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Abstract

This research addresses the development of a laser metal deposition process with wire
feeding and melt pool temperature control. The system consists of a 2 kW fibre laser,

a CNC table, a wire feeder and a temperature monitoring and control system.

A study of the influence of the main parameters on the process and on the deposited
bead geometry was performed. The parameters analysed were: laser power, traverse
speed and wire feed rate. As a result of this study, a process window was established
for metal deposition of stainless steel 308LSi (wire) on stainless steel 304 (plate). The
influence of the parameters on the bead geometry (height and width) was analysed
applying the Design of Experiments methodology, using a full factorial design 3*. The
results are presented, together with important practical considerations for laser metal

deposition with wire.

A closed-loop temperature control system was developed: it controls the melt pool
temperature by means of modifying the laser power. The melt pool temperature was
measured by a two-colour pyrometer, whereas a single-colour pyrometer was used
for monitoring the workpiece (upper layer) temperature. A model of the melt pool
was derived from a heat balance equation. It was then utilized for the design of the
controller in the discrete domain, using the root locus method. The control algorithm

was developed in LabVIEW™ goftware and executed in a computer.

The control system was implemented successfully and was utilized to build single-bead
walls and cylinders of stainless steel 308LSi.

The study performed on the parameters and the developed temperature controller

proved to be very effective tools to facilitate the transition to the deposition of tita-
nium alloy Ti-6A1-4V, requiring only minimum adaptations. Single-bead walls and

cylinders were also built in this material.
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Stable and smooth metal deposition was achieved for both materials. During the
experiments, several strategies for the automation of wire metal deposition of multi-

layered structures were developed.

Finally, mechanical tests were performed. The mechanical properties of the deposited

materials are comparable to those in wrought (annealed) condition and to similar

alloys made by laser powder deposition systems.

The system developed in this work provides a means to perform stable and smooth
wire metal deposition, achieving good mechanical properties. It also facilitates the
the transition to deposit different materials. It has a flexible structure and can be

expanded or adapted to be used in other wire metal deposition systems.
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Chapter 1

Introduction

Laser Metal Deposition (LMD) is a manufacturing process that uses a laser beam as
a heat source to melt and deposit metal (in powder or wire form) onto a substrate. It
has become a fundamental part of the Additive Manufacturing (AM) industry, that
produces prototypes, tools and end-use parts directly from a Computer-Aided Design

(CAD) model, building the piece layer upon layer.

Some of the typical applications of LMD are:

¢ Building a component

o Addition of features
e Cladding

e Repair work

It is used in areas such as aerospace, power generation, petrochemical, mould making,

etc. It has been applied to improve the performance of components under conditions
of wear and corrosion, and in the repair of high value products, for example, moulds,

dies, turbine components, etc. {1].
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The LMD process in industry has been dominated by powder-based technologies
with several commercial systems available. However, the use of wire for laser metal
deposition has gained attention in recent years due to some important advantages:
100% of the material is deposited, it is a cleaner process, it achieves high deposition

rates and the simplicity of wire feeding systems. [2, 3].

Few publications have been made on the analysis of process factors and conditions
of wire metal deposition with Nd:YAG [4], diode {5, 6, 2] and fibre lasers [7, 8]. In

particular, in the area of wire deposition with fibre laser, the data is limited.

No comprehensive characterisation of the influence of the three main factors (laser
power, traverse speed and wire feed rate) on the deposited bead geometry has been
performed. There is the need to investigate the influence of the parameters and their
interactions in order to gain a better understanding of the process to be able to apply

it successfully in industry.

Even more, metal deposition systems are affected by process conditions such as the
accumulation of heat as the part is built. This modifies the effects that the parame-
ters have on the process, making it necessary to use a closed-loop control system to
compensate for these changes in order to maintain the stability of the process and

ensure the quality of the product.

Wohlers [9], has described the implementation of process control methods in AM as
one of the key factors that “will have a profound impact on the future of rapid product
development and manufacturing”, especially for applications in which product failure

has significant safety impact such as aerospace, automotive and medicine.

Different sensors can be used for the monitoring and control of metal deposition
systems. Melt pool size and temperature measurements have been used in powder
based deposition. One advantage of the melt pool temperature is that it can indicate

microstructures and properties of the deposited material [10].

However, no process control system has been developed for melt pool temperature of
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laser wire metal deposition. Therefore it is also necessary to investigate the develop-

ment of such a control system.

This research addresses the development of a fibre laser wire metal deposition sys-
tem, investigating both issues: process characterisation by analysing the influence
of the three main parameters on the deposited bead geometry, and the design and

implementation of a closed-loop melt pool temperature control system.

1.1 Aim of this Research

The aim of this research is to investigate the development of a metal deposition system

with fibre laser and wire feeding.

Specific objectives are:

e To implement a metal deposition process with fibre laser and wire feeding
e To establish a process window for the main parameters

e To characterise the influence of the main parameters on the deposited bead

geometry (width and height)

e To design and implement a closed-loop control system for the melt pool tem-

perature

1.2 General Approach to the Problem

The approach to this research project have been summarized in the following stages:

e Literature Review
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¢ Initial trials of fibre laser wire metal deposition

e Design and implementation of enclosure chamber and positioning fixtures

e Process characterisation of fibre laser wire metal deposition (bead-on-plate)
e Deposition of multi-layered structures

¢ Development of sensor system for temperature monitoring

e Derivation of theoretical model and transfer function of the system

e Design of controller

e Development of controller algorithm

e Practical implementation of the control system

e Mechanical tests of deposited material

Although presented here in a linear way for simplicity, the project has been an iterative

process.

