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PREFACE 

Laser welding is the logical processing solution to accomplish different needs. 

Improvements at the design stage are actually aimed to remove any 

mechanical fastening, thus moving towards a technology which would not 

increase the joint thickness; moreover, a number of benefits in comparison with 

conventional welding methods are provided when considering laser beams, 

since deep penetration is achieved and the energy is effectively used where 

needed, thus melting the interface to be joined rather than excessively heating 

up the base metal, which would suffer from thermal distortion and degradation 
of metallurgical properties otherwise. 

Further advantages are achieved in laser welding with thin disk sources, since 

high output power, high efficiency and good beam quality are simultaneously 

delivered, unlike traditional laser systems; costs are significantly reduced in 

comparison with lamp-pumped laser systems. As a consequence, specific 
interest is shown in aerospace where strict specifications apply. 

Nevertheless, a number of issues must be addressed, depending on the material 

to be welded, as many variables and sub processes concerning fusion and 

vaporization are involved in laser welding and a delicate balance between 

heating and cooling is in place within a spatially localized volume. Therefore, 

extensive studies are required to manage both the stability and the 

reproducibility of the overall process, before introducing any change in 

industrial environments. Methods, experimental results and discussions 

concerning laser welding of common metal alloys for aerospace are provided in 
this Ph.D. thesis. 

A general view of applications and basic advantages of laser welding is first 

given, with mention to diagnostics and safety. Hence, the principles of laser 

emission are examined, with respect to the architecture of the sources, beam 

geometry, quality and efficiency, in order to better portray the benefits of a thin 
disk laser concept. 

Processing dynamics of laser welding are explained afterward, referring to 

conduction and key-hole mode, instability, gas supply and leading governing 

parameters such as laser power, welding speed, defocusing and beam angle to 

be considered in the experimental work. Procedures are provided for proper 

bead characterization, from preliminary examinations including non destructive 
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tests such as fluorescent penetrant inspections and radiographic tests, to 

sample preparation and eventual mechanical assessment in terms of tensile 
strength and Vickers micro hardness in the fused zone. 

A straightforward description of the design of experiment approach and the 

response surface methodology is given, so to introduce the testing method to 
be taken, as well as the steps for data elaboration via statistical tools. 

Hence, four case studies about metal aerospace alloys are presented and 

discussed in their common seam configuration: autogenous butt and 

overlapping welding of aluminum alloy 2024; autogenous butt welding of 

titanium alloy Ti-6Al-4V; dissimilar butt welding of Haynes 188 and Inconel 718; 

dissimilar overlapping welding of Hastelloy X and René 80. All of the welding 

tests were conducted at the Department of Industrial Engineering at the 

University of Salerno; a Trumpf Tru-Disk 2002 Yb:YAG disk-laser source with a 

BEO D70 focusing optics, moved by an ABB IRB 2004/16 robot was employed. 

When needed, additional tests for the purpose of specific bead characterization 
were conducted by Avio and Europea Microfusioni Aerospaziali. 

As general procedure for each topic, the operating ranges to be examined are 

found via preliminary trials in combination with the existing literature on the 

subject. Then, special consideration is given to the processing set-up, the 

resulting bead profile, possible imperfections, defects and overall features; 

consistent constraint criteria for optimization of the responses are chosen on a 

case-by-case basis depending on materials and seam geometry and referring to 

international standards as well as customer specifications for quality 

compliance. Optimal combinations of the input welding parameters for actual 

industrial applications are eventually suggested, based on statistical tools of 

analysis. Convincing reasons are provided to give grounds to improvements in 

real applications. Moreover, based on the results, a proper device for bead 

shielding, to be conveniently adjusted depending on both geometry and 

materials to be welded has been designed, produced and patented 
(SA2012A000016). 

As concerning aluminum welding, a comprehensive description is given for 

laser-related issues: reflectivity and thermal conductivity influence on the 

material response is illustrated; the porosity evolution is discussed with respect 

to thermal input and defocusing; a theory for softening in the fused zone is 

provided through energy dispersive spectrometry and estimations of 



 Preface VII 

magnesium content in the cross-section. Optimization is performed for butt 

configuration of 1.25 mm thick sheets; the discussion about the interactions 
among the governing factors is deepen with reference to overlapping welding. 

With respect to titanium welding, optimization is performed for 3 mm thick butt 

welding; the resulting micro structure in the weld is discussed since it is thought 

to be closely related to the mechanical properties. In particular, special care is 
taken of the grain size as a function of the governing factors. 

Dissimilar welding of super alloys is considered for gas turbine components; for 

this specific purpose, laser welding is expected to offer a valid alternative to arc 

and electron beam welding, whose weaknesses are pointed out. Given their 

actual application in the engine, Haynes 188 and Inconel 718 are examined in 

butt welding configuration, whilst an overlapping geometry is preferred for 

Hastelloy X and René 80. Considerable tolerances are matched, thus promoting 
the suggested range of the operating variables. 
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1 

LASER WELDING 

1.1   INTRODUCTION 

New materials and new processing methods are progressively tested for 

aerospace in order to meet the challenges of innovation and reduction of 

operating costs, but extensive studies are needed before introducing any 
change in industrial environments. 

Mechanical assembly are generally preferred because a reduction in waste 

material is achieved compared with a similar component which is alternatively 

processed via machining; this trend leads to shorter lead times, as well as 

lower buy-to-fly ratio, which is a measure of how much material is actually 

required to manufacture the final flying part. Moreover, joining technologies 

which do not increase the joint thickness are usually preferred, such that 

weight reduction is benefited [1]. Hence, improvements at the design stage are 

aimed to remove any mechanical fastening such riveting in order to introduce 
welded assemblies. 

Laser welding is the logical processing solution to accomplish different needs. 

As for any other welding technology involving fusion of the materials to be 

joined, the objective is to create a liquid melted pool, allow it to grow and then 

to propagate through the solid interface, thus joining the components [2]. 

Nevertheless, specific issues must be addressed, depending on the material to 

be welded. For instance, when referring to common alloys systems for 

aerospace, it has been pointed out that laser welding is hindered by reflectivity 

and excessive fluidity as well as affected by tendency to porosity in the case of 

aluminum [3, 4]; brittle phase formation and segregation issues in the case of 
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heat resistant super alloys [5]; oxidation and detrimental grain growth when 
improper welding rates are used in the case of titanium alloys [6]. 

1.2   APPLICATIONS 

A really wide range of applications are regarded to be laser suitable [5]. Laser 

welding is employed indeed in joining gas turbines components for aerospace, 

transformer laminates, bimetallic saw blades, stamped mufflers, cooker tops, 

fire extinguisher cylinders, layered shaving blades, as well as heat-sensitive 

components such as heart pace-makers; hermetically sealing electronic 

capsules; repairing of nuclear boiler tubes from the inside; underwater joining. 

Special consideration has also been given to dissimilar welding, for either the 

purpose of joining aerospace components which are made of different 

materials due to machining and operating reasons, or reducing the overall 

weight of structures. As a result, an effective way to save rare metals is thus 
provided [7]. 

Nevertheless, tailored blank joining for car industry [8] is the largest relevant 

application for laser welding: the process was actually conceived in the eighties 

and is accepted as the way to handle pressed products. Moreover, when 

merely considering a car, a wide range of components such as airbag sensors, 

valve lifters, heat exchangers, gear wheels, torque converters, exhaust pipes, 
tanks and roof scams are welded via laser beams [5]. 

1.3   COMPARISON WITH OTHER WELDING TECHNOLOGIES 

A number of benefits are provided by laser welding in comparison with 

conventional technologies. For instance, the process can be performed in 

remote locations or inside three-dimensional components from single side 

access, where the introduction of electrodes would be impossible. 

Furthermore, new opportunities are offered in autogenously joining difficult 

materials including, but not limited to, aluminum and magnesium alloys 

without the need for filler metal [2]; no pre heating, neither mechanical 

finishing are required [9]; increased processing speed is achieved and, as a 
consequence, productivity improves [10]. 

Advantages come from the primary feature of narrowly focusing the heat 

source to a very small area [11], in the order of few tenths of millimetres: local 
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precision treatment and extremely high cooling rates are benefited, in the 

order of 104 °C/s whilst a rate of 102 °C/s results in tungsten inert gas welding 

[12]. Compared with slower processes, grounds are then given to further 

advantages in dissimilar welding which traditionally is only feasible for certain 

combinations of the base elements. Indeed, irrespective of the alloys being 

joined, the properties of different materials are generally difficult to be 

matched [13] and the formation of brittle intermetallics occurs. Higher cooling 

rates of laser welding can restrain the issue, such that wider ranges of 
combinations of metal alloys are offered [5]. 

Since the welding bead is rarely wide and deep penetration is achieved, it can 

be seen that the laser energy is effectively being used where required, thus 

melting the interface to be joined rather than excessively heating up the base 

metal in the surrounding area, which would suffer from thermal distortion and 

degradation of metallurgical properties otherwise [2, 9]. In order to give a 

quantitative description of this concept, the joining efficiency η is defined as: 

ߟ  =
ݏ ∙ ݐ
ܲ  (1.1)

which is not true efficiency, because s is the laser transverse speed, t is the 

thickness to be welded and P is the incident power, so units of joined square 

millimetres per supplied joules result. The higher the joining efficiency, the less 

energy is spent in unnecessary heating which may produce heat affected zones 

or distortion. Typical values of joining efficiencies of different welding 

processes [5] are listed in table 1.1: resistance welding is by far the best in this 

respect because the energy is mainly generated at the high resistance interface 

to be welded. Nevertheless, both laser and electron beams are in a class by 

themselves; furthermore, joint access is easier and slighter environmental 
 

TABLE 1.1 – Joining efficiencies of common welding technologies 

Process Approximate joining efficiency [mm2 kJ-1]

Oxy acetylene flame 0.2 ÷ 0.5

Tungsten inert gas 0.8 ÷ 2

Manual metal arc 2 ÷ 3

Submerged arc welding 4 ÷ 10

Laser beam 15 ÷ 25

Electron beam 20 ÷ 30

High frequency resistant welding 65 ÷ 100
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impact is produced in terms of noise and fume compared with resistance 

welding. Therefore, although equipment costs may significantly rise, laser and 

electron beams are known to play important roles for high quality joints in 

aerospace, military, power plants and automotive industries [14]: a specific 

comparison is then worth drawing. 

Electron beam welding (EBW) relies on high speed electrons whose kinetic 

energy is turned into heat upon impact on the piece to be joined. Hence, the 

process has to be performed in vacuo to prevent energy dissipation of the 

electron beam [11], whilst laser beam is capable of being used at atmospheric 

pressure, thus resulting in simple fixturing and reduced lead time [2, 11]. 

Moreover, X-rays emission arises in EBW and, when specifically considering 

metal welding, electromagnetic phenomena can produce beam wander 

affecting stability during material melting [5]; this is obviously excluded in laser 
welding, with far less tendency to incomplete fusion and spattering [11]. 

Nevertheless, laser welding systems are usually of higher capital cost compared 

with conventional welding devices; operating costs can further grow for 

applications where large flow of expensive shielding gases is required. High 

production rates and quality are then essential for the system to be 

competitive and cost effective [2]; in this case, an overall reduction of 
operating costs ranging from 40 to 50% is estimated in comparison with EBW. 

1.4   DIAGNOSTICS IN LASER WELDING 

Laser interaction is capable of being manipulated in order to optimize welding. 

For this purpose, computer control for laser power have been developed. The 

basic idea is that a variety of signals containing information about the process 

are generated during the process itself. Extraction and hence recognition of 

signals is the key to monitoring and adapting control [15, 16]. Actually, each 

single signal component is adaptable by individual programming via computer 
numeric controlling system. 

With feedback from an optical, plasma or acoustic monitoring system, real time 

adjustments are hence made to the power level in order to compensate 

possible changes in the welding conditions. Imperfections which could result in 

rejection at quality checks are thus fixed. Such closed loop controllers rely on 

excellent understanding of the process; optimal welding is performed in turn 
without any operator intervention. 
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The most simple monitoring procedure is conducted visually, referring to direct 

imaging of the weld pool and the surrounding area on the work-piece during 

the process. Oscillations of the weld pool take the form of surface waves of 

appreciable amplitude, ranging between 200 and 300 Hz; referring to steel 

welding, frequency has been proven to dramatically increase to one order of 
magnitude more when unstable conditions are in place [2]. 

1.5   LASER SAFETY 

Laser devices are potentially dangerous when improperly used [11, 9] because 

exposure under certain circumstances may result in damage for the human 

body. Classes of lasers, depending on both the power and the wavelength of 

the emitted radiation, are hence defined in ANSI Z136 for the United States 

and IEC 60825-1 internationally, based on the potential for causing immediate 

injury. Common lasers for welding and cutting are infrared indeed; therefore, 

since the beam light may be invisible to the human eye, precautions could be 

difficult to be taken; even more difficult could be convince people to take 
precautions against possible hazards they may not understand [17]. 

The main source of danger of a laser beam is the light radiation which could be 

easily reflected by the work-piece, especially when processing metals, and 

could quickly produce in mild skin burns as well as irreversible injury to skin 

and eyes. It is now widely accepted that the skin is far less vulnerable than the 

eye, the former being provided with an external protective layer of dead cells, 

whilst an ocular focusing effect applies when a mirror-like reflection enters the 

eye. Special shielding devices in the form of spectacles or goggles with proper 

filtering optics, to be labeled with both the optical density and the wavelengths 

they are suitable for, are then required to protect the eyes, according to 
international standards. 

Opaque barriers are needed anyway for the purpose of safety around the 

processing area; although designed to offer a wide range of protection, barriers 

do not normally withstand high welding energy radiations for more than few 

seconds, without some damage including the production of smoke and open 

fire. Additional non beam hazards, which are associated with the use of lasers 

although not being directly dependent on the beam itself, can be life 

threatening. Since high energy levels are delivered, possible hazard of fire must 

be addressed; hence, any flammable material is required to be kept away from 
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the processing area; also, any reflected beam could start fire in unexpected 
places. 

Adequate ventilation is needed as fumes are produced during the process. 

Eventually, given that a relative motion is in place between the laser beam and 
the work-piece, moving bits are additional source of risk. 

1.6   WELDING ROBOTS 

Three-dimensional welding of car and aircraft components is often required. 

Since most welding processes are not capable of being well enough controlled 

for three-dimensional manipulation and monitoring, robot-assisted laser 

welding heads are usually employed to move the beam along the welding path 

[5, 18]. On the other hand, for the sake of competitiveness, manual welding in 

modern industries must be limited to few operations, due to many further 

reasons such as long set-up time, operator discomfort, safety issues and 

resulting costs. Additionally, the optimized welding condition must be 

maintained during the process and must be reproducible over a series of welds 
to be performed [2]. 

Therefore, industrial robots are essential components and specific tasks as 

assembly operations and materials handling are addressed in repetitive 

manner at acceptable cost and quality levels: in particular, it has been 

estimated that as much as 25% of all industrial robots are specifically employed 

to weld and the most active industry in their application is the automotive [10]. 

For safety reasons, welding robots become a need with laser sources which are 
recognized as being potentially dangerous. 

Robotic welding has undergone severe evolution. A first generation of welding 

robots had been developed in the early sixties as two-pass system, since a first 

pass is needed in order to learn the seam geometry and the welding path, 

whilst the second pass is the actual welding one: the working space is properly 

structured such that the robots can easily move along predetermined paths. 

On the other hand, a second generation of welding systems had been 

introduced in the seventies to track the seam in real time, with simultaneous 

learning and welding, thanks to a combination of both mechanic and electronic 

devices to identify any possible obstacle within the working space. Further 

advantages had been achieved in the eighties with third generation welding 

robots which actively fix their movements and compensate any changes in 
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position and orientation of the work-piece; they are capable of being used for 

point-to-point as well as continuous motion to be settled off-line, with 

additional high-level diagnostic capability to report about failures and 

maintenance [19]. In this case, great flexibility is accomplished, at the expenses 

of a considerable amount of programming work of high-skilled operators [10]. 





2 

LASER OPTICS AND QUALITY  

2.1   INTRODUCTION 

Laser sources of high reliability are required to weld metals on a commercial 

basis. In addition to typical benefits of laser beam welding above conventional 

technologies, several further advantages are achieved when using thin disk 

sources, because high output power, high efficiency and good beam quality are 

simultaneously delivered, unlike traditional laser systems [20]. Disk lasers had 

been pioneered in the nineties by Adolf Giesen at the University of Stuttgart 

and have been enhanced for serial production after being offered as 

commercial products from different companies [21]. One particularly 

successful implementation had been first developed by Volkswagen to weld 

the Passat rear shelf and has been given approval for serial production in 

December 2005: in a detailed examination of the economic viability of the 

process, the operating costs of the thin disk laser were significantly reduced in 
comparison with previous lamp-pumped systems [22]. 

2.2   PRINCIPLES OF LASER EMISSION 

Laser is the acronym for light amplification by stimulated emission of radiation, 

since the beam is produced by an electromagnetic radiation emission in a 

specific solid, liquid or gaseous material which is called the gain medium, or the 

active laser medium, whose atoms are moved to higher energy levels as a 

consequence of absorbing stimulating energy. 

Some external supply of energy in the form of bright light, electric current or 

chemical reaction is required to pump the gain medium. In particular, when 
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light is injected to electronically excite the medium, optically pumped lasers 

are obtained [23]. In general, excited states are produced in the atoms, since 

the electrons which are in the nearest possible orbits to their nucleus move 

from the ground state to outer orbits. Excited states are generally not stable: 

therefore, when the electrons drop from a higher energy level to lower one, 

extra energy is emitted in the form of a photon and light is produced. The 

process occurs as spontaneous emission when the electron naturally decays 

into a lower level, without outside intervention; the photon is then emitted in a 

random spatial direction. Its frequency ν is shaped by the rules of quantum 

mechanics, being E1 the energy of the lower level, E2 the energy of the higher 
one and h the Planck’s constant: 

ߥ  =
ଶܧ ଵܧ−

ℎ  (2.1)

The resulting wavelength λ of the emitted photon is given by: 

ߣ  =
ܿ
(2.2) ߥ

where c is the speed of light in vacuo. Stimulated emission takes place instead 

when the incoming input photons with suitable energy or optical frequency 

enhance the emission; in this case, any emitted photon has the same phase, 

wavelength and direction of the passing one [24, 25]. Therefore they are: 

coherent with respect to each other, with peaks and valleys moving together 

through time and space; monochromatic, consisting in one single color; and 

parallel with little spread. For such specific features, a laser beam differs from 
ordinary light. 

As long as the lower energy states prevail over the higher states, stimulated 

emission is prevented, since emitted photons are absorbed to raise an electron 

from a lower energy configuration to a higher one, instead than stimulating a 

drop of energy. On the contrary, when the number of excited electrons 

exceeds the number of electrons in the ground state or in a less excited state, 

population inversion is achieved and higher energy configurations 

predominate, so spontaneously emitted photons are more likely to stimulate 

further emissions, thus generating a cascade of photons [24]. For this condition 

to be fulfilled, the gain medium must therefore be pumped over the lasing 

threshold; hence, the stimulated emission prevails against the spontaneous 
one, thus allowing an amplification of the incoming radiation [23]. 
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FIGURE 2.1 – Three-level system for laser emission 

 

The basic conceivable system has only two energy levels, which are not enough 

anyway for population inversion, because an eventual equilibrium is achieved 

between absorption and stimulated emission, with equal number of electrons 

on each energy state, resulting in optical transparency and actually no net 

optical gain. Three levels at least are then required to produce non equilibrium 

conditions: referring to figure 2.1, the gain medium is first excited to a short-

lived high energy state which spontaneously and rapidly drops to a somewhat 

lower energy metastable state trapping and holding the excitation energy to be 
used for laser emission when further dropping to the ground state. 

As light is emitted, electrons accumulate in the ground state, so the gain 

medium needs to be strongly pumped in order to keep population inversion. 

This difficulty is overcome with four levels, where an additional short-lived 

transition state is located before the ground one, as shown in figure 2.2. A 

rapid energy drop is in place between the lower laser level and the ground 

state, so population inversion between the higher laser level and the lower one 
 

 

FIGURE 2.2 – Four-level system for laser emission 
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FIGURE 2.3 – Resonant cavity scheme for laser emission 

 

is heavier compared with three-level lasers. Furthermore, few atoms must be 

excited into the upper laser level to produce population inversion; therefore 

four-level lasers are much more efficient. A quasi-three-level gain medium 

provides an intermediate configuration, where high pumping densities are 

needed anyway because the lower laser level is close to the ground state which 

is formed by a certain number of thick sub levels. Notably, irrespective of the 

number of levels, the energy gap for pumping transition is greater than the 

energy gap of the laser transition, so when optically pumping the gain medium, 

the pumping light frequency has to be greater than the resulting laser one, 

both of them to be in agreement with equation (2.1), depending on the energy 

levels being considered. Consequently, the pumping wavelength is shorter than 
the laser one. 

A resonant cavity which allows to build up light energy, increasing its intensity 

in order to generate a beam is required. Otherwise any gain medium would 

just be an optical amplifier to enhance light from an external source. As shown 

in figure 2.3, an optical resonator is composed by placing the gain medium 

between a pair of mirrors which face each other such that the emitted light is 

reflected back and forth, thus improving the uniformity of the emitted 

photons. One of the mirrors is generally only partially reflective, so to transmit 

a fraction of the incident light [24] to form a narrow beam which is suitable for 
several applications. 

Basically, two emission modes make the relevant distinction between laser 

systems: continuous wave and single pulsed. When working in continuous 

wave emission, a stable adjustable average beam power is delivered; on the 

other hand, in case of pulsed operation the output takes the form of pulses of 

light on the time scale. Versatile lasers can be operated in both modes since a 
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source whose output is normally continuous can be intentionally turned on and 

off at some rate in order to create pulses of light; nevertheless, specific lasers 

outputs are only pulsed because the gain medium cannot be run in continuous 

mode [23]. Customized pulse shapes are often useful in optimizing welding, 

particularly when spot welding aluminum alloys [2]. 

2.3   BEAM DELIVERY SYSTEMS 

Two possibilities are allowed to eventually deliver the laser beam from the 

resonant cavity to the processing location: free space propagation through 

oscillating mirrors and lenses, or flexible optical fibre cables [9, 18, 26]; 

additional integrated beam switches are capable of managing up to six 
different outputs in the same delivery device [22]. 

When using high quality optics for free space propagation, laser quality is not 

significantly affected although any required device is complex, expensive, often 

bulky and difficult to maintain. Ideal delivering is therefore offered by fibre 

cables when considering complex processing paths or complicated 

manipulation of the optics; up to several hundred metres long cables are 
available, being them particularly suitable for assisting robots [27]. 

Whichever the chosen solution, the concept of laser sources and their beam 

delivery system as separate entities is abandoned in state-of-the-art 

equipments, in favour of an integrated approach which combines all of the 

elements for laser generation and beam delivery into a single system whose 
performances are optimized for the specific joining application [2]. 

2.4   RESONATOR MODES 

The intersection between a generic plane and the laser beam produces the 

beam spot, which is a circle when the plane is orthogonal to the beam 

propagation axis and the beam shows circular symmetry for any possible cross-

section. The architecture of the resonant cavity affects the light intensity 

distribution within the spot, because the energy is built up in specific locations 

at the expense of others; that is to say, it is possible to achieve a maximum 
value at the centre of the spot, or else to evenly allocate the energy. 

The power of electromagnetic radiation per unit area is the radiative incident 
flux on a surface and is referred to as irradiance. 
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FIGURE 2.4 – Transverse electromagnetic modes, as resulting from Hermite-Gaussian solutions 

 

Its profile in the beam cross-section is described through the resonator mode 

or transverse electromagnetic mode (TEM) which is normally denoted as 

TEMmn where subscripts m and n stand for the number of minimum values in 

the irradiance distribution along generic orthogonal x and y directions, 

respectively [9]. With this rule, possible profiles of irradiance resulting from the 

Hermite-Gaussian solutions to the equation of electromagnetic propagation 

[28] are shown in figure 2.4. The fundamental TEM00 mode apply for any laser 

source featuring a beam with no minimum; its only irradiance peak locates on 

the beam propagation axis at the centre of the cross-section and a Gaussian 

transverse profile of irradiance is thus produced along any possible direction, 

thus regardless of the angular coordinate, as shown in figure 2.5. A laser 

operating on a single type of resonator mode, which is almost always a 

Gaussian one, is referred to as single-mode [23]. As a function of the r position 

from the cross-section centre, the irradiance distribution in a polar coordinate 
system has the form: 

(ݎ)ܫ  = ܫ ∙ ݁
ିଶቀோቁ

మ

 (2.3)

where I0 the peak irradiance and R the beam radius, which needs to be defined 
 

 

FIGURE 2.5 – Beam irradiance distribution as a function of distance from beam centre 
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in some way because the irradiance continuously decays to zero at a distance 

from the beam centre [28]. The common form (2.3) actually comes as a 

consequence of conventionally accepting the beam radius as being the finite 

distance where irradiance drops of e2 with respect to its peak [29], based on 

the second moment of the intensity distribution [23]. Thus: 

(ܴ)ܫ  =
1
݁ଶ ∙ ܫ = 0.135 ∙  (2.4)ܫ

Namely, the beam irradiance at the beam radius R falls to 13.5% of its peak; 

therefore, as much as 86.5% of the total irradiance is held within a circle of 
radius R. The beam diameter is eventually defined as twice the beam radius. 

2.5   LASER BEAM GEOMETRY 

In order to compare different laser sources, a general understanding of the 

nature of the laser output is needed. As shown in figure 2.6, any laser beam 

draws a rotational hyperboloid of one sheet [9]: moving along the propagation 

axis, it shows convergent geometry towards the beam waist, which is intended 

to be the location where the minimum diameter D0 or the beam focus 

diameter is achieved and the optical wave-fronts are flat [23]; then, the beam 

diverges again with symmetrical trend with respect to its focus. 

