figure (4.35a) that the HAZ structure
consists of acicular a with an amount of serrated a grain as a result of the
relatively high cooling rate. Figure (4.35b) shows that the FZ structure of
the A12 weld contained an acicular o; the grains were finer compared to
the FZ of the A4 weld due to the higher cooling rate. Figure (4.36) shows
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the XRD performed on both base metal and FZ of (A12 and B12)samples
for the determination of different phases. The main diffraction peaks of
base metal reveals the presence of the o-Ti hcp phase. A a phases are
identified for the HAZ and weld metal in welded joint. Figure(.36b)shows
the attributed to both a and a o~ martensite as they have similar lattice
parameters(HCB).The only observed difference between the spectra of FZ
and base metal was the increase in peak intensities at 38.5° and a decrease in
peak intensity at 70.85 of FZ spectrum. The peak at 70.85is attributed to a
phase and the peak at 38.5 is associated to both o and a o martensite. The
conversion of o phase to a o~ martensite led to a decrease in intensity of
peak at 70.85.
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Figure (4.35): Optical microstructure of the (a): HAZ and (b): FZ of the A12 Weld
joined by the fiber laser.
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Figure (4.36): Calculated diffraction pattern in welded joints and base metal of (a):A12

(b):B12 samples.

4.5.4 Nd:YAG Laser Welds Joined with the Lowest Heat Input.

Figure (4.37) shows the microstructure of the A29 and B29 samples

welded using the pulsed Nd:YAG laser from two sides at 1.9kW peak

power and welding speed of 6mm/s. These welding conditions resulted in

the lowest heat input (25.3J/mm) all over the welds. Therefore, the weld

pools were V-shaped. It is also observed that the weld penetration depth
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and weld pool width of the A29 weld were less than those of the B29 weld

for the reason mentioned earlier in 4.6.1.

Figure (4.38) shows that the HAZ microstructure of the A29 weld, near the
BM, consists of an acicular a, a phase and a small amount of § phase at the
grain boundaries, while near the FZ consists of an acicular a. Figure (4.39)
shows that the FZ microstructure of the A29 weld consists of a larger
amount of acicular o than the HAZ. For the B29 weld, it was observed that
the HAZ contains acicular o, primary a and some amount 3 phase. The
presence of martensite is due to the cooling rate being higher than the
critical cooling rate. The amount of primary o and  phases increases near

the BM and decreases near the FZ, as shown in Figure (4.40).

-

Figure (4.37): Cross—section of the A29 and B29 samples welded using the Nd:YAG
laser with a 1.9kW peak power and a 6mm/s welding speed.
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Figure (4.38): The HAZ microstructure of the A29 weld using an (a): OM and (b):
SEM.
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Figure (4.40): The HAZ microstructure of the B29 weld using an (a): OM and (b) SE
near the BM.
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Figure (4.41) indicates that the FZ microstructure of the B29 weld consists

of an acicular o~ and a small amount of 3 phase.

- Acicular «

Figure (4.41): The FZ microstructure of the B29 using an (a): OM and (b) SEM near the
BM.

4.5.5 Nd:YAG Laser Welds Joined with the Highest Heat Input.

Figure (4.42) shows the cross-section of A20 and B20 welds joined using
the Nd:YAG laser at a peak power of 2.5kW and 3mm/s welding speed.
These welding conditions resulted in the highest heat input (67J/mm) all
over the Nd:YAG laser welds. Therefore, the weld pool for both welds was
V-shaped. It is also noted that the weld pool of the B20 weld was wider
than the A20 weld. Figure (4.43) indicates that the HAZ microstructure of
the A20 weld consists of an acicular o and a small amount B phase. It is
noted from the Figure (4.44) that the FZ microstructure consists of a large

amount of acicular a.
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Figure (4.42): Cross-section of the A20 and B20 welds.
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Figure (4.43): The HAZ microstructure of the A20 weld using an (a): OM and (b):
SEM.

Det SE

WD: 8.871 mm
ac. Hivs

Figure (4.44): The FZ microstructure of the A20 weld using an (a): OM and (b): SEM.
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Figure (4.45) shows that the HAZ microstructure of the B20 weld consists
of a large amount of acicular o, primary o, and p phases. Figure (4.46)
illustrates that the FZ of the B20 weld consists of an acicular o> and a small

amount of B phase.

Acicular o

Figure (4.45): The HAZ microstructure of the B20 weld using an (a): OM and (b):
SEM.