1.3 Overview of the Thesis

The remainder of this thesis is divided into the following Chapters:

Chapter 2 deals with the literature relevant to this research project. The basic theory

of the different topics used in this work is explained. Also the previous research on

additive manufacture and control of laser metal deposition processes is analysed.

In Chapter 3, the experimental setup is described, together with the materials used

and the procedures for measurements and testing.
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Chapter 4 presents the characterization of the wire metal deposition process. The
effects of the parameters on the bead geometry are analysed and practical consider-

ations for a successful process are explained.

In Chapter 5, the development of a temperature monitoring system is outlined. Prac-

tical issues regarding the temperature monitoring are analysed.

In Chapter 6, a mathematical model of the melt pool is developed, starting from a
heat balance equation. This model is then transformed into the discrete domain and
utilized to design a control system for the melt pool temperature, using the root locus
method.

Chapter 7 deals with the practical implementation of the temperature control. The
system is utilized to build single-bead walls and cylinders. The performance of the

controller is analysed and different strategies for process automation are presented.

In Chapter 8 the results from the mechanical tests performed on the deposited ma-

terial are presented and analysed.

Chapter 9 summarizes the conclusions of this research and presents recommendations

for the future work that can be undertaken.



Chapter 2

Literature Review

2.1 Lasers

2.1.1 Definition and Working Principle of a Laser

The word Laser is an acronym for Light Amplification by the Stimulated Emission of
Radiation {11]. It refers to the physical process used to produce a beam of light.

When an atom is in its normal level of energy, its electrons sit in a low orbit (“ground

state”). If the atom receives more energy, the electrons can move to a higher orbit
(“excited state”) [12].

When atoms are excited, i.e. in an energy level higher than the normal, they will tend
to return to the ground state by releasing the extra energy that they have. There are
different ways to release this energy, one of them is the emission of light: an electron
that is in a high energy level produces a photon (light) and drops to a lower energy

level (see Figure 2.1). When this emission is produced without external intervention it
is termed spontaneous emission, like the one occurring in a light bulb. This emission

can be also stimulated, i.e. an atom that has excess energy can be stimulated to
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Figure 2.1: Photon emission [12]

release that energy as light, and that is the way lasers work.

A laser device normally consists of a medium (e.g. a gas, a crystal or a fibre) that is
excited (“pumped”) to achieve a condition called “population inversion”, where the

majority of atoms or molecules are excited.

When an electron is excited it normally gets to an unstable state, then it quickly
moves to a meta-stable state with lower energy and stays there for a short period of

time.

In this meta-stable state, some atoms release their extra energy in form of photons
(light), and when this light reaches other excited atoms, they also release their energy
in form of light with the same wavelength (stimulated emission). This induces a
cascade effect that produces a light beam that is monochromatic and coherent [11].
Monochromatic means that the light waves have ideally the same wavelength (in
practice the beam has a very narrow bandwidth). Coherent means that light waves

are in phase with one another. The process is illustrated in Figure 2.2.

Excited State
Meta-Stable Excited State

Pump Photon
VA

- .

incoming Photon

\ VAV

Qurtgoing Photons

Ground State

Figure 2.2: Working principle of lasers [12]
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In laser devices the medium is usually placed in an optical resonator cavity, between
two mirrors, so that the light can be reflected by the mirrors and travel many times
in the cavity resonator in order to hit more excited atoms and thus make them to
produce more light. One of the mirrors is 100% reflective whereas the other is partially
reflective so that a percentage of the light goes back to the resonator and the rest

goes out and produces the output laser beam. This is shown in Figure 2.3.

Partial
Mirror Mirror
%
%
e Laser Medium ﬁLaser Beam
“
g %

Figure 2.3: Optical resonator cavity [12]

2.1.2 Lasers Used for Industrial Applications

Among all the different types of laser devices, there are four that are commonly used

for manufacturing applications (welding, cutting, drilling, marking, surface modifica-

tion, metal deposition):

El COQ Laser
e Diode Laser

e Nd: YAG Laser

e Fibre Laser
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CO, Lasers

In carbon dioxide (CO.) lasers, the medium is a mixture of gases that contains carbon
dioxide (CQOy;), helium (He), nitrogen (N2), and possibly some hydrogen (H,), water

vapor and/or xenon (Xe). CO, lasers emit at a wavelength of 10.6 um.

They are commonly used in different manufacturing processes such as cutting materi-
als with high absorption at 10.6 um (e.g. plastic materials and wood). They are also
used for cutting, welding and marking of different metals, applying multi-kilowatt
powers. The laser output is commonly continuous (CW) but it can be pulsed. There

are different types of CO; lasers: sealed, semi-sealed and flowing gas [13]. Figure 2.4

shows a schematic setup of a CO, laser.

Two important disadvantages of this laser are related to its wavelength: the absorp-
tivity of a number of metals is lower at 10.6 pm than at =1 pym (the wavelength
of Nd:YAG and fibre lasers). The second is that there are no optical fibres capable
of transmitting a high power laser at 10.6 um, so that the delivery of the beam is

normally done by an arrangement of mirrors.
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Figure 2.4: CO, laser [14]
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The wall plug efficiency of CO; lasers is commonly in the range of 5-15% [15], but it
can be up to 20% [16]. The term “wall plug efficiency” refers to the ratio of the energy
of the output laser beam over the energy taken by the laser device from the wall plug
(or another energy source), and it is an important value specially for industrial lasers,

in which high power is needed. Industry requires efficiency because of cost.

Diode Lasers

In order to explain the operation of diode lasers it is important to review some basic

principles of semiconductors and diodes.

