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PREFACE 

Laser welding involves focusing the beam on a small spot using the lens and is 

a high-intensity heat source. It helps in the processing of a variety of materials 

which are hard to join with tools. It has high consistency and repeatability. The 

present research includes the investigation of laser welding on aluminium alloys 

through experimental and numerical analysis. The research objectives are: 

developing a thermo-fluid model to analyse the thermal history and defects; 

experimental investigation of the aluminium alloys for defects; prediction of 

weld metrics using Gaussian process regression and optimization of parameters 

employing the particle swarm optimization.  

A three-dimensional thermo-fluid model is developed using a finite 

element model to investigate laser welding of metals welded using a moving heat 

source. The commercial finite element software COMSOL multi-physics is 

employed to attain the time-temperature history and defects obtained in the 

welding process. Results attained from the numerical model are validated with 

the experimental results and are in fair agreement. A parametric sensitivity study 

is carried out using the model outputs to determine how different values of an 

input parameter affect a particular response. The sensitivity study results are 

further analysed to find a physical explanation of the mechanisms of the process.  

The formation of defects is studied exclusively, and the three-

dimensional thermo- fluid model on humping is developed to study the influence 

of parameters on hump formation. The results reveal that the peak power is an 

influencing factor when laser welding is performed without considering the 

scanning speed. The Marangoni effect in the molten pool is analysed by varying 

the input process parameters like peak power and scanning speed. The effect of 

velocity on the molten pool and variations in velocity with the input parameters 

is studied for different modes of laser welding. The impact of the molten pool 

dynamics and the resulting hump formation is evaluated. The simulation studies 

are conducted for the continuous laser welding and spot-welding processes. The 

results indicate that the molten pool is laminar, and the Marangoni force is 

dominant in the melt pool. The design of experiments is performed using the 

response surface methodology. Structured experiments and further analyses are 
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performed to construct the empirical models that establish the relationship 

between the process parameters and responses. The numerous parameters 

involved in the laser welding operation are optimized to obtain target weld 

metrics using particle swarm optimization. Finally, the results of the various 

studies are enumerated, and the future scope of work is proposed. The analysis 

of variance indicated that the parameters; peak power, frequency, scanning speed 

and pulse width are all significant when weld width and depth of penetration are 

the responses. The empirical models find optimum welding conditions to 

achieve the desired weld quality. The findings of this study can be used to 

improve weld quality and process control by effectively utilising the laser beam 

welding process.  
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Chapter-1 

1. Introduction: Laser Welding of Materials 

Welding is a metallurgical fusion-based joining method. The edges of the two 

joining components are heated above their melting point and allowed to solidify. 

The melting and solidification result in a permanent joint that is as strong as or 

more robust than the parent materials. Due to this quality, welding is the most 

sought-after fabrication process. 

Laser welding has emerged as an indispensable joining method in industries to 

join different materials with varied thicknesses based on the respective 

applications. The features like narrow heat-affected zone, remote location 

operations, and automation make laser welding a preferred choice for aerospace, 

automobile, shipbuilding and defence applications [1]. The body in the white 

concept of the car is manufactured using laser welding due to its precise heat 

application and ability to weld sheet metals with 56slender thickness. The idea 

of laser welding started with the advent of the CO2 laser, the most robust laser 

for welding to date. Subsequently, the variants like Nd: YAG, semiconductor 

and diode lasers have made laser welding more desirable. The keyhole mode 

welding firmly joins materials as thin as 10mm in less time. These characteristics 

have made laser welding more advantageous for weldments formed of materials 

with varying compositions and qualities. Some of the advantages of laser 

welding are: 

i. Availability of high-power densities 

ii. Possibility to weld thicker sections and dissimilar materials 

iii. Precise heat input that produces a small heat affect zone and less thermal 

distortion 

iv. Can be reached in inaccessible places 

v. Absence of contamination. 

vi. Suitable for non-contact welding 

vii. Highly accurate and gives low-distortion joints 

viii. The need for further finishing process is not present 
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Though there are many advantages of laser welding, certain drawbacks limit the 

wide usage of the process.  

i. High initial and operating costs of the equipment.  

ii. The presence of hard intermetallic components weakens the joint. 

iii. Chances of defects like pores and cracks due to the high intensity of the 

beam. 

iv. Vaporization of volatile elements leading to defects like an undercut, 

humping 

v. Need for higher safety precautions as the radiation affects the operator 

vi. Need for strict joint fit-up 

vii. Precise beam and joint alignment. 

viii. Backpropagation of radiation while welding reflective materials damage 

the lens. 

ix. Requirement for the skilled workforce 

1.1 Chronology of Laser Welding Progress. 

Different steps in the advancement of laser welding are given in Table 1.1 [2].  

Table 1.1 Timelines in the evolution of laser welding 

Year Significant development 

1917 lasers originated with Einstein's 1917 derivation of Plank's law 

of radiation.  

1939 Valentin Fabrikant invented the concept of stimulated emission 

to amplify radiation 

1950 The quantum theory of stimulated emission helped to develop 

the "maser." 

1959 A narrow beam of coherent light called a "laser" was obtained 

from an optical resonator.  

1960 The first laser prototype using synthetic ruby with a wavelength 

of 694.3nm was developed at the Hughes research laboratory in 

Malibu, California.  
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1963 Kumar Patel developed a low-cost, high-efficiency CO2 laser at 

AT&T Bell labs in 1963. For more than 50 years, this was the 

most widely used industrial laser 

1970 New soldering techniques were developed to aid in the 

advancement of electronic miniaturization.  

1980 The science of welding was advanced through robots, various 

gas mixtures and a wide range of electrode materials. 

1985 This year saw the introduction of exciting multi-kilowatt 

radiofrequency units. 

1988 One-kilowatt Nd: YAG laser came into commercial use 

The 

1990s 

Lasers progressed from laboratories to industrial units 

1997 Rofin-Sinar produced two-kilowatt diffusion-cooled CO2 

machines. Trumpf and Luminoics brought out 4 kW Nd: YAG 

machines that operated on a continuous welding mode.  

2000 Magnetic pulse welding was introduced.  Diode laser welding 

joins thin foils made of steel and titanium.  

2008 Development of laser-arc-hybrid welding development. 

2013 Gas Metal Arc Welding-Brazing was developed as a procedure 

to weld the steel used in automobiles.  

2015 The Ohio State University invented Vaporizing Foil Actuator 

Welding (VFAW) for joining dissimilar materials. The 

procedure is comparable to a hybrid of explosive and magnetic 

pulse welding (MPW). 

2016-

till date 

Laser welding is predicted to grow moderately during this 

period. The market is growing due to increased demand from 

end-user industries such as automotive, medical, and electronics. 

In the medical and jewellery sectors, laser welding is utilised for 

limited manual welding, die and tool fabrication and 

maintenance.  
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Laser micro-welding: Micro-welding using lasers is a process that is gaining 

prominence in the fabrication of electronic and medical equipment. Highly 

precise and no-contact workpieces are required for medical applications and are 

produced by laser welding. The components produced by laser welding have 

better surface attributes than those produced by resistance welding. But defects 

like lack of fusion, distortion, and cracking are typical in laser-welded ultra-thin 

materials. Micro welding using lasers has similar processing parameters and 

principles as macro laser welding, but the size of the components is minimal and 

thinner than the standard welding components. The laser beam can be focussed 

into minimal beam radii of tens micrometres. But, the high amount of heat 

generated during the welding process creates a HAZ that sometimes affects the 

fundamental component in the case of micro-welding. The impact on the HAZ 

is because the component's dimensions are very small. Cracking is a significant 

problem in micro-welding. The cooling pattern of the thick and long components 

differs from that of thin and small parts. So handling the defects like humping, 

cracks and pores is a big challenge that needs to be addressed to obtain sound 

joints in micro-welding. The problem of micro welding is still more challenging 

in the case of light metal alloys like aluminium, as high energy density is 

required initially to overcome the reflectivity of the components.  

1.2 Process Fundamentals 

Laser welding technology uses the thermal and photonic attributes of laser light. 

Coherent and monochromatic beams with low divergence and high brightness 

are more effective in concentrating heat at the weld joint. This light provides an 

incredibly effective joint prepared with very little energy. The high-intensity 

heat source is used for welding various materials with thicknesses ranging from 

a few microns to twenty millimetres [3]. This section addresses the fundamentals 

of laser welding. 

The laser beam is formed in three stages, and each step is completed quickly. 

Figure 1.1 depicts the stages in the generation of lasers employed for various 

material processing techniques. 
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• Spontaneous emission: The laser medium is excited by the pump's 

energy. This energy causes the electrons in the atoms to transition to a 

higher energy state. The attained higher state is temporary, and the 

electrons ultimately degenerate into a lower energy state. This activity 

generates photons, which are used to dissipate the excess energy received 

from the pump source. This activity does not require any stimulus. Hence 

it is termed a spontaneous emission process, the first step in producing a 

laser beam. Here the direction, momentum and polarisation of the beam 

are arbitrary. 

• Stimulated emission: This step occurs when another photon activates an 

atom with higher energy. This event causes a change of energy from a 

higher to a lower level, which releases a photon. Both photons (induced 

and inducing) travel in the same direction and have the same polarization. 

This polarization results in a succession of photons exhibiting bosonic 

behaviour, with the photons tending to achieve the same state. This 

phenomenon is referred to as stimulated emission. 

• Population inversion: The active medium consists of atoms, ions and 

molecules that decay from a higher state of energy to a lower state of 

energy by releasing electromagnetic waves. For stimulated emission to 

be successful, the upper energy level needs to be more populated than the 

lower ones. The lasing action occurs because of population inversion at 

the beginning of a pulse. The resonator mirror selects the polarization for 

a laser beam.  

• Once the amplified beam is generated, it is focused on the surface of a 

material that needs welding. The concentration of the laser beam at a 

single point heats the surface, melts and vaporizes it. The molten material 

gets solidified once the laser beam is withdrawn jointly from the two 

edges.  
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Figure 1.1 Different stages in laser beam emission 

1.2.1 Characteristics of Lasers for Welding 

Broadly lasers are categorised as gas lasers and solid-state lasers. Among gas 

lasers: He-Ne lasers, CO2 lasers, and others are in use. Solid-state lasers have 

Nd: YAG laser, diode laser, disk laser and fibre laser in their category.  

Gas lasers 

This group of laser machines use pure gas or a combination of gases to intensify 

the light. This group's most extensively utilised lasers are helium-neon, argon 

ion, and carbon dioxide. The efficiency of the weld is higher because it requires 

less heat (energy). CO2 laser welding machines are considered the most robust 

and employed for various applications, including laser welding, cutting, and 

other material processing techniques [4]. The CO2 laser operates in the far-

infrared range of the electromagnetic spectrum with a wavelength of 10.6 m. The 

lasing medium is a mixture of CO2-N2-He or water vapour that generates a 

maximum of 50 kW of power. 

Solid-state lasers 

They are also known as doped insulator lasers. The lasers are built around an 

insulating material doped with impurities like ions. These lasers' primary 

advantages are their durable build, ease of maintenance, and outstanding 

efficiency. They are capable of generating considerable peak powers. The active 

medium for the neodymium lasers is neodymium (Nd3+) (Nd: YAG). The oxide 

crystals of yttrium aluminium garnet (YAG) have been doped with Nd3+ ions to 
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generate lasers under the Nd: YAG group. These are the most frequently used 

solid-state lasers. The low excitation threshold and high thermal conductivity 

generate both pulsed and continuous waves. Nd: YAG laser with lamp pump has 

a wavelength of 1.06 μm and operates near-infrared rays. The shorter wavelength 

is suitable for welding aluminium alloys as they absorb 75-90% of the irradiation 

[5]. The pulsed Nd: YAG is ideal for micro welding and precise heat control 

applications. The 300W pulsed laser welding can produce a peak power of 

5.06kW, helping make keyholes in highly reflective materials. Very high power 

can be attained when an Nd: YAG is pumped with a diode laser.  

Diode laser 

The diode lasers operate near-infrared rays at 0.8–1.1 μm. The continuous wave 

mode of the diode laser is comparable to the He-Ne gas laser. The stacking of 

diodes improves the power output considerably. For high-power diode lasers, 

the arrangement of diodes in a linear array form gives a better outcome. These 

lasers are suitable for laser welding plastics.  

These lasers are doped with indium with a wavelength of 940nm. Indium gallium 

arsenide InGaAs is preferred to achieve stable output in the 750-850nm range. 

A wavelength of 808nm is suitable for laser material processing using diode 

lasers [6]. 

Fibre lasers 

These lasers operate at a wavelength of 1.07 μm in the near-infrared region. The 

power is delivered through an optical fibre cable. The commonly doped elements 

are Erbium (Er), Neodymium (Nd) or Ytterbium (Yb). The diode laser is used 

for the pumping process. The lasers have a compact design, and the quality of 

the generated beam is also high. A relative output efficiency of about 50% can 

be achieved with these lasers. The demerits include possible damage to the cable 

at high power and difficulty coordinating the pump laser output and optical fibre.  

Disk lasers 

These lasers operate in the near-infrared region wavelength of 1.03 μm. The 

lasers are doped with Ytterbium or Yttrium Vanadate crystal. These lasers are 

designed to reduce the thermal lensing effect, and the heat produced in the disk 
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is eliminated by the heat sink placed on the other side of the disk, resulting in 

effective cooling. The beam quality is also good in disk lasers.  

1.3 Process Mechanics 

Laser welding is a joining technique that gives out three regions on the worked 

components. Base material remains unchanged after the process, and the fusion 

zone contains the materials that form when the molten pool solidifies. Then there 

is a heat-affected zone which is a part of the base material but has a considerable 

change in the material properties due to the influence of heat [Figure 1.2]. A 

series of events occur when the laser beam strikes the weldable surface. In the 

early stage, a considerable percentage of the beam is reflected. The absorbed 

amount of the beam heats the surface, increasing the temperature. This rising 

temperature causes the molten pool to form around the welded edges. Due to the 

alloying components and the high temperature, some of the material evaporates. 

 

Figure 1.2 Different zones in a laser-welded component 

Laser welding mechanics can be classified into two modes: i. conduction 

mode. ii. Keyhole configuration [5]. 

 

i. Conduction mode of welding occurs when the intensity of the absorbed beam 

is less than the threshold limit. Figure 1.3 shows the representation of 

conduction mode welding. This depends on the material's absorptivity and 

scanning speed, including the input power. For most metals, a value higher than 

105 W/cm2 initiates the keyhole, and conduction mode welding occurs below 

this level. Evaporation is insufficient to form a vapour column leading to the 
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formation keyhole. The weld pool's dimensions are determined by the 

conduction of heat from the focussing lens and the speed of the beam. The heat 

transfer by conduction and the Marangoni surface effect is the predominant 

mechanisms in this welding mode [7]. The resulting heat-affected zone is 

shallow and broad when compared to the keyhole.  

 

Figure 1.3 Pictorial representation of conduction mode laser welding 

 

ii. Keyhole mode:  This mode utilises the minimum amount of heat possible. As 

seen in Figure 1.4, the laser beam impinges on the surface of the specimen. 

While a significant quantity of heat is reflected away due to the characteristics 

of metals, the amount of radiation absorbed by the surface melts it above the 

melting point. The molten pool absorbs more radiation than solids because 

liquids absorb radiation better. As a result, the component is heated even further 

until it reaches vaporization temperature. Certain of the material evaporates, 

forming a cylindrical passage (cavity) known as a keyhole. The liquid with a 

vapour pressure is retained, and it ionizes the vapour by absorbing the incident 

radiation and radiating the heat outward along the keyhole wall. Additionally, 

the substance along the hole's edge absorbs energy from the laser beam. The 

energy is distributed throughout the keyhole, allowing for deep penetration. Due 

to the relative movement of the weld head and the workpiece, the keyhole passes 

through the material, forming a weld seam. As the beam moves along the joint, 

the molten metal surrounds the keyhole. Five different forces act on this cavity. 
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Some forces help the cylindrical passage sustain, while others assist in its 

collapse. The forces that collapse and sustain the keyhole are: 

i. Surface tension that occurs between the molten material and the 

vapour (plasma) 

ii. Buoyancy force that acts opposite to the direction of beam 

incidence. 

iii. The uncontrolled violent movement of molten fluid, inner eddies. 

iv. Recoil or vapour pressure occurs in the cylindrical channel in the 

melt pool. This pressure is higher than the atmospheric pressure 

and helps the fluid to move up to the surface.   

v. Vaporization of the molten metal that works along with the recoil 

pressure.   

 

Figure 1.4 Pictorial representation of keyhole welding 

1.3.1 Role of vapour plume in laser welding 

As observed in Figure 1.5, the plasma plume surrounds the welding 

environment and the work specimen. Keyhole welding is accomplished by the 

high intensity of the laser light by producing a higher heat extraction rate than 

the supply rate. This is due to the conduction and convection phenomenon in the 

metal and back reflection [8]. The local heat increases beyond the boiling 

temperature of the metal, giving way to its evaporation and dispersion. These 
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conditions are the recoil pressure that forms a keyhole cavity by exerting a piston 

effect on the keyhole [9]. The metal vapour gets ionized due to its contact with 

the laser beam. This ionized vapour combines with the surrounding air and 

shielding gas and forms plasma inside the keyhole cavity, known as keyhole 

plasma and above the surface of the workpiece called a plasma plume [10]. This 

plasma is electrically neutral and consists of electrons and atoms n the excited 

state. This plasma supports the keyhole's backscattering, beam absorption and 

refraction processes by supplying the necessary energy [11-12]. Inverse 

Bremsstrahlung is the primary mechanism that leads to the absorption of the 

beam in the plasma. This phenomenon is more in the CO2 laser due to the longer 

wavelength. This process continues until a threshold absorption factor and then 

decreases due to the decrease in the density of the plasma plume. The quality of 

the plasma plume depends on the surface purity and the ambient conditions [13]. 

High-speed cameras and x-ray imaging techniques are employed to study the 

plasma plume and its role in keyhole formation.  

 

 

Figure 1.5 Plasma plume surrounding the laser beam and the component's 

surface 

1.3.2 Metallurgical Aspects of Laser Welding 

The flow of heat causes the phase transition and microstructure of the material 

during the welding process. The resulting microstructure affects the weldment's 
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characteristics, the presence of residual stresses, defects, and distortion. The 

laser beam generates heat during the laser welding process. Due to the target 

materials' surface qualities, the heat source's efficiency varies during welding. 

Irrespective of the surface conditions, three distinct zones are formed during the 

laser welding process: the fusion zone, the partially melted zone, and the heat-

affected zone. The zones are classified according to the extent to which heat 

affects a specific area. Generally, the fusion area of laser-welded components 

has a fine-grain microstructure. 

Fusion zone (FZ) 

The Fusion zone is the place where actual melting occurs. Melting and 

solidification occur here to form the weld joint. This melting and solidification 

process is material- and structure-dependent. For instance, the cracking 

phenomenon in aluminium alloys can be minimized by utilizing a silicon-

containing filler material [14]. The fusion zone in autogenous welding is just a 

melted and resolidified base material. The only change in the microstructure 

happens due to the alloying components evaporating. The composition of the 

material solidifying in the fusion zone is not as consistent as that of the base 

material. The solute's atoms redistribute, resulting in a change in composition. 

The phase diagram and kinetics, mass transfer and diffusion, undercooling, and 

other associated phenomena all affect this redistribution rate. A pure metal's 

solid-liquid contact is typically planar [15]. However, the solidification pattern 

might be cellular or dendritic, depending on the type of materials and thermal 

history. Grain development in the FZ is critical because it impacts solidification. 

In laser beam welding, the grains parallel to the fusion line serve as the 

nucleation substrate. Due to the proximity of the melt pool liquid to the 

underlying layer, nucleation occurs quickly. Epitaxial welding is the process of 

nucleation that occurs during autogenous mode welding and can be identified 

using the x-ray backscattering technique. The epitaxial grain structure enhances 

the weld's strength and minimizes its cracking susceptibility. It prevents the 

creation and progression of cracks. Figure1.6 illustrates epitaxial development 

in any metal. The <100> in Figure 1.6 indicates the number of directions for 

grain development.   
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Figure 1.6 Epitaxial growth of the grains in a metal. 

 

The following process variables affect grain development and microstructure:  

The increased scanning speed produces an elongated shape for the weld and 

hence a columnar grain structure. When the traverse speed of the beam is high, 

fine grain size results in a refined dendritic structure due to the low heat input in 

the case of aluminium alloys, as reported by [16]. The effects of welding with 

an Nd: YAG pulsed laser machine on the microstructure of aluminium alloy 

2024 are studied extensively. It is reported that pulsed mode laser welding results 

in finer inter-dendritic phases and that for low-duty cycles, the precipitates in the 

fusing region contain a small number of solute components [17]. Low-duty 

cycles provide a faster cooling rate than high-duty cycles. When welding at high 

speeds, columnar grain development is normal in the welding direction [18]. It's 

essential to consider grain growth while assessing the ductility of components. 

When the scanning speed is high, Nd: YAG lasers generate weldments with poor 

ductility [16]. In a component with a columnar grain structure, solidification and 

liquation cracks are more apparent [14,19]. When welding aluminium alloys, 

factors such as decreased welding speed and solidification rate, preheating, 

chemical composition changes in the melt pool due to filler material, and 

decreased undercooling contribute to epitaxial grain development. 



  

14 

 

Unmixed zone (UZ) 

This zone is present in almost all fusion weldments. UZ is a stationary liquid 

layer that thrives when the fluid velocity approaches zero around the fusion line. 

Evaporation of the liquid metal from the fusion region of contamination on the 

surface, filler material selection, and process parameters all contribute to the 

formation of the unmixed area. This region's microstructure is identical to that 

of the fusion region. The unmixed zone may not be present in high-speed 

welding processes such as laser beam welding [14]. 

Partially melted zone (PMZ) 

PMZ is the zone between liquid and solid, i.e., between the material's liquidus 

and solidus temperatures. Certain variables affect the PMZ range: The alloying 

elements or impurities in the base metal increase the base metal's actual melting 

temperature range. The PMZ of aluminium alloys is exceptionally narrow, about 

the size of a single grain or two grains [18].  

Heat-affected zone (HAZ) 

This zone is what separates the PMZ from the unaffected base metal. This region 

is not subject to melting or evaporation. However, the heating and cooling 

phenomena, input process parameters, and metallurgical reactions such as 

recrystallization, phase transitions, precipitate formation, residual stresses, and 

grain development impact the microstructure of HAZ. The heat-affected zone is 

relatively small when welding at low temperatures or in materials with a high 

thermal diffusivity. Laser welding has the advantage of delivering a narrow heat-

affected zone compared to other welding methods. 

1.4 Process Requirements 

Achieving laser-based joining involves a proper selection of heat source, beam 

transmission equipment, processing set-up equipped with suitable optics, and 

attachments, as shown in Figure 1.7. Laser material processing employs a high-

intensity focussed beam onto a component. The laser beam traces the defined 

geometry. Though the primary laser varieties and the parts used in the machines 

remain the same specific differences in the components lead to different material 

fabrication methods. The parameters at focus and the shielding gas supply 
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mechanism differentiate laser welding from other laser material processing 

techniques.  

The process requirements for laser welding are 

i. Laser generation: The interaction of electromagnetic radiation with the 

surrounding matter spurs spontaneous emission and absorption. When the atoms 

attain the excited state, stimulated emission is the initiator of laser light.  

ii. Optical resonator: The primary purpose of an optical resonator is to define 

the direction of the laser beam. The photons attain their respective states using 

an optical resonator. 

iii. Laser pumping: Lasers are also often classified by the pumping mechanism. 

This mechanism is also called population inversion and is the main reason for 

the occurrence of lasing action. The pumping mechanism is broadly divided into 

optical pumping and electrical pumping. Pumping can be either continuous or 

pulsed.   

iv. Broadening mechanisms: This mechanism influences the profile of the 

spectroscopic line after the emission profile of the laser. When a laser is 

broadened homogeneously, the bandwidth of every atom in the beam is equal to 

the entire bandwidth of the laser beam. This mechanism is caused by the 

collision of molecules in the gas. If the atoms gain at various frequencies, then 

it is heterogenous broadening. The most common source of this mechanism is 

the doppler effect. The broadening mechanism provides the advantage of 

reducing the problems that occur by the air gap during butt welding.  

v. Beam modification: Beam modification is accomplished using a focusing 

lens, cartesian axis or provision for translation of optics along with shield gas 

and filler materials. The lens with a small focal number is suitable for high-speed 

welding of thin materials. Generally, welding speed can be maximum if the 

focussing depth is equal to the thickness of the plates to be welded. The focusing 

lenses with a high f-number reduce the damage to the lens due to weld spatter or 

backscattering.  

vi. Beam delivery: The delivery of the laser beam plays an essential role in laser 

material processing. The fibre optic beam delivery is the most common and 
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frequently employed system, a simple plug-in fixture with no mirrors attached. 

It has the flexibility to get connected to robots and in fully automated factories. 

CO2 laser with a mirror delivery system consists of simple geometry and is most 

suited for symmetric components. Here the beam is fixed, and the components 

like the gear wheel and shafts are rotated to get joined. The components that are 

joined are placed on the spindle.  

The shielding gas is used at the laser irradiation zone to protect the weld bead 

and molten pool from contamination using a gentle and unfocussed delivery. 

 Other related parameters for laser welding are: 

• The shielding gas protects the weld bead and molten pool from 

contamination using a gentle and unfocussed delivery. 

 

Figure 1.7 Block diagram of a typical Nd: YAG set-up 

1.4.1 Process Parameters 

Laser welding is a complex and multivariable process influenced by the 

properties of welding equipment, laser beam and workpiece (material and 

dimensions). The major contributing factors to laser material processing are:  

i. Beam power:  This is the most critical aspect of creating keyholes. 

Aluminium alloys require larger power densities for welding due to the 

material's physical features, such as greater reflection and thermal 

conductivity. Additionally, imperfections such as splatter, undercut, underfill, 

and dropout is typical at higher powers. [20] conducted several experiments 
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on aluminium alloy 7020 and reported that both the weld width and depth of 

penetration increased with the peak power. The higher penetration depth is 

because, at high peak power, the energy incident on the weld zone is higher, 

leading to higher melting and vaporization.  

ii. Traverse speed: Beam traverse speed affects the penetration depth. When 

welding at a faster rate, the depth of the keyhole is reduced, and the weld 

geometry retains its shape. When the welding speed is reduced, conduction 

mode welding occurs. On the other hand, the ratio between the welding depth 

and weld width (d/w ratio) rises with welding speed, although insignificant 

and then stabilizes. The following are the advantages of high-speed welds: 

Minimum evaporation of alloying components results in a refined grain 

structure in the fusion zone, and the shape of the weld bead changes with a 

change in the scanning speed [20]. But the depth and width of the weld 

decrease as scanning speed is inversely proportional to input power for a unit 

length of the seam. With high scanning speeds, the weld becomes shallow 

and narrow.  

iii. Wavelength: When incoming laser light strikes a material's surface, it is 

absorbed and performs the required activity, such as welding or cutting. This 

absorption is wavelength-dependent. The light with a longer wavelength 

reflects more and limits beams' application to alloys with high reflectivity. As 

a result, increased fluences are necessary for coupling with such materials. A 

shorter wavelength beam improves process stability, resulting in increased 

Fresnel absorptivity. If w0= radius of the Gaussian mode laser source and λ = 

wavelength of the incident laser light with focal length f1, then the radius of 

focus wf is given by  

𝑤𝑓 =
1

𝜋
 [

𝑓1∗𝜆 

𝑤0
]   (1.1) 

iv. Beam mode: The beam's energy distribution affects the weldment's final 

shape. A TEM00 mode has a higher d/w ratio than other modes of a higher 

grade. This higher is due to the smaller beam radius, which produces a highly 

focused beam. However, multimode beams have a bigger diameter and are 

suitable for butt welding, reducing the need for stringent edge fit-out. Input 
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energy affects vapour formation and the size and interactions of the keyhole 

and melt pool. These values are widely used to explain the stability of 

the process [21].  

v. Beam stability: Spatial and temporal variations in beam attributes influence 

beam stability. This factor, along with the properties like power available 

during welding, the material's absorptivity and others, influence the weld 

quality.    

vi. Beam Polarization: In practically any type of laser material processing, a 

laser beam's polarisation aspect significantly influences the outcome. The 

beam’s polarisation direction in the plane of interaction is referred to as p-

polarization, and its orthogonal direction is referred to as s-polarization. The 

angle of incidence on the surface is determined by the beam propagation and 

the normal on the surface. The incidence angle is close to 90 degrees in these 

geometries. The quantity of light reflected or transmitted varies depending on 

the incident polarization. The Fresnel equations demonstrate that obliquely 

incident light's transmittance and reflectance are polarised. The weld pool 

behaviour is directly impacted by energy accumulation, masking phenomena, 

and beam polarization. The effect of beam polarisation on the welding process 

is material- and process-dependent [22]. 

vii. Spot size and power density: The obtainable power density is decided by the 

spot size. When the spot size is smaller, the power density is higher, leading 

to narrow welds without proper fusion.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

viii. Beam divergence: The expansion and propagation of a beam are termed beam 

divergence. 

ix. Focal length: Along with waist diameter and depth of focus, focal length 

determines spatter generation and the level of damage to optics. 

x. Depth of focus (DOF): the maximum deviation the component can make 

from the position of optimal focus while still maintaining a reasonable weld 

quality is DOF. When welding thicker pieces, a greater DOF is advantageous.  

xi. Position of the focal plane: The smallest waist diameter is generally at the 

focal plane. Positive focusing (above the material's surface) produces more 

plasma, which results in less energy reaching the material's surface. Through 
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repeated reflections and efficient coupling, negative focusing (below the 

material's surface) boosts energy absorption.  

xii. Shield gas:  Shielding gas hinders corrosion of the weld seam and prevents 

vitiation of the seam by moisture, grease, and other contaminants, and 

protects the optics; shielding gas also aids in the development of keyholes 

by minimizing their instabilities during welding. As a result, a poorly 

protected weld exposes the bead's porosity, undercut, and roughness. The 

melt pool is wider and deeper with filler material than with autogenous 

welding, indicating the need for improved shielding. Argon and helium are 

the frequently employed gases for laser welding. 