Acicnlar o

Figure (4.46): The FZ microstructure of the B20 weld using an (a): OM and (b): SEM.

4.5.6 Nd:YAG Laser Welds of the Highest Tensile Strength.

Figure (4.47) illustrates the cross-sections of the A28 and B24 welds,
which have the highest tensile strengths compared to other welds. The A28
weld was laser welded at 2.5kW peak power and 5mm/s welding speed,

while the B24 weld was welded at 2.5kW peak power and 4mm/s welding
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speed. These welding conditions resulted in heat inputs of 40J/mm and

50J/mm respectively. These heat inputs were enough to give the weld pool

an hourglass shape for both welds.

Figure (4.47): Cross-section of the A28 and B24 welds.
Figure (4.48) exhibits that the HAZ microstructure of the A28 weld
consists of acicular o in addition to a grains. The FZ microstructure of this

weld however consists of acicular a as shown in Figure (4.49).

Figure (4 48): -The HAZ mlcrostructure of the A28 weld using an (a): OM and (b):
SEM.
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b

Porosity

Acicular g

Figure (4.49): The FZ microstructure of the A28 weld using an (a): OM and (b): SEM.

Figure (4.50) shows that the HAZ microstructure of the B24 weld
consists of a martensitic phase (acicular o) near the FZ, and an acicular o
and primary o near the BM [111]. Figure (4.51) shows that the FZ
microstructure of the B24 weld consists of an acicular o due to the
relatively high cooling rate. The cooling rate required for a full martensite

phase to occur is above 410K%s [114].

|2 00 hx

) 00 aV

Figure (4.50): The HAZ microstructure of the B24 weld using an (a): OM and (b): SEM
near the BM.
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Figure (4.51): The FZ Microstructure of the B24 weld using an (a): OM and (b): SEM.

4.6 Mechanical Tests
4.6.1 Microhardness of the welds

Hardness is one of the most important mechanical properties that
distinguish between materials. The hardness values of the welds depend on
the microstructures formed during welding, and the size of the grains. In
this study, Vickers microhardness was measured at different regions of the

cross-section of the weld (Figure 3.11).

Figure (4.52) illustrates the hardness distribution across the A13 weld
joined by the fiber laser. It was observed that the highest hardness value
was in the weld center with an average of 353HV, then decreased to those
of the HAZ before decreasing to those of the BM. The relatively high

hardness in the FZ was due to the acicular o formed in this region.

The low heat input, and thus the high cooling rate led to the formation of
fine acicular a grains in the FZ, which raised the hardness value, but it was
not enough to form the martensite phase. The occurrence of the martensite
phase requires higher cooling rates, or larger amount of stabilizers. The

hardness of the CP-Ti mainly depends on the size of a grains due to the low

120



Chapter Four Results and Discussion

content of stabilizers. The HAZ hardness increased while advancing
towards the FZ due to increasing the amount of acicular a. It was observed
from the figure that the FZ and HAZ widths were small when the heat input

was low.

Figure (4.53) shows the A12 weld hardness distribution. It was noticed that
the average hardness value of the weld center was 268HV. It was also
observed that the hardness decreased across this weld compared to the A13
due to the presence of a coarse acicular a because of the lower cooling rate.
Increasing the heat input led to a grain growth, so the hardness decreased;
this agrees with the [12]. For the same reasons the FZ and HAZ were wider
than those of the A13 weld.

350 -'\ —m— A13(0.6kW , 25mm/s)

FZ

300 .

250

£
N
B
N

200 +

Vickers microhardness (HV0.3)

E
. -~ S
—

150 +

Distace from the weld centerline (mm)

Figure (4.52): The hardness distribution across the A13 weld joined by the fiber laser.

121



Chapter Four Results and Discussion

280
260 4 _,-""\ —m— A12 (1.5kW, 20 mm/s)
&
§' | FZ ;
- i 1
= 240 1 1 ! 1
= | 1 i 1
z 1 [ i
é 220 ~ 1 1
= | HAZ L HAZ !
= 1 [
=2 I
g 0 ! x |
= A 1 /I : 1
w 1 - i - 1
5 180+ W | Ty
] i | ! 1
= ; |
A BM / ; | \ BM
= . ! a
uu-u : : I : i RS
1 1 | I
140 1 v L . 1 4 s 1 - L L - L X 1
-3 -2 -1 0 1 2 3
Distance from the weld centerline (mm)

Figure (4.53): The hardness distribution across the A12 weld joined by the fiber laser.

