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Abstract 

As the move towards global industrial cost-effectiveness and competitiveness 

becomes even more pronounced, manufacturing companies are looking for cheaper, 

lighter and yet stronger materials. One of such materials is aluminium and its alloys. 

Interest in these materials naturally gravitates to the point where questions are asked 

about the joining properties of these materials. Laser welding has an advantage over 

more conventional methods of joining due to its flexibility, automation, and 

controllability. However laser keyhole welding is not without its technical drawbacks, 

e. g. solidification cracking, porosity, spattering, blow-out, etc. 

In this work, an alternative way of laser welding was investigated, namely laser 

conduction welding using a defocused high-power laser beam. This was opposed to 

conventional laser conduction welding that involved the use of low-power focused 

laser beams. The conventional type of conduction welding is only ideal for wafer thin 

materials. In this work 2mm and 3mm gauge aluminium alloys were welded. 

The aim of this work was to investigate the alternative laser conduction welding 

process that would eliminate or drastically reduce the deficiencies of keyhole welding. 

It was envisaged that this new process would eradicate the need for very high power 

densities (that give rise to the evaporation of constituent elements) during welding of 

aluminium alloys, and that the consequent decrease in welding speed would reduce 

the solidification rate (that usually results in porosity) of the molten pool, thereby 

producing a stronger weld. 

Results obtained from tensile strength tests showed that laser conduction butt-welds 

are stronger that laser keyhole butt-welds. Furthermore it was observed that the 

penetration depth of laser conduction welds increased with spot radius up to a 

maximum and then decreased. 
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q Heat flux vector 
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1. Introduction 

1.1 Aim of Research 

Aluminium alloys are one of the most widely used materials in the manufacturing 

industry due to their relatively low weight-strength ratio. The use of aluminium alloys 

in various manufacturing industries, as sheets, extrusions or castings is increasing 

(Jones, 1992), thereby necessitating a closer examination of joining methods for 

aluminium alloys. Various joining techniques have been used for aluminium alloy 

structures in manufacturing industry and the decision to use one or a combination of 

more than one process is driven by economic factors, process efficiency, properties of 

joints, and safety of process. Examples of some joining methods used are arc welding, 

resistance-spot welding, friction stir welding and laser welding. Each of the afore- 

mentioned methods has its own relative advantages and disadvantages but there has 

been renewed interest in the laser welding process. "Laser welding offers a rapid, 

flexible, low distortion, automated manufacturing route for many components" 

(Jones, 1996). With regard to laser welding, keyhole welding has been the preferred 

mode of welding due to the fact that it produces very small heat-affected zones 

(HAZ), high processing speeds are possible (Dausinger et al, 1996, Barnes et al, 

2000), and welds have a high aspect ratio (depth to width ratio). 

Laser welding of aluminium requires high power densities because of the material 

properties of aluminium, e. g. high thermal conductivity, high specific heat capacity, 

tenacious thin layer of aluminium oxide that gives aluminium its anti-corrosive 

properties, and its reflectivity. The two main types of lasers used for sheet metals 

namely CO2 and Nd: YAG lasers, are capable of producing continuous and pulsed 

power outputs and in recent years laser welding has been utilised in the aerospace, 

marine and automobile industries. For example, Volvo has now incorporated CO2 and 
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Nd: YAG laser systems for work on the body line of the 850 series. Opel of Germany 

have utilised laser welding for the Astra model and Audi is undertaking a lot of 

research to determine the suitability of laser welding for production of space frame 

vehicles (Barnes et al, 2000); airframe structures are now produced by means of laser 

welding. Laser keyhole welding of aluminium, however, is not without its 

disadvantages namely, porosity, solidification cracking, blowholes, and undercutting 

(Forsman, 2000). 

The aims and objectives of this project were to investigate an alternative laser 

conduction welding method that would reduce some of the deficiencies of laser 

keyhole welding, especially for 2mm - 3mm gauge aluminium alloy materials. It was 

envisaged that this new process would eradicate the need for very high power 

densities (that gave rise to the evaporation of constituent elements such as 

magnesium) during the welding of aluminium alloys; that the consequent decrease in 

welding speed would reduce the solidification rate that would eventually contribute to 

a reduction in porosity in the welds. Conventional laser conduction welding entails 

the use of low-power focused laser beams that are used to weld wafer-thin electronic 

components and is therefore not suited to the material gauges mentioned above. In 

this work, high-power defocused laser beams were employed and the experiments 

were performed using the following aluminium alloys, AA5083-0, AA2024-T4 and 

AA6061-0. The uses and chemical composition of these alloys are described below. 

1.2 Composition and uses of Aluminium Alloys 

Pure aluminium is alloyed with metals and in some cases non-metals to produce high- 

strength alloys with a range of physical and mechanical properties. Some of these 

alloys are heat-treatable (dependent on alloy composition and heat treatment for 

-5- 
Panton Okon 



Chapter 1 Laser Conduction Welding of Aluminium Alloys Introduction 

strength) while others are non-heat-treatable ( dependent on the effect of work 

hardening and solid solution hardening for strength). There is an internationally 

adopted system of temper designation which is applied both to wrought and cast 

alloys. A process of shaping such as rolling, extruding and forging produces wrought 

alloys. Alloys that have compositions that are suitable for fabrication by pouring or 

injecting into a mould, so that the molten metal takes the shape of the mould are 

known as cast alloys (The Aluminium Association, 1998). 

1.2.1. Aluminium Alloy Designation System 

For wrought aluminium alloys, the first digit represents the principal alloying 

constituent(s), the second digit represents variations of initial alloy while the third and 

fourth digits represent individual alloy variations - numbers that are unique but have 

no significance (The Aluminium Association, 1998). 

The alloy designations are 

1 xxx Pure Al (99% or greater) 

2xxx Al-Cu alloys 

3xxx Al-Mn alloys 

4xxx Al-Si alloys 

5xxx Al-Mg alloys 

6xxx Al-mg-si alloys 

7xxx Al-Zn alloys 

8xxx Al + other elements 

All alloys used in this research work are wrought alloys and their composition and 

uses are as described below: 

-6- 
Panton Okon 



Chapter 1 Laser Conduction Welding of Aluminium Alloys Introduction 

1.2.2. AA5083-0 

The chemical composition of this alloy is shown in table 1. 

Element % by weight 

Aluminium (Al) 94.8 

Zinc (Zn) Max. 0.25 

Chromium (Cr) 0.05-0.25 

Copper (Cu) Max. 0.1 

Manganese (Mn) 0.4 -1 

Silicon (Si) Max. 0.4 

Iron (Fe) Max. 0.4 

Titanium (Ti) Max. 0.15 

Magnesium (Mg) 4-4.9 

Table 1- Chemical composition of Aluminium Alloy 5083-0 

AA5083 is an annealed non heat-treatable alloy. The designation `0' represents an 

annealed state. The alloy has been heated to produce the lowest strength condition and 

to improve ductility and dimensional stability. It is used for in the construction of 

hulls, hull stiffeners, and decks for high-speed ships (Mandal, 2002). This alloy is also 

used for tanks for liquefied natural gas. 

1.2.3. AA2024-T3 

The chemical composition of this alloy is shown in table 2. 

Element % by weight 

Aluminium (Al) 93.5 

Zinc (Zn) Max. 0.25 
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Chromium (Cr) 0.1 

Copper (Cu) 3.9-4.9 

Manganese (Mn) 0.3-0.9 

Silicon (Si) Max. 0.5 

Iron (Fe) Max. 0.5 

Titanium (Ti) Max. 0.15 

Magnesium (Mg) 1.2-1.8 

Table 2- Chemical composition of Aluminium Alloy 2024-T3 

AA2024-T3 belongs to the aluminium alloy series that is heat-treatable. The 

designation `T3'represents the fact that the alloy has been solution treated and 

naturally aged. AA2024 plates are used for the construction of aircraft internal 

structures (Mandal, 2002). AA2024-T3 is used for aircraft fittings, gears and shafts, 

bolts, clock parts, computer parts, couplings, fuse parts, hydraulic valve bodies, 

missile parts, munitions, nuts, pistons, rectifier parts, worm gears, fastening devices, 

veterinary and orthopaedic equipment. 

1.2.4. AA6061-0 

The chemical composition of this alloy is shown in table 3. 

Element % by weight 

Aluminium 98 

Zinc (Zn) Max. 0.25 

Chromium (Cr) 0.04-0.35 

Copper (Cu) 0.15-0.40 

Manganese (Mn) Max. 0.15 
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Silicon (Si) 0.4 -0.8 

Iron (Fe) Max. 0.7 

Titanium (Ti) Max. 0.15 

Magnesium (Mg) 0.8 -1.2 

Table 3- Chemical composition of Aluminium Alloy 6061-T6 

AA6061-0 has high corrosion resistance, is heat-treatable and of moderate strength; it 

is used for roof structures of arenas and gymnasiums. Structural members of trains in 

Europe and Japan are made partly with AA6061 (Mandal, 2002). AA6061-0 is used 

for aircraft fittings, camera lens mounts, marine fittings and hardware, electrical 

fittings and connectors, hinge pins, couplings, magneto parts, brake pistons, hydraulic 

pistons, appliance fittings, valve and valve parts and bike frames. 

1.3 Advantages of welding Aluminium Alloys 

As already highlighted above, aluminium alloys are widely used in the manufacturing 

industry. Plates and sheets of these alloys are required for the marine, aerospace and 

automotive industries, giving rise to the need for joining. Some conventional methods 

employed in joining aluminium alloys are fusion welding methods such as tungsten 

inert gas (TIG) welding and gas metal arc welding (GMAW); solid state welding, e. g. 

friction welding and mechanical bonding methods such as riveting. However, welding 

has certain advantages over riveting which has been used considerably in the 

aerospace industry. These advantages are as follows: 

(i) 

(ii) 

Welding is generally cheaper than riveting. 

Since lesser material is used in welding, the finished product is much 

lighter and therefore less expensive. 
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(iii) Unlike riveting, caulking is unnecessary in welding. The joints are usually 

pressure tight 

(iv) Welding can be used for the construction of certain designs that are 

impracticable to achieve by riveting. 

(v) Welding is not as noisy as riveting. 

(vi) Welding reduces labour required by riveting by about 60%. 

1.3.1. Overview of welding processes for aluminium alloys 

The main processes in use today for the welding of aluminium alloys include TIG 

(tungsten inert gas), MIG (metal inert gas), friction stir, resistance and laser beam 

welding. Polmear, (1995) gives the requirements for welding aluminium as follows: 

1. An intense and localized heat source to counter the high thermal 

conductivity, specific heat and latent heat of the metal. 

2. The ability to remove the surface oxide film which has a melting point 

(about 2000°C). This tenacious oxide layer may become entrapped in the 

weld to form inclusions. 

3. A high weld speed in order to minimize distortion arising from the 

relatively high coefficient of thermal expansion 

4. Low hydrogen content because of the high affinity aluminium has for it. 

Porosity occurs in the weld due to entrapment during solidification. 
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The TIG welding method is better for thin light-gauge materials, when there is a 

need for good surface finish and when welding from one side, e. g. when welding 

pipes and/or when repairing castings. TIG welding is generally done with alternating 

current, which is struck between a tungsten electrode and the aluminium alloy. A 

filler rod may be used if required. Fluxes are not required because the arc cleans the 

electrode and aluminium; a shield of inert gas prevents re-oxidation. Other features of 

this process are (Norrish, 1992) 

" Arc energy density is relatively high 

" The process is very controllable 

" Joint quality is usually high 

" Deposition rates and joint completion rates are low. 

This process has been applied in the aerospace, nuclear and power generation 

industries as well as for chemical processing plants and food processing/brewing 

equipment. 

The MIG method is used primarily in the case of thicker or heavy-gauge materials 

when high welding speed is a priority and also for long, continuous welds. In this 

process, a direct current of arc of reverse polarity (with the electrode positive) is 

struck between the aluminium and a continuously fed aluminium wire electrode, 

which also acts as filler. As with the TIG process fluxes are not required because the 

arc cleans the aluminium and inert gas shielding prevents re-oxidation. Penetration 

during the MIG welding process cannot be controlled as closely as the TIG process so 

butt joints have to be backed or welded from both sides. Other features of this process 

are (Norrish, 1992) 

" Low heat input compared to other arc welding processes 
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" Continuous operation 

" High deposition rate 

" No heavy slag leading to reduced post-weld cleaning 

" Low hydrogen reducing risk of cold cracking. 

This process has been employed for the fabrication of aluminium alloy cryogenic 

vessels and military vessels. 

Resistance welding is a process in which two surfaces are joined by the heat 

generated by resistance to the flow of electric current through workpieces that are 

held together under force by electrodes. The contacting surfaces are heated by short- 

time pulse of low voltage, high amperage current to form a fused nugget of weld 

metal. When the current ceases, the electrode force is maintained while the weld 

rapidly cools and solidifies. The electrodes are retracted after each weld, which 

usually is a fraction of a second. 

In Friction welding, heat is generated by rotating one part against another while they 

are held together under pressure. Parts must be of a shape and size so that the 

adjoining surfaces include a common circular area. Surface melting and a slight upset 

at the joint area accompany formation of the weld. Friction welding is a form of solid 

state welding and the melting points of the components are not exceeded (Brandon et 

al, 1997). At the interface, extensive plastic flow occurs to relieve compressive stress. 

A new variation of friction welding, friction stir welding, has been developed by The 

Welding Institute (TWI). In this process, a tool or tip is rapidly rotated while being 

squeezed between two abutting workpieces (Messier, 1999). First a hole is pierced at 
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the start of a joint with the rotating tip or pin, which then moves forward in the 

direction of the welding. Friction produced by the rotating pin generates a plasticized 

zone around the tip. Pressure provided by the pin forces the plasticized material to the 

rear of the tip where it cools to form a bond. No melting occurs in the process. 

The advantages of friction stir welding are 

" No filler needed 

" Fatigue resistance 

" Easy to automate 

" Low tooling cost 

However, a backing bar and welding fixtures are needed. Friction stir welding can 

only be used on straight flat work pieces and it leaves an end hole when the tool is 

pulled out. 

In laser beam welding a liquid melt pool created by the absorption of incident 

radiation. This melt pool is allowed to grow to a desired size and is the propagated 

through the solid interface (Duley, 1999). Melted material cools and solidifies behind 

the laser beam to form a weld. The two fundamental modes of laser welding are 

keyhole or penetration welding and conduction welding. The major difference 

between theses two modes of laser welding is that the weld pool remains unbroken 

during conduction welding and opens up in the case of keyhole welding to allow the 

laser beam to enter the melt pool (Duley, 1999). 

Unlike keyhole welding there is less perturbation during conduction welding and 

because the weld pool does not open up, porosity due to gas entrapment is virtually 

non-existent. Laser conduction welding (LCW) therefore is a potential way forward 

for welding thin-gauge (2mm to 3mm) aluminium alloys. 
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Laser welding offers some unique advantages over arc welding methods that include 

" Low distortion 

" Reduced heat affected zones 

" Automation and flexibility 

" Non-contact process giving cleaner welds 

" Faster welding speeds than conventional welding processes 

" Single pass welding 

The above advantages are reasons why laser welding is becoming more widely used 

in the manufacturing industry. The advantages of laser welding, over other 

conventional methods have been summarized by Duley (1999) as follows: 

Process 

Parameter Gas 
Gas Resistance 

Laser Metal 
Tungsten Welding 

Beam Arc 
(TIG) (RW) 

(GMA) 

Joining efficiency 0 - - + 

High Aspect Ratio + - - - 

Small heat-affected zone + - - 0 

High Processing speed + - + - 

Bead profile + 0 0 0 

Weld at atmospheric pressure + + + + 

Weld reflective metals - + + + 
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Combine with filler 0 + + - 

Automate process + + 0 + 

Capital cost - + + + 

Operating cost 0 + + + 

Reliability + + + + 

Fixturing + - - - 

Table 2.1 - Table showing comparison of welding processes 

Legend: +, advantageous; -, disadvantageous; 0, neutral 

1.3.2. Laser Welding 

There are mainly two types of laser welding namely, laser keyhole welding and laser 

conduction welding. In the case of keyhole welding, the power density required is 

about 106 W/em2 or more and the material or metal that is welded melts and 

vaporises. The vaporisation pressure of the molten metal creates a vapour channel that 

is held in place by heat transfer phenomena known as inverse Bremmsthralung which 

is the process of photons absorbed by electrons (Steen, 1998) and Fresnel absorptions 

(absorptions due to multiple reflections on the keyhole walls). This vapour channel is 

called the keyhole and it follows the path of traverse of the laser beam on the work 

piece, with molten metal swirling round it and closing it behind the laser beam. The 

aspect ratio (ratio of penetration depth to weld width) of keyhole welds is over 4: 1. 

On the other hand the conduction weld has an aspect ratio of less than 4: 1 (LIA 

Handbook, 2002). This type of weld occurs when the power density of the laser beam 

incident 
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on a work piece is insufficient to cause boiling (Steen, 1998), resulting in a shallow 

but relatively wide weld. The shape of a keyhole weld is such that the sides are very 

nearly parallel to each other with the top of the weld widening. Schematic diagrams of 

both welds are shown in figure 1. 

eld pool 

base metal 

1el d po r 

base metal 

(al (hl 

Figure 1- Schematic showing (a) shape of a conduction weld and (b) shape of a 

keyhole weld 

In this project aluminium alloys of up to 3mm in thickness have been welded in both 

bead-on-plate and butt-weld configurations. How that has been achieved and the 

advantages of LCW compared to LKH, both theoretically and experimentally are 

what is discussed in this work. Uniaxial tensile strength tests carried out on laser 

conduction and laser keyhole butt-welds indicate that laser conduction welds (LCW) 

are stronger than laser keyhole welds (LKH). 

1.3.3. Properties influencing/ affecting laser welding of aluminium alloys 

Properties that affect laser welding of aluminium alloys are (i) Oxide layer, (ii) 

Thermal conductivity, (iii) Viscosity of melt (Forsmann, 2000), and (iv) Hydrogen 

solubility 

" Oxide Layer Aluminium has a high affinity for oxygen and this results in a 

thin oxide layer that continues to grow at a decreasing rate to reach a thickness of tens 
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of nanometres (Polmear, 1995). Aluminium oxide melts at 2050°C whereas the base 

metal has a melting point of approximately 650°C. If metal sheet is not thoroughly 

cleaned, tiny pieces of the oxide become lodged in the weld pool producing an 

adverse effect on the weld-metal flow and solidification (Mandal, 2000). The result is 

usually incomplete fusion 

" Thermal Conductivity Aluminium alloys have thermal conductivities 4 to 15 

times higher than that of iron based materials depending on the type of steel they are 

made of, mild steel or stainless steel (Dausinger et al, 1996). This means that about 5 

to 25 times greater intensity is required to produce deep penetration welds in 

aluminium alloys than in steels. This high thermal conductivity makes aluminium 

sensitive to fluctuations in heat input by the welding process. 

" Melt Viscosity Melt viscosity of pure aluminium is relatively lower than that 

of other metals. This may increase when it is alloyed with other metals or elements. 

The low melt viscosity gives rise to melt sagging and less damping of irregular 

keyhole movements. 

" Hydrogen Solubility Hydrogen dissolves very rapidly in molten aluminium 

although it has almost no solubility in solid aluminium. The high temperatures of the 

weld pool allow a large amount of hydrogen to be absorbed, and as the pool solidifies, 

the solubility of hydrogen is greatly reduced. Hydrogen that exceeds the effective 

solubility limit forms gas porosity, if it does not escape from the solidifying weld. 