The outermost electrons in a conductor are free to move in the material as electrical
current. In a semiconductor, however, most of the outermost electrons are bound to
the crystalline lattice, and only a few are able to escape and move in the material
[17]. Semiconductors have just two energy bands in which electrons can fall. The
lower energy band is the one for electrons that are bound to adjacent atoms of the
crystal, it is called “valence band”. The higher energy band is called “conduction
band” and the electrons there are free to move and carry current. The difference in
energy between the bottom of the conduction band and the top of the valence band
is called the “band gap”. The band gap depends on the material and is an important
value because there are no energy levels in between, i.e. an electron must gain or lose
at least the band gap energy in order to move between the valence and conduction
bands. The band gap energy is related to a particular wavelength so that when
an electron releases that energy in form of light, the light will have that particular
wavelength [17].

Some semiconductor materials can be “doped” i.e. it is possible to add a few impurity
atoms with more (or fewer) outer shell electrons in such a way that those extra
electrons are not trapped in the lattice so the can move in the material as electrical

current. If the impurity atoms have more electrons in the outer shell than the intrinsic

semiconductor material, then the material is called n-type for it has negative current
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Figure 2.5: Diode [17]

carriers. If the impurity atoms have fewer electrons in the outer shell, the material
is called p-type for it has positive carriers. The boundary zone between p-type and

n-type regions is called “junction” and is the zone where light emission occurs [17].

A positive voltage is applied to the p-type part of the junction and a negative voltage
is applied to the n-type part, this moves the positive and negative carriers to the

other side and makes them to cross the junction. This is shown in Figure 2.5.

When electrons from the n-side (conduction band) recombine with p-carriers (valence
band), they release the energy at the junction. This energy can be released in form
of light, and that is the way a light emitting diode (LED) works. It is important to
note that the light produced by LEDs is spontaneous emission.

As in other lasers, in a diode laser the stimulated emission is directed by two reflective
surfaces. One of them may be totally reflective and the other is partially reflective
so that some light is reflected back to stimulate light emission, while the rest passes

through it to form the output laser beam. See Figure 2.6.

The output of a single diode laser element is a fraction of a Watt [13]. In order to
make a high power diode laser, a laser bar is made i.e. a large chip with several active

stripes. The laser bar is soldered to a heat sink with water-cooling channels in order
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Figure 2.6: Diode laser strip [17]

to take away the heat. Then a number of laser bars are stacked and some optical

components are added to focus the laser radiation, as shown in Figure 2.7.

The result is that high power diode lasers can only be focused on a relatively large
area (compared to other industrial lasers such as CO,, Nd:YAG or Fibre lasers). They

are used as pump sources for other laser types and also in applications that require
only low power density, such as surface heat treatment, surface melting, cladding,

conduction welding and also plastic welding.

Figure 2.7: Diode laser stack [18]
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Solid-State Lasers

In solid-state lasers the laser medium is normally a crystal or a glass that is doped
with rare earth ions or transition metal ions. The dopant material is called the “active
species” whereas the “host” is the material in which the dopant is embedded. Both
of them are important, for the laser transitions are determined by the active species,
but its interaction with the host can slightly shift the wavelength. The thermal and
mechanical properties of the gain media depend mainly on the host [16].

Solid state lasers can be optically pumped by lamps or diode lasers. A number of
them are pumped by flash lamps or arc lamps. These lamps are relatively cheap and
can provide high powers, but they lead to poor wall plug efficiency and moderate
lifetime [19]. As an alternative, diode lasers are compact, have long lifetime and high

efficiency, and are widely used for pumping solid-state lasers.

The laser medium can be produced in different shapes such as rod, disc, slab and fibre.
Rod, disc and slab lasers are commonly known as “bulk lasers” for their medium is a
bulk doped crystal or glass. Rod-shaped crystals have been used in industrial solid-
state lasers for over 30 years. The rods commonly have an aspect ratio of 15:1, the

size of a pen [13].

The rod geometry has a disadvantage: it causes an inherent difficulty to extract the

heat produced during operation, and this can affect the properties of the medium,
compromising the quality of the laser beam. The heat from within the rod is removed
by water cooling its surface. The cooling can be improved by increasing the surface
to volume ratio, using a different geometry such as a fibre (extremely long rod) or
a disc (extremely short rod) [13]. These two geometries are becoming important in

materials processing; they are pumped by diode lasers.
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Nd:YAG Lasers

Nd:YAG lasers are solid-state lasers based on neodymium-doped YAG crystals as the
medium (YAG is the acronym for yttrium aluminum garnet Y3Als012) [20]. They are
optically pumped by a diode laser or a lamp. When pumped by a lamp, the efliciency
is in the range of 1.5-2%, whereas Diode-pumped YAG lasers have an efficiecy of
10-20% [15]). The most common Nd:YAG emission wavelength is 1064 nm. From this
wavelength, it is possible to generate outputs at 532 nm by frequency doubling, 355
nm (frequency tripling) and 266 nm (frequency quadrupling) [20].

Nd:YAG lasers can operate in continuous wave (CW), and can be pulsed and Q-

switched. Q-switching means that the laser is optically switched while pumping is

continued, so that the energy builds up within the laser medium and is then liberated
in a short and powerful pulse [13].

Fibre Lasers

The term “fibre lasers” usually refers to those lasers in which the medium is a doped
optical fibre. In most cases the fibre is doped with a rare earth element such as

erbium, ytterbium, thulium, neodymium or praseodymium. They are pumped by

one or several diode lasers [21].

An optical fibre consists of a core that guides the light, surrounded by a cladding
layer. In this single-clad fibre the doped core is able to guide the light of the pump
beam (directed into the core) and the stimulated emission generated inside the core.

It can be used for low-power lasers [16).