Figure (4.54) illustrates the distribution of hardness across the A4 weld. It
was observed that the hardness of this weld is lower than those of the A13
and A12 welds. Increasing the heat input to 150J/mm led to a lower cooling
rate forming coarser grains. The hardness in the FZ of this weld was
230HV. It was also observed that the FZ and HAZ widths were larger than
those of the A13 and A12 due to the higher heat input.
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Figure (4.54): The hardness distribution across the A4 weld joined by fiber laser.
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Figure (4.55) depicts the hardness distribution across the B13 weld. The
average hardness value of the FZ was 478HV. This relatively high hardness
value is due to the formation of acicular o (martensite) phase as a result of
the high cooling rate, and the presence of stabilizers. The hardness
decreased by moving away from the FZ towards the HAZ due to the

decrease in the amount of acicular o formed; this agrees with [73,91].
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Figure (4.55): The hardness distribution across the B13 fiber weld.

Figure (4.56) shows that the hardness in the B12 weld center was 427HV.
The hardness decreases with increasing the heat input due to the coarsening
the acicular o in the FZ and the HAZ. Figure (4.57) depicts the hardness
distribution across the B4 weld. It was observed that the hardness in the
weld center was 391HV. The gradual decrease in the martensite content
while moving towards the BM was the cause of decreasing hardness
values; this agrees with the [127]. It was also noted that the hardness across
this weld was lower than that across the B13 and B12 welds, due to the
coarseness of the grains formed as a result of the lower cooling rate. It can
be concluded from the above that the hardness across the Ti-6Al-4V alloy

fiber laser welds is remarkably higher than that across the CP-Ti welds due
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to the formation of the hard acicular martensite as a result of the higher

content of the stabilizers.
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Figure (4.56): The hardness distribution across the B12 weld joined by fiber laser
method.
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Figure (4.57): The hardness distribution across the B4 weld joined by fiber laser.
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Figure (4.58) shows the Vickers microhardness distribution across the A29
weld joined by the pulsed Nd:YAG laser from both sides. It was noted
from the figure that the highest hardness value was in the weld center with
an average of 371HV, due to the fine acicular a formed as a result of the
higher cooling rate. The amount of acicular a decreased while moving

towards the BM. This corresponds to that revealed by the [109].
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Figure (4.58): The hardness distribution across the A29 pulsed Nd:YAG laser weld.

Figure (4.59) demonstrates the microhardness distribution across the A28
weld. It was observed that the average hardness decreased compared to that
across the A29 weld due to the increase in heat input; the hardness value of
the weld center was 330HV. The microhardness distribution across the A20
weld showed in Figure (4.60) that the average hardness values in the weld
center decreased to 240HV. The coarseness of the acicular a led to this
lower hardness.
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Figure (4.59): The hardness distribution across the A28 Nd:YAG laser weld.
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Figure (4.60): The hardness distribution across the A20 Nd:YAG laser weld.

On the other hand, the relatively high hardness in the FZ of the pulsed
Nd:YAG laser Ti-6Al-4V welds is attributed to the large amount of
martensitic phase formed in this zone, which decreases while moving
towards the BM.

Figure (4.61) shows the microhardness distribution across the B29 weld. It
was observed that the average hardness value in the weld center was

490HV. The relatively high hardness in the FZ could be attributed to the
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presence of fine acicular o (martensite) formed in this zone. The hardness
distribution across the B24 weld showed in Figure (4.62) that the average
hardness value in the weld center was 430HV. The reason behind the
decrease in hardness is the decrease in the cooling rate, which led to growth

of grains. The FZ consists of a coarse acicular o, therefore the hardness

Results and Discussion

values decrease, this agrees with the [127].
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Figure (4.61): The hardness distribution of the B29 sample welded by Nd:YAG laser.
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Figure (4.62): The hardness distribution across the B24 Nd:YAG laser weld.
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Finally, Figure (4.63) demonstrates the hardness distribution across the B20
weld. The average hardness value of the weld center decreased to 410HV.
The microstructure of the FZ became coarser due to the lower cooling rate
associated with this weld. The hardness typically decreases due to the lack

of grain boundaries, an impediment to the movement of dislocations [12].
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Figure (4.63): The hardness distribution across the B20 Nd:YAG laser weld.

As for the fiber welds, the hardness across the Ti-6Al-4V alloy Nd:YAG
laser welds is significantly higher than that across the CP-Ti welds for the
same reason mentioned earlier. However, the Nd:YAG laser welds exhibit

hardness notably higher than the fiber laser welds.