This thesis is organized as follows: 

Chapter 1- Introduction 

Chapter 2- Literature Review 

Chapter 3- Theoretical aspects 
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Chapter 4- Experimental 

Chapter 5- Results 

Chapter 6- Discussion 

Chapter 7- Conclusions 
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2. Literature review 

2.1. Laser Fundamentals 

The word laser is an acronym for Light Amplification by Stimulated Emission of 

Radiation. A focused high-power coherent (all parts in phase) and monochromatic 

(single wavelength) light beam is utilised for laser welding (Welding Handbook). A 

laser beam is produced when an active medium, within a laser cavity, is excited by 

means of a flash lamp or electric discharge (Dawes, 1992). For a CO2 laser, this 

medium consists of a combination of carbon dioxide, helium and nitrogen whereas 

for a Nd: YAG laser the active medium is a crystal rod. A schematic diagram is 

shown in figure 2.1. 

Excitation 

1111111 
Laser Bean-1 

Active Medium 

Fully reflecting 
mirror I It 

Figure 2.1 - Schematic of laser cavity 

ýf 

Partially reflecting 
mirror 

The cavity has mirrors at each end, one partially reflecting and the other fully 

reflecting and the whole arrangement constitutes an optical oscillator (Steen, 1998). 

The active medium consists of atoms, molecules or ions that absorb energy when 
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excited. They emit photons in their excited state and then return to their former state. 

This form of emission of photons is called spontaneous emission. When a photon 

collides with an excited atom, a photon is released from the atom and the resulting 

two photons will collide with other atoms to release more photons. This build-up of 

photons is termed stimulated emission. The optical oscillator makes it possible for 

light (photons) to travel back and forth between mirrors till the resulting amplified 

light escapes via the partially reflecting mirror, in the form of laser radiation. The 

laser beam is then focused by means of optics (lens and mirrors) to a spot on the 

material to be processed. 

Illustrations of spontaneous and stimulated emissions are shown below: 

to 

EI 

hv 
v. ý.. º. 

Spontaneous Emission (from TRUMPF GmBH, 1994) 

8-- E2 
hv 

, ýý' 

Ey 

hv 
ýýl-ý 

hv 
H---- 

Stimulated Emission (from TRUMPF GmBI-1,1994) 

Atoms exist only in distinct energy levels. Normally they are in their lowest energy- 

level state, the ground state (Trumpf, 1994). They absorb the radiation emanating 
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from an electromagnetic field at the very moment when the energy quanta, hv, equals 

the energy difference (E2 - Ei) between two atomic states. 

In the case of spontaneous emission, an atom having absorbed a photon rises to a 

higher state of energy excitation (E2). Since this is not a permanent state, it reverts to 

its original state (Ei) during which a photon is released. 

For stimulated emission, photons collide with excited atoms which release more 

photons as they fall to a lower energy state. More and more photons are generated 

from other excited atoms. The energy change between the excited state of the 

photons and a lower state releases radiation which is essentially the laser beam. 

Important properties of the laser beam are: 

Coherence 

Monochromaticity 

Divergence 

Polarization 

Mode structure 

Wavelength 

Coherence 

Coherence describes the property that different parts of the laser beam, which is 

essentially an electromagnetic radiation, remain in phase. Laser radiation is coherent 

both in time and space (LIA Handbook, 2002). 
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Monochromaticity 

This is the property that describes the fact that most lasers are designed to produce a 

single wavelength (LIA Handbook, 2002). For example, CO2 lasers produce laser 

beams of wavelength 10.6 microns while Nd: YAG lasers produce laser beams with a 

wavelength of I. 06microns. 

Divergence 

Laser light emerging from the laser cavity is very closely parallel to the optical axis. 

Divergence describes the angle of spread from the optical axis as the laser radiation 

travels along. This is governed by the inherent diffraction of the beam itself. The 

divergence of a laser beam is given by 

A 
where 

2wo 

X= wavelength and wo = beam radius. 

The variation of the beam radius with distance is given by 

w= Ito 1+( y )Z (2.1) 
'rr 

2 
where z, z = 

}v°ýý 
; ZR is called the Rayleigh length over which the beam radius does 

not vary by more that a factor of V2wo. wo is the smallest beam radius and its 

location z=0 is called the beam waist( Schuocker, 1999). 

Polarization 

The orientation of the electric vectors of a laser beam is what characterises the 

polarization of the beam. Laser beams consist of two components namely, electric 

vector field and a magnetic vector field. The laser beam is said to be polarised if the 
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electric vectors are aligned in a given direction in space (LIA Handbook, 2002). The 

direction of the electric field determines the polarisation of the laser beam. 

Mode Structure 

This describes the configuration of the electromagnetic field within the confines of 

the laser cavity that is defined by the cavity geometry (Steen, 1998). Laser beams 

have both longitudinal and transverse modes, the former resulting from the axial 

modes and the latter from the reflections from the sides of the cavity. In the laser 

cavity, standing waves are set up and a number of such off-axis waves interfere with 

each other to produce transverse waves that are characterised by the mode structure 

of the cavity (Steen, 1998). These modes are called transverse electromagnetic 

modes and are represented by TEMm,,, where m denotes the number of antinodes in 

the x or r directions and n denotes the number of antinodes in the y or 0 directions, 

for rectangular or cylindrical co-ordinate systems respectively. The fundamental 

mode is TEMoo corresponds to a near-perfect Gaussian beam. Gaussian-Laguerre 

(cylindrical) and Gaussian-Hermite (rectangular) functions describe the transverse 

field distributions mathematically. The rectangular function is given below: 

E(x, Y) = EoH�, (ý x)Hn(V2y)exp(-x2 
2 
y2) 

W 1V W 
(2.2) 

where Eo is a constant amplitude factor. H�(x) is the Hermite polynomial of nth order 

defined by 

,, e . tý = n! 
fln. 21 (-1)"(2x)�-zv 

Hn(x) _ (-1)�eXt 
X 
dx ,, =o v! (n-2v)! 

(2.3) 
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[n, 2] =n or 
(n 

2 
1) 

depending on whether n is even or odd. Some Hermite 

polynomials of low order are 

HO (x) =1 

Hj(x) = 2x 

H, ( )C) =4x2-2 

H4(x) = 8x3 - 12x 

w is the beam radius or spot size 

The laser mode is important because each transverse resonator mode features a 

typical characteristic distribution of energy in the cross section of the laser beam. 

Below are some examples of TEM modes. 

A A, 

TEMpo ý 

TEMi, 

TEMoi 

IT, M2 
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2.2 Principle of laser welding 

The laser radiation created by the laser is directed by optics (mirrors and lenses) to a 

focus on the workpiece. Beam delivery to the workpiece may be accomplished using 

three systems (Crafer and Oakley, 1993) namely: 

" Moving laser 

" Moving workpiece 

" Moving optics 

Mirror 

Laser Be am 

7 Lens 

Workpiece 

Figure 2.2 - Schematic of laser beam/workpiece arrangement 

A schematic of the laser beam/ workpiece arrangement is shown in figure 2.2. The 

arrangement is typical of a CO2 laser. The three types of systems mentioned above 

are illustrated in figure 2.3. In order to minimise oxidation of the material and also to 

prevent damage to the focussing lens, inert gases such as argon and helium are used 

-26- 
Panton Okon 



Chapter 2 Laser Conduction Welding of Aluminium Alloys Literature Review 

during the welding process. The white arrows show the direction of movement in all 

three cases. 

X 

Laser 

Mirror ý 

l. i s 
Ix 

V104.2 ece 

(a) 

Laser 

.ý ý hl: rror 

Leas. 

(d) 

ti -- t_aser ýl ` 

\ 

X 

Second m rrcr 
First mirror 

Lens 
.. w 

l: 'orkpiece 

(C) 

Worýp'ece 

Figure 2.3 CO2 laser system types (a) Moving laser (b) Moving workpiece (c) 

Moving optics (from Crafer and Oakley, 1993) 

With the moving laser system, the disadvantages are that it. is fairly slow and very 

often restricted to flat sheets. For moving workpiece systems, the weight of the 

material may exceed the capacity of the table when large sheets are processed. 

Where moving optics systems are utilized, only certain sizes of sheets can be 

accommodated and there is the problem of beam expansion down the optical path. 

The inert gas is directed towards the weld seam either coaxially or through a side jet. 

In the case of a Nd: YAG, fibre optics are used for laser beam delivery to the 

workpiece. This obviously gives the Nd: YAG more flexibility than the CO2 laser and 
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makes robotic programming a tenable option. Unlike the 10.6µm wavelength CO2 

laser beam, the 1.06µm Nd: YAG laser beam can pass through fibre optics without 

producing any damage. 

2.3. Parameters of Laser Welding 

Parameters of laser welding can be divided into three groups namely (Schuocker, 

1999): 

(i) Design parameters - these describe the geometry of the workpieces to be 

joined. 

(ii) Technological parameters - these deal with all the properties of the laser 

beam, of gas supply and the motion unit 

(iii) Material parameters - these have to do with material properties such as 

thermal conductivity, specific heat capacity, density, etc. 

2.3.1. Design Parameters 

" Joint geometry - Examples of these are butt welds, bead-on-plate and lap welds. 

In butt-welding, the edges of two plates to be joined are brought together in close 

fit-up. Bead-on-plate welds are welds that are produced on a single plate without a 

joint. In the case of lap welds, the joints are produced when two plates placed one 

on top of the other are welded through. The diagrams below illustrate this. 

Jr 1 

Butt joint Lap joint 
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Other joints are T -joints and flange joints. In this work only bead-on-plate and butt 

joints were produced. 

" Weld gap width - If the gap is too large, the laser beam passes straight through 

without interacting with the edges of the workpiece. For keyhole welding, it is 

crucial that very close fit-up should be achieved if good quality weld s are to be 

produced. There is a little more flexibility in this regard for conduction mode 

welding especially when using defocused beams. 

" Material thickness - This parameter will determine the welding speed and laser 

power to be used if efficient coupling is to be achieved. Obviously thicker 

workpieces would require greater laser power and/or lower welding speeds 

2.3.2. Technological Parameters 

" Average Intensity - This is determined both by the laser power and beam spot 

radius. Basically it is given by 

1=ý 
A 

where I= Intensity, P= Laser Power and A= Spot area (ttr2, if a circular spot is 

assumed) 

" Beam Power - Obtained by an integration of the intensity distribution across the 

beam cross section. The intensity distribution is not constant across the beam 

cross section. 

" Polarization -A weld seam produced by a polarized laser beam shows a 

dependence on the direction of the welding process. As explained earlier, the 

direction of the electric vectors determines the polarization of a laser beam. In 

order to avoid this effect, most laser beams are circularly polarized. 
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" Focal Position - This is closely related to the focal length of a lens. This is 

usually situated close to the surface of the workpiece and sometimes may be 

placed a few millimetres below the surface of the workpiece depending on the 

material. The appropriate focal position is one that enhances coupling efficiency. 

" Welding Speed - In keyhole welding, the welding speed is chosen to be as high 

as possible since the higher the speed for a given power, the lower the risk of 

distortion and crack initiation. However, too large a welding speed will produce 

insufficient heat supply to the workpiece causing reduced penetration depths. In 

this research low welding speeds have been used for conduction mode welding 

but the workpieces have been placed on specially designed jigs with copper base 

plates so as to reduce overheating. 

2.3.3. Material Parameters 

These are namely; thermal conductivity, heat capacity, thermal expansion, melting 

point, boiling point, elastic modulus, etc. It goes without saying that the quality of 

welds produced for any material will depend very much on its material properties. 

Thermal conductivity is a measure of rate of flow of heat in a body while the heat 

capacity is a measure of the quantity of heat required to raise the temperature of a 

given mass of material by 1 °C. 

2.4. Physics of Laser Keyhole Welding 

Laser keyhole or penetration welding is usually the preferred mode of laser welding. 

During this process, a power density exceeding 106 W/cm2 is required. The laser 

beam that is incident on the work piece initially heats and melts through the metal. 

As the liquid metal vaporizes a column of metal vapour, surrounded by narrow 
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cylinder of liquid metal is produced (LIA Handbook, 2001). This column of metal 

vapour is what is referred to as the keyhole. As the laser beam traverses through the 

length of the workpiece, liquid metal flows around and along the base of the keyhole. 

This liquid metal re-solidifies at the trailing edge of the keyhole, forming the weld. 

For the keyhole to be formed and maintained there has to be a balance between the 

irradiance and weld speed. The flow structure of the molten metal affects the final 

frozen weld bead geometry (Steen, 1998). 

2.4.1. Studies on Laser Keyhole Welding 

A number of complex phenomena take place inside and outside the keyhole during 

laser keyhole welding. Studies on laser keyhole welding have incorporated some of 

these phenomena in an attempt to understand the dynamic nature of the keyhole and, 

theoretical predictions are usually compared to experimental results. Andrews and 

Atthcy (1976) postulated two distinct physical regimes that govern the depth of 

penetration. It was found that the power density limited the depth of shallow holes 

whereas the depth of the deep holes was dependent on the power per unit radius 

when gravity is the only restoring force. The above case was applicable only to a 

stationary laser beam. Mazumder and Steen (1979) formulated a 3D heat transfer 

model for laser materials processing that assumed the laser beam to be incident at 

right angles at the centre of the workpiece that was infinite in length but finite in 

width and depth. The reflectivity of the laser beam was assumed to be zero if the 

temperature exceeded boiling point with some of the absorbed energy lost by 

radiation and convection from the surface while the rest of the energy was conducted 

into the workpiece. There was a close comparison between experimental and 

predicted fusion zones for mild steel and titanium welds produced by laser welding. 
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Dowden et al (1987) found that the pressure in the keyhole was determined 

principally by surface tension and that the energy balance between the solid and 

vapour states determined the radius of the keyhole. However, their model did not 

provide a good description for the weld-pool at the upper end of the keyhole. Akhter 

et al (1989) represented characteristics of thermal absorption during keyhole welding 

using a point and line model. This model showed that there was substantial 

absorption near the surface of the workpiece in many cases but also a fall in 

absorption with depth before an increase, in other cases. DebRoy et al (1991) used 

principles of gas dynamics and weld pool transport phenomena to predict laser 

induced vaporization rates that were in good agreement with experimental values. 

Ducharme et al (1994) formulated a model that took into account the inverse 

Bremsstrahlung absorption in the plasma and Fresnel absorption at the keyhole walls, 

of laser energy. It was discovered that the weld pool changed shape from teardrop to 

a more parallel-sided oval as the degree of penetration reduced. Model calculations 

agreed well with experimental results. Dumord et al (1995) studied the keyhole 

during cw Nd: YaG laser welding, taking into account the balance pressures acting 

upon the keyhole. The pressures considered in this model were (i) the hydrostatic 

pressure due to gravity, (ii) the pressure due to surface tensions, (iii) the 

hydrodynamic pressure due to melting metal flow around the keyhole and (iv) the 

recoil pressure due to evaporation. That these pressures contribute considerably to 

the dynamics of the keyhole was verified judging from the fact that the shapes of the 

keyhole as observed on X-rays corresponded to those obtained from the solution of 

the equations. Sudnik et al (1996) formulated a self-consistent model that took the 

following into consideration, (i) laser-induced channel formation, (ii) multiple 

reflection of the laser beam in the channel or keyhole and (iii) plasma generation. 
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The geometry of the keyhole was determined on the basis of the pressure equilibrium 

at the keyhole surface taking the enthalpy of the molten mass into consideration. The 

model was verified with welding experiments on steel and aluminium. Metzbower 

(1997) took into account the inverse Bremsstralung absorption, and power loss 

resulting from evaporation of an element of the workpiece material. The nail-head 

geometry of the keyhole was explained through the analysis and theoretical 

calculations gave a close approximation to experimental results for temperature 

distribution across the surface of the molten metal and keyhole. Fabbro et al (2000) 

studied the keyhole geometry with a model that took into account welding speed, 

laser incident intensity and sample material and such phenomena as weld 

displacement. It was concluded that the front keyhole wall was inclined while the 

rear keyhole wall fluctuated around an apparent equilibrium. It was found that the 

complete keyhole geometry could be determined taking into account the multiple 

reflections in it. 

The above studies indicate that phenomena such as inverse Bremsstralung 

absorption, Fresnel absorption, phase transition from solid to liquid and from liquid 

to vapour, plasma generation and absorption, weld shape and location, and the 

corresponding forces/pressures play an important role in the formation, maintenance 

and even closure of the keyhole. Most models endeavour to account for some of the 

phenomena incorporating just enough to give a reasonable result. Ki et al (2002) 

carried out a comprehensive study of laser keyhole welding which incorporated such 

phenomena as free surface evolution, evaporation, multiple reflections, homogenous 

boiling and thermo-capillary force and recoil pressure. Some of the conclusions 

arrived at were: 
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I. Evaporation-generated recoil pressure is the major contributing factor that 

differentiates keyhole-type welding from conduction-type welding. It is the 

key to many characteristic behaviours of the keyhole (Ohji et al, 1994). 

2. Effective laser absorptivity keeps fluctuating as the keyhole deepens. 

Keyhole fluctuation is a phenomenon that occurs at all times, no matter what 

process parameters are used. Keyhole fluctuation and energy absorption 

patterns are intimately connected. 

3. The laser-intensity profile for laser keyhole welding is very complex. 

4. Non-uniform localized heating by the laser beam on the front keyhole wall 

causes formation of humps on the front wall. 

Numerical simulations of the laser keyhole welding process have been formulated. 

Takahashi et al (2002) developed a comprehensive numerical code that took into 

account surface evaporation, surface tension, transient behaviour of the molten pool 

and the diffusion process. Experimental results were used to validate the numerical 

code. Karkhin et al (2002) solved the inverse heat conduction equation in order to 

find suitable welding conditions from desired weld features. The weld interface, 

molten pool boundary and weld texture orientation were used as input. A novel spot 

laser penetration spot weld method was developed by Dijken et al (2003) in the area 

of microlaser welding. This technique which is well suited for the welding of very 

thin materials enables novel product designs. Jin and Li (2003) formulated a 

conduction model for deep penetration laser welding. An actual keyhole profile was 

used to develop the model under the assumption of the keyhole being cylindrical. 

The mechanism of energy balance on the keyhole walls was investigated. 

Laser keyhole welding is therefore a complex process. 
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2.4.1.1. Laser Absorption 

There are certain absorption phenomena that take place in the keyhole during laser 

keyhole welding. These are, as mentioned earlier on: 

" Inverse Bremstrahllung absorption -A phenomenon that involves the absorption 

of photons by electrons. 

" Fresnel absorption - Absorption that results from multiple laser beam reflections 

along the sides of the keyhole. 

Around the mouth of the keyhole, there are fluid flow effects and above the mouth of 

the keyhole, the plasma in the metallic plume is sometimes hot enough to defocus the 

laser beam (Ducharme et al, 1994). In addition to the absorption mechanisms 

mentioned, there are loss mechanisms that occur due to reflection outside the keyhole 

and radiation leaving the keyhole after multiple reflections (Kaplan, 1994). Studies 

investigating laser beam absorption by plasma indicate that (Tix et at, 1995): 

(i) The mean plasma temperature increases strongly with incident laser power 

due to the high charge state of ions. 

(ii) The degree of absorption remains approximately the same for increasing laser 

power. 

(iii) The Peclet number for which the absorbed laser energy is able to maintain a 

keyhole increases strongly with the incident laser power. 