• Argon (Ar): Ar is the gas of choice for low-power laser welding. 

Argon offers superior shielding and smoother surfaces and is also 

cost-effective. When Ar is employed in high-power applications, 

the gas absorbs most of the energy required for ionization, 

limiting penetration. 

• Helium (He): Due to its higher ionization potential, He is best 

suited for low-speed applications. Due to the gas's lower density, 

more effective flow rates are required for adequate protection. As 

a result, greater threshold energy is necessary to generate a 

plasma plume. This plume boosts the laser light's transmissivity 

through the gas. Due to the lack of early connection between the 

radiation and the plasma, it is challenging to produce a keyhole. 

These phenomena are found when welding aluminium at a speed 

of around 3 m/min using a 2.5 kW laser and He as the shielding 

gas [3].  

• Nitrogen (Ni): Ni is an excellent material for fabricating keyholes 

and deep penetration welds. Nitrogen is not extensively used as a 

shielding gas since it can potentially create nitrides, weakening 

the weldment. Thus, the weld's quality is determined by the 

shielding gas used. The effect is more evident at low welding 

speeds and higher power densities, as the local vapour density 

above the workpiece is substantially greater. Compared to Ar and 
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Ni, He performs better as a shielding gas under the given 

operating parameters and processing conditions [23]. 

xiii. Surface quality:  The components to be welded ought to be freed 

from impurities, as local melting of contamination results in poor 

metallurgy and rapid material loss from the surface during the welding 

process. Surface characteristics such as roughness occasionally enhance the 

laser beam's absorption. 

xiv. Joint design:  The accurate and high-intensity beam requires appropriate 

joint alignment, and the acceptable joint gap tolerance is also relatively 

small.  

When functioning in pulsed mode, the welding is additionally impacted by 

the pulse energy and width, pulse shape and repetition rate, and average laser 

power. When experiments are conducted on AA 7020, the pulse which 

follows the ramp downtrend has shown no hot cracking defect. But the square 

pule has induced hot cracking in the welds [20]. Additionally, welding time 

and weld length are significant criteria. Because the material must absorb the 

incident beam, weld quality is influenced by thermal conductivity, 

reflectivity, solidus and liquidus temperature, thickness, and heat capacity. 

1.5 Joint Configuration 

A variety of joint configurations is possible using the laser welding technique. 

The type of joint is often decided by the demand of the job at hand. A description 

of some joint configurations (though not limited) that are possible with laser 

welding is depicted in Table 1.2. 

1. Butt joint 

2. Lap joint 

3. T-joint 
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Table 1.2 Different types of joint configurations welded using laser welding 

mechanism as shown in Figures 1.8 – 1.12. 

Joint name Figure Preparation 

Butt Joint 

 

Figure 1.8 The two plates are placed close 

to each other without any air gap. 

Lap Joint 

 

Figure 1.9 This welding occurs when 

welding is done along the overlapping 

edges by placing the components one upon 

the other. 

Lap Joint 

 

Figure 1.10 Welding occurs when a laser is 

moved along the edges of the plates placed 

on the other. 

T-Joint 

 

Figure 1.11 Welding occurs when a laser is 

moved along the edges of the plates placed 

on the other This welding occurs when 

welding is done by placing the components 

one upon the other in a T shape. 

T-Joint 

 

Figure 1.12 Welding occurs when a laser is 

moved along the edges of the plates placed 

on the other Welding is done by moving the 

beam along the edge of the component after 

placing them one upon the reverse T- shape.  
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1.6 Quality Aspects in Laser Welding 

ISO 5817:2014 and ISO 13919-1 mention various materials' acceptable defects 

in fusion-welded joints. It is applied to materials with thickness than or equal to 

0.5 mm and ferrous and non-ferrous alloys, manually operated or machine 

controlled or automated welding including all positions and varieties of welds. 

Butt joint welds with full penetration and partial penetration and fillet welds are 

covered in these specifications.  

The system prescribes three levels of quality, allowing welded joints to be used 

in various applications. The symbols given to the levels are B, C and D. 

Level B has the highest quality and is used in thermal loading, corrosion, 

pressure and static loading applications. Several researchers reported that the 

relationship between the acceptance limit and the consequent fatigue life is linear 

for certain defects. There is a greater demand for designing and fabricating 

economic weld structures. Different aspects of production like material, 

fabrication, maintenance of tolerances within the cost and attaining the 

objectives like quality and price are often contradictory. Laser welding is a good 

choice for versatile materials. It has some drawbacks due to the high-intensity 

heat source and other requirements.  

1.6.1 Defects that occur in laser welding 

Depending on material composition, and welding conditions, various defects 

occur in laser-welded components. These imperfections are categorised into 

three types: Geometrical defects, (ii) internal defects and (iii) property defects. 

Geometrical defects 

i. Deformation or distortion 

The thermal cycles like heating, melting, evaporation, solidification and cooling 

that occur in the metal during laser welding leads to changes in volume due to 

thermal expansion or contraction. These volume changes lead to distortion or the 

presence of residual stress and the formation of cracks in the joints. Though 

distortion is negligible in laser welding due to narrow weld beads, high speed 

and deep penetration are also responsible for distortion. The more significant 
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coefficient of thermal expansion of aluminium leads to distortion in the laser-

welded components.  

Suppression procedure 

• Use of rigid fixture or jig 

• Quick cooling and quenching of the final component 

• Allowing the welded components to come to room temperature while in 

the fixture. 

• Welding procedures optimization.   

ii. Poor surface appearance of the laser welds 

These are generally caused by oxidation, ultra-fine particles, fumes, or spatter. 

Pits and undercuts also render a poor surface appearance.  

In laser welding, the metallic silver colour of certain metals like aluminium or 

titanium alloys may change to heavy blue, purple, black, or golden, based on the 

oxidation level.  

Suppression procedure 

• A proper shielding gas reduces oxidation when flown in an optimum 

direction.  

• Using a laser beam in the defocussed conditions,  

• Use of vacuum chambers 

• Employing a beam with a smaller diameter than the molten pool is a 

technique that can be utilised in continuous-mode laser welding. 

• While working in pulsed mode, increasing the power density deepens 

the keyhole, slowly reducing the spatter. 

iii. Burn through or meltdown 

This defect is said to occur when the molten metal drops down during welding 

to form a concave top surface while the bottom surface is convex-shaped.  

This phenomenon generally occurs in welding thin sheets and when thick plates 

are welded at high power. The meltdown readily occurs in materials with lower 

surface tension.  
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Suppression procedure: 

• Bottom humping can be prevented in materials with high Oxygen 

content. 

• Optimization of welding conditions 

• Employing a backing plate while welding 

• Using appropriate shielding gas  

iv. Undercutting 

The notch that forms along the toe of the weld is called an undercut. This defect 

generally occurs due to the high pressure of assist gas, wide weld bead formed 

due to high power density, and ample shielding gas supply from the front side 

of the component. The effect of gravity also helps in the formation of the 

undercut. The undercut is represented in Figure 1.13.  

 

Figure 1.13 Pictorial representation of the undercut 

Suppression procedure: 

• Optimization of welding conditions 

• Use of filler wire during welding 

v. Underfilling 

Underfills occur as concave surfaces on the weld bead. This underfill happens 

during the welding of butt joints with wide gaps and a shortage of filler rods. 

Burn-through and spattering accompany underfills in case of complete 

penetration. 

Suppression procedure 

• The utilization of filler rods, beam scanning, and a gradual increase of 

laser power suppress underfilling. 
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vi. Humping 

The development of lumps of weld metal on the bead surface at some intervals 

is called humping. These lumps occur in narrow weld beads produced at high 

welding speed and small focussed beam, low vacuum welding. The higher 

surface tension of the molten pool and the backward flow of melt expulsion by 

plume ejection are the main reasons for humping. Figure 1.14 indicates the 

humping in the welded joint.  

 

Figure 1.14 Pictorial representation of humping 

Suppression procedure 

• using defocussed distances 

• Suppression of upward ejected melt. 

Invisible defects 

i. Hot cracking 

High-temperature cracking on the weld fusion zone and heat-affected zone 

(HAZ) is called solidification cracking and liquation cracking, respectively. 

Cracking occurs along the grain boundary. The cause for solidification 

cracking is the formation of low solidification temperature liquid film along 

the grain boundary. 

Suppression technique 

• Select appropriate materials and processes to minimize tensile load 

at the welding time. 

• Liquation cracking occurs due to the liquid trapped in the bottom part 

of the laser.  
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• Modifying the shape of the pulse in the case of pulsed laser welding 

[20].  

ii. Cold cracking 

This type of cracking occurs below 3000C. It is also known as delayed 

cracking or Hydrogen assisted cracking. A typical cracking on the 

weldments is represented in Figure 1.15. 

 

Figure 1.15 Appearance of cracks on welded components 

Suppression technique 

• Proper selection of filler wire 

• Appropriate weld bead geometry 

iii. Porosity 

Porosity is the most common defect during laser welding, as shown in Figure 

1.16. The bubbles generated at the tip of the keyhole during deep penetration 

stay as pores in the fusion zone of the weld. Welding conditions, surface 

cleanliness, and type of shielding gas affect the formation of pores. 

 

Figure 1.16 Pictorial representation of pores in the weld zone. 

Suppression procedure 

• Control of laser power density 

• Choosing a suitable pulse profile towards the end of the laser 

irradiation 
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• Removal of the oxide film 

• Performing conduction type of welding 

• Low or high vacuum welding 

vi. Spiking 

Saw-like penetration with a periodical variation that forms near the bottom 

part of a partially penetrated weld bead is called spiking.  

Suppression procedure 

• Reduction of weld power density 

• Beam scanning 

• Tandem beam welding 

vii. Swelling of lap joint 

This type of defect takes place in thin Aluminium alloy when it is subjected 

to low welding speed and high heat input. When more welding occurs in the 

upper and lower sheets, swelling is said to occur. 

viii. Incomplete Penetration 

This type of defect occurs in the following ways: 

• When the weld bead does not reach the bottom of the components.   

• When weld beads that form from both sides do not fuse 

• When welding starts like a bridge across two pieces 

Incomplete penetration occurs in materials with high reflectivity and 

high conductivity, like Aluminium and Copper, as represented in Figure 

1.17. 

 

Figure 1.17 Incomplete penetration of the weld seam 
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ix. Inclusions 

The oxide layer is present on the surface of the Aluminium components 

protecting them in corrosive applications that lead to inclusions. Nitrides can 

form in the melt pool when Nitrogen is used as a shielding gas. Nitrides in 

the molten pool of Aluminium 6xxx series protect it from solidification 

cracking. Though oxides and nitrides are beneficial, they stay as inclusions 

in the final weld bead, weakening it. 

Suppression procedure 

• Proper surface cleaning 

• Usage of appropriate shielding gas. 

x. Evaporation loss of alloying elements 

The impurities on the surface, volatile elements with lower vaporization 

temperature than the base material when present as alloying elements, evaporate 

quickly at a higher amount. 

Suppression procedure 

• Using an appropriate filler material  

• Adopting high-speed welding.  

Quality or property defects 

i. Reduction in mechanical properties 

Certain welding defects like porosity and cracking degrade the mechanical 

properties of the welded joint. Experimental investigation on certain Aluminium 

alloys of the 5xxx series indicated that the strengths obtained from the welded 

joints are significantly lower than that of the parent material due to the presence 

of porosity cracks and underfills. Hence, to improve mechanical properties, 

obtaining defect-free welding is vital.   

ii. Degradation in chemical properties 

Stress-corrosion cracking and grain boundary corrosion may occur in the 

HAZ of certain metals and alloys.  Improved chemical properties require a 

better choice of material, the employment of lesser heat input for the welding 
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operation, the elimination of residual stresses, and the appropriate protection of 

the weld to avoid oxidation by employing a suitable inert shielding gas. 

1.7 Organization of the thesis 

This thesis is written as a summary of the experimentation, numerical simulation 

and optimization of the laser welding of aluminium alloy 2024. The focus is on 

producing successful welding on the hard-to-weld aluminium alloy 2024, 

developing a 3-dimensional, transient numerical model to simulate the laser 

welding process and optimizing the process parameters involved in attaining 

successful welds.  

Chapter 1 is a general and broad introduction to laser welding and different 

aspects of the process.  

Chapter 2 reviews the latest and relevant state-of-the-art literature on the study 

area. It focuses on the literature published on analytical studies, experimentation, 

and optimization. This chapter outlines the research gaps, the study's need, and 

problem formulation and hypothesis for the thesis.   

Chapter 3 describes the materials used in this study and the methodologies 

employed. It also describes the equipment used for experimentation and testing.  

Chapter 4 gives the development of a numerical model for the simulation of laser 

welding on aluminium alloy 2024. Various process parameters' influence and 

impact are simulated and depicted using pictures and graphs.  

Chapter 5 describes the results of the structured experiments and the response 

surface graphs. This chapter also describes the prediction of weld metrics using 

the deep-learning techniques 

Chapter 6 discusses the various defects in the experimentation and simulates the 

humping phenomenon during high-speed techniques like laser welding.  

Chapter 7 presents the results of optimization using the particle swarm 

optimization technique. 

Chapter 8 gives general conclusions along with the inferences of the present 

work.  
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Chapter 2: 

Literature review and research objective 

2.1 Introduction 

Laser beam welding occupies an indispensable position in the manufacturing 

industry. Light metal alloys are fast replacing traditional materials owing to their 

superior density, strength and economic properties. Aluminium alloys are 

prominent among light metal alloys due to their properties and availability. The 

aircraft and automobile industry is looking towards AA2024 as a prospective 

material to manufacture various components. Much research has been conducted 

to understand aluminium alloys' microstructural, metallurgical, and mechanical 

properties. However, based on the latest and available literature, the results 

reported so far are on the application-specific areas, material and its properties, 

numerical studies, the impact of process parameters and mechanical testing. 

They are specific to a particular series of alloys and cannot be implied to 

AA2024. The research on this alloy is minimal. This chapter reviews the material 

properties, variety of lasers for different welding alloys, microstructural and 

numerical studies, and the optimization techniques employed in the laser 

welding process that are relevant to this thesis.  

2.2 Review of literature on experimental and analytical 

studies 

Kou and Sun [24] used a computer simulation to study the effects of fluid flow 

patterns in the weld pool on weld penetration. The importance of three forces is 

explored, including buoyancy, surface tension, and electromagnetic force, as 

well as the role of surface-active elements. In addition, a novel approach to 

solving the heat flow and fluid flow boundary conditions is proposed. 

Ratchev et al. [25] conducted several studies on aluminium alloys' precipitation 

and age hardening. The age hardening of an aluminium alloy with Al±4.2 wt% 

Mg± 
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0.6 wt% Cu alloy was investigated. A yield strength which increased linearly 

along with the logarithm of time at peak hardness after 11 days of ageing is 

reported in this study.  

 

Frewin and Scott used [26] a 3-D heat transfer finite element model during 

pulsed mode laser welding in ANSYS because of its heat transport and 

parametric design features. The model determines the fusion zone, heat-affected 

zone, thermophysical characteristics, and experimentally determined beam 

profiles. The findings indicate that weld size and temperature profiles are vital 

factors. 

Limmareevichitr and Kou [27] proposed visualizing Marangoni convection in 

weld pools formed during arc welding. It was concluded that Marangoni 

convection is noticeable when the diameter of the welding beam is reduced and 

the beam power is increased. 

Miller et al. [28] reviewed using aluminium alloys in the automotive industry. 

The current and future trends in aluminium welding and brazing techniques are 

presented in detail. 

Matsunava et al. [29] investigated critical hold behaviour during laser welding. 

It has been stated that evaporation at the local front, notably from the front wall 

of the keyhole's inner half, is the primary source of keyhole instability. Porosity 

is suppressed if the keyhole is stable. Pulse modulation is considered a crucial 

step in porosity suppression if the keyhole is stable when employed as a keyhole. 

Ni was also found to be beneficial in suppressing pores within aluminium alloys. 

Borrisutthekul et al. [30] used laser welding to create a standard centre-line lap 

junction. The intermetallic layer generated at the intersection of two metals 

considerably lowered the joint's strength. A heat transfer analysis was performed 

using a finite element analysis technique to identify a method for controlling the 

depth and width of molten metal penetration, which aids in regulating the 

thickness of the intermetallic compound layer. Based on the FEM analysis 

results, edge-line welding of a lap joint was performed, resulting in easy control 

of the intermetallic layer's thickness and achieving high joining strength. 
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Zhou et al. [31] proposed a transient 3D heat transfer and melt flow to understand 

the keyhole collapse and melt solidification. It was reported that humping is 

caused by the combined action of two factors: high solidification rate and 

accumulation of the melt flow at the rear end of the keyhole due to the recoil 

pressure. 

Fabbro et al. [32] investigated the effect of the contact between the vapour 

produced by the ablation process and the front keyhole wall. It was stated that 

the evaporation process is more significant at high velocities. The metallic 

vapour that hits the back keyhole wall opens the keyhole cavity. This collapse 

process is gradually controlled, and a suitable weld seam forms. 

Kou et al. [33] investigated the aluminium samples, and the results reveal that 

decreasing the power value raises the welding speed required needed full 

penetration, hence increasing the penetration depth to bead width ratio and weld 

bead micro-hardness. According to the butt welding results, the tensile strength 

and total elongation qualities of the specimens with a high shielding gas flow 

rate are nearly three times higher than those with a low shielding gas flow rate. 

The higher test results are mainly due to the absence of hot cracking in the high 

flow rate specimens, a more refined microstructure, and reduced porosity. This 

study demonstrates that the effect of F on weld bead shape, microstructure, hot 

crack susceptibility, and mechanical properties is substantially more significant 

than that of P. However, the impact of altering welding speed is greater than that 

of a low flow rate. 

Balasubramanian et al. [34] employed the finite element technique (FEM) to 

forecast the bead shape during laser welding of 1.6 mm thick AISI304 stainless 

steel sheets. A three-dimensional finite element model is used to investigate the 

temperature distribution in a T-joint and a butt-joint weld formed by the laser 

welding process. Temperature-dependent AISI304 stainless steel thermal 

properties, the effect of latent heat of fusion, and convective and radiative 

boundary conditions are all included in the model. The model's heat input is a 

3D conical Gaussian heat source. An Nd: YAG laser with a maximum power of 

2 kW in continuous wave mode is used to make the T-joint and butt-joint welds. 

Finally, the mathematically predicted molten pool morphologies are compared 
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to the experimental results. As the comparison shows, they are in good 

agreement. 

Missori et al. [35] studied laser beam welding of C-Mn steel plates with nickel 

(Ni) powder as filler. Experiments are carried out, and the resulting data is fed 

into the neural network. The network calculates the amount of Ni present in the 

welded area. The goal of achieving optimum penetration with minimal powder 

loss is achieved by optimizing inputs such as the rate of powder addition and the 

joint shape. 

Moraitis and Labeas [36] develop a thermomechanical finite element model for 

laser beam welding of aluminium lap joints that predicts residual stress and 

distortion fields. In this study, a keyhole model is employed to estimate the size 

and shape of the keyholes used for thermal analysis. On the other hand, the top 

and bottom sheets' contact heat flow is ignored. 

Akman et al. [37] investigated welding parameters for connecting a 3-mm thick 

titanium alloy using the Lumonics JK760TR Nd: YAG pulsed laser. The pulse 

energy to pulse time ratio is essential in determining penetration depth. Variation 

in pulse duration with constant peak power has also been shown not to affect 

penetration depth. Consequently, the function of laser parameters such as pulse 

energy, duration, and peak power in joining 3mm thick Ti6Al4V has been 

investigated to improve welding penetration depth. 

Ghaini et al. [38] studied the crack susceptibility of aluminium alloy 2024 during 

pulsed mode laser welding. The research was conducted better to understand 

solidification and fluid cracking. It was determined that the metal's parent 

material is related to the solidification cracks in the weld. The liquid backfilling 

phenomena have been studied regarding its impact on solidification cracking at 

the weld metal. 

Amara et al. [39] studied deep-penetration laser welding at a high-welding speed 

regime, and a 3-D transient modelling based on the numerical resolution of the 

fluid flow and heat transfer equations is created, resulting in the humping 

phenomenon. This model includes physical mechanisms for matter melting, 

vaporization with recoil pressure, and resolidification. They tackled the problem 
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with specific and complex boundary conditions by implementing custom 

procedures known as User Defined Functions (UDFs) that interacted with the 

CFD Fluent code and a dynamic mesh approach. Therefore, recoil pressure, 

fusion, resolidification, and temperature dependency of physical parameters 

were considered. As a result, frequent humps on the weld seam could be seen 

following resolidification. 

Amara et al. [40] proposed a deep penetration model for studying the effect of 

scanning speeds on humping. They adopted a dynamic mesh technique for 

simulating the melt pool. It was proposed that using the Bernoulli equation in 

the model enhances the hump dimensions. 

Bachmann et al. [41] created a three-dimensional laminar steady-state 

computational model to explore the effects of an AC magnetic field on the weld 

pool dynamics and weld cross-section of a 20 mm thick aluminium plate in a flat 

situation in complete-penetration laser welding. The 3-D heat transfer, fluid 

dynamics with phase transition, and electromagnetic field PDEs were solved 

iteratively by COMSOL Multiphysics software, using the temperature-

dependent material characteristics up to evaporation temperature. The Carman–

Kozeny equation for porous media morphology was used to simulate 

solidification. The introduction of oscillating magnetic fields significantly 

altered the flow pattern in the melt and the temperature distribution. It has been 

demonstrated that applying an ac magnetic field to laser beam welding can 

eliminate gravity drop-out. The simulation outcomes are satisfactory. 

Kalpan and Powell [42] explained spatter information and different types of 

spatter phenomena. They proposed a categorization technique to allow 

comparison and research on the spatter technique. 

Turna et al. [43] explored the numerical simulation of thermal stress in tubes 

made of austenitic steel Cr Ni Steel the numerical simulation is validated with 

experimentation. 

Volpp [44] created a quasi-static model of the keyhole made by laser welding. 

Here the keyhole geometry is calculated based on the spatial distribution of laser 

beam intensity, and t the top-hat beam profile is employed. Further, the 



  

35 

 

numerical model is validated using the keyhole form produced by laser welding 

aluminium alloys. 

Ilar et al. [45] used high-speed imagery of the melt pool to investigate root drop 

humping generated by droplet collection at the back end of the weld pool. Due 

to gravitational forces, the melt is pumped to the bottom of the keyhole. 

Acherjee et al. [46] constructed a temporal numerical model based on conduction 

mode heat transfer to explore the effect of carbon black on temperature 

distribution and weld shape during laser transmission welding of polymers. The 

model's heat input is the volumetric Gaussian heat source. The modelling takes 

into account the temperature-dependent material properties of polycarbonate. 

The numerical results are acquired by executing a finite element code with 

ANSYS. The experimental results are compared to the numerically estimated 

dimensions of the weld pool. As a result, the model generated is also accurate 

enough to be used in the intended study. 

Acherjee et al. [47] investigated the laser transmission-contour welding process 

utilizing the design of experiments and finite element analysis with ANSYS 

multi-physics. A 3-D thermal model is initially built to replicate the welding 

process with a moving heat source. The experiment design is then utilised with 

regression analysis to organize the experiments and construct mathematical 

models. The sensitivity analysis aimed to determine how different input variable 

values affect a specific output variable. 

Enz et al. [48] investigated the effect of chemical composition modifications on 

mechanical properties such as strength and hardness. The effect of weld 

chemistry on the welding process is being explored to improve weld quality. It 

has been stated that the discrepancy in hardness and strength is due to the non-

uniform distribution of lithium. According to studies, hot cracking is caused by 

silicon loss from the weld zone. 

Courtois et al. [49] created a heat and fluid flow model with Comsol 

Multiphysics®, where the first stage involves simulating a static laser fired on a 

piece of steel. This 2D axial symmetric arrangement is used to investigate the 

critical physical processes involved in the development of the keyhole. This 
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model considers the vaporized metal, liquid phase, and solid foundation. The 

Level-Set approach is used to track the liquid/vapour interaction. The estimated 

velocity, as well as the free surface deformation, are investigated. When melt 

pool forms are compared to practical macrographs, the effect of various 

parameters, such as laser power, is investigated. 

Courtois et al. [50] proposed that the simulation of laser welding procedures uses 

heat and fluid movements. This model was created entirely using a graphical 

user interface of a finite element computer. The model considers three stages: 

vaporization, liquidation, and solidus. A novel method for modelling energy 

deposition is provided, which involves treating the laser as a waveform and 

solving Maxwell's equations. They provided complete model validation and 

advice on what criteria to check. Several comparisons with specific experiments 

are provided to assess the model's validity. 

Brock et al. [51] investigated vapour plume fluctuations during laser welding of 

steel sheets in lap joint arrangement. It was determined that as penetration depth 

increases, the position of the vapour plume shifts to the opposite direction of the 

welding. This displacement causes flaws such as blow holes and splatter. 

Gao et al. [52] suggested a 3-dimensional numerical model explore the dynamic 

behaviour of the weld bead profile during high-intensity laser welding. 

Experiments are used to validate the numerical model. The proposed model 

discusses the interaction of welding process parameters with fluid flow, seam 

qualities, and mechanics equilibrium. 

Akbari et al. [53] carried out numerical and experimental research on laser 

welding of titanium alloy (Ti6Al4V) to estimate the temperature distribution and 

forecast the heat-affected zone (HAZ), molten pool depth, and width. The 

intricate physical process that results in the formation of the keyhole has not been 

investigated. The experimental results and the finite volume thermal model were 

found to be in good agreement, also at different laser welding speeds, predicted 

temperature as a function of distance, and observed that the temperature profile 

declined dramatically near the beam centre, then declined modestly in the distant 
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region from the beam centre. The created model error was discovered to be 

between 2 and 17%. 

Bachmann et al. [54] proposed a multi-numerical model to study the impact of a 

continuous magnetic field vertical to the welding direction throughout partial 

penetration of high-intensity laser welding of aluminium in the down hand 

position. COMSOL Multiphysics 4.2 successfully solved three-dimensional heat 

transfer, fluid dynamics with phase change, and electromagnetic field PDEs. 

Natural convection owing to the gravitational field, Marangoni convection on 

the weld pool's surface area, and the latent heat of the solid-liquid phase change 

were all taken into account. The Carman–Kozeny equation for medium 

absorbent morphology was used to simulate solidification. The computational 

results are in good accord with the experimental research findings with a 16-kW 

disc welding AlMg3. The magnetic flux density peaked at roughly 500 mT. It 

demonstrates that, regardless of polarity, the applied magnetic field has a 

substantial dissipating influence on the weld pool dynamics. 

Bachmann et al. [55] examined the effect of externally imposed magnetic fields 

on laser beam welding quality. The findings of computer simulations were used 

to help optimize the process parameters. AC magnetic fields can reduce weld 

porosity by a factor of 10 compared to the reference joints in partial penetration 

welding tests with 4 kW beam power. The roughness of the weld surface was 

reduced by half, and investigated the effects of the AC magnetic field in keyhole 

welding with a laser using a 3-D turbulent steady-state numerical model with the 

help of COMSOL Multiphysics 4.2. The model included thermo-capillary 

(Marangoni) convection at weld pool borders, natural convection owing to 

gravity and density changes in the melt volume, and latent heat of solid-liquid 

phase transitions at phase boundaries. Welding experiments were carried out on 

stainless steel AISI 304 with a thickness of 20 mm and a laser beam power of 20 

kW. 

Lecoanet et al. [56] used COMSOL to do 3D finite element research to replicate 

the temperature profile produced by Rosenthal's method. The heat transfer 

formula used has been modified to approach Rosenthal's response. When the 

source and domain shapes are changed, the inconsistencies between the 
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simulation and Rosenthal's approach are investigated. The significance of 

thermal coefficients and Cp has also been studied. 

Narsimhachary et al. [57] worked on a 2mm thick aluminium alloy 6061 using 

a CO2 laser welding machine. Weldability, microstructure, and parameter 

selection were discussed to achieve a crack-free weld. Post-weld heat treatment 

was performed to enhance the hardness slightly. The temperature profile was 

determined, and the material's mechanical properties were found to have 

deteriorated with age. 

Xiao and Zhang [58] discussed the drawbacks that creep up during the laser 

welding of Aluminium Lithium alloys. The formation and mitigation of defects 

like pores and cracks are investigated in this work. Microstructures, mechanical 

properties and future trends and discussed towards the end. 

Zhang et al. [59] experimented on 2060 T8 Aluminium Lithium alloy fusion 

zone properties. Along with microstructure, the mechanical strength of the alloy 

is investigated. A filler rod of composition 5083 is employed to reduce crack 

formation. It was reported that an ultimate tensile strength of 317 MPA was 

obtained, which is 63% higher than the base material. The microhardness of the 

fusion zone is lowest due to the tensile fracture. 

Alfieria et al. [60] studied welds with a high aspect ratio and reported that the 

welds generated less heat input than standard arc-welding techniques, resulting 

in increased productivity and lower distortion. Nonetheless, particular concerns 

must be addressed based on the material to be welded. This section discusses 

laser welding of AA 2024 in the T3 heat treatment state, which is one of the most 

common light metal alloys in aerospace. A complete assessment of variables 

influencing weldability is provided, combining ad-hoc experimentation with a 

Yb: YAG disk-laser source with existing knowledge in the relevant literature. 

As a result, several topics are being researched: the requirement for sufficient 

gas assistance, the irradiance threshold to be overcome for key-holing due to low 

absorptance, and tensile test on the specimens. Compared to other literature 

findings, significant results were obtained regarding heat-affected zone 

minimization and ultimate tensile strength. 
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Bachmann et al. [61] studied the influence of externally applied magnetic fields 

on laser beam welding quality. Welding experiments were carried out on 

stainless steel AISI 304 with a thickness of 20 mm and a laser beam power of 20 

kW. 

Chukkan et al. [62] used SYSWELD to conduct a thermo-elastoplastic 

investigation of category 316L stainless steel sheets in pulsed Nd-YAG Laser 

welding with three separate heat sources. The three heat sources employed were 

3D conical, 3D conical with double ellipsoidal and 3D conical with cylindrical 

shell. Experiments accomplished validation of the simulated thermal cycles, 

residual strains, and deformation. The simulated heat cycles, the generated 

residual stress profiles, and the simulated distortion values were validated. The 

model predictions and experimental data agreed well. Compared to the other heat 

sources, the model using a 3D conical with a cylindrical shell heat source 

predicted the thermal cycles, residual stresses, and deformation more accurately. 