For high power fibre lasers, a double-clad fibre is required, consisting of a doped
core, an inner clad and an outer sheath, as shown in Figure 2.8. The pump beam is
directed into the inner cladding. While guided in this inner cladding, the pump light

will cross the doped core many times, exciting the active species and generating a
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population inversion. Stimulated emission takes place inside the core and is guided
along it. Reflective structures, such as Bragg gratings, are located at the ends of the

fibre, and they act as the mirrors of the laser cavity.

Bragg Gratings ’

N

Pump Source
Coupled to Cladding

Core

Cladding

\ S N
-
L]
|
, -

R

Outer sheath

Figure 2.8: Fibre laser [12]

The three most important dopants for fibre lasers are ytterbium, erbium and thulium.
They can emit laser radiation in the ranges of 1030-1120 nm, 1520-1620 nm and
1750-2200 nm respectively [16].

Ytterbium-doped are the most powerful type of fibre lasers. They can be pumped at

975, 936 and 915 nm (the main pump line is at 975 nm). The peak laser output is at
1070-1080 nm. Their main application is in materials processing [16].

T'he emission of fibre lasers can be continuous or pulsed. They can also be Q-switched.
However, fibre devices for Q-switching have a limited performance, and fibre lasers
with bulk-optical devices (such as an acousto-optic Q switch) are less robust, and are
also less powerful than bulk Q-switched lasers [22].

There are important advantages of fibre lasers, and in recent years they have been

“the fastest growing part of solid-state laser market” [16]. Among these advantages

one can cite:

e High efficiency

e Compact size
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e Ease of operation

¢ Good beam quality

IPG reports wall plug efficiencies above 30% in its commecial industrial fibre lasers
23], significantly better than the efficiency of bulk lasers. Typical ranges of wall plug

efficiencies are shown in Table 2.1.

Table 2.1: Typical wall plug efficiencies of industrial lasers [13, 15, 16]

Lo
Fibre (Ytterbium
Lamp pomped YA
Diodo pumped YA
o,
Diode

2.2 Stainless Steel

2.2.1 Characteristics and Applications of Stainless Steels

Stainless steels are iron-base alloys that contain at least 10.5% Cr and no more than
1.5% C [24, 25]. They achieve their high corrosion resistance through the formation

of a chromium-rich oxide surface film, which produces the effect of passivation, i.e.
the oxide film works as a layer that protects the material from corrosion. This passive

layer rebuilds itself spontaneously when mechanically damaged.

Some of the most common applications of stainless steels are [24]:

e Cooking utensils

e Kasteners
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o Cutlery
e Decorative architectural hardware
¢ Equipment for use in:

— Chemical plants

— Dairy and food processing plants

— Health and sanitation applications
— Petroleum and petrochemical plants
— Textile plants

— Pharmaceutical industry

— Transportation industry

The selection of a specific stainless steel may depend on corrosion resistance, me-
chanical properties in specific temperature ranges, fabrication characteristics, physical
properties (thermal and electrical), availability and cost. From these, corrosion resis-

tance and mechanical properties are usually the most important factors for selection
[24].

There are five groups of stainless steels, according to their microstructure:

e Ferritic stainless steels

e Martensitic stainless steels
o Precipitation-Hardening (“maraging”) stainless steels
e Duplex ferritic-austenitic stainless steels

e Austenitic stainless steels

Ferritic stainless steels have a body-centred cubic (BCC) crystal structure and are

ferromagnetic. Their main alloy element is chromium (10.5-30%), but they may
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contain other elements such as molybdenum, silicon, aluminium, titanium and nio-
bium. They can have good ductility. Their high-temperature mechanical properties

are lJower than those of austenitic grades [24].

Martensitic stainless steels can be hardened by heat treatment. Their two main alloy
elements are chromium (10.5-18%) and carbon (may exceed 1.2%). They may have

carbides to improve wear resistance. Their corrosion resistance is not as good as that

of austenitic stainless steels [24).

Precipitation-Hardening stainless steels contain high chromium and nickel and also
some elements that can be precipitated such as copper, aluminium or titanium. They
can be hardened by heat treatment and can obtain high strength by precipitation

hardening (“aging”) of the martensitic structure [24].

Duplex stainless steels have a microstructure that contains both ferrite and austen-
ite. They have good corrosion resistance and higher tensile strengths that austenitic

grades.

Austenitic stainless steels will be considered in more detail in the next section.

Austenitic Stainless Steels

The chemical compositions of austenitic stainless steels are based on a combination
of elements that promote the formation of ferrite and elements that promote austen-
ite formation. The most important ferritizing element is chromium, but molybde-
num, niobium, titanium, aluminium, tungsten and vanadium also promote ferrite.
Similarly, the most important austenitizing element is nickel, but carbon, nitrogen,
manganese and copper also promote formation and/or stabilization of austenite 125].
Thus, these steels are able to retain austenite at room temperature because of the

influence of these austenitizing elements.

Some important characteristics of austenitic stainless steels are [24]:
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e FCC (face-centred cubic) crystal structure (austenite)
¢ High corrosion resistance
¢ Non-magnetic
e Can be hardened by cold work
e Cannot be hardened by heat treatment
e Excellent cryogenic properties
e Good high-temperature strength
e High ductility
' ¢ Chromium content is usually 16-26%
e Nickel content is usually 8-35%

e Carbon content is usually 0.03-0.15%

2.2.2 Welding of Austenitic Stainless Steels

Among the different groups of stainless steels, the austenitic grades are in general

the easiest to weld (apart from the free-machining grades), producing welded joints
with high toughness [24]. However, it is important to pay attention to issues such as

cracking, contamination and porosity, in order to develop a good welding procedure.