A reasonable approximation of the asymptotic variation of the beam radius 

expanding from the waist towards the far field is provided by a conical shape 

whose aperture angle θ is considered to be the beam divergence angle or the 

angular spread. The beam expanding from its waist gives rise to a caustic curve 
whose analytical expression [9] has the form: 

(ݖ)ଶܦ  = ଶܦ + ଶݖ ∙ ଶ (2.5)ߠ

 

 

FIGURE 2.6 – Symmetrical trend of beam propagation with respect to its waist 
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which gives the beam diameter D at a certain location z from the focus point, 

on the propagation axis, depending on divergence angles in the order of tenths 

of radians. Nevertheless, considering the approximation in the far field, the 
beam diameter at proper distance from the focus point can be obtained from:  

 
∞ܦ

2 ∙ ∞ݖ
= tan

ߠ
2 (2.6)

Hence, for small divergence angles, this yields: 

∞ܦ  = ∞ݖ ∙ (2.7) ߠ

If a lens focuses a laser beam, a new waist with different focus diameter as well 

as a new far field divergence angle are formed. This happens in a way that 

constancy is in place for their product, provided that ideal aberration free 

optics are used [5, 9]. Stronger focusing then leads to higher divergence angles 
[23]. In particular: 

ܦ  ∙ ߠ =
݇ ∙ ߣ
ܰ  (2.8)

where N is the refractive index of the material which light is travelling through; 

it is normally neglected for propagation through air [9], being it 1.0003. 
Therefore: 

ܦ  ∙ ߠ = ݇ ∙ (2.9) ߣ

On the other hand, light wavelength λ depends on the active gain for laser 

emission, whilst k is a constant to take account of the irradiance distribution 

whose mode then affects the beam geometry. Light wavelength depends on 

the energetic levels of the specific gain medium; corresponding values for a  
number of lasers are listed in table 2.1. As for k, a Gaussian beam yields: 

 ݇ீ =
4
(2.10) ߨ

and lower values are not possible due to diffraction effects. As a consequence, 
the resulting divergence angle θG is: 

ீߠ  =
4 ∙ ߣ
ߨ ∙ ܦ

 (2.11)
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TABLE 2.1 – Operation wavelengths and pumping sources for a number of lasers 

Gain medium Laser type Pumping source Operation wavelength [μm]

Excimer Gas Electrical discharge 0.193 ÷ 0.353

Nitrogen Gas Electrical discharge 0.337

Gallium nitride Semiconductor Electrical discharge 0.400

Ruby Solid state Flashlamp 0.694

Ytterbium glass Solid state Laser diodes 1.000

Ytterbium YAG Solid state Laser diodes 1.030

Neodymium glass Solid state Laser diodes 1.062

Neodymium YAG Solid state Laser diodes 1.064

Oxygen iodine Chemical Chemical reaction 1.315

Thulium YAG Solid state Laser diodes 2.000

Holmium YAG Solid state Laser diodes 2.100

Erbium YAG Solid state Laser diodes 2.940

Carbon dioxide Gas Electrical discharge 10.60

 

which is the lowest value a laser beam may ever achieve for a given waist 

diameter. Since a limit is thus imposed on the beam divergence, Gaussian laser 
beams are said to be diffraction-limited and are therefore deemed to be ideal.  

2.5.1   RAYLEIGH RANGE 

From the caustic equation (2.5), as well as from its asymptotic approximation 

in the far field (2.7), it is clear that low divergence angles allow to better 

restrain the diameter expansion along the propagation axis. Beams with very 

small angle spreads, such that their diameter is approximately constant over 

significant propagation distances, are called collimated beams. Nevertheless, in 

order to effectively weigh up the diameter constancy, a quantitative measure 

must be referred to. The Rayleigh range is usually considered, being it the 

distance from the beam waist, in the propagation direction, where the beam 

diameter expands although remaining below a threshold value Dh which is 
given by: 

ܦ  = ℎ ∙  (2.12)ܦ

where h is positive arbitrary [9]. The corresponding Rayleigh range zh is 
therefore obtained from the caustic equation (2.5): 

ݖ  =
ܦ
ߠ
ඥ(ℎଶ − 1) (2.13)



 20 V. Alfieri, “Disk laser welding of metal alloys for aerospace” 

Given the symmetry of a laser beam, the total distance for the beam to be 

considered as collimated is the double Rayleigh range, which is measured 

across the focal point and is referred to as the depth of focus or, according to 

older literature, the confocal parameter [23]. Equation (2.13) suggests that, 

irrespective of h, high divergence angles are detrimental for the purpose of 

collimation; moreover, it is not possible to benefit from both small focus 

diameter and large depth of focus at the same time. The most common value 

for h to determine the Rayleigh range is the square root of 2 because the 
doubling of the focus spot is thus produced. Then, equation (2.13) yields: 

ଶ√ݖ  =
ܦ
ߠ  (2.14)

and the caustic equation (2.5) alternatively becomes: 

(ݖ)ଶܦ  = ଶܦ ቆ1 + ଶݖ ∙
ଶߠ

ଶܦ
ቇ ⇒ (ݖ)ܦ = ܦ ∙ ඨ1 + ቆ

ݖ
ଶ√ݖ

ቇ
ଶ

 (2.15)

A much more restrictive value of 1.05 is used sometimes for h to calculate the 

distance over which the beam diameter spreads of 5% with respect to the 

focus. From a technological point of view, high depth of focus are desirable and 

often crucial for certain welding conditions because the threshold irradiance 

must be overcome through the entire thickness of the work-piece aiming to 

perform a deep penetrative welding; therefore, a depth of focus which is too 

short with respect to the thickness, may not be adequate to effectively 
perform the process [9]. 

As one may expect, the Rayleigh range is affected by the beam irradiance 

distribution also, since a dependence on the TEM profile is embedded in the 

Rayleigh range as a consequence of product constancy between D0 and θ, as 
shown in equation (2.9). Therefore equation (2.14) yields: 

ଶ√ݖ  =
ଶܦ

݇ ∙ (2.16) ߣ

The largest possible Rayleigh range is then achieved when considering a 
Gaussian beam, having it the lowest k value:  

ଶீ√ݖ  =
ଶܦ

݇ீ ∙ ߣ
=
ߨ ∙ ଶܦ

4 ∙ ߣ  (2.17)
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In this sense, the benefit of an ideal Gaussian beam is once again pointed out in 
terms of its depth of focus. 

2.5.2   BEAM DEPENDENCE ON THE FOCUSING OPTICS 

When a laser beam is delivered via optical fibre, as shown in figure 2.7, it 

expands as soon as it exits the cable, since it is no longer constrained by the 

internal light reflections within the fibre; therefore, it needs to be focused 

again. This is performed using a pair of lenses which are, in the order the beam 

meets them, a collimating one to align the beam and a focusing one to achieve 

smaller diameters [9]. With the assumption of aberration free optics, the 

product between the waist diameter and the far field divergence angle is the 

same when measured either at the collimating side or the focusing side. Being 

DF the fibre core diameter, which is actually the waist diameter at the 

collimating side, and θC the corresponding divergence angle, the constancy 
condition is written as: 

ிܦ  ∙ ߠ = ܦ ∙ (2.18) ߠ

In the case of light sources at infinite distance or reduced beam divergence, the 

distance between the lens and its corresponding focus point is roughly equal to 

the focal length. As the beam diameter DL between the lenses is achieved in 

the collimating far field at a distance fC from the focal point, as well as in the 
focusing far field at a distance fF from the focal point, equation (2.7) yields: 

ܦ  = ݂ ∙  (2.19)ߠ

ܦ  = ி݂ ∙ (2.20) ߠ

Hence, the far field divergence angles are in inverse proportion to the 

corresponding focal lengths:  
 

 

FIGURE 2.7 – Beam delivering via fibre cable and corresponding focusing scheme 
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 ݂ ∙ ߠ
ி݂ ∙ ߠ

= 1 ⇒ ݂

ி݂
=
ߠ
ߠ

 (2.21)

When combining this result with equation (2.18), the resulting downstream 
focus diameter D0 is found to be dependent on both the focal lengths: 

ܦ  = ி݂

݂
∙ ி (2.22)ܦ

so the beam is delivered with the fibre core diameter if lenses with the same 

focal length are employed. Interesting additional conclusions are drawn when 

considering the impact of the focusing lenses on the Rayleigh range, which is 
then given by equation (2.14): 

ଶ√ݖ  =
ܦ
ߠ = ܦ ∙

ி݂

ܦ
 (2.23)

This suggests that the proper focal length in the focusing optics must be chosen 

with respect to the process to be performed: as a consequence of equation 

(2.22), smaller focus diameters, and thus higher beam irradiances, are implied 

by a shorter fF which, on the other hand, imposes a shorter depth of focus and 
a higher angle spread. 

2.6   BEAM QUALITY 

Different ways are commonly used to refer to laser beam quality, which 

essentially is a measure of how tightly a laser beam can be focused with limited 

beam divergence. Indeed, narrow spots are crucial to prevent irradiance 

reduction for all of the applications such as printing, marking, welding, cutting 

and drilling where strong focusing of the beam is required [23], with the 

exception of variable gapped seams which are difficult to be tracked so that a 

wider beam would be easier and more reliable to be used [5]. On the other 

hand, surface treatments are less critical since larger spots are required; poor 
beam qualities are then satisfactory anyway. 

The index which is normally used to refer to beam quality is the beam 

parameter product (BPP), being it the product of the beam radius R0 at the 
beam waist with the far field beam divergence half-angle α: 

ܲܲܤ  = ܴ ∙ ߙ =
ܦ
2 ∙

ߠ
2 =

ܦ ∙ ߠ
4  (2.24)



 Laser optics and quality 23 

which makes sense because it has been proven that constancy is in place for 

any given beam for the product between the focus diameter and the 

divergence angle, although non ideal optics can spoil the beam quality and thus 
increase the BPP. Hence, considering equation (2.9): 

ܲܲܤ  =
݇ ∙ ߣ

4  (2.25)

Usual units for BPP are millimetres times milliradians; non circular beams 

provide different values for BPP depending on the considered direction to 

measure the spot contour. For the purpose of beam quality, the higher is the 

BPP, the lower is the beam quality. Alternatively, focusability φ is intended to 

be the ability to achieve a small focus diameter with a given optical element; it 
is defined as the inverse BPP [30]: 

 ߮ =
1

ܲܲܤ =
4
ߠܦ

 (2.26)

Ideally, considering the divergence angle of a Gaussian beam in equation 
(2.11), the smallest possible value for BPP is given by: 

ீܲܲܤ  =
ܦ ∙ ீߠ

4 =
ܦ
4 ∙

4 ∙ ߣ
ߨ ∙ ܦ

=
ߣ
(2.27) ߨ

Since the output from real lasers is unfortunately not truly Gaussian, although 

very close, an additional beam quality index, the so called M2 factor or beam 

propagation parameter, is introduced to accommodate this variance [28, 29]. It 

is defined as the laser BPP divided by the corresponding ideal BPP of an 

equivalent Gaussian beam with the same wavelength; it is therefore a 
dimensionless quantity. Considering equation (2.27): 

ଶܯ  =
ܲܲܤ
ீܲܲܤ =

ܲܲܤ
ߣ
ߨ

=
ߨ ∙ ܲܲܤ

ߣ =
ߨ ∙ ݇

4  (2.28)

In this sense, M2 takes account of the deviation of a laser beam from a 

theoretical Gaussian one which yields: 

ଶܯ  = 1 (2.29)

Lower values are not possible: for high energy lasers, the M2 factor can be as 

high as 1000 [23]. A relation is drawn between M2 and the divergence angle 
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when combining equations (2.4) and (2.8): 

ߠ  =
4 ⋅ ߣ ⋅ ଶܯ

ߨ ∙ ܦ
 (2.30)

The laser spread then depends on the irradiance distribution: the higher is the 

M2 factor, the lower is the beam quality, since higher divergence angles are 

obtained, other parameters being taken as constant. This has obvious impact 

on the Rayleigh range as well, which is decreased by the M2 factor with respect 

to the corresponding value of a Gaussian one [23] for those beams with 

imperfect beam quality. Indeed, when considering its form in the equation 
(2.14), the Rayleigh range becomes: 

ଶ√ݖ  =
ܦ
ߠ =

ܦ
4 ⋅ ߣ ⋅ ଶܯ

ߨ ∙ ܦ

=
ߨ ∙ ଶܦ

4 ∙ ߣ ∙
1
ଶܯ =

ଶீ√ݖ
ଶܯ  (2.31)

Although smaller fibres for beam delivery produce less degradation of beam 

quality, it has been pointed out that the minimum fibre core diameter to be 

used is in direct ratio with the beam propagation parameter, any other factor 
taken as constant [27]. 

For certain industrial applications, the generation of high power is not enough, 

as high brightness is required [31]. With respect to laser technology, brightness 

B is a measure of the maintenance of intensity while a beam propagates from 

its focus; it is intended in a quantitative sense and is generally understood as 

being equivalent to its radiance, which is the total power P divided by the 
product of the focus area A0 and the solid angle Ω in the far field [23]: 

ܤ  =
ܲ

ܣ ∙ Ω
 (2.32)

Brightness is usually expressed in watts per square millimetres per steradians. 
It can be related to M2 since: 

ܤ  =
ܲ

ߨ) ∙ ܴଶ) ∙ ߨ) ∙ (ଶߙ =
ܲ

ଶߨ ∙ ଶܲܲܤ =
ܲ

ଶߣ ∙ ସ (2.33)ܯ

and is therefore considered to be a better indicator compared with raw power, 

because high brightness means high power at good beam quality. Hence, high 

quality is crucial when power is limited and high irradiances are required 



 Laser optics and quality 25 

anyway [27]. Although the output power is lower than the pumping one, laser 

beams resulting from gain medium pumping show much higher brightness 

compared with the pumping source; in this sense, lasers are usually referred to 
as brightness converters [23]. 

2.7   LASER EFFICIENCY 

Performances of optically pumped lasers are judged in terms of efficiency, and 

their power is compared [32]. When considering the total expense of a laser 

system in terms of electricity bill, the wall-plug efficiency has to be referred to, 

being it the total electrical-to-optical power efficiency. Taking the term 

seriously, the electrical power should be measured at the wall-plug, so that the 

efficiency includes both losses in the power supply and any power term for 

cooling, which can be significant for high power lasers. Hence, the demands on 

electrical installations and in turn the size of the overall system are reduced 

when higher wall-plug efficiencies are in place. However, it is common practice 

to account the wall-plug efficiency as based on the electric power to the laser 
diodes, thus neglecting the actual wall-plug [23]. 

Purely considering the optical features, the slope efficiency or the differential 

efficiency is alternatively defined as the slope of the curve of laser output 

versus pumping power; usually, once crossed the threshold pumping power, 

the curve is close to linear, so that slope efficiency as a single number 

effectively makes sense. The output power trend as a function of the pumping 

power is shown in figure 2.8. The threshold pumping power is 5 kW and the 

slope efficiency is 50%: this leads to 0.5 W additional output for each additional 

watt of pumping power above the threshold.  
 

 

FIGURE 2.8 – Output power trend as a function of the pumping one 
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FIGURE 2.9 – Optical-to-optical laser efficiency as a function of the pumping power 

 

However, non linear curves can result under certain circumstances, for 

example when considering a quasi-three-level gain medium; furthermore, a 

laser may even stop working for too high pumping powers, when the stability 

zone of the laser resonant cavity is left, due to excessive thermal lensing effect. 

In case of such non linear curves, the slope efficiency is often determined via 

approximation. The optimization of the laser output power for a given pumping 

power usually involves a trade-off between high slope efficiency and low 
threshold pumping power. 

The raw ratio of the output power to the pumping power is the optical-to-

optical laser efficiency; the resulting shape of the curve is given in figure 2.9 

and depends on the slope efficiency as well as on the threshold pumping 
power. 

2.8   THIN DISK LASER CONCEPT 

The thin disk laser is a diode-pumped solid state laser, since its base concept 

rely on a solid state gain medium which is pumped via diodes [20, 31]. As for 

any other high power solid state laser, the challenge in designing a successful 

device is how best to deal with the inevitable generation of waste heat as a 

consequence of the pumping process. Inadequate thermal management results 

in imposing a limit on the laser output power and deterioration of beam quality 

[31]. Indeed, non uniform deposition of heat is typical of diode-pumped solid 

state lasers, so temperature gradients are set up through the gain medium 

which is hotter on the beam axis, compared with the outer regions [32], 
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temperature dependent [23]. A thermal lensing effect is then induced because 

PUMPING POWER [W]
0 5 10 15 20 25

0

20

40

O
P
T-

O
PT

 E
F
F
IC

IE
NC

Y 
[%

]



 Laser optics and quality 27 

the gain medium acts as a real lens, thus increasing the beam divergence. 

Additionally, thermal gradients are also reason for differential thermal 

expansion within the gain medium: bulging faces are produced in cylindrical 

rod or slab laser, with consequent enhanced lensing effect and thermal 

stresses which eventually lead to thermally induced fractures in the gain 
medium [31]. 

2.8.1   ARCHITECTURE 

In order to mitigate the detrimental consequences of heating up the gain 

medium, intensive research over a number of years has been conducted both 

on geometry and materials. It has been pointed out that the distance the heat 

must flow through the gain medium must be reduced, as far as possible; 

moreover, a geometry which would minimize the effect of any optical change 
in the laser field must be chosen. 

The thin disk laser design arises as natural consequence: the core concept of 

the principle is a thin and disk-shaped gain medium. A short axial dimension is 

achieved in comparison with the radial extent: the disk is 100 to 200 μm thick, 

depending on the specific material of the gain medium [20]; the diameter 

ranges from 10 to 20 mm instead, depending on the power level [22]. The 

pumping beam, whose spot diameter is significantly larger than the thickness 

of the disk [31], is incident on a large gold-coated parabolic mirror which 

provides longitudinal excitation of the disk and allows beam propagation 
downstream via its on axis hole. 

A side view for the architecture of a thin disk laser system is shown in figure 

2.10. The disk is fasten to a heat sink which provides cooling by water 

impingement thanks to several nozzles inside [33].  
 

 

FIGURE 2.10 – Thin disk laser design: side view for architecture and pumping 
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Hence, cooling of the disk occurs through the back-side flat face which is also 

used as the ending mirror in the resonant cavity and is properly coated to be 

highly reflective at both the pumping and laser wavelengths, whilst the other 

face is provided with an anti reflective coating to both wavelengths [31], so 

that the disk behaves as an active mirror itself [23]. 

The advantage which naturally comes when cooling through a large face of a 

thin slice of material is that the ratio of the cooled volume to the cooling 

surface area results to be small, as indeed is the distance the heat must flow to 

reach the heat sink. In such this shape, the gain medium is aggressively cooled: 

since the direction of the heat flow is parallel to the short axis of the disk, the 

heat load is uniform in the transverse direction where, as a consequence, the 

excursions of temperature are minimized; this results in purely axial gradients 

which in turn imply the intra cavity field experiencing no thermal lensing [31]. 

Compared with a rod laser geometry, where cooling is essentially managed in 

the radial direction [32], variations in the refractive index profile are reduced 

by more than one order of magnitude [20], with minimal distortions of the 
wave-front [21]. 

Issues of thermal expansion within the gain medium are not removed at all 

because cooled and non cooled surfaces still experience different thermal 

fields, as a consequence of axial temperature gradients. This leads to bowing 

the disk and hence to a curved resonator mirror which is the dominant effect 

of the thermal distortion affecting the laser emission in the effective absence 

of classical thermal lensing effect [31]. It is clear that fastening of the disk to 

the heat sink is the key engineering step in the manufacture of the resonant 

cavity; it is equally clear that extensive discussions about the topic are not 

available in open literature. Nevertheless it has been suggested that indium-tin 

or gold-tin solders are being used in the highest power systems to join the disk 

to the heat sink: a very stiff fixation without deformation of the disk is 

obtained. Furthermore, in order to reduce any possible stress during and after 

the soldering process, the heat sink is made of a heat expansion matched Cu-W 

based alloy [33]. Additionally, in order to facilitate the joining, few dielectric 
layers are usually employed for back-side disk coating [31]. 

2.8.2   GAIN MEDIUM 

Several materials were considered in research to manufacture the disk laser 

gain medium. Convincing results were achieved exploiting ytterbium (Yb), 
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which is a bright, soft, silvery-white metal in the group of rare earth elements. 

Solid state gain medium with interesting optical properties are obtained when 

ytterbium is used as doping agent in a synthetic crystalline material such as 

yttrium aluminum garnet (YAG), thus resulting in Yb:YAG laser sources [31, 33] 

with 1.03 µm emitted wavelength (cf. table 2.1), which is therefore outside the 

visible spectrum for the human eye. A pumping wavelength of 0.94 µm is 

generally used [23]. Typical doping concentrations in rare earth doped crystal 

are specified in atomic molar percentage (at.%) of the doping element [23]; an 
optimal 9 at.% concentration was suggested for Yb:YAG disk-lasers [20, 31]. 

A primary advantage is achieved with ytterbium doping since heat loading in 

the gain medium is almost three times lower compared with neodymium (Nd) 

doping [31]; moreover, benefits result from no parasitic effects such as up-

conversion fluorescence, which takes place when the emitted wavelength is 

shorter than the exciting one; and cross relaxation, which is due to part of the 

energy of an excited electron being transferred to another one in the ground 
state, so that both electrons end up into an intermediate level [23]. 

However Yb:YAG gain medium is a quasi-three-level system; therefore high 

power densities are needed for the pumping process to reach the lasing 

threshold [34]. Moreover, depending on the thickness and the doping level of 

the disk, only a small fraction of the pumping radiation is absorbed [34]. The 

specific architecture of the resonant cavity allows to overcome the issues and a 

scheme of multiple pumping beam passes through the disk is used. Indeed, 

thanks to steering optics, unabsorbed pumping radiation is collimated again on 

the opposite side of the parabolic mirror, then focused onto the disk, from 

another direction. Theoretically, the process can be repeated until all of the 

virtual positions of the parabolic mirror have been used, so that 16 to 32 

passes of the pumping radiation through the disk are realized and more than 
90% of the diode power is absorbed. 

The limit for the possible number of pumping passes is given by the diodes 

beam quality which determines the beam diameter on the parabolic mirror and 

hence the number of positions on the mirror which can be effectively used for 

redirection. The better is the beam quality of the pumping diodes, the higher is 

the number of possible pumping passes and the higher the total optical-to-

optical efficiency of the thin disk laser [20]; as a consequence, the thickness of 

the disk can be further reduced as well as the ytterbium doping concentration 
[20, 31]. 
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2.8.3   ADVANTAGES 

Each component of the optical beam path from the laser source to the focusing 

optics contribute to the overall reliability of the application in its specific 

industrial environment. In this sense, thin disk lasers provide higher level of 

reliability and are then integrated in many production lines [22]. Indeed, diode 

pumping is considered to be a prime key advantage over lamp-pumped lasers, 
as longer lifetime of the pumping devices is benefited [23]. 

Moreover, as a consequence of multiple pumping beam passes through the 

disk and the specific architecture of the resonant cavity, so that light leaks 

around the mirrors are not amplified, any loss within the optical resonator is 

reduced [24]. Therefore, lower electrical power supplies are needed: this 

results in high wall-plug efficiency, in the order of 25% for industrial lasers with 

8 kW output power; more than 5.3 kW have been achieved with a maximum 
optical-to-optical efficiency of 65% [33]. 

With respect to a mere technical point of view, the raw output power must be 

considered and adequately improved. Power scaling in laser design involves 

any procedure to achieve substantially increase in the optical output [23]. As 

no classic thermal lensing effect is experienced in the disk, the primary thermal 

limitation to power scaling is removed [31]: since the first demonstration of the 

principle, the output power of one single disk could be increased to more than 

5 kW in continuous wave operation indeed. By arranging a series of four disks 

in the same resonator, an output power extraction of more than 9 kW is 

benefited [20, 22].  
 

 

FIGURE 2.11 – Laser output power and optical efficiencies as function of pumping spot diameters 
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FIGURE 2.12 – Beam parameter product versus M2 values for a number of lasers 

 

However, in general, simple power scalability in single disk lasers sources is 

achieved just by increasing the pumping beam diameter, with no need for 

increase in diode brightness; laser power results for 16 pumping beam passes 

of different spot diameters between 1.2 and 6 mm onto a 9 at.% doped Yb:YAG 

disk are shown in figure 2.11. The slope efficiency and the optical-to-optical 

efficiency curves are similar among the examined conditions; nevertheless, 

being the lasing threshold proportional to the pumped area on the disk, it 
increases with increased pumping spot diameter [20]. 

In terms of beam quality, for a better comparison of laser sources, beam 

parameter product versus M2 values for a number of laser types are shown in 

figure 2.12, so to simultaneously consider both the operation wavelength and 

the irradiance distribution. Due to longer wavelength, it is clear from equation 

(2.25) that CO2 lasers have a larger BPP than both ytterbium or neodymium 

solid state lasers, but still compare favourably with lamp-pumped systems [23]; 

anyway, thin disk Yb:YAG lasers noticeably offer the best BPP to M2 coupling. 

Larger Rayleigh ranges are then achieved: this allows to get a reproducible 

weld which does not depend on perfect control of the focus position [26]. Since 

working distances increase when compared with classical laser systems with 

insufficient focusability, thin disk lasers devices enable highly productive 

techniques such as remote welding where rapid beam deflections are used to 

reduce any non productive idle time during laser movements from one welding 

spot to the next one [20]; increased production speed is then achieved and the 
total processing time is estimated to decrease by a factor of three [22]. 
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TABLE 2.2 – Technical data and resulting quality features for comparison of laser devices  

Trumpf Haas HL-2006 D 
BEO D25 focusing optics 

 
Trumpf Tru-Disk 2002

BEO D70 focusing optics

Nd:YAG Gain medium Yb:YAG

Lamp-pumping Exciting source Diode-pumping

1.064 Operation wavelength [μm] 1.030

2.0 Maximum output power [kW] 2.0

30 BPP [mm × mrad] 8

90 Beam propagation parameter M2 24

2.2 Brightness [105 W mm-2 sr-1] 33

600 Delivery fibre diameter [μm] 300

200 Focal length of the collimating lens [mm] 200

100 Focal length of the focusing lens [mm] 200

300 Focus diameter [μm] 300

0.75 Rayleigh range [mm] 2.8

 

Furthermore, larger working distances also allow to protect the optics against 

debris and fumes [23]. It has also been suggested that a higher beam quality 

allows to use small compact optics which are helpful in processing any part in 

locations which are difficult to access as well as in assembly lines. To eventually 

quantitatively translate these conclusions, technical data with resulting quality 

features for two laser welding devices are listed in table 2.2. Beams are both 

delivered via optical fibre; different gain medium and focusing optics are used, 

the Trumpf Tru-Disk 2002 with BEO D70 optics having an edge on the other in 
terms of beam quality. 