Pang et al. [63] introduced a new 3D transient model with multiple phase 

consideration for deep penetration laser welding utilizing a fibre laser, 

describing a self-consistent keyhole, metallic vapour plume in the keyhole, and 

weld pool dynamics. Surface tension, recoil pressure, Marangoni shear stress, 

Fresnel absorption processes, heat transmission, and fluid movement in the weld 

pool are all considered, as are keyhole-free surface evolutions and solid-liquid–

vapour three-phase transitions. Weld bead dimensions, weld pool dynamics, 

vapour plume dynamics, and transient keyhole instability are predicted, and 

excellent agreement with experimental and literature data is obtained. 

Sheikhi et al. [64] conducted several bead-on-plate experiments and worked on 

laser welding of AA 2024. It was reported that the solidification and liquation 

cracking of the samples was severe at high pulse width and peak power.  

Zhang et al. [65] performed full penetration laser welding on a 10 mm steel plate 

using a 16-kW maximum power continuous wave thin disk laser. To simulate 

the dynamic interaction between the keyhole and molten pool in laser full 

penetration welding, a three-dimensional laser deep penetration welding model 

was utilised, in which the volume of fluid (VOF) approach was merged with a 
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ray-tracing technique. On both the upper and lower sides, the estimated weld 

cross-section morphology and molten pool length accord well with experimental 

data 

Zhang et al. [66] performed experiments on aluminium alloy 2060-T8 Alloy 

using an Al-Si filler rod. Due to this, the fusion zone displayed a dendritic 

solidification structure. The microstructure and mechanical properties are 

studied, and a tensile strength which is 80% more than that of the base material 

was reported 

Atabaki et al. [67] investigated the partial penetration mechanism in AA5083 

during autogenous welding. The effect of process parameters such as speed, peak 

power, and surface qualities on porosity creation and mitigation is investigated. 

A 3D finite element model is also proposed to investigate the welds' heat history. 

Helium was found to minimize the creation of pores when welded at low speeds. 

Pores form as a result of shield gas trapping as the keyhole collapses. 

Bakir et al. [68] created a three-dimensional finite element model that mimics 

the formation and propagation of solidification fractures during laser full 

penetration welding of fully austenitic stainless steel using the contact element 

methodology. The percentage is 1.4376. During experimentation, the strain and 

displacement on the laser beam in the vicinity of the weld pool were measured. 

Experiments confirmed the model's predictions for local strain fields, global 

loads, and fracture lengths. 

Courtois et al. [69] created a heat and fluid flow model with Comsol 

Multiphysics® involving the simulation of a static laser fired on a piece of steel. 

This 2D axial symmetric arrangement is used to investigate the essential physical 

processes involved in the development of the keyhole. This model considers the 

vaporized metal, liquid phase, and solid foundation. The level-Set approach is 

used to track the liquid/vapour contact. The estimated velocity, as well as the 

free surface deformation, are investigated. When melt pool forms are compared 

to practical macrographs, the effect of various parameters, such as laser power, 

is investigated. 
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Otto et al. [70] investigated the mechanism of humping generation during micro 

welding. Because of the solidification mechanism in thin sheets at very high 

welding speeds, this work is crucial. The fluid dynamics technique and the 

Plateau-Rayleigh instability of the liquid jet are used to discuss the occurrence 

of humping. Experiment findings are used to validate the model. 

Ahn et al. [71] investigated the aluminium alloy 2024 using 4043 as a filler rod 

in many trials. The loss of volatile elements such as magnesium, copper, and 

silicon is thought to cause cracking. Higher feed rates caused weld pool 

instability, whereas lower feed rates did not affect weld pool chemistry. Using a 

filler rod reduced the number of defects that occurred during welding. The tensile 

strength was also increased with the addition of a filler rod. 

Ai et al. [72] created a three-dimensional numerical model to investigate the 

characteristics of the weld formed in laser keyhole welding with a fibre laser. 

The gas layer above the molten pool was used in the simulation model to 

simulate the weld's top surface, and the free surface form of the keyhole was 

estimated using the volume of fluid technique. The evolution of the weld shape 

features was provided using numerical simulation results, which were utilised to 

determine the shape and sizes of the generated weld bead. According to the 

comparison, the expected outcomes of the weld bead correspond well with those 

of the experiments. 

Ostuni et al. [73] investigated the performance of 2D and 3D Gaussian heat 

sources for thermal analysis of Titanium and AL dissimilar fibre laser welding. 

The numerical model was validated by testing. It was determined that a 2D heat 

source provided a better thermal field than a 3D heat source. When cooling rates 

were investigated, it was discovered that 3D heat sources were more precise 

compared to the 2-D source. The proportions of the weld poof's fusion zone 

shape were correct in both 2D and 3D heat sources. 

Hong and Shin [74] thoroughly explained lightweight materials and their 

applications in high-volume vehicle manufacture. Various welding processes are 

discussed. It was determined that laser welding has a better future than other 
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approaches. The feasibility of incorporating microstructure changes and faults 

that occur during laser welding is thoroughly investigated. 

Liebl et al. [75] have constructed a numerical model using the adaptive-intensity 

distribution technique. The impact of this innovative approach on process 

properties, temperature history, and molten pool geometry has been investigated. 

Experiment data is used to validate the proposed procedures. While developing 

this model, the Marangoni forces and recoil pressure are also considered. It is 

concluded that the procedure significantly minimized the hot cracking 

phenomena. 

Meco et al. [76] studied the heat cycle used during the joining procedure to 

determine the integrity of steel-aluminium dissimilar alloy junctions. The 

temperature field has a direct influence on the formation of intermetallic 

compounds (IMC) formed by the reaction of iron (Fe) and aluminium (Al), but 

it also controls the size of the joint's bonding area. A finite element (FE) thermal 

model was created to predict the transient thermal cycle at the Fe-Al interface 

for varying applied energy levels by varying power density and contact time. 

The weld geometry, IMC layer thickness, and mechanical strength were all 

associated with the time-temperature profiles. The experimental results revealed 

that having a small bonding area is just as bad for the mechanical strength of the 

joint as having a large bonding area. 

Longinava et al. [77] studied the influence of pulse laser welding settings and 

filler metal on the microstructure and the novel cryogenic heat-treatable 

mechanical properties Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy was examined. 

The optimal pulsed laser welding settings were discovered. They had a voltage 

of 330-340 V, pulse overlaps of 0.2-0.25 mm with a length of 12 ms, a speed of 

2 mm/s, and a ramp-down pulse form. It was reported that pulsed laser welding 

without and with Al-5Mg filler metal produced duplex (columnar and fine grain) 

as-cast structures with hot fractures and gas porosity as weld zone defects. 

Welding with Al-5Ti-1B filler metal created a fine grain structure with an 

average grain size of 4 0.2 m and no weld flaws. The ultimate tensile strength is 

equal to the base metal. 
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Ng et al. [78] studied the usage of light metal alloys, the production of aluminium 

alloys, and their applications. This work extensively reviewed the available 

aluminium alloys, their use in several automotive applications, and the issues 

associated with heat treatment. 

Sanchez-Amaya et al. [79] investigated titanium alloy's microstructure and 

mechanical properties. When tested for ultimate tensile strength, this conduction 

mode weld possessed approximately 78 per cent of the base material strength 

compared to a critical hole weld. 

Shen et al. [80] proposed a continuum damage mechanics approach and studied 

the fatigue damage evolution of butt-welded joints under cyclic loading. A 

coupled thermal-mechanical analysis is performed to analyse the residual 

stresses caused by welding procedures, which are used as the beginning state in 

the fatigue damage analysis. An elastoplastic fatigue damage model that 

considers the porosity-induced stress concentration in the weld zones is created 

to examine the damage evolution of joints. The fatigue lifetimes of these joints 

with various pore conditions are predicted and agree with the experimental 

results. The residual stress level is discovered to decrease as a result of the 

combined impacts of the damage from fatigue 

Svenungsson et al. [81] implemented a multi-phase Thermo-fluid model for 

keyhole laser welding. The model is validated by comparing the results with 

published test cases. The model predicts porosity by using Marangoni 

convection. 

Xue et al. [82] investigated the impact of pulsed Nd: YAG laser beam welding 

settings on DP1000 butt joint penetration and microstructure 

characterization. Process factors such as sample preparation, proper fixture use, 

and adequate shielding gas parameters are set to achieve consistent welding. As 

a result, peak power, pulse width, and beam diameter significantly impact 

penetration, with peak power influencing penetration by up to 60%. ANOVA 

was used to determine the model's significance. 

Ahn et al. [83] studied the impact of shielding gas on weld quality, defect 

formation, and microstructure. A comparison of the effects of He and Ar on weld 
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quality is made. The occurrence of defects such as undercut, porosity, underfill, 

reinforcement, and weld dimensions are explored when using each shielding gas. 

Both Ar and He produced good welds. However, He was more suited at low 

welding speeds due to its strong ionization capability, while Argon produced 

good overall weld quality. 

Artinov et al. [84] created a computational framework for modelling steady-state 

thermal behaviour in keyhole welding. The main theoretical concepts, such as 

keyhole shape, thermo-capillary and natural convection, and temperature-

dependent material features, are considered. The developed technology is 

utilised for complete penetration of keyhole laser welding on a 15 mm thick low-

alloyed steel plate at a welding speed of 33 mm/s and laser power of 18 kW. 

Fetzer et al. [85] used X-ray videography to examine bubble generation and 

collapse mechanisms in an aluminium Magnesium Silicon alloy. The melt pool 

was examined, and the geometry of the vapour capillary was measured at various 

input rates. The velocity fields inside the melt pool are constant at increased feed 

rates, which reduces pore formation. 

Fotovvati et al. [86] conducted a literature review on laser welding experimental 

and modelling research, focusing on the impact of process parameters on melt-

pool geometry, thermodynamics, fluid dynamics, microstructure, and porosity 

features. These findings could guide future experimental laser welding research 

and verify and validate outcomes. 

Maina et al. [87] proposed strategies to increase keyhole stability during laser 

welding. It was discovered that dual-mode welding, which provides good 

temperature distribution and stabilizes the welding, may produce high-quality 

welds with sufficient deep penetration. 

Panwiswas et al. [88] experimented with titanium alloy and developed a three-

dimensional computational fluid dynamics model by considering all the relevant 

physics.  

Patschger et al. [89] evaluated the creation of humping by taking into account 

characteristics such as volume flow rate, peak power, diameter in focus, welding 

circumstances, dimensions, and material thermophysical properties. 
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Artinov et al. [90] developed a three-dimensional numerical model for predicting 

the transient thermal cycle before and after fusion welding. So the modelling 

process was split in two. Initial simulation of complete-penetration keyhole laser 

welding in 15 mm low-alloyed steel plate with 18 kW laser power and 2 m/min 

welding speed was done. The energy absorption test and the model calibration 

used a fixed keyhole with a round cone shape. The effects of phase transition, 

thermo-capillary convection, natural convection, and temperature-dependent 

material characteristics were considered in computing the weld pool shape and 

the local temperature field. COMSOL Multiphysics 5.0 was used to solve a 

collection of PDEs that describe stationary heat transport and fluid dynamics. 

The transient heat transfer simulation used the node's temperature as an energy 

input which recreated the predicted local temperature field describing the 

equivalent volumetric heat source. Their translational motion was simulated 

using a moving mesh approach. It was used to smooth the polygonal mesh's 

elements' locations. The correlation between the computed and observed weld 

bead morphologies and transient temperature distributions was strong. 

Mehrpauya et al. [91] created a numerical model to predict the best laser 

parameters for reducing the HAZ and FZ. Artificial neural networks were used 

as a tool to do nonlinear mapping between welding process inputs and outputs. 

Ghosh et al. [92] investigated the 2205 Duplex stainless steel butt joint's laser 

welding process using the finite element approach, COMSOL Multiphysics, and 

statistical methodologies. The study's purpose was to investigate the effect of 

process variables on the development of the thermal field and the formation of 

weld bead shapes. RSM creates second-order equations to predict reactions 

accurately. Multi-objective optimization of weld width and penetration depth is 

carried out. 

Cao et al. [93] developed a data-driven model for measuring weld seam during 

laser beam welding in the presence of magnetic fields. A radial basis function 

and backpropagation are used to simulate the system. A generalized regression 

neural network is proposed To link laser melt pool properties with the keyhole 

and the weld. According to the results, the suggested model efficiently monitors 
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the weld beam and modifies the process parameters in real-time to increase weld 

quality. 

Feng et al. [94] developed a three-dimensional model using the ray-tracing 

approach. The multiple penetration states of laser-welded steel components are 

investigated in this model. It is concluded that the dynamics of the molten pool 

influence the penetration status and that keyhole, flow field, and temperature 

field are related to joint quality. 

Moges et al. [95] proposed a data-driven integrated strategy for describing the 

relationship between process structural features and performance. Using 

artificial neural networks, the model combines data from simulation and testing 

to forecast melt pool width. This study is being hailed as a significant step 

forward in using hybrid models for prediction with enhanced accuracy. 

2.3 Review of literature on optimization techniques in 

welding 

Luo et al. [96] used an artificial neural network to detect welding defects. After 

extracting features from acoustic data and feeding them into the network, the 

network could distinguish between typical and defective welds. 

Shanmugarajan et al. [97] used Taguchi basis grey relational analysis to optimize 

the laser welding process for P92 material. ANOVA is used to determine the 

effect of various parameters on the reaction. The results of the grey relational 

analysis are tested empirically. 

Jiang et al. [98] investigated laser welding parameters optimized using the finite 

element method, a non-sorted genetic algorithm, and the Kriging method. 

Several processes' primary effects and contribution rates on the welding bead 

profile are investigated. When the inputs include laser power, welding speed, 

and focal length, the findings show that the optimal process parameters are 

reliable in calculating the weld bead profile. 

Bagchi et al. [99] presented a numerical model to study the effect of welding 

speed, pulse energy and frequency on the aspect ratio and peak temperature. The 

optimal parameters for attaining the objectives are determined using a signal-to-
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noise ratio. The simulated results are correlated with regression models and 

artificial neural network models. The macrographs obtained from experiments 

are in line with numerical simulation. 

Zhao et al. [100] studied the ultrasonic welding process on different magnesium-

titanium alloys to investigate the effects of welding settings on joint strength. 

The analysis of variance was used to investigate the importance of each welding 

parameter and its relationships. An artificial neural network (ANN) was used to 

predict joint strength. The results show that clamping force is the most critical 

factor in the ultrasonic welding of magnesium and titanium alloys, followed by 

vibration time and vibration amplitude; interactions between vibration time and 

vibration amplitude, as well as between vibration amplitude and clamping force, 

also have a significant impact on strength. Test data were utilised for training an 

artificial neural network, which was then used to predict the fluctuations in joint 

strength under different conditions.  

Wang et al. [101] studied multi-response Gaussian process regression. A direct 

definition of the covariance function for multiple replies is proposed, and 

numerical examples are provided. 

Lei et al. [102] proposed a fused neural network as an input with weld settings 

and melt pool characteristics. This model predicts the geometric features of weld 

beads. Principles component analysis is utilised to eliminate feature repetition. 

A genetic algorithm maximizes the initial weights required for training neural 

networks. Because the extraction time is less than 90 ms, it can be employed in 

large-scale real-time thin plate welding applications. 

Zhang et al. [103] used deep learning algorithms to create a system for detecting 

porosity during laser welding. A convolutional neural network technique with 

compact architecture was used to understand the pattern changes in the weld pool 

for predicting porosity. The model detected porosity generation with 96.1 per 

cent accuracy. 

Yusof et al. [104] proposed a weld penetration estimation model developed from 

the sound features extracted from the signal acquired during pulsed mode laser 
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welding. The predictive variable for the estimation model was identified using 

features selection analysis. 

Oh et al. [105] suggested a deep learning model for predicting laser beam 

absorption capacity in keyhole laser welding by creating several hypothetical 

keyhole shapes. The network's optimal architecture estimates absorption 

capacity with an R2 accuracy of 99.76 per cent. 

Li et al. [106] created an artificial neural network model to forecast the geometry 

of the weld seam under variable scanning speed conditions. As a result, it was 

determined that a network with the structure 33-6-2 produced good accuracy in 

both the training and testing phases. 

2.4 Research status on laser welding of aluminium alloy 

AA 2024 is regarded as un-weldable material using traditional arc welding 

processes. This difficulty in traditional processes limits the use of the alloy in 

stress environments for which it is suitable. Laser welding of aluminium alloys 

dates back to the 1980s. [107] performed several trials on 6.4 mm thick 

aluminium alloys 5456 and 1100 on CO2 laser at low power of 0.2kW and 1.3 

kW. It was reported that joint configuration and surface conditions influence the 

absorption of the laser beam. Several researchers [108, 109] worked on 

aluminium alloys 5182, and 5757 using Nd: YAG and CO2 laser welding 

machines and suggested welding parameters required to attain consistent welds. 

Till 2000, alloys 2008, 2010, 5083,5182, 5283, 2456,6013, 6061,6063, and 6111 

came into prominence, and a number of publications were made on these series 

[109]. A significant amount of research has been carried out on laser welding of 

5xxx and 6xxx series of aluminium alloys using CO2 and Nd: YAG lasers over 

the past decade, owing to the weldability and lesser crack susceptibility [110-

117]. Publications on the 7xxx series of aluminium alloys, like laser welding of 

7075 [48,112,118,119], came up. Though research on other series of aluminium 

appeared frequently, the work on AA 2024 is minimal. [120] 4Kw Nd: YAG 

laser welding machine to weld 13 mm thick component. It was reported that only 

partial penetration was achieved. [121] performed laser welding on 3mm thick 

specimens of AA 2024 in autogenous mode. Severe keyhole instabilities were 



  

49 

 

reported to have been observed at low input power, which gave poor weld bead 

with high porosity. The welding process was also reported to be more stable at 

high peak powers. Keyhole instability is due to high reflectivity, high heat 

intensity, and low boiling point elements like magnesium. These factors 

necessitate process optimization. [61] employed a diode laser to attain bead-on 

plate welding on 2mm thick AA 2024 components and the components from 

other series. It was observed that only 2024 possessed poor weldability regarding 

penetration depth and crack susceptibility. Other works reported by [61,122,123] 

also indicated poor weldability of the AA 2024 components. Proper edge 

preparation and defocussing were two techniques suggested to improve 

weldability and reduce porosity. The higher power and defocussing lead to lesser 

porosity due to the improved convection vortex in the weld leading to keyhole 

stability. Tensile strength of 2/3 times greater than the base material was 

attained, making it suitable for industrial applications. 

2.5 Motivation for the present research 

In the past few years, laser beam welding of aluminium alloys has become a 

much sought-after technique for obtaining good-quality welds. Several 

researchers investigated both the experimental and microstructure aspects and 

applied numerical simulation to achieve good quality and control over the 

process. The progress in numerical techniques and improvements in high-speed 

computing techniques has allowed complicated calculations to be performed in 

a relatively short period with acceptable accuracy. Theoretical analysis of laser 

beam welding has gained prominence among researchers in the recent past, 

employing analytical and numerical methods to study various aspects of this 

technique. Numerical methods can explain the physics of some complex welding 

phenomena and process optimization. Finite element analysis is one of several 

numerical methods used to solve complex problems and is the dominant method 

used today. Some three-dimensional models have been developed to gain insight 

into the thermal history and defects during the welding process [6,9,11,26,31]. 

However, there is vast scope for refining these models and investigating 

additional parameters. Also, the studies on the aluminium alloy 2024 are just a 

handful. A comprehensive study on AA 2024 is imperative regarding the 
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importance and application of the material in the industry. The analytical models 

proposed in the available literature can be enhanced by introducing the 

temperature-dependent material properties, introducing the coupled physics and 

defining the parameters beyond vaporisation temperature, using Multiphysics to 

define the loading and boundary conditions. Therefore, an enhanced three-

dimensional transient thermos fluid model of laser beam welding is much needed 

to study the effect of process parameters on temperature distribution and 

formation of weld profile, Marangoni convection and its impact on weld metrics 

and formation of defects during laser welding of AA 2024. The thermo-fluid 

model has been defined on various materials earlier, but a model simulating the 

behaviour of AA 2024 has not been attempted. 

AA 2024 is an essential material in the light metal category and attempts to 

enhance the weldability of the material are imperative. The thermophysical 

properties of the target material play a key role in influencing the quality of the 

welded components. These components suffer from hot cracking, porosity, 

undercut, lack of penetration and humping once they are welded. Simulation of 

the process, experimentation and optimization is performed to reduce the 

formation of defects and increase the quality of the weld. A literature review of 

experimental studies reveals solidification cracking, incomplete penetration, and 

porosity. It is evident from the literature that the usage of filler material improves 

the weld quality, but most laser welding machines work in the autogenous mode. 

It is also observed that the shielding gas and thickness of the metal influence the 

welded joint. The critical process parameters are peak power, scanning speed, 

frequency and pulse width. These parameters control the temperature field inside 

the weld area and the quality. Edge preparation and pre-welding treatment do 

also have significant effects on weld quality. Many experimental research works 

have been carried out to study the influence of process parameters on weld 

quality with various materials [31,33,37,43]. But this type of investigation on 

AA 2024 is not available. Investigators have mainly considered the process 

parameters along with shielding gas on the laser welding of metal alloys. Most 

works were performed without the proper experimental design; hence, the results 

are far from optimum. The combination of process parameters should be selected 

carefully to get desired weld quality. Extensive work is therefore needed to 
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analyse and optimize the process parameters to understand the effect on the weld 

metrics. So far, no comprehensive study has been done on welding aluminium 

alloy 2024, which is highly useful in the aerospace and defence sectors. 

Modelling and optimization of laser beam welding of this material would be a 

potential area of interest. 
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2.6 Objectives of the present research 

Keeping in view the past research works and the present need for research on 

laser welding of aluminium alloys, the objectives of the present work are as 

follows:  

1. To develop a three-dimensional, transient, thermo-fluid model to 

simulate the laser welding process.  

a. To study the temperature distribution during welding. 

b. To estimate the weld pool dimensions. 

c. To study the effect of Marangoni and non-dimensional numbers on 

weld geometry. 

d. To analyse the influence of process parameters on the temperature 

profile and weld metrics. 

e. To study the effect of non-dimensional numbers on the weld profile. 

2.  To extend the developed finite element model to study the formation of 

welding defects like humping. 

3. To conduct an experimental investigation of laser welding of aluminium 

alloy 2024 

4. To conduct numerical models based on experimental results 

5. To identify the effect of process parameters on weld width and depth of 

penetration 

6. Study the microstructure of the heat-affected zone, fusion zone and base 

material. 

7. To predict the weld metrics using deep learning techniques 

8. To establish and implement process optimization. 
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Chapter 3: Materials, Experiments and testing 

3.1 Introduction 

 The materials used in the laser welding process and the significance of the target 

material are discussed in this chapter.  The investigation of input process 

parameters influencing the laser weldability of materials is described, along with 

the characteristics of the selected material. A detailed description of the study's 

laser welding equipment and the pre and post-welding processes is given. The 

theory related to the methodologies used in the present study, like finite element 

analysis, response surface methodology, gaussian process regression, and 

particle swarm optimisation, are described with the necessary equations. 

3.2 Materials 

Aluminium alloys 

Aluminium alloys are cost-effective in a wide variety of applications. They are 

used in the automotive and aerospace industries, in the construction of machines, 

equipment, and buildings, as kitchen utensils, as covers for electronic equipment 

housings, as cryogenic pressure vessels, and in an infinite number of other 

applications. 

3.2.1 Grouping of aluminium alloys 

Aluminium alloys are grouped into two categories: wrought and cast alloys 

Wrought alloys are classified as follows:  

 1xxx series: Alloys in this series are of the highest purity. This alloy has 

applications in the chemical industry and electrical and electronic industries. 

They have the highest corrosion resistance and high thermal and electrical 

conductivity. Though they have good workability, they possess poor mechanical 

properties. Processes like strain hardening increase strength moderately.   

2xxx series: Copper is the primary alloying element. Magnesium is also added 

as secondary material. Often solution heat treatment is needed to attain better 

mechanical properties. Precipitation hardening increases the mechanical 

properties further. 2xxx series materials are best used when the structures need 
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a high strength-to-weight ratio. Typical applications include wheels of aircraft 

and trucks, suspension parts, fuselage, wings and skin, and structural parts that 

must withstand high temperatures. 

3xxx series: The principal alloying element is manganese. Alloys in this series 

are non-heat treatable and possess the strength of more than 1xxx series alloys. 

The popular alloy in this series is 3003, employed in applications requiring 

moderate strength and good workability. 

4xxx series: These series are alloyed with silicon which is generally added up to 

12%. The addition of silicon lowers the melting range without giving brittleness. 

Hence, they are used as filler rods during welding and brazing. Most of the alloys 

in this series are non-heat treatable. The popular alloy in this series is 4032, 

which has a low coefficient of thermal expansion and is used in engine pistons 

forged. 

5xxx series: magnesium is the critical alloying element in this series. When this 

element is used along with manganese, it gives strength that ranges from 

moderate to high. This series of alloy possess good welding characteristics. They 

are used in marine applications due to their corrosion resistance. These alloys 

are prone to cracking due to stress corrosion.  

 6xxx series: The alloys are heat treatable by adding the required amount of 

silicon and magnesium, forming magnesium silicide. These alloys have good 

machinability, weldability and resistance to corrosion. 

7xxx series: The alloying element Zinc gives high strength when combined with 

magnesium. Elements like copper, chromium, and Scandium are added in small 

quantities to attain necessary properties like fracture toughness. The aircraft 

structure, mobile equipment and other parts that undergo stress are manufactured 

with this alloy.  

8xxx series: The materials in this series are alloyed according to the requirement 

and applications. When the need is good performance at high temperatures, 

dispersion strengthened aluminium-iron-copper alloys are used. The elements 

are made using a powder metallurgy process.  

3.2.2 Factors that affect the laser weldability of alloys 

The weldability of any sample depends on four factors 
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i) Work sample: The thermos-physical properties of the model, along with 

the dimensions, influence the outcome of the weld. The joint set-up and 

the clamping pressure also decide the joint's quality.  

ii) Laser: Properties of laser-like beam characteristics, wavelength and 

beam diameter affect the weld quality 

iii) ambient conditions: Atmospheric temperature, pressure and humidity 

affect the surface of the work sample, which in turn affects the joint 

quality 

iv) Process conditions: The input process parameters like scanning speed, 

focussing distance, the orientation of the beam, and shielding gas 

properties influence the outcome of the weld.  

v) Figure 3.1 shows that the fishbone diagram (Ishikawa diagram) explains 

the various factors influencing weld reliability.  

 

 

Figure 3.1 Factors affecting the weldability of alloys 

3.2.3 Laser weldability of aluminium alloys 

Laser welding offers many advantages over conventional joining techniques. 

The welding reliability of aluminium alloys is still low compared to other alloys 

due to the thermo-physical properties like high thermal conductivity, low 

viscosity and high reflectivity [124]. The thermal conductivity depends on 

several factors like the operating temperature, properties of the alloying elements 
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and the heat treatment. The thermal conductivity of pure aluminium is very high. 

Hence it evokes rapid heat transfer while welding with a laser. Thus the heat 

diffuses to the entire workpiece instead of focussing on the joint, which requires 

higher fluence to attain the melting temperature. Alloying elements like silicon, 

zinc and magnesium alter the thermal conductivity to a favourable range 

influencing the weldability. The addition of silicon reduces the thermal 

conductivity, qualifying it as a laser weldable alloy. Adding magnesium and zinc 

reduces aluminium's boiling point; hence, it becomes easier to attain keyhole 

when these are the principal alloying elements [125]. [126] conducted several 

studies on the alloying elements of aluminium and their impact on weldability. 

It is concluded that elements like silicon, magnesium and zinc reduce the thermal 

conductivity of the alloy and melting temperature, thus making it suitable for 

laser welding.  

The second property that reduces the welding reliability of aluminium 

alloy is high reflectivity. The radiation absorption capacity of the alloy depends 

on the wavelength of the incident radiation and the surface properties of the 

specimen under consideration. It is reported that the absorptivity of laser 

radiation by aluminium alloys is high in the case of high-power diode laser rather 

than CO2 laser [127]. However, the reflectivity of the aluminium alloys is almost 

80%, irrespective of the laser employed for welding. Modification of surface 

roughness by way of sandblasting or application of a dark coating or 

texturisation helps in increasing the absorption capacity of the alloys [126] 

The third property that reduces the weldability of aluminium alloys is the 

low viscosity of the weld pool. This property hampers the expansion of the weld 

pool before it solidifies. This property is cited as a persistent disadvantage while 

welding aluminium alloys. 

3.2.4 Characteristics of aluminium alloy 2024 

The first stage in analysing the characteristics of laser welded aluminium alloys 

is determining the effect of the alloy's composition, heat treatment, and thermal 

and physical properties. Consequently, a study of the characteristics of the 

material is the first step toward evaluating the weld samples. 
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Composition 

The aluminium alloy under consideration belongs to the 2xxx series of wrought 

alloys. Copper is included in aluminium-copper alloys as a solid solution 

boosting the material's strength. Bulk strength is provided by the copper 

aluminide used in the alloy. It is present in grain as a fine and uniformly 

dispersed submicroscopic residue, which is then aged and heat treated. 

Aluminium alloys with a copper composition of 2-4% are exceedingly sensitive 

to hot tearing, to the point where the 2XXX was considered un-weldable. 

However, increasing the copper content to 6% or more significantly enhanced 

weldability due to the abundant eutectic available to back-fill hot cracks as they 

developed. Welding has the effect of re-dissolving the residues, resulting in a 

loss of up to 50% of ultimate tensile strength in a T6 condition alloy. Artificial 

ageing of the weldable alloy 2219 (AlCu6) can restore part of this reduction of 

strength, although a decreased flexibility generally accompanies this. The 

optimum results in this alloy need complete solution treatment and ageing 

following welding, which is not always available in a wholly manufactured 

structure. The less weldable alloy 2014 (Al Zn Mg Cu) can also be heat treated 

to regain some tensile strength. However, the recovery is smaller than with 2219 

(AlCu6) and may result in an even more significant loss of ductility. Due to the 

availability of filler metals with comparable compositions, such as 2319 

(AlCu6), weld metal strengths may be matched to the qualities of the HAZ. The 

design of the material under consideration, as given by the material vendor, is 

shown in Table 3.1. 