Similarly to other single-phase FCC alloys, austenitic stainless steels are susceptible
to hot cracking {24]. Welding procedure and filler-metal selection usually depend on

corrosion resistance and avoidance of cracking.

Hot cracking can occur at temperatures just below the bulk solidus temperature of
the alloy(s) being welded. This can appear as “large weld-metal cracks, usually along

the weld centreline”; but it can also appear as “small, short cracks (micro-fissures)
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in the weld-metal or in the heat affected zone (HAZ) at the fusion line and, usually,
perpendicular to it” [25]. A common solution to avoid hot cracking is to add a

mostly-austenitic filler metal that has a small percentage of ferrite [25].

A critical aspect of austenitic stainless steels welding is the solidification mode of the
weld metal. There are four solidification modes, which depend mainly on the weld
metal composition: Austenite (A), Primary Austenite (AF), Primary Ferrite (FA)
and Ferrite (F).

Austenite solidification (A): The metal solidifies entirely as austenite and remains in

this phase to room temperature [25)].

Primary austenite solidification (AF): The metal solidifies as austenite in the early
stages of solidification. However, some ferrite will form in the later stages ot solid-
ification. If the material cools down under equilibrium conditions, the ferrite will
transform to austenite. But under rapid cooling, some ferrite will remain to room

temperature [25].

Primary ferrite solidification (FA): The metal solidifies as ferrite in the early stages
of solidification. Then, some austenite will form in the later stages of solidification.
When cooling down the metal under equilibrium conditions, the ferrite can be trans-

formed to austenite. However, under rapid cooling, some ferrite will remain to room

temperature [25].

Ferrite solidification (F): The metal solidifies entirely as ferrite. When cooling down,
it may transform partially or totally to austenite. If the percentage of austenitizing

elements is too low, the metal will remain entirely as ferrite (i.e. a ferritic stainless
steel) [25].

Stainless steels that solidify in the primary ferrite mode (FA) are the most resistant to
hot cracking [25]. The solidification mode can be analysed form the phase diagrams.
Figure 2.9 shows a pseudo-binary phase diagram of 70% Fe alloy with chromium and

nickel being the rest of the composition and indicates where the different solidification
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modes take place.
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Figure 2.9: Pseudo-binary diagram Fe-Cr-Ni (70% Fe) [26]

In practice, to avoid microfisuring in a weld metal, a suitable filler metal is selected in
order to obtain some ferrite in the final microsturcture. The ferrite content should be
at least 4% (ferrite number FN 4). Actual measurements of ferrite can be made with

a magnetic analysis device. When developing a welding procedure, the Schaefller
diagram (see Figure 2.10) is normally used to predict the approximate amount of

ferrite to be obtained in a weld, based on the chemical composition. [24, 25].

Nitrogen from the air can affect the formation of ferrite. The disturbance of shielding
gas in gas-shielded welding can permit the nitrogen from the air to enter the weld
and to reduce the amount of ferrite and make the weld susceptible to hot cracking

(as nitrogen is an austenitizing element).

It is important to ensure that the weld is protected from air all the time. It is also

crucial to clean the workpiece before welding in order to avoid weld contamination.
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Figure 2.10: Schaeffler diagram [27]

A number of welding processes are utilized to weld austenitic stainless steels, including
24, 26]:

o Shielded Metal Arc Welding (SMAW)

o Gas Metal Arc Welding (GMAW)
e Gas Tungsten Arc Welding (GTAW)

e Plasma Arc Welding (PAW)

¢ Electron Beam Welding (EBW)
o Laser Beam Welding (LBW)

e Friction Welding (FRW)

o Resistance Welding (RW)
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2.2.3 Stainless Steels 304 and 308

Grade 304 is the standard 18/8 austenitic stainless steel; it is a very versatile steel
that is used in a variety of products. It has excellent formability and weldability. It
has also excellent corrosion resistance in a wide range of environments and has found

many applications in industry, architecture and transport, for example. [28].

Some typical applications include [28]:

e Food processing equipment

¢ Kitchen benches, sinks, equipment and appliances
e Architectural panels, railings

e Chemical containers

e Heat exchangers

e Threaded fasteners

e Springs

Austenitic stainless steel 308 has chemical composition and mechanical properties
close to those of grade 304. It has, however, higher chromium and nickel. It is used
primarily for welding austenitic stainless steels, for its chemical composition produces

some ferrite (308 is the alloy normally recommended to weld grade 304).

The grade used in this work is 308LSi i.e., lower carbon and higher silicon than grade
308. Low carbon versions of stainless steels help to avoid intergranular corrosion
due to sensitization (presence of chromium carbides at the grain boundaries, and

reduction of chromium content in the grains). Silicon helps to enhance the resistance
to scaling and increases the fluidity of the melted metal, improving wetting of the
weld metal to the base metal [24, 26].
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The chemical compositions of these steels are shown in Table 2.2. The mechanical

and physical properties are shown in Tables 2.3 and 2.4 respectively.