The Peclet number is a form of dimensionless velocity (ratio of convection to 

conduction) (Steen, 1998). 

(iv) The energy absorption is enhanced for higher modes of the laser intensity 

distribution. 

Laser beam absorption in the plasma has a significant effect on the relationship 

between penetration depth and focus position. Semak et al (2000) formulated a 
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model to investigate the absorption of laser beam energy by plasma during laser 

welding. Maximum penetration occurred at different focus positions depending on 

whether the absorption was low or high. If the absorption were low, then the 

maximum penetration would correspond to a focus position just below the sample 

substrate. On the other hand, a high absorption would correspond to a focus position 

above the sample substrate. 

Absorption of laser power in a keyhole is much higher than direct absorption on a 

flat surface (Kroos, 1993). 

2.4.1.2. Energy and Pressure Balances 

The forces operative during keyhole welding are as follows (Duley, 1999): 

" Forces tending to form and maintain the keyhole, i. e., recoil/hydrodynamic 

pressure (ph), vaporization pressure (p,, ), and beam/radiation pressure (p, ). 

" Forces tending to close the keyhole, i. e., gravitational/hydrostatic pressure (pg) 

and surface tension (py). 

In a keyhole the vaporization pressure, p,, tends to push back its walls and decreases 

from the bottom of the keyhole (where the temperature is highest) dropping to about 

zero a short distance from the top of the keyhole. The hydrodynamic pressure is due 

to fluid (molten metal) flow. The hydrostatic pressure increases with depth of the 

keyhole due the height and density of the molten metal surrounding the keyhole. 

Surface tension tends to minimise the surface area of the weld by either acting 

upwards against the radiation and hydrodynamic pressures or pulling back molten 

metal back to the parent metal depending on whether the keyhole is closed or open 

(Lancaster, 1986). Radiation pressure has to do with pressure exerted by the laser 

beam on the molten material. 
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Putting these pressures in the form of an equation gives (Duley, 1999) 

Pv+Pr=ps+Py+Ph (2.4) 

pg = pgh and py = 2y/r where g= gravitational force, p= molten metal density, h= 

depth/height of keyhole, r= radius of keyhole assuming hemispherical geometry and 

y= surface tension. 

p,, +pr =2y/r+pgh+pn 

h=(p�+p, -2y/r-ph)/Pb' (2.5) 

The number of keyhole models that take energy and pressure balances into 

consideration demonstrates the importance of these phenomena. Semak (1994) 

considered the vapour recoil pressure as the driving force for keyhole formation and 

melt motion. The top and middle sections of the keyhole were assumed to be held 

open by the recoil vapour pressure, equal to the sum of surface tension and 

hydrostatic pressures. The recoil pressure at the bottom of the growing keyhole was 

estimated to be 10-100 times greater than the surface tension or hydrostatic forces. 

Clucas et al (1995) considered pressure balances at different depths of the keyhole. 

At both ends of the keyhole, the ablation pressure is significant but it is negligible 

along most of the length of the keyhole where a rapid build-up of hydrodynamic 

pressure balances surface tension pressure. Forsman et al (2001) represented the 

pressure balance as follows: 

Pv =Pn+PX 

which is illustrated by figures 2.3 
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Figure 2.4 Balance of vapour pressure and surface tension at the bottom of the 

keyhole (from Forsman, 2001) 

Kroos (1993) used an energy balance equation in investigating the stability of a 

cylindrical keyhole. The absorbed energy (gabs) was equated to the sum of the energy 

carried away by ablation of particles (gab, ) and heat conduction losses (qa, ). 

Thus 

gabs = gabl + g?, (2.6) 

Clucas et al (1998) described energy input in the keyhole by the Fresnel absorption at 

the keyhole walls and the inverse Bremsstrahlung absorption in the plasma. The 

energy output was derived from conduction into the workpiece and ablation at the 

keyhole walls. 

Thus 

qß + qF = gabl. + g?, (2.7) 
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qe is the power absorbed per unit depth at the keyhole wall due to Fresnel absorption, 

qH represents the inverse Bremmstrahlung absorption. Numerical simulations carried 

out by Semak et al (1997) produced results that are summarized below: 

(i) the recoil pressure can play a significant in ejection of the melt from the 

interaction zone even for low melt surface temperatures close to the 

melting point 

(ii) high-velocity melt flow is generated during laser welding when the typical 

laser beam intensities are taken into consideration; thus the melt-flow 

pattern cannot be considered to be the motion of a cylinder in an infinite 

liquid pool. 

(iii) 70-90% of the laser intensity absorbed in the beam interaction zone is 

carried away by the melt flow. Thus, convection in the interaction zone 

cannot be ignored. 

(iv) The velocity of the keyhole wall front is determined by the absorbed laser 

intensity and can be either smaller or higher than the beam's translation 

energy. 

These findings showed the inadequacy of the assumption that the evaporation- 

induced recoil pressure is equal to the surface tension pressure. Solana et al (1997) 

formulated a comprehensive model that determined 3D keyhole geometry by taking 

into account heat conduction, ablation losses and evaporation effects at the keyhole 

open surfaces, as well as the inverse Bremssstrahlung and Fresnel absorption 

mechanisms. Ablation and surface tension pressures were also considered. With 

regard to energy losses, the most significant mechanism was considered to be the 

amount of laser intensity hitting the upper keyhole surface. These losses became 
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larger as the welding speed increased because of the increasing shift between the 

beam axis and the centre of the keyhole. 

2.4.1.3. Keyhole, Weld pool shape and motion 

Matsuiro et at (1992) developed a method for the prediction of laser welding pool 

profile. Combining a pressure balance equation with an energy deposition in the form 

of a line source whose finite depth was equal to the keyhole depth, pool widths and 

depths approximating experimental values were obtained. Three forces, gravity 

force, surface tension and the recoil pressure were considered responsible for the 

weld pool surface profile. Trappe (1994) solved the heat conduction equation with a 

free keyhole boundary, which was calculated self-consistently. A near circular 

keyhole with its centre moving in the direction of the translation was obtained. 

Results obtained indicated that the temperature at the keyhole wall was nearly 

constant, by virtue of the pressure balance. Semak et at (1995) carried out high 

contrast and high spatial resolution camera observations of the keyhole during laser 

welding and arrived at the following conclusions: 

(i) 

(ii) 

(iii) 

For typical welding conditions, either the keyhole opening size exceeds the 

laser spot size so that the wall is not exposed to the laser beam or only the 

front part of the keyhole wall is exposed to the laser beam with the sides and 

back being outside the laser spot. 

The assumption that the keyhole opening is coaxial to the laser spot and 

approximately equal in size to it is only satisfied for low power and low 

translation speed. 

High speed photography and Schlieren imaging of fast translation speed 

welding indicate the existence of high velocity flow originating from the front 
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part of the keyhole and directed down the weld pool. This flow affects 

thermal distribution in the sample and induces weld pool instabilities that 

may cause porosity and spattering. 

Ducharme et al (1994) found that weld pool shapes varied with the ease of ionization 

of shroud gases used during laser welding. Helium with the highest ionization 

potential produced a teardrop shaped weld pool while argon with ionization energy 

of about two-thirds that of helium gave larger teardrop-shaped weld pools. In an 

attempt to investigate keyhole shapes in laser deep penetration welding, An et al 

(2003) carried out camera observations during keyhole welding of glass GG17. The 

following is a summary of the results: 

(i) The keyhole is bent in the direction opposite to the welding speed. Most parts 

of the rear wall are hidden from the laser beam. The top part of the keyhole is 

irradiated directly by the laser beam while the multiple reflections of the laser 

beam on the walls can only influence the laser intensity distribution on the 

bottom part of the keyhole. Strong convection currents in the melt pool bring 

the absorbed laser intensity from the front part to rear part. 

(ii) The keyhole is cone-shaped. Its diameter is dependent on the laser power 

density and the diameter of the laser beam spot. 

(iii) The greater the welding speed, the greater the curvature of the keyhole. 

The above shows that keyhole shape and motion is dependent on a number of 

intricately linked factors which include welding speed and laser beam intensity 

amongst others. Keyhole welding is a very complex and dynamic process and 
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research is still going on with regard to gaining a deeper understanding of the 

process. 

2.4.2. Instability of the Laser Keyhole Welding 

The complexity of laser keyhole welding has been demonstrated by the dynamic 

nature of the keyhole. Kroos et al (1993) studied the dynamic behaviour of the 

keyhole theoretically and concluded that the collapse of a keyhole after sudden laser 

shutdown was related to the balance between the surface tension and inertia of the 

molten metal. Calculations showed that fluctuations in laser power and assist gas 

jet/pressure could cause the keyhole to oscillate at about 500Hz. The theoretical 

studies of Klein et al (1994) showed that the keyhole is able to perform radial, axial 

and azimuthal oscillations. Instabilities can occur for finite amplitudes that may 

subsequently lead to such welding defects as spiking, or ripple formation. 

Diagrammatic representations of the three modes of oscillation are shown below. 

The keyhole was assumed to be cylindrical. 

ýý_-ý1 

"1- I 

radial 
(0,0) 

azimuthal axial 
(n, 0) (0.1) 

Figure 2.5 The three oscillation modes of a keyhole (from Klein et al) 

Semak et al (1995) observed the keyhole using high-speed camera photography and 

obtained results that supported the following assumptions: 

" The recoil pressure has a pulsating character that drives the high-amplitude, low 

frequency volumetric oscillations of the melt pool. The laser-induced vaporization 
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gives rise to the recoil pressure that exceeds surface tension and hydrostatic 

pressure in the weld pool. This gives rise to a high-velocity, high-amplitude melt 

flow round the keyhole. 

" There exist long-wavelength melt oscillations whose frequencies increase during 

solidification. 

Dowden and Kapadia (1996) linked pore formation in the keyhole to instability in the 

keyhole, brought about by interaction between the forces of surface tension and 

excess pressure produced by ablation of material from the keyhole walls. It was 

found that pores seem to form more readily in a blind keyhole than in an open one 

because it is difficult for pressure to build up in an open keyhole since both ends are 

at atmospheric pressure. On the other hand, it is far much easier for pressure to build 

up in a blind keyhole. A simulation of front keyhole wall behaviour was done 

numerically by Matsunawa and Semak (1997) and the calculations showed that 

depending on the process conditions, the absolute value of the keyhole wall velocity 

component parallel to the translation velocity could be higher than, equal to or 

smaller than the beam translation speed. Humps were produced in the keyhole wall 

when the component of the keyhole wall velocity vector was greater than the beam 

translation speed. It has found that when high irradiance is applied to metals with low 

surface tension and viscosity, the instability of the weld pool increases. This is 

reflected in the difficulty usually encountered in CO2 laser welding of aluminium and 

magnesium. Spatter, undercut, drop-out and porosity are produced when high 

irradiance is applied to low viscosity and surface tension alloys. 

Matsunawa et al carried out extensive observations of the keyhole during laser 

welding in both the pulsed and continuous wave modes, using high-speed videos. 
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The results obtained and conclusions made are quite revealing and a summary is 

given below: 

1. In the spot welding mode, keyhole fluctuated frequently in size and shape in spite 

of almost constant peak power during spot welding. The fluctuation period was 

different depending on the type of metal used. 

2. The keyhole collapsed within one-tenth of the time it took the weld pool to 

solidify and a large cavity always formed at the bottom of the keyhole. 

3. In continuous welding mode, the keyhole was less unstable but it also changed its 

shape and size with time. The depth of the keyhole also changed with time. A 

deep depression which formed at the rear wall of the keyhole moved from top to 

bottom periodically and SEM and gas analysis of porosity showed that bubbles 

comprised evaporated metal vapour and shielding gas. 

4. The keyhole and the whole melt pool were strongly perturbed by dynamic 

pressure of the metallic vapour jet. The motion of small tungsten particles (that 

had been sandwiched between thin plates before the application of the laser beam 

energy) revealed that there was a very complex flow in the molten pool. Figure 

2.5 shows a schematic of the keyhole. 

Two types of porosity were identified (i) that induced by hydrogen and (ii) that 

caused by the fluctuation of the keyhole due to intense evaporation of the metal. 
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Figure 2.6 Keyhole illustrating localized evaporation of metal from front keyhole 

wall (from Matsunawa et al., 1998) 

In order to characterise Nd: YAG keyhole dynamics , Martin et al (2001) used a CCD 

camera placed coaxially to the laser beam and recorded keyhole images that were 

compared with those obtained from numerical modelling. Results indicated two 

distinct behaviours of the keyhole namely: 

" Good welding results that were reflections of a 'pseudo-steady' state that 

produced a `pseudo-constant' keyhole shape. This behaviour was characterised by 

low frequency in the plume current. 

" Poor welding results identified with a highly dynamic keyhole mode associated 

with irregular and rapidly varying keyhole shapes exhibiting high frequencies in 

the plume current. 

It has been shown that Marangoni effect (effect of temperature-dependent coefficient 

of surface tension) is an important factor in deep penetration welding of steel 
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(Fuhrich et al, 2001). Variation of chemical elements such as sulphur, phosphorus, 

oxygen, etc contributes to this phenomenon. Zhang et al (2002) developed 

mathematical models to study the following cases (i) the formation and collapse of a 

keyhole (ii) formation of porosity and its control strategies, (iii) laser welding with 

filler metals and (iv) the escape of zinc vapour in laser welding of galvanized steel. 

Results showed that porosity was caused by two competing mechanisms which are 

(a) solidification rate of molten metal and (b) the rate at which the molten metal 

backfills the keyhole after termination of laser energy. The models showed hat 

porosity could be reduced or eliminated by adding filler metals, controlling laser 

tailing power or applying an electromagnetic force during keyhole collapse process. 

However, it was more difficult to obtain uniform weld pool composition in laser 

welding than in arc welding. Amara et al (2003) modelled compressible vapour flow 

during laser welding. It was observed that friction phenomena occurred between the 

vapour and keyhole walls which in turn resulted in a more uniform distribution of 

pressure. 

Keyhole welding and the formation, maintenance and collapse of the keyhole are 

indeed very complex phenomena, which from all indications require further 

investigation. 

2.5. Physics of Laser Conduction Welding 

Compared to laser keyhole welding, conduction limited welding is more stable and 

ideally there should be no vaporization at all, since temperatures are usually below 

boiling point and more specifically within the melting regime. Conduction welding 

takes place when the power density is low and a melt depression does not occur 
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(LIA, 2000). Heat conduction takes place not only in the vertical direction but also in 

the horizontal direction and the weld are semi-circular in shape (Schuocker, 1999). 

The weld pool has strong Marangoni forces resulting from the variation of surface 

tension with temperature (Steen, 1998). The heat flow is three-dimensional and is 

carried out by conduction into the workpiece material. Depending on the total 

amount and rate of energy deposition, as well as the thermal conductivity and mass 

of the workpiece, the heat energy is shared between melting to form a fusion zone 

and just heating to produce a heat-affected zone (Messier, 1999). 

2.5.1. Studies on Laser Conduction Welding 

Cline and Anthony (1977) studied heat treatment and melting with a scanning laser 

beam. The maximum temperature in the case of laser melting (which is in a similar 

regime as laser conduction welding) is between the melting point and boiling point. 

The melt pool moves with the laser beam and latent heat absorbed at the melting 

interface is liberated at the solidifying interface. Esposito and Daurelio (1982) 

conducted studies into the conduction welding of steel. Amongst their findings was 

the surprise discovery that penetration depth decreased with increasing power density 

and the effect was so strong that penetration depth was decreased by a factor of two 

when the laser beam was directly focused on the workpiece. This phenomenon is 

investigated in this work. 

Chen and Lee (1983) studied transient temperature profiles in solids during laser 

scanning and identified two important parameters namely, beam diameter and scan 

velocity. Russo et al (1984) formulated a numerical model for conduction-mode laser 

welding that ignored the weld pool motion. There was a fair agreement between 

calculations and experimental data on temperature-dependent absorption and weld 
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shapes for aluminium and nickel. Wake et al (1992) studied temperature distribution 

and its influence to the metal surface induced by a scanning laser beam. It was 

considered that such a study would shed more light on the optimisation of the laser 

teat treatment process. Good agreement was found between theoretical and 

experimental results. 

DebRoy and Paul (1988) studied free surface flow and heat transfer in laser 

conduction welding with high manganese stainless steel. Results obtained show that 

the surface topography of the weld pool was significantly uneven. The surface 

deformity became less pronounced during solidification and computed surface 

topography agreed well with experimental results. The theoretical computations took 

cognisance of the surface tension being the driving force behind fluid flow in the 

weld pool. Bos and Chen (1996) formulated a practical method for the prediction of 

weld pool dimensions in laser conduction welding. Weld pool sizes were predicted 

using the aspect ratio of the welds as a variable parameter. The weld aspect ratio was 

dependent on the weld pool convection while the weld pool dimensions were 

determined from heat conduction from the weld pool into the base metal. 

Pitscheneder et al (1997) studied laser conduction weld pools in order to achieve a 

comprehensive understanding of the combined role of sulphur content and laser- 

material interaction parameters. A numerical model was formulated based on the 

concept of surface tension-driven fluid flow. Two types of fluid flow were identified, 

(i) radially inward flow and (ii) radially outward flow and the aspect ratio of the 

welds depended on the type of flow. Xie and Kar (1999) employed laser conduction 

welding to investigate the welding of thin (0.6mm gauge) steel sheets with and 

without surface oxidation. As in all the previous studies a low-power focused laser 

beam (400W CO2 laser beam) was used. Tsai and Kannatey-Asibu (2000) modelled 
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the laser conduction welding process for feedback control using a low-power focused 

beam on a thin workpiece. 

Zhao and DebRoy (2001) studied the weld metal composition change during laser 

conduction welding of aluminium alloy 5182. In this study, the laser beam was 

defocused by up to a maximum of ± 2mm above the focus. The peak temperature 

recorded was slightly above the boiling point of the alloy and was for a small region 

near the centre of the weld pool surface. Williams, Scott and Calder (2001) used 

diode lasers for laser conduction welding of aluminium alloys. Good quality welds 

were obtained as a result. However, thin sprayed graphite coatings were used to 

enhance coupling in aluminium alloys. Graphite has an adverse effect on laser welds 

by way of reducing corrosion resistance of the workpiece or material. Berthe et al 

(2002) studied the control of laser welding in the conduction regime. A fast-response 

system was developed that made monitoring of the different phases of interaction 

resulting from millisecond pulse interactions such as pure conduction, vaporization 

and/or plasma, possible. In a study of high power diode laser welding of metal 

catalytic converters, Salimen et al (2002) found that heat conduction limited welding 

turned out to be more suitable than the keyhole welding mode. Qin et al (2002) 

developed a 3D analytical model during the study of temperature field produced 

during laser heat conduction welding of thin parts. Experimental results used for the 

verification of the model were obtained using a Nd: YAG laser and theoretical results 

were identical to experimental results. Interest in laser conduction welding is 

increasing but presently the use of this mode of welding is limited to very thin 

materials and the use of defocused laser beams has not really been considered. Laser 

power coupling efficiency for laser conduction welding and laser keyhole welding 

were compared by Nath et al (2002) from experimental results and it was found that 
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generally the power coupling efficiency was lower for conduction welding than for 

keyhole welding. 

2.6. Contrast between Laser Keyhole Welding and Conduction Welding 

It is obvious from the foregoing that keyhole welding is far more complex than 

conduction welding. The following table gives the relative advantages and 

disadvantages of both processes. 