Table 3.1 Chemical composition of the aluminium alloy 2024 

Material Cu Mg Mn Fe Si Zn Ti Cr Other Al 

% Composition 4.9 1.8 0.9 0.50 0.50 0.25 0.15 0.10 0.05 Remainder 

 

 Significance of the alloying elements 

• Copper: Copper is the most significant alloying element in AA 2024. 

The presence of copper significantly enhances the strength. It contributes 
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to the alloy's precipitation hardening. However, the primary 

disadvantage is the reduction in corrosion resistance, ductility, and 

weldability. 

• Magnesium: Magnesium enhances strength through solid solution 

strengthening and works hardening capabilities. 

• Silicon: Silicon improves strength, ductility, and precipitation hardening. 

• Manganese: This element strengthens solid solutions and enhances 

work-hardening ability. 

3.2.5 Thermo physical properties of AA 2024  

The thermos-physical properties of the aluminium alloy considered in this 

work are given in Table 3.2. 

Table 3.2 Properties of AA 2024 

Thermophysical properties Value 

Solidus temperature (K) 847 

Liquidus temperature (K) 933 

Vaporisation temperature (K) 2520 

Specific heat (Solidus) (J/(kg.K)) 1050 

Density (solidus) (kg/m3) 2660 

Density (liquidus) (kg/m3) 2380 

Thermal conductivity (solidus) (W/(m.K)) 235 

Thermal conductivity (liquidus) (W/(m.K)) 90 

Latent heat of fusion (J/kg) 3.87×105 

Surface tension (Nm-1K-1) -1.55 ×10-4 

3.3 Experimental details   

3.3.1 Laser welding equipment 

 A 300W Nd: YAG laser welding equipment with a wavelength of 1064nm, 

installed at the school of laser science and engineering at Jadavpur university, is 

employed for AA 2024.    The set-up used for the current research work is given 

in Figure 3.2 
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Figure 3.2 Laser welding set-up 

Throughout the welding trials, the 300W pulsed laser welding machine is 

employed. The device can accommodate 32 distinct weld schedule parameters 

using waveform control. The system's low energy loss ensures that each delivery 

produces almost identical output power. The output of the shielding gas is 

coaxial with the outcome of the laser beam. 

The welding system's primary components are the front cover, the up cover, the 

front gate, the right gate, the left gate, the back cover, the fibre fixation frame, 

the emergency stop switches, and the laser switch. The components are depicted 

in Figure 3.2. 

A controlling unit is placed separately from the components shown in Figure 

3.2. Its panel has the options shown in Figure. 3.3  
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Figure 3.3 Main menu tab of the laser welding machine 

This tab in Figure 3.3 helps in setting the time, date, and number of good shots 

to Control the pulse frequency and process parameters that are needed to control 

the welding machine. 

Welder mode: The welder mode tab, as shown in Figure 3.4, allows for the 

modification of welding parameters. Variables on this machine include peak 

power, frequency, pulse width, and scanning speed.  

 

Figure 3.4 Welder mode tab on the laser welding machine 

System work mode: This tab is a sub-tab from the welder mode and displays the 

system's status. While welding, a high voltage should be used. Additionally, the 

total number of shots taken till the machine shot is displayed. Figure 3.5 shows 

different options available in system work mode. 
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Figure 3.5 Work status of laser welding machine. 

Chiller unit: The cooling system for this welding set-up is water-cooled. A chiller 

unit is installed to keep the laser system's temperature within a safe operating 

range. The chiller unit is shown in Figure 3.6. 

 

Figure 3.6 Chiller unit of laser welding machine 
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3.3.2. Technical data of the welding machine 

The power, frequency, pulse diameter and the related data of the machine are 

mentioned in Table 3.3. 

Table 3.3 Technical details of the laser welding machine 

Average power  300 W 

Peak power  6 kW 

Pulse energy 60 J 

Pulse duration  0.5-50 ms 

Pulse frequency   Max 100 Hz 

Welding spot diameter 0.6 mm (fixed) 

Focusing optics diameter 150mm 

Pulse shape Adjustable 

Workpiece motion  Fixed  

Scanning speed Max. 25 mm/s 

  

The first step is to conduct bead-on-plate studies to determine the range of 

parameters within which a suitable weld can be obtained from the target material. 

After each trial, the findings are analysed to determine practicable process 

parameters for the next step. Once the range has been determined, the response 

surface methodology is used to carry out the design of experiments. The present 

work studies the weld metrics in butt joint configuration.  

3.3.3 Experimental design 

The parameters and limits employed in the design of experiments are given in 

Table 3.4. 

Table 3.4 Process control parameters and their limits used in the butt joint 

experiments 

Parameters Units Notations Limits 

-2 -1 0 +1 +2 

Peak Power kW A 4.00 4.25 4.50 4.75 5.00 
Scanning Speed mm/s B 1.0 1.4 1.8 2.2 2.6 
Frequency Hz C 6 7 8 9 10 
Pulse Width ms D 5 6 7 8 9 
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3.3.4. Pre-experimental procedures 

The following are different steps involved in sample preparation [128]: 

Step 1: Collection of samples 

The samples are cut to the necessary size from the supplier's long bars. The 

following sample dimensions are required for butt joint and lap joint welding of 

Aluminum alloy 2024: 75mm x 25mm x 2mm. The dimensions for spot welding 

are 75mm x 25mm x 0.25mm in length, width, and thickness. 

Step 2: Edge preparation 

The samples are mechanically filed with a rough file and then finished with a 

single cut file. Later, the samples are polished using a lapping machine for a 

smooth finish. 

Step 3: Surface preparation 

The specimen surface is cleaned with a stainless-steel wire brush and then with 

99.99% pure acetone of industrial grade to ensure it is spotless. Cao et al. [ 129] 

reported that the quality of the surface influences the absorption of the laser beam 

incident on the samples during the welding. After the oil and grime have been 

removed from the samples, they are submerged in 30 % concentrated 

Hydrofluoric acid for less than 2 minutes to eliminate the oxide layer that has 

formed. After that, the samples are cleaned with water and dried before they are 

ready for welding. 

3.3.5. Experimental procedure 

Welding is performed parallel to the rolling direction of the sample as per the 

guidelines laid by the American welding society C7.2 document, ISO 

recommendations and BS EN recommendations [130, 131, 132]. The welding 

parameters explored in this study are peak power, scanning speed, pulse width 

and frequency. Argon is used as a shielding gas at a pressure of 3 bar and as a 

backing plate. Figure 3.7 shows the welding set employed during the welding 

of AA 2024 samples. 
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Figure 3.7 Butt welding set-up 

3.3.6. Post-welding process 

Post-welding processes are carried out per the guidelines in [133]. Once the 

welding process is complete, the samples are cut using a shearing machine 

employing its maximum load, as shown in Figure 3.8. Then the pieces are 

polished using different grades of sandpaper and velvet cloth in an automated 

polishing machine. Before measuring, the samples are etched using Keller's and 

Baker's reagent.  

Different grades of sand papers and polishing time employed in the present work 

are:  

SiC sandpapers of grades 100, 200, 400, 600. On each sandpaper, polishing was 

done for 3 mins in horizontal and vertical directions. 800, 1200, 1500, 200, and 

2500 grades of sand papers are used, and on each paper, 2 mins of polishing only 

in the horizontal direction. The diamond paste is used to polish on an automatic 

polishing machine; after completing all these processes, a mirror finish polishing 

is obtained, which is necessary for microscopic and metallographic 

measurements.  
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Figure 3.8 Cutting of the component on the shearing machine 

3.3.7. Description of the testing equipment 

Optical microscope  

The weld images and weld measurements are taken using an optical microscope 

with a 5x, 10x, 20x, and 50x zoom. Olympus software was used to collect data. 

Scanning Electron Microscope (SEM) with EDS 

 

Figure 3.9 Scanning electron microscope with EDX 

The scanning electron microscope with EDX is shown in Figure 3.9, which can 

be operated in both high and low vacuum modes. The model is JOEL JSM 

IT1500.  Its magnification ranges from 5X to 5X to 3,00,000X. The machine can 

accommodate a specimen of a maximum size of 200 mm. It has five axes which 

are fully motorized. It can be tilted between 100 to 900 and has 3600 rotation. It 

has a magnification range between 5x to 3,00,000x. It has facilities for scanning 

control, image storage, auto bias and image processing and detection. 

EDX machine is abbreviation of energy dispersive x-ray spectrometer. It has 

detection capacity from Be(4) to Am(95). It is useful in quantitative, qualitative 

analysis, mapping, line scan and has area analysis capabilities  
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3.4 Methodologies 

3.4.1 Response Surface Methodology 

A combination of statistical and mathematical methods known as Response 

Surface Methodology (RSM) can be used to create, enhance, and optimise 

processes. In 1951, George E. P. Box and K. B. Wilson introduced this 

technique. The field of response surface methodology includes an experimental 

method for examining the range of the process parameters, experimental and 

mathematical modelling to establish a suitable correlation between the output 

and the process parameters, and optimisation techniques for identifying the 

process parameter quantities that produce preferable values of the response. 

Response surface methodology is one of the modelling and optimisation 

techniques currently popularly used to describe how welding operations function 

and identify the optimal responses of concern. 

When all independent variables (ξ1, ξ2, ξ3, ..., ξk) are measured, controllable, and 

continuous in the investigations with minimal error, the response surface y can 

be defined as follows. 

𝑦 = 𝑓(𝜉1, 𝜉2, 𝜉3, … , 𝜉𝑘) +  𝜀                                                                                  (3.1) 

Where the form of the genuine response function f is unknown and perhaps quite 

complex, the term ԑ stands for additional causes of variability that f does not 

consider. In most circumstances, ԑ considers effects like measurement error on 

the response, ambient noise, and the influence of other parameters. ԑ is 

commonly seen as a statistical error. The anticipated response can therefore be 

expressed as follows: 

𝐸(𝑦) = 𝜂 = 𝐸[𝑓(𝜉1, 𝜉2, 𝜉3, … , 𝜉𝑘)] + 𝐸(𝜀) = 𝑓(𝜉1, 𝜉2, 𝜉3, … , 𝜉𝑘)              (3.2) 

𝜉1, 𝜉2, 𝜉3, … , 𝜉𝑘 in eq.(3.2) are called natural variables because they are expressed 

as measurements in units such as degrees Celsius or pounds per square inch. It 

is easy to change natural parameters to coded parameters in RSM work 
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𝑥1, 𝑥2, 𝑥3, … , 𝑥𝑘. These coded variables are typically described as having a mean 

zero and the same standard deviation and being dimensionless. So, the response 

function (Eq. 3.2) can be written as: 

𝜂 = 𝑓(𝑥1, 𝑥2, 𝑥3, … , 𝑥𝑘)                                                                                                     (3.3) 

Creating an approximate model for the genuine response surface is essential to 

use RSM in practical applications. The approximation model is an empirical 

model based on observed data from the process. A group of statistical methods 

known as multiple regressions can be used to create the several kinds of 

empirical models needed in RSM. The first-order model for the scenario of two 

independent variables, in respect of the coded variables, is: 

𝜂 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2                                                                                                       (3.4) 

When there is an interaction between such coded variables, the following can be 

included in the model: 

𝜂 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽12𝑥1𝑥2                                                                                (3.5) 

This term is an interaction-based first-order model. The response function 

becomes curved when the interaction term is included. In these cases, a second-

order model is necessary. The second-order model is the case with two variables: 

𝜂 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽11𝑥1
2 + 𝛽22𝑥2

2 + 𝛽12𝑥1𝑥2                                         (3.6) 

Generally, the first-order model is 

𝜂 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + ⋯ + 𝛽𝑘𝑥𝑘                                                                             (3.7) 

RSM often use a second-order polynomial equation:  

𝜂 = 𝛽0 + ∑ 𝛽𝑗𝑥𝑗 + ∑ 𝛽𝑗𝑗𝑥𝑗
2𝑘

𝑗=1 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗
𝑘
𝑗=2𝑖<

𝑘
𝑗=1                                       (3.8) 

Where, 𝛽𝑖,𝑗 = 0, 1, …, k are the regression coefficients. 

3.4.2 Response surface experimental designs 

RSM offers improved process optimisation, reproducibility, and a clear 

perspective for developing predictive models. Response surfaces in RSM are 

graphical representations that show how process variables interact with one 

another and how that interacts with the response. The two main factorial designs 
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used to evaluate the quadratic response surface and create second-order 

polynomial models in RSM are Central Composite Design (CCD) and Box-

Behnken Design (BBD). 

Central composite design 

A CCD contains three design points: axial (star), centre, and two-level factorial 

or fractional. It was constructed using a 2k factorial design point set and 

improved with many centre points and 2k axial (star) points, as shown in Figure 

3.10. Two design criteria must be specified: the distance of the axial runs from 

the design centre and the total number of centre points. A face-centred central 

composite design (CCD) with = 1.0 can alter the five levels of the standard main 

composite design for each factor. Each part of the face-centred design has only 

three layers. The 2k factorial points were initially utilised to fit a first-order 

model, but this model failed to fit; hence, the axial model was developed, which 

permits the inclusion of quadratic terms.  

 

Figure 3.10 Central composite design points in design space 

The number of experimental runs in the factorial section of the central composite 

design affects the value of α: 

𝛼 =  [𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑐𝑡𝑜𝑟𝑖𝑎𝑙 𝑟𝑢𝑛𝑠]
1

4 = [2𝑘]
1

4                                          (3.9) 
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Box-Behnken design 

Box-Behnken designs require fewer runs to produce higher-order response 

surfaces than a standard factorial approach. It combines a 2k factorial design with 

an incomplete block design, with particular positioning of design points (Figure 

3.11). Three levels are needed for each element in these designs. It produces a 

robust estimate in the design space's centre, where the optimum is thought to lie 

but is weaker towards the cube's edges, where there are no design points. The 

accuracy of the remaining runs becomes crucial to the model's reliability if 

experimenters miss any experiments. The more initial runs the central composite 

designs have, the more problem-resistant they are. 

 

Figure 3.11 Box-Behnken design points in design space 

3.4.3 Gaussian process regression 

The Gaussian processes model is a frequently used probabilistic supervised 

machine learning methodology for classification and regression problems. A 

Gaussian processes regression (GPR) approach provides uncertainty metrics for 

predictions that involve previous information (kernels). The statistics and 

computer science groups created a supervised learning technique called the 

Gaussian processes approach. 

Basic concepts of GPR 

Gaussian process regression (GPR) is used to model the data-controlled 

technique used in this study. A Gaussian process (GP) is given as a mean 
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function and a covariance or kernel function. GP is a linear model of random 

variables which possess normal distribution. Hence, the mean function is 

considered zero or linear. Consider training a set y of n parameters having an 

input matrix 𝑥 𝜖𝑅 𝑛and the output is a variable where 𝑦𝜖𝑅. The GP is represented 

as 

 𝑦∗ = 𝐺𝑃(𝑚(𝑥)𝑘(𝑥, 𝑥′)                 (3.10) 

Here, the mean function is stated as 𝑚(𝑥), and the covariance is designated as 

𝑘(𝑥, 𝑥′𝑠). 

The 𝑚(𝑥) in the GP is related to the expected value of the function at any input 

matrix point given as  

𝑚(𝑥) = 𝐸[𝑓(𝑥)]             (3.11) 

The 𝑘(𝑥, 𝑥′) is the confidence level for the mean function and is given as  

𝑘(𝑥, 𝑥′) = E[(𝑓(𝑥) − 𝑚(𝑥))(𝑓(𝑥′) − 𝑚(𝑥′))]        (3.12) 

The covariance or kernel function helps control the function's smoothness and 

periodicity. GPR is performed using the Bayesian regression framework. This 

process is a non-parametric, Bayesian approach to regression that works well on 

small datasets and can provide uncertainty measurements on the predictions.  

The response variable y is expressed as a function of p-dimensional variables in 

linear regression. 𝑥 = [𝑥1, … . , 𝑥𝑝]
𝑇
 parametrised by 𝑤 = [𝑤1, … . , 𝑤𝑖]

𝑊𝑃𝑇: 

𝑦𝑖 = ∑ 𝑤𝑑𝑥𝑖𝑑
𝑝
𝑑=1 + 𝜀𝑖𝑖 = 1, … . , 𝑛        (3.13) 

Here n represents the number of data points, 𝑥𝑖𝑑 is the d-the covariate of 𝑥𝑖 and 

𝜀𝑖denotes the additive Gaussian noise with zero mean and unknown variance 𝜎𝜀
2. 

GPR with zero mean function and covariance as the squared exponential variant 

is given as  

𝑘(𝑥, 𝑥′) = 𝛿𝑓
2𝑒𝑥𝑝 [

−𝑟

2
]               (3.14) 
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Here r is given as 𝑟 =
|𝑥−𝑥′|

2

𝑙2
. The hyper-parameters, noise (𝛿𝑓), and the length 

scale 𝑙 impact the outcome of the GPR.  

The various kernels that are used in GPR are given as follows: 

1. Matern 5/2: 𝑘(𝑥, 𝑥′) = 𝛿𝑓
2  (1 + √5𝑟 +  

5𝑟

3
) 𝑒𝑥𝑝[−√5𝑟]       (3.15) 

2. Rational quadratic: 𝑘(𝑥, 𝑥′) =  𝛿𝑓
2 (1 +

1

2𝛼𝑙2
(𝑥 − 𝑥′) (𝑥 − 𝑥′)𝑇)

−𝛼

 (3.16) 

3. Exponential: 𝑘(𝑥, 𝑥′) = 𝛿𝑓
2 𝑒𝑥𝑝[−√𝑟]            (3.17) 

The value of the predicted function (𝑦∗), called Gaussian prior distribution, is 

obtained as 𝑦∗|𝑦~𝑁(𝑓∗̅ 𝑐𝑜𝑣(𝑓∗)|. 

Here 𝑓∗̅ is the mean value of the prediction and yields a reasonable estimate for 

𝑦∗.( 𝑐𝑜𝑣(𝑓∗) gives uncertainty in the projection. The mean prediction value is a 

linear set of target y, while the uncertainty in the prediction varies according to 

the inputs.  

(
𝑦
𝑓∗

)~𝑁(
𝑚(𝑋)

𝑚(𝑥∗)
, [

𝐾(𝑋, 𝑋) + 𝜎𝑛
2 𝐾(𝑋, 𝑋∗)

𝐾(𝑋, 𝑋) 𝐾(𝑋∗, 𝐾∗
]         (3.18) 

Here, the matrix K (X, X) is the covariance of the training data set and K (X*, X*) 

is the matrix of training data which resembles the N×N* covariance matrix 

attained from training and testing data. The marginal likelihood function for the 

𝑓∗ is given as 

𝑃(𝑓∗|𝑋, 𝑦, 𝑥∗)~𝑁(𝑓∗,̅  𝑐𝑜𝑣(𝑓∗))          (3.19) 

Here, 

𝑓∗̅ = 𝐸(𝑓∗ |𝑋, 𝑦, 𝑥∗) = 𝑚𝑋∗ + 𝐾(𝑋∗, 𝑋)[𝐾(𝑋, 𝑋) + 𝜎𝑛
2𝐼]𝑇[𝑦 − 𝑚(𝑥)]   (3.20) 

𝑐𝑜𝑣(𝑦∗) = 𝐾(𝑋∗, 𝑋∗)[𝐾(𝑋, 𝑋) + 𝜎𝑛
2𝐼]−1𝐾(𝑋, 𝑋∗)         (3.21) 

Using the logarithmic identifier to simplify the expression, the log marginal 

likelihood is given as  

𝑙𝑜𝑔𝑃(𝑦 |𝑋, 𝜃) = −
1

2
𝑦𝑇(𝐾(𝑋, 𝑋)−1𝑦 −

1

2
𝑙𝑜𝑔|𝐾(𝑋, 𝑋)| −

𝑛

2
log 2𝜋      (3.22) 
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Here, 𝜃 denotes the set of hyperparameters necessary for the covariance function 

under consideration. The minimum posterior hyperparameter represents the 

covariance function obtained by maximising or minimising the negative log 

marginal likelihood.  

3.5 Particle swarm optimisation 

3.5.1 Theory of optimisation 

 Optimisation is a way of getting the best result in a given environment. It can 

be defined as finding the conditions that yield any function's minimum or 

maximum value. Since no single method is available for solving all optimisation 

problems efficiently, numerous optimisation methods have been developed for 

solving various optimisation problems. Optimal searching methods are 

frequently referred to as mathematical programming. These mathematical 

techniques aid in determining the minimum of a function of numerous variables 

given a set of restrictions. 

3.5.2 Classification of optimisation problems 

There are different criteria for classifying an optimisation problem are described 

below: 

Based on the existence of constraints 

Depending on whether or not limitations exist in the issue, the optimisation 

problem can be classified as constrained or unconstrained. 

Based on the nature of the design variables 

Optimization  tasks  are  classified  into  two  major  types  based  on  the  design 

variables  involved.   The  first  type  of  problem  is  a  parameter  or  static 

optimisation  problem,  in  which  a  set  of  design  parameters  is  addressed  to 

minimise  some  preset  function  of  these  parameters  while  adhering  to  certain 

constraints. The second type of problem is a trajectory or dynamic optimisation 
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problem, where the goal is to find a collection of design parameters that are all 

continuous functions of some other variables and minimise an objective 

function subject to a set of restrictions. 

Based on the nature of the equations involved 

Depending on the nature of expressions for the objective function and the 

constraints, optimisation problems can be classified as linear, non-linear, 

geometric and quadratic programming problems. 

Based on the permissible values of the design variables 

Optimisation problems can be classified as integer and real-valued programming 

problems. 

Based on the deterministic nature of the variables 

Optimization processes can be classed as deterministic or stochastic 

programming depending on the nature of the variables involved. 

Based on the concept of 'function separability,' 

Non-separable and separable programming problems are two types of 

optimization problems. 

According to the number of objective functions 

Optimisation problems are classed as single or multi-objective programming 

problems based on the number of objective functions to be minimised (MOPP). 

The current research focuses on multi-objective optimisation problems. 

3.5.3 Multi-objective optimisation 

Multi-objective optimisation problems contain many objectives that need to be 

handled simultaneously. They should be either maximised or minimised 

concurrently. The multi-criteria nature of these problems requires a redefinition 

of the optimality of a solution, often termed as Pareto optimality. 

Trade-offs characterise multi-objective issues, as opposed to single-

objective optimisation. So, many Pareto optimal solutions correspond to 

different settings of the considered multi-objective problem. 
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Let the search space S ⊂ℝ𝑛 be an n-dimensional one, and 𝑓𝑖(𝑥), 𝑖 =

1,2 … . , 𝑘 be the k number of objective functions defined in S. Consider that f is 

a vector function defined as  

𝑓(𝑥) = [𝑓1(𝑥), 𝑓2(𝑥) … . . 𝑓𝑘(𝑥)], and 

𝑔𝑖(𝑥) ≤ 0, 𝑖 = 1,2 … . . 𝑚 be m inequality constraints. Then, 𝑥∗ =

(𝑥1
∗, 𝑥2

∗ … . . 𝑥𝑛
∗ ) is a solution that minimises f(x). 

 

The objective functions fi(x) may be conflicting, making finding only one 

global minimum at the single point in S impossible. The optimality of a solution 

in multi-objective problems should be redescribed for this purpose.  

Suppose, 𝑢 =  (𝑢1,𝑢2 … . . 𝑢𝑘) and 𝑣 = (𝑣1, 𝑣2 … . . 𝑣𝑘) are two vectors present in 

S. Then, u dominates v, if and only if 𝑢𝑖 ≤ 𝑣𝑖for all i=1, 2,…,k, and for a 

minimum of one component. This quality is known as Pareto dominance.  

A multi-objective problem solution, x, is said to be Pareto optimum if 

and only if there is no other solution, y, in S such that f(y) dominates f(x). In this 

situation, x is therefore said to be non-dominated for S. 

The Pareto optimal set, generally represented as P*, is the collection of 

all Pareto optimal solutions for a given problem. The set 𝒫ℱ* = {f(x): x ∈𝒫*}, 

is called the Pareto front.  

A convex pareto front is the one, for all u, v ∈ 𝒫ℱ * and for all λ ∈ (0, 1), 

there exists a w ∈𝒫ℱ* such that λ ||u|| + (1-λ) ||v|| ≥ ||w||, and the concave front 

exists only when λ ||u|| + (1-λ) ||v|| ≤ ||w||. 

A Pareto front can also be concave, convex, or discontinuous. Most multi-

objective optimisation techniques consider these scenarios to be the most 

difficult. 

Because the detection of a single solution, which is adequate in the single-

objective situation, is not valid in many circumstances, including competing 

target functions, the unique nature of multi-objective issues necessitates the 

development of new goals for the optimisation approach. Detecting all Pareto 

optimal solutions is the major goal in multi-objective optimisation issues, 

according to the notion of Pareto optimality. However, because the Pareto 
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optimal set can be infinite and our computations are constrained by time and 

space, the goals are adjusted to be more practical. 

3.6 Approximate Methods for Solving Multi-objective 

Problems 

In many circumstances, Pareto curves may not be calculated efficiently. Even if 

finding all these points is feasible, they are frequently of exponential scale. So, 

these problems are usually solved using approximation methods. In general, 

many practical issues pose challenges for the decision-maker to have all of the 

facts correctly and completely formulated. In such cases, the decision maker is 

more likely to learn more as soon as preliminary solutions are provided. As a 

result, in such circumstances, having some approximation solutions can aid in 

determining whether a precise method is required and, on the other hand, 

utilising such a solution to improve the problem formulation. There are different 

situations where approximating methods can be used:  representing the solution 

set when the objective function is numerically available; approximation of the 

solution set in case only a few but not the entire set of the Pareto curve is 

numerically available; reaching the solution set when the whole efficient set is 

not numerically available. Scalarization is one such approximation technique 

that optimises the considered objectives. 

3.6.1 Scalarization method 

Generally, multi-objective optimisation is carried out by weighing the objectives 

and combining them into a problem with a single objective. This process is called 

scalarisation and minimises a positively weighted convex sum of all objectives.  

∑ 𝑟𝑗 ∗ 𝑓𝑗(𝑥)𝑛
𝑗=1                         (3.23) 

∑ 𝑟𝑗
𝑛
𝑗=1 = 1               (3.24) 

𝑟𝑗 > 0;    𝑗 = 1,2 … . , 𝑛; 𝑥 ∈ 𝐴 

This represents a new problem with a unique optimisation function denoted 

as 𝑃𝐴(𝑟). The obtained value is the minimised value of the original multi-

objective problem. Its image belongs to the Pareto curve.  
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3.6.2 Nature-inspired metaheuristics 

Generally, the traditional algorithms are deterministic, like the scalarisation 

method described in the earlier section is a part of linear programming which is 

deterministic. Some techniques like Newton-Raphson are gradient-based, 

utilising the function's derivatives, including the function itself. But the main 

drawback is that it requires continuous data. But if there is any discontinuity in 

the data, gradient-free methods like the Nelder-Mead downhill algorithm are 

preferred. Stochastic algorithms come to use when there is randomness or 

probability in the data. These are again classified as metaheuristic and heuristic 

algorithms. Heuristic algorithms work on a trial and error, wherein obtaining the 

optimal solution is not always assured. Local search and randomisation of the 

particles are the two methods in metaheuristic optimisation. Since randomness 

provides search on a global scale, they are also called global optimisation 

techniques. The essential components of these algorithms are exploitation and 

diversification. The search space is exploited to obtain a diverse solution on a 

global scale. The local search space is also used to get the best solution, termed 

the global best. Randomness is introduced in the search to avoid being trapped 

in the local optimum solution. Metaheuristics help in convergence to the optimal 

solution at the earliest. Metaheuristics are again divided into population-based 

algorithms and trajectory-based algorithms. Genetic algorithm, Particle swarm 

optimisation, and firefly algorithm come under population-based algorithms. 

Trajectory-based algorithms utilise a single particle which moves along the 

search space in a piecewise manner. Simulated annealing falls under this 

category.   

3.6.3 Theory of particle swarm optimisation 

Particle swarm optimisation is a stochastic, iterative search algorithm which is 

modelled on the social behaviour of birds and flocks. Kennedy and Eberhart first 

introduced the PSO algorithm in 1995. It is based on the natural process of group 

communication of sharing individual knowledge when a group of birds search 

for food or migrate in a search space. Since the PSO algorithm is learned from 
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animal activity or behaviour to solve optimisation problems, it is dealt with under 

swarm intelligence techniques of metaheuristics [134].  

Swarm intelligence is a class of algorithms replicating natural and 

artificial processes of individuals collaborating among themselves through 

decentralised control and self-organization. The algorithm focuses on group 

behaviour that emerges from members' local interactions with one another and 

the ecosystem in which they live. Ant and termite colonies, fish schools, bird 

flocks, and animal herds are all prominent instances of swarm intelligence 

systems [135]. 

An ideal swarm intelligence system has the following properties [136]: 

➢ It is comprised of many individuals. 

➢ The swarm are reasonably cognate. 

➢ The individuals interact by exchanging local information directly or via 

the environment. 

➢ The local interactions of the individuals among themselves and the 

environment defines the system's global behaviour.  

Swarm intelligence has already been used in many fields since its 

introduction. Swarm intelligence research and applications primarily focus on 

ant clustering conduct, wasp and termite nest-building behaviour, flocking and 

schooling in birds and fish, ant colony optimisation, particle swarm optimisation, 

swarm-based network management, and cooperative behaviour in robot swarms. 

The main rules employed in PSO match the velocity and acceleration of 

the nearest neighbour distance for a collective search of food as suggested by 

[136] through their experimental analysis simulated this behaviour. Figure 3.12 

shows the early variations proposed to the original PSO. 
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Figure 3.12 Early variants of PSO. Image courtesy: [134] 

The mathematical framework of PSO 

➢ Let the space where the swarm searches be denoted as A ⊂ R  

➢ f: A→Y ⊆ R, is the objective function.  