Table 2.2: Chemical composition of stainless steel 304 and 308LSi (wt%) [24, 29]
Mn| 8i [ P | § | Cr | Ni | Mo | Fe |

Y - 5 . = [ 18.0 | 80
o7 | 3% i | oLt o | B 2] - [P+

308LST [29] | Typical | 0,012 | 1.0 | 0.85 | 002 | 0,002 | 195 | 10.5 |-0.05 | Bal_

Table 2.3: Typical mechanical properties of stainless steel 304 and 308 |24

. on Tensile Strength Yield Strength Elongation
Material | Condition (MPa) min. 0.2% Proof (MPa) min. | (% in 50mm) min. | {HR B) max.
553 cal 205 @ | W
SS308 | Amnealed | 515 | 065 | 40 | 88

!l

;E
zig

Table 2.4: Typical physical properties of stainless steel 304 and 308 [24]

Mean Coeflicient
of Thermal Expansion |Conductivity | Conductivity

at 0-100°C

(um/[m K}) at 100°C (3/Tkg K])
(W/fm K])
SS304 | 8000 | 193 | 172 | 778 | 184 [ 162 | 2L | 500 [1400TA0
100.1470

2.3 Titanium Alloys

2.3.1 Characteristics and Applications of Titanium Alloys

Titanium and titanium alloys have acquired a significant importance in the last 50
years due to the advantages they offer to the industry, as the high strength-to-weight

ratio (high strength and low density) and high corrosion resistance.
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Because of their strength-to-weight ratio, titanium alloys are widely used in the
aerospace industry, in pieces that work at low to moderately-high temperatures. Many

components of the jet engine, especially in the compressor, and the airplane frame

are made of titanium alloys.

Another important industry that takes advantage of titanium alloys is the chemical
industry due to the excellent corrosion resistance of titanium. Titanium has a strong
affinity to oxygen and forms a very stable microscopic oxide film on the surface, this
passivating oxide layer protects titanium from corrosion. The medical field also uses
titanium to make surgical implants and prosthesis as this material is well tolerated

by the human body.

Titanium is a non-magnetic, silvery coloured metal. Pure titanium is a ductile mate-

rial, it presents 15 to 25% elongation and an ultimate tensile strength of approximately

207 MPa at room temperature [30]. Some of its physical properties are:

Melting point: 1670 °C

Boiling point: 3260 °C

Coefficient of thermal expansion: 8.41 um/[m °C] at 20 °C
Density: 4510 kg/m’?

Titanium can exist in two crystal forms. From room temperature to approximately
880 °C, titanium presents a hexagonal close-packed (HCP) structure known as alpha
phase. Above this temperature, it transforms to a (BCC) structure known as beta
phase. The temperature at which all the structure has been transformed to the beta

phase is known as “beta transus” temperature.

The alloying elements of titanium can be classified in three groups:

e Alpha phase stabilizers
¢ Beta phase stabilizers

o Interstitial elements (impurities)
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The alpha phase stabilizers, also known as alpha substitutional elements, have pref-
erential solubility in the alpha phase, and they raise the beta transus. The most im-
portant alpha stabilizer is aluminium, which increases tensile strength, creep strength
and the elastic modulus. The amount of aluminium in titanium alloys is limited to
6%, as above this percentage it promotes the formation of TizAl which is associated
with embrittlement [31].

Beta phase stabilizers, also known as beta substitutional elements, lower the beta

transus. Among these elements are molybdenum, vanadium, niobium and tantalum.

The elements that form interstitial solid solution with titanium are: carbon, hydro-
gen, nitrogen and oxygen. These interstitial elements are considered as impurities in

titanium and its alloys. Carbon, nitrogen and oxygen are more soluble in the alpha

phase, whereas hydrogen is more soluble in the beta phase.

Titanium and titanium alloys are classified according to their structure in the an-

nealed condition. There are four groups {30]:

e Commercially pure titanium
e Alpha alloys
¢ Alpha-beta alloys

e Metastable beta alloys

For commercially pure titanium, the differences among the grades are based on their

impurity limits.

Alpha alloys have essentially all-alpha microstructures, and are used in applica-
tions that require good strength at moderate-elevated temperatures. They cannot
be strengthened by heat treatment, and their principal microstructural variable is
the grain size. Near-alpha alloys contain small additions of beta stabilizers and are

considered marginally heat treatable [30, 31].
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Alpha-beta alloys have beta stabilizers and their microstructures present both, alpha
and beta phases. They can be heat treated, and are normally used in two conditions:
annealed (with excellent fracture toughness), and solution heat treated and aged (with
excellent strength-to-density ratios). Alpha-beta alloys give good creep performance
up to ~ 400 °C. The most used alpha-beta alloy is Ti-6Al-4V [30].

Metastable beta alloys contain high percentage of beta stabilizers, and their mi-

crostructure is 100% beta phase at room temperature. They have excellent formabil-
ity {30].

It is worth noting that there are some alloys produced with “extra low interstitials”
(ELI), which are used in applications where good ductility and toughness are needed
130].

2.3.2 Welding of Titanium Alloys

Most titanium alloys can be welded using the equipment and procedures used to weld
austenitic stainless steels [32]. The processes used are GTAW, GMAW, PAW, EBW,
LBW, FRW and RW.

One of the most important issues when processing titanium and titanium alloys is
their propensity to absorb impurities when the material is hot. This characteristic

must be considered when welding titanium alloys, and the necessary precautions must
be taken.

When exposed to air, moisture or hydrocarbons at temperatures above 500 °C, tita-
nium absorbs interstitial elements (impurities) such as oxygen, nitrogen, carbon and
hydrogen. The presence of air promotes the absorption of oxygen; moisture promotes
the absorption of hydrogen and oxygen; and residual oils, cleaning agents and other
contaminating substances promote the absorption of hydrogen and carbon. The pres-
ence of interstitial atoms (especially in alpha-titanium) distorts the crystal lattice and

reduces the number of active slip planes, so the plastic deformation is inhibited and
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thus the ductility is reduced. At a certain level of impurities, the stresses generated

during welding may cause weld metal cracking {30].