4.7 Tensile Strength of the Welds

The average tensile strength of the CP-Ti and Ti-6Al-4V BMSs were
752MPa and 1836MPa respectively. On the other hand, It can be noted
that the most efficiencies of the weld joints were less than 100%. This

might be attributed to one or more of the following reasons: the presence of
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microspores, incomplete penetration, presence of brittle nature of

martensitic microstructures, poor fusion and welding burn through [127].

Figures (4.64) and (4.65) demonstrate the effect of laser power and welding
speed on the average tensile strength values of the CP-Ti and Ti-6Al-4V
welds joined by the fiber laser. It was noted that the tensile strength is
directly affected by the heat input. The maximum heat input is produced
with the highest laser power and the lowest welding speed, and the increase
in heat input leads to an increase in the grain size, and thus the tensile
strength decreases; this corresponds to [12]. Reduction of the heat input to
a certain extent increases the tensile strength due to the increased cooling
rate, which results in finer grains, and thus increases grain boundaries.
Another reason, the relatively high cooling rates result in acicular o in the
CP-Ti welds and acicular martensite in the Ti-6Al-4V welds, which
definitely increase the tensile strength of the welds.

In the case of the A13 weld, the tensile strength and weld joint efficiency
were 429MP. This relatively low values were due to the incomplete
penetration of the weld as a result of the lower laser power and higher
welding speed; this agrees with the [14].

It was also noticed from Figure (4.64) that the highest average tensile
strength value was 790MPa, for the A12 weld joined at a 1.5kW laser
power and a 20mm/s welding speed, due to the balance between the LBW
power and welding speed required necessary to obtain a good weld quality.
However, the highest heat input resulted in a weld (A4) with a tensile

strength of 608MPa on average.

On the other hand, for the fiber laser Ti-6Al-4V welds, Figure (4.65) shows
that the maximum average tensile strength was 1639MPa for the B12 weld
joined at a 1.5kW laser power and a 20mm/s welding speed. It was also

observed that the lowest tensile strength was 230MPa for the B13 weld
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joined with the lowest heat input, and thus incomplete penetration of the
weld. The tensile strength of the B4 weld joined with the highest heat input
was 370 MPa.
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Figure (4.64): Effect of the laser power and welding speed on the tensile strength of the
CP-Ti weld joined by the fiber laser method.
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Figure (4.65): Effect of the laser power and welding speed on the tensile strength of the
Ti-6Al-4V weld joined by fiber laser method.

Figures (4.66) and (4.67) show the average tensile strength values of the
CP-Ti and Ti-6Al-4V welds joined by the Nd:YAG laser. It is observed
that the maximum tensile strength value was 850MPa for the A28 weld
joined at a 2.5kW laser power and a welding speed of 5mm/sec. This value
might be due to the good penetration and to acicular o formation. The
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lowest value of the average tensile strength was 293MPa for the A29 weld
joined with a laser power of 1.9kW and a 6mm/s welding speed, which
refers to the lowest heat input and the highest cooling rate, leading to an
incomplete penetration. Moreover, the average tensile strength value was
480MPa for the A20 weld, might be due to formation of coarse martensite
as a result of a lower cooling rate. It was also observed that the average
tensile strength value of the B29 weld decreased to 480MPa due to a lack
of weld penetration as a result of lower heat input. The average tensile
strength value was 645MPa for the B20 weld joined at higher heat input.
The maximum average tensile strength value was 1695MPa in the B24
weld due to a good penetration and fine martensite formed as a result of the

high cooling rate.
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Figure (4.66): Effect of laser power and welding speed on the tensile strength of the CP-

Ti weld joined by the Nd:YAG laser method.
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Figure (4.67): Effect of laser power and welding speed on the tensile strength of the
Ti6AI4V weld joined by the Nd:YAG laser method.

4.8 Fractography Examination

The visual examination of the fracture surfaces of the samples after
carrying out the tensile test showed that the samples welded by fiber and
Nd:YAG laser had mostly brittle fractures, as shown in Figure (4.68).
Some pores were also observed, which is consistent with the results of the
X-ray examination. The samples on the left side of the figure, welded with
minimal heat input, exhibited poor penetration, so the weld area was small,
and the fractures appeared brittle. The samples in the middle of the figure,
which were welded with the highest heat input, presented mostly brittle
fractures. However, the samples on the right side of the figure that showed
highest tensile strength values exhibited brittle-ductile mode fractures as

shown in Figure (4.69).
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Figure (4.68): Fracture surfaces of the welds at the lowest heat input, highest heat input
and the highest tensile strength.