➢ Assume that A is also the feasible space of the problem under 

consideration. Hence, no other constraints are imposed on the solution 

exclusively.  

➢ Since the current algorithm is population-based that utilizes a population 

of possible solutions to analyse the search space concurrently, the 

population are called a swarm, and its individuals are denoted as 

particles. 

Consider that 𝑆 = {𝑥1,𝑥2 … . 𝑥𝑁} indicates the swarm with N number of 

particles (candidate solutions), defined as: 𝑥𝑖 = (𝑥𝑖1, 𝑥𝑖2 … . 𝑥𝑖𝑛)T∈ A, i = 1, 2… 

N.  The particles are randomly given the indices. N is a parameter that is defined 

by the operator.   

Let the objective function f(x) relate to all the data in A. So, each particle has a 

specific value of the function. 𝑓𝑖 = 𝑓(𝑥𝑖) ∈ 𝑌. 

It is considered that the particles fly inside the search space, A, 

iteratively. The movement in the search space is enabled by altering the position 

of particles with the help of an appropriate position shift attained by the velocity 

component. Velocity is represented as: 𝑣𝑖 = (𝑣𝑖1, 𝑣𝑖2 … . 𝑣𝑖𝑛) and T, i = 1, 2… 
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N. The Velocity is also adjusted iteratively to enable the possibility of visitation 

of any region in space A for the particles. When t the iteration counter, the present 

position of the ith particle and its velocity are represented as 𝑥𝑖(𝑡)and 𝑣𝑖(𝑡), 

correspondingly. Velocity is revised with the data obtained in previous steps of 

the algorithm. For this purpose, the swarm maintains a memory where it stores 

the information about the best position a particle has ever visited during its 

search. The memory set maintained by PSO is given by 𝑃 = {𝑃1,  𝑃2 … . . 𝑃𝑁}. 

The memory set P maintains the information about the best positions visited, 

which is given by 𝑝𝑖 = {𝑝𝑖1, 𝑝𝑖2 … . 𝑝𝑖𝑛}𝑇 ∈ 𝐴 , 𝑖 = 1,2 … . 𝑁. These positions are 

defined as 𝑝𝑖(𝑡) = 𝑎𝑟𝑔𝑚𝑖𝑛𝑓𝑖(𝑡). Here 't' implies the iteration counter.  

Since the PSO algorithm depends on the simulation of the social 

behaviour of birds, information is exchanged as a part of communication. This 

exchanged information leads the solution towards approximate global 

maximisation. Let g be the index of the best position with the lowest function 

value in P at a given iteration t, i.e., these positions are defined as 𝑝𝑔(𝑡) =

𝑎𝑟𝑔𝑚𝑖𝑛𝑓(𝑝𝑖(𝑡))  

Then, PSO is defined by the following equations  

𝑣𝑖𝑗(𝑡 + 1) =  𝑣𝑖𝑗(𝑡) +  𝐶1𝑅1 (𝑃𝑖𝑗(𝑡) − (𝑥𝑖𝑗(t)) + 𝐶2𝑅2(𝑝𝑔𝑗(𝑡) − 𝑥𝑖𝑗(𝑡) (3.24) 

𝑥𝑖𝑗(𝑡 + 1) =  𝑥𝑖𝑗(𝑡) + 𝑣𝑖𝑗(𝑡 + 1),                                                       (3.25) 

where i = 1, 2,…, N;  j = 1, 2,…, n, where t denotes the iteration counter; 

𝑅1and 𝑅2  are random variables uniformly distributed within [0,1]; and 𝐶1and 

𝐶2, are weighting factors. They are also called cognitive and social parameters, 

respectively. 

From Eq. 3.24, it is evident that the revision of the velocity of each particle 

consists of three components: 

They are: 

1. The previous velocity, 𝑣𝑖𝑗(𝑡), is known as the 'inertia part'. It imparts the 

required momentum for the particles to roam in the space to be exploited.  

2. The 'cognition' part, 𝐶1𝑅1 (𝑃𝑖𝑗(𝑡) − (𝑥𝑖𝑗(t)), represents the particle's own 

experience 

3. The 'social' part,𝐶2𝑅2(𝑝𝑔𝑗(𝑡) − 𝑥𝑖𝑗(𝑡), reflects the information shared 

among all the particles. 
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Explanation of the terms in the eq. 3.[134] 

➢ The previous velocity term: Situated on the right-hand side of equation 

(3.3), this term provides a kind of inertial movement to the particle by 

considering its last position shift. This property guides the global best, 

𝑥𝑔, particle, preventing it from getting entrapped in local minima if sub-

optimal information is stored.  

➢ Suppose a particle, xi, finds a new position with a minimum function 

value compared to the existing best position, then it is considered the 

global best (i.e., g←i), and its best position, pi, coincides with pg and xi 

in the subsequent iteration. In that case, the two stochastic terms in eq. 

(3.3) vanishes if no previous velocity term exists in eq. (3.3), the particle 

stays at the same position for several iterations till another particle detects 

a new best position. In contrast, the velocity term enables this particle to 

continue its search after its previous location shift. The particle velocity 

is determined by its personal and global best positions when there is no 

inertia part. 

➢ When the social and cognition terms C1 = C2 = 0 indicate that there are 

no 'cognition' and 'social' components in the updated velocity. The 

particle flies in a linear direction until it reaches the search space's 

boundary. There can be no ideal solution unless the solution is on its way. 

➢ When C1 = 0, the system lacks 'cognition' part in eq. 3.24. The updated 

velocity equation is considered to be in 'social-only' model. The PSO 

algorithm can reach a new search space with the interaction among 

particles. The particle swarm, on the other hand, converges at a 

reasonably fast rate. For complex issues, the algorithm is easily caught 

in local optima, however it performs better in solving particular 

specialised problems. 

➢ When C2 = 0, 'social part' will not be there in the updated velocity. This 

condition indicates that there is no sharing of the information among the 

particles. The PSO algorithm is said to be in 'cognition-only' model. 

Also, choosing C1 > C2 would bias the result towards local convergence, 

while in the opposite case, C1 < C2, sampling towards the direction of 

global convergence.  
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The operation of PSO given in pseudocode  

Input: Number of particles, N; swarm, S; best positions, P. 

Step 1. Set t←0. 

Step 2. Initialise S and Set P ≡ S. 

Step 3. Evaluate S and P, and define index g of the best position. 

Step 4. While (termination criterion not met) 

Step 5. Update S using Eqs. (3.24) and (3.25). 

Step 6. Evaluate S. 

Step 7. Update P and redefine index g. 

Step 8. Set t←t+1. 

Step 9. End While 

Step 10. Print best position found 

3.6.4 Multi-objective particle swarm optimisation 

(MOPSO) 

The solution set of multi-objective optimisation aims to find a collection of 

different solutions called the Pareto optimal front. Generally, three goals should 

be achieved in the case of multi-objective optimisation:  

1. Increase the number of members in the Pareto optimum set. 

2. Reduce the distance between the Pareto front generated by the technique 

and the real (global) Pareto front.  

3. Increase the spread of solutions identified so that the vector distribution 

is homogeneous and smooth. 

There are three main issues to be considered when employing PSO to 

multi-objective optimisation [137]: 

1. In what ways do choosen particles (to be utilised as leaders) select 

non-dominated solutions over dominated solutions? 

2. How to keep the non-dominated solutions discovered during the 

search process in order to present non-dominated solutions for all 

populations including the present and the previous one,  along the 

well-spread Pareto front?  
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3.  How can the swarm preserve diversity while avoiding 

convergence to a single solution? 

Several studies have been carried out in MOPSO to augment its usage 

for diverse problems.  

The classification of current MOPSOs as mentioned in [137] are sub-population 

techniques, aggregating methods, lexicographic ordering method, pareto based 

strategies and others methods by combining the available techniques.  

3.6.5 Current status of PSO 

➢ PSO is used to optimise the complicated multi-dimensional non-linear 

functions. 

➢ PSO outperforms other recognised global optimisation techniques in 

terms of performance. 

➢ It is possible to use it directly if the specified parameter settings are used. 

Among others, applications for and in: 

✓ Neural Networks training  

✓ Video analysis applications 

✓ Design optimisation applications 

3.6.6 Status of PSO mechanical engineering field 

Many mechanical engineering optimisation applications give PSO new 

dimensions and hybridisation, with the following works mentioned as an 

example. A novel algorithm for dynamic task scheduling was proposed using the 

concepts of particle swarm optimisation [138]. An extension of the particle 

swarm optimisation (PSO) algorithm, which conforms to actual nature, is 

introduced to solve combinatorial optimisation problems [139]. The 

development of this algorithm is essentially based on the balanced fuzzy sets 

theory. The balanced fuzzy particle swarm optimisation algorithm is used for the 

fundamental optimisation problem entitled the travelling salesman problem 

(TSP). The method was used for TSP problems and convergence inspecting the 

new algorithm. A study was conducted on applying an improved PSO algorithm 

in hydraulic press system identification by changing the inertia weight [140].  
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3.7 Summary 

The material adopted in this present work is aluminium alloy 2024. This material 

is welded on an Nd: YAG laser welding machine with a typical wavelength of 

1064nm. The pre-welding and post-welding operations related to the welding 

process and the set-up employed in the welding operation are explained. The 

theories related to the design of experiments: response surface methodology, 

Gaussian process regression and particle optimisation are discussed. 
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Chapter 4: Finite element modeling of heat transfer and 

weld pool dynamics 

4.1 Introduction 

The development of a transient 3-D thermo-fluid model to mimic heat transport 

and weld pool dynamics during deep penetration laser welding of the aluminium 

alloy AA2024 is described. This investigation of the influence of driving forces 

on the dynamics and geometry of melt pools is carried out using numerical 

modelling and non-dimensional analysis techniques. The impact of temperature-

driven surface tension on weld pool shape is investigated by altering the input 

parameters. The normalised dimensions of the weld pool are plotted against 

dimensionless quantities, such as the Peclet, Reynolds, and Marangoni numbers, 

to understand the process's uncertainty and variations. The melt flow in the weld 

pool is laminar for the material and process parameters evaluated in this study. 

The findings reached in this study potentially help to explain Marangoni 

convection in materials with a negative gradient of surface tension, as well as 

give insight into the formation of defects and their elimination during laser 

welding of aluminium alloys. The constructed model is tested against 

experimental data, and it is found to be in excellent agreement. 

4.2 Objectives  

The objectives of the present study are: 

1. Developing a numerical model in COMSOL Multiphysics' 

Computational Fluid Dynamics (CFD) module for simulating the flow 

field and heat transfer in aluminium alloy weld pools exposed to a laser 

heat source during continuous mode laser welding. 

2. To answer the following questions: (a) How do input factors such as 

scanning speed and peak power impact the temperature profiles and flow 

pattern in the melt pool at different times? (b) How do the melting pool's 

temperature profile and flow pattern change over time? (c) How does the 
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weld width, penetration depth, and melt pool volume vary in response to 

the input parameters?  

3. To investigate the physics of the molten pool flow using the numerical 

model that has been constructed. In particular, what is the effect of 

Marangoni-driven flow in the weld pool on the form of the final fusion 

zone? (b) How does fluid velocity in the weld pool rely on the amount 

of heat given to the weld and the traverse speed of the laser beam? 

Moreover, (c) What is the relationship between the dimensionless melt 

pool and dimensionless numbers considering the uncertainty in the 

process? 

4.3 Physical models 

This work presents a numerical model constructed to simulate a transient 3-

dimensional thermo-fluid model, consisting of two phases: solid and liquid. The 

liquid gas interface is considered non-deformable in this technique and oriented 

with the border of the computational domain in this approach. Further, this 

method deals with the melting front by linking the energy equation with the 

proportion of liquid in the respective equations. Subsequently, conservation 

equations are solved on a fixed mesh structure to capture the melting front at the 

surface of the weld pool. Many studies demonstrate that this model has been 

extensively used in the weld pool flow-modelling domain for a long time. 

[141] examined the influence of Marangoni convection and Peclet number on 

the weld pool dynamics during laser spot welding of stainless steel. They 

revealed that convection dominates the weld pool dynamics after the system 

reaches a steady state. Using computer simulation, [142] has created a three-

dimensional transient model for studying the weld bead profile in laser welding. 

The variations in the weld bead profile that occur due to the varied welding 

process parameters and fluid dynamics are investigated. Numerical simulation is 

used to investigate the influence of process parameters on the formation of an 

hourglass-shaped melt pool when laser welding is performed on stainless steel 

[143]. A thorough understanding of the driving mechanisms in the molten pool 

is necessary to study the influence of input parameters on different processes 
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connected to the weld pool. Several scientific investigations have been 

conducted to investigate the influence of temperature history and surface 

tension-driven fluid flow on the dynamics of the melt pool [141 - 143]. Keyhole 

behaviour and root hump creation in full penetration laser welding of aluminium 

alloy were attributed to the alloy's keyhole behaviour [144]. Techniques of the 

volume of fluid and ray tracing methods are employed to follow the free surface 

deformations in the molten pool. The coalescence of bubbles and the efficiency 

with which they coalesce are investigated to understand porosity creation better. 

The driving forces and mechanisms are studied by [145] to understand better the 

surface tension-driven flow and solidification behaviour in stainless steel parts. 

The surface tension-driven flow is analysed, and metallurgical properties are 

investigated to comprehend the flow's solidification morphology. 

Finite element simulations are employed to investigate weld bead characteristics, 

thermal history, flaws, and keyhole instabilities, among other things. It is 

possible to better understand the weld pool dynamics by modelling heat 

transmission and fluid movement in keyholes [28, 144, 148]. [149] examine the 

simulation of molten pool dynamics by taking into account the Marangoni 

convection, recoil pressure, and buoyancy force, among other things. The 

geometry of a weld fusion zone is predicted using a constructed single-phase 

model. Using a three-dimensional heat and fluid flow model, Courtois et al. 

[47,48,49] were able to predict the evolution of melt pool morphologies. The 

level-set approach is used to represent the interface between liquid and vapour. 

The laser is considered a waveform, and the answer is obtained by solving the 

Maxwell equations for the laser. The geometry and proportions of the fusion 

zone are described in detail, utilising various approaches and methods. 

Nevertheless, in simulations, the effect of factors such as Marangoni convection, 

buoyancy, or gravity, as well as their influence on fluid flow, which are all part 

of the complicated melt pool phenomena, is not thoroughly investigated. 

Many forms of melt flow, such as Marangoni flow generated by surface tension 

gradients, build-up of downward flow at the keyhole wall, and internal eddies, 

can be observed in the weld pool. 
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4.4 Solid-liquid model governing equations 

This study aims to create a transient thermo-fluid model to comprehend the 

thermal properties and fluid dynamics of AA2024 during laser welding. 

Simulation is performed with a power varied from 2.5 kW to 5 kW and scanning 

speed in the range of 10mm/s to 30mm/s. The laser beam has a width of 0.36mm. 

The workpiece is 37.5 mm long and 20 mm wide with a thickness of 2mm. The 

beam is defocused at zero. Welding involves a complicated multi-physical 

process that involves fluid movement, heat transfer, mass transfer, and phase 

interaction. Numerous simplifications have been made to the simulation model 

to run the model.  

The following assumptions are made: 

1. The substance of the workpiece is homogenous and isotropic. 

2. The distribution of laser intensity is considered to be Gaussian. 

3. Conduction and convection are used to move heat within the workpiece. 

Radiation occurs between the component's surface and the surrounding 

air.  

4.  The shielding gas's effects are overlooked, and  

5. Continuous laser mode is used throughout the procedure. 

The laser beam is modelled as a heat flux flowing down the plate's y-axis in short 

intervals. As a result, the thermal history is investigated in terms of time and 

location. The beam travel time is calculated by considering the plate width and 

scanning speed. The time increment is proportional to the overall travel time and 

the load step count.  

4.4.1 Model of a laser heat source 

Pavelic et al. [18] were the first to propose that the heat source should be 

spread and presented a Gaussian distribution of flux deposited on the surface of 

the workpiece. According to [148], the laser heat source has an axisymmetric 

distribution with a Gaussian distribution: 



  

88 

 

𝑄0 =
3 𝐴 𝑃

𝜋𝑟𝑏
2ℎ

 𝑒𝑥𝑝 
−3(𝑥−𝑥𝑐)2

𝑟𝑏
2  𝑒𝑥𝑝 

−3(𝑦−𝑦𝑐)2

𝑟𝑏
2  𝑒𝑥𝑝 

−3(𝑧−𝑧𝑐)2

ℎ2
   (4.1) 

Where A denotes the absorption coefficient, P denotes the laser power in watts, 

r b denotes the laser beam radius in meters, and h is the height of the volumetric 

heat source in metres (equal to the plate thickness). The words x-xc, y-yc, and z-

zc refer to the radial distance between the corresponding coordinates and the 

beam centre. 

4.4.2 Theoretical equations 

The mass, momentum, and energy equations regulate the simulation [17]. The 

conservation of mass is primarily regarded during phase transitions, such as 

evaporation and solidification. The momentum equation considers the loss of 

momentum during metal solidification and the buoyancy caused by the 

temperature difference in the molten pool. Specifically, the energy term 

considers the laser heat source and energy losses caused by different heat transfer 

mechanisms in the melt pool. 

The mass conservation equation is 𝛻. (𝜌𝑢) = 0               (4.2) 

where ρ is the molten metal's density, and u is the velocity vector. 

The following is the equation for momentum conservation: 

𝜌 
𝛿𝒖

𝛿𝑡
+  𝜌 (𝒖. ∇)𝒖 =  ∇. [−𝑝𝑰 + 𝜇(∇𝒖 + (∇𝒖)𝑇) −

2

3
 𝒖(∇. 𝒖)𝑰] + 𝐾𝒖     (4.3) 

Μ is the fluid's viscosity, and p is the fluid's pressure. K is the drag coefficient in 

the mushy area, which is calculated as follows: 

𝐾 =
𝐶1(1−𝑓𝑙)2

𝑓𝑙
2+𝐶2

(𝑢 − 𝑢𝑤𝑒𝑙𝑑)                  (4. 4) 

C1 is the constant operator denoting the mushy region circumstances. fl is the 

liquid fraction or Darcy's damping specified for frictional dissipation in the 

mushy zone, and C2 denotes a positive value to prevent division by zero. The 

mushy zone between solidus and liquidus is represented using the energy-

temperature equation [12]. It is defined as follows: 
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𝑓𝑙 = {

       0                  0 < 𝑇 < 𝑇𝑠

          
𝑇−𝑇𝑠

𝑇𝑠−𝑇𝑙
           𝑇𝑠 ≤ 𝑇 ≤ 𝑇𝑙

           1                      𝑇 ≥ 𝑇𝑙  

}                      (4.5) 

fl is defined as the liquid fraction or Darcy's damping for frictional dissipation in 

the mushy zone. It varies between 0 and 1 when the temperature changes from 

solidus to liquidus. fl=0 in the solid phase and 1 in the liquid phase. The solidus 

(Ts) and liquidus (Tl) temperatures of the target material are assumed to be 847 

K and 933 K, respectively. 

The conservation of energy is mathematically expressed as follows: 

𝜌𝐶𝑝
∗𝑢. 𝛻𝑇 = 𝛻. (𝜆𝛻𝑇)                                      (4.6) 

During the welding process, the temperature in the fusion zone surpasses the 

material's melting point. As a result, phase change phenomena are incorporated 

in finite element simulations through the enthalpy technique [17]. 

𝐶𝑝
∗ = 𝐶𝑝 +

𝑒𝑥𝑝 ( 
(𝑇−𝑇𝑚𝑒𝑙𝑡)2

𝛿𝑇
)

√𝜋𝛿𝑇
𝐻𝑓                               (4.7) 

where Hf denotes the latent heat of fusion and T denotes the mushy zone's 

temperature range. Cp denotes the specific heat capacity, whereas Cp
* is the 

apparent specific heat characterising the melting phase. The Reynolds-Averaged 

Navier-Stokes (RANS) equations for momentum conservation and the 

continuity equation for mass conservation are used to solve the simulation. 

4.4.3 Driving forces 

Within the melt pool, the major driving factors are surface tension, Marangoni 

convection, buoyancy, and gravity. Surface tension variation can be caused by 

temperature or composition/concentration factors, resulting in a considerable 

spatial variation in surface tension that shows Marangoni stresses at free 

surfaces. This Marangoni-driven flow can significantly affect the ultimate 

geometry of the weld. On the top and bottom surfaces of the plate, Marangoni 

convection is used to model the fluid flow caused by temperature-dependent 

surface tension [Eq. 8]. Surface tension is assumed to be linearly related to 

temperature [Eq. 9] indicating the presence of Marangoni convection.  
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𝑑𝜎 =  
𝜕𝛿

𝜕𝑇
 𝑑𝑇 +  

𝜕𝛿

𝜕𝐶
 𝑑𝐶                                   (4.8) 

𝛾 =  𝛾𝑚 +  (
𝜕𝛿

𝜕𝑇
) (𝑇 −  𝑇𝑚)                       (4.9) 

Where T and C denote temperature and concentration, m denotes the surface 

tension at the melting point Tm [K], (/T) is the thermal coefficient of surface 

tension, T denotes the ambient temperature and Stefan Boltzmann constant 

5.6703x10-8 W/m2K4. 

The workpiece's top surface is exposed to ambient conditions, while the 

workpiece's top and bottom surfaces are treated with slip. Due to the fixture's 

placement, the bottom surface is not exposed to ambient conditions. Each of the 

three sides (except the symmetrical one) is given a no-slip condition. 

4.4.4 Meshing  

Figure 4.1 illustrates the developed thermo-fluid model schematically. Free 

triangular and sweeping meshes are used to mesh the component. A highly 

refined mesh pattern is placed along the laser beam's scanning path to improve 

the results, as seen in Figure 4.1. (c). The remainder of the workpiece is meshed 

with coarser components to reduce computing time and memory requirements. 

Increased element count had no discernible effect on the result but increased 

computing time. As a result, a geometric model consisting of 15,984 mesh pieces 

is used and maintained throughout the simulation. 
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Boundary conditions

 

Figure 4.1 Pictorial representation of the thermo-fluid model (a) Boundary 

conditions used in the simulation. (b) dimensions of the workpiece. (c) Mesh 

used for the modeling. 

4.5 Validation of the developed numerical simulation 

Experimental data published by [34] is used to validate the weld pool dimensions 

calculated from the simulation. The steel used in the experiment is AISI 304, 

high-quality stainless steel. The inputs are the power of the laser beam, the 

scanning speed, and the angle of the laser beam. It is the weld width and depth 

of penetration that are measured as output variables. The plate used in the 

experiments is 60 mm x 20 mm x 1.6 mm in size, with the dimensions 60 mm x 

20 mm x 1.6 mm. All of the experiments are performed with the help of a 

continuous wave Nd: YAG laser system. The beam is angled at three different 

orientations from the workpiece in the experiment: 850, 900, and 950. 

On the other hand, the simulation is only performed for the beam angle 

of 900 degrees. Because the produced model is parametrically constructed, it is 

possible to vary the material qualities and process parameters while maintaining 

the model's physics. Several experimental circumstances developed by 

Balasubramanian et al. [34] are given to the model to verify it. These conditions 
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include material and process characteristics. The simulated results are then 

compared to the experimental data to determine whether the model is valid. 

Figure 4.2 depicts the results of a simulation of the weld pool dimensions. 

The depth of penetration (DOP) and weld width (WW) of the weld pool is 

represented in Table 4.1. It is discovered that the findings obtained from the 

constructed simulation are pretty close to those obtained from previously 

published experimental data. 

 

 

Figure 4.2 Simulated weld pool dimensions for (a) P= 750W, S= 750mm/min, 

α=90º, (b) P= 1250W, S= 750mm/min, α=90º, (c) P= 1250W, S= 1250 mm / 

min, α=90º, (d) P= 1000W, S= 1000mm, α=90º, (material. AISI 304, beam 

location y = 10 mm). 
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Table 4.1 Validation of weld pool dimensions 

Sl. 

No 

Laser 

power P 

[W] 

Welding 

speed S 

[mm/min] 

Beam angle 

α 

[Degrees] 

Experimental 

results  

Simulation 

results  

Percentage Error 

DOP 

[mm] 

WW 

[mm] 

DOP 

[mm] 

WW 

[mm] 

DOP 

[%] 

WW 

[%] 

1 750 750 90 0.53 0.97 0.54 0.96 1.89 1.03 

2 1250 750 90 1.48 1.26 1.46 1.30 1.35 3.17 

3 1250 1250 90 0.71 1.14 0.75 1.16 5.63 1.75 

4 1000 1000 90 0.68 1.05 0.71 1.00 4.41 4.76 

 

4.6 Results and discussion 

The following section discusses the results obtained by simulating the developed 

numerical model.  

4.6.1 Temperature distribution and fluid flow inside the 

molten pool 

The molten pool's temperature, fluid flow, and development through time at 

various time intervals (time steps) are depicted in Figure 4.3. The process 

parameters employed included a laser with a power of 5kW working at a 

scanning speed of 10 mm/s and a scanning time of 10 seconds. On the other 

hand, it has been found that the penetration depth expanded with time and 

reached complete penetration at around 0.355 seconds. The process reaches a 

maximum temperature of 2075.3 K at its peak, which is achieved directly below 

the point of incidence of the laser beam. The geometry of the molten pool 

impacts the fluid flow and the outer weld contour. The current simulation shows 

that the molten pool eventually expands wider and takes on the shape of an 

hourglass due to the shift in heat transmission mode from conduction at the 

beginning to convection at the end of the simulation. The peak temperature 

continues to rise until the heating process is completed. This increase in 

temperature may be seen in Figure 4.3 (a-j), which depicts the distance between 

the starting point of welding and the end point of welding. Because aluminium 
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alloys have a higher thermal conductivity than other metals, the component 

becomes heated as it absorbs heat from the laser beam. Due to this, there is an 

increasing molten pool in the shape of an hourglass. A representation of the fluid 

flow field is also presented in Figure 4.3. As shown in Figure.4.3, w denotes 

the molten region on the plate, d represents the depth of the molten section, and 

∆d indicates the unmolten portion of the component. Fluid travels radially 

outwards, and the fluid flow field corresponding to the melt zone is shown in 

Figure 4.4.   

 

Figure 4.3 Temperature (K) distributions with fluid flow fields and melt pool 

evolution at different time instances along the scanning line on the X-Z plane 

at (a, b) y = 1 mm, (c, d) y = 5 mm, (e, f) y = 10 mm, (g, h) y = 15 mm, and (i, 

j) y = 19.5 mm. 
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4.6.2 Evaluation of weld width and depth of penetration 

Figure 4.4 shows the variation in weld width with laser power and scanning 

speed. The laser power and scanning speed are varied between 2.5 – 5 kW and 

10 – 30 mm/s, respectively, while keeping the beam spot radius at a constant 

value of 0.36 mm. 

 

Figure 4.4 Variation of weld width along the scanning path with (a) laser power, 

(b) scanning speed, and variation of average weld width with (c) laser power, (d) 

scanning speed when all other parameters remain constant. 

 

Effect of laser power on weld width: While keeping the scanning speed constant 

and varying the power in small increments from 2.5-5 kW, an increment in weld 

width is seen, as illustrated in Figure.4.4 (a). The bar diagrams demonstrate that 

increasing the laser power from 2.5 kW to 5 kW increased the average weld 

width from 0.41 mm to 2.20 mm. This increase is due to a more significant rate 

of accessible input energy to the workpiece, which increases weld width when 

power is increased. 

Effect of scanning speed on the weld width: When it comes to weld width, 

scanning speed impacts it. By increasing the scanning speed, the plots presented 

in Figure.4.4(b) are drawn to indicate the fluctuation in weld width. As the 

scanning speed is increased, it is seen that the weld width shrinks proportionally. 
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Increased input energy to the material allows wider weld widths to be produced 

at lower scanning speeds, resulting in broader weld widths. As shown in Figure 

4.4, increasing the welding speed from 10 mm/s to 30 mm/s reduces weld width 

from 2.20 mm to 0.87 mm, as seen in Figure 4.4. (d). 

Effect of laser power on the welding depth: According to the data displayed in 

Figure 4.5 (a), the penetration depth rises as the laser's strength increases. This 

rise in depth is consistent with previous observations. The maximum penetration 

depth into the material is not obtained with the 2.5 kW laser power employed in 

this investigation, even at the lowest level of scanning speed utilised in this study 

and within the dimensions of the workpiece taken into consideration. When a 

fixed power level is used, it can be observed that the depth of penetration grows 

gradually when the scanning distance is increased. 

 

Figure 4.5 Variation of the depth of penetration with (a) laser power and (b) 

scanning speed when all other parameters remain constant. 

After a certain amount of time, complete penetration is achieved when laser 

energies of 4 kW or 4.5 kW are applied. The depth of penetration is directly 

proportional to the density of laser energy. The penetration depth grows linearly 

as the power density of the system increases. However, it takes time before it 

can pass through the barrier and become stable. The total penetration point is 

reached after the beam has gone a specific distance along the scanning line when 

the input power is 4 kW. 

Effect of scanning speed on welding depth: Figure 4.5(b), the depth of 

penetration decreases as the scanning speed increases. Welding speed is an 
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essential element since it influences the grain size and cooling rate, as well as 

the breadth and depth of the weld. Because of the longer irradiation duration and 

higher energy input to the workpiece, a lower scanning speed resulted in 

complete penetration in a shorter amount of time. 

Prediction of the volume of the weld pool 

 

Figure 4.6 Variation of the melt pool volume with power. 

It is shown in Figure 4.6 that the influence of laser power on the melt pool 

volume is more significant at higher levels of laser power, which is due to the 

larger laser fluence as the laser power increases. The melt pool volume is at its 

highest for the maximum power level, i.e., 5 kW, with a significant increase in 

the first transition time of roughly 0.25s. The melt pool volume is at its minimum 

for the lowest power level, i.e., 1 kW. With increasing amounts of power, more 

heat is provided to the material, resulting in a larger volume of the melting pool. 

Until the beam reaches the end of the plate, the application of the smallest 

amount of power, 2.5 kW, does not result in a large melt pool. As the beam 

approaches the end of the welding plate, the whole amount of heat gets collected 

there. Hence, for all power levels tested in this study, melt pool volume increases 

as the beam progresses toward the end of the plate. 
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Figure 4.7 Variation of melt pool volume with the scanning speed. 