Exposure to contaminants and porosity can be minimized following these recommen-
dations [30]:

¢ Remove surface films from the area to be welded (e.g. with a stainless steel
brush)

o Degrease the joint with acetone before welding

e Provide sufficient inert gas shielding during welding, and maintain this shielding

until the weld and the surrounding areas have cooled below 260 °C

o Use a shielding gas with oxygen content lower than 60 parts-per-million (ppm)

and H;O content lower than 34 ppm (dew point of -51 °C or lower)

e Keep the hot end of the filler wire inside the shielding atmosphere in order to

avoid oxygen and nitrogen pick up
e Welding at slow traverse speeds facilitates the escape of gas pores

e Welding in the flat position or uphill in the vertical position also facilitate the

escape of gas pores

2.3.3 Titanium Alloy Ti-6Al1-4V

Ti-6A1-4V is the most widely used titanium alpha-beta alloy. It has many applications
in the aerospace industry in the engine compressor’s disks and blades, as well as in the
structural components of the airframe. It is processed to provide annealed structures
and sometimes it is solution treated and aged. It has an useful creep resistance
up to 300 °C and excellent fatigue strength. It is also used for chemical-processing
equipment and for prosthetic implants. It has fair weldability and can be used in

the as-welded condition for most applications. The ELI grade improves ductility and
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toughness, and is used for cryogenic applications and for fracture-critical aerospace

applications [31].

Alpha-beta alloys, in the annealed condition, have lower toughness than pure tita-
nium. Alpha beta alloys are heat treatable and can be significantly strengthened by
aging. However, this heat treatment reduces the ductility and fracture toughness of

these alloys.

The chemical composition of the alloy Ti-6Al1-4V is shown in Table 2.5. The mechan-

ical and physical properties are shown in Tables 2.6 and 2.7 respectively.

Table 2.5: Nominal chemical composition of Ti-6A1-4V (wt.%) [30]

el [A[V] G N7 [0 [ Hr [Rr] T
“Trokav | 6 | 4 [010] 005 | 02 |00 | 03 | Bal

* maximum (impurity limit)

Table 2.6: Typical mechanical properties of Ti-6Al-4V [30, 31, 33]

: \e Tensile Strength | Yield Strength | Elongation | Hardness
Material
vondition (MPs) (MPa) (HR C)
Ti-6A1-4V Annealed 931 896 36
Ti-6Al-4V | Annealed (from cast) 930 855

Table 2.7: Typical physical properties of Ti-6A1-4V (31, 34]

Mean Coeflicient Thermal
of Thermal Expansion Conductivity Heat
(pm/[m K]) at 100°C (3 /Ikg KI)
20-100°C{20-315°C (W/[m K])

Melting
Range

(°C)
Ti-6Al-4V| 4430 | 114 | 86 | 92 [ 95 | 6668 | 526 [1604-1660
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2.4 'lemperature Measurement

2.4.1 Temperature Measurement Techniques

There are different types of sensors for temperature measurement. Among the most

common, one can mention:

e Thermocouples

e Resistance temperature devices (RTD)
o Infrared temperature sensors (pyrometers)

e Bimetallic thermometers

¢ Iluid-expansion thermometers

Thermocouples are made of two wires or strips of dissimilar metals that are joined at
one end. Changes in temperature at the junction will produce a voltage between the

other ends. This voltage can be correlated to the temperature [35].

Resistance Temperature Devices work on the principle that the electrical resistance
of material changes according to its temperature. There are two main types: the

sensors that use metals are normally called RTDs, whereas the sensors that use a

ceramic semiconductor are called thermistors [36).

Infrared temperature sensors measure the thermal radiation emitted by an object and

calculate the temperature according to that radiation. They are non-contact sensors.

Bimetallic thermometers use strips of two metals with different thermal expansion

coefficients. These strips are bonded together and are linked to a pointer that indi-
cates the temperature (e.g. on a dial temperature scale). When heated, one metal
will expand more and bend the bimetallic element, moving the pointer to the new

temperature value [36).
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Fluid-expansion thermometers use the principle of thermal expansion in a fluid to
indicate the temperature. The classical example being the household mercury ther-

mometer. Other liquids are also used instead, in order to avoid the environmental

impact associated with mercury [36].

2.4.2 Thermocouples

Thermocouples are temperature sensors based on a junction of two dissimilar metals

that produce a voltage (in the order of millivolts) which can be correlated to a tem-
perature value. There is a number combinations of metals or “calibrations”, that are
useful in different temperature ranges and environments. The most common are J,

K, T and E. Their temperature ranges are shown in Table 2.8.

Table 2.8: Common thermocouple temperature ranges [35]

Calibration Temperature Range Stanc%ard Lin}its of error
(°C) (whichever is greater)
J 0-750 2.2 °C or 0.75%
-200-1250 2.2 °C or 0.75%

-200-~900 1.7 °C or 0.5%
-250~350 1.0 °C or 0.75%

It is worth noting that the maximum temperature of the thermocouple depends on
both the calibration and the diameter of the thermocouple wire (i.e. if the wire is
too thin, it may not be able to reach the maximum nominal temperature of that

calibration).

Thermocouples are widely used in industry, they provide an accurate way for contact
temperature measurement. The temperature values can be easily recorded. Time
response of thermocouples varies depending on the probe used and its diameter. It

may be in the range of a fraction of a second to a few seconds.
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2.4.3 Pyrometers

Thermal Radiation

Pyrometers are infrared temperature sensors that work based on the principle that
all bodies with a temperature above the absolute zero (- 273.15 °C) emit thermal

radiation, which depends on their temperature.