Process Advantages Disadvantages 

" Low heat input per " Tends to be unstable 

unit length " Spatters, pores, drop- 

" Small weld bead outs and undercuts 

Keyhole Welding " Low distortion " Requires good fit-up 

" High aspect ratio " Requires laser with 

" Very fast speeds reasonable beam profile 

" Very stable process " Relatively slow 

Conduction Welding " Larger beam reduces " Higher heat input 

fit-up problems " Higher distortion 

Conduction welding is free from complex keyhole phenomena such as inverse 

Bremsstrahlung and Fresnel absorptions, recoil pressure, and vaporization pressure. 

Melting in conduction welding is achieved by heat conduction through the workpiece 

but absorption techniques need to be employed in order to achieve laser absorptivity, 
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especially for highly reflective materials such as aluminium.. The high power 

density in keyhole welding usually makes this step unnecessary for it, as the 

workpiece gets heated up rather quickly to form a keyhole. 

2.7. Laser welding of aluminium alloys 

It has been shown that some characteristics of aluminium that affect its weldability 

are (i) reflectivity (ii) oxide layer (iii) material properties such as thermal 

conductivity and specific heat capacity. Alloying elements such as Mg, Si, Mn, Zn 

and Cu also affect the weldability of aluminium alloys in that they can give rise to 

the occurrence of solidification cracks, segregations, etc (Ricciardi et al, 1986). The 

welds often contain pores that are caused by hydrogen precipitation and/or the 

dynamic motion of the keyhole. The pores produced in the former case are spherical 

while those produced in the latter case are elliptical (Forsman, 2000) 

Interest in the welding of aluminium has continued to increase and over the years 

studies have been conducted into the laser welding of aluminium alloys. Jones et al 

(1992) carried out 5kW CO2 welding of some 5000 and 6000 series aluminium 

alloys. In all cases pores were observed in the welds and all welds failed at the weld 

metal during tensile strength tests. Rapp et al (1994) found that the quality of 

aluminium welds improved if lasers of high output (e. g. 4-5kW) and high quality 

laser beams were used. Another way of achieving high quality welds was the 

simultaneous usage of two CO2 lasers. The use of filler wires was explored and it 

was found to enhance flexibility and reliability of the welding process. However, 

porosity was not totally eliminated.. Defects that occur during aluminium welding 

are (Dausinger, et al, 1996): 

1. Sagging seam 
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2. Undercut 

3. Hot cracks 

4. Hydrogen pores 

5. Cavities 

6. Irregular roots 

7. Blowholes 

The first four are caused by characteristics of the metal while the last three are 

caused by process instability. Similar findings to that of Rapp et at (1994) have been 

achieved (Behler et at, 1997; Pohl et at, 1997; Li and Gobbi, 1997). Weston et at 

(1998) welded five different aluminium alloys using pulsed and high powered 

continuous CO2 and Nd: YAG lasers. Results showed that for AA5083, AA7475, 

AA8090 and AA2219 the pulsed Nd: YAG welds showed less cracking than the 

continuous Nd: YAG laser. Only AA6061 samples showed a higher cracking for 

pulsed laser welding. High quality welds were produced but an average power of 

5kW was used for the welding. Katayama and Matsunawa (1998) carried out a study 

of defect formation conditions and causes during CO2 welding of AA5052, AA5083, 

AA6061 and AA7N0I and some of the results obtained are summarised below: 

" During welding of as-received alloy specimens with unpolished surfaces, heavier 

porosity occurs than when the surfaces are polished. 

" The alloy grade, shielding gas type and flow rate, laser power, welding speed and 

defocusing distance affect the number and size of pores. 

" In alloys, which are hard to fuse, porosity increases with laser power. In easily 

fusable alloys, large pores occur at a high rate, but the total number found 

decreases. 
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" The porosity of all alloys and the total volume of pores decrease with an increase 

in welding speed. However, at low welding speeds typical of arc welding, very 

little porosity is found. 

" Porosity decreases with increasing defocusing distance and with shallower 

penetration depth. 

" During high-speed welding solidification cracking occurs and the solidification 

cracking susceptibility of the alloys was ranked in the following order 

AA5182, AA5083 < AA5052 < AA7N01 < AA6061 

It was accepted, in this study, that generally heat conduction type welds show little 

porosity. Forsman et al (1999) studied factors affecting absorptivity in Nd: YAG laser 

welding of aluminium and concluded that 

" Surface finish has a negligible effect on the absorption of aluminium when it is 

welded by an Nd: YAG laser. If melting does not occur then absorption is greater 

for rougher surfaces than for smoother surfaces. 

" The number of internal reflections of the laser beam determines the level of 

absorption in the keyhole. The absorption tends to decrease with increasing 

welding speed. 

" The melting efficiency of the welding process tends to decrease with speed as a 

result of a decrease in thermo-capillary stirring. 

Other factors that influence absorption in aluminium alloys are as follows (Forsman, 

2000): 

"A reduction in wavelength generally yields higher absorption because the 

photons are more energetic and are therefore more readily absorbed by electrons. 

For example absorption is higher for a Nd: YAG laser beam than a CO2 laser 

beam. 
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" Increased surface roughness yields higher absorption because of the greater 

effective area for absorption and an increased number in undulations. This is 

especially true before the formation of the keyhole. 

" Increased temperature yields higher absorption. 

" Absorption increases when there is a phase change. 

In highlighting the advantages of direct diode lasers over traditional CO2 and 

Nd: YAG lasers, Herfurth et al (2001) stated that diode lasers weld in the conduction 

limited mode and though the base metal melts, there is insufficient heat input to 

vaporise the material. This produces afar less violent action in the weld zone with no 

spatter and no potential for optics contamination. 

Palanco et al (2001) conducted real-time spectroscopic monitoring of the occurrence 

of weld defects in CW laser welding of aluminium alloys found out that blow-holes 

and notch defects are preceded by a sudden alteration of plasma emission 

characteristics. They suggested that this led to the formation of a strong plasma 

shock wave that could not be absorbed by the molten pool. The excess momentum is 

released through an ejection of the material surrounding the plasma. Katayama, 

Mizutani and Matsunawa (2002) studied porosity formation and mechanism during 

laser welding of aluminium alloys. It was found that porosity formation is affected 

by welding speed, type of nozzle, etc. Kutsuna et al (2002) studied the crack 

susceptibility of aluminium alloys and found that by using an adaptive mirror that 

produced a change in focal point of the laser beam, there was a reduction in crack 

susceptibility and consequently the weld pool and keyhole were stabilized. Gref et al 

(2002) carried out double focus welding of aluminium alloys and results obtained 

indicated that welding depth, efficiency and quality could be increased thereby. 

Haboudou, Peyre and Vannes (2002) studied the keyhole and melt pool oscillations 
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in dual beam welding of aluminium alloys. Porosity was reduced and more stable 

weld pools were achieved. Takahashi et al (2002) performed welding of thin 

aluminium alloy sheets with welding speeds up to 20 m/min. However solidification 

cracks formed in the weld bead centres resulting in decreased strength. Cheng et al 

(2002) performed high-power CO2 laser welding of aluminium alloys up to 4mm 

thick. Effects of processing parameters (beam quality, laser power, welding speed, 

etc) were studied using a new technique called `artificial keyhole'. The technique 

made it possible to break through the high reflectivity of the alloys. Zhao and 

DebRoy (2003) developed a numerical model for laser keyhole welding of 

aluminium alloys. The model was used to predict the mode of welding, the keyhole 

geometry and weldment temperature. 

The above studies indicate that there is always a possibility of weld defects in laser 

keyhole welding of aluminium, those occurring most often being porosity and 

solidification cracking. Ways of reducing defects have been studied for keyhole 

welding but conduction limited welding remains a far more stable process especially 

for materials in the 2mm-3mm gauge. 
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3. Theoretical Aspects and Modelling of Process 

In this chapter some theoretical aspects of conduction welding and ID and 2D 

analytical/semi-quantitative analysis are discussed. Numerical modelling of the 

process is also discussed. 

3.1 Semi-Quantitative Analysis Of Penetration Depth/Spot Radius 

Phenomenon -1D 

It has been observed that penetration depth increases with spot radius during low- 

speed laser welding in the conduction mode regime. The laser beam is defocused. 

Below is a1D semi-quantitative analysis of the phenomenon. 

The basic equation for heat flow in one direction with no convection or heat 

generation is (Wilson and Hawkes, 1987; Steen, 2003): 

a2T I aT 
az2 a ar 

Constant thermal properties are assumed and the following boundary conditions: 

At z=0, constant flux H= -k 
"T 
Uz surf 

Atz = oo, 
aT 

=0 
az 

Att =0, T= To 

The temperature at a depth z below the surface of a semi-infinite solid at a time t 

after heat flow starts is then given by 

I 
T(z, t) = 

2H 
(at)2ietfc( 

2(at)2 

where 

H =1(1 -Rs) 

(3.1) 
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1, H is beam intensity (Wm"2) 

RS is surface reflectance 

a is thermal diffusivity (m2s 1) 

K is thermal conductivity (Wm'K"') 

t is time (s) 

The function ierfc is given by 

ierfc(x) _1 [exp(-xz )- x(1- erf (x))] 

where erf (x) 1e_y2 dý 
ý0 

From (3.1) 

2H (`ý)2 (3.2) 

Let z,,, be depth at which temperature reaches melting point, T,,, when the surface 

temperature has just reached the boiling temperature, Tb. 

From equations (3.1) and (3.2) 

i T(Z,,,, t) T,,, 
_; rierfc( 

Z"' 
T(O, t) Tn 

-�__. ý 

From (3.1.2) 

I 
7'K ;rz= 

2H 

2(at)2 

Putting this in (3.3), we obtain 

ierfc( 
Hz�ý Tn, 

ii 
KTh ; r' ýr 2T h 

(3.3) 

(3.4) 

Equation (3.4) shows that the product Hz,,, is constant as long as the surface 

temperature is at boiling temperature. 
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Thus z,,, aH. This means that the welding depth will increase with decreasing 

intensity for as long as the surface temperature remains at boiling. This result is 

comparable to that obtained by Duley(1976) and Prokhorov(1990). 

Znr = 
1.2 KTn Th 

II 
ýT -1) (3.5) 

Equation (3.5) shows that z,,, is inversely proportional to H. 

As the intensity decreases, a point is reached where the boiling temperature 

longer be sustained. Let the temperature at this point be T,,. 

Then T,,, < Tp <Tb 

Equation (3.4) becomes 

-. 
Hz_. 

_ ierfc( "' i)=i 
ni 

KTPic 2 ; c2Tp 

at 2H 
But from (3.2), TT =K( )z 

( 
Hzn, 

I)_{ 
Z. 

,} 
KTpirz 2(at)2 

Therefore, ierfc( 
H`"' 

I) = ierfc{ `"' 
ý} 

KTP ; r2 2(at)2 

and i"' = ierfc{ "' } 

)t2Tp 2(at)2 

Now, t= 
2R 

V 

can no 

(3.6) 

(3.7) 

(3.8) 
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For small values of x, ierfc(r) -x0.56 -x 

Combining (3.7), (3.8) with the above relations we have 

13I 

Z 
zý, = 2(at)2[0.56 -'rT'3v2R2K] 1.12. -, / 2. a2 

R2 'rT", KR 
P 

2 2a2P v2 

Equation (3.9) may be written as 

z�= AR'- - BRZ 

for constant P, K, T,,,, v and a 

2 
where A=1.12 a' 

and B=- ýTnK 

V2 
I- 

-+- ID semi-quantitative analysis 

100 1.50 

Spot Radius (mm) 

(3.9) 

(3.10) 

Figure 3.1. - Result of semi-quantitative simulation of laser conduction welding process 

Figure 3.1 shows the result of a simulation using values, P=500W, v= 10mm/s and 

K, T, � and a remaining constant. The important thing here is the penetration 

depth/spot radius variation. 
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This phenomenon is only observable at relatively low welding speeds. Thus the 

choice of welding speed is critical depending on the type of laser and the laser power 

involved. At greater speeds the reduced interaction time results in a relatively lower 

heat absorption by the workpiece. 

3.2 Semi-Quantitative Analysis of Laser Conduction Welding (LCW) - 2D 

The equation for temperature distribution by a circular disc source, of radius r, 

moving with velocity v in the x direction across the surface of a thick plate (see 

figure 3.2) is given by (Ion., et al 1984): 

gIv 1{ (Z+zo)2 + y2 T__ To + 
2; rK[t(t +t0 )]ll' 

exp 
4a 1 (t +to)} 

where t. =r2' L° 
2r( mar ) 1/2 ý, t= 

2r 
° 4a evv 

Boundary conditions are as follows: 

At z=0, 
aT 

=0 (no heat losses to the surroundings) az 

Atz=oo, T=To; 

a= thermal diffusivity (m2s') 

q= power (W) 

v= welding speed (ms-') 

t= interaction time (s) 

K= thermal conductivity (W/mK) 

Tb = boiling temperature (K) 

Tm = melting temperature (K) 

To = ambient temperature (K) 

T= temperature (K) 

(3.11) 
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r= spot radius (m) 

Take a point P(y, z) with its temperature at boiling temperature, Tb and let the 

temperature that represents that of the melting isotherm be T,,,. 

Laser Beam 

Z=0 
z' 

I' 

lxý - Y 

Figure 3.2 Laser conduction welding coordinate system and geometry 

Then 

y1v 1 Z02 
+ y2 Th 

-T° + 
21rK[t(t +10)11/2 

eXp- 4a 
{I 

(t+to)} 

(Z�ý +ZO)Z YZ } T= TO + ylv exp- 
1{+ 

21rK[t(t + 10)]"' 4a t (t + tO ) 

Re-arranging and dividing (3.13) by (3.12) we have: 

-, T" -To = exp- 
1[ (Z,,, +zo)z -oz 1 

Tb - To 4a 1 

ln(Tn'-TOý- 
1 

r(Zn) -F-ZO)Z-y021 

Th - To 4a 
Lt 

Then 

(3.12) 

(3.13) 

(3.14) 

(3.15) 
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Tb -1,2 
2 

4a In( o)_ (Z�, +ZO)- ýo 
T. - To t 

since -ln(x) = ln(1/x) 

Re-arranging equation (3.16) gives 

z,, = 4at ln(T° --T; 
-)+ ZoZ -Zo TR, o 

Putting in expressions fort and zU2 in equation (3.17) gives 

8ar ln(T 
-Ta 

)+elr)ýýzý _ 
`(ýrar)ýýz 

vmýý v T", To 

(3.16) 

(3.17) 

(3.18) 

Equation (3.18) gives the variation of penetration depth z,, with spot radius r" when 

the surface temperature is at the boiling point. It shows that the penetration depth 

increases with spot radius in this regime. 

The relation between penetration depth and spot radius for the whole range of surface 

temperature from boiling and then the subsequent decrease to below boiling (due to 

decreasing intensity) now follows: 

Rearranging equation (3.11) we have: 

27rK[t(t+to)]1i2v(T, -To) 
_1 

(Z,,, +ZO)2 Y2 

q- 
exp- 4a II+ 

(t + to )} 
(3.19) 
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-In [2ýrK[t(t+to)]iizv(Tn, _T 1= 
Al 

{(Zý, +zo)z 
+ 

yz 
,... 

(3.20) 

2 q kZm 

tZ0J 
+ 4a In[ 

(t+t )} 
(3.21) 

27tK[t(t+lo)]11zv(Tn, -T 
]-{ 

o) o 

From equation (3.21) it is easily shown that 

Zni 

Y 

z 
Oat ln[21rK[t(t+10)]"2v(T,, 

-T°)]-[(t +t°)y° 
(3.22) 

When the expressions for t and zo2 are inserted in equation (3.22), we have 

Zm 
ý 

Zm 

8ar 
In[ q 

v 2r 2r rz 
ý 

2; rK[ 
v(v 4a)] 

ýiz, (T�ý -To) 

, 2r 
Y_ 

vZ 1- r 
lr7rar 

)ýýz 

2r rJev 
-+-) 
v 4a 

(3.23) 

8ar 
ln q 16aryz 

_ 
z'(ýaz')IIz (3.24) 

v 
[2ýrK[r(8ar+rzvIi, 

z(T,,, -To)]-[(8ar+r''v)] 
e 1' 

2a 

Equation (3.24) gives a 2D expression for the variation of penetration depth with 

spot radius, power and distance y from the x direction (i. e. centre of weld pool or the 

direction of welding). 

Plots obtained from equation (3.24) (keeping K and a constant) are shown below. 

Values used for the calculations are those for mild steel and are given below: 

J '\`nm 
t(X-m 

-Ui +! ý 

q 4a t (t + to ) 

(Zn, + Zo )z 
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a=1.38x 10-5mZSi 

K= 50W/mK 

T,,, = 1500°C 

To = 25 °C 

0-O v= 100111111/mill 
IR ------- v= 200mm/min 
+- ---ýc- 300mm/min 

400mni/min 
 ý i00mm/min 

,; 

Spot Radius (mm) 

Figure 3.3 - Penetration depth/spot radius curves for different welding speeds 

Figure 3.3 shows that as the spot radius increases, the penetration depth increases up 

to a maximum and then decreases. As would be expected, an increase in welding 

speed at constant power produces a decrease in penetration depth. 

Figures 3.4 shows the effect of laser power on penetration depth. At constant welding 

speed, penetration depth is directly proportional to laser power. For this simulation, 

laser power of 1800W produces the greatest penetration depth and laser power of 

800W produces the smallest penetration depth. 
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0.5 1.0 2.0 1.5 2.5 

Spot Radius (mm) 

Figure 3.4- Penetration depth/spot radius curves for different powers 
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Figure 3.5 - Weld pool profiles for different distances from the focus 
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Equation (3.24) has to be calibrated in order for theoretical results to match 

experimental results. This will involve taking account of the absorptivity of the metal 

workpiece. However the equation shows the penetration depth/spot radius variation 

trend. The Fortran programs written for the calculation of above curves (1 D and 2D) 

are listed in the Appendices. 

Figure 3.5 shows some theoretical weld pool profiles. As the spot radius increases 

from 0.1 mm to 0.75mm the penetration depth increases. When the spot radius rises 

to I mm and greater, the penetration depth starts to decrease. 

3.3. Numerical modelling of laser conduction welding 

A computer programme designed to make predictions of the temperature for a 

variety of laser weld geometries through the medium of thermal modelling both for 

keyhole and conduction welding was used. Laser beam interaction with the 

workpiece is represented by a point source incident at the surface of the workpiece, 

and a line source extending from the point source into the material parallel to the 

laser beam direction (Mackwood, 1999). Laser keyhole welding is modelled using 

both point and line source strengths while laser conduction welding is modelled 

using only the point source. The numerical solution of the heat conduction equation 

is achieved using the finite volume or control volume method. 

Inputs to the code are material properties, process parameters, source strengths and 

dimensions. Outputs are the melt width and penetration depth, temperature contours, 

temperature profiles, thermal histories and temperature gradients. 

Assumptions made for the purpose of modelling with the code (named TS4D - 

thermal simulation in four (4) dimensions) are as follows: 
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" The welding set-up must be symmetrical about the weld line. 

" Convection in the weld pool is neglected. 

" Distortion is neglected. 

" Convective and radiative heat loss can only take place from the top and bottom 

surfaces of the workpiece and not from the regions of the workpiece to the air. 

" Forces due to gravity are neglected since they are assumed negligible compared 

to surface tension forces. 