2.8.4   DISK LASER VERSUS FIBRE LASER 

Both cutting and welding application in laser material processing had been 

dominated by CO2 sources, before thin disk and fibre lasers spread over [26, 

35]. Marked advantages are benefited, although a number of aspects are 

involved in a detailed comparison of thin disk versus fibre, since specific 
features can be essential in some cases but insignificant in others [23]. 

In fibre lasers, a rare earth element is doped into the core of an optical fibre; as 

an example, a Yb:quartz gain medium results. The emission is thus produced 

within the fibre itself using a semiconductor diode as pumping source. Hence, 

although the basic architecture is different, both the thin disk laser and the 

fibre laser are diode-pumped solid state; moreover, both are delivered via 
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optical fibre, both are compact with small footprint and both have excellent 

BPP and wall-plug efficiency in similar order of magnitude, although it has been 

reported [23] that a diffraction-limited Gaussian beam is closely approached by 
fibre lasers. 

For industrial applications, both the systems are capable of being used in non 

monolithic shape, since the beam is delivered through plug-and-play process 

fibre. Nevertheless, only the disk laser is truly modular with open architecture, 

so upgradability is feasible with no splicing and there are no potential failure 

modes which require factory repair. Thousands of splices, such as single 

emitter diodes and beam combiners, are needed in fibre lasers instead and, 

although it has been suggested that an easier coupling to the beam delivering 

fibre is benefited [26], repairing is affected because some failure modes can 

only be repaired at the factory, thus leading to extended downtime; in 

addition, due to peculiar architecture, the system is sensitive to back reflection 

from metals with low absorptance. Eventually, the best choice is deemed to be 
application driven. 





3 

PROCESSING DYNAMICS 

3.1   INTRODUCTION 

Laser welding is the result of a delicate balance between heating and cooling 

within a spatially localized volume. A number of parameters are involved. The 

leading variables are laser power and welding speed because they determine 

the rate of the energy input to the work-piece [2]. The power to speed ratio is 

usually referred to as the thermal input, with the assumption of laser input 

power being fully absorbed; reflection and transmission effects are usually 
neglected [8]. 

Basic relationships are in place among laser power, welding speed and 

penetration depth. In particular: any increase in laser power at constant 

welding speed yields a proportional increase in penetration depth; any 

increase in welding speed at constant laser power results in a corresponding 

decrease in penetration depth or even lack of fusion [10]; for a given 

penetration depth, the welding speed scales with laser power. These rules are 
analytically summed up [2] in simple regression in the form: 

 
ܲ

ݏ ∙ ܦܲ = ܽ +
ܾ
ݏ  (3.1)

where P is the laser power, s the welding speed, PD the penetration depth, a 

and b fitting parameters which depend both on the material and the laser 

source. Wider descriptions are needed in order to prevent inaccurate 

predictions; unfortunately, the correlation is usually found on a case-by-case 
basis and takes account of additional factors to be discussed in the following.  
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3.2   LASER WELDING MODES 

Once the beam energy is absorbed in the material, an increase in temperature 

is obtained and a weld pool is produced. The evolution of the process depends 

on the irradiance being supplied and two fundamental modes of laser welding 
are possible: conduction welding and key-hole or deep penetrative welding. 

The surface of the weld pool remains unbroken during conduction welding, 

whilst it opens up to allow the laser beam to deeply enter the material in key-

hole welding mode [2]. Significantly different bead cross-sections are thus 

produced, as shown in figure 3.1. Conduction welding is commonly used both 

for metals and polymers; on the other hand, although being the most diffused 

mode in any welding technology where high heat input sources are employed, 

key-hole is specifically carried out on metals [9]. Referring to conduction 

welding, when low irradiance is delivered, the weld pool is similar to the 

corresponding one in conventional technologies such arc welding or oxy 

acetylene welding; given the relative movement between the beam and the 

work-piece, the weld pool seems to travel with the beam along the welding 

direction. The bead cross-section is nearly half circular, with resulting equal 

depth and width, as a consequence of the specific heat transfer mode which is 

in place during the process [2]. The convective patterns resulting in the weld 

pool are usually neglected, given the small amount of fused metal. High 

conductivity is normally preferred as general requirement in order to ease the 
heat transfer [9]. 

A higher irradiance produces a key-hole welding mode where vaporization 

occurs in addition to fusion. Therefore, a deep narrow hole is produced within 

the material [9], the fused walls sealing up behind it [5] as a consequence of 

high vapor pressures. The absorption of the laser beam significantly increases 

due to multiple reflections inside the hole, thus providing efficient welding 

even when considering highly reflective metals [10].  
 

 

FIGURE 3.1 – Cross-section as produced in conduction welding and key-hole welding 

CONDUCTION WELDING KEY-HOLE WELDING
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FIGURE 3.2 – Penetration depth as a function of beam irradiance: conduction to key-hole transition 

 

Heat is transmitted in depth through Fresnel absorption, which takes place 

within the fused material, and inverse bremsstrahlung absorption of plasma. In 

particular, on the top of the key-hole, the absorbed intensity is mainly decided 

by inverse bremsstrahlung, whilst Fresnel absorption rules at the key-hole tip 

[36, 37]. Bead quality is enhanced because vigorous mixing occurs in the 

molten metal as welding develops. Convective patterns in vortex structure 

start from the top of the weld surface heading towards the tip [5]: much more 

uniform chemical compositions are then achieved in the weld pool compared 
with conduction welding. 

Once the beam has left the welding zone, quick solidification of the material 

occurs. The resulting bead shape-factor, which is commonly defined as the 

depth to width ratio, is significantly higher compared with the conduction 

mode; values of 10:1 are not uncommon [9]. Nevertheless, intermittent closure 

of the key-hole during the process may result in porosity as a consequence of 

gas entrapment [38]; in this sense, conduction welding offers less perturbation 
to the system [2]. 

Since vaporization occurs once a threshold temperature is overcome, a specific 

irradiance is required for the conduction to key-hole mode transition. In order 

to better describe the process, the evolution of the welding process when 

increasing irradiance is being supplied as a consequence of increasing laser 

output power, must be considered. In particular, the conduction welding mode 

is in place with low irradiance, the bead cross-section exhibiting low shape-
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factor; the bead size increases both in depth and width with increasing laser 

power, so no significant changes result in the shape-factor. Nevertheless, a 

sudden increase in depth is produced with no simultaneous increase in width 

once a threshold irradiance is overcome: the key-hole welding mode has then 

started, this leading to higher shape-factors. Threshold values do not depend 

on the welding speed which, in turns, scales the bead shape; on the other 

hand, although a dependence is expected on the material being welded, it has 

been found that a 106 W/cm2 irradiance has to be provided for steels to be key-

hole welded [9] and the same value is usually considered for transition when 

welding aluminum and titanium alloys [38, 39] also. A qualitative trend for 
penetration depth as a function of irradiance is then shown in figure 3.2. 

A change from one welding mode to the other can be produced by tailoring the 

laser irradiance, while the process is being carried out: the weld can be started 

in the conduction mode and then later converted to key-hole; computer 

control of laser power allows to manipulate the interaction in order to optimize 

the properties of the weld [2]. The transition comes with noticeable 

phenomena, since yellow and red light turns into a white and blue one when 
key-hole welding prevails over conduction [9]. 

3.3   KEY-HOLE INSTABILITY 

A key-hole is basically an unstable structure which may result in spiking, that is 

the occurrence of unwanted fluctuations in penetration depth [40]: the highly 

non linear nature of the interaction between laser and material lead to rapid 
growth of the amplitude of the fluctuations [2]. 

Several models have been proposed in order to describe how these instabilities 

arise. As initial simplification, the motion of the key-hole through the work-

piece is neglected and a stationary key-hole is then considered; furthermore, a 

blind hole is referred to [2], so a condition of incomplete penetration is 

modeled. As the welding process develops, the equilibrium is maintained 

through a pressure balance. Metal vapor acts with its vaporization or ablation 

pressure pv on the liquid phase; radiation pressure pi is produced by direct 

laser irradiation on the metal: they both tend to keep the key-hole open, 

whereas restoring additional pressures must be held back. Indeed, being pg the 

hydrostatic pressure which results as a consequence of fluid action on a 

generic surface, ph the hydrodynamic pressure which is provided by liquid 
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motion around the key-hole, and pσ the surface tension to expand a liquid, the 
pressure balance is written in the form: 

௩  +  =  +  + ఙ  (3.2)

all of the terms depending on penetration depth and hole radius. The 

contributes of radiation, hydrostatic and hydrodynamic pressures are small 

when considered in their functional form, being them two order of magnitude 

lower compared with both the vaporization pressure and the surface tension 
[41]. The balance then yields to: 

௩  ≈ ఙ  (3.3)

and determines the stability condition of the key-hole. Let σ be the surface 

tension coefficient, ρ1 and ρ2 the principal key-hole radii of curvature; hence pσ 
is given by: 

ఙ  = ߪ ∙ ൬
1
ଵߩ

+
1
ଶߩ
൰ (3.4)

Here ρ1 is the equilibrium key-hole radius, whilst ρ2 has to be measured on the 

hole surface which lays in the direction of laser propagation. The latter is 

larger, except when measured at the tip of the key-hole, where both radii are 

small and hence comparable; therefore the surface tension term actually 

reaches its highest at the tip of the key-hole, both radii being at their smallest, 

and then decreases with increasing ρ1 along the key-hole axis towards the 
beam entrance [40]. 

The evaluation of a trend for vaporization pressure is not easy, due to the 

formation of a Knudsen layer, whose thickness is several mean free paths, 

where redeposition of material may occur thus effectively reducing the 

vaporization rate, as a function of temperature [2]. Nevertheless, self-

consistent solutions have been numerically obtained [41]: it has been found 

that the vaporization pressure first increases with increasing key-hole radius 

which allows more of the incident power to enter the hole and enhance the 

ablation; then, due to the assumed Gaussian beam profile, the vaporization 

pressure decreases once a certain radius is achieved as a larger key-hole allows 

the laser beam to pass through the hole without effectively heating the walls, 

hence reducing vaporization [2]. Based on these conclusions, a deeper 
discussion on the pressure balance is now possible. 
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FIGURE 3.3 – Key-hole pressure balance: surface tension and vaporization pressure trends 

 

Referring to equation (3.3) and figure 3.3 where surface tension and 

vaporization pressure trends are shown as a function of key-hole radius, two 
solutions are found. 

Point N1 represents a condition of unstable equilibrium: indeed, a decrease in 

the key-hole radius yields an increase in surface tension whilst vaporization 

pressure decreases, such that the overall tendency is in closing the hole, thus 

hindering the process; similarly, an increase in the key-hole radius yields an 

increase in vaporization pressure as well, while surface tension decreases and 

the hole continues to expand. Conversely, point N2 represents a condition of 

stable equilibrium because any change in its nearness results in a restoring 

force. Therefore, any motion in the key-hole walls affects the interaction with 

the incident beam and the pressure variation. It has to be expected the key-

hole radius to oscillate towards its stable solution. Actually, a range of 

characteristic mechanical vibration modes occur, depending on the gas flow 

within the hole, both key-hole diameter and depth, total liquid amount, 

material features, instability in laser intensity as well as boundary conditions 
both at the key-hole input and exit [2].  

The range between the solution points depends on the power to depth ratio 

[41] and no solutions are possible below a threshold value, due to the 

threshold irradiance which is required for the key-hole to develop instead of a 

conduction welding mode. As the power to depth ratio decreases towards this 

minimum, the solutions become increasingly unstable as the N1 to N2 gap 
approaches zero: in this range, the penetration depth would fluctuate. 
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Although several assumptions are in place, many of the properties of the key-

hole in laser welding at low speeds are successfully reproduced by this model 

and the dynamic effects of perturbations on the solution can be effectively 

estimated. It has to be considered that when referring to higher speeds which 

are quite common in laser welding processes, the hole rotational symmetry 

about the laser propagation axis is lost: in this case, the leading edge of the 

key-hole differs from the trailing one and curves back towards the weld [2]; a 

bent and elongated hole results, as theoretically determined by means of 
polynomial fitting [36]. 

3.4   GAS SUPPLY 

Three gases are required in general to address different tasks in laser welding: 

the shielding gas for air displacement on the welding zone to prevent 

atmospheric contamination of the fused metal before solidification and 

consequent severe loss of ductility; the assisting gas to remove plasma; and the 

compressed air cross-jet to be blown at the laser beam exit, at a proper height 

which would not interfere with fusion and gas shielding, in order to protect the 

optics from vapors and metal spatters [18]. Additionally, root shielding is 

required for the back-side when deep penetrative welds are produced [10]; 

however, when welding inside narrow devices, bead shielding may naturally 
result from metal vapor itself, so no supplementary flux would be needed [18]. 

A basic scheme for the suggested set-up is shown in figure 3.4; minor changes 

apply depending on the metal being welded and the joint geometry. The  
 

 

FIGURE 3.4 – Basic scheme for laser welding set-up 
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extent of the welding zone to be gas shielded must be increased for reactive 

metals such as titanium, niobium or zirconium, being them particularly 
sensitive to air contamination when in fused state. 

When providing high irradiances as required for metal welding, laser beams 

interact with both the metal vapors and the shielding gas, thus inducing a cloud 

of plasma above the joint. This plume may hinder the optimal energy transfer 

from the beam to the pieces to be welded [10]. Plasma is indeed a thermally 

excited state of matter where a certain portion of molecules or atoms are 

ionized as a consequence of heating up [42]; the required energy to remove 

electrons and produce plasma is typically measured in electron volt units and is 

referred to as the ionization potential. In this sense, it is deemed to be an 

indicator of reactivity. It depends on the atomic orbital; in particular, the first 

or initial ionization potential is required to remove the most loosely bound 

electron from a gaseous atom and has therefore to be considered in order to 

compare the aptitude to produce plasma. Values of first ionization potential for 

common gases and metal vapors [5] which are often involved in laser welding 
are listed in table 3.1. 

Suppression of plasma over the welding zone is critical in order for the laser 

beam to reach the joint with minimal interruption, thus improving the bead 

quality and enhancing uniformity in penetration depth. Otherwise, the beam 

energy would be absorbed outside of the key-hole [43] because a highly grown  
 

TABLE 3.1 – Values of first ionization potential for common gases and metal vapors 

Material First ionization potential [eV]

Helium 24.46

Argon 15.68

Neon 15.54

Nitrogen 15.51

Carbon dioxide 14.41

Water vapor 12.56

Oxygen 12.50

Iron 7.83

Magnesium 7.61

Nickel 7.61

Manganese 7.41

Chromium 6.74

Aluminum 5.96
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plume affects the refractive index over the specimen being welded, so that the 

laser beam is consequently defocused, deflected, refracted or inclined [44]. 

Not surprisingly, it has been proven that a reduction in penetration depth 

would result from very low speeds, due to enhanced vaporization with 

consequent amount of plasma and attenuation in the incident laser beam [10]. 

Therefore, several techniques have been developed to remove plasma from 

the welding zone or, alternatively, to reduce it. Pulsing laser power at high 

frequencies above 1 kHz was proven to be effective in reducing plasma 

formation with CO2 lasers [10]. However, common feature in laser welding 

systems is an auxiliary jet of gas flowing coaxially with the laser beam or 

impinging on the laser focus from the side [2, 5]. It is not unusual to have both 

coaxial and side copper nozzles [2, 45]. Under certain conditions, the 
transverse flow of assisting gas may also act for plasma blow [18]. 

3.4.1   GAS CHOICE 

A gas which is even slightly reactive with the weld metal may result in a thin 

oxide film [5]. Inert high purity gases such as argon, helium and nitrogen are 

therefore required for the sake of beam quality. Since low impurities are 

usually residual, a code is considered to designate the gas supply: the chemical 

symbol of the gas is followed by two figures, the first one accounting for how 

many 9 write the purity volume percentage, plus the last figure of the 

percentage itself [18]. As an example, He 4.6 is the code for 99.996% in volume 
pure helium. 

Interestingly, the bead cross-section is strongly influenced in shape by the 

specific gas [18], as shown in figure 3.5 for key-hole welded metals. It is clear 

anyway that any gas to be supplied for shielding or assistance must be chosen 

referring to its ionization potential and the processing temperatures. Helium is 

preferred, in spite of its price, as the best choice in laser welding, having it a 
 

 

FIGURE 3.5 – Shielding influence on bead cross-section for typical inert gases 
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higher ionization potential, thus being more resistant to plasma formation [2]: 

the plume hence only consists in metal vapors from the key-hole inlet, whilst 

additional shielding gas plasma is formed when using argon or nitrogen [44]. 

Conversely, underneath shielding in deep penetrative welding beads is 

performed with cheaper gases such as argon, nitrogen or carbon dioxide since 

no interaction is in place between the laser beam and the gas [5]; helium must 

be preferred when possible anyway, as it raises to the surface of the work-

piece when introduced from below [2]. Nevertheless, argon normally provides 

an ideal compromise between effectiveness and economic needs in industrial 

environments. Counterproductive low density affects high ionization potential 

gases, so high consumption rates result as they rapidly spread compared with 

heavier gases [18]; furthermore, they may not be adequate for effective air 

displacement under certain welding conditions where the process is being 

conducted at high speeds. Therefore, mixture of different gases, such as 90% 

helium with additional 10% argon, are usually employed in critical processing 
conditions [46]. 

3.4.2   GAS SUPPLY DEVICES 

Special care is normally required for nozzle positioning and geometry for gas 

supply when designing a shielding and assisting device for laser welding [47]. In 

particular, any system for gas supply must give total coverage of the bead; 

laminar fluxes which would not result in vortexes or waves on the weld pool 

must be provided, otherwise air would be driven into the welding zone, thus 
affecting the bead quality [5, 18]. 

Flow effects are a strong function of nozzle geometry; therefore a variety of 

designs for nozzle have been developed [2]; furthermore, a variation in the 

environment pressure of both the assisting and shielding gas has a significant 

effect on penetration, particularly at very low pressures [5]. The assisting gas is 

usually delivered with a tilting angle of approximately 30 to 60° with respect to 

the work-piece surface [10]; flow rates commonly range from 10 to 40 l/min, 

depending both on the material being welded and the processing speed; the 
highest rates are usually employed for high speed welding, up to 150 mm/s [2]. 

In order to perform optimal shielding, a proper waiting time must be set before 

starting the welding process, so to allow the gas to adequately prepare the 

welding zone. Once the laser beam has been switched off, gas shielding must 

be further supplied for additional but shorter waiting time, as to prevent 
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oxidation of the weld pool. Beam discoloration is deemed to be a good 

indicator [48]: no shielding at all on titanium alloys results in grey discoloration, 

whilst blue or yellow spots reveal improper flow rate or device positioning; 
appropriate shielding produces uniform, smooth and shiny beads [18]. 

3.5   FOCUSING 

When focusing the beam at the surface of the work-piece, good results and 

welding performances are expected because the highest possible irradiance is 

supplied. However, this is often not the case [2]. There are suggestion indeed 

that welding in defocused conditions may result in lower porosity or enhanced 

penetration depth [2, 5] since the beam focus locates inside or outside the 

upper surface of the joint to be welded. In particular, welding is told to be 

carried out with positive or negative defocusing when the beam focus is above 
or beneath the upper surface of the work-piece, respectively. 

Although a laser beam is symmetrical about its waist, different material 

responses are achieved when the same defocusing shift is set in positive or in 

negative direction [4]. Once the supplied irradiance approaches the threshold 

value to start a key-hole, the actual material response depends on the size of 

the weld pool, whose surface is depressed towards the hole tip by the recoil 

force of evaporation. When positively defocusing, the beam inside the hole is 

divergent and the depression moves the liquid surface away from the focus 

point, so the irradiance decreases and the cavity is hindered from further 

growth; conversely, when negatively defocusing, the beam is convergent inside 

the hole and the depressed liquid surface is further exposed to increasing 

irradiance. Therefore, once a shallow key-hole is produced with negative 

defocusing, it has a clear tendency to grow into a deeper one [49]. It has also 

been suggested that an increase in penetration depth with negative defocusing 

also occurs due to enhancement in multiple reflections [2, 44]. Obviously, 

optimal focusing depends on the material to be joined, although defocusing 
ranges are usually in the order of few millimetres anyway. 

Nearly the same results are often obtained at locations near the focus: this is 

especially true when the focusing system has a large depth of focus [2], such 

that the beam divergence is effectively low and the diameter expansion is 

restrained along the propagation axis. Hence, focusing becomes critical with 

any optical system with short depth of focus, because even a small change in 
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the focus plane position results in large changes in beam irradiance. 

However, it is good practice to check the focus position via preliminary 

procedures before conducting any welding test, irrespective of the focusing 

optics being used for the process [4]. Different methods of focus positioning 

are suggested in literature to locate the focus plane: the basic idea is to analyze 

the beam profile on both sides of the focus point because the beam irradiance 

decreases along the propagation axis in either direction away from the focus, 

as a consequence of beam divergence [2]. Beam profilers with different 

measurement principles with cameras or rotating knife edges or slits, as well as 

Shack-Hartmann sensors which consider wave-front properties so to find the 
beam waist where the wave-front is planar, are usually employed [23]. 

As an alternative which is capable of being carried out without any special 

assisting device, an array of welding spots is performed via rectangular pulses 

on an anodized aluminum sheet, by moving the laser head along the beam 

propagation direction, with constant peak pulse power and time. Welding 

parameters are tuned in order to only produce vaporization of the upper layer: 

the distance between the laser head and the sheet is changed from one pulse 

to the next one; therefore, spots of different extent are produced. Resulting 

diameters are measured via optical microscopy: the idea which drives the 

procedure is that the focus point exactly locates on the surface of the sheet 

when the minimum diameter is achieved on the corresponding welding spot 

[18]. Similarly, the procedure is capable of being carried out on thermal paper 

to fine tune the measurements. This procedure eventually checks the focus 

position or, alternatively, finds which basic position has to be considered to 
further defocus the beam. 

3.6   BEAM ANGLE 

Tilting the laser head, as shown in figure 3.6 with usual convention of positive 

anticlockwise angles, or alternative tilting of the work-piece, in the order of 

few degrees, is common practice for highly reflective metals such as aluminum 

and copper, so to prevent back reflections from entering the optics train [2, 5]. 

Indeed, for a law of reflection, the angle which an incident ray makes with the 

normal to a reflective plane equals the angle which the reflected ray makes 

with the same normal, so a specular reflection results with respect to the 

normal [25]; hence, a normal incident beam which is not absorbed on the 
metal surface is back reflected into the optics. 
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FIGURE 3.6 – Laser head tilting: angle convention 

 

Nevertheless, it has also been reported that a forward or backward tilting 

irradiation with respect to the welding direction may change the amount of 

metal dropping at the back-side in deep penetrative welds, as well as alter the 

formation of spattering on the top surface of the sheet when welding steel 

[50]. A side angle has been found to be crucial in increasing both the 
penetration depth and the bead width [51]. 
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4 

BEAD CHARACTERIZATION 

4.1   INTRODUCTION 

Discontinuities in the weld or possible deviations from the intended geometry 

are welding imperfections, whose classification and extensive description are 

provided by international standards, which in general do not include 

metallurgical defects because they must be discussed on a case-by-case basis. 

Reference quality levels are usually settled depending both on the material and 

the welding application: imperfections which do not meet the standard, result 

in being welding defects. Six groups of imperfections are defined [52]: cracks, 

cavities, solid inclusions, lack of fusion and penetration, imperfect shape and 

dimensions, miscellaneous imperfections such as discoloration or spattering 
which cannot be included in previous groups. 

In order to compare different welding conditions, specific procedures are 

performed to examine the imperfections via non destructive tests; moreover, 

the beads are then sectioned to allow measurements on their shape and cross-

section, as well as the evaluation on their metallurgical and micro structural 

properties [2]. Energy dispersive spectrometry, mechanical destructive tensile 
and bending testing eventually assess the quality. 

4.2   SEAM GEOMETRY 

Flexibility in laser beam positioning allows new possibilities for joint design. 

Nevertheless, similarly to any other welding technology, a number of basic 
seam geometries to be laser welded can be identified, as shown in figure 4.1. 
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FIGURE 4.1 – Basic seam geometries in laser welding 

 

Square joints in butt configuration are common in several application. Beveling 

is not performed, but primary fit up is critical, given the need to minimize any 

gap between the plates. In this sense, tight focusing of laser beams has its 

drawbacks since even small misalignments of the surfaces to be joined can 

cause significant changes in the welding conditions as a consequence of 

reduced heating efficiency. It has been suggested that the laser beam should 

overlap both sides of a butt joint and should not wander off the centre-line by 

more than 10% of the beam diameter [2]. Therefore, clamping to maintain fit 

up is critical; also, it helps as the welding process develops because two 

abutting plates have clear tendency to misalign during fusion due to thermal 
stresses and distortion. 

Lap joint is the second main configuration and is required in aerospace industry 

as well as in consumer goods such as cars or washing machines. Two plates are 

joined while overlapped in parallel planes. Clamping is less critical, although 

special care must be taken in order to prevent gaps between the overlapping 

plates, as burn-through may occur otherwise [53]. With respect to this 

geometry, riveting and adhesively bonding are traditional methods in 

aerospace, whilst resistance spot welding by the use of force and current is the 

choice in automobile industry, due to economic reasons, although being 

primarily employed on steel sheets [54]. Because of natural aging, both riveted 

and adhesively bonded aircraft lap joints can be affected: cracks from rivets, 
voids or corrosion usually occur [55]. 

When plates are joined with a 90° angle, T-joints or corner joint are produced. 

Because the welding bead is basically used to fill the area where the plates 

meet, the geometry is also referred to as fillet weld. Beveling is suggested such 

that a proper preparation allows the welding process to better penetrate the 
joint. 

SQUARE BUTT JOINT LAP JOINT FILLET JOINT
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A separate mention is given to bead-on-plate (BOP) welding which are 

normally performed before starting a proper experimental plan: fusion is 

achieved on the upper surface of the metal being investigated, with no actual 

joining, aiming to both set a range for the processing parameters and portray a 

general response in the most simple condition, with no complication of 
fixturing and joint alignment. 