The growth of the melt pool over time is seen in Figure 4.7. The time indicated 

on the x-axis corresponds to the distance travelled by the laser beam along the 

scanning line. Based on Figure 4.7, it is concluded that the melt volume is most 

significant while welding at slower scanning speeds. When scanning at a speed 

of 10mm/s, the melt pool stabilises after around 0.25 seconds. When using a 

laser with a power of 5 kW and a scanning speed of 10 mm/s, the melt pool 

volume achieved at 0.25 s is around 5 mm3. In response to an additional increase 

in scanning speed, the melt pool volume diminishes and eventually becomes 

practically constant at scanning speeds greater than 25 mm/s. Heat build-up 

causes a rapid volume rise at the plate's end. The accumulation is particularly 

noticeable when scanning at slower rates because of the prolonged irradiance 

time. When the scanning speed is 10 mm/s, the melt pool stabilises after 

approximately 0.25 seconds. 

Figure 4.8 depicts the evolution of melt pool volume as a function of scanning 

time and distance. By examining the plots, it is evident that the melt pool volume 

grows from 0.2339 mm3 in the initial time step to 3.177 mm3 by the time the 

beam reaches the end of the plate. 
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Figure 4.8 Pictorial representation of the evolution of weld pool during 

welding at (a) 1 mm, (b) 5 mm, (c) 10 mm, (d) 15 mm, and (e) 19.5 mm 

(Parameters. laser power = 5 kW, scanning speed = 15 mm/s, and beam radius 

= 0.36 mm). 
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4.6.3 Effect of Marangoni convection on weld pool 

dimensions 

Phase separation and spatial velocity field caused by Marangoni convection are 

shown in Figure 4.9. The observations were obtained using a laser with a power 

of 5 kW, a scanning speed of 15 mm/s, and a beam radius of 0.36 mm. It has 

been found that the surface tension acting on the weld pool results in a velocity 

pattern directed towards the edge of the keyhole. The velocity of the molten fluid 

is calculated to be 0.6446 mm/s. Figure 4.10 depicts the direction of natural 

convection in the weld pool as well as the change in velocity of the molten fluid 

during the welding process. High-temperature zones have higher surface tension, 

which causes a radially inward flow of hot metal, which results in deeper welds. 

Conversely, low-temperature regions have lower surface tension, which results 

in broader welds. 

 

 

Figure 4.9 Phase separation and spatial velocity field due to Marangoni 

convection (Parameters. laser power = 5 kW, scanning speed = 15 mm/s, beam 

radius = 0.36 mm). 
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Figure 4.10 Direction of natural convection of the molten pool on YZ plane for 

different laser power, (a) P = 2.5 kW, (b) P = 3 kW, (c) P = 3.5 kW, (d) P = 4 

kW, (e) P = 4.5 kW, (f) P = 5 kW, at scanning speed = 10mm/s, and beam radius 

= 0.36 mm. 

 

In Figure 4.11, the fluid flow patterns demonstrate the impact of scanning 

speeds on melt circulation and the direction of natural convection. The velocity 

of the molten pool is changed between 0.35 m/s for the lowest level of scanning 

speed and 0.39 m/s for the most significant level of scanning speed. The lowest 

level of scanning speed is 0.35 m/s, and the highest level of scanning speed is 

0.39 m/s. Figure 4.12 displays the velocity field in two planes that are mutually 

perpendicular to one another (along the scanning line and perpendicular to it). 
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Figure 4.11 The direction of natural convection of the molten pool on the YZ 

plane for different scanning speeds, (a). V =10mm/s. (b) V =15 mm/s. (c). V = 

20 mm/s. (d). V = 25 mm/s. (e). V = 30 mm/s, at laser power = 5kW and beam 

radius = 0.36mm. 
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Figure 4.12 Velocity field in YZ-XZ planes (a). Isometric view of the velocity 

field in two mutually perpendicular places. (b). Front view for laser power = 5 

kW, scanning speed = 25 mm/s, and beam radius = 0.36 mm. 

The velocity pattern in a plane perpendicular to the scanning line is represented 

in Figure 4.12 (a). This data is taken along the scanning line. The fluid has a 

velocity of 0.3522 m/s along the Y-Z plane and 0.4309 m/s along the plane 

perpendicular to its travel plane. This trend shows that the fluid is behaving more 

violently, showing its impact on weld width.   Figure 4.12(b) shows the X-Z 

plane's alignment and the direction in which the welding takes place. An increase 

in the fluid velocity in the X-Z plane is noticed, which is 0.4309 m/s greater than 
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the velocity of the fluid in the Y-Z plane. An extremely intense melt flow 

emerges, leading to a weld with a larger aspect ratio. 

4.7 Dimensionless melt pool simulation and analysis 

The scatter plots depicted in Figure 4.13 show the relationships between the 

width of the dimensionless melt pool and the dimensionless numbers. These 

plots help comprehend the inter-relationships between the process components 

while taking into account the uncertainty in the procedure. The plots' outputs are 

the Marangoni number and the Peclet number, defined in terms of the normalised 

value of the pool width, respectively. It is necessary to transform the actual weld 

width into a dimensionless width with a normalised value w/L to treat all 

variables as unitless. 

 

Figure 4.13 Scatter plots of (a) dimensionless width vs Marangoni number. (b). 

dimensionless width vs Reynold number for different levels of laser power. 

It can be shown in Figure 4.13 (a) that increased laser power has resulted in a 

more significant Marangoni number at each given time step. When direct heat is 

applied, the molten pool volume increases, and the Marangoni number increases. 

In the molten pool, the velocities are more significant, and the Marangoni 

number varies in the order of 104, which indicates that surface tension and 

Marangoni convection are the primary modes of convective transport in the melt 

pool. The same is true when dimensionless width is plotted versus Reynolds 

number, with a value of 1000 being recorded. The obtained Reynolds number 

shows that the flow in the melt pool is laminar. In Figure 4.14 (a-b), a plot of 

dimensionless numbers vs dimensionless width of the melt pool at different 

scanning speeds is depicted, and a similar trend is found in both cases. The graph 
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constructed between the dimensionless width and the melt pool in Figure 4.14 

(a) shows that the Marangoni number is more significant at lower scanning 

speeds. As a result, at lower scanning speeds, the Marangoni convection 

dominates. Based on Figure 4.14 (b), it can be noticed that the Reynolds number 

is more significant at slower scanning speeds. As a result, the melt pool is 

laminar at relatively lower scanning speeds. 

 

Figure 4.14 Scatter plots of (a) dimensionless width vs Marangoni number. (b) 

dimensionless width vs Reynold number for different levels of scanning speed. 

 

Figure 4.15 Variations of dimensionless melt pool dimensions with (a) Laser 

power, (b) Scanning speed. 

Figure 4.15 depicts the relationship between laser power and scanning speed 

and the change in melt size in dimensionless melt width and depth. It is predicted 

that when the laser intensity is varied, the dimensionless melt breadth increases 

while the depth decreases, as seen in Figure 4.15. (a). The melt width has risen 

due to the heat accumulated by the workpiece during the melting process. Figure 

4.15 (b) shows that the dimensionless melt depth has dropped while the melt 

width has expanded due to the change in scanning speed. 
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4.8 Summary 

1. The impact of Marangoni convection and buoyancy forces on laser 

welding on aluminium alloy is studied in this work. This computational 

model agrees well with published experimental results, with a maximum 

error of 5% in penetration depth and 3% in weld width. A solid-liquid 

model accurately depicts the molten pool's temperature distribution and 

fluid flow. 

2. The system attained a temperature of 2075.3 K. Temperature profiles, 

and fluid flow is illustrated.  

3. The molten pool resembled an hourglass. Raising the laser power has 

increased the average weld width and depth of melting. The change in 

scanning speed demonstrated a declining trend in weld width and depth. 

4. Due to increased laser fluence, higher laser power raises melt pool 

volume. The maximum melt pool volume is 5 kW. At 2.5 kW, no 

substantial melt pool is noticed until the beam reaches the plate's end. 

5. The surface tension on the weld pool causes a velocity pattern towards 

the keyhole edge. For the fastest scanning speed, the molten fluid 

velocity is 0.6446 m/s. At the slowest scanning speed, the fluid moves 

at 0.3522 m/s in the Y-Z plane and 0.4309 m/s in the plane 

perpendicular to it. While hot metal flowing towards the weld pool's 

edge produces broader welds, higher temperatures cause surface tension 

and a radially inward flow that produces deeper welds. A high melt 

flow produces a weld with a more significant aspect ratio. 

6. Higher laser power has resulted in a higher Marangoni number. The 

molten pool has greater velocities and a Marangoni number of about 104, 

suggesting that surface tension and Marangoni convection dominate. 

Similarly, plotting dimensionless width versus Reynolds number yields 

1000. This plot suggests laminar flow in the melt pool due to the lower 

scanning speed. The dimensionless melt width grew with laser power 

while the depth dropped.  
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Chapter 5: Experimental investigation on laser welding 

of AA 2024 

5.1 Introduction 

This chapter discusses the experimental investigation conducted to understand 

the effect of process parameters on quality aspects of the weld and also gives a 

technological database of laser welding of aluminium alloy 2024. The structured 

experiments are performed using the Nd-YAG laser welding machine. This work 

studies the weld metrics, viz., weld width and depth of penetration and the 

defects that occurred during the welding, along with the metallurgical aspects. 

The design of experiments is used to obtain better weld quality out of the 

resources at hand. Empirical models are generated to determine the relationship 

between the process parameters and the weld quality. The optimal welding 

circumstances for the intended optimisation criteria are determined using the 

constructed empirical models when the quality parameters are at the desired 

values. Each parameter's impact on weld quality properties is determined, and 

the ideal welding circumstances are obtained. 

5.2 Laser welding of the AA 2024 

Laser welding of aluminium alloys is investigated in the present work. Rolled 

sheets of aluminium alloy 2024, cut into the required sizes, are used as the work 

materials. Structured experiments and further analysis are accomplished to 

develop empirical models and estimate the optimum parametric combination. 

Along with the parametric optimisation, the features observed during the 

experimental investigation are also explained. The significance of the input 

process parameters on the overall weld quality is analysed quantitatively using 

the analysis of variance (ANOVA) methodology.  
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5.2.1 Experimental details 

Selection of range of parameters 

Peak power, scanning speed, frequency and pulse width are the independently 

controlled process parameters for performing the experiments, while the 

shielding gas flow rate is kept constant at 3 bars. The air gap between the samples 

is kept as minimum as possible by mechanical filing and polishing the work 

samples. Bead-on plate experiments are conducted in the trail phase to find the 

best possible range on the excellent welding of the target material. The input 

parameters of the process and their ranges, along with units and limits, are 

mentioned in Table 5.1. 

Table 5.1 Process control parameters and their limits 

Parameters Units Notations Limits 

-2 -1 0 +1 +2 

Peak Power kW A 4.00 4.25 4.50 4.75 5.00 

Scanning Speed mm/s B 1.0 1.4 1.8 2.2 2.6 

Frequency Hz C 6 7 8 9 10 

Pulse Width ms D 5 6 7 8 9 

5.3 Empirical modelling using RSM 

Structured experiments and additional analysis are carried out to construct 

mathematical models for determining the relationship between process and weld 

quality characteristics. The adequacy of the developed model is tested using 

analysis of variance (ANOVA). Design-Expert software analyses the obtained 

responses and determination of the mathematical model with the best fit. The 

effect of each welding process parameter and the weld quality attributes are 

studied using the developed mathematical model.  

5.3.1 Results of the experiment 

Table 5.2 depicts the design matrix employed for the experimentation and their 

results as measured after the completion of the welding process. 
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Table 5.2 Design matrix and measured experimental results. 

Sl. No Peak 

Power 

(kW) 

Scanning 

Speed 

(mm/s) 

Frequency 

(Hz) 

Pulse 

Width 

(ms) 

Depth of 

penetration 

(mm) 

Weld 

width 

(mm) 

1 4.25 1.4 7 6 1.56 1.23 

2 4.75 1.4 7 6 1.82 1.36 

3 4.25 2.2 7 6 1.14 1.01 

4 4.75 2.2 7 6 1.33 1.12 

5 4.25 1.4 9 6 1.41 1.20 

6 4.75 1.4 9 6 1.75 1.31 

7 4.25 2.2 9 6 1.33 1.15 

8 4.75 2.2 9 6 1.57 1.22 

9 4.25 1.4 7 8 1.76 1.38 

10 4.75 1.4 7 8 1.88 1.42 

11 4.25 2.2 7 8 1.54 1.20 

12 4.75 2.2 7 8 1.43 1.19 

13 4.25 1.4 9 8 1.37 1.15 

14 4.75 1.4 9 8 1.43 1.19 

15 4.25 2.2 9 8 1.31 1.10 

16 4.75 2.2 9 8 1.39 1.15 

17 4.00 1.8 8 7 1.41 1.18 

18 5.00 1.8 8 7 1.73 1.33 

19 4.50 1.0 8 7 1.80 1.35 

20 4.50 2.6 8 7 1.26 1.08 

21 4.50 1.8 6 7 1.51 1.21 

22 4.50 1.8 10 7 1.28 1.08 

23 4.50 1.8 8 5 1.47 1.18 

24 4.50 1.8 8 9 1.56 1.22 

25 4.50 1.8 8 7 1.51 1.20 

26 4.50 1.8 8 7 1.49 1.21 

27 4.50 1.8 8 7 1.48 1.20 

28 4.50 1.8 8 7 1.51 1.20 

29 4.50 1.8 8 7 1.51 1.21 

30 4.50 1.8 8 7 1.48 1.19 

 

Analysis of weld width 

The fit summary for the butt joint weld width suggests a quadratic connection 

with considerable additional factors, and the model is not aliased. The ANOVA 

table showing the adequacy indicators like R2, adjusted R2 and predicted R2 are 
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shown in Table 5.3. The corresponding p-value lower than 0.05 for the model 

(i.e., 95% confidence level) suggests that the model terms are statistically 

significant [151]. The lack-of-fit value of the model suggests non-significance, 

which is as expected.  

The ANOVA results indicate that peak power (A), scanning speed (B), frequency 

(C), pulse width(D), the quadratic effect of the Peak power (A2), frequency (C2), 

the interaction effect of peak power and scanning speed (AB), peak power and 

pulse width (AD), scanning speed and frequency (BC), frequency and pulse 

width (CD) are significant factors related to the weld width in this case study. 

The other terms mentioned in the model are insignificant and hence, eliminated 

by the backward elimination process to enhance the model's accuracy. The 

ANOVA table related to the reduced quadratic model is given in Table 5.4. After 

elimination, the peak power (A), scanning speed (B), frequency (C), pulse 

width(D), the quadratic effect of the Peak power (A2), frequency (C2), and the 

interaction effect of peak power and pulse width (AD), scanning speed and 

frequency (BC), frequency and pulse width (CD) are significant factors. The 

terms in the model point out that the model is significant with a p-value lower 

than 0.05. The other indicators of adequacy, like R2, adjusted R2 and predicted 

R2 are in agreement and possess a value close to 1, depicting the adequacy of the 

model. These values guarantee that the higher-order model suitably fits the 

experimental data. An adequate precision ratio of 53.230 is obtained from the 

model, indicating the signal-to-noise ratio's adequacy. (Any value higher than 

four is considered good). The term lack-of-fit has a value of 3.44, which indicates 

that the significance of lack-of-fit is lesser than that of pure error. The following 

is the mathematical model for the weld strength, which gives prediction within 

the same design space:  

Table 5.3 ANOVA for the weld width model (before elimination). 

Source Sum of 

Squares 

df Mean 

Square 

F 

Value 

p-value 

Prob > F 

 

Model 0.24595 14 0.01757 117.99 < 0.0001 Significant 

A-Peak Power 0.02940 1 0.02940 197.46 < 0.0001  
B-Scanning Speed 0.11207 1 0.11207 752.69 < 0.0001  
C-Frequency 0.02042 1 0.02042 137.13 < 0.0001  
D-Pulse width 0.00282 1 0.00282 18.92 0.0006  
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AB 0.00062 1 0.00062 4.20 0.0584  
AC 0.00000 1 0.00000 0.00 1.0000  
AD 0.00563 1 0.00563 37.78 < 0.0001  
BC 0.02560 1 0.02560 171.94 < 0.0001  
BD 0.00063 1 0.00063 4.20 0.0584  
CD 0.03610 1 0.03610 242.46 < 0.0001  
A2 0.00583 1 0.00583 39.18 < 0.0001  
B2 0.00058 1 0.00058 3.87 0.0679  
C2 0.00458 1 0.00458 30.74 < 0.0001  
D2 0.00002 1 0.00002 0.13 0.7256  
Residual 0.00223 15 0.00015    
Lack-of-Fit 0.00195 10 0.00020 3.44 0.0925 not significant 

Pure Error 0.00028 5 0.00006    
Cor Total 0.24819 29     

 

R-Squared  0.9910 

Adj R-Squared  0.9826 

Pred R-Squared 0.9531 

Model Precision 46.746 

 

Table 5.4 ANOVA analysis for the weld width model (after elimination). 

Source Sum of 

Squares 

d

f 

Mean 

Square 

F 

Value 

p-value 

Prob > F 

 

Model 0.24593 

1

2 0.02049 154.68 < 0.0001 significant 

A-Peak Power 0.02940 1 0.02940 221.90 < 0.0001  
B-Scanning 

Speed 0.11207 1 0.11207 845.83 < 0.0001  
C-Frequency 0.02042 1 0.02042 154.10 < 0.0001  
D-Pulse width 0.00282 1 0.00282 21.26 0.0002  
AB 0.00062 1 0.00062 4.72 0.0443  
AD 0.00563 1 0.00563 42.46 < 0.0001  
BC 0.02560 1 0.02560 193.22 < 0.0001  
BD 0.00063 1 0.00063 4.72 0.0443  
CD 0.03610 1 0.03610 272.47 < 0.0001  
A2 0.00586 1 0.00586 44.21 < 0.0001  
B2 0.00056 1 0.00056 4.21 0.0559  
C2 0.00476 1 0.00476 35.91 < 0.0001  

Residual 0.00225 

1

7 0.00013    

Lack-of-Fit 0.00197 

1

2 0.00016 2.90 0.1244 

not 

significant 

Pure Error 0.00028 5 0.00006    

Cor Total 0.24819 

2

9     
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R-Squared  0.9909 

Adj R-Squared  0.9845 

Pred R-Squared 0.9632 

Model Precision 53.230 

 

The following are the final mathematical models for weld width that can be 

utilised for prediction within the same design space is given as : 

a.  In terms of coded factors 

Weld width = 1.20 +0.035 *A -0.068 *B -0.029 *C +0.011 *D -6.250*E-003*A* 

B -0.019 *A *D +0.040 * B * C +6.250E-003 * B * D -0.047 *C*D 

+0.014*A*A+4.464*E-003 * B*B -0.013*C*C.  

b. In terms of actual factors 

Weld width = 1.08829 -1.30536 * A -0.89940 * B +0.33190* C +0.70021 * D -

0.062500 * A *B -0.075000 * A *D +0.10000 * B * C +0.015625 * B * D -

0.047500 * C * D +0.23143 * A *A +0.027902 * B *B -0.013036 * C * C 

 

Analysis of the depth of penetration 

The fit analysis for penetration depth in the weld seam case indicates a quadratic 

connection in which the additional terms are relevant, and the model is not 

aliased. Table 5.5 depicts the ANOVA table for the quadratic model with other 

adequacy parameters R2, adjusted R2, and predicted R2. The corresponding p-

value is less than 0.05, indicating that the model terms are statistically 

significant. The lack-of-fit value for the model suggests non-significance as 

desired. The results of ANOVA suggest that the main effects of the input process 

parameters viz., peak power(A), scanning speed(B), Frequency (C) and pulse 

width (D), the quadratic effect of the peak power (A2), frequency(C2) combined 

with the interaction effect of the peak power and scanning speed (AB), peak 

power and frequency (AC), peak power and pulse width (AD), scanning speed 

and frequency (BC), scanning speed and pulse width (BD), frequency and pulse 

width (CD) are significant model terms related to the depth of penetration of the 

weld bead. The rest of the terms in the model are insignificant; hence, they are 

removed using the back elimination technique to enhance the model's adequacy. 

The analysis of the variance table for the reduced quadratic model is given in 

Table 5.6. The results of the model presented in Table 5.6 suggest that the model 

is significant, with a p-value lower than 0.05. The other metrics of adequacy, 
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like R2, adjusted R2 and predicted R2 are in reasonable agreement by being close 

to 1, inferring the adequacy of the model. The value of the adequate precision 

ratio is 38.921, which means good model discrimination. The lack-of-fit f-value 

of 0.0536 denote that the lack-of-fit is insignificant compared to the pure error.  

Table 5.5 ANOVA for the depth of penetration model (before elimination). 

Source Sum of 

Squares 

df Mean 

Square 

F 

Value 

p-value 

Prob > F 

 

Model 0.9089 

1

4 0.0649 85.99 < 0.0001 Significant 

A-Peak Power 0.1380 1 0.1380 182.80 < 0.0001  
B-Scanning 

Speed 0.3800 1 0.3800 503.33 < 0.0001  
C-Frequency 0.0771 1 0.0771 102.08 < 0.0001  
D-Pulse width 0.0060 1 0.0060 7.97 0.0129  
AB 0.0090 1 0.0090 11.95 0.0035  
AC 0.0042 1 0.0042 5.60 0.0319  
AD 0.0484 1 0.0484 64.11 < 0.0001  
BC 0.0930 1 0.0930 123.21 < 0.0001  
BD 0.0100 1 0.0100 13.25 0.0024  
CD 0.1089 1 0.1089 144.24 < 0.0001  
A2 0.0090 1 0.0090 11.93 0.0035  
B2 0.0018 1 0.0018 2.40 0.1423  
C2 0.0180 1 0.0180 23.86 0.0002  
D2 0.0005 1 0.0005 0.70 0.4174  

Residual 0.0113 

1

5 0.0008    

Lack of Fit 0.0102 

1

0 0.0010 4.50 0.0554 not significant 

Pure Error 0.0011 5 0.0002    

Cor Total 0.9202 

2

9     
 

R-Squared  0.9877 

Adj R-Squared  0.9762 

Pred R-Squared 0.9344 

Model Precision 37.057 
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Table 5.6 ANOVA for the depth of penetration model (after elimination). 

Source Sum of 

Squares 

df Mean 

Square 

F 

Value 

p-value 

Prob > F 

 

Model 0.9068 12 0.0756 95.69 < 0.0001 significant 

A-Peak Power 0.1380 1 0.1380 174.77 < 0.0001  
B-Scanning Speed 0.3800 1 0.3800 481.21 < 0.0001  
C-Frequency 0.0771 1 0.0771 97.59 < 0.0001  
D-Pulse width 0.0060 1 0.0060 7.62 0.0134  
AB 0.0090 1 0.0090 11.43 0.0036  
AC 0.0042 1 0.0042 5.35 0.0335  
AD 0.0484 1 0.0484 61.29 < 0.0001  
BC 0.0930 1 0.0930 117.80 < 0.0001  
BD 0.0100 1 0.0100 12.66 0.0024  
CD 0.1089 1 0.1089 137.90 < 0.0001  
A2 0.0078 1 0.0078 9.88 0.0059  
C2 0.0210 1 0.0210 26.62 < 0.0001  
Residual 0.0134 17 0.0008    
Lack-of-fit 0.0123 12 0.0010 4.52 0.0536 not significant 

Pure Error 0.0011 5 0.0002    
Cor Total 0.9202 29     

 

R-Squared  0.9854 

Adj R-Squared  0.9751 

Pred R-Squared 0.9363 

Model Precision 38.921 

 

The final mathematical model for the depth of penetration for the weld bead, as 

given by the design expert software, is given as  

 

a. In terms of coded factors 

 

Depth of penetration  = 1.51 +0.076 * A -0.13* B -0.057*C+0.016*D -

0.024*A*B+0.016* A *C-0.055*A*D+0.076*B*C+0.025*B*D-

0.082*C*D+0.017*A*A-0.027*C*C 

 

b. In terms of actual factors 

 

Depth of penetration = -2.92208 -0.63417  * A -1.20833 * B +0.32021 *C 

+1.55333 *D-0.23750  * A*B +0.065000 *A *C -0.22000 *A *D +0.19063 * 

B*C +0.062500 *B*D -0.082500*C *D +0.26500 *A *A -0.027188* C *C. 
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5.4 Validation of the developed models 

The produced response surface equations obtained from the multiple regression 

analysis are confirmed by executing three trials with the input parameters chosen 

randomly within the defined limits for which the equations are acquired. The 

exact findings are computed by taking the average of the three measured 

responses for each response. Table 5.7 shows the actual outcomes, expected 

results, and calculated % error of the validation experiments. The trials show that 

there is a minimal error % between the estimated and experimental values, 

indicating that the models stated are appropriate for use in real-time problems. 

Table 5.7 Validation test results 

 

 

Figure 5.1 Plot of actual vs predicted response of depth of penetration results. 
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Figure 5.2 Plot of actual vs predicted response of weld width results. 

Figures 5.1 and 5.2 show the graphs obtained between the predicted response 

against the depth of penetration and weld width. These figures show that the 

models are adequate, and the predicted results match the measured data with 

minimum deviation.   

5.5 Effect of process parameters on the responses 

The perturbations plot in Figure 5.3 demonstrates the influence of all the factors 

at the centre point in the design space. It is clearly understood from the figure 

that scanning speed and frequency have a negative impact on the depth of 

penetration. A higher scanning speed moves the beam away from the irradiation 

site faster, reducing the available power. Frequency influences the energy 

accumulation by the number of pulses impinging on the joint. A higher number 

of pulses increases the available power. However, with a higher scanning speed, 

the distance between each pulse increases, reducing the irradiation time and area. 

Consequently, the depth of penetration decreases. An increase in the peak 

power raises the available radiation, melting more material and penetrating 

deeper into the joint. The pulse width also increases the irradiation and the depth 

of penetration. Figure 5.4 depicts the effect of input process parameters on the 

weld width. The parameters that influence the depth of penetration influence the 
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weld width also. The peak power and pulse width increase the weld width, while 

the scanning speed and frequency show a negative impact.  

 

Figure 5.3 Perturbation plot shows all factors' effects on the penetration depth. 

 

Figure 5.4 Perturbation plot shows all factors' effects on the weld width. 

Regarding the interaction between the peak power and scanning speed, as shown 

in Figures 5.5 and 5.6, it is clear that the depth of penetration decreases when 

the scanning speed is increased. This trend is because of the rise in the available 

Design-Expert® Software

Depth of penetration

Depth of penetration

Actual Factors

A: Peak Power = 4.50

B: Scanning Speed = 1.80

C: Frequency = 8.00

D: Pulse width = 7.00

Perturbation

Deviation from Reference Point (Coded Units)

D
e
p
th

 o
f 

p
e
n
e
tr

a
ti

o
n

-1.000 -0.500 0.000 0.500 1.000

1.13

1.3175

1.505

1.6925

1.88

A

A
B

B

C

C

D
D

Design-Expert® Software

Weld width

Weld width

Actual Factors

A: Peak Power = 4.50

B: Scanning Speed = 1.80

C: Frequency = 8.00

D: Pulse width = 7.00

Perturbation

Deviation from Reference Point (Coded Units)

W
e
ld

 w
id

th

-1.000 -0.500 0.000 0.500 1.000

1.01

1.1125

1.215

1.3175

1.42

A

A
B

B

C

C

D
D



  

118 

 

power due to the slow movement of the beam. This rise in power helps in 

forming a good bond. The total depth of penetration which is desirable and leads 

to the formation of a keyhole is the consequence of the higher available peak 

power.   

 

Figure 5.5 Contour plots indicating the effect of peak power and scanning 

speed at a frequency of 8Hz and pulse width of 7 ms. 

 

Figure 5.6 Response surface plot between peak power and scanning speed 

Response surface plots indicate the effect of peak power and scanning speed at 

a frequency of 8Hz and pulse width of 7ms.  
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5.6 Results and discussion on welded specimens 

The experiments are performed according to the guidelines mentioned in BS EN 

ISO 15614-11 and BS EN ISO 13919-2 for AA 2024 without filler wire. These 

standards guide the defects' levels while welding with a laser beam. The quality 

levels are termed moderate (D), intermediate (C), and stringent (B). These 

standards help the users to decide if the welded components are suitable for the 

designated application [151]. The quality level of moderate is considered for this 

study. Table 5.8 lists the necessary tests to be conducted on welded joints in line 

with the guidance given in acceptance level D as mentioned in BS EN ISO 

15614-11: 2002.  

Table 5.8 Tests to be conducted on welded joints [151] 

Sample Type of test Degree of the test 

Butt joint weld 

Visual inspection 100% 

Radiographic inspection If needed 

Ultrasonic inspection If needed 

Surface crack detection If needed 

Metallographic 

measurement 

At least one section 

 

Table 5.8 shows the welded samples' visual inspection and the prepared welded 

specimens' metallographic measurements. The sample preparation for the 

metallographic study is mentioned in chapter 3. It was vital to examine the 

conformance of the weld joints since at least one piece had to be removed from 

the weld for metallographic analysis. A single weld cross-section could not 

guarantee the homogeneity of weld bead geometry across the whole weld joint 

for each welding parameter configuration. The conformance of weld bead 

geometry needs to be investigated to establish indicative trends in variations of 

the weld bead geometry for different welding conditions. The following 

techniques could be used to verify the consistency of weld seam geometry over 

the whole weld: obtaining segments parallel to the welding direction or 

generating lots of samples with identical specifications. However, given the 
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number of parameter modifications evaluated in this study, it was impractical to 

use these approaches because they require much time, effort, and material 

expenditures. Instead, the conformance of the weld seam geometry was 

determined by looking at the shape and quality of the top and bottom weld seam 

surfaces. Random weld joint evaluations revealed a favourable correlation 

between the consistency of the weld morphology and the quality of the top and 

bottom surfaces of the welds. A central cross-section, which is close to the weld 

start, and a cross-section close to the weld end were all extracted. Following the 

test procedures outlined in BS EN 1321 [133], transverse sections of 

metallographically welded specimens were subjected to macroscopic and 

microscopic inspection. In order to reveal the characteristics of welded joints, 

both a macroscopic inspection under low magnification and a microscopic 

examination under a magnification between 50 and 500 times were undertaken 

using etching. The chemical compositions of the specimens were determined 

using energy dispersive X-ray spectroscopy (EDX) in an environmental 

scanning electron microscope (SEM). 