The radiation received by a body can be absorbed, reflected or transmitted, as shown
in Figure 2.11. The sum of the absorptance, reflectance and transmittance equals 1
(the value of these coefficients lay between 0 and 1). In a similar way, the radiation
that comes from a body can be emitted, reflected or transmitted. The sum of the
emittance, reflectance and transmittance equals 1. In opaque bodies there is no
transmission, thus the radiation from it can only be emitted or reflected (emittance

+ reflectance = 1).

incoming
radiation

transmission

reflection

Figure 2.11: Reflection, absorption and transmission [37]

A blackbody is an opaque object that absorbs all incoming radiation i.e., absorp-
tance = 1. Its reflectance and transmittance equal 0. Thus, its emittance equals
1. Figure 2.12 shows the spectral characteristics of blackbody radiation at different

temperatures. It is important to note that [38]:

¢ The emitted radiation varies with the wavelength
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o At a specific wavelength, the amount of radiation increases with higher temper-

atures

e The spectral distribution changes with temperature: as the temperature in-
creases, the peak of the radiant energy concentration shifts toward the left (i.e.

shorter wavelengths)

102

101 1500°C
1000°C

542°C

102 260°C
20°C

RELATIVE BLACKBODY RADIANT EMITTANCE

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
WAVELENGTH {microns)

104

Figure 2.12: Spectral characteristics of blackbody radiation at different temperatures
138]

However, normal real objects do not behave as blackbodies. The emissivity, ¢, is “the
ratio of radiation emitted by an object to that of a blackbody at the same temperature
and wavelength” [38]. A blackbody has an emissivity of 1. A graybody has a constant
emissivity, lower than 1. A non-graybody (or “real radiation body”) does not behave
as a graybody, but has an emissivity that changes with wavelength [38], as shown in

Figure 2.13.



2.4. TEMPERATURE MEASUREMENT 34

Spectral Intensity (relative)
black body radiation source

grey body

' real radiation body

o1 ! 10 100

Wavelength in pm

Figure 2.13: Relative spectral intensity [37]

Pyrometers

A pyrometer is a sensor that measures radiation from an object, in a specific range
of wavelengths, and correlates this radiation to a temperature value. This way it is
possible to perform a non-contact temperature measurement. Pyrometers provide a

number of advantages, among them one can mention:

e Fast response (normally in the order of milliseconds)
o It does not damage the measured object (scratching)

e It does not affect the temperature of the object

o It is possible to measure the temperature of objects with difficult access (e.g.

moving objects, high temperature, electricity conducting)

Modern pyrometers are digital: they have a microprocessor that performs all the
calculations. The construction of a digital pyrometer is shown in Figure 2.14.
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‘The sensor receives the infrared radiation and produces a signal. This signal is di-
rectly digitized (or digitized after an analogue pre-amplifier) via an analogue-to-digital
converter (ADC). A microprocessor performs the required mathematical calculations
and outputs a temperature value. This output can be communicated digitally (using
a digital interface) or in an analogue way via a digital-to-analogue converter (DAC)
[37). Some advantages of digital pyrometers are:

e Higher accuracy in the measured value

e Mathematical functions are performed without the need for peripheral electronic

equipment

e The pyrometer can be controlled via a personal computer (PC) to enter the

parameters

e The temperature data can be saved directly in the PC

Y 014 20 mA
e _J/
f"‘ 19
&) |
~.zj,{5 }
o »24V DC

Figure 2.14: Construction of a digital pyrometer [37]

Single-colour Pyrometers

There are two main types of pyrometers: single-colour and two-colour (ratio princi-

ple). Single-colour pyrometers measure the radiation in a single range of wavelengths
to calculate the temperature. It is necessary to input the emissivity value of the
surface of the object. This value depends on the material and the surface condition

of the object, and also on the wavelength range of the pyrometer.
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They average the temperature of the spot that they measure. For this reason, the
object should fill the whole spot size, as shown in Figure 2.15. It is worth noting

that they can be affected by conditions such as smoke or dirty windows, for these will

reduce the radiation detected by the pyrometer.

Best Good Incorrect

Target smaller  Background
than spol size

Target greater  Target equal
than spot size  to spol size

Figure 2.15: Correct target size for single-colour pyrometer [39)

T'wo-colour Pyrometers

Two-colour pyrometers measure the radiation in two adjacent narrow wavelength
bands. The ratio of the two energies is a function of the temperature of the object
[40|. This principle is illustrated in Figure 2.16.

The wavelength bands are close together in order to have (as much as possible)
the same emissivity in both. This equal emissivity can be assumed for a number
of materials and surface conditions. In case the emissivity is different, then it is
necessary to adjust the emissivity-slope K (where K = ¢, /¢2) so that the pyrometer

can calculate the temperature accurately.

Using this ratio principle a number of issues can be overcome, provided they affect

the radiation in both wavelengths in the same way (i.e. that the ratio is not affected).

Some important advantages of two-colour pyrometers are [37]:
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Ratio Hy/ H, changes
as a function of
temperature (T,..T¢)

Relative Energy Radlated H
]
i

0 04 0.8 1.2 1.6 2.0
Wavelength A (um)

Figure 2.16: Working principle of two-colour pyrometer [40)

e The temperature measurement is unaffected by dust, smoke or dirty windows

e The temperature measurement is independent of the emissivity of the surtace

in wide ranges

e The target can be smaller than the spot size

Figure 2.17 shows an example of the working principle of a two-colour pyrometer:
although the smoke reduces the radiation detected by the sensor, the ratio does not

change (thus, the temperature reading is not affected).
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S1=42% Ay = 0,95 um S1=21%

S, = 100% M=105um  S;=50% detec- signal
tors  processing
it
42% _ 21% =042 s
m - 0.42 50%_ '
object 50% interference
due to smoke, for
example

Figure 2.17: Example of two-colour pyrometer [37]

2.9 Design of Experiments

2.5.1 Basic Principles
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