" No heat loss conditions are assumed on the y boundary and downstream (part of 

workpiece that has already passed under the laser beam) x boundary. For the 

upstream (part of workpiece yet to pass under laser beam) x boundary, there is a 

choice between a no heat loss condition and an ambient temperature boundary. 

" For simulation of surface treatment and conduction welding, it is assumed that 

the temperature will not exceed boiling point. 

" Power is absorbed evenly 

3.3.1. Use of TS4D code 

TS4D requires experimental weld pool cross-sections. The point source strength, line 

source strengths and power source are all adjusted until the predicted weld pool 

cross-section is a good fit to the experimental one. Then the temperature field is 

obtained from which the thermal histories, temperature profiles and contours can be 

generated. 

3.3.1.1. Solution domain 

The solution is calculated in the domain 
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-ýLength <- x<- 
ýLength 

0<_y<_ 
IWidth 

0<_ z <_ Total Depth 

The solution domain is kept as small as possible to increase the accuracy of 

computation but large enough so that the temperatures on its boundaries do not rise 

appreciably above the ambient temperature. A choice for Length and Width of 80mm 

each would suffice for most situations. 

P1 )' axis 

0.5 * Width 

I 

. 
PLAN VIEW 

Specimen 

Workpiece 

-0.5 * Length 

ýýý; liipool ý 
_.. _... 1. _, r.. __ 

Q --ix axis 
0.5 " Length 

Motion of work-piece N- )I- 

(( Weld pool 

CROSS 

SECTION 
.... I, 

r : axis 

Figure 3.6 Solution domain for TS4D 

z=0 

= Specimen depth 

_= 
Total depth 

3.3.1.2 Heat Source 

Up to 11 heat sources can be incident on the workpiece. Let f(x-x,, y, 1) represents 

energy flux attributable to a single source at time t on the top surface. 
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x; is the x-coordinate of the centre of the source i where 

-0.5*Length <x, <0.5*Length 

The plume for each source is represented by a surface heat source of strength 

Q,, (t) of radius r; (z) and the keyhole by a volume source of strength Q,, (z, t) and 

length di(t) with 05 d, (t) SD (where D is the workpiece depth). 

Let S,, (z, t) and SB (z, t) be defined as 

S, = 
Qs, (t) l a, + Q,, (z, t) 

2 z<a; x2+y2 <r(y)2 

ý; (z) 

Q,, (z, 2) a: <z<d; (I); x2 + y2 <_ 
nr; (z) 

S7., =0 otherwise 

SH; - 
Q.,;, (r)le: +Q,,, (z, 1) 

(2 ýlZ) 

Q, 
", 

(Z, 1) 
S, ý _ 

; rr, (.. ), 

z: 5 D -a-; x2 + Y2 <- ri(z)2 

2 
D-d, (t)Sz-<D-ö_; xz+y <r, (z) 

S8 =0 otherwise 

In the program, the quantity S. is assigned a finite value, that is a tiny fraction of D 

that has a negligible effect on the predicted temperatures. 

The function f(x-x;, y, t) can be expressed as 

f(x-X, , Y, z) = (S,., (O, r)+S, i, (O, t))*9(x-x;, Y, O) 
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For the numerical simulations undertaken in this work, q(x-x;, y, z) takes the following 

form: 

q(x-x y z) = e-((x-x, 
)2 +y2)lSrad, 

2(-) 

0_zd (t) 

so that 

q(x-x;, y, z) =I at x=x,, y=0 

and q(x - x,, y, z) = e-Z at (x - x) = 
Srad, (z), y= `Srad, 

q(x - x,, y, z) =0 otherwise. 

Sri = Radius of spot 

3.3.1.3 Boundary Conditions 

The steady-state heat conduction equation that is being solved is 

öT ä2T ()2T ö2T n: cs 

P(T)C,, (T)u 
ax = k(T)(ax2 + ýy2 

+ äz.. 
) +I S(-) 

For the time-dependent heat conduction equation 

DT öT özT ozT özT 
P(T)CP(T) (+u)= k(T)( ++ at ax &Z aZy 

)+ ýS(z, t) 

where NSS is the number of sources or sinks incident on the workpiece where 

x, y, z are cartesian coordinates [m] 

t is time [s] 

T(x, y, z) is time-independent temperature [K] 

T(x, y, z, t) is time-dependent temperature [K] 

p(T) is mass density [kg/m3] 

Cp(T) is specific heat capacity [J/kg/K] 

K(T) is thermal conductivity [W/m/K] 

u is translation speed of workpiece (welding speed) [m/s] 
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S(z) is time-independent heat source 

S(z, t) is time varying heat source 

9 Top Boundary (z= 0) 

(i) For surface treatment and conduction welding sources: 

= Qr(X, Y, 1) k 
aT T (x, yA%) :! ý Lh 

T= Tn01n» 
g otherwise 

TboiI,,, 
g 

is the boiling point of workpiece. 

(ii) For laser keyhole sources: 

k 
ýT 

= Qr(x, Y, t) 

11 
Q, (x, Y, t) =ý. %r, (x-x;, Y, t)+A,. (T-To)+s,. 6(T'-To4) 

" Bottom boundary (z = Total depth) 

(i) For surface treatment and conduction welding sources: 

k 
aT 

= QH (x, y, ý) 

T= Tn0m�g 

T(x, y, Total depth, t) _< 
Th,,, h,, g 

otherwise 

Th ,,,, g 
is the boiling point of workpiece. 

(iii) For laser keyhole sources: 

k 
aT 

= Q, f(x, Y, t) 
z 

ii 
Ql3(x, Y, t) _1 . 

rH, (x-x,, Y, t)+A� (T -To)+sn6(T4 - To) 

1 

a= Stefean-Boltzmann constant = 5.66961 x 10-8 WM-2 K-a 
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FT and CB are emissivity for top and bottom surfaces respectively 

AT and AB are coefficients of convective loss from top and bottom surfaces 

respectively. 

" Downstream and y boundaries 

k aT 
= 0; k-=0. There is no heat loss through the edge boundaries. 

ax 

9 Upstream boundary 

Here a choice is made between 

k=0; 
. (no heat loss ) 

or alternatively 

T= Ambient (i. e. temperature remains at ambient temperature) 

" Symmetry condition 

ký =0 aty=O 

This assumes that T(x, y, z, t) = T(x, -y, z, t) for all y. Only symmetric configurations 

are considered. 

3.3.2 Control Volume Method 

In the control volume method, the differential equation governing the problem is 

examined as it relates to the underlying conservation principle (Ketkar, 1999). Every 

discrete grid point or node has the conservation principle that is used in deriving the 

differential equation, applied to it. The control volume method leads quickly to 
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mathematical expressions that have a physical basis and are therefore very versatile 

when it comes to applying simple or complex boundary conditions. 

3.3.2.1 One-Dimensional Steady State Problem 

The steady state heat conduction equation in one-dimension is given by 

ý(ký)+5=0 (3.25) 

where k is the thermal conductivity and S is the source term. Figure 3.7 shows a one- 

dimensional control volume. P identifies a general nodal point, and its neighbours, 

nodes to the east and west, are identified by E and W respectively (Versteeg and 

Malalasekera, 1998). The west side face of the control volume is referred to by 'w' 

and the east side face by V. The distances between the nodes W and P and between 

nodes P and E are bxw"P and SxPE respectively. Distances between face w and point P 

and between P and face e are denoted by Sx�p and 6XPe. 

0 

0- 
w 

avWP 

I- 8x" ý 

i 
J) 

ý1-N. 
r 

-º 
Ix - 

t3XPr"_ 1 

ti rvr 

e 
T 
E 

Figure 3.7 One-dimensional control volume (from Versteeg and Malalasekera, 1998) 

The key step of the finite volume method is the integration of the governing 

equation(s) over a control volume to yield a discretised equation at its nodal point P. 

Integrating equation (3.25) gives 

i?. ä pr 
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fd (kdT)dV+ f SdV =(kAdT), -(kAdT)W+SOV =0 (3.26) 
Al' 

dx dx 
Al' 

dx dx 

A is the cross-sectional area of the control volume face, AV is the volume and S is 

the average value of source S over the control volume. 

T and k are defined at nodal points. In order to calculate values at the control volume 

faces, linear approximations are used in the method of central differencing. Therefore 

V. 
k,,. + k,, 

w 2 

k,, + k,; 

2 

and 

dT 
- 

/T: 

! 

-T rý (kA 

dx 
kA ýe 

-e el ÖX,!. . 

dT T -T (kA 
dx 

)H. = kK, AK, ( 
äx ., 

) 
«ý 

The source term can be expressed in a linear form as follows: 

SAV = S" + S1,01, 

Substituting equations (3.27), (3.28) and (3.29) into (3.26) gives 

k, A, (T -Tr) 
-kw 

PE 

T,, -T,,. )+(S� +S,, T,, ) =0 äX, 17' 

This can be arranges as 

(3.27) 

(3.28) 

(3.29) 

(3.30) 

(k AL + 
kw 

AW - S, > )T, > A", )T, j. +( 
k" 

4" )T,; + S� (3.31) 
äx,,,: axior äxiti,, äxrr: 
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Equation (3.31) can then be written as 

a,, T,, =a T+a 
, T, 

where 

aw = 
kµ 

A, 
ý, axwl, 

a,; =k Aý 
äxý, 

r 

a,, = aW + a, - S,, 

(3.32) 

Equations (3.32) and (3.29) represent the discretised form of the equation (3.25) 

3.3.2.2 Two-dimensional Steady State Problem 

The two-dimensional steady state conduction equation is given by 

ý(ký)+ý(ký)+S=O 

A two-dimensional (2D) grid is shown below: 

" LY ý 

------- ---- ° 

w 

T7 
---- - ---; ---- . -1 -- 

E' 
A 

--- ----- ------- 

-------- ---------- .1 7 

y- 
-- ------------ -- ----- 

----- ---------- 

A 

S 
---- 

x 

ý 
----- ----- ------- 

(3.33) 

Figure 3.8 Two-dimensional grid (from Versteeg and Malalasekera. 1998) 
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The nodal point P has not only east (E) and west (W) neighbours but also north (N) 

and south (S) neighbours. Integrating equation (3.32) over the control volume yields 

f a(k aaT)dx. 
dy+ fa (k aT)dx. dy+ fS, dV =0 

e ax Ux All 
Cýy äy A6' 

Ae=A�"= Ay and A�=AS=Ax 

Equation (3.34) becomes 

(3.34) 

[k1(i) 
ý kx, A, (aT) + 

[k, 
A13(. r)1, 

-kA, ( 
aT)l 

+SAV =0 (3.35) 
ax ax ay ay 

Expressions for the flux through control volume faces are: 

Flux across the west face = kwAW 
8T 

ax W 
= kx, 

(T,, -T, O 
ax,,.,, 

(3.36) 

Flux across the east face = k, 
ýA, 

aT 

Flux across the south face = kA, 

Flux across the north face = k, A� 

= K, A, (T. - T") 
öxPF 

e 

aT 

ax S 

= k, 
.A 

(Tr' -Tý) 
, aY. 

vý 

= k.. A.. aT 
ax 

(TN -T, l) 
n 

(3.37) 

(3.38) 

(3.39) 

Is the source term is linearised (i. e. putting SAV = S� + S,, T,, ) and equations (3.36), 

(3.37), (3.38) and (3.39) are put into equation (3.35) 
, then we have 
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k A", k, A, 
, 
Aý k� A� A", 

, 
Aý 

+`++ )T +( )T,; + 
äxi, 7> äxr1: ZYsr aYr, N ýii r ax1'1i 

(k, 
A, 

)T,; +(k"A" )Tn, +SL 
. SI' J PN 

Equation (3.40) can be expressed in the general form below: 

a,, T,, = a, t, T, I, + aET, + atiT, +a NTN + S� 

where 

ký, AW 

ox,,.,, 

_ 
kA, 

ýrr: 

kI A, 
as = 

cYsr 

kn An 

a,,, _ ý1'r, v 

and a,, = a,,, + a,; +a ti +a ti, - Si, 

(3.40) 

(3.41) 

3.3.2.3 Three-Dimensional Steady State Problem 

The discretised equations for a 3D steady state heat conduction equation can be 

obtained in a similar manner. For the 3D derivation the nodal point P has six 

neighbouring nodes identified as west, east, south, north, bottom and top nodes (W, 

E, S, N, B, T). The cell faces are identified by w, e, s, n, b, and t, which refer to the 

west, east, south, north, bottom and top cell faces. 
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The discretised equation is given by 

a,, T,, = a,,. T,,. + a,; T,; + a, T, + ah. TN + aHT H+a,. 
T,. + S,, 

where 

kA 
üiy = ý 

{i7, 

_kA, axPIi 

as = 
kA, 

s 

- 

kA 
n 

UN = 

Cllf = 

C'IY/', \' 

kh Ah 

özH,, 

kA 
al. _,, 

aZ,,,. 

a,, =a, {. +a,; +a`+aA, +a�+a,. -S,, 

The 3D control volume is as illustrated below 

(3.42) 

-87- Panton Okon 



Chapter 3 Laser Conduction Welding of Aluminium Alloys Theoretical Aspects 

y 

B 

Figure 3.9 Three-dimensional grid (from Versteeg and Malalasekera, 1998) 

The control volume method of solving the heat conduction equation makes it 

possible to incorporate a number of laser beam profiles and spot profiles (square, 

circular and of course Gaussian) in the code TS4D. 

The steady state option was used during TS4D modelling, hence the 1 D, 2D and 3D 

steady state control volume derivations. 

Details of simulation results with TS4D are given in chapter 5. The penetration 

depth/spot radius variation was obtained with the code. 

3.4 Other theoretical considerations 

In this section, the theory behind spot radius calculations (for both CO2 and Nd: YAG 

lasers) and absorptivity measurements is discussed. 
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3.4.1 Spot radius calculations 

As highlighted in chapter 2, the variation of the laser beam diameter with distance in 

the direction of propagation is given by 

tit = titO 1+(-2- 
11 o Ir 

(3.43) 

where 

wo is the beam radius at the focus, A is the laser beam wavelength and z is distance in 

the z direction, i. e. perpendicular to the top surface of the workpiece. This equation 

was used to calculate the spot radii of the laser beam corresponding to distance 

between the focus and workpiece. 

3.4.2 Absorptivity Measurements 

If a piece of metal sample is irradiated with laser energy, it becomes heated and the 

net flux entering it is given by 

Qr, =mcp (T)dT'(T) 
dt =APc -Pu, (3.44) 

where m is the mass of the sample, cp is the specific heat, dTh/dt the heating rate, 

APi�, the incident power multiplied by the absorptivity and PI. h, the losses due to 

natural convection. Once the beam is switched off, the heat flow leaving the system 

is: 

dT (T) 
_ Qý. = mcp(T) ` 

dt 
(3.45) 
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Since the sample and its surroundings remain physically unchanged in a still 

atmosphere it can be assumed that the power loss on heating and cooling is equal as 

long as there are no surface modifications. 

Subtracting equation (3.45) from equation (3.44) gives 

dT,, (T) dT,. (T) 
Qn - Qc = mcr(T) dt dt = AP 

,,, c - 
Pij, + Pi. 

c 

This gives 

mcp (T) dTh(T) dT"(T) 
A= - P,,, 

C 
dt dt P�IC 

(3.46) 

(3.47) 

3.5 Numerical Analysis using ABAQUS 

A point source model can represent the LCW process. The commercial finite element 

package ABAQUS/Standard (version 5.8) was used to simulate LCW in a 2D 

axisymmetric element model. A 2D model was adopted due to the large amount of 

CPU time, space and memory required for a 3D solid element model simulation. The 

heat flux was represented by a Gaussian beam formulation and simulated using a 

user-subroutine DFLUX within ABAQUS. If the welding speed is v and the laser 

beam diameter at a distance h above the focus is D, then the time, t1, taken for the 

laser beam spot to cross a particular point on the surface in the direction of welding 

is given by 

D 
L 1, V 

(3.48) 

A schematic of 3D solid with shaded area that is modeled using ABAQUS is shown 

in figure 3.10. 

dt dt 
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Heat flow in the welding direction (x) is neglected. 

Boundary conditions for the simulation are as follows: 

Temperature, T <_ Th (3.49) 

This was achieved by placing a limit on the maximum intensity incident on the work- 

piece. At the top and bottom of the work-piece convection boundary conditions are 

applied as follows: 

q=-H(T-Ta) 

Laser Beam 

Z A 

xý 
Y 

it 

(3.50) 

ýti. 
ýý 

Figure 3.10 - Schematic of 3D workpiece with 2D area of interest highlighted 

In the melt pool area, 

q= AI(x, y)-6c(T' -To4)- H(T-To) (3.51) 

where q= -KOT, according to the Fourier law 

T= Temperature 

To = Ambient temperature 

Tb = Boiling temperature 

h= heat transfer co-efficient 
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I= Intensity 

A= absorption co-efficient 

6= Stefan Boltzmann's constant 

s= emmissivity 

The Gaussian beam is represented by the following distribution: 

P- 2r2 
1(x, y) =z eXp( 2) ýrro ro 

(3.52) 

2> r =x`+Y` 

ro = laser beam spot radius and is defined as the radius within which the intensity, 1, 

does not vary by more than 1/e2 of its peak (central) value. 

1(x, Y) = O, t > ti., (3.53) 

It is assumed that once the laser beam crosses a point of interest, cooling starts 

instantaneously 

The governing equations for the heat transfer problem are presented next with the 

appropriate boundary conditions described previously. 

The basic energy balance equation is given by (Hibbit, Karlsson ans Sorensen, 1998) 

JqdS+ JrdV 
= 

JpUdV (3.55) 

s i1 i" 

where S and V denote surface and control volume respectively 

q= heat flux per unit area crossing surface S from environment to body 

r= heat flux per unit volume generated within body 

p= material mass density 

U(O) = internal energy per unit mass 

U= material rate of change of U per time 
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q= -q. n 

q= heat flux vector 

n= unit outward normal to the surface 

x= displacement vector 

fpUdV=-fy. ndS+ frdV 

I' S-V 

Substitute (3.56) into (3.57) and apply divergence theorem 

f pUdV =- fa 
. gdV+ JrdV 

,. 1. öx-I. 

(3.56) 

(3.57) 

(3.58) 

This is the strong form of the thermal equilibrium that cannot be enforced 

numerically. Therefore a `weak' form is required. 

Multiply (3.58) by an arbitrary variational temperature, SA and integrate over the 

volume 

fPU, MdV--fs© 
a 

. qdv+ f(5&-dv 
V {, ax -V 

Applying the chain rule 

(3.60) 

fp üi5edV = f-( a (q. 5e)+q ase)dv+ f(50rdv (3.61) 
,. 1. ax -. - ax I. 

Applying the divergence theorem and equation (3.56) 

-Ja . (g(59)dV = 
f-n. g8&IS= fg89dS (3.62) 

ýä x- ti -, 
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f pUS&iv- fase gdV= f86qds+ fS4rdV 

ý. ýx º. ý. -s 
(3.63) 

This is the `weak' form of the thermal energy balance equation that is discretized. 

Temperature-dependent values of thermal conductivity and specific heat capacity for 

mild steel were used for the ABAQUS simulation. The simulation was undertaken in 

order to investigate the LCW process for weldpool temperatures that are difficult to 

measure experimentally. Figure 3.11 shows the mesh used for the simulation and 

figures 3.12(i) - 3.12(iii) show weld zones from ABAQUS simulation results. The 

variation of penetration depth with spot radius obtained from the simulation is shown 

in figure 3.13. Figure 3.13 illustrates the results obtained when the maximum surface 

temperature was kept at boiling temperature and also when it was allowed to rise to 

above boiling temperature during the ABAQUS simulation. To keep the maximum 

temperature at the boiling temperature, the heat flux was adjusted accordingly within 

the user subroutine, DFLUX. 