5.6.1 Welding Quality Acceptance Criteria  

The quality of the weld joints obtained in this study was analysed depending on 

the guidelines laid down by the American welding society standards AWS 

D17.1:200, European standards BS EN ISO 13919-2:2001. This standard 

discusses the AA 2024 samples. Though American welding society guidelines 

are for fusion welding, they serve as an essential reckoning guide for the laser 

welded samples. European Standards BS EN 4678:2011 specifically deal with 

the laser beam welding of metal samples employed in an aircraft application. 

They are more stringent than other criteria [152]. Table 5.9 discusses the 

guidelines prescribed by each of these standards. 
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Table 5.0.9 Different weld acceptance criteria 

Imperfectio

ns 

AWS D17.1:200 BS EN ISO 13919-2:2001 BS EN 

4678:201

1 

Class 

A 

Class B Class 

C 

D C B Al 

Cracks To be 

rejected  

To be 

rejected 

To be 

rejected 

To be 

rejected 

To be 

rejected 

To be 

rejected 

To be 

rejected 

Incomplete 

fusion 

To be 

rejected  

To be 

rejected  

To be 

rejected  
≤ 0.25 𝑡 

Max. 

1mm 

To be 

rejected  

To be 

rejected  

To be 

rejected  

Incomplete 

penetration 

To be 

rejected  

To be 

rejected  

To be 

rejected  
≤ 0.25 𝑡 

Max. 

1mm 

To be 

rejected  

To be 

rejected  

To be 

rejected  

Face width Not 

applica

ble 

Not 

applicabl

e 

Not 

applica

ble 

Not 

applicabl

e 

Not 

applica

ble 

Not 

applica

ble 

≤ 𝑡
+ 1𝑚𝑚 

Root width Not 

applica

ble 

Not 

applicabl

e 

Not 

applica

ble 

Not 

applicabl

e 

Not 

applica

ble 

Not 

applica

ble 

≤ 𝑡
+ 0.5𝑚𝑚 

Porosity 0.33 ∗ 𝑡 

or 

1.5mm, 

which-

ever is 

smaller 

0.5 ∗ 𝑡 or 

2.3 mm, 

which-

ever is 

smaller 

Not 

applica

ble 

0.5 ∗ 𝑡, 

max 

6mm 

≤ 0.4 ∗
𝑡, max 

5mm 

≤ 0.3
∗ 𝑡 

Max 

4mm 

> 0.2 𝑚𝑚 &  
≤ 0. 3
∗ 𝑡 

Undercut 0.05m

m 
0.015 ∗
𝑡 or 0.05 

mm, 

which-

ever is 

smaller 

0.15 ∗ 𝑡 

, 

maxim

um 

2mm 

≤ 0.15𝑡 

maximu

m 2 mm 

≤ 0.1
∗ 𝑡 

maxim

um 1.5 

mm 

≤ 0.05
∗ 𝑡 

maxim

um 1 

mm 

0.1 ∗ 𝑡 or 

0.5 mm, 

which-

ever is 

smaller 

 

 

Table 5.9 indicates that the welds which possess cracks, incomplete fusion or 

penetration are rejected without any tolerance. Defects like porosity and 

undercut are the zones for stress concentration. Hence, a limitation is given to 

these defects. The high scanning speed employed in laser welding leads to 

defects like humping and undercutting, as there is lesser time for the molten 

metal to flow back and fill the gap. These defects are detrimental when the 

components are used in cyclic loading operations where they fail due to fatigue. 

The acceptance criteria for face and root width are mentioned in European 

standards for aircraft materials. The face width and root width are essential to 
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understand the processing stability in case of complete penetration. Chen et al. 

[153] conducted laser welding experiments on 3mm thick aluminium – lithium 

alloy 5090 and reported that the weld width ratio higher than 0.6 produced stable 

full penetration welds. 

 

5.6.1.1 Effect of welding on the microstructure and defect 

formation of AA 2024.  

The fit for the performance of the welded components depends on the weld bead 

geometry, melt pool attributes during the process, metallurgical transformations 

between the weld zone and heat-affected zone and the defects that occurred in 

the joint. These complex interactions yield consequent failure of the weld during 

its operation. Hence, it is necessary to apprehend all the consequences of the 

failure of the weld while designing it. According to the American Society of 

Mechanical Engineers, inadequate process conditions cause 45% failures in 

welded joints. [154]. Furthermore, because the study on the development of 

welding techniques has primarily been conducted to meet the industry's goals of 

demonstrating the great expertise of a process, many welding concepts have not 

been studied and hence are not comprehended [45]. This drawback implies that 

a significant amount of work is required to predict and optimise the laser welding 

process to produce constantly high-quality welds. Controlling the weld bead 

shape is critical for achieving an acceptable weld profile, and the weld bead 

attributes impact excellent mechanical qualities of the mechanical properties of 

welds. Welding settings and the associated quantity of heat input into the 

workpiece determine weld bead shape, which affects weld metal solidification 

behaviour [85]. As a result, the impact of welding input parameters [116, 157] 

on weld structure must be determined, and the origination of welding 

imperfections identified. The optimal combination of welding parameters that 

provide the desired weld quality and attributes while also minimising welding 

faults might then be identified [155,158]. 

AA 2024 components were welded under various welding conditions of 

peak power, scanning speed, frequency and pulse width. All the welds were 

autogenous, and argon was employed as the shielding gas. The quality criterion 
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discussed in Table 5.6 was employed in the analysis of the micrographs. The 

main criterion assessed were weld width, penetration depth, undercut, humping 

and lack of penetration, along with cracks and pores. All the welds without 

penetration or cracks were rejected according to all the standards considered in 

this work. At low average power, the welds lacked penetration irrespective of 

the scanning speed. Also, there were porosity and cracks in the under-penetrated 

welds. Also, at low power, it was noticed that during the pulse-off time, the 

welding did not take place. This is due to the thermophysical properties of the 

material, which requires continuous high heat for its sufficient melting. 

However, by raising the laser power, a broader operating window was 

established [6], allowing a satisfactory weld quality to be produced by 

combining the laser power and welding speed suitably. As demonstrated in 

Figure 5.7, an input power of 2.5-4.5 kW and a low scanning speed of 1.0-2.0 

m/min generated defect-free welds. However, the depth of penetration is 

significantly less. Raising the laser power over 4.5 kW at a specific welding 

speed resulted in widespread cracking in the weld due to strong keyhole effects, 

but reducing the laser power failed to adequately penetrate through the parent 

material. 

Increasing welding speed with fixed laser power, in contrast, resulted in 

welding defects such as undercut and underfilled. The blue circle in Figure 5.8 

indicates that a satisfactory weld quality can be attained with an optimised 

combination of laser power and welding speed. Figure 5.9 shows the cracking 

started at the weld zone and extended through the depth. Welds similar to this 

have reduced strength and are not acceptable. Parameters such as focal position, 

weld pool shielding, and Acceptable filler metal choice have to be examined as 

well in order to avoid welding imperfections such as solidification cracking, 

grain boundary liquidation, and porosity, which were commonly encountered 

while welding crack-sensitive AA 2024-T. As a result, the effect of each 

parameter was explored and explained separately while the other parameters 

remained constant. 
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Figure 5.7 Image showing the weld zone along with heat affected zone and 

parent material at low power. 

 

 

Figure 5.8 Image showing the weld zone along with heat affected zone and 

parent material at moderate power. 

 

 

Figure 5.9 Image showing the weld zone along with heat affected zone and 

parent material at high power. 



  

125 

 

5.7 Prediction of weld metrics using the Gaussian process 

regression.  

The composite model discussed in this article combines data from experiments, 

and FEA-based simulations, which are given as inputs to the ANN-based model. 

The experiments, finite element model, and ANN model all use identical inputs 

and outputs. This model assists in predicting the weld width and penetration 

depth, enabling the user to obtain the weld formation details.  

5.7.1 Training process using Gaussian process regression 

The neural network utilises an expensive class of supervised learning based on 

Gaussian processes. The advantages of this process are that it works even with a 

remarkably smaller number of parameters. It does not weigh the parameters 

leading to overfitting or generalisation; the training data determine the accuracy 

of the network's training. Even though laser welding is a complicated process, 

the effect of factors on output is visible, and the samples are distributed evenly. 

The training process employs the function 'C.predictFcn (T)' to attain the fit data 

and respective curve. Here the data is supplied in a tabular column with the same 

predictor names as given in training data. The inputs are peak power, frequency, 

scanning speed and pulse width. The outputs are weld width and depth of 

penetration. 

The architecture of the proposed gaussian process regression is given in 

Figure 5.10. The square boxes indicate the observed variables, whereas the 

circles are for the unknown variables. The horizontal line connecting all the 

circles represents the fully connected nodes. Here yi is an observation 

independent of other nodes mentioned in the correlated latent variable fi. 

Providing additional inputs x, latent variable f, and unobserved targets y does not 

change the distribution of other variables. This is due to the marginalisation 

property of GPR. The consistency is satisfied by the covariance function and its 

corresponding matrix.  
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Figure 5.10 Architecture of the gaussian process regression model. 

Gaussian process regression algorithm: The following is the sample algorithm 

for the process adopted in this work. 

𝑖𝑛𝑝𝑢𝑡𝑠
≔ 𝑥(𝑖𝑛𝑝𝑢𝑡), (𝑡𝑎𝑟𝑔𝑒𝑡), (𝑐𝑜𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛), 𝛿𝑛

2(𝑛𝑜𝑖𝑠𝑒 𝑙𝑒𝑣𝑒𝑙), 𝑥∗(𝑡𝑒𝑠𝑡 𝑖𝑛𝑝𝑢𝑡) 

2: 𝐿 ≔ 𝐶ℎ𝑜𝑙𝑒𝑠𝑘𝑦 (𝑘 + 𝛿𝑛
2𝐼) 

3:∝≔ 𝐿𝑇(𝐿\𝑦) 

4: 𝑓∗̅ ≔  𝑘∗
𝑇 ∝ 

5:𝑉 ≔ 𝐿\𝑘∗ 

6: 𝕍𝑓∗
≔ 𝑘(𝑥∗, 𝑥∗) − 𝑉 

𝑇𝑉 

7: 𝑟𝑒𝑡𝑢𝑟𝑛 ≔  𝑓∗̅(𝑚𝑒𝑎𝑛), 𝕍[𝑓∗](𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒) 

For multiple test cases, lines 4-6 are executed repeatedly.  

5.7.2 Development of the GPR models 

Various base kernel functions, called covariance functions, are employed in 

developing the GPR models. They are squared exponential (covSE), rational 

quadratic (covRQ) materniso 5/2 (CovMatern5), materniso 3/2 (covMatern3) 

and exponential covariance (covExp). While developing the model in GPR for 

predicting weld metrics in this work, all these covariance functions are assessed, 

and an optimum covariance function capable of predicting reliable weld width 

and depth of penetration is employed. A simple GPR constant mean function has 

yielded better results than zero and linear mean functions [155]. Hence this study 

employed a constant mean function to generate the model. The statistical 

parameters to evaluate the developed prediction model are the correlation 
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coefficient (R) and the root mean square error (RMSE). R examines the existence 

of a linear relationship between the predicted responses and the measured 

responses. RMSE shows a difference between the predicted weld metrics and the 

measured responses. The mathematical equations for these two statistical 

parameters are given in equations 5.1 and 5.2. The entire model is coded in 

Matlab version R2020a 

𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑒𝑐𝑖𝑒𝑛𝑡 𝑅 =  
∑ (𝑡𝑖−𝑡̅𝑖)(𝑝𝑖−𝑝̅𝑖)𝑛

𝑖=1

√∑ (𝑡𝑖−𝑡̅𝑖)2∗ √∑ (𝑝𝑖−𝑝̅𝑖)2𝑛
𝑖=1

𝑛
𝑖=1

   (5.1) 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝑡𝑖 − 𝑝𝑖)

2𝑛
𝑖=1       (5.2) 

Here t denotes the measured value of the parameter, and p denotes the predicted 

value of the parameter,  𝑡̅ and 𝑝̅ represent the mean measured and predicted 

values, while n is the number of data sets [158] 

5.8 Performance of the depth of penetration and weld 

width 

The prediction results of the composite model developed by giving different 

covariance functions are given in Table 5.10. It is inferred from Table 5.10 that 

the covExp performed the worst while CovMatern5 yielded good results. Table 

5.10 indicates the root mean square error and R squared values for different 

covariance functions applied to the present data.  

Table 5.10 Different covariance and their performance in terms of error 

Technique CovSE CovMatern5 CovExp CovRQ 

RMSE 11.52 10.779 11.825 10.882 

R-Squared 0.89 0.98 0.89 0.90 

 

The regression analysis between input data and predicted values for depth of 

penetration is depicted in Figure. 5.11. Another set of welding parameters was 
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chosen randomly to assess the accuracy of network training. The input and 

output values were compared. R is the correlation coefficient between the target 

and predicted values, which is 0.99. The regression analysis findings reveal a 

strong correlation between the target and anticipated values. The data lying 

above the fit line are overfitting points, and those below the fit line are 

underfitting. The graph is to a depth of penetration of 2mm, which is the 

thickness of the material in experimental studies. Though a particular 

combination of input parameters gives a high average input power yielding a 

depth of penetration greater than 2mm, the study is limited to the experimental 

thickness.  

 

Figure 5.11 Analysis of regression between the target values and the predicted 

values for depth of penetration 

Figure 5.12 shows the regression analysis between the empirical and predicted 

values for weld width. Here the correlation coefficient R is 0.9912, which 

indicates a strong correlation between the empirical and predicted values. Due 

to the spread of scattered points, the graph indicates that the proposed composite 

model is efficient at predicting the values at higher widths than at lower values.  
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Figure 5.12 Analysis of regression between the target values and the predicted 

values for weld width. 

 

This model has a mean absolute percentage error of 10-10 and a mean square error 

of 1.7, demonstrating the model's fidelity. This composite model can forecast 

weld depth of penetration for various combinations of input process parameters, 

allowing successful exploration of design space in less time while maintaining 

appropriate accuracy. The accuracy of this suggested model is determined by the 

data's dependability and the number of data sets utilised for training. The main 

issue in training the network arises from the accuracy of the acquired data and 

the number of data points. The higher the data sets, the more smoothened the 

training. Acquisition of the data sets is limited to the computational resources 

for simulating the proposed three-dimensional model and the cost involved in 

the experimentation. Also, the present model is designed to predict the 

parameters specific to the laser welding equipment employed in the experiment.     

5.9 Implementation of the model 

Table 5.11 indicates the error obtained from the proposed composite model 

compared to the simulation and experiment results. 
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Table 5.11 Error obtained from the proposed composite model. 

5.10 Summary 

The design of experiments using response surface methodology gave 30 

experiments. All the structured experiments are carried out on a 300W Nd: YAG 

laser welding machine. 

The essential conclusions of the response surface methodology are  

• The model proved adequate with acceptable values of the indicators like 

R2, adjusted R2 and predicted R2. 

• The p-values of weld width and depth of penetration are less than 0.05%, 

indicating that the model is statistically significant 

• Scanning speed and frequency negatively impacted penetration depth, 

whereas higher peak power increased penetration depth. 

The following are the salient conclusions from the predictive model: 

• The average error between the outputs from experiments and CFD  is 

around 4%. The data obtained from the experiments and simulation is 

worked using the Gaussian process, and the neural network is trained.   

• The composite model evaluates the performance metrics, and the mean 

absolute percentage error is 10-7. The mean square error from the 

proposed composite model is 1.7. The results indicate that the proposed 

model has the highest accuracy compared to the results from the 

simulation.  

• The process is better suited for real-time quality decisions related to the 

depth of penetration and weld width, avoiding additional 

experimentation.  

S.No P 

(kW) 

V 

(mm/

sec) 

F 

(Hz) 

 

PW 

(mS) 

Input data Composite model 

output 

Error (%) 

WW 

(µm) 

DP 

(µm) 

WW 

(µm) 

DP 

(µm) 

WW DP 

1 4 1 6 5 1357.46 750 1255.89 763.7 8 1.79 

2 4.25 2 7 8 1615.23 2000 1655.42 2038.1 1.7 1.8 

3 4.5 1.5 6 7 1755.21 2000 1725.36 2057.8 2.5 2.8 

4 4.75 2.5 9 8 1957.55 1890 1919.5 1816.30 1.8 3 
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• Though the present work depicts the ability to create a composite model, 

it is limited in its applicability. The selected process parameters are 

related to the laser-pulsed welding machine. The input parameters range 

specific to the target material, aluminium alloy 2024.   
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Chapter 6: Formation of defects and simulation of 

humping during laser welding of Aluminium alloy 2024 

6.1 Introduction 

This chapter gives a thorough insight into the various defects that occur when 

AA2024 samples are welded using the laser beam. Various defects like cracks 

and pores, undercut, underfill, lack of penetration and humping occur during the 

welding of this alloy.  

6.2 Defects on the welded samples 

The butt-welded samples are examined under the metallurgical and scanning 

electron microscopes for the microstructure and defects. The following attributes 

are noticed during the investigation. 

 6.2.1 Hot cracking 

Aluminium, in its pure form, is not sensitive to hot cracks. This is due to the 

unavailability of a lower melting point eutectic at the grain’s boundary. But when 

added elements like Cu, Si and Mg make pure aluminium an alloy with the 

designation 2024, it is highly susceptible to cracking. These components render 

poor weldability due to the higher amount of solute, which renders a wider 

solidification temperature range and a higher inclination towards forming low 

melting point elements along the grain’s boundary. These low melting point 

constituents occur due to the large coefficient of thermal expansion and a higher 

rate of solidification shrinkage. Hot cracking, also called solidification cracking, 

takes place predominantly alongside the welded grain’s boundary at the time of 

solidification. The stresses along the boundary segregate the elements with lower 

melting point [58]. Generally, aluminium alloys are not susceptible to cold 

cracking [111]. Cao et al. [22] explained various theories, including the brittle 

temperature range theory and critical speed theory, to explain the cracking 

mechanism. Because of the existence of alloying elements, the 2024 alloy has a 

range of freezing temperatures, such that the solidification strains are 

proportional to the temperature interval over which solidification occurs. The 
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temperature range where the mushy zone occurs between the interlocking of 

dendrites and the solidus temperature; and mechanical properties of the alloy in 

the specified temperature limits help in the cracking of the weld zone. Rapid 

non-equilibrium solidification during welding lowers the effective solidus 

temperatures. At the time of solidification, the areas which have freezing zones, 

from the weld boundary to the weld centerline, solidify first. According to the 

theory of concentration of liquid film strain, the cracks form because the liquid 

films are unable to endure the thermal shrinkage that develops when the material 

solidifies. The supply of the residual eutectic liquid available to fill the crack is 

insufficient during shrinkage. The hot cracking phenomenon in AA 2024 is 

controlled by optimising the welding parameters and avoiding the crack-

sensitive composition of the weld zone by using a filler rod [112]. Fine and 

equiaxed dendritic structures with sufficient liquid grains increase the resistance 

to solidification cracking. This increased resistance is due to the reduction in the 

mushy temperature range. Higher average available power reduces the strains 

caused due to the thermal history of the components and produces finer grain 

structure. This structure relieves local shrinkage stress [109, 159, 160]. Figures 

6.1 and 6.2 depict the crack that occurred along the fusion and heat-affected 

zones. It is noticed from Figure 6.1 that the crack did not extend beyond HAZ, 

whereas it is spread throughout the depth of penetration in Figure 6.2. 

 

Figure 6.1 Crack present in the weld zone extending to the heat-affected zone. 
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Figure 6.2 Solidification crack propagating in the heat-affected zone. 

6.2.2 Porosity 

Micro-pores are detrimental to the satisfactory working of the welded joints [45]. 

The traditional welding of AA2024 produces micro pores making the welded 

unsuitable for employing it in various applications. Hence, laser welding is 

chosen as an option. Though the impact of pores is lesser than that of cracking, 

the stringent aircraft norms reject the components during the quality check as 

they act as stress concentration zones. But in the selected window, pores were 

not noticed in the welded samples.  

6.2.3 Softening of fusion zone 

 The dissolution of the precipitates results in the softening of the fusion zone. 

This effect is more dominant in the fusion zone than in the heat-affected zone 

due to the high dissolution of the strengthening phases at high temperatures [31, 

128]. The fast-welding speed and high thermal gradients at the FZ boundary led 

to an elongated weld pool, promoting columnar dendritic structures in Figure 

6.3. As can be seen from Figure 6.4, the FZ showed the formation of 

characteristic equiaxed dendrites and a typical honeycomb structure. The figure 

is captured at a magnification of 250x. Continuous epitaxial growth of columnar 

dendrites was observed in the direction of thermal gradients in the FZ, with the 

same crystallographic orientation as that at the FZ line. The dendrite cells’ size 
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depended on the heat input, laser power and welding speed, which were 

responsible for the temperature gradient and solidification rate.  

 

Figure 6.3 Columnar dendritic structure at high scanning speed. 

 

 

Figure 6.4 Honeycomb structure in the fusion zone. 

6.2.4 Undercut 

Figure 6.5 shows the undercut formed during welding at the highest power. The 

measured depth of the undercut is 0.6mm. It exceeded the maximum depth 

specified in AWS D17.1 of 0.05 mm and 0.15 mm in BS EN ISO 13919-2 and 
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BS EN 4678. As a result of the higher peak power, an undercut occurred, which 

failed the acceptance criterion of the weld. This undercut is due to a higher 

quantity of base material being melted and evaporated, leading to a spatter. Thus, 

the undercut was not backfilled properly during solidification.  

 

Figure 6.5 Undercut seen on the welded sample at a peak power of 4.75kW. 

6.2.5 Loss of alloying elements 

The loss of alloying components such as magnesium, which has a low boiling 

point of 1091°C and a high equilibrium vapour pressure, was detected in the 

transverse cross-section of the weld using energy dispersive spectroscopy 

(EDX). These components are vaporised into the surrounding gas phases at the 

weld pool’s surface [161]. 

 

Figure 6.6 Scanning electron microscope image showing the composition. 

Figure 6.6 depicts the EDX spectrum of the fusion zone as obtained by scanning 

electron microscopes (SEM), as well as the chemical composition of the parent 

material and welds generated at moderate power density. The shining boundary 

along the grains indicates magnesium content. Compared to the parent material 
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(PM), welds had an average loss in magnesium content of roughly 0.5%, ranging 

from 1.2 to 0.7%, but only a slight variation in power density was noted. The 

weld’s low Mg content caused keyhole instability, which enhanced the danger 

of hot crack susceptibility [128, 161, 162, 163]. By adjusting the molten metal 

temperature in the weld pool, a change in power density was assumed to impact 

the magnitude of alloying element losses. However, the difference was relatively 

minor because the minimum heat inputs used in these specimens were similar. 

Nonetheless, welding parameters such as speed can be used to manage the 

vaporisation rate and the weld pool’s volume. 

6.2.6 Humping 

Humping occurred at all powers ranging from the lowest peak power of 4kW to 

4.75kW at a speed of 2.2 mm/s. Figure 6.7 shows the hump formed at the 

average speed of 4.5kW. But below the scanning speed of 2.2mm/s, though 

humping was present, its dimension was not significant, as shown in Figure 6.8. 

 

Figure 6.7 Hump formed at a peak power of 4.5kW. 
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Figure 6.8 Hump formed at a peak power of 4kW and 1.4 mm/s 

6.3 Numerical model of humping formation in laser 

welding of AA2024 

6.3.1 Proposed Thermo-Fluid model 

In the present section, a transient thermal and fluid 3D model is proposed to 

study the temperature history during the laser spot welding of AA2024. The laser 

beam impinges on the plate at a spot with small pulses till the heating time is 

complete. A frequency of 1Hz is considered in this work to study the thermal 

and fluid dynamics for one single pulse. This work aims to study the effect of 

one pulse on the formation of the hump.  

6.3.2 Development of the model 

The simulation is governed by the conservation of mass, momentum and energy 

equations (6.1), (6.2) and (6.3) to assess the time-temperature history and 

characteristics of the molten pool.  

𝛻. (𝜌𝑢) = 0       (6.1) 

𝜌 
𝛿𝒖

𝛿𝑡
+  𝜌 (𝒖. ∇)𝒖 =  ∇. [−𝑝𝑰 + 𝜇(∇𝒖 + (∇𝒖)𝑇) −

2

3
 𝒖(∇. 𝒖)𝑰] + 𝐾𝒖  (6.2) 
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𝜌𝐶𝑝
∗𝑢. 𝛻𝑇 = 𝛻. (𝜆𝛻𝑇)                (6.3) 

where ρ is the density of the molten material, u represents the velocity vector, µ 

is the fluid’s viscosity, and p is the pressure of the liquid. K is the drag coefficient 

in the mushy zone given by equation (6.4),  

𝐾 =
𝐶1(1−𝑓𝑙)2

𝑓𝑙
2+𝐶2

(𝑢 − 𝑢𝑤𝑒𝑙𝑑)     (6.4) 

C1 is the constant operator to explain the conditions of the mushy region. 𝑓𝑙  is 

the liquid fraction indicating frictional dissipation in the mushy zone, and C2 is 

the positive number taken to avoid division by zero. The solidus-liquidus mushy 

zone is modelled based on the energy-temperature relationship [147] in equation 

(6.5). It is defined as:   

𝑓𝑙 = {

       0                  0 < 𝑇 < 𝑇𝑠

          
𝑇−𝑇𝑠

𝑇𝑠−𝑇𝑙
           𝑇𝑠 ≤ 𝑇 ≤ 𝑇𝑙

           1                      𝑇 ≥ 𝑇𝑙  

}                   (6.5) 

𝑓𝑙  is the liquid fraction for frictional dissipation in the mushy zone. It changes 

between 0 and 1 from solidus to liquidus temperatures. For the solid phase, 𝑓𝑙 =

0, and when liquid is present, 𝑓𝑙 = 1. For the target material, the solidus (𝑇𝑠) and 

liquidus (𝑇𝑙) temperatures are considered as 847 K and 933 K, respectively. The 

temperature in the fusion zone exceeds the material’s melting point during the 

welding process. Hence, a phase change phenomenon by the enthalpy method 

defined in equation (6.6) is included in finite element simulation [147]. 

𝐶𝑝
∗ = 𝐶𝑝 +

𝑒𝑥𝑝 ( 
(𝑇−𝑇𝑚𝑒𝑙𝑡)2

𝛿𝑇
)

√𝜋𝛿𝑇
𝐻𝑓                              (6.6) 

where, 𝐻𝑓= the latent heat of fusion and 𝛿𝑇= the temperature range of the mushy 

zone. Cp = Specific heat capacity,  𝐶𝑝
∗=apparent specific heat, which defines the 

melting phase. 

Marangoni convection is applied at the top surface using equation (6.7). Here γ 

is the temperature-derived surface tension.  
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𝛾 =  𝛾𝑚 +  (
𝜕𝛿

𝜕𝑇
) (𝑇 −  𝑇𝑚)   (6.7) 

6.3.3 Laser parameters 

When laser light is incident on the surface, the energy-carrying photons transfer 

it to the colliding surfaces. This energy transfer depends on factors such as 

wavelength, reflectivity and absorptivity of the material and pulse width of the 

incident laser. The pulse width is the critical factor that defines the thermal 

energy transfer among these factors. In the present work, a millisecond pulsed 

laser is the heat source and follows a Gaussian distribution. A rectangular profile 

defines the constant rise and decay of the pulse. The beam diameter is 0.6mm, 

and the heat source is defined by the volumetric heat source given in equation 

(8)  

𝑄0 =
3 𝐴 𝑃

𝜋𝑟𝑏
2ℎ

 𝑒𝑥𝑝 
−3(𝑥−𝑥𝑐)2

𝑟𝑏
2  𝑒𝑥𝑝 

−3(𝑦−𝑦𝑐)2

𝑟𝑏
2  𝑒𝑥𝑝 

−3(𝑧−𝑧𝑐)2

ℎ2         (6.8) 

6.3.4 Numerical model 

Three different phases of heat transfer take place during spot welding. Heat 

transfer in fluids and the fluid flow module are used to track the different 

phenomena occurring in the process. The molten metal is considered to be 

laminar. Before attaining the vapourisation point, surface tension, gravity and 

buoyancy forces acting on the molten metal. The surface tension is defined as a 

weak constraint on the top surface. This constraint depends on the tangential 

velocity of the molten metal. The vapourisation starts at a temperature of 2520K. 

Once vapourisation is attained, recoil pressure given in equation (9) comes into 

action at the liquid-vapour boundary. 

𝑅𝑝 = 0.54 𝑃𝑎 exp (
𝐿𝑣(𝑇−𝑇𝑣)

𝑅 𝑇 𝑇𝑣
)  𝑓𝑟      (6.9) 

Here Pa is the atmospheric pressure (atm), Lv is the latent heat of vapourisation 

(J/Kg), Tv is the vapourisation temperature(K), R is the universal gas constant 

(kg⋅m2⋅s−2⋅K−1⋅mol−1), fr is the spatial distribution that ensures that recoil 

pressure acts within the irradiated area. The recoil pressure gets activated only 
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in the regions where the temperature reaches vapourisation temperature. It is 

defined as an open boundary condition and exerts a download force 

perpendicular to the vapour-liquid interface. Matsunawa [70] termed a keyhole 

in terms of a balance of force between the surface tension of liquid encapsulating 

the vapour plume and recoil pressure. In the present work, the humping 

phenomenon is modelled using Arbitrary Lagrangian – Euler method. It is a 

feature for modelling moving boundaries in continuously deforming geometries. 

The entire domain experiences repetitive pulse heating at every time step.  

6.3.5 Mesh 

A triangular swept mesh with a total of 7660 elements is used to mesh the 

components, as shown in Figure 6.9. The beam irradiation site is meshed finely, 

and the rest of the component is meshed coarsely to ease the computation.  