Figure (4.69): SEM fractography of the tensile specimens (a) A12 sample, (b) higher
magnification image of sample welded by fiber laser methods.
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CHAPTER FIVE: CONCLUSIONS AND FUTURE
RECOMMENDATIONS

5.1 Conclusions

Continuous fiber and pulsed Nd:YAG lasers were used for welding
similar 3mm thick butt joints of CP-Ti and Ti-6Al-4V alloys. The most

important results of this research can be concluded as follows:

1. The average HAZ width in fiber laser welds increased with the increase
of laser power. The maximum average extent of the HAZ was 6.45mm and
6.69mm in the A4 and B4 welds respectively. Increasing the laser welding
speed decreased the width of the HAZ. The HAZ's of the Ti-6Al-4V alloy

welds were wider than those appeared in the CP-Ti welds.

2. The maximum penetration depths of the fiber CP-Ti and Ti-6Al-4V
welds were 2.65mm and 2.75mm, respectively, at a laser power of 1.5kW
and 10mm/s welding speed. On the other hand, the maximum depths of
penetration of the Nd:YAG CP-Ti and Ti-6Al-4V welds, joined from both
sides, were 2.75mm and 2.83mm respectively, at a peak power of 2.5kW

and 3mm/s welding speed.

3. The geometry of the weld pool changed from a V-shape to an hourglass
when the laser power was increased to 1.5kW and 2.5kW while using the
fiber and Nd:YAG laser welding respectively, and vice versa when the
welding speed was increased to 25mm/s and 6mm/s. The weld pool width
was directly proportional to the increase in laser power, and inversely to the

increase in welding speed for both methods.

4. The FZ microstructure of the CP-Ti laser welds consisted of acicular a,
and there was no martensite formed. However, the FZ microstructure of the

Ti-6Al-4V welds showed an acicular a® (martensite) phase.
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5. The HAZ microstructure of the CP-Ti welds was mainly composed of
acicular o near the FZ, which gradually decreased while moving towards
the BM. On the other hand, the HAZ microstructure of the Ti-6Al-4V
welds consisted of a small amount of acicular o~ (martensite), primary o

and B grains near the BM, and a large amount of acicular a® nearthe FZ.

6. The maximum average hardness values across the CP-Ti and Ti-6Al-4V
welds joined using the fiber and Nd:YAG laser methods were in the weld
center. Across all welds, the hardness decreased steeply while advancing
towards the BM.

7. The hardness across the Nd:YAG laser welds was higher than that across
the fiber welds, and was significantly higher across the Ti-6Al-4V welds
than that across the CP-Ti welds.

8. The maximum average hardness values at the weld center of the CP-Ti
and Ti-6Al-4V welds joined by the fiber and Nd:YAG laser method were
353HV, 478H, 371HV and 490HV respectively, which were associated

with the lowest heat input.

9. For the CP-Ti welds joined by the fiber and Nd:YAG laser methods, the
maximum average tensile strength values were 790MPa (A12) and 850MPa
(A28) respectively, while for the Ti-6Al-4V alloy welds were 1639MPa
(B12) and 1695MPa (B24) respectively. For both the CP-Ti and Ti-6Al-4V
alloy welds, the highest tensile strength values were associated with the

highest laser power and the welding speed sufficient for full penetration.

10.The most prominent defects observed in laser welds were the
incomplete penetration and a few of porosity mainly related to the lowest
heat input, in addition to deep craters associated with the highest heat input.

There were no indications of cracks across all laser welds.

135



|Chapter Five Conclusions and Recommendations

11. The fracture behavior of all laser welds was brittle, except the welds
showed the highest tensile strengths were fractured with a brittle-ductile

mode.

5.2 Future Recommendations

The results of this research can be used in future studies of laser
welding processes for other titanium alloys, and some fields covered by
this study can be modified in future. The following recommendations for

future studies can be mentioned.

1. Investigation of the effect of pulsed Nd:YAG and fiber laser welding
parameters on the wear and creep resistances of the CP-Ti and Ti-6Al-4V

welds.

2. Studying the effect of using helium as a covering gas on the weld pool

geometry and the mechanical properties of Ti alloy laser welds.

3. Investigating the effect of heat input on the mechanical and
microstructural characteristics of the B- Titanium alloy welds joined by the
CW fiber and CW Nd:YAG lasers.
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