ABAQUS results indicated that when the maximum surface temperature was kept at 

boiling temperature, the penetration depth increased with increase in spot radius of 

the laser beam. The penetration depth decreased when the surface temperature 

decreased to below boiling temperature. The results also showed that after maximum 

penetration depth had been reached, points of all curves coincided irrespective of 

whether the intensity was restricted or not. 
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----------------------- - 

ý 

Figure 3.1 1- Mesh used for ABAQUS numerical simulation 

This result would suggest that maximum penetration depth may be achieved during 

LCW when the surface temperature is at boiling point of the material such that any 

further increase in spot radius (achieved by increasing the distance from the focus), 

would produce a decrease in the surface temperature. 

I 

(i) 

ýýýýý -im 

.: 
ÄlI IýýýiN 

(ii) 

dIN'IIIIOI 

(iii) 

Figure 3.12 - ABAQUS simulation result showing weldpool profiles for (i) spot radius 
equal to 0.294mm, (ii) spot radius equal to 0.805mm and (iii) spot radius equal to 1.331 mm 
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L25 

I 00 
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050 

0 25 

a 
0 0.5 15 z. o 1.0 

Spot Radius (mm) 

Max. temperature = boiling : varying intensity 
t3---0 Max. temperature = boiling: maximum intensity =3x 10a W/cm- 
vv No restriction on temperature or intensity 

Figure 3.13 - Variation of penetration depth with spot radius from ABAQUS simulation 
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4. Experimental 

The power of the laser beam is an important factor in the laser conduction welding 

process. Other factors that are essential are welding speed, gas flow rate, focal length 

of lens, jigging configuration, and distance of focus above the work piece (which 

determines the spot radius). In the following paragraphs, how these are combined to 

give the end results are discussed. 

4.1. Laser Conduction Welding Set-Up 

Two types of lasers were used for the laser conduction welding (LCW) experiments. 

The first laser used was a PRC/OPL CO2 laser with a maximum power delivery of 

1.8kW and a TEMoi* mode laser beam. Zinc Selenide lenses of focal length 127mm, 

150mm and 254 mm were used to focus the laser beam. The PRC laser is a fast-axial 

flow, DC excited laser which can produce continuous wave, gated pulse, superpulse 

and hyperpulse operating modes. 

This laser was used for the trial experiments on 2mm, 2.5mm and 3mm gauge mild 

steel. The workpiece which was mounted on an aluminium jig was moved relative to 

the laser beam using CNC programming. The CNC programs ensured that the 

welding speed and range of movement of the CNC table was controlled semi- 

automatically, given that each welding process was started by a manual operation 

which then activated the pres-set parameters of welding speed, stand-off distance, 

length of traverse and of course the points at which to open and close the laser cavity 

shutter. 127mm, 150mm (for mild steel) and 254mm focal length (for aluminium 

alloys) ZnSe lenses were employed for the purposes of focussing the laser beam onto 

the workpiece. 127 mm focal length ZnSe was used for the laser conduction welding 

of 3mm gauge mild steel because although the focused spot size was relatively small, 
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the defocused spot radii or diameters were greater for the 127mm lens than, say, for 

the 150mm lens. This is because, beyond the focus of a lens, the divergence of a laser 

beam passing through the lens is inversely proportional to its focal length. The 

average dimensions of the mild steel samples were 150mm by 80mm and the laser 

beam was directed along the centre of the sample lengthwise. The 254mm focal 

length lens was used for the welding of aluminium alloys due to its greater depth of 

focus which offered some protection of the optics against spatter and back 

reflections. 

The other laser used was a Multi Wave-AutoTM Lumonics AM356 continuous wave 

Nd: YAG laser that was utilised for the laser conduction welding of 3mm gauge 

aluminium alloys. The Nd: YAG laser was used because it produces laser beam of 

wavelength 1.06 microns which is more readily absorbed by aluminium than the 10.6 

micron laser beam produced by a CO2 laser. The maximum power that could be 

produced by the Nd: YAG laser was 3.5kW delivered by an fibre optic of diameter 

600 microns. The beam exiting the fibre optic cable is divergent and is focused using 

a focus head mounted on the output end of the fibre optic cable. The focus head 

contains coated glass lenses, which first collimate and then focus the beam. A variety 

of standard lens combinations are available and the one used for the welding 

experiments produced a focused spot diameter of 0.48mm. This combination had a 

collimating lens of focal length 200mm and an objective focusing lens of focal length 

equal to 160mm. The workpiece was moved relative to the laser beam and fixturing 

was achieved using a copper base plate jig (see section 4.1.2). The shielding gas used 

was argon. To prevent spatter and fume from accumulating on the coverslide 

protecting the focusing lens, a high velocity, compressed air, cross jet was directed 

perpendicular to the beam path. 
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4.1.1. Mild Steel 

Initially trial experiments were carried out on mild steel using the OPL/PRC CO2 

laser with a maximum laser power output of 1.8kW. Other parameters used for LCW 

experiments are shown below: 

Parameter Value 

Laser Wavelength 10.6 microns (µm) 

Lens Focal Length 127 mm, 150 mm, 254 mm 

Average Laser Power 1800W 

Traverse Speed l 00mm/min - 175 mm/min 

Laser Beam M2 2.452 

Laser Beam Mode TEMo1" 

Shielding Gas Argon; 201/min coaxial 

Material 2mm, 2.5mm and 3mm gauge mild steel 

Raw Beam Diameter 16.5mm 

Distance from Focus (Standoff distance) 0 mm - 180 mm 

Table 4.1 Parameters used during CO2 laser conduction welding of-mild stee 

Theoretical spot sizes were calculated using the formula (Sun, 1998) 

zýMz z 
rý = ro 1+( ,) 

m-- 

where 

2M2F2 
r0 = 

; rD 

r, = calculated spot radius at distance z (mm) 
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D= raw laser beam diameter at lens (mm) 

A= Laser beam wavelength (mm) 

F= focal length of lens (mm) 

z= distance of focus from the workpiece (mm) 

Laser burn prints obtained on Perspex indicated that the laser beam spot size 

increased with distance from the focus. Below is a graph (fig. 4.1) that shows the 

relationship between measured spot radii on Perspex and distance of focus from 

workpiece. A line of best fit is shown and from this line values for M2 and focused 

spot radius were calculated as follows: 

10 

0 20 40 60 80 

Distance from Focus/Standoff Distance (mm) 

100 120 

Figure 4.1 Relationship between distances from focus and measured spot radii on 

Perspex using a 127mm lens. 
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Diameters of CO2 laser beams determined from Perspex have been found to give 

fairly accurate estimations of the real laser beam diameters (Miyamoto et al (1984) 

and Whitehouse, et al (1990)). Thus the diameters of CO2 laser beam obtained on 

Perspex can be used as above to determine M2. 

It was found that there was a linear relationship between both measured spot radii 

and distances from the focus and the equation of the line of best fit was 

y=0.0914x + 0.2482. 

From equation (4.1) 

r, 
2= 

ra 
2+( 

M2A 

)2z2 
Rro 

Multiplying equation (4.3) through by r02, we have 

rL2ýo2 = r04 +()2(1Y12)2Z2 
7r 

(4.3) 

(4.4) 

Take any two points at which spot radii corresponding to distances z1 and z2 are rci 

and rc2 respectively. Then 

rc, 
zroz 

= 1o4 +(/1 )2 (M2)2 z12 

z 

rc22Y02 = Yp; +(ý) (M2 z22 
if 

We can eliminate ro4. 

(4.6) - (4.5) gives 

rO2(rc22 -rc, 
2) 

_ )2(M2)2(z22 -z, 
2) 

From this we obtain 

A 
- 

(-) 
(Z22 -Z, 

Z) 

r0 22 
7C (rc2 - rc, ) 

(M) 

(4.5) 

(4.6) 

(4.7) 
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From values of r, and z obtained from the line of best fit in figure 4.1, an average 

value of 

'Z 
(ZZZ 

- `'Z) = 0.036 ) 
(r, z -rý. iZ) 

z 

. ". ro = 0.036Mz (4.8) 

Equation of line of best fit from figure 4.1 is y=0.0914x + 0.2482. The above 

equation means that at the focus (z = 0) the spot radius (ro) = 0.2482. If this value of 

ro is put back into equation (4.8), M2 = 6.9 

. ". ro = 0.2482 and M2 = 6.9 

The focused spot radius for other lenses namely 150mm and 254 mm were calculated 

using a linear proportion equation as follows: 

0.2482 f 
127 

xr 

where r, and f, are focused spot radius and focal length of either 150mm or 254mm 

lens. 

M2 is a function of the laser beam diameter and laser beam divergence (LIA 

Handbook, 2001). It compares the actual laser beam divergence with a Gaussian 

laser beam of the same initial waist size (Steen, 2003), thereby giving a quantitative 

measure of laser beam mode quality. The M2 factor is useful in analysing laser 

focusability and relates actual laser performance to an ideal standard, the lowest- 

order Gaussian mode, TEMoo (LIA Handbook, 2001). 

Over 300 samples were welded in the trial experiments in order to test the hypothesis 

of using defocused laser beams for laser conduction welding. 

After welding the samples were sectioned with a band saw and mounted with a 

Buehler Pneumet II mounting machine press machine. The hot mounting was 
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performed for about 15 minutes at a temperature of 100°C. Each mount was ground 

using Struers Prepmatic polishing and grinding machine until the desired 

surface finish was achieved. The samples were then etched in Nital solution and in 

some cases ferric chloride solution. The etched samples were then examined under 

an optical microscope and from the micrographs produced measurements of the weld 

width and penetration depth were obtained. This could be done as the weld 

boundaries were clearly shown on the micrographs. 

See Appendices for FORTRAN programme used for spot radii calculations. 

4.1.2. Aluminium Alloys 

The OPL/PRC CO2 laser was used to weld 2mm AA5083 both in the keyhole 

welding mode and conduction welding mode using the 254mm lens. For aluminium 

welding the jig was tilted slightly so that along its length there was an angle between 

the base of the jig and the CNC table of 2°. The aluminium alloy samples were 

mounted in the same way as the mild steel samples. However, the etchants used were 

different, namely sodium hydroxide solution and in some cases hydrogen fluoride- 

based solution. 

Absorptivity of laser energy by aluminium posed a problem during laser conduction 

welding. Three options were tried (i) graphite coating (ii) laser-arc hybrid welding 

and (iii) sandblasting with aluminium oxide grit to enhance laser energy absorptivity. 

(i) Graphite coating was administered by means of a spray can held at a distance 

from the workpiece. The use of graphite coating brought about an increase in 

absorptivity but the difficulty is producing an even spread of coating made 
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consistency very difficult. Furthermore, the weld quality was compromised due to 

the absorption of carbon in the weld pool. Carbon has the adverse effect of reducing 

the corrosion resistance of the weld. However interesting results were obtained. 

(ii) The laser-arc hybrid process was utilized with the aim of providing some pre- 

heating during welding. The pre-heating produced by the TIG welder would then 

enhance absorptivity of the laser beam given that the temperature of the surface 

would have been raised to a much higher temperature than room temperature before 

the incidence of the laser beam. The distance between the are and the laser beam 

(both focused and defocused) was varied between 5mm and 9mm. Any distance 

closer than 5mm resulted in the arc gas nozzle being overheated, which in turn 

shattered the ceramic gas nozzle. Synergic effects were observed with the laser-arc 

hybrid process. 

A photograph of the laser-arc set-up is shown in figure 4.2. Figure 4.3 shows the 

cross section of the welding jig used for the experiments. 
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Welding torch 
clamp 

Welding 
Torch 

Figure 4.2 - Laser-Arc Setup 

For the purposes of adjusting the position of the welding torch, a clamp was designed 

that allowed movement in the three orthogonal directions, x, y, and z. From figure 

4.2, it can be seen that the welding torch was held at its natural angle of 

approximately 45° to the horizontal. The welding jig was fastened to the laser CNC 

table and the direction of welding is indicated an arrow in the diagram. The arc was 

initiated using the lift-off method initially and then finally the high frequency start 

method. In the former case the electrode was brought down to just touch the 

workpiece and then as soon as the electrode was lifted, the arc was initiated. The 

electrode-workpiece distance was approximately equal to the diameter of the 

electrode which in this case was 2.4mm. Zirconiated tungsten electrodes were used. 

Initially some time was spent in establishing some arc welding parameters for 3mm 

gauge AA5083 and chapter 5 contains results obtained from these trial experiments. 
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" Special Jig with copper backing plates 

A special jig with copper backing plates was built for the laser conduction welding 

experiments. Copper was used because of its high thermal conductivity, which 

facilitated heat conduction from the welded samples that experienced a high rate of 

heat generation due to the relatively low welding speeds. A schematic of the cross- 

section of the special jig is shown in figure 4.3. 

groove 

Copper 
base plate 

Mild steel 
backing 
bar 

workpiece 

25 mm 25 111111 

150 mm 

Figure 4.3 Schematic of copper-based welding jig 

10 mm 

15mm 
Gas inlet 

Figure 4.3 shows a cross-section of the jig without the clamps that are designed to 

hold the workpiece down on either side by virtue of screws. The copper base plate 

had little holes drilled into it so as to allow shielding gas put through the gas inlet to 

shield the bottom surface of the workpiece. The groove was about 12mm wide and 

about 1 mm deep. 

A view of the copper base plate is shown below. 
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Holes for the 
output of gas 

(i) 

5 mm 

67 mm 
ý 

75 mm 

(ii) 

Figure 4.4 (i) View of copper base plate (ii) cross-section of the left clamp used for the jig. 

ý 

ý'rý 
., 
ý 
ý; 

Figure 4.5- Migatronic 400AC/DC TIG Welder 
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Parameters used for the laser-arc (TIG) hybrid process are as shown below: 

Variable Value 

Defocused laser beam power - 1800W 

Focused laser beam power 340W - 800W 

Laser-arc distance 4mm - 9mm 

Welding torch angle (natural angle) 450 

Angle of jig to horizontal (to reduce 

adverse effects of back reflection) 
20 

Welding Speed 300mm/min - 420mm/min 

Gas flow rate for TIG 10 1/min 

Gas flow rate for laser (coaxial) 10 1/min 

Gas flow rate for bottom surface of 

workpiece 

3 1/min 

Electrode stick-out 6.5mm 

Table 4.2 Parameters used during laser-arc welding of aluminium alloys 

Figure 4.5 shows the TIG welding machine (Migatronic 400 AC/DC) used for the 

laser-arc welding experiments. 

(iii) Sandblasting was carried out using aluminium oxide grit. This had the 

advantage of not only roughening up the surface of the sample but also 

increasing the effective surface area available for the incident laser beam. 

Sandblasting proved to be the most effective absorption enhancing technique 
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for laser conduction welding with a defocused beam in the case of aluminium 

alloys. The inconsistencies of the laser-arc process were avoided with the 

sandblasting option. 

The sandblasted samples were used mainly, but not exclusively, for the Nd: YAG 

laser conduction welding experiments and below are photographs that show the set- 

up for this part of the experiments. The Nd: YAG had the advantage of the use of a 

robotic arm that gave it not only linear but rotational degrees of freedom. The fibre 

optic was attached to the robotic arm making it possible to deliver the laser beam 

energy in quite a number of positions. 

Figure 4.6 - Nd: YAG laser delivery system with robotic arm 

The Nd: YAG laser delivery is as shown in figure 4.6. The lens nozzle assembly was 

tilted at an angle of 12° to the vertical sideways to the direction of translation. 
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Figure 4.7 - Nd: YAG laser delivery system with robotic arm viewed from a different angle 

Figure 4.7 gives different view of the Nd: YAG laser set-up. 

The parameters used with the Nd: YAG laser are as shown below, for the laser 

conduction welding experiments. 

Variable Value 

Defocused laser beam power 2000W - 2500W 

Spot size at focus 0.48mm 

Distance above focus 10mm - 50mm 

Angle of laser focusing head from vertical 12° 

Welding Speed 600mm/min - 720mm/min 

Gas flow rate 10 1/min 

Gas flow rate for bottom surface of base plate 5 1/min 

Table 4.3 Parameters used during Nd: YAG laser conduction welding of aluminium alloys 

- 111 - Panton Okon 



Chapter 4 Laser Conduction Welding of Aluminium Alloys Experimental 

In order to ensure safety, the Nd: YAG welding took place within a built-up enclosure 

which remained shut during the process. Observations of the welding process could 

be via a CCTV monitor mounted just outside the door o the enclosure. The door had 

to be properly shut otherwise the welding process would not commence. 

4.2. Sample Surface Preparation 

Samples used for the laser-arc hybrid welding process were first cleaned with 

acetone and then brushed with a steel wire brush to reduce the thickness of the thin 

oxide layer that forms a corrosion-resistant covering for aluminium. After the 

brushing, the samples were once again cleaned with acetone and welding took place 

within 10 minutes of surface cleaning. 

Samples that were welded using the Nd: YAG laser were sandblasted with aluminium 

oxide grit without necessarily brushing them first. The sandblasting not only 

roughened the surface of the samples but also simultaneously removed the tenacious 

oxide layer. The sandblasted surface had a dull matt finish. Samples were cleaned 

with acetone after sandblasting. 

4.3. Laser Absorptivity/Reflectance Measurements 

Absorptivity and reflectance tests were carried out for the sample surfaces 

encountered during the laser conduction welding experiments. These surfaces as 

mentioned earlier were 

(i) As-received surface 

(ii) Brushed surface 

(iii) Sandblasted surface 
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Approximate absorptivity values were calculated for the above surfaces using small 

rectangular samples of 2mm AA5083. One of the reasons for embarking on this 

approximate calculation was to find the relative absorptivity for all surfaces. It was 

expected that results obtained would give an indication as to whether the sandblasted 

surface was a better one in terms of absorptivity. 

The rectangular pieces were weighed and then with thermocouples attached to them, 

they were irradiated with a defocused CO2 laser beam from the OPL/PRC laser. From 

basic heat conduction principles, and assuming that heat losses during the heating 

and cooling cycles are equal, the absorptivity is given by the equation 

mc'[dT,, 
_ 

dT 
A= c] 

Pc dt dt 

in = mass of sample 

cy = Specific heat capacity of material 

P;,, c = Incident power 

dT 
dt 

'= Heating rate 

dT 

t= 
Cooling rate d 

(4.9) 

The heating and cooling rates were obtained from the slopes of temperature/time 

curves obtained from thermocouple readings. The heating rate is the slope of the 

rising part of the temperature curve while the cooling rate is the slope of the falling 

part of the temperature curve. Results obtained are given in Chapter 5. 
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Reflectance measurements were made using similar samples at National Physical 

Laboratory, London. Results were obtained for specular reflectance excluded (SCE) 

and specular reflectance included (SCI). Specular reflectance is the reflectance of a 

beam of radiant energy at an angle equal but opposite to the incident angle, i. e. 

mirror-like reflectance. 

SCI therefore measures total reflectance from a surface, while SCE excludes the 

specular reflectance from the measurement. A 1064nm wavelength radiation was 

used for the purposes of reflectance measurements and four different surfaces were 

used namely (i) as-received (ii) sandblasted (iii) brushed and (iv) brushed and 

sandblasted. Results are shown in chapter 5. 