 

Figure 6.9 Meshed component 

6.3.6. Results and discussions 

To study the humping formation in ultra-thin sheets of aluminium alloy 2024, 

the process parameters employed for generating Figure 6.9 and Figure. 6.10 are 

peak power of 3kW, a pulse width of 5ms and a frequency of 1Hz. 

Temperature distribution and evolution of the hump 

The temperature distribution at various time steps during laser spot welding is 

shown in Figure 6.10 (a-d). The temperature increased from 1969K at 0.8ms to 

2064K at 1.4ms. It is observed from the above figure that the humping started at 
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around 0.8ms. It increased till the completion of the heating process, as shown 

in Figure. 6.10 (c). Later the liquidus part solidifies, forming the hump. So, the 

temperature in Figure. 6.10 (c) is higher than in Figure. 6.10(d), but the hump 

is larger than the previous time step. In subsequent time steps, the hump 

remained at the height as in Figure.6.10 (d), which indicates the onset of 

solidification once the pulse turns off. 

 

Figure 6.10 Temperature distribution in the components at different time steps. 

Fluid flow and velocity of molten metal in hump formation 

During the welding process, the molten metal in the front wall of the keyhole 

generally flows downward [15]. The greatest speed attained in this simulation is 

1.0691 m/s. When this downward-flowing molten metal reaches the bottom of 

the keyhole, the metal’s movement is stopped by the yet-to-melt solid beneath 

the bottom of the keyhole. Hence it moves to the rear part, and no hup is formed. 

This process is depicted in Figure. 6.11 (a), where there is no hump.  
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Figure 6.11 Fluid velocity in the components at different time steps 

 

Subsequently, in Figure 6.11 (b-d), as the melting continues, the molten fluid 

reaches the bottom part of the keyhole. Here, forces like surface tension and 

buoyancy come into play and slowly increase the penetration depth. There is an 

expansion of the molten metal in the opening of the keyhole. The metallic vapour 

rises upwards, and the back portion of the keyhole gets closed. This process 

initiates humping. The forces like recoil pressure and action of gravitation 

enhance the formation of humping. Surface tension and speed with which the 

molten metal solidifies are responsible for the size of the hump. The conditions 

influencing the humping formation on the surface and the root hump at the 

bottom are similar. With the rising peak power, the simulation shows the root 

hump and the hump on the surface.  

The fluid velocity at different time steps is shown in Figure 6.11. 

According to Figure 6.11, the height of the hump is more at later time steps 

where the fluid velocity is also higher, as discussed in reference. At 0.8ms the 

fluid velocity is 0.3078 mm/s which increased to 1.0691m/s at 1.4 ms. High 

surface tension is obtained in places where the temperature is high. This higher 

surface tension is the reason for the inward flow of the material. It produces a 
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keyhole in the welds that pushes more material towards the surface resulting in 

larger humps. Figure 6.12 shows the flow field and the distribution of fluid that 

results in the arrows and the flow direction.  

Root humping: The principal driving forces that lead to the formation of root 

hump are recoil pressure draws the fluid down at high speed; surface tension 

pulling the molten metal back to the weld pool and acting opposite to the recoil 

pressure; gravitational force, which resists the action of surface tension on the 

molten metal and aids in the formation of root hump along with recoil pressure. 

Figure. 6.13 shows the humping in the surface and the root hump that formed at 

high peak power of 4kW and 5ms.  

 

Figure 6.0.12 Flow field and fluid distribution. 

 

Figure 6.13 Hump and root drop 
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To assess the influence of peak power on the formation of 

humping  

The peak power is increased in steps from 0.5 to 4 kW. At low powers, less than 

1 kW, no humping is noticed, and it increases steeply after that, as shown in 

Figure 6.14(a). The increase in peak power melts more metal which increases 

the Marangoni forces. Hence, the molten pool rises higher on the surface and 

solidifies, leading to humping. The peak power increases the velocity in the 

molten pool, which helps recirculate the fluid. This fluid gets solidified on the 

surface of the component, and it stays as a hump. Figure 6.14 (b) shows the 

velocity variation with peak power. The availability of higher radiation at high 

peak power values has given fluid a velocity as high as 134.12m/s at 4kW.  

 

Figure 6.14 The hump height and molten pool velocity variation with peak 

power. (a) Variation of hump height with peak power. (b) Variation of velocity 

with peak power. 

 

To assess the influence of pulse width on the formation of 

humping  

The variation of hump height with pulse width is shown in Figure. 6.15(a). It is 

inferred from the graph that the increase in pulse width raised the hump height. 

The peak power lowers and the pulse overlapping factor increases with a rise in 

pulse width. A nearly continuous weld seam ensues the subsequently 

overlapping pulses [3]. But this study is made for a frequency of 1Hz (i.e. for 
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one pulse of the laser). The velocity of the fluid decreased from 1.89 at 1ms to 

1.06 at 5 ms. However, the velocity is reduced, and humping is formed due to 

the movement of the fluid. The values are drawn for a peak power of 3Kw. From 

Figure 6.15(b), the velocity increases with the pulse width, but the rise is 

negligible.  

 

Figure 6. 15 Variation in hump height and molten pool velocity with pulse 

width. (a) Variation of hump height with pulse width. (b) Variation of velocity 

with pulse width. 

The evolution of the hump with pulse width is shown in Figure 6.16. It depicts 

the decreasing trend in the fluid velocity and the increasing hump height. Here 

the velocity as low as 0.845 at 1kW and 5ms also yielded a hump. Hence, though 

pulse width at a frequency of 1Hz is not an influencing factor, a rise in pulse 

width increases the humping formation.   
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Figure 6.16 Evolution of humping with pulse width. (a) Fluid flow pattern at 2 

ms. (b) Fluid flow pattern at 3 ms. (c) Fluid flow pattern at 4 ms. (d) Fluid flow 

pattern at 5 ms. 

6.4. Summary  

This chapter studies the welding defects that occurred during the laser welding 

of aluminium alloy 2024. The simulation is a microcosm of the hump formation 

in the welded joint, which studies the impact of a single pulse on the humping 

formation.  

The simulation uses 0.5kW to 4kW peak power and 1-5ms pulse width. The 

molten pool dynamics are analysed by drawing the temperature distribution and 

fluid flow figures.  

Based on the numerical simulation, the following conclusions can be 

summarised:  

• The rise in peak power increases the hump height when the pulse width 

and frequency are maintained as constants 
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• The rise in pulse width has enhanced the humping formation at any 

constant peak power and frequency 

• The velocity of the molten fluid is the influencing factor in the height of 

the hump, and pulse width has shown a negligible effect on the hump 

height at a frequency of 1Hz.  
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Chapter 7: Optimization of process parameters of laser 

welding of AA 2024 

7.1 Problem Statement and Methodology 

This chapter deals exclusively with the optimization of welded joints that were 

welded using laser beam welding. The quality of the welded joints is determined 

by the surface appearance, presence of defects and mechanical measurements. 

Of all the criteria, the first and basic one is surface appearance. The weld width 

is seen on the top surface, and the depth is at the bottom. The weld bead and the 

heat-affected zone are the major deciding factors on the top surface. The 

minimum weld width is more appealing and is always preferred. The depth of 

penetration should be maximum to have a sound joint. This chapter tries to 

optimize the input process parameters in the selected range with the objective of 

getting minimum weld width and a maximum depth of penetration. Particle 

swarm optimization is employed to optimise and attain desired results.   

7.2 Process parameters and ranges 

There are four parameters in this system. They are peak power scanning, speed 

frequency and pulse width. The units and ranges of the parameters are given in 

Table 7.1 

Table 7.1 Process parameters and ranges 

Parameters Units Limits 
Peak Power kW 4.00 4.25 4.50 4.75 5.00 
Scanning Speed mm/s 1.0 1.4 1.8 2.2 2.6 
Frequency Hz 6 7 8 9 10 
Pulse Width Ms 5 6 7 8 9 

 

7.3 Objective functions 

The objective of the work is to obtain a solution that gives a maximum depth of 

penetration and minimum weld width. The total depth of penetration occurs at 

high heat input to the joint. When combined with low scanning speed in a high-

duty cycle in the case of pulsed mode laser welding, this heat input gives a 
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keyhole resulting in good bond strength. However, the high heat accumulated in 

the joint also gives a high weld width and a more comprehensive heat-affected 

zone. It is not desirable to have wider HAZ and weld width. They weaken the 

joint, and the appearance of the joint becomes poor. So, while getting full 

penetration, the objective is to obtain lesser weld width. The objectives are 

maximum depth of penetration and nominal or minimum weld width. Two 

objectives are conflicting, necessitating a compromise between their responses.  

7.4 Results of the optimization 

The optimizations were carried out exhaustively for an archive size of 700 and a 

maximum of 100 generations. The convergence was observed at the 345th run. 

Though the values of weld width and penetration depth change under the 

variables’ range, their change appears to have a regular pattern. The optimization 

was also run for different archive sizes. However, beyond an archive size of 700, 

the optimization did not run, indicating that the archive size of 700 is the 

maximum size that can be used for this particular application. When the 

penetration depth was maximum, the weld width was minimal. However, a weld 

width of 1mm is the minimum possible value indicating that the objective value 

is at nominal the best. The Pareto front of the two objectives is obtained, as 

shown in Figure 7.1. The significance of this algorithm lies in the usage of the 

crowding distance parameter. The crowding distance is generally used in genetic 

algorithms. It is calculated by sorting the solutions in the increasing values of 

the objective functions. The value of the crowding distance of any solution is the 

average distance of the two solutions that are neighbours. In the present 

algorithm, the crowding distance and mutation operator are defined in PSO, 

along with the deletion of the external archive of the nondominated solutions. 

This process helps maintain the diversity of the nondominated solutions 

maintained in the external archive. The convergence is competitive, and the 

Pareto front gives a highly distributed set of nondominated solutions.  
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Figure 7.1 Pareto graph between weld width and depth of penetration 

 

7.5 Time Complexity of the Algorithms 

The current work takes into account two objectives and four constraints. Here, 

the crowding distance is calculated, and subsequently, the non-dominated 

solution is attained by comparing it with the archived solution. The complexity 

of the optimization algorithm is calculated by following the big ‘O’ notation. 

The computational time consumed by the present problem is 1.6293 seconds, 

wherein most of the time is spent sorting the archived solutions. Considering ‘N’ 

solutions in the archive for F objective functions with a swarm size ‘S’, the 

complexity is O (F × S × Log N), as mentioned in [164].  

7.6 Summary 

A multi-objective optimisation corresponding to the welded joint is performed 

with PSO (crowding distance). This study has two objectives: minimisation of 

the weld width and maximisation of the depth of penetration of the weld. The 

two objectives are significant in deciding the surface attributes of the welded 

components. The higher the weld width, the more damaged the parent material, 
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and the strength decrease. Hence, a minimum weld width is desirable. The depth 

of penetration needs to be maximum to attain a good bonding between the two 

components. The crowding distance variant of the algorithm calculated the weld 

metrics in 1.6293 seconds. The mutation operator increased the exploring 

capacity of the swarm and protected it from premature convergence.  

7.7 Parameter values to obtain the optimized value 

Table 7.2 Values to obtain the optimized value 

S.NO 

Peak 

power 

Scanning 

speed Frequency Pulse width 

[1] 4.413705 1.000008 9.999999 8.999998 

[2] 4.152337 1.00001 9.999997 8.999999 

[3] 4.395897 1.000004 9.999999 8.999991 

[4] 4.385788 1.000022 9.999995 8.999995 

[5] 4.352215 1.000016 9.999995 8.999978 

[6] 4.384208 1.000024 9.999998 8.999994 

[7] 4.200544 1.000013 9.999998 8.999988 

[8] 4.412284 1.000004 9.999997 8.999992 

[9] 4.397172 1 9.999998 9 

[10] 4.323441 1.000021 9.999997 8.999991 

[11] 4.409886 1.000016 9.999997 8.999989 

[12] 4.321321 1.000026 10 8.999998 

[13] 4.411122 1.000006 10 8.999992 

[14] 4.338843 1 9.999996 8.999992 

[15] 4.340425 1.000012 9.999996 8.999998 

[16] 4.207928 1 9.999996 9 

[17] 4.345544 1.000015 9.999996 8.999997 

[18] 4.291119 1.000018 9.999997 8.999991 

[19] 4.360248 1.000004 9.999996 8.999984 

[20] 4.327948 1.000016 9.999998 8.999993 

[21] 4.37561 1.000022 9.999996 8.999985 

[22] 4.266556 1.000012 9.999997 8.999993 

[23] 4.408725 1 10 9 

[24] 4.354896 1.000009 9.999998 9 

[25] 4.39485 1.000017 9.999996 8.999979 

[26] 4.400992 1.000005 9.999999 9 

[27] 4.375024 1.000018 9.999996 8.999997 

[28] 4.329236 1.000006 9.999996 8.999964 

[29] 4.342478 1.000016 9.999997 8.999974 

[30] 4.377856 1.00002 9.999997 8.999985 

[31] 4.330146 1 9.999997 8.999959 

[32] 4.398455 1.000027 9.999999 9 
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[33] 4.252426 1.000084 10 9 

[34] 4.259817 1.000011 9.999996 8.999995 

[35] 4.235354 1.000009 10 8.999982 

[36] 4.22556 1 10 8.999991 

[37] 4.399337 1.000011 9.999999 8.99999 

[38] 4.337157 1.000026 9.999992 8.999982 

[39] 4.192263 1.000006 9.999998 8.999999 

[40] 4.392893 1.000019 9.999997 8.999987 

[41] 4.256156 1 9.999998 9 

[42] 4.366245 1.000009 9.999995 8.999986 

[43] 4.204684 1.000004 9.999997 9 

[44] 4.242333 1.000015 9.999998 8.999996 

[45] 4.237608 1.000027 9.999994 8.999914 

[46] 4.194049 1.000007 9.999998 8.999998 

[47] 4.362783 1 9.999996 8.999964 

[48] 4.41294 1.000033 9.999999 8.999997 

[49] 4.299939 1.000004 9.999997 8.999992 

[50] 4.250568 1.000007 9.999997 8.999991 

[51] 4.371768 1.000006 9.999999 8.999998 

[52] 4.383693 1.000019 9.999996 8.999989 

[53] 4.376861 1.000002 9.999998 8.999992 

[54] 4.369357 1.000025 9.999998 8.999993 

[55] 4.343833 1.000005 9.999994 8.999993 

[56] 4.270022 1 9.999998 8.999854 

[57] 4.336082 1.000001 10 8.999964 

[58] 4.314904 1.00001 9.999997 8.99999 

[59] 4.331391 1.000025 9.999995 8.999986 

[60] 4.289284 1 9.999995 8.999967 

[61] 4.308828 1.000025 9.999996 8.999974 

[62] 4.271696 1.000021 9.999997 8.99999 

[63] 4.355823 1.000009 9.999999 8.999987 

[64] 4.254398 1.000004 9.999995 8.999984 

[65] 4.262202 1.000005 9.999997 8.999975 

[66] 4.23293 1.000024 10 8.999876 

[67] 4.298563 1.000017 9.999996 8.999965 

[68] 4.292146 1 10 8.999897 

[69] 4.347708 1 10 9 

[70] 4.344295 1.000015 9.999994 8.99998 

[71] 4.621216 1.000013 9.999996 8.999998 

[72] 4.392043 1.000015 9.999998 8.999993 

[73] 4.370836 1.000011 9.999998 8.999996 

[74] 4.218746 1.000011 9.999997 8.999992 

[75] 4.283398 1.000018 9.999997 8.999988 

[76] 4.405811 1.000089 9.999997 9 

[77] 4.397805 1 10 8.999994 
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[78] 4.361194 1.000017 9.999999 8.999992 

[79] 4.311236 1.000011 9.999996 8.999977 

[80] 4.215953 1.000017 9.999996 8.999992 

[81] 4.401595 1.000018 9.999996 8.999988 

[82] 4.381959 1.000002 9.999999 8.999993 

[83] 4.279677 1.000007 9.999995 8.99997 

[84] 4.532005 1.000013 9.999997 9 

[85] 4.175637 1.00001 9.999997 8.999996 

[86] 4.393601 1 10 8.999991 

[87] 4.353413 1.000016 9.999998 8.999989 

[88] 4.394131 1.000079 9.999998 9 

[89] 4.380432 1.000007 9.999997 9 

[90] 4.315883 1.000022 9.999997 8.999989 

[91] 4.386404 1.000008 9.999997 8.999989 

[92] 4.284693 1 10 8.999985 

[93] 4.333864 1.000009 9.999995 8.999993 

[94] 4.348418 1 9.999995 9 

[95] 4.221091 1.000013 9.999999 9 

[96] 4.729349 1.000004 10 8.999946 

[97] 4.313738 1.000017 9.999994 8.999982 

[98] 4.373881 1 9.999996 8.999986 

[99] 4.281038 1.000042 9.999998 8.999977 

[100] 4.223485 1 9.999998 8.999997 

[101] 4.31713 1.000011 9.999994 8.99998 

[102] 4.325197 1.00001 9.999997 8.999984 

[103] 4.326769 1.000002 9.999999 8.999987 

[104] 4.183312 1.000004 9.999997 8.999986 

[105] 4.228574 1.000005 9.999996 8.999994 

[106] 4.244214 1.000005 9.999998 8.999988 

[107] 4.231191 1.000001 9.999998 8.999995 

[108] 4.301066 1.00001 9.999996 9 

[109] 4.838092 1.000015 9.999994 8.999995 

[110] 4.36525 1.000017 9.999997 8.999994 

[111] 4.307683 1.000005 9.999999 8.999998 

[112] 4.35382 1.000019 9.999996 8.99999 

[113] 4.782116 1.000025 10 8.999993 

[114] 4.368584 1.000036 9.999997 8.999996 

[115] 4.588015 1.000034 9.999998 9 

[116] 4.31867 1.000016 9.999995 8.999988 

[117] 4.358266 1.000026 9.999995 8.999997 

[118] 4.349261 1.000013 9.999998 8.999997 

[119] 4.378903 1.000022 9.999998 8.999993 

[120] 4.276052 1.000011 9.999996 8.999992 

[121] 4.940224 1 9.999991 8.999984 

[122] 4.406804 1.000005 10 8.999996 
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[123] 4.407721 1.000008 9.999998 8.999988 

[124] 4.368071 1.000007 9.999999 8.999995 

[125] 4.312323 1.000022 9.999984 9 

[126] 4.435061 1.000017 9.999996 8.999992 

[127] 4.257972 1.000011 9.999997 8.999989 

[128] 4.287416 1.000012 9.999998 8.999992 

[129] 4.363853 1.000007 9.999998 8.999995 

[130] 4.341783 1.000013 9.999996 8.999988 

[131] 4.372692 1.000015 9.999996 8.999977 

[132] 4.305574 1.000003 9.999997 8.999972 

[133] 4.294472 1.000019 9.999997 8.999988 

[134] 4.474781 1.000015 9.999998 8.999985 

[135] 4.285838 1.000006 9.999996 8.999994 

[136] 4.324078 1.000005 9.999998 8.999996 

[137] 4.296192 1.000013 9.999997 8.999994 

[138] 4.277037 1.000012 9.999996 8.999992 

[139] 4.641076 1.000023 9.999994 9 

[140] 4.262951 1.000007 9.999998 8.999985 

[141] 4.288606 1.000017 9.999998 8.999984 

[142] 4.405344 1.00003 10 8.999994 

[143] 4.273233 1 10 8.999989 

[144] 4.35649 1.000021 9.999997 8.999965 

[145] 4.267906 1.0002 9.999999 9 

[146] 4.359266 1.000005 9.999997 9 

[147] 4.373655 1.000011 9.999999 8.999997 

[148] 4.245602 1.000013 9.999997 8.99998 

[149] 4.332035 1.000029 9.999994 8.999985 

[150] 4.357659 1.000005 9.999998 8.999991 

[151] 4.364836 1.00002 9.999997 8.999973 

[152] 4.402734 1.000012 9.999999 9 

[153] 4.303236 1.000016 9.999995 9 

[154] 4.900046 1.000013 10 9 

[155] 4.29545 1.000002 9.999997 8.999995 

[156] 4.26457 1.000013 9.999999 8.999991 

[157] 4.366987 1.000012 9.999999 8.999997 

[158] 4.438273 1.000011 10 8.999999 

[159] 4.624877 1 9.999999 8.999851 

[160] 4.377228 1.000005 9.999999 8.999993 

[161] 4.240002 1.000008 9.999996 8.999965 

[162] 4.168429 1.000019 9.999997 8.999988 

[163] 4.213403 1.000043 10 9 

[164] 4.389664 1.000019 9.999997 9 

[165] 4.301863 1.000014 9.999996 8.999975 

[166] 4.346705 1.000002 9.999997 8.999991 

[167] 4.36737 1.000016 9.999999 8.999997 
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[168] 4.309872 1.000005 9.999998 9 

[169] 4.246929 1.000014 9.999997 8.999994 

[170] 4.73907 1.000011 9.999998 8.999992 

[171] 4.310303 1.000018 9.999995 8.999972 

[172] 4.332838 1.000013 9.999997 8.999993 

[173] 4.318882 1.000005 9.999997 8.999982 

[174] 4.357069 1.000016 9.999999 8.999987 

[175] 4.265098 1.00002 10 9 

[176] 4.136409 1.000014 10 8.999995 

[177] 4.34647 1.000012 9.999997 8.999996 

[178] 4.387147 1.000013 9.999996 8.99999 

[179] 4.306399 1.000009 9.999997 8.999995 

[180] 4.313004 1 9.999999 8.999986 

[181] 4.406664 1.000005 9.999998 8.999995 

[182] 4.320858 1 10 9 

[183] 4.286653 1.000008 9.999997 8.999991 

[184] 4.388853 1.000032 9.999994 9 

[185] 4.326921 1.000012 9.999997 8.999973 

[186] 4.404344 1.00001 9.999998 8.999995 

[187] 4.304181 1.000022 9.999993 8.999991 

[188] 4.636208 1.000027 9.999996 8.999978 

[189] 4.304649 1.000005 9.999997 8.999988 

[190] 4.248091 1.000013 9.999996 8.999996 

[191] 4.297495 1.000034 9.999995 8.999982 

[192] 4.316872 1.000006 9.999998 8.999998 

[193] 4.297272 1.000004 9.999997 8.999999 

[194] 4.302656 1.000004 9.999998 9 

[195] 4.325019 1.000004 9.999999 8.999992 

[196] 4.277563 1.000052 9.999996 8.999801 

[197] 4.273908 1.000004 9.999998 8.999987 

[198] 4.278668 1.000004 9.999997 8.999988 

[199] 4.361802 1.000012 9.999997 8.999989 

[200] 4.929599 1.000003 9.999997 9 

[201] 5.180005 1.000023 9.999996 8.999994 

[202] 4.358973 1.000024 9.999997 8.999979 

[203] 4.307022 1.000012 9.999997 8.999993 

[204] 4.258666 1.000017 9.999998 9 

[205] 4.268795 1.00001 9.999997 8.999996 

[206] 4.379147 1.000006 10 8.999998 

[207] 4.403233 1.000029 9.999999 9 

[208] 4.413621 1.000034 10 9 

[209] 4.349816 1.000017 9.999998 8.999988 

[210] 4.333281 1.000025 9.999996 8.999972 

[211] 4.388905 1.000036 9.999998 8.999996 

[212] 4.335362 1.000012 9.999998 8.999994 
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[213] 4.238903 1.000065 9.999995 8.999857 

[214] 4.35667 1 9.999998 8.999987 

[215] 4.850633 1.000011 9.999997 8.999995 

[216] 4.369198 1 9.999997 8.999993 

[217] 4.337456 1.000008 9.999996 8.999992 

[218] 4.437849 1.00002 9.999997 8.999985 

[219] 4.349113 1.000005 9.999999 8.999995 

[220] 4.150363 1.000006 9.999998 8.999997 

[221] 4.327611 1 9.999997 8.999986 

[222] 4.370172 1.000002 9.999997 8.999997 

[223] 4.650198 1 9.999998 8.999992 

[224] 4.372368 1.000003 9.999998 8.999988 

[225] 4.350017 1.000006 9.999998 8.999992 

[226] 4.339327 1 9.999999 8.999997 

[227] 4.353988 1.000002 9.999998 8.999993 

[228] 4.369078 1.000007 9.999997 8.999991 

[229] 4.369964 1.000003 9.999998 8.99999 

[230] 4.362159 1.000011 9.999997 8.999998 

[231] 4.349219 1.000014 9.999996 8.999992 

[232] 4.36302 1 9.999996 8.999994 

[233] 4.453525 1.000005 10 9 

[234] 4.364916 1.000009 9.999998 8.999995 

[235] 4.41896 1.000005 9.999998 8.999995 

[236] 4.348381 1.00001 9.999997 8.999998 

[237] 4.353454 1.000004 9.999997 8.99999 

[238] 4.349005 1.000006 9.999999 8.999991 

[239] 4.590652 1.00001 9.999996 8.999994 

[240] 4.372406 1 9.999998 8.999992 

[241] 4.181291 1.000009 9.999997 8.999987 

[242] 4.354295 1.000011 9.999999 8.999992 

[243] 4.370947 1 9.999998 8.999989 

[244] 4.342731 1 9.999999 8.999982 
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Chapter 8: Conclusions and future scope 

Numerical simulation, optimization and thorough experimentation with the laser 

welding of the aluminium alloy 2024 were performed under certain constraints 

and limitations, like resource availability. The following conclusions are drawn 

from the current research investigations:  

1. It is a well-known fact that it is challenging to obtain the numerical model of 

the process influenced by numerous factors. A three-dimensional transient 

thermos-fluid model is prepared to study the weld pool dynamics. It studies the 

impact of the Marangoni convection and buoyancy forces on laser welding. The 

fluid velocity and direction of the flow are identified, and the molten pool 

resembles an hourglass shape is concluded. The increase influences the depth of 

power penetration, and the change in scanning speed impacts it negatively. The 

hot metal flowing towards the weld pool's edge produces broader welds, higher 

temperatures cause surface tension and a radially inward flow that produces 

deeper welds 

2. The selected material is weldable only at higher peak powers, and power as 

low as 2.5 kW did not weld the alloy. This problem in weldability is due to the 

thermos-physical properties of the material. The surface tension on the weld pool 

yielded a velocity of 0.6446 m/s and 0.4309 m/s at the higher and lower scanning 

speeds. A high melt flow gave welds with a higher aspect ratio.   

3. Marangoni number was higher at higher power, has greater velocities and a 

Marangoni number of about 104, suggesting that surface tension and Marangoni 

convection dominate.  

4. The model is validated with the published data, and they agree well with a 

maximum error of 5% in penetration depth and 3% in weld width.  

5. Successful utilization of the laser welding machine for joining two AA 2024 

components with the objective of attaining good weld with maximum 

penetration depth and minimum weld width. The entire process depends on the 

proper choice of input parameters, peak power, scanning speed, frequency and 

pulse width.  

6. The present research considers four control factors with three levels for butt 

joint welding mode. Peak power, scanning speed, pulse width and frequency 
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significantly impact the weld width and depth of penetration. There was only 

conduction mode welding when the power was lower, and the scanning speed 

was high. While the scanning speed is low and peak power is higher deep 

penetration occurred, but full penetration was not obtained in the selected 

window.  

7. The second-order equations RSM developed can predict the responses' values 

with significant accuracy. The equations are checked for adequacy with a 

confidence interval of 95%. Graphical optimization results in overlay contours 

plots, which allow quick visual inspection of the area of possible response values 

in the factor space to choose the optimum welding parameter combination.  

8. Using the same experimental data set, the process has been modelled using 

Gaussian process regression, which is a part of the deep learning technique. The 

radial bias kernel gave good values of the performance measure, R2. The post-

training analysis proved the goodness of the proposed GPR model. 

9. The material microstructure of the material, i.e. AA 2024, has been 

investigated using metallurgical and scanning electron microscopes. The 

columnar dendritic structure has been identified in the heat-affected zone. The 

honeycomb structure indicated the softening of the fusion zone.  

10. Various defects are identified in the welding. Hot cracking is the most 

prominent, along with the undercut and humping.  

11. A three-dimensional thermo-fluid model is developed to study the humping 

and the influence of various input parameters that impact humping. For the 

detailed study of the impact of the various parameters, the peak power and pulse 

width are considered while keeping the scanning speed and frequency as 

constants. The rise in pulse width has enhanced the humping formation at any 

constant peak power and frequency. The velocity of the molten fluid increased 

the hump height, and pulse width has shown a negligible rise in the hump height 

but is limited to only one pulse.  

12. The process parameters that influenced the weld width and depth of 

penetration are further optimized using particle swarm optimization. The 

combination of parameters that result in a higher penetration depth and minimum 

weld width is given. 
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Hence, it is believed that the present set of research findings will not only 

open up new insights into the fundamental and applied research in the area of 

the laser welding of aluminium alloys but also be quite valuable for the 

manufacturing industry and tool rooms for making a quantum jump to the arena 

of the present day needs of the welding varieties of other light metal alloys in 

the changing scenario of the physical requirements of the parts or products. 

 

8.2 Scope of future work 

Laser welding of AA 2024 is emerging and is imperative to the industry. There 

is a vast scope for research in this area. Several recommendations for further 

research have arisen from this thesis 

1. The present 3-D thermo-fluid model is validated by the weld dimensions, 

which validate the thermal physics of the model. That is adequate for reasonably 

predicting the transient temperature field and weld dimensions as a function of 

process parameters. However, a further experiment is required to validate the 

mechanical responses of the FE simulation (e.g., residual stress and distortion) 

to corroborate the proposed model and establish quantitative correlations 

between the FE simulation and experiments. 

2. Thermal imaging can be used to measure the welded components' surface 

temperature distribution to compare the observed temperature to the predicted 

surface temperatures from the thermal model. 

3. Gaps at mating joints pose a significant challenge for laser welding of 

aluminium alloys due to the formation of oxides. Shielding gas also can be 

varied, and its impact can be studied.  

4. The numerical analysis could also be extended to other materials if the 

database of temperature-dependent thermo-physical and mechanical properties 

of other plastic materials is available. The impact strength and fatigue properties 

of the welded part can be studied. 

5. Detailed analysis of the microstructure and its variation with the process 

parameters gives good scope for improving the weld quality.  
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