4.3   NON DESTRUCTIVE TESTS 

Visual inspections are normally conducted just after welding to check the joint 

penetration and the effectiveness of shielding, considering possible bead 

discoloration on top- and back-side surfaces [56]. Oxidation-affected or fusion-
lacked beads are thus excluded from further procedures of characterization. 

Then, much more accurate testing methods, which do not impair any future 

usefulness of the component to be examined, must be carried out. A number 

of techniques are available [57], although only some of them are specifically 

used when testing welded joints. In particular, surface-breaking defects in the 

bead such as cracks, pores or leaks are detected via dye penetrant inspections 

[58] which are simple and low-cost. Generally feasible for non porous materials 

even after casting or forging, the method is based on the principle of capillary 

action. A low surface tension fluid seeps into any breaking discontinuity, and 

once adequate time has been allowed for the liquid to effectively penetrate 

the surface, the excess penetrant is removed; flaws are drawn by a proper 

developer, ultraviolet or white light depending on the dye being used, 

fluorescent or non fluorescent, respectively. Fluorescent penetrant inspections 

(FPI) are generally preferred because the dye is particularly sensitive to smaller 
flaws compared with any other non fluorescent one. 

Nevertheless, penetrant inspections are limited to surface imperfections, so 

they only offer a first stage analysis. Further checks are then performed via 

radiographic tests (RT). An X-ray machine or a radioactive isotope is used as 

source of radiation; the beam is directed through the part to be examined, 

which is placed between the source and the detecting film device. Rules for 

positioning and exposure apply [59]. The energy which is not absorbed by the 

part being examined exposes the film; therefore, the result is a two-

dimensional X-ray transmitted image of the part onto the processed film: 

discontinuities such as inclusions or pores are detected by shape and variation 
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depending on the amount of radiation in each area, similarly to medial 

radiography for broken bones; eventually, a permanent film record for weld 

quality is provided. Pores, wormholes, elongated cavities and solid inclusions 

are detected. Acceptance levels for each type of internal indication are decided 

in accordance with the referred normative [60, 61], depending on the material 
to be examined.  

4.4   SAMPLE PREPARATION 

Metallography is the referred science and art to prepare a metal surface for 

proper analysis. A series of operations on representative specimens are 

conducted with specific tools and procedures, depending on the material to be 

examined [62]. In sequence, the overall procedure includes cutting, mounting, 

mechanical preparation via grinding and polishing, then etching and eventual 

microscopic examination. A compromise must usually be taken between time, 

resources, and the purpose of the investigation. As an example, a research 

laboratory can significantly benefit from an extremely time consuming 

vibratory polishing, which would not be suitable, on the other hand, at quality 
control stages in industrial environment [63]. 

4.4.1   CUTTING 

A plane surface, with as little deformation as possible, is required to facilitate 

and expedite further preparation. A cut of the bead cross-sections is generally 
produced when investigating the welding output. 

Abrasive cutting wheels or precision saws are commonly used: blades are much 

thinner than abrasive wheels; as a consequence, loads are much lower. 

Nevertheless, abrasive cutters are the most widely used, provided that the 

correct wheel for the specific application is selected. Moreover, face-centred 

metals readily deform and work harden; consequently, any aggressive 

sectioning method introduces considerable damage which are unlikely to be 
removed in the subsequent steps of preparation [64].   

As modern engineering materials develop, so does the demand for proper 

technologies for cutting. Diamond and boron nitride abrasive wheels are 

capable of sectioning through hard metals as well as composite materials, 

glass, plastics and mineral fibres. Whether a diamond or a boron nitride wheel 

is to be used, essentially depends on the hardness or brittleness of the sample 
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[62]. Since a heat-damaged zone may significantly alter the metal structure, 

suitable cutting fluids must be supplied: cooling both prevents sample 

deformation and washes metal debris away; surface roughness is reduced and 
the operating life of the wheel is extended in turn. 

4.4.2   MOUNTING 

Metallographic specimens are typically embedded in resins. The procedure is 

of mere convenience to handle the sample to be observed; moreover, the back 

of the mount is an ideal surface for labels to record the testing conditions [64]. 

The process is performed via hot or cold mounting: whichever the mounting 

procedure, any specimen must be properly degreased and dried to ensure 
adequate adhesion of the mounting media [63]. 

Thermosetting polymers in form of powder are used in a typical hot mounting 

cycle: the examination surface is face-down placed in the mounting ring, as 

shown in figure 4.2, where the polymer compound is poured; compression up 

to 30 MPa and heating up to 180 °C apply. Thermoplastics can be alternatively 

considered as mounting media, but longer heating and cooling times are 

required for polymerization, although the mounting mean can be melted again 

at any time, unlike thermosetting polymers [62]. Mounting presses which 

automatically cool back the specimen to room temperature when under 

pressure, are capable of reducing the occurrence and degree of shrinkage gaps, 

such that best edge retention is achieved [64]. Specimens which are very 

sensitive to pressure or temperature are cold mounted; usually the procedure  
 

 

FIGURE 4.2 – Mounting ring for hot mounting cycle 

COMPRESSION

POLYMER SPECIMEN
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is favoured when samples of irregular shape and size must be embedded and 

the acquisition of a mounting press is not economically justifiable. However, 

use of an improper mounting media can produce rounding of the interface 
between the mount and sample, thus resulting in poor edge retention [63]. 

4.4.3   MECHANICAL PREPARATION 

Mounting provides a safe, standard and ergonomic way to hold a specimen 

during mechanical preparation, which consists in grinding and polishing 

operations to be carried out to reveal the metal structure for microscopic 

evaluation. Many detailed steps are required, the first ones being equipment 
dependent, the last being driven by the needs of the investigator [63]. 

Abrasive silicon carbide (SiC) papers are used in successively finer steps to 

remove material from the surface of the specimen until the required quality is 

achieved. As a rule, when moving from one grinding step to the next one, half 

the grit size of the previous stage must be used. Standard designation for 

grinding paper as a function of the grain size [62] are listed in table 4.1, 

according to both the Federation of European Producers of Abrasives (FEPA) 
and the American National Standards Institute (ANSI). 

Samples should be turned 90° after each stage in manual preparation, until any 
 

TABLE 4.1 – Standard grain size for grinding paper: FEPA and ANSI designation 

FEPA designation Grain size [μm] ANSI designation Grain size [μm]

P60 269 60 268

P80 201 80 188

P120 127 120 116

P180 78 180 78

P240 58 240 52

P320 46  

P400 35 320 34

P600 26  

P800 22 400 22

P1000 18.3 500 18

P1200 15.3 600 15

P1500 12.6 800 12

P2500 8.4  

  1200 6.5

P4000 5.5  
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grinding mark resulting from the previous step is no longer visible; hence, 

frequent observation via optical microscopy are suggested from step to step. 

On the other hand, when semi or fully automatic grinding, the change in 

direction results from the relative motion between the rotating platen and the 

sample holder, such that omni directional grinding patterns and superior 

flatness are produced. Unless specimens are porous or contain cracks, simple 

washing between the grinding steps is adequate; otherwise ultrasonic cleaning 
with suitable solvent is required [64]. 

After correctly performing the grinding steps, polishing is conducted in the 

traditional preparation method, with different diamond suspensions from 9 μm 

down. The time for each run ranges from 60 to 120 s; the wheel speeds are 

generally lower compared with grinding processing [64]; cleaning between the 

polishing steps must be carefully performed. Fine polishing is accomplished 

with 0.3 and 0.05 μm alumina abrasive sizes. Nevertheless, various methods 

are recommended. Vibration is the suggested solution for research, although 

processing times from 1 to 16 h are usually required. A scratch-free mirror 

finish, with minimal deformation resulting from the metallographic preparation 

process is eventually achieved. An optimal cutting at the previous stages of the 

procedure allows the specimen to be prepared in fewer steps and shorter time; 

as for example, most ordinary metal samples which have been properly 

sectioned are effectively ground with single 220 grit finish followed by a 9 μm 
diamond suspension [63]. 

Since the preparation should be accomplished systematically and according to 

reproducible methods, specific procedures with adequate grinding abrasive 

papers and polishing cloths have been developed, depending on the material 

to be prepared. Care must be taken so that the hardness of the surface to be 
tested afterward is not affected [65].  

4.4.4   CHEMICAL ETCHING 

A number of choices are possible to favour the relevation of either the metal 

microstructure or the bead boundaries. Therefore, both the chemical etchant 

and the proper etching time depend on the alloy and its starting heat 

treatment condition. As general rule, it has to be considered that a shorter 

etching time reveals more details, whereas a longer one ends up in more 

contrast; therefore, as the etching time increases, details are lost in contrast. 

Underetching is deemed to be better than overetching [63]. Moreover, it is 
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also critical not to swab the specimen after etching because any contact would 
disturb the surface; blow drying with compressed air jet is preferred. 

The fused zone is clearly noticeable in the cross-section after chemical etching, 

and the imperfections and the heat affected zones can then be examined. The 

macro structural examination then provides useful information about the 

general response of the material in the process; micro structural examination 

reveal grain shapes as well as possible segregation and precipitation instead, 

although the analysis is usually quite complex due to the potential for a variety 
of phases which can be formed by heat treatment of welding. 

4.5   IMPERFECT SHAPE AND DIMENSIONS 

An assessment of the geometry of the bead cross-section usually starts with 

the evaluation on the crown width (CW) and the root width (RW) at top- and 

back-side, respectively; additionally, the extent of the fused zone (FZ) is 

measured, as shown in figure 4.3. In fully penetrative welding conditions, the 

bead width at the top-side is generally larger than the one at the back-side [2]. 

Several designations for the imperfections in the shape of the cross-section are 

provided in the referred literature about welding [52]. Although the actual 

bead profile strongly depends on the shielding conditions and the metal being 

welded, a number of common imperfections must be addressed, as shown in 

figure 4.4. Undercuts are irregular grooves at the weld toe; when visible at 

each side of the root side they are intended to be shrinkage grooves. 

Reinforcement is any excess weld metal at the bead crown; when measured at 

the root side it has to be intended as excessive penetration or drop-through. 

Incompletely filled groove or low weld results from longitudinal continuous or 

intermittent channel at the bead crown due to insufficient deposition of weld  
 

 

FIGURE 4.3 – Designation for crown width, root width and extent of the fused zone 
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FIGURE 4.4 – Common imperfections for bead quality assessment 

 

filler material; shallow groove due to shrinkage of a butt weld at the root side 

is root concavity or under-fill. Weld collapse due to gravity, so that 

incompletely filled groove is produced as a consequence of melt-through, is 

considered to be sagging. Linear misalignment may result from improper 
clamping, rather than from inadequate processing conditions. 

The ranges to be fulfilled for each imperfections depend on the category to be 

matched. It would normally be hoped that the same quality level would cover 

the limits for any imperfection in the same joint; nevertheless, certain 

applications such as fatigue loading or leak tightness allow different categories 

to be specified in the same bead, so that the overall joint quality level could be 

defined by the application standard on a case-by-case basis in conjunction with 
the concerned parties [66]. 

UNDERCUT SHRINKAGE GROOVE

REINFORCEMENT EXCESSIVE PENETRATION

INCOMPLETELY FILLED GROOVE ROOT CONCAVITY

SAGGING LINEAR MISALIGNMENT
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4.6   ASSESSMENT OF THE HEAT AFFECTED ZONE 

Welding thermal cycles, with rapid heating and cooling, result in changes in the 

original structure of the material [43]; therefore, new properties and micro 

structures are expected across the welding zone and a number of distinct 

regions are identified. Interestingly, due to phase transition at high 

temperatures, any welding process is expected to produce a heat affected zone 

(HAZ) at the interface between the fused zone and the base metal, as shown in 

figure 4.5 for a generic welding bead in butt joint configuration. The HAZ is 

therefore intended to be any fraction of base material which has not been 
melted, but has been altered in turn by the heat source of welding. 

The actual extent of the HAZ is a consequence of both the processing condition 

and the diffusion phenomena. It must be quantified in order to consider 

possible undesirable micro structural changes in the material; residual stresses 
are usually found and brittle intermetallic phases may be produced also. 

Depending on the metal alloy being examined, a reasonable highlight of the 

HAZ usually results as a consequence of proper chemical etching; nevertheless, 

as general method for persuasive assessment, the Vickers micro hardness is 

measured across the welding zone. The basic idea is that, as softening or 

hardening occurred, the indentations are affected in size and a trend in micro 
hardness is therefore expected to be noticed compared with the base metal. 

According to the referred specification [65], tests can be conducted in the form 

of both row indentations or individual ones, at room temperature unless 

otherwise specified. A suitable indenting load and an efficient number of 

indentations are required to ensure that the unaffected base metal is 

effectively tested to clearly define the hardness trend. Nevertheless, when row 

testing the welding zone, in order to prevent the influence of deformation 

which is possibly induced by previous indentations, a minimum distance of not 
 

 

FIGURE 4.5 – Heat affected zone in butt welding cross-section 
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FIGURE 4.6 – Vickers testing row for micro hardness testing in the cross-section 

 

less than 3 times the mean diagonal must be allowed between the centres of 

consecutive indentations [67]. Moreover, for specimens whose thickness is 

below 4 mm, rows of indentations must be produced at mid thickness. The 

resulting Vickers testing row is shown in figure 4.6. Hardness values are thus 

recorded as a function of the corresponding position of the indentation, and 
the trend is discussed with reference to the local micro structure. 

4.7   ENERGY DISPERSIVE SPECTROMETRY 

A valuable tool to investigate the bead cross-section from a chemical point of 

view is energy dispersive spectrometry (EDS). A site of interest on the 

specimen is chosen and the corresponding elemental composition is examined 

[68, 69]. Volumes which are as small as 1 μm in diameter are capable of being 

explored. When referring to welding, this allows to investigate on possible loss 
of the alloying elements as a consequence of heating and vaporization. 

An EDS system works as an integrated feature of a scanning electron 

microscope (SEM) and an electron beam is employed to scan the exposed 

specimen: any vacating position of the ejected electrons of the inner shell is 

eventually taken by the electrons of higher energy from the outer shells, thus 

resulting in energy emission as X-rays. The amount of released energy depends 

on which shell the transferring atom comes from; hence, depending on the 

element, a specific energy release occurs and the identity of the emitting atom 

can be easily established. A silicon or germanium crystal is used for X-rays 
detection and is kept in vacuo at liquid nitrogen temperatures. 

The output of an EDS is a two-dimensional continuous EDS spectrum: each 

peak corresponds to the energy levels the X-rays are received from. Each peak 

is hence unique to an atom: a qualitative analysis is first performed to find 

which elements are present; a quantitative one then measures the specific 

concentration of the elements, based on the assumption that the higher a peak 
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is in the spectrum, the more concentrated is the element in the specimen. 

EDS is best suited for metal alloys, ceramics and minerals. All of the elements 

from atomic number 4 to 92 can be detected in principle, although the 

instruments are not generally equipped for light elements below 10. Moreover, 

since a shallow depth is involved in the electron probe analyses, the specimens 

should be adequately polished such that the surface roughness does not affect 

the results. The preparation of the sample is hence essentially as for reflected 

light microscopy, provided that only vacuum compatible materials are used; 

opaque samples are embedded in epoxy resin blocks; for transmitted light 
viewing, polished thin sections on glass slides are prepared. 

4.8   TENSILE TESTS 

In order to test a square butt joint configuration, flat specimens with proper 

shoulders to be placed between the jaws of the testing machine must be milled 

from pre welded samples. Standard dimension apply, in accordance with the 

referred specification [70, 71], although the total length is chosen to suit the 
testing machine. 

Machining must be performed in such a way that the welding axis remains in 

the middle of the parallel length of the specimen, as shown in figure 4.7. No 

change in the properties of the metal are acceptable in the extraction of the 

sample; therefore, shearing or thermal cutting are excluded in general. 

Moreover, no heat treatment is allowed unless otherwise specified by the 
relevant application standard; surfaces shall be free from scratches or notches. 

Then, usual procedures for tensile testing are conducted [72], with an 

increasing load which is continuously applied in perpendicular direction with 

respect to the welding bead, until rupture occurs; both load and displacement 
 

 

FIGURE 4.7 – Tensile specimen for square butt joint testing 
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are measured, then usually converted to stress and strain, respectively. Non 

welded specimens with the same dimensions are tested also, for a comparison 

of the results. The location of fracture, the ultimate tensile strength (UTS), the 

yield point and the percent elongation at break are reported. Possible 

existence of any imperfection within the fracture surfaces which may have 

adversely affected the test have to be recorded, including their type, size and 
quantity. 





5 

MODELING AND OPTIMIZATION 

5.1   INTRODUCTION 

Many variables and sub processes concerning fusion and vaporization are 

involved in laser welding. A primary goal of research is therefore to identify the 

adequate ranges for the processing parameters in order to manage both the 

stability and the reproducibility of the overall process [2]. Moreover, to 

accurately predict the welding geometry, various methods to obtain the 

desired output variables throughout models development have been 

suggested. Among them, the design of experiment (DOE) is deemed to be the 

most important and efficient procedure for a systematic study to yield valid 

and objective conclusions and has been therefore adapted for many 
applications in different areas [13]. 

As general rule for a new process to be effectively portrayed, a series of 

structured tests are designed so that planned changes are made to the input 

variables; the effects are then investigated. Both the governing factors and the 

crucial responses to be discussed are defined in advance [73]. The choice is 
usually based both on literature and past experience on similar subjects. 

5.2   DOE PRINCIPLES 

The most simple way to build an experimental plan is testing with one-factor-

at-a-time approach, such that changes are made to only one factor, the others 

being hold as constant. This may lead to find one input variable to have a 

significant effect on the response, while failing to perceive any dependence or 

interaction among the governing factors; also, several runs would be needed 
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for adequate precision to be achieved in the estimation of the effect [74]. A 

much more efficient method to study two or more factors affecting an output 

is their simultaneous variation. Hence, the one-factor-at-a-time approach is 

usually rejected in favour of a DOE: a judgement on the input variables acting 

in combination with one another is addressed. Therefore, designed factorial 

experiments are required when dealing with general issues such as searching 

for the main contributing factor or the best parameters combination to 

minimize the variation in a response, with the aim of robust design as defined 
by Genichi Taguchi as well. 

For each input variable, a number of levels are defined within a range where 

the effect is desired to be known. Design description and analyses are then 

referred to coded factor, such that each range is reduced to a common scale, 

irrespective of the actual relative magnitude. Typical coding shifts the outer 

limits of the governing factor so to range them from -1 to 1, with 0 as the 

intermediate level. 

In terms of resources, the exact length and size of the experiment are set in 

advance. When considering two levels, an implicit assumption is made in 

considering the response to be linearly dependent on the input factors. Three 
or more equally spaced levels are then usually employed. 

Actually, in order to draw the highest amount of information, a full matrix is 

required to contain all of the possible combinations of factors and levels. When 

this leads to many experimental runs to be performed, fractions of the matrix 

are considered, depending on which the interesting effects are, aiming to 

reduce the amount of testing; fractional plans hence result. Nevertheless, the 

fewer are the runs, the less information is available to take reasonable account 

of any interaction. As usual practice, three rules are suggested [73]: replication, 

randomization and blocking. Tests are replicated to naturally evaluate the 

statistical dispersion, whilst measurements are replicated on the same item 

when assessing the experimental error in performing data analysis. 

Randomization in both sample allocation and run order is needed to restrain 

any possible systematic error, thus satisfying the statistical requirement of 

independence of the observations. Moreover, when placing tests into blocks 

whose experimental runs are similar with respect to a certain factor, a 

reduction in noise effects is achieved; this is deemed to be significantly helpful 

when all of the experiments cannot be carried out in one single day or with a 
single batch of material. 
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5.3   TESTING SCHEMES 

Many solutions are available to arrange an experimental plan [73]. A central 

composite design (CCD), provides a solid statistical foundation for the 
estimation of a curvature and, hence, a response surface map [75]. 

Referring to a fractioned 3-factor study, the combinations to be tested are 

placed on the vertexes of a cubic scheme, plus the central point condition; this 

structure effectively addresses a first order model. In addition, a group of star 

points or axial points are equally placed in the domain, as shown in figure 5.1, 

aiming to develop a second order model. An extended range with five levels is 
then investigated. 

Specific schemes are obtained from this basic structure, depending on the 

distance between the centre and the star points. In particular, a circumscribed 

CCD results when considering a distance which is equal to the square root of 

the number of factors; hence, a spherical testing plan is achieved since the 

vertexes and the star points locate on a spherical surface. Rotability of the 

design is benefited, as the variance of the responses remains unchanged upon 

rotations of the design points about the center; this feature is generally useful 

when an optimization has to be carried out afterwards on the responses, since 

the location of the optimum is unknown before, and a plan with equal 

precision in any direction is preferred [73]. Alternatively, when no interest is 

addressed to the outer domain due to possible limits of the system, a distance 

which is equal to half the cube side length is considered: a face-centred CCD, as 

shown in figure 5.2, is obtained; rotability is clearly lost, although the  
 

 

FIGURE 5.1 – CCD structure: testing condition in a fractioned 3-factor study 
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FIGURE 5.2 – Face-centred CCD structure: testing condition in fractioned 3-factor study 

 

effectiveness of the plan is not significantly affected. Nevertheless, irrespective 

of the structure, three to five additional runs must be planned for the cube 

central point condition, so to benefit from a much more stable variance of the 

responses and effectiveness in estimating any second order effect [75] because 

a proper number of degrees of freedom are thus provided to statistically test 

the model. For the same reason, specific points of the design are suggested to 

be additionally run when a better estimation of the response is required in the 
corresponding area of the testing domain. 

When combinations of the outer limits of the processing ranges yield to 

prohibitively expensive or demanding conditions on the cube vertexes because 

of possible physical constraints of the process, a Box-Behnken plan is 

alternatively suggested instead of a CCD scheme: the testing point conditions 

are placed on a cubic scheme anyway, although only the intermediate 

combinations of the levels are considered, such that the vertexes are not 

included, as shown in figure 5.3. Namely, the testing points are placed on a 

spherical surface whose radius is equal to the square root of 2; rotability is 

benefited although only three levels are involved.  
 

 

FIGURE 5.3 – Testing condition in a Box-Behnken plan 
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5.4   REGRESSION MODELS 

The response surface methodology (RSM) is employed to develop proper 

models to portray the effects of the input parameters on the referred results. 

The approach was first introduced in the fifties and then grew in physics, 

chemistry and engineering. With respect to welding, a comprehensive 

literature review of the application of RSM is available [76]; the bead size, the 

weld strength and the cost optimization are generally addressed. The main 

goal is to generate a map of response, either in the form of contours or as a 3D 

rendering [75]. For the purpose of the procedure, polynomials are fitted to the 

experimental data to obtain the regression equation of the responses. Each 
dependent output Y can then be written as: 

 ܻ = , ଵݔ)݂ , ଶݔ  (ݔ, … + (5.1) ߝ

since a number of xi values of k factors are combined to give the response; a 

residual ε accounts for the difference between the actual value and the 

prediction [77]. The most common fitting function f takes either a linear or a 
quadratic form. The general expression of a quadratic model is: 
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where linear, square and interaction terms are involved, respectively. Namely, 

when different groups of input changes are considered, the response variable 

is capable of being influenced by single effect, resulting from the input 

variables acting alone, or interaction as well, resulting when combinations 

among the input variables are in place. A full model should include the 

interactions in the form of cross-products; higher order components are 

generally less significant, so fractional plans are effective in portraying the 

process as a second order one. As a guide, the number of coefficients which 

are required to be estimated in linear, quadratic and cubic models for a given 
number of factors are listed in table 5.1. 

To select the best model via automatic procedures, a collection of sequential 

statistical tests to be performed are provided by the analysis of variance 

(ANOVA) in its most simple form; a step-wise regression approach results. The 

observed variance for a certain variable is partitioned into several components 

and each one is related to different sources of variation [78]. 
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TABLE 5.1 – Number of coefficient for linear, quadratic and cubic models 

Number of factors Linear model Quadratic model Cubic model 

2 3 6 10 

3 4 10 20 

4 5 15 35 

5 6 21 56 

6 7 28 84 

7 8 36 120 

 

This allows to effectively chose the significant terms in the model since 

individual statistics are calculated for them. Each term and the overall model 

are intended to be significant when they result in p-values which are small and 

generally lower than 0.05 because the null hypothesis of no factor or 

interaction effect is false in this case; additionally, the adjusted R-squared is 

expected to be close to 1, being it a measure of the model capability in 
accounting the variation of the dependent variable [73]. 

5.5   DESIRABILITY 

Once a study has been done to model the response variables, the optimum 

combination of the input factors is addressed to produce a desired output, 

within the processing domain. Irrespective of the subject being investigated, 

either the minimum or the maximum of a certain function is required in the 
optimization, with possible additional constraints depending on specific needs. 

Many procedures are feasible to solve constrained non linear optimization 

problems, such as successive linear programming, successive quadratic 

programming, penalty and barrier function methods, augmented Lagrangian 

factors [79]. The desirability function method is widely used in industry for the 

numerical optimization of multiple response processes and has been 

considered for welding too [13, 80]. It is usually recommended being it simple 

and normally available in software; flexibility is also benefited in giving 
importance for individual responses, according to customer needs [13]. 