4.4. Surface Profile Measurements 

Surface profile measurements were carried out for the different sample surfaces at 

National University of Ireland, Galway. The technique used for this measurement is 

scanning white-light interferometry. The scanning white-light interferometer 

(Newview 100) provides surface topography and film thickness measurements to an 

accuracy of 0. lnm. The surface profiler has a variable field of view from 6x4.5 mm 

down to 0.18 x 0.14 mm. It has a vertical range of 100µm and it can measure 

roughnesses and step-heights in the range of 0.1 nm up to 10's of microns. White 

light is split in a spectral interference microscope objective, where part of the light 

travels to a spot on the sample of interest and the remainder is directed to a reference 

mirror. When the two parts recombine, bright and dark lines or, interference fringes, 

appear at the point of focus. A piezoelectric stack moves the objective in the vertical 

direction through a scan of 5 and 100µm. Fourier transform algorithms convert the 

recorded data into surface topography information which is graphically displayed. 
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The profiles and surface roughness measurements obtained indicated that the 

sandblasted surface had the largest surface roughness values. 

Optical microscope observations were carried out on the as-received and sandblasted 

surfaces in order to ascertain visually what alterations, if any, had been made on the 

sample surfaces as a result of sandblasting. The results obtained showed on a larger 

scale what was obtained from the interferometer measurements. 

Scanning Electron Microscope (SEM) analysis of the sandblasted sample surface 

was made in order to verify whether some foreign body or other element had been 

deposited with the surface layer of the sample as to affect its absorptivity 

characteristics. 

The scanning electron microscope has an electron gun that produces an electron 

beam of energy up to 40 keV. For the SEM experiments in this work, electron beams 

of energy equal to 25keV were utilised. Several electromagnetic lenses then focus a 

fine beam (- 2nm in diameter) on to the specimen. The electron beam is scanned 

across the specimen by scan coils while a detector measures the radiation emitted 

from the specimen. At the same time the spot at the cathode ray tube (CRT) is 

scanned across the screen, while the amplified current from the detector modulates 

the brightness of the spot. In this way a picture of the variation of the detector signal 

across the specimen is built up (University of Liverpool, 1998). 

Results indicate that the chemical composition of the sample remained unchanged. 

Results are shown in chapter 5. 
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4.5. Tensile Strength Tests 

Tensile strength tests were carried out on suitably shaped specimens on an Instron 

machine using a strain rate of 0.001mm/s and a crosshead speed of 4.5mm/s. The 

shape of the specimens is shown below in figure 4.8. 

On the Instron machine, the specimen to be tested is clamped at its two ends by two 

grips. The upper grip is fixed although its vertical position can be adjusted so as to 

accommodate specimens of different sizes. A powerful hydraulic actuator drives the 

lower grip. Once the specimen has been attached to the grips, the vertical movement 

of the lower grip generates the desired loading of the specimen. 

ý-- 
L- -__ý 

Figure 4.8 Shape for tensile strength testing 

Dimensions used for both mild steel and aluminium are shown in table 

W, (mm) W (mm) t (mm) 1(mm) L (mm) 

Mild Steel 
20 49 1.5 75 200 

18 49 2 75 200 

Aluminium 12 24 2 75 200 

Alloys 24 35 3 80 200 

Table 4.4 Dimensions of samples used for tensile strength tests 
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4.6 Other considerations 

In the case of laser conduction butt-welding, the edges of the samples used in the 

welding joint, were first of all milled and then brushed prior to welding. Stainless 

steel brushes were used in an attempt to reduce the aluminium oxide coating that 

could adversely affect the quality of the joint, given the difference in the melting 

temperatures of the oxide and the aluminium alloy. In some cases the brushing 

produced very small gaps along the weld line/joint but the defocused laser beam took 

care of that very adequately. While it is advisable to get the workpiece edges as close 

together as possible in the case of a butt-weld, this requirement is not as critical as in 

the case of keyhole welding which would not take place if there exists any gap wider 

that the laser beam spot size. 

In the case of the laser-arc trial experiments, the welding sample surfaces had to be 

cleaned with acetone or methanol and then brushed before finally cleaned. Welding 

had to take place within ten minutes of the cleaning and brushing. For the laser 

conduction welding experiments the samples were cleaned and then sandblasted. 

There was no need for brushing since the sandblasting got rid of the tenacious oxide 

layer as well as increasing the absorptivity of the sample. 
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5. Results 

This chapter contains results obtained from 

(i) Laser conduction welding (LCW) trials of 2mm, 2.5mm and 3mm mild steel 

using CO2 laser. 

(ii) LCW trials of 3mm AA2014 using a CO2 laser 

(iii) Laser-arc welding results for 3mm AA5083 

(iv) LCW of 2mm sandblasted AA5083 using CO2 laser 

(v) LCW of 3mm sandblasted AA5083 using Nd: YAG laser 

(vi) Tensile strength tests results of 2mm and 3mm mild steel welds and also 

2mm and 3mm AA5083, AA2024 and AA6061 welds. 

(vii) Surface roughness analysis of sandblasted, brushed and as-received AA5083 

samples 

(viii) Absorptivity and reflectivity tests of sandblasted, brushed and as-received 

aluminium alloy AA5083 

(ix) SEM analysis of sandblasted surface of AA5083 

5.1. Welding trials using mild steel 

Below are graphs that show the variation of penetration depth with spot radius which 

was varied by varying the distance of the laser beam focus to the workpiece. 

-119- Panton Okon 



Chapter 5 Laser Conduction Welding of Aluminium Alloys Results 

2. 'S0 

200 

E 
=1 

50 

6 

ý 
i 1.00 
Ö 

a 

0.50 

0 00 
0 

3mm mild steel 
127mm fI ZnSe lens 
Welding speed = 100mm/mm 
Argon shield gas c 20Vmm 

1 2 5 6 7 

Figure 5.1 Graph showing penetration depth against spot radius from focus for 3mm gauge 

mild steel. 
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Figure 5.2 Graph showing penetration depth against spot radius from focus for 2mm gauge 

mild steel 
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Figure 5.3 Graph showing penetration depth against spot radius for 3mm gauge mild steel 

The graphs in figures 5.1 - 5.3 reveal a phenomenon for 2mm, 2.5mm and 3mm 

gauge mild steel and that is, during laser conduction welding using a defocused CO2 

laser beam, penetration depth increased up to a maximum and then decreased with 

distance from the focus. The trial experiments on mild steel showed that there was 

an optimum spot radius that produced maximum penetration during laser conduction 

welding with a defocused laser beam. 

The curves for mild steel showed that the point of maximum penetration shifted to 

the right with an increase in welding speed. This is because as the welding speed 

increases more time is required to produce the amount of heat on the workpiece that 

will produce the maximum penetration depth. That increase in interaction time is 

reflected in an increase in spot radius and therefore a shift to the right. This 

phenomenon is peculiar to mild steel due to its material properties. 
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5.2. Welding trials using graphite-coated AA2014 
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Figure 5.4 Graph showing penetration depth against distance from focus for graphite- 

coated 3mm AA2014 

Figure 5.4 shows the variation of penetration depth with spot radius for 3mm gauge 

graphite-coated AA2014. Once again the same phenomenon was observed with 

AA2014. The detrimental effects of graphite, which included carbon absorption in 

the weld, rendered the use of graphite on aluminium unacceptable. On the graph the 

lines for both welding speeds seem to intertwine, a phenomenon that may be the 

result of uneven graphite coating spread that produced a non-uniform heating effect 

on the aluminium. 

5.3. Laser-arc welding results 

Results obtained using the TIG welder alone on 3mm gauge AA5083 indicate that, as 

expected, for constant arc currents penetration depth decreases with an increase in 

welding speed (figure 5.5). 
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Figure 5.5 Graph showing variation of penetration depth with welding speed for TIG 

welded AA5083 at different arc currents and welding speeds 

The laser-arc welding graphs in figures 5.6 and 5.7 show that the combination of the 

laser and arc gives rise to synergy, which increases the penetration depth of the 

welds. For example in figure 5.6 the penetration depth of the aluminium welds 

increased when the laser-arc (TIG) hybrid process was utilised, e. g. at a welding 

speed of 360mm/min and arc current of 130A, the penetration depth increased from 

approximately 2.2mm when TIG welded to 2.6mm when the laser-arc combination 

was used. The graph also shows that arc current and welding speeds influence 

penetration depth. Normally an increase in arc current at constant welding speed 

would increase the penetration depth, but an increase in arc current coupled with an 

increase in welding speed may cause the penetration depth to decrease as shown on 

graph 5.6. Penetration depths decreased from when arc current and welding speed 

were 130A and 360mm/min respectively to when they were 140A and 480mm/min 
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respectively. So arc current/welding speed combinations play a significant role in 

determining penetration depth. 
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Figure 5.6 Graph showing penetration depth against arc current for laser-arc welded 

AA5083 

Figure 5.7 shows the effect of an increase in distance from the focus on penetration 

depth. It should be noted that an increase in distance from the focus implies an 

increase in spot radius or spot size. 

From figure 5.7, the penetration depth obtained for TIG-only weld s at 120A and 

360mm/min was about 0.93mm while from figure 5.5. the same welding parameters 

produced a penetration depth of about 1.43mm. The disparity in results reflects the 

difficulty in reproducing TIG/arc weld results. Electrode length and contamination, 

start-up problems and gas pressure can all contribute to the variance in results. 

However, it is obvious that a laser-arc combination can produce an increase in 
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penetration depth, although such a process cannot be classified as laser conduction 

welding (LCW). 
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Figure 5.7 Graph showing penetration depth against distance from focus for laser-arc 

welded 3mm AA5083 

Figure 5.8 shows the variation of penetration depth with laser power for laser-arc 

welded 3mm gauge AA5083 when arc current was kept constant at 120A. Laser-arc 

distance was kept at approximately 6mm. However in this case the laser beam was 

focused on the surface of the workpiece. It was observed that an increase in laser 

power led to an increase in penetration depth as would be expected. Although the 

welding speed for the laser-arc welding process was much lower at 360mm/min than 

for laser keyhole welding, it was evident that comparatively small contributions from 

both laser and arc could produce full penetration welds. The line drawn across the 

graph represents the penetration depth for TIG only welding at 120A. 
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welded 3mm gauge AA5083 

- 126- 
Panton Okon 



Chapter 5 Laser Conduction Welding of Aluminium Alloys Results 

Figure 5.9 shows that as the welding speed increased, the penetration depth 

decreased for the only-TIG welding option. For the laser-arc process, this variation 

was also observed when the laser power was 540W. The arc current was kept 

constant at 120A. As would be expected, for speeds of 360mm/min and 420mm/min, 

the penetration depth increased when laser power was increased. The results from the 

laser-arc experiments indicate that 

(i) It was not possible to use the arc purely as a pre-heating medium without 

interaction with the laser beam 

(ii) Varying results obtained using the same parameters highlighted the 

difficulty in reproducing TIG results 

(iii) Although an increase in penetration depth was achieved with the laser-arc 

combination process, the increases could also be obtained by slightly 

increasing the arc current. 

5.4 CO2 and Nd: YAG Laser Conduction Welding of Aluminium 

Results obtained from the CO2 laser conduction welding of 2mm gauge AA5083 are 

shown in figure 5.10 below. The workpiece was sandblasted in order to enhance 

absorptivity of the laser energy by the aluminium alloy. 

Both welding widths and penetration depths increased initially up to a maximum and 

then decreased with increasing spot radius. 
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Figure 5.10 Graph showing variation of penetration depth and weld width with spot radius 

for CO2 laser conduction welding of 2mm gauge AA5083 

This trend that had been observed during the trial experiments with mild steel and 

graphite coated AA2014 was once again observed during the Nd: YAG laser 

conduction welding of 3mm gauge AA5083. Unlike the cases for mild steel, the 

maximum penetration depth for both welding speeds (600mm/min and 720mm/min) 

corresponded to the same spot radius as can be seen in figure 5.11 a. For aluminium 

alloys, the optimum penetration depth is dependent on an optimum surface area of 

the laser beam on the workpiece that, of course, is dependent on the optimum spot 

radius. Beyond the point at which maximum penetration depth is obtained, the 

effective spot radius becomes less than the actual spot radius of the beam, and this 

gives rise to a decrease in penetration depth (see figures 5.11 b and 5.11 c). This is 

reflected in figure 5.4 with regard to graphite-coated 3mm AA2014. This optimum 

spot radius was about 2.4mm for the graphite-coated 3mm AA2014 samples and 

about 2.8mm for the sandblasted 3mm AA5083 samples. Figures 5.11 b and 5.11 c 
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also show the variation of weld width with increasing spot radius for 3mm AA5083 

welded at 600mm/min and 720mm/min respectively. The graphs indicate that weld 

width increases up to a maximum and then decreases. This means that although there 

is an increase in spot radius, the effective spot radius varies in the same way as the 

penetration depth. As the spot radius increases beyond the optimum value, the laser 

energy concentrates in a gradually reducing inner area (area of the effective spot 

radius) of the laser beam whilst the outer fringes of the beam produce only a heating 

effect. 
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Figure 5.1 la Graph showing variation of penetration depth with spot radius for Nd: YAG 

laser conduction welding of 3mm gauge AA5083 welded at 600mm/min and 720mm/min. 

The penetration depth/spot radius curves were produced for only AA5083 since all 

the aluminium alloys used in this work exhibited the same phenomenon. 
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Figure 5.1 1b Graph showing variation of penetration depth and weld width with spot radius 
for Nd: YAG laser conduction welding of 3mm gauge AA5083 welded at 600 mm/min. 
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Figure 5.1 1c Graph showing variation of penetration depth and weld width with spot radius 
for Nd: YAG laser conduction welding of 3mm gauge AA5083 welded at 720 mm/min. 
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5.5. Tensile Strength Tests Results 

Uniaxial tensile strength tests conducted for laser conduction butt-welded mild steel 

samples revealed that the fracture occurred at the base metal. This showed that the 

welds were as strong, if not stronger, than the base metal. Figure 5.12 illustrates this. 

The response of the conduction welds to the tensile strength tests was identical to 

that of keyhole welds. 

ý 

-15mm mild steel conduction butt-weld 

"""1.5mm mild steel keyhole butt-weld 

-"- 2mm mild steel conduction bust-weld 

-"" -2mm mild steel keyhole butt-weld 

10 15 

Extension (mm) 
20 25 

Figure 5.12 Graph showing tensile strength tests results for 1.5mm and 2mm gauge mild 

steel 
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Figure 5.14 Graph showing tensile strength tests results for 3mm AA5083 keyhole 

and conduction welds 

Figures 5.13 shows tensile strength tests results for conduction welds as well as 

keyhole welds for AA2024. It can be seen that the conduction welds achieve greater 
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extensions than the keyhole welds and the maximum force applied before fracture is 

greater for the conduction welds than for the keyhole welds. 

In the case of AA5083 welds, the same trend occurs with the conduction welds 

requiring more force to fracture as shown in figure 5.14. All failures took place at 

the weld-base metal boundary of the butt welds. 

However in the case of AA6061 the failure occurred at the base metal for both 

conduction welds and keyhole welds (see figure 5.15). The keyhole and conduction 

welds were both stronger than the base metal. 

12000 

10 000 

8000 

3mm AA6061 tensile strength tests results 
' -ý 

--- LCWI 

-LCW2 

-- LKH1 

"""""ýLKH2 

10 000 15 000 
Estension (mm) 

Figure 5.15 Graph showing tensile strength tests results for 3mm AA6061 keyhole and 

conduction welds 
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Results for the tensile strength tests are as follows: 

AA5083 AA2024 AA6061 

(kN) (kN) (kN) 

Laser Conduction 
18.48 19.83 9.70 

Welds 

Laser Keyhole 
16.53 14.57 9.64 

Welds 

The table shows that the fracture load for 3mm gauge AA5083 was 18.48kN and 

16.53kN for laser conduction welds and laser keyhole welds respectively. For 3mm 

gauge AA2024, it was 19.83kN for laser conduction welds and 14.57kN for laser 

keyhole welds. In the case of 3mm AA6061, the fracture loads for laser conduction 

and laser keyhole welds were just about the same at 9.7OkN and 9.64kN respectively. 

This confirms the fact that laser conduction welding by means of a defocused laser 

beam could produce welds that are of comparable and even higher tensile strength 

than laser keyhole welds. 

5.6. Weld Profiles 

During laser conduction welding, the process is quieter and fewer spatters leave the 

weld pool. Furthermore, porosity is reduced as evidenced by the comparison of 

micrographs in figures 5.16 and 5.17. The intense heat and high power density 

attained during keyhole welding (figure 5.16) forms a little groove on the weld 

surface, whereas the surface of the conduction weld is relatively smooth. Figure 5.17 

is the micrograph of a bead-on-plate laser conduction weld of 2mm AA5083 at 

500mm/min obtained using the PRC/OPL CO2 laser. Figure 5.18 shows a butt-weld 
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for 2mm AA5083 achieved using a defocused CO2 laser beam at welding speed of 

450 mm/min. Again the weld is pore-free and smooth. 

Inim 

Figure 5.16 Micrograph of 2mm AA5083 keyhole weld showing pores that have formed 

inside; weld speed =I 100mm/min 

I inm 

" ý. 
Mdmppa 

Figure 5.17 Micrograph of 2mm AA5083 bead-on-plate conduction weld with practically no 

pores; weld speed = 500 mm/min 

Figure 5.18 Micrograph of 2mm AA5083 conduction butt-weld; weld speed = 450 mm/min 
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Figures 5.19 show progressively the weld cross-sections obtained during the laser 

conduction welding of 3mm gauge AA5083 using the Nd: YAG laser. It can be seen 

that the penetration/spot radius variation mentioned above occurred: full and 

maximum penetration occurring when the spot radius was 3.52mm corresponding to 

a distance of the focus above the workpiece of 25 mm. Other aluminium alloy weld 

cross-sections are shown in the appendix. 

The micrographs in figure 5.20 that are for 3mm gauge mild steel samples show the 

same trend i. e. increase in penetration depth up to a maximum and then a decrease, 

with increase spot radius. 

Figure 5.19 (a) (i) and (ii) show conduction welds for 3mm gauge AA5083 using Nd: YAG 

laser at distances 10 mm and 15 mm from focus; Average Power = ? kW 

Figure 5.19 (b) (i) and (ii) show conduction welds for 3mm gauge AA5083 using Nd: YAG 

laser at distances 20 mm and 25 mm from focus; Average Power = 2kW 
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Figure 5.19 (c) (i) and (ii) show conduction welds for 3mm gauge AA5083 using Nd: YAG 

laser at distances 30 mm and 35 mm from focus; Average Power = 2kW 

(iii) I mm 

Figure 5.20 Micrographs of 3mm mild steel conduction welds; weld speed = 100 mm/min, 

Average power = 1800W, 127mm focal length ZnSe lens and argon pressure = 201/min. The 

micrographs (i) - (iv) correspond to increasing focus distances at which the calculated spot 

radii are 1.89mm, 3.76mm, 5.18mm and 6.10mm respectively. 
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Figure 5.21 -TIG weld using the following parameters, I= 120A, v= 380mm/min 

Figure 5.22 - Laser-TIG weld using the following parameters, I= 120A, v= 380nun/min, P 

= 1800W, laser-arc distance = 5mm and distance from focus =+ 75mm 

Figures 5.21 and 5.22 show the results of TIG-only and laser-arc welding of 3mm 

gauge AA5083 samples. The synergic effect produced as a result of the laser-arc 

combination gave rise to a full penetration weld, as shown in figure 5.22. However, 

the reason behind seeking to use the arc in the first place was to provide pre-heating 

as opposed to initiating a laser-hybrid process. 
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5.7 Surface Profile Analysis 

Surface profile observations were made for sandblasted and as-received surfaces 

using both the SEM and an optical microscope. Figure 5.23 shows the optical 

microscope image of the sandblasted surface of an AA5083 sample. The dull parts of 

the micrograph are as a result of excessive light reflection in the tiny craters created 

by the aluminium oxide grit during the sandblasting process. 