The basic idea is that a product or a process with multiple quality features, is 

completely unacceptable if even just one of them drops outside its desired 

limits. Referring to welding, usual constraints involve the fused zone, the bead 

width and the amount of indications to be minimized; the tensile strength to 
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be maximized; additional goals are generally set for specific shape-factors, 

depending on the material being welded. In practice, each estimate response Yi 

is turned into a dimensionless utility di ranging from 0 to 1, namely from a 

completely undesirable output to the highest or ideal response. Moreover, 

being wi the awarded weight ranging from 0.1 to 10, the shape of the 

desirability function is adjusted and, depending on the specific goal, is given as 
following. For the goal of maximum: 

 ݀ =

⎩
⎪⎪
⎨

⎪⎪
⎧

0 ܻ ≤ Low

൬ ܻ − Low

High − Low
൰
௪

Low < ܻ < High

1 ܻ ≥ High

 (5.3)

Similarly, for the goal of minimum:  

 ݀ =

⎩
⎪⎪
⎨

⎪⎪
⎧

1 ܻ ≤ Low

൬
High − ܻ

High − Low
൰
௪

Low < ܻ < High

0 ܻ ≥ High

 (5.4)

For Ti as a target: 

 ݀ =

⎩
⎪⎪
⎨

⎪⎪
⎧൬ ܻ − Low

T − Low
൰
௪భ

Low < ܻ < ܶ

൬
Y − High
T − High

൰
௪మ

ܶ < ܻ < High

0 otherwise

 (5.5)

Emphasis on the upper bound, the lower one or the target is given by the 

weight field. In particular, as shown in figure 5.4, when a higher weight is 

awarded to the function of maximum, a significant increase of the response is 

required towards its highest possible value so to achieve a considerable 

increase of desirability. Conversely, when a higher weight is awarded to the 

function of minimum, a significant decrease of the response is required 
towards its lowest value so to achieve a considerable increase of desirability. 
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FIGURE 5.4 – Desirability as a function of the response, for given goals and weights 

 

The corresponding curves for the goal of target are hence conveniently altered 

by the proper weight such that the highest desirability is achieved as the 

response approaches the target. For no specific goal, with the only constraint 
of the response to be within a range, the following condition applies: 

 ݀ = ൝
1 Low < ܻ < High

0 otherwise
 (5.6)

Goals are combined via geometric mean into an overall desirability function D 
which is a dimensionless measure of performance: 

ܦ  = [݀ଵ( ଵܻ) ∙ ݀ଶ( ଶܻ) ∙  ⋯  ∙ ݀( ܻ)]
ଵ
 (5.7)

with h denoting the number of total responses to be examined. As for any 

single desired output di the overall desirability function ranges between 0 and 

1, from a completely undesirable value to an ideal overall response. If many 

outputs are measured, the mission to get them all within specification 

becomes impossible [81]; then, only vital few responses are considered. 
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Alternatively, each response can be awarded a relative importance m such that 
the overall desirability function becomes: 

ܦ  = [݀ଵ
భ( ଵܻ) ∙ ݀ଶ

మ( ଶܻ) ∙  ⋯  ∙ ݀
( ܻ)]

ଵ
∑ (5.8)

If all of the responses are awarded the same importance M, hence the form 
(5.7) is brought back: 

ܦ  = ൣ݀ଵ
ெ( ଵܻ) ∙  ⋯  ∙ ݀

ெ( ܻ)൧
ଵ
∙ெ = [݀ଵ( ଵܻ) ∙  ⋯  ∙ ݀( ܻ)]

ଵ
 (5.9)

When approaching the problem of numerical optimization with automatic 

procedures, several processing conditions are suggested with their 

corresponding desirability. The combination providing the highest overall 

desirability is generally considered for further investigation. In particular, the 

process is performed according to the recommended set-up, and a reasonable 

good agreement with the predicted desired output is expected for the 
response variables. 





6 

WELDING ALUMINUM ALLOY 2024 

6.1   INTRODUCTION 

Weight reduction is one of the most effective ways to enhance efficiency and 

improve fuel mileage in vehicles and aircraft [82]. Therefore, aluminum alloys 

are widely used both in the automotive, military, aeronautic and aerospace 

industries [45] thanks to their electrical conductivity and excellent resistance to 

corrosion, although the tensile strength, the Young modulus and the hardness 
are much lower compared with steel. 

Aluminum alloys are divided into two major categories: wrought compositions 

and cast compositions. Different nomenclatures have been developed [83], the 

Aluminum Association system being the most widely recognized. In particular, 

nine alloy groups are defined for each category; special interest has been 

shown in aerospace for wrought compositions alloys of the 2xxx family. 

Furthermore, among all of the commercial high strength heat-treatable and 

age-hardenable aluminum alloys, whose mechanical properties can be 

improved by a controlled cycle of heating and cooling, AA 2024 is widely 
common; its nominal chemical composition [83] is given in table 6.1. 

Indeed, as for any other heat-treatable alloy, high strength is produced by 

finely dispersed precipitates which result from aging, since alloying elements, 

which decrease in solubility with decreasing temperature, are added in a 

proper concentration exceeding their equilibrium solid solubility at room 

temperature. Copper is generally added to increase strength following solution 

heat treatment and quenching; as little as approximately 0.5% magnesium is 
effective in changing aging characteristics [83]. 
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TABLE 6.1 – AA 2024 nominal chemical composition (wt.%) 

Cu Mg Mn Si Fe Zn Ti Cr Al 

3.80 ÷ 4.90 1.20 ÷ 1.80 0.30 ÷ 0.90 0.50 0.50 0.25 0.15 0.10 Balanced 

 

6.2   ALUMINUM WELDING 

A number of methods are capable of joining aluminum and its alloys: in 

particular, gas arc welding, resistance welding, friction welding, stud welding, 

electron and laser beams are employed. Unfortunately, irrespective of the 

technology being used, several challenges are involved due to possible 

cracking, porosity susceptibility and softening in the fused zone [83, 84, 85]. In 

particular, a large HAZ is produced in gas welding and significant hot cracking is 

observed [86]. On the other hand, although the metal is not melted in friction 

stir welding, thus resulting in less micro structural changes with additional 

partial recovery in strength due to the high shear stresses which are induced by 

tool motion, a counterproductive reduction in corrosion resistance is noticed 

[87], slower welding rates apply and several challenges arise in tool design 
when joining thin sheets [88]. 

Laser welding of aluminum alloys is worth investigating to benefit from a wide 

range of advantages, although additional specific issues arise as a consequence 

of high thermal conductivity and low absorptance [89]. Methods such as high 

frequency beam oscillation [90] and laser-arc hybrid welding [91] have been 
suggested indeed to improve laser weldability of aluminum alloys. 

6.3   EXPERIMENTAL PROCEDURE 

Referring to literature or ad hoc explorative trials, proper welding conditions 

were set for BOP or butt welded specimens in order to discuss specific issues in 

laser welding of AA 2024. As preventive measure to remove residual moisture 

on the surfaces to be welded, pickling was carried out for 3 min at room 

temperature with 2% hydrofluoric and 15% nitric acid in distilled water mixture 

[83]; further degreasing with acetone was performed just before welding. 

Given the need to minimize any gap between the plates in square butt joining 

(cf. par. 4.2), a system-integrated camera is employed when setting the 

welding path; an excellent pose and a repeatability robot accuracy of 0.03 mm 
can additionally save the alignment during the process. 
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TABLE 6.2 – Mechanical preparation: details for grinding and polishing AA 2024 

Runs Grinding/polishing medium Wheel speed [rpm] Processing time [min]

2 P400 paper 100 1

2 P800 paper 100 1

2 P1200 paper 100 1

1 6 μm diamond suspension 50 2

1 3 μm diamond suspension 50 2

1 1 μm diamond suspension 50 2

 

A check of the focus position was preliminary performed (cf. par. 3.5). Welding 

points were spotted using a single rectangular pulse input with a peak power of 

1.8 kW for 50 ms to tighten the abutting plates. Beads in continuous wave 

emission mode were then produced using a Trumpf Tru-Disk 2002 with a BEO 
D70 focusing optics (cf. table 2.2). 

The samples were mounted in phenols and polished. The steps for mechanical 

preparation, with a constant load of 10 daN between the rotating plate and the 

sample holder in both automatic grinding and polishing, are given in table 6.2; 

when needed for special purpose of porosity observation, simple manual 

grinding with P800 SiC paper was performed on longitudinal sections. Chemical 

etching was performed at room temperature for 10 s using Keller’s solution 

consisting in 1% hydrofluoric, 4% hydrochloric and 3% nitric acid in distilled 

water [83]. Imperfections were measured via Nikon NIS-Elements imaging 

software. A LEO EVO 50, with LaB6 gun SEM and a resolution of 4 nm at 30 keV, 

equipped with an EDS Oxford INCA Energy 300 was used to check the resulting 

composition of the bead; the system is capable of providing information 

starting from elements with atomic number which are higher than 4; the 

analysis was performed with a 20 keV primary energy and a 100 pA probe 

current. Eventual bead characterization was conducted with a Leica VM HT 

Auto for Vickers micro hardness testing, a General Electric CRx Flex CR Scanner 
for X-rays examination and an MTS Insight 30 for tensile testing. 

6.4   SYSTEM SET-UP 

Specific tests were conducted to discuss the main issues in laser welding of AA 

2024. Special care must be taken for gas flow as boundary condition at the key-
hole input, since it may significantly affect the dynamics of the process [2, 40]. 
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FIGURE 6.1 – Laser welding set-up: suggested scheme for aluminum processing 

 

Many studies have dealt with plume generation and overall stability in welding 

aluminum alloys indeed, depending on physical properties of the shielding gas 

and nozzle geometries [92, 93, 94]. As a carryover from usual practice of 

welding steel, copper nozzles are employed for plasma suppression [45] and 

have been proven to be effective also in bead shielding from oxidation, so no 

additional diffusers are needed. Convincing results were achieved when 
welding AA 2024 using a 25° tilted trailing nozzle [95]. 

As expected (cf. par. 3.4), argon upper supply was proven to end up in less 

absorptance due to plasma interaction, whilst better results were achieved 

using helium, having it a higher ionization potential so allowing a better 

coupling of the beam with the metal surface; in addition, finer spatter droplets 

were produced compared with argon [92]. A flow rate of 30 l/min was chosen 

for helium supply. Nevertheless, when needed, argon provides good back-side 

shielding, since no interaction is in place between the laser and the gas flow. As 

normal welding procedure, proper time delays are set both before and after 

welding, to effectively prepare an inert atmosphere and to better shield the 

bead crown when switching off the laser beam; furthermore, a high speed 

compressed air cross-jet is blown to protect the optics from spatters. The 

scheme for the suggested set-up is shown in figure 6.1, the beam angle 

applying as common practice for highly reflective materials (cf. par. 3.6); in 

particular, referring to preliminary trials, a forward tilting inclination, which is 

intended to focus the beam into the weld pool, has proven to be beneficial in 
terms of spatters, compared with positive backward angles. 
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6.5   GENERAL ISSUES IN LASER-MATERIAL INTERACTION 

One of the main reasons of incomplete fusion of the base material and 

consequent defects in the welding bead, is the possible presence of natural 

oxide on the metal to be joined. Aluminum has a strong chemical affinity for 

oxygen indeed, therefore it oxidizes immediately upon exposure to air: 

aluminum oxide melts at approximately 2050 °C, whereas the melting point of 

the base alloy is 600° C, so any oxide on the base metal must be properly 

removed [83, 92]. This would also prevent from oxidic inclusions in the weld 

metal [96]. Stainless steel brushes are preferred to avoid rust contamination of 

the joint; moreover, when a power brush is used, then a light pressure should 

be applied because high forces can result in embedding the oxide or possible 

contaminants into the surface, thus increasing, rather than eliminating, the risk 
of discontinuities in the weld [83]. 

Once the task has been accomplished, specific additional issues must be taken 

into account when welding aluminum alloys with laser beams, basically as a 

consequence of high thermal conductivity and low absorptance. Although the 

melting temperature of aluminum is much lower compared with any ferrous 

alloy, irrespective of the alloying elements, higher irradiance is required to 

effectively melt the base metal due to its high reflectivity, which ranges 

between 0.86 and 0.90 for pure aluminum at laser wavelength between 0.9 

and 1.0 μm [97]; the reflectivity of aluminum as a function of the operation 

wavelength [5] is shown in figure 6.2, in comparison with corresponding trend  
 

 

FIGURE 6.2 – Reflectivity of metals as a function of operation wavelength 
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FIGURE 6.3 – Reflectivity of metals as a function of temperature, for YAG radiation 

 

of common metals. In general, the beam energy which is absorbed by a specific 

material increases with decreasing operation wavelength [10]; therefore, YAG 

lasers provide better coupling than CO2 sources. However, the purer is the 

aluminum alloy, the higher is its reflectivity [98]. 

Absorptance can be enhanced in a variety of methods [2] such as the 

application of absorbent powders [10]; in particular, the reflectivity is a 

function of the thermal state of the material and, as shown in figure 6.3 for 
YAG radiation, it decreases as temperature increases [5]. 

The result of a BOP test on a 3.2 mm thick plate is shown in figure 6.4: with a 

power of 1.2 kW and a welding speed of 6 mm/s in focused condition, fusion 

was not produced at the beginning of the welding path, whilst a key-hole mode 

welding condition started once the reflectivity had decreased during the 

process as a consequence of heating up. In order to allow the key-hole to 

develop since the start of the welding path, a threshold value of 18.4 kW/mm2 

irradiance has to be overcome [3].  
 

 

FIGURE 6.4 – BOP test sample: no key-hole development below the threshold irradiance 
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FIGURE 6.5 – Butt welding samples: top- and back-side bead aspect 

 

Reflectivity is an issue which demands specific changes in the normal 

processing set-up anyway. Therefore, in order to prevent the focusing optics 

from damages due to back reflection as a consequence of low absorptance, a 

sideways tilting angle, in the order of degrees, is generally used to position the 

laser head [5]. The pre welding entry spot, which is provided at the beginning 

of the welding path to better tighten the samples, was proven to also act in 

locally reducing the reflectivity so that deep penetration is enhanced [95]; 

therefore, it is suggested to be performed in lap joints and BOP also, where no 

actual tightening is needed. Cleaning the lenses is convenient anyway to 

prevent reduction of the input radiation due to dust or metal drops resulting 
from previous processes [88]. 

In addition to low absorptance, energy transfer from the beam to the metal is 

further worsen since thermal conductivity is 120 W/mK for AA 2024, so 

approximately six times higher compared with steel. Irrespective of the heat 

source for welding, aluminum is hence very sensitive to any heat input 

fluctuation during the process, whilst a steady input is required to prevent 

variation in penetration and fusion [83]. However, when using a laser beam, 

higher welding speeds are possible compared with traditional methods, 

therefore the total processing time is shortened and both the bead crown and 

root are found to be constant along the welding line. As an example, top- and 

back-side aspects of AA 2024 beads are shown in figure 6.5, for 1.25 mm thick 
samples, 1.6 kW power level, 60 mm/s welding speed in focused condition. 

6.6   POROSITY EVOLUTION 

Many issues with aluminium welds arise due to an unfavourable distribution of 
pores [99], whose type depends on the process being performed. 
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FIGURE 6.6 – Micro pores in the cross-section of a butt welded aluminium sample 

 

In particular, it has been pointed out that two types of pores arise. Micro pores 

of spherical shape, whose mean diameter ranges between 50 and 200 µm 

[100], do not normally result in the rejection of welded parts at quality checks 

[101]: they are ascribed to hydrogen and other common gases which are 

released and trapped in the solidifying alloy as their solubility in liquid metal is 

much higher compared with that one in solid state [49, 101]. As an example, a 

cross-section with micro pores, as resulting from butt welding a 1.25 mm thick 

sample using a power of 1.6 kW and a welding rate of 80 mm/s in focused 

condition [80] is shown in figure 6.6. High temperatures which are experienced 

in the weld pool allow a large amount of hydrogen to be absorbed; as the weld  
 

 

FIGURE 6.7 – Hydrogen solubility in aluminium as a function of temperature 
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pool solidifies, the solubility of hydrogen greatly decreases as shown in figure 

6.7 for pure aluminum. This difference in solubility is the driving force for 

porosity formation because the percentages of hydrogen exceeding the 

effective solubility limit end up in forming gas pores, if not escaping the 

solidifying weld [83]. For such reasons, gas mixture with even minimum 

hydrogen content are excluded from shielding [18]; moreover, preventive 

measures must be taken to carefully remove from the base metal any source of 

hydrogen or foreign material, such as milling and machining lubricant which 

could produce inclusions in the bead [83]. Since an adequate seam preparation 

is deemed to be vital for sound beads, cleaning of both sides of the joint when 

preparing surfaces for deep penetrative welding is recommended. Pickling, 

solvent degreasing or slight pre heating are usually carried out indeed. 

However, the welding position may either help or hinder the expulsion of gas 

bubbles: in general, vertical-up welding of aluminum produces the least 

amount of pores as the solidifying weld pool provides an easy escape for gases; 

conversely, overhead welding results in the greatest amount due to the 
floating direction and the convection patterns [83]. 

Macro pores, instead, which are also referred to as macro cavities, ranging in 

size between 300 and 600 µm [100], are usually visible to the unaided eye, 

seriously affect the mechanical properties of the bead and are therefore the 

main ones to be investigated. They are less circular than hydrogen-occluded 

pores and locate along the welding bead centre-line [49, 3]. Imperfect 

collapses of the key-hole during welding, as a consequence of large differences 

in boiling and melting points of the base metal and the main alloying elements 

is addressed. In particular, gas occlusions and non stable key-holes are 

favoured by a high magnesium content [100] which is expected to also 

influence welding of 2xxx family alloys, although being lower compared with 

5xxx family: it is inferred that a change is produced in the key-hole pressure 
balance equation because vaporization is a non equilibrium process. 

The loss in magnesium content, and therefore the final amount of pores, 

depends on the processing parameters and is clearly noticed via EDS in the 

transverse bead cross-section. An average loss of magnesium in the order of 

53% was estimated when BOP welding 3.2 mm thick plates with a power of 1.6 

kW, a welding speed of 10 mm/s with 0.5 negative defocusing [4]. In order to 

better discuss the issue, a cross-section with pores was considered and 
appropriate sites of interest were scanned. 
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FIGURE 6.8 – Magnesium content as a function of distance from weld centre; 3.2 mm thick plate 

 

The magnesium content as a function of the distance from the welding axis of 

the bead is shown in figure 6.8: it drops when moving from the base metal, 

where a nominal reference value of 1.56% is detected on average, towards the 

fused zone. Specific steepness depends on the scanning array positioning 

across the bead border line: in particular, array A and B approximately locate at 
0.5 and 1 mm depth with respect to the top surface, as shown in figure 6.9. 

Notably, the local magnesium concentration for sites in the bulk of the weld 

metal is uniform, thus confirming that vigorous convective mixing actually 

occurs in the molten metal [5] as the key-hole develops.  
 

 

FIGURE 6.9 – EDS scanning strategy for magnesium content inspection; 3.2 mm thick plate 
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FIGURE 6.10 – Magnesium content as a function of distance from weld centre; 1.25 mm thick sheet 

 

Higher welding speeds and lower thermal inputs are required to match the 

quality requirements when welding 1.25 mm thick sheets of the same alloy. 

The magnesium content as detected via EDS analysis is shown in figure 6.10 for 

a butt welded joint with a power of 1.6 kW, a welding speed of 80 mm/s in 

focused condition [80]; array A and B in this case approximately locate at 0.3 
and 0.6 mm depth with respect to the top surface, as shown in figure 6.11. 

A 1.16% residual magnesium content is measured in the bulk. Vaporization of 

the alloying elements is lower due to shorter interaction time between laser 

and material; no macro pores are found in random cross-sections.   
 

 

FIGURE 6.11 – EDS scanning strategy for magnesium content inspection; 1.25 mm thick sheet 
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Since the bead width is significantly narrow, the mean crown being 1.5 mm 

wide, a proper longitudinal cut is not feasible for a reliable observation of 

macro pores; nevertheless, larger beads on thicker plates showed that any 

significant content of pores is statistically detected even in the cross-sections 

[95]; therefore, one could assume the examined welding set actually allows the 
process to be performed in much more stable conditions. 

6.6.1   THERMAL INPUT DEPENDENCE 

A significant influence on macro porosity is ascribed to the thermal input. 

Longitudinal sections of two 3.2 mm thick specimens which were processed 

with 160 and 200 J/mm thermal input [3] are shown in figure 6.12. A 6 mm (i.e. 

0.25 in) long zone both at the beginning and at the end of the welding bead 

was excluded from measurements in order to neglect any transitory effect due 

to key-hole opening and closure. Provided that fully penetrative conditions are 

accomplished, lower thermal inputs result in increasing porosity: the mean 

amount is close to the limit of 5% with respect of the total fused zone, which is 

the allowed limit according to international specifications [66], so welding is 

performed in critical conditions which would easily end up in bead rejection at 

quality checks. It is well known that the melted material flow in the weld pool 

heads towards the root [5] thus resulting in bubble ejection in fully penetrative 

welds. The process is enhanced when higher thermal inputs are provided [3]. 

Conversely, it is inferred that a higher thermal input in incomplete penetrative 

welds do only increase the loss of volatile elements such as magnesium which 
has been proven to favour the key-hole instability thus leading to porosity [2]. 

An amount of 15% porosity was observed with a much lower thermal input of 

80 J/mm [95]. Results with a 240 J/mm thermal input were also investigated;  
 

 

FIGURE 6.12 – Macro pores in longitudinal sections: 160 and 200 J/mm thermal input 
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nevertheless, given the maximum output power level for the welding system in 

place, this requires very low welding speeds resulting in non uniform beads, to 
be excluded from the analysis [3]. 

6.6.2   DEFOCUSING EFFECT 

As for any metal alloy, a defocused laser beam is thought to improve the weld 

quality in aluminum joints in term of porosity and enhanced penetration depth 

[49]. The effects of different focal positions were studied on 3.2 mm thick 
plates in butt configuration. 

Once the 18.4 kW/mm2 threshold value is provided with constant power of 1.8 

kW and welding speed of 10 mm/s, a key-hole mode develops with 1 mm 

negative defocusing; conversely, a 1 mm positive defocusing only melts the 

surface and no key-hole mode develops. As expected, the welding outcome is 

different although the same defocusing shift applies and although the beam 

divergence is considered to be low for the system in place. The porosity trend 

as a function of the focus position is shown in figure 6.13; a power of 1.8 kW 

and a welding speed of 10 mm/s are taken as constant; a maximum standard 

deviation of 1.5 was measured for porosity. Notably, when positively 

defocusing to 0.5 mm, the resulting porosity is due to incomplete penetration, 

since bubble ejection is hindered as convective patterns in the weld pool do 

not reach the back-side surface; therefore, gas driven towards the tip are 

trapped after solidification [2]. On the other hand, a reduction is achieved with 

0.5 mm negative defocusing, compared with focused conditions. Nevertheless, 

when further negatively defocusing to 1 mm, pressure terms in the balance are 

affected in such a measure that the stable solution for the equilibrium radius of 

the key-hole is significantly moved. To support the assumption, the cross-

section which have been produced with a 10 mm step are shown in figure 6.14  

 

 

FIGURE 6.13 – Porosity trend in bead longitudinal section as a function of the focus position 
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FIGURE 6.14 – Bead profiles, with 10 mm step along the welding direction, for different focusing 

 

in different focusing conditions: the bead profile is clearly irregular along the 

welding direction when negatively defocusing to 1 mm, and pores are clearly 

noticed in the cross-section. This is enough to assess that AA 2024 is highly 
susceptible to minimal deviation of the focus position. 

6.7   SOFTENING IN THE FUSED ZONE 

Since the mechanical properties in aluminum alloys do not only depend on the 

alloying elements, but on the heat treatment also, it is worth noting that AA 

2024 in T3 state was considered, the designation applying to cold worked 

products whose strength is improved after solution treatment and eventual 
room temperature aging for stabilization [83]. 

Referring to figure 6.15, the dark particles at grain boundaries in the base 

material are Cu2Mn3Al20, CuMgAl2 and Cu2FeAl7 precipitates [83] resulting from 

preliminary solution heat treatment and artificial aging, whilst columnar 

growth of the grains in the direction of the thermal gradient is experienced in 

the fused zone [95]. Changes also take place in the HAZ, although fusion did 

not occur. Indeed, when considering any heat treatable alloy, as AA 2024 is, 

dissolution or growth of strengthening precipitates result, depending on the 
aluminum family [84]: this leads to worsening of the weld properties anyway. 
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FIGURE 6.15 – AA 2024 T3, micrograph: base metal (above) and HAZ at the bead interface (below) 

 

Namely, the response in the HAZ for 2xxx family follows dissolution, whereas 

the primary modification for 6xxx family is growth of the precipitates, although 

a slight increase in hardness typically occurs near the fusion zone. The global 

effect is commonly referred to as HAZ and fused zone degradation. It has been 

suggested that friction stir welded joints of the 2xxx family could be 

significantly improved in tensile strength by post weld heat treatments [102] 

which are therefore assumed to be a valid recovery method for laser welding 

also. However, softening can be controlled below a significant extent by using a 

low heat input process: in this view, laser welding is deemed to be a favourable 
joining technology for 2xxx family aluminum alloys [85]. 

Vickers micro hardness tests were carried out to highlight the effects of laser 

thermal cycles in softening the welding zone. Indentations were made at mid 

thickness [65], with a load of 0.98 N (i.e. 0.1 kgf), for a dwell period of 15 s with 

a speed of 60 μm/s [67]; tests were performed one week after welding to allow 

the stabilization of the properties after natural aging [83]. As an example, the 

micro hardness trend as a function of the distance from the weld centre is 

shown in figure 6.16 for a 1.25 mm thick butt welded specimen obtained with 
a power of 1.4 kW, a welding speed of 80 mm/s and 0.5 positive defocusing. 
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FIGURE 6.16 – Vickers micro hardness in the cross-section as a function of distance from weld centre 

 

As expected, a decrease in micro hardness is noticed from 145 HV0.1 in the base 

metal to an average 105 in the fused zone. When temperatures in the HAZ 

exceed the solvus curves, respective phases are dissolved; at a position which 

is close to the fusion zone, where higher temperatures are experienced, 

substantial dissolution of the strengthening phases is therefore supposed to 

have place [83]. Nevertheless, transition values were not observed between 

the base metal and the fused zone, such that it is not possible to clearly assess 

the extent of the HAZ, which is hence assumed to be less wide than the 

distance between two consecutive indentations, that is to say 150 µm 

according to the referred specification. 

Interestingly, when welding 3.2 mm thick samples with higher thermal inputs, 

no differences in micro hardness values were found, thus suggesting that any 

drop in the properties is basically the result of a threshold point for precipitates 

dissolution being overcome, irrespective of the welding parameters. Anyway, a 

longer interaction between the metal and the heat source affects the HAZ 

which, for example, ranged from 200 to 250 μm when welding was performed 
with a power of 1.6 kW, a speed of 10 mm/s in focused conditions [95]. 

6.8   OPTIMIZATION OF BUTT WELDED JOINTS 

Satisfactory results in welding AA 2024 thin sheets under 2 mm in thickness 

had been achieved using Nd:YAG and CO2 laser sources [103]. A 3-level 

experimental plan with governing factors power P, welding speed s and focus 

position f was arranged in order to find an optimal processing combination of 
parameters to weld 1.25 mm thick sheets via Yb:YAG disk-laser [80]. 
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TABLE 6.3 – DOE: factor levels for AA 2024 butt welding 

 -1 0 +1 

P [W] 1400 1600 1800 

s [mm s-1] 50 65 80 

f [mm] -0.5 0 0.5 

 

The factor levels of the experimental plan are given in table 6.3; the beam 

geometry and the specific irradiance threshold to be overcome were taken into 

account to choose the ranges. Referring to a face-centred CCD, the welding 

conditions to be tested are listed in table 6.4. 

As suggested in specific guidance for electron and laser beam welding of 

aluminium [66], three types of common imperfections were found to need 

special considerations: excessive penetration EP, sagging S and misalignment 

M (cf. figure 4.4); imperfections such as undercuts or shrinkage grooves were 

occasionally produced. Crown width CW on the upper surface, root width RW 

on the back-side and the extent of the fused zone FZ (cf. figure 4.3) were 

considered to describe the bead profile. Mean values are listed in table 6.5, 

although the checks were separately referred to each single measurement, so 

to prevent possible misleading compensation in the arithmetic mean.  
 

TABLE 6.4 – DOE: Welding conditions to be tested in a face-centred CCD scheme 

Condition P [W] s [mm s-1] f [mm] 

1 1400 50 -0.5 

2 1800 50 -0.5 

3 1400 80 -0.5 

4 1800 80 -0.5 

5 1400 50 0.5 

6 1800 50 0.5 

7 1400 80 0.5 

8 1800 80 0.5 

9 1600 65 0 

10 1600 65 0.5 

11 1600 65 -0.5 

12 1600 80 0 

13 1600 50 0 

14 1800 65 0 

15 1400 65 0 
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TABLE 6.5 – DOE: response variables, mean values for each testing condition 

Condition 
EP 

[mm] 
S 

[mm] 
M  

[mm] 
CW 

[mm] 
RW 

[mm] 
FZ 

[mm2] 

1 0.10 0.07 0.06 1.80 1.36 1.93 

2 0.04 0.06 0.06 1.53 1.03 1.54 

3 0.07  0.02 1.37 0.84 1.33 

4 0.13 0.08 0.01 1.40 1.15 1.49 

5 0.10 0.10 0.02 2.03 1.41 2.24 

6 0.14 0.18 0.01 1.84 2.04 2.38 

7 0.01 0.04 0.02 1.51 0.90 1.40 

8 0.16 0.11 0.01 1.57 1.26 1.67 

9 0.11 0.09 0.02 1.59 1.34 1.71 

10 0.11 0.10 0.04 1.76 1.37 1.87 

11 0.09 0.06 0.02 1.54 1.30 1.62 

12 0.14 0.01 0.03 1.50 1.14 1.57 

13 0.17 0.22 0.01 1.78 1.63 2.00 

14 0.10 0.18 0.01 1.51 1.40 1.65 

15 0.13 0.09 0.02 1.57 1.31 1.66 

 

With respect to the thickness being investigated, the stringent quality category, 

which is the best one possible according to the referred specification, is met for 

EP and M being their values lower than 0.39 and 0.13 mm, respectively, 

although one should assume anyway misalignment being affected by improper 

clamping of the plates rather than by the specific processing condition. 

Reference quality levels for S are not general instead, being them related to 

EP, as a trade-off between sagging and excessive penetration is allowed in the 

specification, provided some conditions on sheet thickness t and crown width 
are met. For stringent quality levels to be matched, the rule: 

 ܵ ≤ ݐ 0.1 + (6.1) ܲܧ

apply for CW below 0.625 mm, as it actually is in the experimental plan. The 

constraint is effectively met. When occasionally produced, undercuts and 

shrinkage grooves did match their corresponding quality requirement. 

Therefore, given their compliance with the standard, the processing conditions 
were considered to feed the optimization them all. 

A shape-factor SF for the bead cross-section was defined. Since no necking 

zones were found, the root to crown width ratio was considered, irrespective 
of the bead profile at mean height: 



 Welding aluminum alloy 2024 91 

ܨܵ  =
ܴܹ
(6.2) ܹܥ

Models for both the fused zone and the shape-factor were produced involving 

quadratic interactions among the governing factors; the corresponding p-

values from the ANOVA were considered as indicators of significance: for the 

overall models, p-values of 0.0341 and below 0.0001 were achieved, 

respectively. As for example, the response surfaces for the fused zone for each 

level of the welding speed, as obtained via Design Expert software, are shown 

in figure 6.17. Interestingly, power has a quite moderate effect compared with 
speed and defocusing. A similar behaviour results for the shape-factor. 

Specific criteria were then defined for the optimization. In principle, a goal of 

minimum is required for the extent of the fused zone, whose mechanical 

features are well known to be low compared with the base metal. Additional 

constraints involving the shape-factors are required: beads whose root width is 

close to the crown one must be rejected, being this condition indicative of 

welding occurring between conduction and key-hole regime, whilst a proper 

key-hole is preferred for the purpose of deep penetration and high aspect 

ratio; also, rejection is advised for beads whose root results in being too 

narrow, this shape hampering the expulsion of vapour and favouring porosity 

[95]. Hence, an optimal range between 0.5 and 0.7 was chosen for the shape-

factor. The optimization procedure was then carried out. The first five solutions 

as suggested when considering the overall desirability functions are given in 

table 6.6. An optimal combination with a power of 1.4 kW power, a speed of 

80 mm/s with 0.5 positive defocusing is suggested and is also considerably 

robust without significant variation both in the responses and the desirability 

output, even when affected by minor changes in defocusing. The condition was 

actually tested in the experimental plan as condition number 7 (cf. table 6.4). 

No macro pores were found via RT.  
 

TABLE 6.6 – Optimization: suggested solutions with corresponding responses and desirability 

 P [W] s [mm s-1] f [°] RW/CW FZ [mm2] Desirability

1 1400 80 0.50 0.54 1.35 0.901

2 1400 80 0.49 0.55 1.35 0.900

3 1400 80 0.48 0.56 1.35 0.900

4 1400 80 0.45 0.57 1.35 0.899

5 1400 80 0.44 0.57 1.35 0.898
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FIGURE 6.17 – Response surfaces for the extent of the fused zone for each level of welding speed 
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FIGURE 6.18 – Tensile specimen for aluminum square butt joint testing; dimensions in millimetres 

 

The eventual assessment of the suggested condition was performed via tensile 

testing. In accordance with the referred specification [70], the dimensions of 

the tensile specimens are shown in figure 6.18; tests were performed at a 
crosshead speed of 0.015 mm/s. 

As a consequence of degradation in the fused zone, although the failure mode 

depends on the alloy type as well as on its preliminary heat treatment and the 

welding condition, fracture is expected to have place in the bead. Nevertheless, 

it is widely accepted in several researches about different aluminum alloys 

[103, 104, 105] that any welding bead showing an UTS above 66% of the base 

alloy is acceptable. Values of percent elongation at break and UTS are given in 

table 6.7; the UTS is compared with original and non welded samples also, 

where 480 MPa are withstood, as expected according to material data sheet 

[83]. No plastic strain is experienced since a percent elongation at break of 18% 
would be normally expected from a non welded sample. 

Fracture in each tested specimen started from the weld and grew towards the 

interface between the weld and the base material, where a steep discontinuity 

occurs in the mechanical features, as shown from the Vickers micro hardness 

trend; top- and back-side fracture surfaces are shown in figure 6.19. 

Interestingly, an average value of 77% the UTS of the base alloy resulted; an 

improvement was then benefited considered that lower values, below 69%, 

had been achieved with a Nd:YAG source on 0.8 mm thick sheet and a similar 

value was expected when alternatively considering a CO2 source [103].  
 

TABLE 6.7 – Tensile tests output for AA 2024 welded samples 

Test UTS [MPa] UTS/UTS0 [%] Elongation at break [%] 

1 385 80 1 

2 369 77 1 

3 357 74 1 

70

25

1224
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FIGURE 6.19 – AA 2024 butt welded sample: top- and back-side fracture surfaces 

 
6.9   OPTIMIZATION OF LAP WELDED JOINTS 

Being capable of joining materials by one-side access, laser welding is 

particularly useful for lap joining, since the beam is delivered on the top-laying 

sheet metal while the heat is being transferred, as the process goes on, to the 

under-laying plate. The process was investigated [88] with respect to 2024 

aluminum alloy thin sheets as a promising alternative to friction stir welding 

[54]. A 4-factor study with power P, welding speed s, focus position f and beam 

angle α was considered. Aiming to provide a general overview of the process to 

clarify the main effects and the interactions at a first stage of study, two levels 

for each factor were selected and a complete factorial plan was proposed: 

therefore, all of the possible combinations of factors and levels were tested, 

for a total of 16 configurations. Preliminary BOP trials suggested which level to 
be used for each factor. 

Since deep penetration is achieved on 1.25 mm thick plates using a power of 

1.8 kW to be coupled with a welding rate of 80 mm/s, and given the need to 

overlap two 1.25 mm thick plates, lower welding rate and/or higher power 

level must be chosen. With respect to the defocusing range, the beam  
 

TABLE 6.7 – DOE: factor levels for AA 2024 lap welding 

 -1 +1 

P [W] 1800 2000 

s [mm s-1] 35 45 

f [mm] -1.25 0 

α [°] -15 -5 
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TABLE 6.8 – DOE: Welding conditions to be tested in a complete factorial plan 

Condition P [W] s [mm s-1] f [mm] α [°] 

1 1800 35 -1.25 -15 

2 1800 35 -1.25 -5 

3 1800 35 0 -15 

4 1800 35 0 -5 

5 1800 45 -1.25 -15 

6 1800 45 -1.25 -5 

7 1800 45 0 -15 

8 1800 45 0 -5 

9 2000 35 -1.25 -15 

10 2000 35 -1.25 -5 

11 2000 35 0 -15 

12 2000 35 0 -5 

13 2000 45 -1.25 -15 

14 2000 45 -1.25 -5 

15 2000 45 0 -15 

16 2000 45 0 -5 

 

geometry must be considered for the irradiance threshold to be overcome. A 

base condition of focused beam and a negative 1.25 mm defocusing, with the 

focus hence ideally locating at the interface between the overlapping plates, 

were considered; sufficient irradiance is thus provided to melt the alloy. 

Forward beam angles with respect to the welding direction were used, being 

them beneficial to reduce the spattering. Hence, 5° and 15° negative beam 

angles were chosen. The levels for each factor are summed up in table 6.7; a 

complete view of the testing conditions is provided in table 6.8. Three 

replications were performed for each test, for a total of 48 runs; a random 

testing procedure was also arranged. Blocks were arranged with respect to the 
beam angle. 

Assisting and shielding helium on the upper surface was delivered with 30 

l/min flow rate; no shielding was needed on the backside surface of the joint, 

as the idea is to deal with a realistic lap joint configuration where no access is 

allowed on the back-side; 80 mm long lap welded joints were produced in 

continuous wave emission. At first sight, the effect of laser beam angle on 

spattering on the top-side plate is detectable: specimens which were 

processed with 15° angle are less affected by spatters compared with those 
ones with 5° angle, other factors being equal. 
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FIGURE 6.20 – AA 2024 lap welded samples: top-side aspects in condition 5 (above) and 6 (below) 

 

A proper beam angle may therefore aesthetically improve the beads; the need 

for post processing operations is hence reduced. Top-side appearances of the 

welds in conditions 5 and 6 are shown in figure 6.20. Three cross cuts for each 

bead were considered to be measured. As one may already expect, it is clear 

from the cross-sections that melting is easier for the upper than the lower 

sheet because the former behaves as heat sink for the latter. Nevertheless, 

melting in the lower plate was always produced, although with different depth, 

in each testing condition. With respect to the shape, three types of cross-

sections can be distinguished, as shown in figure 6.21, and will be referred to 

as type-1 when presenting root concavity RC; type-2 when presenting 

excessive penetration EP; type-3 when penetration depth PD does not range 

throughout the entire thickness, although a small distortion due to thermal 

effects is detected in this case on the bottom of the plate. Type-2 beads are 

slim and lean compared with type-1; RC and EP are mutually exclusive. 

Macrographs of the real cross-section for each type of bead are also shown in 

figure 6.22 for conditions 12, 4 and 8. No undercuts were noticed, whilst 

reinforcement R was always produced. Crown width CW, mean width MW at 

the interface and root width RW were also measured (cf. figure 4.3). As no 

boundaries of the heat affected zones were detected from micrographs, only 

the extent of the fused zone FZ was considered. Mean values of geometric 

features and imperfections are listed in table 6.9.  
 

 

FIGURE 6.21 – Cross-section types for lap welded beads: schemes 
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FIGURE 6.22 – Cross-section types for lap welded beads: macrographs 

 

Being 2.5 mm the thickness of the resultant assembly, stringent quality 

requirements were met for each tested conditions in terms of reinforcement as 

R was lower than 0.575 mm [66]. Referring to type-1, the quality level for RC 

was found to be different depending on the processing condition, although the 

intermediate quality was met at least, being RC not higher than 0.500 mm; 

referring to type-2, the quality level for EP was stringent for most of the cases 

and intermediate for two of them. Referring to type-3, the specification allows 

lack of penetration in percentage on the total thickness, so moderate level is 

met when PD is 1.875 mm at least; butt joints should be rejected for lower 

penetration, whereas the target is deemed to be quite conservative for lap 

welding since no transversal interface is present, compared with butt joining.   
 

TABLE 6.9 – DOE: response variables, mean values for each testing condition 

Cond. 
Cross-section 

type 
RC 

[mm] 
EP 

[mm] 
PD  

[mm] 
R 

[mm] 
CW 

[mm] 
MW 

[mm] 
RW 

[mm] 
FZ 

[mm2] 

1 3   1.91 0.10 2.42 1.07  2.93 

2 1 0.26  2.50 0.31 2.58 1.74 1.45 5.04 

3 1 0.06  2.50 0.19 2.52 1.78 1.52 5.23 

4 2  0.27 2.50 0.21 2.65 1.65 0.78 4.76 

5 3   1.60 0.10 2.15 0.74  2.27 

6 2  0.23 2.50 0.10 2.22 1.36 0.89 3.82 

7 3   2.41 0.31 2.23 1.39  3.67 

8 3   2.14 0.14 2.30 1.45  3.48 

9 2  0.28 2.50 0.24 2.67 1.46 0.56 4.62 

10 1 0.32  2.50 0.50 2.90 2.19 1.77 6.34 

11 1 0.22  2.50 0.13 2.72 2.15 2.23 6.38 

12 1 0.35  2.50 0.35 2.94 2.17 1.67 5.88 

13 3   2.09 0.14 2.37 1.15  3.12 

14 1 0.29  2.50 0.43 2.40 1.72 1.56 4.84 

15 2  0.23 2.50 0.30 2.34 1.70 1.48 4.92 

16 1 0.18  2.50 0.35 2.47 1.61 1.22 4.53 
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FIGURE 6.23 – Interaction plots for the extent of the fused zone 

 

Eventually, any welding condition in the experimental plan was adequate to 
make the quality requirements be matched. 

The interactions among the processing factors were examined. In particular, 

any effect was related to the extent of the fused zone which is often 

considered to be a reasonable response variable to be investigated as it affects 

the bead ultimate tensile strength [95], as discussed for butt welded samples. 

The interaction plots are shown in figure 6.23. As one may expect, FZ increases 

with increasing power or decreasing welding speed, so with increasing thermal 

input. Data lines are nearly parallel when referred either to power and speed; a 

correlation between defocusing and beam angle is expected instead, as the 

trends change when comparing focused to defocused conditions. The beam 

geometry adequately explains the difference. Given that a laser beam is 

symmetrically hyperbolic with respect to its waist (cf. par. 2.5), the irradiation 

area on the upper surface would be elliptic in general when tilting the laser 

head, and a different spatial intensity distribution would be achieved along the 

radius. Although the irradiance on the upper sheet was proven to still be 

adequate to allow the process to start, the eccentricity of the spot is higher 

when using a tilting angle of 15°. As shown in figure 6.24, this effect is 

enhanced when defocusing, as the intersection between the laser beam and 
the surface plane locates where the beam divergence is higher. 

When coupled with certain levels of power and welding rate, the beam angle 

produces a variation in the energy profile which may prevent welding from 
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being fully penetrative. The advantages of a collimated beam with very low 

divergence, as provided with a thin disk source, are thus evident since the 

beam radius does not undergo significant variations within moderate 

propagation distances; therefore the variation of the spatial intensity 

distribution from a focused condition to a defocused one is lower when tilting 

the beam. Indeed, three out of five type-3 beads were obtained when coupling 

1.25 mm negative defocusing with the wider beam angle; the remaining two 

having the lowest thermal input of the experimental plan, so incomplete fusion 
predictably occurred. 

The effects of defocusing and beam angle seem to compensate each other 

when moving from a focused condition with an angle of 5° to a defocused 

condition with 15°, as the extent of the fused zone is similar. No correlation 

was found to model either EM, RC and EP; this is inferred to be due to a series 

of processes and noise factors which are in place on the top- and back-side 

surfaces of the plates due to gas shielding interaction and vortex flux structure 

affecting the melted pool. Nevertheless, CW and MW were considered in pair: 

given the fact that certain welding conditions brought to non penetrative welds 

where no measurements of RW were possible, the MW to CW ratio was 

defined to portray the cross-section shape as a function of the processing 

parameters. As found for the fused zone, similar trends were confirmed by the 

interaction plots; the eccentricity and the intersection surfaces as a 

consequence of the tilting angle and defocusing are then thought to also 
control the bead shape. 

Moderate requirements were met at least when considering the pores on 

longitudinal cross-sections. Two conditions with no porosity were successfully 

achieved when welding with a power of 1.8 kW, a speed of 35 mm/s, negative 
 

 

FIGURE 6.24 – Effect of defocusing: intersection between the laser beam and the surface plane 

BEAM WAIST
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defocusing and a beam angle of 15°; and a power of 2.0 kW, a speed of 35 

mm/s, a focused beam and a beam angle of 5°. Although the corresponding 

thermal input is different, the same effect on porosity formation is determined 

as the response of the material and the key-hole stability are obviously 

affected by focusing and tilting. 

6.10   CONCLUSIONS 

A number of laser-related issues are in place when welding 2024 aluminum 

alloy. A proper scheme for shielding and blowing the metal plume away was 

suggested, consisting in a trailing tilted nozzle with air cross-jet flow; the laser 

beam was delivered with a tilting angle of 5° in order to prevent damages to 

the optics due to possible back reflections. Clear advantages in coupling the 

laser beam with the base metal were achieved when shielding with helium 
compared with argon. 

Proper preparation of the joint is required in order to remove aluminum oxide 

which may result in incomplete fusion of the abutting surfaces, and any foreign 

material which may produce inclusions in the bead. The need for a threshold 

irradiance of 18.4 kW/mm2 arise as a consequence of high thermal conductivity 

and low absorptance at laser wavelength. Both the thermal input and the 

defocusing effects were proven to be effective in improving the joint quality in 

terms of macro pores, which are related to magnesium loss during welding 

thermal cycles, since a drop in magnesium concentration is found via EDS 

moving from the base metal towards the fused zone in the transverse cross-

section. Higher thermal inputs in deep penetrative welding conditions were 

found to be appropriate to enhance convective vortex structure in the fused 

zone, thus easing the ejection of vapours; defocusing was proven to be decisive 

in moving the key-hole stable condition, although AA 2024 is highly susceptible 
to minimal focus deviation. 

As a consequence of rapid heating and cooling, dissolution of strengthening 

precipitates occurs in the bead and the heat affected zones, so a drop in the 

Vickers micro hardness results in the bead. Nevertheless, when tensile testing 

the welded samples referring to an optimum parameter combination as 

suggested via desirability function, convincing values of ultimate tensile 

strength which are higher than 66% of the base metal were achieved, thus 
giving grounds for concrete application. 
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When considering thin sheets in overlapping configuration, wider angles of 

beam tilting resulted in less spattering on the upper surface, therefore 

providing better aesthetic features, which may be required for certain 

applications in order to reduce any need for post processing operations. 

Moreover, coupled effects due to beam angle and focus position significantly 

affect the joint features in terms of both the extent of the fused zone and bead 

cross-section, as a consequence of the position of the intersection between the 

laser beam and the upper surface of the plate. The advantages of a beam with 

very low divergence, as provided with a thin disk source, are evident such that 

the beam diameter does not undergo significant variations along the 
propagation axis. 





7 

WELDING TITANIUM ALLOY TI-6AL-4V 

7.1   INTRODUCTION 

Titanium alloys are chosen in aerospace thanks to high strength in combination 

with low density and good tensile properties [106]. In particular, when the 

operating temperature exceeds 130 °C, titanium alloys can successfully replace 

aluminum-based materials [107]. Ti-6Al-4V accounts for more than half of all 

titanium tonnage in the world and no other titanium alloy is deemed to 

threaten a such dominant position [48]; it is normally and extensively 

employed for turbine disks, compressor blades, airframe and space capsule 

structural components, rings for jet engines, pressure vessels, rocket engine 

cases, helicopter rotor hubs, fasteners, engine exhausts. Additionally, medical 
and surgical devices are also produced thanks to its high biocompatibility [108]. 

Ti-6Al-4V is a two allotropic phase α+β alloy, aluminum acting as the alpha 

stabilizer and vanadium as the beta stabilizer. The chemical composition [106] 

is given in table 7.1. Strengthening is achieved through heat treatment or 

thermo-mechanical processing, although the best combination of properties 
results from solution heat treatment and rapid quenching and aging [48]. 

Conventional welding methods for titanium alloys are tungsten inert gas 

welding and plasma arc welding [109]. Research had focused on CO2 [6, 110] 

and Nd:YAG lasers [48] to enhance the bead quality. In comparison with 

traditional technologies, tight beams are effective indeed in reducing the mean 

grain size in the fused zone; the overall mechanical quality of welded titanium 

is hence improved since the growth in the grain size is deemed to be the 
reason for the decrease in tensile strength after welding [111]. 
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TABLE 7.1 – Ti-6Al-4V nominal chemical composition (wt.%) 

Al V Fe O2 H2 C N2 Ti 

5.5 ÷ 6.8 3.5 ÷ 4.5 0.4 0.2 0.015 0.08 0.05 Balanced 

 

Nevertheless, for the purpose of bead protection to produce sound joints, 

shielding and assisting gases are crucial in laser welding [48]; moreover, a 

significant reduction in ductility can occur as a consequence of aluminum 

oxides and micro pores. In particular, as few as 2% total porosity yields a 85% 

decrease in the UTS of the joint compared with the base metal [111]. With 

respect to the micro hardness in the fused zone, a remarkable increase in the 

order of 140 HV occurs compared with the base metal; no clear trends in the 

mean value are observed with the welding speed [48], although an increase 
with the laser peak power has been reported [111]. 

7.2   ARRANGEMENT OF THE EXPERIMENTAL PLAN 

Butt welding of 3 mm thick plates of Ti-6Al-4V titanium alloy was investigated. 

Laser power P and welding speed s were considered and a shift f of the focus 

position was included in the experimental plan: in particular, negative 

defocusing was preferred because a reduction of the grain size resulted [112] 
when locating the beam focus beneath the metal surface. 

The ranges for both power and defocusing were decided in order to overcome 

the threshold value of 106 W/cm2 for key-hole development [39] even when 

combining low power with strong defocusing. Sensible values for welding 

speed were found via BOP testing aiming to produce fully penetrative beads 

with no significant excessive penetration on the lower surface. Three levels 

were chosen for each leading variable, as listed in table 7.2, and a face-centred 

CCD structure was referred to. The resulting testing conditions to be explored 

are listed in table 7.3.  
 

TABLE 7.2 – DOE: factor levels for Ti-6Al-4V butt welding 

 -1 0 +1 

P [W] 1500 1750 2000 

s [mm s-1] 15 20 25 

f [mm] -3.0 -1.5 0 
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TABLE 7.3 – DOE: Welding conditions to be tested in a face-centred CCD scheme 

Condition P [W] s [mm s-1] f [mm] 

1 1500 15 -3 

2 2000 15 -3 

3 1500 25 -3 

4 2000 25 -3 

5 1500 15 0 

6 2000 15 0 

7 1500 25 0 

8 2000 25 0 

9 1500 20 -1.5 

10 2000 20 -1.5 

11 1750 15 -1.5 

12 1750 25 -1.5 

13 1750 20 -3 

14 1750 20 0 

15 1750 20 -1.5 

 

Three replications runs were performed to check the statistical dispersion. 
Both allocation of samples and production of the specimens were random. 

The crown width CW, the root width RW and the extent of the fused zone FZ 

(cf. figure 4.3) were considered. In particular, an appropriate shape-factor was 

defined as the root to crown ratio to model the bead profile, aiming to involve 

a specific constraint at the optimization stage, as discussed in the case of 

aluminum alloys (cf. par. 6.8). Moreover, given that the extent of the HAZ is 

clearly noticed in the cross-section, its width was measured at both sides of the 

fused zone, on top- and back-side surfaces; the mean values HAZup and HAZlow 

were referred for each testing condition. As concerning the imperfections, the 

evaluation was required for right and left undercut UC, reinforcement R and 

excessive penetration EP at the key-hole root (cf. figure 4.4). The mean grain 
size in the fused zone was additionally considered. 

7.3   EXPERIMENTAL DETAILS 

Welding was performed in continuous wave emission using a Trumpf Tru-Disk 

2002, Yb:YAG thin disk laser source with a Trumpf BEO D70 focusing optics (cf. 

table 2.2). A preliminary procedure to check the focus position with respect to 
the surface of the plates to be welded was conducted (cf. par. 3.5). 
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TABLE 7.4 – Mechanical preparation: details for grinding and polishing Ti-6Al-4V 

Runs Grinding/polishing medium Wheel speed [rpm] Processing time [min]

2 P1200 paper 300 5

1 P2500 paper 300 5

2 3 μm diamond suspension 450 5

2 1 μm diamond suspension 500 5

 

Helium with a flow rate of 20 l/min was preferred as assisting gas for plume 

removal via a trailing copper nozzle, whilst argon was considered for both top- 

and back-side shielding [6, 39] via a side diffuser and a grooved box, 

respectively; the welding set-up in its basic scheme was hence used (cf. figure 

3.4). The gas flow rate, the welding direction, the nozzle angle and the diffuser 
positioning were chosen based on trial experiments. 

Possible burrs were removed using abrasive paper in order to improve the 

primary fit up of the plates; cleaning from residual moisture which could result 

in severe embrittlement of the alloy [113] was performed by pickling with 5% 

hydrofluoric and 30% nitric acid in distilled water mixture, for 5 min at room 

temperature [106]. A welding point was spotted both at the beginning and the 

end of the welding path. Three cross-cuts were examined for each bead; the 

steps for mechanical preparation are given in table 7.4; constant loads of 10 

and 8 daN between the rotating plate and the sample holder were used in 

grinding and polishing, respectively; ultrasonic cleaning was carried out for 20 

min at a temperature of 80 °C before diamond polishing. Chemical etching was 

eventually conducted for 90 s at room temperature with a solution of 10% 

hydrofluoric and 15% nitric acid in distilled water [106]. The geometry, the 

imperfections and the mean grain size along three directions in random cross-

section were measured via Nikon NIS-Elements imaging software. 

7.4   RESULTS AND DISCUSSION 

Visual inspections were conducted immediately after welding. Based on the 

fact that uniform, smooth and shiny beads were produced, shielding was 

assumed to be appropriate and effective [18]. Moreover, no spatters were 

observed on the top-side. As an example, the top- and back-side aspect for the 

specimen in condition of the CCD central point are shown in figure 7.1. The 
corresponding macrograph is given in figure 7.2. 
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FIGURE 7.1 – Butt welding samples: top- and back-side bead aspect 

 

Micro pores towards the bead root were occasionally observed in the samples: 

their size is not deemed to hamper the strength of the joint since comparable 

pores in the same alloy in the same thickness had not affected the resulting 

tensile strength of the welded structure [114], and fracture was experienced in 

the gage length, 25 mm at least away from the welding bead, with moderate 

elongation and limited shrinkage. With the additional assumption that any 

significant content of pores would be statistically detected even in random 
cross-sections, the beads can be considered to be structurally sound. 

The mean values resulting from three cross cuts for each replication are given 

in table 7.5; missing data for RW, HAZlow and EP are due to incomplete 

penetration of the corresponding condition, as the highest speed in conjuction 

with the lowest power failed to produce a fully penetrative bead.  
 

 

FIGURE 7.2 – Bead cross-section for the CCD central point 
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TABLE 7.5 – DOE: response variables, mean values for each testing condition 

Cond. 
CW  

[µm] 
RW 

[µm] 
HAZup  
[µm] 

HAZlow 
[µm] 

UC 
[µm] 

R 
[µm] 

EP 
[µm] 

FZ 
[mm2] 

Grain size 
[µm] 

1 3190 985 4076 2260 25 140 61 10.27 168 

2 3826 3419 4810 4477 52 123 167 15.07 177 

3 2414  3014  66 25  5.63 140 

4 3077 1790 3643 2508 100 -8 257 6.13 154 

5 3122 1730 3758 2503 50 61 210 6.28 210 

6 3017 2401 3296 3076 96 117 60 7.51 385 

7 3389 2869 3799 3579 76 134 96 9.00 145 

8 4185 4078 4760 4712 79 158 38 12.66 240 

9 2525 493 2852 1660 55 76 -31 4.48 152 

10 3048 2611 3386 3055 155 107 179 7.87 186 

11 2990 1682 3615 2399 86 75 237 5.93 234 

12 3737 2963 4343 3801 118 137 199 9.50 147 

13 4161 3615 4785 4420 79 145 150 11.30 161 

14 2963 1728 3514 2359 138 125 210 5.80 210 

15 3281 2503 3954 3227 105 64 229 8.29 187 

 

The stringent quality requirements were met for the imperfections, although 

referring to standards for steel [115], since a specific international guidance for 
laser welding of titanium and its alloys is not available. 

7.4.1   MICRO STRUCTURE 

Special interest is given to the micro structure of titanium alloys, given that the 

final structure and the phase distribution resulting from cooling are considered 

to be closely related to the mechanical properties of the weld [113, 116].  
 

 

FIGURE 7.3 – Ti-6Al-4V, micrograph: base metal 
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FIGURE 7.4 – Ti-6Al-4V, micrograph: heat affected zone 

 

The base metal is composed of a dark β phase in a bright α matrix, which is a 

typical annealed structure, whose corresponding micrograph is shown in figure 

7.3. Namely, the body-centred cubic structured β phase distributes along the 
boundaries of the hexagonal close-packed structured α phase [117]. 

Laser beam welding promotes a diffusionless transformation of the β phase 

into a martensitic α’ micro structure; high self-quenched rates occur during the 

process indeed, and a value of 410 °C/s, which is required to attain a 

completely martensitic micro structure for Ti-6Al-4V alloy [118], is certainly 

overcome both in the fused zone and in the HAZ [114]. As a result, the 

corresponding hardness increases when compared with the reference value of 

the base metal [109]. In particular, the HAZ is a mixture of α’ and primary α 

phases, as matching a structure which is quenched from a region below the β-

transus temperature; the corresponding micrograph is shown in figure 7.4.  
 

 

FIGURE 7.5 – Ti-6Al-4V, micrograph: fused zone 
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The fused zone mainly consists of acicular α’ martensite instead; the 

micrograph is shown in figure 7.5; a similar structure results when quenching 
from the β phase region above the β-transus [48]. 

7.4.2   MAIN EFFECTS 

The effect of the focus position is not univocal for the responses of the 

experimental plan. Notably, as shown in figure 7.6, with respect to the extent 

of the fused zone as a function of the thermal input, defocusing has no effect 

at all on the resulting trends which are approximately comparable, hence 
irrespective of the focus position. 

Therefore, when defocusing is neglected and the extent of the fused zone is 

studied as a mere function of laser power and welding speed as separate input 

parameters, different testing conditions end up in being overlapped for the 

purpose of the examination. In this case, the response of the metal to the laser 

beam is easier to be discussed and the expected basic relationships of the 

interaction between laser and material are confirmed, in accordance with 

existing literature on the subject of titanium welding [48], such that any 

increase in the laser power yields a proportional increase on FZ and, similarly, 

any increase in the welding speed results in a corresponding decrease on FZ, as 
shown in figure 7.7. 

Although not directly affecting the extent of the fused zone, the focus position 

has its clear influence on both the crown and the root width of the bead, so the 

profile in the cross section actually depends on defocusing.  
 

 

FIGURE 7.6 – Extent of the fused zone as a function of the thermal input: effect of defocusing 
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FIGURE 7.7 – Extent of the fused zone as a function of power and welding speed as separate inputs 

 

As an example to support this finding, for a given thermal input of 88 J/mm, as 

obtained with a power of 1750 W and a welding speed of 20 mm/s, the 

response to a focused beam is compared with the response to a defocused 

one; the corresponding macrographs are shown in figure 7.8.  
 

 

FIGURE 7.8 – Bead profile as resulting from a focused beam (left) and a defocused one (right) 
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7.5   OPTIMIZATION OF THE RESPONSES 

Since the quality requirements were met for each possible imperfection in the 

beads of the experimental plan, modeling was fed with all of the welding 

conditions. Statistical significance was not adequate for undercut, 

reinforcement and excessive penetration, so the corresponding models were 

neglected. Furthermore, low significance resulted for the HAZ width both at 

the top- and the back-side also, thus depriving the optimization of a main 

response; nevertheless, it is assumed that a proper constraint of minimization 

on the fused zone extent would also act in reducing the HAZ. The resulting p-

values and adjusted R-squared values to assess significance and reliability of 
each model are listed in table 7.6. 

A deeper analysis is now worth performing considering the models for the 

variables to be involved in the optimization. As concerning the shape-factor, 

the corresponding response surfaces are shown in figure 7.9, for a given speed 

of 20 mm/s and a given negative defocusing of 3 mm: an increase in the laser 

power or a decrease in the welding speed yields a corresponding increase in 

the shape-factor, since the root width approaches the crown width; conversely, 

a decrease in the laser power or an increase in the welding speed yields a 

corresponding decrease in the shape-factor, as the typical shape of the key-
hole is approached. 

With respect to mean grain size instead, the corresponding response surfaces 

are shown in figure 7.10, for a given power of 2.0 kW and a given speed of 20 

mm/s: as expected when designing the experimental plan, a decrease in the 

mean grain size is noticed when defocusing. Moreover, the grain size clearly 

ascends with an increase in power, as reported in literature [111] for both the 

HAZ and the weld metal, due to an increase in the thermal input; interestingly, 

this behavior is much more evident when a focused beam applies.  
 

TABLE 7.6 – ANOVA output: p-values and adjusted R-squared values for the response variables 

Response variable p-value Adjusted R-squared

CW < 0.0001 0.952

RW < 0.0001 0.923

FZ < 0.0001 0.933

RW/CW < 0.0001 0.829

Grain size < 0.0001 0.903
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FIGURE 7.9 – Response surfaces for the extent of the fused zone for given speed and defocusing 

 

A goal of minimization was required for both the extent of the fused zone and 

the mean grain size, such that the smallest possible area of the base metal 

would be affected and the smallest possible mean grain size would be achieved 

for the purpose of mechanical strength. Furthermore, an optimal range 

between 0.5 and 0.7 was chosen for the shape-factor, as discussed in the case 

of aluminum alloys (cf. par. 6.8); this would shift the optimum solution towards 

a processing set-up providing a key-hole with high aspect ratio to be 

additionally balanced with a proper constraint on the root width in order to 

ease the expulsion of vapour which would result in porosity formation 
otherwise. 
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FIGURE 7.10 – Response surfaces for mean grain size for given power and speed 

 

A higher importance in the numerical optimization was awarded to the 

constraint involving the grain size. Predictably, the suggested optimum welding 

set-up would move towards a condition of negative defocusing. An optimal 

welding condition with a power of 1820 W, a speed of 23 mm/s with 3 mm of 
negative defocusing is suggested, with an overall desirability of 92%. 

7.6   CONCLUSIONS 

Welding of 3 mm thick plates of Ti-6Al-4V titanium alloy was investigated in 
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produced. The fused zone consisted of acicular α’ martensite because the 

welding thermal cycles resulted in quenching the alloy from the β phase region 

above the β-transus; a mixture of α’ and primary α phases was found in the 

HAZ instead, as matching a structure which is quenched from a region below 

the β-transus temperature. 

Stringent quality was met for imperfections such as undercut, reinforcement 

and excessive penetration. The trend of the extent of the fused zone was not 

affected by the focus position, although a clear effect of defocusing on the 

crown and the root width was noticed, with a resulting influence on the bead 

profile in the cross-section. A decrease of the laser power, or an increase of the 

welding speed, yields a corresponding decrease in the root to crown width 

ratio, as the typical shape of the key-hole is approached; a decrease in the 
mean grain size was noticed when defocusing. 

When requiring a constraint of minimization for both the extent of the fused 

zone and the mean grain size, with an additional goal of target for the shape-

factor, a solution with a power of 1820 W, a speed of 23 mm/s with 3 mm of 
negative defocusing was found with an overall desirability of 92%. 

 

 

 

 

 





8 

DISSIMILAR WELDING HAYNES + INCONEL 

8.1   INTRODUCTION 

The development of super alloys dates back in the early 1940s, when available 

conventional materials were inadequate to meet the demanding stress, 

temperature and environmental requirements for critical propulsion system in 

aero gas turbine applications [119] for combustion zone components, 

afterburners, tailpipes, casing, liner, exhaust ducts, bearing housing and many 

others [120, 121]. A gas turbine scheme with corresponding qualitative trend 

for the operating temperatures as a function of the position in the engine is 

shown in figure 8.1: temperatures above 1200 °C are experienced in the 

combustion chamber. With respect to gas turbines in their whole life cycle, 

new technologies have been constantly developed in the aerospace, in a bid to 

reduce operating and designing costs, which are normally accounted to 
engines in measure of 40% [122]. 

Thanks to thermal treatments of solid solution and precipitation hardening, 

super alloys normally exhibit a combination of increased mechanical strength 

and creep rupture properties at operating temperature which are close to their 

melting point [123], as well as resistance to environmental attack including 

oxidation. These features make them suitable for chemical and metallurgical 
processing, energy generation, oil and gas extraction and refining also [124]. 

Base elements in super alloys are generally nickel and cobalt, while property 

enhancement is mainly achieved by the addition of aluminum, chromium, iron, 

molybdenum, titanium and tungsten. Alloying elements may segregate to the 

grain boundaries or lead to precipitation of a finely dispersed hardening phase  
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FIGURE 8.1 – Gas turbine scheme: operating temperatures as a function of the position in the engine 

 

in the base matrix; as a consequence, the material is significantly improved in 

strength [120]. Nevertheless, super alloys are usually processed for property 

optimization, so they can be used as wrought or cast, to be chosen depending 

on the application; for a given nominal composition, different structures result 

from deformation processing or casting indeed. That is: wrought super alloys 

have generally finer grain sizes as well as improved tensile and fatigue 

properties; on the other hand, cast alloys have coarser grain sizes, significant 
alloy segregation and improved creep and rupture characteristics [125]. 

Haynes 188 and Inconel 718, whose nominal chemical compositions are listed 

in table 8.1 and table 8.2, are among the most common and representative 

aerospace super alloys. Both of them are widely used in established military 

and commercial gas turbine engines, and they are generally preferred among 
 

TABLE 8.1 – Haynes 188 nominal chemical composition (wt.%) 

Ni Cr W Fe Mn Si C La Co 

22 22 14 2 1.25 0.35 0.10 0.03 Balanced 

TABLE 8.2 – Inconel 718 nominal chemical composition (wt.%) 

Cr Fe Nb Mo Ti Al Cu C Ni 

19 18.5 5.1 3 0.9 0.5 0.15 0.08 Balanced 
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other age-hardenable ones such as Waspaloy, René 41, Inconel X750 and 

Udimet 700 which have been reported to suffer from post welding heat 

treatment cracking [126]. Nevertheless, new processing welding methods are 

addressed special consideration to both improve quality and reduce costs. In 

particular, special interest has been shown in dissimilar welding. 

8.2   SUPER ALLOYS WELDING 

Arc welding is considered to be the conventional joining method for super 

alloys, although high stress levels result in the bead, thus limiting certain 

practical applications [127]. Electron beam welding has been proposed [119, 

128]. This first allows to prevent possible contamination from the material of 

the electrode [2]; nevertheless, in addition to any common issue the 

technology implies (cf. par. 1.3), it has been pointed out that two beam passes 

are needed in general for Inconel welding, the first one being fully penetrative 

and the second one to be performed for cosmetic reasons, with lower thermal 

input and larger beam size to reduce the surface undercut resulting from the 

first pass [128]. A single pass would limit the overall processing time instead, as 

well as prevent fusion misalignment which may result from a gap between the 
centre-lines of two beam passes from opposite sides of the joint [52]. 

Moreover, micro fissuring in the heat affected zone as well as a high amount of 

brittle intermetallic niobium rich Laves phase, which are well recognized to be 

detrimental to mechanical properties [129], are noticed both in arc and 

electron beam welding of Inconel [12, 130]. Although post weld solution 

treatments have been considered to approach the issue of Laves phases [131], 

dissolution is rather difficult to achieve because of the poor diffusivity of large 
niobium atoms [12]. 

Relative advantages would arise from using any welding technology with lower 

thermal inputs: laser beam welding is then naturally suggested. With respect to 

this technique, undesired curvature of the bead surface and consequent cavity 

upon solidification have been reported when welding Haynes [127]; the 

occurrence of weld instability [132] and micro fissuring as well [126] must be 

addressed when considering Inconel, whose properties are generally kept in 

laser welded joints even at high operating temperature [122]. Dissimilar joining 

of Haynes 188 and Inconel 718 has been performed with linear friction welding 
[133], which is expected to result in larger beads. 
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8.3   ARRANGEMENT OF THE EXPERIMENTAL PLAN 

Reasons to prevent defocusing on super alloys are pointed out in literature 

with respect to experimental welding of Inconel 718 with CO2 lasers, as focus 

positions above or below the upper surface resulted in porosity, spatters or 

concave welds [14]. As a consequence, any stand-off of the focal position was 

discarded in the experimental plan. The influence of the laser beam angle was 

considered instead. Therefore, a 3-factor study with power P, welding speed s 

and beam angle α with respect to the welding direction was arranged in 
fractional design. 

Sensible outer limits of the range to be explored for each factor were found via 

ad hoc BOP extensive trials on base metals, as well as referring to previous 

studies on similar super alloys [134]: in principle, fully penetrative beads with 

no oxidation and no significant drop-through are aimed. Limits are then in 

place for the outer domain, so a face-centred CCD scheme was planned; factor 

levels for each processing parameter and corresponding testing conditions are 
shown in table 8.3 and table 8.4, respectively. 

Further considering two additional tests for the CCD central point and three 

runs for each condition, a total of 51 welding beads specimens was produced. 

Both the run order and the allocation of the sheets to each test were random. 
Nevertheless, blocks were considered with respect to the beam angle. 

Aiming to develop a welding procedure which would be both feasible and 

effective for actual components, the conditions to be satisfied for acceptance 

of welds and therefore the output parameters to be measured were defined 

referring to customer specifications. The idea is to first perform successive NDT 

such as visual examinations, FPI and RT. Since cracks and porosity can be a 

factor due to rapid cooling in laser welding [119], the total number of 

indications NI was considered as the response variable coming from NDT. 

Before cutting the specimens, the buckling distortion angle β between the  
 

TABLE 8.3 – DOE: factor levels for Haynes + Inconel dissimilar welding 

 -1 0 +1 

P [W] 1000 1200 1400 

s [mm s-1] 30 45 60 

α [°] -10 0 10 
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TABLE 8.4 – DOE: Welding conditions to be tested in a face-centred CCD scheme 

Condition P [W] s [mm s-1] α [°] 

1 1000 30 -10 

2 1000 30 10 

3 1000 45 0 

4 1000 60 -10 

5 1000 60 10 

6 1200 30 0 

7 1200 45 -10 

8 1200 45 0 

9 1200 45 10 

10 1200 60 0 

11 1400 30 -10 

12 1400 30 10 

13 1400 45 0 

14 1400 60 -10 

15 1400 60 10 

 

welded plates is an interesting variable to be measured in order to consider the 

heating effect. The appearance of the bead cross-section was then considered. 

A peculiar shape profile, which is generally referred to as dumbbell-like cross-

section [12] and is shown in figure 8.2, is expected when welding super alloys 

with argon shielding: a necking zone is noticed indeed, approximately halfway 

between the bead crown and root. A description of this shape, with 

corresponding limits to be matched for crown width CW, necking width NW 

and root width RW is given in the referred customer specification. The 

dimensional limits for specific common imperfections and shape dimensions 

are also provided. In particular, checks are required for undercut UC, shrinkage 

groove SG, reinforcement R, excessive penetration EP, incompletely filled 
 

 

FIGURE 8.2 – Dumbbell-like cross section as expected when welding super alloys 
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groove IFG, root concavity RC and linear misalignment M (cf. figure 4.4). 

Additional measurements for the extent of the fused zone FZ were considered 

to model the response, although no prescriptions at all are suggested, as for 

the buckling distortion angle; nevertheless both FZ and β are expected to be 

crucial in the optimization. 

8.4   EXPERIMENTAL DETAILS 

Sheets of 1175 °C bright annealed Haynes 188 and 980 °C solution treated 

Inconel 718, 1.5 mm thick, were considered. A Trumpf Tru-Disk 2002 Yb:YAG 

disk-laser with BEO D70 focusing optics (cf. table 2.2) was employed. A check 
for the focus position was preliminary carried out (cf. par. 3.5). 

For super alloys successful welding, different inert gases such as helium [14], or 

adequate mixture of argon and helium, of not less than 99.995% purity by 

volume have been suggested to shield the weld pool, thus preventing 

contamination. Argon was considered in this study as it would provide an ideal 

compromise between effectiveness and economic needs in industrial 

environments. A special device for gas supply was designed to upgrade the 

welding head; a 30° tilted trailing nozzle, with 7.8 mm outlet diameter was 

employed: assisting gas at 15 l/min flow rate was supplied to blow the ionized 

metal plume away from the interaction zone between the beam and the 

material; at the same time, top-side shielding to prevent oxidation during 

cooling was achieved through a side diffuser with 2 mm gap to the top surface 

of the joint. Both the nozzle and the diffuser move with the laser head, whilst a 

fixed grooved box provides back-side shielding as the beads are aimed to be 

produced in fully penetrative conditions. The welding system set-up in its basic 

scheme was therefore considered (cf. figure 3.4); with respect to beam tilting, 

the usual convention of positive anticlockwise angles applies (cf. figure 3.6) 

such that negative tilting is intended to focus the beam in the pool; argon flow 

rate, welding direction, nozzle angle and diffuser positioning were based on 
trial experiments. 

8.4.1   PRE WELDING PROCEDURES 

Appropriate marks were engraved on each sheet via vibrating tools to track the 

specimens. Given that square joints in butt configuration are to be produced, 

frontal milling was performed on the butting edges in order to generate 

uniformly smooth surfaces thus preventing possible differences among the 
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specimens and consequent uneven gaps; possible burrs were removed using 

abrasive paper. Austenitic stainless steel wire brushes were used to clean the 

abutting surfaces; further degreasing with acetone-wetted swab was 

performed just before welding once sheets had been flat clamped on the 

grooved box. Then, the welding path was set: a system-integrated camera was 

employed for the purpose of fit up (cf. par. 6.3). A welding point was spotted 

both at the beginning and the end of the joint, using a single rectangular pulse 

input with a peak power of 800 W for 10 ms, to better tighten the samples and 

prevent slippage during melting. No pre heating was performed, being it 

pointless when welding super alloys, provided that cold base material is 

brought up to room temperature to prevent condensation issues [119]. A 5 s 

waiting period was set in order to allow the argon to adequately prepare the 

welding area. Eventually, 100 mm long welds were produced in single pass in 

continuous wave emission mode. An additional 5 s waiting period was set for 
the diffuser to complete shielding the joint. 

8.4.2   POST WELDING PROCEDURES 

Since the aim of the work is the evaluation of as-welded joints, no mechanical 

finishing was performed after welding, although allowed according to the 

specifications to meet misalignment, reinforcement and excessive penetration 

limits, provided it does not result in reducing the original thickness in the base 
material or affecting the metallurgical characteristics of the bead. 

Visual inspections were carried out to check both the shielding effectiveness 

and the joint penetration. FPI and RT were performed; a 13 mm (i.e. 0.5 in) 

long zone both at the beginning and at the end of the bead was excluded from 

measurements, in order to neglect any transitory effect due to opening and 

closure of the weld pool. Then the buckling distortion angle was measured 
using a DEA Global Image Clima coordinate measuring machine. 

To perform the metallographic analysis, each butt sample was cross-cut at half-

length, perpendicularly to the welding direction, then mounted in phenols and 

polished to mirror finish with SiC paper and grinding diamond paste on 

polishing cloths. An appropriate procedure was appointed to address the 

challenge of polishing dissimilar metals when mounted together; the steps for 

mechanical preparation are listed in table 8.5; both automatic grinding and 

polishing were carried out with a constant load of 10 daN between the rotating 
plate and the sample holder. 
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TABLE 8.5 – Mechanical preparation: details for grinding and polishing Haynes + Inconel 

Runs Grinding/polishing medium Wheel speed [rpm] Processing time [min]

1 P400 paper 120 1

1 P800 paper 120 1

1 P1200 paper 120 1

1 9 μm diamond suspension 80 2

1 6 μm diamond suspension 80 2

1 3 μm diamond suspension 80 2

 

Chemical etching was carried out for 5 min at room temperature with Kalling 

reagent number 2 solution, consisting of 5 g cupric chloride in 100 ml 

hydrochloric acid and 100 ml ethanol solution [120]. Etched specimens were 

eventually blow dried and observed via optical microscopy using Nikon NIS-
Elements imaging software for imperfections and geometry evaluations. 

8.5   RESULTS AND DISCUSSION 

Visual inspections were carried out on both sides of the bead: no spatters were 

observed; bead width both on the upper crown and the lower root were found 

to be constant along the welding line; also no discoloration, and therefore no 

oxidation, were detected on the top-side surface neither on the back-side one, 

thus confirming adequate flow rate and diffuser positioning. As an example, 

upper and lower bead surfaces for the CCD central point specimen are shown 

in figure 8.3. Uninterrupted fusion throughout the complete length of the joint 

must be achieved when welding from the upper side of the joint, unless 

otherwise designated: this caused rejection for the specimens in condition 5, 

which did not comply with the complete penetration requirement and  
 

 

FIGURE 8.3 – Dissimilar welding samples: top- and back-side aspect; Haynes above, Inconel below 
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TABLE 8.6 – DOE: response variables, mean values for each testing condition 

Cond. 
NI 
[/] 

β 
[°] 

CW  
[µm] 

NW 
[µm] 

RW 
[µm] 

UC 
[µm] 

SG 
[µm] 

R 
[µm] 

EP 
[µm] 

IFG 
[µm] 

RC 
[µm] 

M 
[µm] 

FZ 
[mm2] 

1 13 0.33 1399 708 1195 29.1 2.1 7.72 35.7   26.9 1.71 

2 17 1.20 1494 594 851 44.3 3.4  21.2 12.7  48.0 1.48 

3 2 0.69 931 457 792 74.2 22.7 10.38 5.1   22.2 0.96 

4 22 1.56 880 378 497 115.1 10.1  14.8 64.0  10.9 0.85 

5 Excluded due to lack of penetration 

6 0 0.00 1284 711 1286 69.3 51.5  5.5 32.9  26.9 1.55 

7 0 0.40 1061 509 948 51.7 5.5   20.4 2.4 9.4 1.17 

8 0 0.00 959 493 923 78.9 36.1   6.50 6.1 20.9 1.02 

9 13 1.39 1224 478 675 46.2 0.00 36.31 9.6   6.3 1.12 

10 2 0.48 875 460 779 24.6 0.0  0.00 4.81 0.00 3.0 0.90 

11 0 0.00 1320 785 1453 57.4 27.1 5.29 25.7   32.1 1.82 

12 0 0.37 1604 865 1404 85.2 12.0  17.6 36.9  12.5 2.01 

13 0 0.15 1027 519 1020 53.3 17.9   26.7 9.6 20.1 1.11 

14 0 0.00 924 470 884 46.2 26.4  14.6 12.0  17.3 1.03 

15 0 1.31 1091 464 801 44.2 0.00  4.1 12.4  26.5 1.10 

Limits   3150 953÷1690 1650 150 150 330 330 250 250 75.0  

 

consequently did not undergo further analysis; besides, measurements for 

certain chosen response variables would not be possible. Notably, the 
condition 5 is actually on the edge of the CCD domain. 

The evaluation of the response variables was carried out on the remaining fully 

penetrative specimens. The resulting outputs are given in table 8.6, with 

corresponding limits for quality compliance; mean values are listed, although 

quality checks were referred to each single measurement, as compensation in 
the arithmetic mean would lead to misjudgments otherwise. 

No indications of surface porosity neither cracks resulted from FPI along the 

whole bead, while evidence of inclusions or subsurface porosities was detected 

via RT. According to the specification, when welding nickel alloys, indications 

are allowed for stringent quality class compliance, provided they lay below a 

maximum size of 0.3 mm in diameter or length, a minimum distance of 10 

times the size of the largest adjacent indication and an accumulative length of 

0.3 mm per 25 mm of weld. A number of 6 specimens did not comply with this; 

nevertheless, NDT did never completely reject a certain welding condition, as 

one replication at least was accepted. Moreover, although any NDT outcome is 

generally treated as acceptance/rejection depending on limits for allowable 
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indications, the proposal is to consider all of the beads anyway in the analysis, 

provided they are fully penetrative, thus to offer a much more robust model to 

characterize the effects of the processing parameters: the assumption is that 

proper optimization criteria would eventually exclude any welding condition 

which does not meet the specification. Interestingly, the specimens with the 

highest number of NDT indications also did not meet the referred specification 

in terms of allowed maximum size and minimum distance between consecutive 

indications; this actually supports the choice of total amount of indications as 
significant response variable to be discussed. 

A macrograph of the dumbbell-like cross-section for the specimen in the 

central point condition is shown in figure 8.4: as a consequence of whirling 

flow of the melted metal when a key-hole welding condition is produced [5], 

Haynes and Inconel were found to be mixed in the fused zone. Several aspects 

are influenced by the cooling rate, since the scale of the dendritic structure is 

in inverse proportion to the solidification cooling rates, for any heavily alloyed 

material which solidifies in dendritic mode, as Inconel 718 actually is; 

consequently, a fine dendritic structure results in the weld fusion zone when 
using laser sources [12]. 

All of the welded specimens complied with quality checks in terms of shrinkage 

groove, reinforcement, excessive penetration, incompletely filled groove and 

root concavity. As one may expect, reinforcement and incompletely filled 

groove on the upper surface are mutually exclusive, as well as excessive 

penetration and root concavity on the back-side. As two replications at least  

 

 

FIGURE 8.4 – Cross-section for the CCD central point; Haynes on the left, Inconel on the right 
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were accepted after dimensional checks on defects, none of the processing 

conditions was rejected at all; a single out-layer of 107 µm for misalignment in 

condition 5, plus two out-layers of 183 and 169 µm for undercut in conditions 3 
and 9, respectively, were found. 

The dumbbell-like shape of the bead cross-section was considered at the next 

step. Both CW and RW met the specification, interestingly with considerable 

tolerance with respect to the corresponding threshold values; in particular 36% 

and 63% narrower width were obtained on average for crown and root, 

respectively. This drives to a much smaller fused zone and, as a consequence, 

the resulting necking zone is significantly thinner and it ends up to be shifted 

when compared with the assigned range in the referred specification. In a way 

which is consistent with the principle of the normative, a lower limit of 30% 

and an upper one of 60% with respect of the crown width are suggested in 

order to provide a more realistic reference to judge even tighter beads as 

resulting when performing laser welding instead of arc welding. 

8.6   OPTIMIZATION OF THE RESPONSES 

With the only exclusion of condition 5 due to lack of penetration, all of the 

examined welding conditions which have been examined in the experimental 

plan are adequate to make the quality requirements be matched in terms of 

compliance to NDT, limits for each possible imperfection and shape geometry. 
The ANOVA was therefore carried out upon the responses. 

8.6.1   MODELING THE RESPONSE VARIABLES 

Misalignment was deemed to result from improper clamping; therefore, the 

analytic model was neglected and the corresponding measurements were used 

with the only purpose of quality checks. Shape-factors CW/NW and CW/RW 

were defined at this stage in order to give a synthetic description of the bead 

profile in the cross-section, thus easing both the modeling of the bead 

dumbbell-like shape and the definition of the optimization constraints. A lack-

of-fit test with step-wise regression method was used to eliminate any non 

significant term in each model [75] whose overall significance was eventually 

assessed in terms of p-values and adjusted R-squared. Once modeled, the 

undercut, the shrinkage groove, the reinforcement, the excessive penetration, 

the incompletely filled groove and the root concavity did not show adequate 
significance and were then neglected. 
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TABLE 8.7 – ANOVA output: p-values and adjusted R-squared values for the response variables 

Response variable p-value Adjusted R-squared

NI < 0.0001 0.438

β < 0.0001 0.896

CW/NW < 0.0001 0.723

CW/RW < 0.0001 0.881

FZ < 0.0001 0.877

 

It is inferred that a random influence arise due to both the upper and lower gas 

fluxes, which directly interact with the fused metal, although supplied at 

constant flow rate to result in perfect shielding. On the other hand, good 

modeling answers were provided for the number of indications, the buckling 

angle, the extent of the fused zone and the shape-factors; the resulting p-

values and adjusted R-squared values are listed in table 8.7. The ANOVA-

significant response variables were considered to feed the optimization 
process with the corresponding constraints. 

8.6.2   CONSTRAINT CRITERIA FOR OPTIMIZATION 

With respect to the bead aspect, each constraint for optimization was awarded 

different importance on a technological basis. In principle, the minimization of 

the fused zone is required, aiming to reduce the amount of material which is 

directly affected by the laser beam; an importance of 2 was awarded, since 

previous measurements on cross-section crown and root widths had already 
shown an excellent agreement with the specification. 

With respect to the shape, instead, any constraint must be consistently 

referred to the actual behavior of the alloy in the cross-section, this meaning 

that a demand for a steep key-hole is not feasible; nevertheless, an ideal 

regular rectangular geometry with no necking zone and with adequate fusion 

on both the upper and the lower surface should be achieved, so both the 

shape-factors were targeted to 1, although a higher importance of 4 against 2 

was awarded to the factor involving NW, being it related to the zone where 

stresses would be critical in case of improper shape with significant necking. 

Maximum importance was rated for the goal of minimization of total 

indications and the buckling angle, the former relating to possible weakening in 

the bead, the latter being an evidence of residual thermal stresses which are 
detrimental to the operating life of the welding bead. 
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TABLE 8.8 – Optimization: suggested solutions with corresponding responses and desirability 

 P [W] s [mm s-1] α [°] NI β [°] CW/NW CW/RW FZ [mm2] Desirability

1 1345 55.7 -7.47 0 0.00 1.98 1.00 0.98 0.888

2 1345 55.8 -7.52 0 0.00 1.98 1.00 0.98 0.887

3 1249 48.5 -1.84 0 0.07 1.94 1.00 0.99 0.887

4 1247 48.1 -1.88 0 0.06 1.94 1.00 0.99 0.887

5 1245 48.0 -1.90 0 0.06 1.94 1.00 0.99 0.887

 

Under these constraints, the optimization procedure was approached with 

penalty functions. The first five solutions of the optimization process are listed 

in table 8.8 with the corresponding modeled responses and the values of 

desirability function. An optimal processing condition with a power of 1350 W, 

a speed of 55 mm/s and a negative tilting angle of 7.5° is clearly suggested 

because the highest desirability is reached, with no expected buckling 

distortion; a second optimum with similar outputs would result when 

considering a power of 1250 W, a speed of 48 mm/s and a negative tilting 
angle of 2.0°. The first solution is considered for further investigation. 

8.7   MECHANICAL ASSESSMENT OF THE OPTIMAL PROCESSING CONDITION 

The processing parameters of the optimal solution were set to produce new 

100 mm long welding beads, to be eventually checked with respect to the 

referred customer specification; additional specimens to be tested in terms of 

tensile strength were produced. All of them were examined via NDT, and no  
 

 

FIGURE 8.5 – Cross-section in suggested optimum condition; Haynes on the left, Inconel on the right 
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indications were found. Furthermore, no buckling distortions were noticed and 

any random cross-section successfully matched the limits for defects and 

geometry in the referred specification. As an example, a cross-section is shown 

in figure 8.5; mean values of 958 µm for CW, 517 µm for NW and 951 µm for 

RW were measured, within a 1.03 mm2 mean FZ. Significant differences are 

spotted in the cross-section, compared with a non optimal specimen such as 

the one which is produced in the CCD central point condition (cf. figure 8.4): 

comparable values are now obtained for CW and RW as a consequence of 

relative high importance having been awarded to the constraint involving the 
CW/RW factor when optimizing the process. 

8.7.1   VICKERS MICRO HARDNESS TESTS 

An evidence of the HAZ in the etched specimens is clearly noticed via optical 

microscopy, at the Haynes side only, as shown in figure 8.6, and is supposed to 

have a mean extent of less than 20 μm. Nevertheless, since it has been 

suggested that metallographic etching is not enough for adequate and 

persuasive evaluation of the HAZ [128], and in order to embrace the material 

response at the Inconel side, Vickers micro hardness was tested at mid 
thickness according to the corresponding normative [65]. 

A suitable indenting load is required to measure the hardness distribution of 

the weld. An indenting load of 0.05 kgf was proven to be inappropriate as 

significant deviations were observed in the testing field due to microstructure 

variations among the grains [128]; on the other hand, an indenting load of 

0.300 kgf resulted in larger indentations which were not capable of  
 

 

FIGURE 8.6 – Heat affected zone at the Haynes side 
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FIGURE 8.7 – Vickers micro hardness in the cross-section as a function of distance from weld centre 

 

differentiating a narrow expected HAZ, given the requirement to ensure a 

minimum gap between indentations, to prevent the indented areas to overlap. 

An indenting load of 0.200 kgf was therefore deemed to be appropriate to 

adequately satisfy both the needs for reliable and proper measurements. The 

micro hardness profile across the section is shown in figure 8.7. Values of 270 

and 240 HV0.2 were obtained on average for as-received Haynes and Inconel, 

respectively. An increasing trend was noticed at the Haynes side towards the 

fused zone; a 330 HV0.2 peak was achieved at the boundary of the fused zone, 

where peculiar grain morphology had been pointed out via metallographic 

analyses. The base values were more quickly recovered at the Inconel side 

instead. As a consequence of mixing, micro hardness in the fused zone itself 

was lower compared with the Haynes HAZ, although higher compared with the 
Inconel side anyway. 

8.7.2   TENSILE TESTS 

Analytic results of fatigue fracture surfaces in CO2 welded Inconel 718 

specimens had shown failings at HAZ and fusion zone, with crack starting from 

micro fissures [14].  

 

 

FIGURE 8.8 – Tensile specimen for aluminum square butt joint testing; dimensions in millimetres 
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FIGURE 8.9 – Fracture in hybrid welded Haynes + Inconel tensile specimen 

 

Since an issue related to possible brittle Laves phase had been highlighted in 

super alloy welding [12], tensile testing is required to eventually characterize 

the mechanical quality of the joint. In accordance with AWS specifications [71] 

as requested for the real application of a hybrid Haynes and Inconel structure, 

three tensile specimens were milled to a required size, as shown in figure 8.8, 
then tested with 6 MPa/s increasing load at room temperature. 

Fracture in the base material occurred, at the Inconel side, 15 mm at least 

away from the welding bead, as shown in figure 8.9. Therefore, the outcome 

matched the results of Vickers micro hardness testing, where lower values 

were noticed for Inconel compared with Haynes. Furthermore, the issue of 

micro fissures and Laves phase in the HAZ is assumed to be overcome; 

otherwise, fracture would have been experienced in the weld. The 

corresponding stress-strain diagram is shown in figure 8.10; the yield point is 

clearly spotted. The values of mechanical properties at room temperature in 

the hybrid structure of welded Haynes and Inconel as obtained from tensile 

testing are listed in table 8.8 in comparison with the base metals.  
 

 

FIGURE 8.10 – Stress-strain diagram for hybrid welded Haynes + Inconel specimen 
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TABLE 8.8 – Tensile tests output for hybrid welded Haynes + Inconel specimen 

 Haynes 188 Inconel 718 Hybrid welded specimen

Young modulus [GPa] 232 211 218

Yield strength [MPa] 465 550 470

Ultimate tensile strength [MPa] 945 965 928

Elongation [% in 51 mm] 52.9 30 32

 

8.8   CONCLUSIONS 

Many issues are expected when welding dissimilar metals. Nevertheless, 

convincing results were provided to give grounds to process improvements in 

industrial environments because dissimilar autogenous laser beam welding of 

Haynes 188 and Inconel 718 was successfully addressed with no pre heating, 

neither need for mechanical finishing. No spatters neither oxidation were 

detected both on the top- and back-side of the bead, since adequate shielding 

was provided thanks to a properly designed device for gas supply. 

Dimensional limits for indications, specific common defects and shape 

dimensions, as provided into industrial customer specification, were effectively 

met. Considerable tolerances were matched with respect to the threshold 

values for crown and root width. An optimal processing set with a power of 

1350 W, a speed of 55 mm/s and a negative beam angle of 7.5° was found. The 

resulting specimen featured a tight HAZ which is supposed to have an extent of 

less than 20 μm according to metallographic etching. The eventual mechanical 

assessment highlighted an increasing trend in Vickers micro hardness at the 

Haynes side only, whilst mixed values were achieved in the fused zone; 

furthermore, tensile testing suggested that micro fissures and Laves phase, 

which are common when using arc or electron beam sources, were overcome 

as fracture was experienced in the base metal, at the Inconel side, at 
convincing distance from the joint. 
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DISSIMILAR WELDING HASTELLOY + RENÉ 

9.1   INTRODUCTION 

René 80 is a cast super alloy for stator nozzle guide vanes (NGV), where severe 

operating conditions are experienced in terms of both tension and 

compression, low and high cycle fatigue, hot corrosion and oxidation. Hastelloy 

X is a wrought super alloy instead, and is preferred for transition ducts, 

combustor cans and flame holders [83]. Both of them are nickel-based; 
nominal chemical compositions are listed in table 9.1 and table 9.2. 

As for any alloy of nickel, chromium and molybdenum, the weld metal which 

results from fused Hastelloy X does not properly wet the sidewalls of the seam 

to be welded; when performing arc welding, a control is hence required for 

both the arc and the filler metal so to prevent incomplete fusion and 

penetration [134]. With respect to René 80, porosity is expected to be an issue, 

according to preliminary laser BOP trials. When processing gas turbines for 

aeronautic applications, Hastelloy X covers are welded on René 80 NGV via 
 

TABLE 9.1 – René 80 nominal chemical composition (wt.%) 

Cr Co Ti W Mo Al C Ni 

14 5.9 5 4 4 3 0.15 Balanced 

TABLE 9.2 – Hastelloy X nominal chemical composition (wt.%) 

Cr Fe Mo Co Mn Si W C B Ni 

22 18 9 1.5 1 1 0.6 0.10 0.008 Balanced 
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electron beam welding. Interest has arisen in alternatively considering laser 

sources, so common issues with respect to geometry and possible defects must 
be investigated [135]. 

9.2   ARRANGEMENT OF THE EXPERIMENTAL PLAN 

As usual, a 3-factor study with power P, welding speed s and focus position f 
was arranged. Nevertheless, few numbers of samples were available for 

testing. Therefore, considering the need for two runs at least for statistical 

significance, only two levels were chosen for each factor; this is not deemed to 

hamper the study, at a first stage analysis at least. Ranges to be explored for 

the operating factors were found via ad hoc preliminary trials and are listed in 

table 9.3. Hence, a 23 complete testing plan results; the conditions to be 
explored are listed in table 9.4; a total of 16 welding specimens was produced. 

The response variables to be discussed are referred to a generic bead cross-

section, as shown in figure 9.1. The following outputs were considered: the 

bead crown width CW and the reinforcement R on the upper surface, the 

penetration depth PD in the René 80, the bead width at the interface between 

the materials, both at the Hastelloy X side (WHSTX) and the René 80 side (WRené). 

Based on the output of preliminary trials, the difference at the interface  
 

TABLE 9.3 – DOE: factor levels for Hastelloy + René dissimilar welding 

 -1 +1 

P [W] 1000 1200 

s [mm s-1] 15 20 

f [mm] -2 2 

TABLE 9.4 – DOE: Welding conditions to be tested in a complete testing plan 

Condition P [W] s [mm s-1] α [°] 

1 1000 15 -2 

2 1000 15 2 

3 1000 20 -2 

4 1000 20 2 

5 1200 15 -2 

6 1200 15 2 

7 1200 20 -2 

8 1200 20 2 
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FIGURE 9.1 – Cross-section for Hastelloy + René lap welding 

 

position is deemed to be due to occasional improper clamping as well as 

different thermal properties between the metals being welded. Additionally, 

the extent of the fused zone FZ was measured; furthermore, analyses on 

porosity content and possible cracks were carried out and the number of 
indications NI in the cross-section was considered. 

8.3   EXPERIMENTAL DETAILS 

Apart from being few in number since coming from waste products, the 

samples of René 80 are complex in geometry as well. A special fixturing, with 

no practical application in the actual industrial process, was then required for 

the specific purpose of the experimental plan, in order to reduce any possible 

starting gap between the materials: as shown in figure 9.2, a clamping mask is 

conveniently screwed on a base plate so to better tighten a 1 mm thick sheet   
 

 

FIGURE 9.2 – Laser welding set-up: clamping and bead shielding for Hastelloy + René welding 
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of Hastelloy X on a sample of René 80; a slot was suitably produced via frontal 

milling on the upper surface of the mask for the laser beam to reach the 

metals. A trailing copper nozzle with a tilting angle of 30° to both shield the 

bead with argon and remove metal plume was employed, with a flow rate of 

15 l/min; the diffuser for additional shielding was not needed. Both the 
Hastelloy and René samples were cleaned with acetone just before welding. 

The overlapping welds were then produced in continuous mode emission with 

a Trumpf Tru-Disk 2002 disk laser (cf. table 2.2). The mechanical preparation of 

the samples was carried out (cf. table 8.5); cross-sections were chemical 

etched for 30 s at room temperature with a 60% hydrochloric, 20% nitric and 

20% acetic acid solution [120]. Imperfections were measured via Nikon NIS-

Elements imaging software. As waste René samples have complex geometries, 

a proper longitudinal cut was not feasible for a reliable examination of pores.  
 

 

FIGURE 9.3 – Bead cross-section samples for each testing condition 
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9.4   RESULTS AND DISCUSSION 

No spatters were observed on the top-side surface, which also did not show 

any discoloration, and therefore no oxidation. Examples of the bead cross-

sections for each testing condition are shown in figure 9.3. The response 
variables are listed in a comprehensive view in table 9.5. 

Some preliminary findings are soon drawn. The bead was sometimes found to 

be asymmetric with respect to the welding axis due to local irregularities of the 

shape in the samples of René, which produced an unbalanced welding path; for 

the purpose of the evaluation of the response variables, this was not 

considered to significantly alter the penetration depth. Furthermore, as 

expected from preliminary trials, the bead width at the interface was different 

depending on the material side. As concerning the pores, when present, they 

were generally found at the René side. With respect to this issue, although 

referring to the cross-section instead of the longitudinal one, common 

acceptance criteria of international welding specifications were considered to 

account of the macro pores: normally, clustered pores having a random 

geometric distribution combine to bring about a single larger pore when 

mutual distance is lower than the largest concurrent pore.  
 

TABLE 9.5 – DOE: response variables, values for each testing condition 

Cond. 
CW  

[mm] 
WHSTX 
[mm] 

WRené 
[mm] 

PD 
[mm] 

R 
[mm] 

FZ 
[mm2] 

NI 
[/] 

Pore max size 
[mm] 

1 
2.61 0.88 1.03 1.09 0.13 3.00 3 0.38 

2.56 0.71 0.82 1.02 0.10 2.67 1 0.11 

2 
2.75 0.78 0.87 0.94 0.10 2.82   

2.75 0.72 0.83 1.05 0.11 2.84   

3 
2.17 0.59 0.66 0.88 0.11 2.00 1 0.18 

2.10 0.61 0.71 0.93 0.10 2.03 1 0.18 

4 
2.06 0.59 0.66 0.61 0.10 1.76   

2.08 0.65 0.71 0.60 0.05 1.72 2 0.14 

5 
2.84 0.88 1.20 1.43 0.12 3.74 2 0.73 

2.82 0.81 1.08 1.40 0.13 3.58 1 0.20 

6 
2.88 1.03 1.33 1.40 0.10 3.96   

2.95 0.73 0.95 1.23 0.10 3.31 1 0.21 

7 
2.30 0.65 0.77 1.21 0.16 2.56 2 0.61 

2.40 0.64 0.74 1.14 0.10 2.54 2 0.97 

8 
2.37 0.66 0.74 1.12 0.10 2.48   

2.39 0.67 0.76 1.08 0.08 2.44 1 0.14 
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FIGURE 9.4 – Main effects plot for each response variable 

 

Aiming to a deeper analysis, the effects the governing parameters induce on 

the response variables were discussed via main effects plots, as shown in figure 

9.4. Expected basic relationship were confirmed: any increase of power yields a 
proportional increase in each response. 
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FIGURE 9.5 – Interaction plots for bead width at the Hastelloy side 

 

Similarly, any increase in the welding speed results in a corresponding decrease 

in the referred variable. On the other hand, the effect of the focus position is 

far less decisive, although a decrease in the reinforcement and the penetration 

depth was achieved with positive defocusing. The interactions among the 

governing parameters were not evident from the interaction plots; as an 

example, the plots for the bead width at the Hastelloy side are shown in figure 

9.5: since the lines are nearly parallel, only weak interactions are suggested. 

Therefore, although not theoretically required in a complete testing plan, the 

central point condition with a power of 1.0 kW, a speed of 17.5 mm/s with 

focused beam was additionally considered, so to investigate the actual 

intermediate set-up in the experimental domain. The resulting additional 
values of the response variables are listed in table 9.6.  

9.5   OPTIMIZATION OF THE RESPONSES 

With the addition of the cube central point condition, the ANOVA analysis was 

performed for both linear and quadratic contributes. The variables to be 

modeled were chosen among the complete set which had been originally 

defined. Actually, it makes sense to discuss a model for the penetration depth 

and the bead width interface, the latter having been referred to the Hastelloy  
 

TABLE 9.6 – DOE: response variables, values for the central point condition 

Cond. 
CW  

[mm] 
WHSTX 
[mm] 

WRené 
[mm] 

PD 
[mm] 

R 
[mm] 

FZ 
[mm2] 

NI 
[/] 

Pore max size 
[mm] 

Centre 
2.21 0.84 0.96 1.46 0.20 3.11 1 0.48 

2.53 0.82 1.05 1.44 0.16 3.43   

15 20 -2 2

1800
2000

35
45

0.8

0.7

0.8

0.7
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FIGURE 9.6 – Contour plot for defocusing against welding speed for bead width at the Hastelloy side 

 

side, being it smaller when compared with the René side, so a conservative 

approach applies for weld functionality. Porosity would also be worth 

modeling; nevertheless, this was not feasible since the variable has strong 
peculiar character of unpredictability. 

Once modeled, the variables were further discussed in terms of their response 

surface. As expected, given the output of the main effects plot regarding the 

bead width at the Hastelloy side, the focus position has no key effect on the 

interface. The resulting contour plot of focus position against the speed, which 

is the most significant parameter according to the ANOVA, is shown in figure 

9.6 when an intermediate power of 1.1 kW is considered: no significant 
differences in the response variable were recognized, for a given speed. 

On the other hand, a number of contour plots must be considered for the 

penetration depth, which is separately affected by each governing input. The 

plots are shown in figure 9.7; the third additional parameter is taken at its 

intermediate level within the range. As expected from the main effects plots, 

the focus position is here crucial. Since a high bead width at the interface and a 

high penetration depth are needed for the purpose of joint reliability and 

continuity, an intermediate power in combination with low speed and negative 

defocusing is clearly suggested for better compliance with possible industrial 

requirements. This would also act in providing low porosity, since the 

investigations on the cross-sections had shown an increasing trend in the 
amount of pores when increasing both the power and the speed. 
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FIGURE 9.7 – Contour plots for penetration depth; third governing parameter at its intermediate 
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Figure 9.8 – Vickers micro hardness in the cross-section as a function of distance from top surface 

 
9.6   VICKERS MICRO HARDNESS TESTS 

An indenting load of 0.2 kgf, for a dwell period of 15 s with a speed of 60 μm/s 

was employed; 215 and 340 HV0.2 resulted for Hastelloy X and René 80, 

respectively. The measurements within the fused zone were performed in the 

bead cross-section, on the welding axis, moving from the top weld surface 

towards the bead tip; a 300 µm step was considered to comply with the 
referred specification about Vickers testing [67]. 

As an example, micro hardness trend as resulted in the bead cross-section for 

the sample in the central point condition is shown in figure 9.8. Apart from a 

single out-layer which is close to the top surface of the weld and is deemed to 

be due to possible high strength precipitates, quite uniform values of 250 HV0.2 

on average were achieved in the bulk of the fused zone where convective 
whirling patterns are in place [5]. 

9.7   CONCLUSIONS 

Although few tests were possible on complex samples, coming them from 

waste products, convincing outcomes were achieved in order to suggest the 

use of laser beam welding as an alternative to electron beam welding for 
dissimilar joining of Hastelloy X on René 80 for NGV application. 

Preliminary trials were needed to find a proper processing range as well as to 

properly fix a specific device for bead shielding and sample clamping. The bead 

was sometimes found to be asymmetric with respect to the welding axis; its 

width at the interface was different depending on the material side; when 

present, pores were generally found at the René side and common acceptance 
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criteria of international welding specifications were considered to account of 

them. The bead features were referred to, with the aim of providing a window 

to combine the power, the welding speed and the focus position so to comply 

with possible industrial requirements on the bead width at the interface as well 

as on the penetration depth in the René. The suggested welding condition is 

expected to also provide a low content of porosity. Homogenization of the 

metals in the fused zone is deemed to take place according to Vickers micro 
hardness. 
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