Micrograph of surface of sandblasted 3mm AA5083 : ample 

Figure 5.23 Micrograph of sandblasted surface of AA5083 sample. mag. x 50 

The surface of the sandblasted sample enhanced laser beam absorptivity. The surface 

of as-received samples was examined under the optical microscope and the result is 

shown in figure 5.24. 

It is evident from comparing figures 5.23 and 5.24 that for laser conduction welding 

with a defocused laser beam, surface profile is a significant factor. 
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Figure 5.24 Micrograph of as-received surface of AA5083 sample; mag. x 50 

It is clear that the aluminium oxide grit change the surfaces of samples drastically in 

such a way as to affect roughness. Tiny craters are created on the surface and a very 

large percentage of the surface area is covered. 

Figure 5.25 - SEM analysis of sandblasted surface of 3m AA5083 sample (x I. 5k) 

Figures 5.25 and 5.26 are SEM analysis results of the sandblasted surface and as- 

received surface respectively. This confirms results obtained through optical 

microscope observations. 
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Figure 5.26 - SEM analysis of as-received surface of 3m AA5083 sample (x 1.25k) 

An investigation into the chemical composition of the surface of an AA5083 sample 

was carried out using the SEM. As can be seen in figure 5.27, no other elements were 

imbedded in the surface of the sample and the chemical composition of the sample 

was basically unchanged. 
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Figure 5.27 SEM analysis of sandblasted surface of AA5083 sample 
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It was observed that there was no significant change in the percentage of oxygen or 

oxide on the surface after sandblasting. Therefore the increase in absorptivity could 

not be attributed to an alteration or modification of the chemical composition of the 

sample or sample surface. It has been suggested that sandblasting increases the 

effective surface accessible to the defocused laser beam. 

5.8. Absorptivity Measurements 

Rough absorption calculations were made for the various sample surfaces of AA508 

with regard of CO2 laser beams. 

As explained in Chapter 4, the heating and cooling rates were found from the slopes 

of the temperature/time curves. Results obtained by substituting values into equation 

(4.1) gave the absorptions as follows: 

As-received - 0.18 

Sandblasted - 0.45 

Wire-Brushed - 0.039 

While the values reflect the absorption characteristics of the surfaces involved, the 

rather low value for the wire-brushed surface may be due to excessive reflections of 

the laser beam by the undulating surface. 

5.9. Reflectance Measurements 

Samples were sent to the National Physical Laboratory for examination and the 

following reflectance results were obtained. In figure 5.28, reflectance values (%) 

were highest for the wire-brushed surface followed by the surface that was first of all 

wire-brushed and then sandblasted. The grooves created during wire-brushing 

- 142- 
Panton Okon 



Chapter 5 Laser Conduction Welding of Aluminium Alloys Results 

produce diffuse reflections in all directions and this is probably what is responsible 

for the high reflectance. 

The surface that was produced after sandblasting the as-received sample gave the 

least reflectance. 

Reflectance Measurements @ 1064nm wavelength for different Alumnium Alloy (6083) surfaces (carried out at N. P. L. ) 
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Figure 5.28 Reflectance bars for as-received, sandblasted, brushed and brushed & 

sandblasted 
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5.10. Surface Roughness Measurements 

Surface roughness measurements were conducted at the National University of 

Ireland (NUI), Galway and the following visual profiles were obtained. Figures 5.29. 

5.30 and 5.31 show the surface profiles for as-received, wire-brushed and 

sandblasted AA5083 sample surfaces. 

Figure 5.29 Surface roughness profile of surface of as-received AA5083 sample (x20) 

Figure 5.30 Surface roughness profile of surface of wire-brushed AA5083 sample (x 20) 

-144- 
Panton Okon 



Chapter 5 Laser Conduction Welding of Aluminium Alloys Results 

Figure 5.31 Surface roughness profile of surface of sandblasted AA5083 sample (x 20) 

The above figures give a visual indication of the degree of roughness of the three 

surfaces. The surface roughness values were automatically calculated and the values 

are as follows: 

" As-received = 45.099 µm 

" Wire-brushed = 53.403µm 

" Sandblasted = 57.853µm 

It must be stressed that equality in surface roughness values may not necessarily 

produce the same degree of absorptivity. One surface pattern may generate more 

reflectivity than the other as is clearly the case here. 

It should be stated that the surface roughness is not the only factor determining the 

absorptivity of a surface. Material properties also contribute to a large extent. 
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However, it can be seen that sandblasting increased surface roughness, reduced 

reflectance of the surface, increased effective surface area of the surface accessible to 

the laser beam and produced a dull matt finish as seen by the naked eye. 

Furthermore, the chemical composition of the material remained unchanged. 

5.11 Weld Analysis 

Comparisons of experimental results and results obtained from numerical simulations 

using the TS4D code were undertaken and figures 5.32 and 5.33 show the 

comparisons for 3mm AA5083 welded at 600mm/min and 720mm/min respectively. 

5.11.1 TS4D Simulation Results 

The graphs obtained from TS4D simulation results show the same trend as the 

experimental results. 
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Figure 5.32 TS4D simulation and experimental results for laser conduction welding of 3mm 

gauge AA5083 welded at 600mm/min (showing variation of penetration depth with spot 

radius) 
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The penetration depth/spot radius variation is clearly visible from figure 5.32. The 

experimental curve (thick line) and the theoretical curves (thinner lines) do not 

coincide but penetration depth increases with increase in spot radius. This fact was 

utilised in producing butt-welds on 2mm gauge and 3mm gauge AA5083 sheets. 

Factors that could make the theoretical and experimental results agree better will be 

discussed in Chapter 6. 

3.5 

3 

2.5 

E 
E 
t2 
n 

O 
c 
0 
ý 1.5 

I 
IL 

1 

05 

0 

3mm AA5083 @ 720mmlmin 

iý 
iý 

I A 

// \ 
ý/\\ 

-- Smulahon3. Power= 800W 

--ý- Expenmental, Power " 2000W 

-&-Simulationa, Power " 750W 

ti 

a o. s I'S 2 25 3 35 4 45 

Spot Radius (mm) 

Figure 5.33 TS4D simulation and experimental results for laser conduction welding of 3111111 

gauge AA5083 at 720mm/min (showing variation of penetration depth with spot radius) 

Figure 5.33 shows theoretical and experimental curves obtained for 3mm AA5083 

welded at 720mm/min. The general shapes of the theoretical curves and experimental 

curve are similar although they do not coincide. Again, the TS4D simulations 

confirm the trend observed from experimental results. 
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Results obtained from semi-quantitative analysis, ABAQUS simulations, TS4D all 

confirm what has been obtained from welding experiments of aluminium alloys. 
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Figure 5.34 TS4D simulation and experimental results for laser conduction welding of 3111111 

gauge AA5083 at 600mm/min (showing variation of weld width with spot radius) 

Figure 5.34 shows experimental results as well as TS4D simulation results for weld 

width/spot radius variation with regard to 3mm AA5083 welded at 600mm/min. The 

curves are similar in shape and confirm that as the spot radius increases beyond the 

optimum point (point of maximum penetration depth), the effective spot radius 

decreases. 

The spot radius/penetration depth phenomenon can be attributed to the interplay 

between decreasing power intensity and increasing interaction time amongst other 

things. These interacting phenomena will be analysed in the following discussion 

chapter. 

- 148 - Panton Okon 



Chapter 6 Laser Conduction Welding of Aluminium Alloys Discussion 

6. Discussion 

6.1 Introduction 

In this chapter some of the theoretical and experimental results presented in the 

previous chapter will be discussed and analysed. The first part of this chapter will 

concentrate on the formulation of a phenomenological model of the laser conduction 

welding process. The purpose of this model is to explain the variation of weld cross 

section with changes in laser beam diameter. The final part of this chapter will 

discuss the tensile test results presented earlier in this thesis. 

6.2 The variation of weld cross section with laser beam diameter 

6.2.1. Experimental results review 

Figure 6.1 shows a typical set of results demonstrating the variation of weld depth 

with increasing laser spot radius. 
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Figure 6.2 shows similar results relating to the variation in weld width on the top 

surface of the material. It is clear from these results that there is an optimum laser 

beam diameter (for these experimental conditions) for maximum weld penetration 

and width. 
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Figure 6.2 - Graph showing the variation of weld width (top surface) for laser 

conduction welding of 3mm gauge AA5083 

This, of course, indicates that there is an optimum laser beam diameter for maximum 

melting efficiency. We need to consider why this should be the case and this is best 

done by dividing up the graphs into three regimes; 

1. Region A; where the laser beam is below the optimum radius range for maximum 

melting efficiency, 

2. Region B; where the laser beam radius is close to optimum for maximum 

melting efficiency and 

3. Region C; where the beam radius is too large for maximum melting efficiency. 
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Optimum melting efficiency is obviously of great interest as it gives us an insight 

into the fundamentals of laser-material interaction. Also, an understanding of this 

optimum interaction could be useful in minimising the cost of the welding process. 

Figure 6.3 shows that the optimisation of the melting efficiency occurs as the 

penetration depth and weld width are optimised. As the laser spot radius increases, 

two things happen in the laser-material interaction zone: 
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Figure 6.3 - Graph showing the variation of penetration depth/weld half width and 

weld volume with spot radius for 3mm gauge AA5083 welded at 600mm/min (N. B. 

Half width is shown here for direct comparison with the beam radius) 

1. The intensity of the laser beam decreases. As the beam is circular in cross section 

this decrease in intensity is proportional to the square of the radius. 

2. The interaction time between the material and the laser beam increases. This is 

because, at a given process speed, a larger diameter beam takes longer to move 

over any point on the material surface. 

It is clearly the interplay between these two effects which leads to an optimisation in 

the laser-material interaction which, in turn, leads to a maximum melting efficiency. 
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6.2.2 Theoretical results review 

Figures 6.4 and 6.5 show that the 1D and 2D theoretical analyses also demonstrate an 

optimisation of the melting depth with laser spot radius. Once again the graphical 

results can be divided up into three distinct regions with similar characteristics to the 

experimental results. 

-t-I D semi-q anhtahve analyse 

1.00 150 

Spot Radius (mm) 

Figure 6.4 - Typical results of the ID semi-quantitative simulation of the laser 

conduction welding process. 

One important point which needs clarification is that these simple theoretical models 

produce unreliable results when the laser beam diameter is very small. This is for two 

main reasons: 

1. At a small beam radius the interaction between the laser and the material is not 

conduction limited and involves a number of phenomena which are not 

accounted for in these simple models. 

2. The theoretical calculations can produce results for beam diameters which are 

smaller than the physically possible minimum diameter. 
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This unreliability of the models is demonstrated by the results given in Figures 6.6 

and 6.7. 

REGION A 

GOv= I00mm/min 

e-m v= 200mm/min 
31E v= 300mm/min 
p -- ý7 ý100mm/min 

 ý 500mm/min 
J 

0.5 1.0 1,5 

lýrýr1. 

2U? 5 

Spot Radius (mm) 

Figure 6.5 - Penetration depth/spot radius curves for different welding speeds obtained from 

2D semi-quantitative analysis. 

Figure 6.6 shows the result for the ID semi-quantitative analysis. The penetration 

depth/spot radius curve is shown as well as a curve showing the variation of dR 

with spot radius. 
7""' is the rate of change of penetration depth with spot radius. 

From equation 3.10, z, � = AR' - BR2 where A and B are constants that depend on 

material properties. Differentiating zn, with respect to R. we ha\ e 

dz,,, 
=A_2 BR 

dR 2VR 
(6.1) 
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Figure 6.6 - Result of ID semi-quantitative simulation of LCW process 

It is clear from figure 6.6 that the calculation for 
dz"' 

becomes unstable when the dR 

spot radius is very small (in this case below 0.2 mm). At values of R above 

approximately 0.25 mm the calculation gives an approximately linear variation in the 

rate of 
dz" 

which would be expected when the effects in question are being 

balanced against each other (i. e. the effects of reducing average intensity and 

increasing interaction time as a function of R). At small values of' R the simple 

relationship expressed by equation 6.1 is no longer appropriate. 

Figure 6.7 reveals the weakness in the TS4D simulation at small laser beam radii in 

that the surface temperature does not increase above its maximum allocated value of 

2732K which is equivalent to the boiling point of the material. 
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Figure 6.7 - Graph showing TS4D simulation for variation of penetration depth, weld width 

and surface temperature with spot radius for 3mm AA5083 welded at 600mm/min 

Sub-surface boiling of the material and ionisation of the vapour are not considered in 

this model. In summary, the theoretical results mirror the experimental results in 

showing that there is an optimum laser beam radius for minimum melting. However 

the models used here are unreliable at very small beam radius values. 

6.2.3 A phenomenological model of the variation of weld cross section with 

beam diameter 

A phenomenological model of the change of melt cross section with laser spot 

diameter is presented in figure 6.8 which graphically describes the laser-melt 

combinations associated with regions A, B and C of the earlier graphs. The three 

types of interaction can be briefly explained as follows; (ignoring experimental and 

theoretical results for small spot radii where the process is not conduction limited): 
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Region A (see figure 6.8A) - In this case the melt diameter can exceed the beam 

diameter because the laser beam intensity is greater than that necessary to simply 

melt the material in the interaction zone. This point is confirmed in figure 6.9 which 

gives the values for the weld width/spot width ratios taken from figure 6.3 

160 
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Figure 6.9 - The variation of the weld width/spot diameter ratio with increasing spot 

diameter 

Figure 6.9 clearly demonstrates that in region A the ratio of weld width to laser beam 

width is greater than 1.0. This extension of the melt region beyond the boundaries of 

the incident beam is obviously a product of the rapid transfer of heat away from the 

laser generated melt into the surrounding material. This transfer takes place by two 

mechanisms: 

1. Simple heat conduction from the weld pool (which because of the intense laser 

irradiation contains surplus heat). 

2. Marangoni flow - This flow is a stirring action set up in the melt which tends to 

transfer hot melt from the centre of the weld to the cooler edges. This is 

demonstrated in figure 6.10. 
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Thermal gradient 
(hottest in centre) 

Surface tension 
(lowest in the centre) 

Melt cross section 
Marangomi flow moves melt 
from low surface tension areas to 
high surface tension areas and 
simultaneously transfers heat to 
the cooler edges of the melt. 

Figure 6.10 -A diagrammatic explanation of Marangoni flow 

Marangoni flow is driven by the surface tension gradients within the melt pool. 

Generally, the surface tension of a liquid is inversely proportional to its temperature. 

This means that there is a tendency for hot (low surface tension) melt to migrate from 

the centre of the weld to the cooler (high surface tension) edges of the weld (as 

shown in figure 6.10). When the hot melt travels to the edges of the weld it carries 

some of its heat with it and this can melt the surrounding solid material. In this way 

the weld becomes wider than the incident laser beam. 

In region A however the laser-material interaction is over too soon to allow the 

maximum amount of material melting to occur. 
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Region B: In this region of optimum melting the conductive heat flow, marangoni 

flow, laser intensity and interaction time all combine supportively to achieve the 

maximum amount of melting (see figure 6.8B). 

Region C: In this region the laser-material interaction time is greater than was the 

case in regions A and B. However the laser beam intensity is reduced. This reduction 

in intensity means that melting only takes place near the centre line of the laser path 

where the interaction time is at a maximum and so is the laser beam intensity. These 

two points need some clarification: 

a) Interaction time 

The laser beam is circular in cross section and so those parts of the workpiece surface 

which are close to the centre line of travel will experience the laser for a longer time 

than those parts which are further from the centre line. This is demonstrated in figure 

6.11. 

In figure 6.11 f is a factor that is applied to the beam width to give the distance of 

travel of the laser beam away from the centre line. This is because the length of a 

chord of a circle can be expressed as the product of the diameter and a number. 

Alternatively if x is the distance from the centre line then the interaction time away 

d2 -4x2 2 r2 -x2 from the centre line is or where r is the beam radius. 
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Figure 6.11 - The variation of laser-material interaction time with distance from the centre 

line of travel 

b) Laser beam intensity 

It was mentioned earlier in this thesis (section 2.3.2) that laser beams have a power 

intensity which is not constant across the beam cross section. The laser used in these 

experiments had a power distribution similar to that shown in figure 6.12 which is 

more intense towards its centre. 

Distance from centre of laser beam, x (mm) 

Figure 6.12 -A typical intensity distribution for the laser used in these experiments 
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This situation obviously combines with the interaction time argument shown in 

figure 6.11 to promote melting close to the centre line of the laser beam's travel. 

As the spot radius is increased as we move across Region C the diameter and cross 

sectional area of the melt decreases. This is because the material requires a threshold 

power input to achieve melting. The zone in which this power input is available 

becomes ever smaller as the beam size is increased until, for very large diameter 

beams, the material is not melted at all. 

To summarise this model briefly: 

Region A- Very hot melt spreads sideways beyond the edge of the laser beam. 

Interaction times are short and melting efficiency is therefore low. 

Region B- Maximum melting efficiency; widest and deepest welds are produced. 

Region C- Energy inputs away from the centre line of movement are too low to 

achieve melting. Melting efficiency is low. 

6.3 Tensile strength tests 

True strain-true stress graphs obtained from transverse tensile strength tests results 

carried out for 3mm AA2024, AA5083 and AA6061 welds are shown below: 

The graphs have been derived from tensile strength results shown in figures 5.13, 

5.14 and 5.15. Figure 6.13 shows that the 3mm AA2024 samples fractured before 

there was any plastic deformation, suggesting that they were brittle. 
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Figure 6.13 - Graph showing tensile strength test results for 3mm AA2024 laser conduction 

and laser keyhole butt-welds. 

It should be noted that the tensile samples fractured in the weld zone, without any 

deformation. 

The ultimate tensile strength for AA2024 is 475 MPa. The maximum stress applied 

was 275.4 MPa and 202.4 MPa for the laser conduction welding (LCW) and laser 

keyhole welding (LKH) samples respectively. This reveals that although both types 

of laser weld were weaker than the parent material, the laser keyhole welds were 

more brittle than the laser conduction welds. 

The high power density during laser keyhole welding causes alloy composition 

changes (Zhao et al, 2001) due to vaporisation and results in the laser keyhole welds 

being the weaker of the two. 

In the case of 3mm AA5083 (see figure 6.14) both the laser conduction and laser 

keyhole welds experienced plastic deformity. The samples stretched beyond the 

elastic zone into the plastic zone during the tensile tests. 
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300 000 

3mm AA5063 tensile strength tests results 

Figure 6.14 - Graph showing tensile strength test results for 3mm AA5083 laser conduction 

and laser keyhole butt-welds. 

The AA5083 welds were more ductile than the AA2024 welds but with the laser 

conduction welds emerging stronger than the laser keyhole welds. Here again alloy 

depletion during keyhole welding caused a reduction in strength of the keyhole weld. 

Zhao et al found that during laser welding of AA5182 magnesium vaporisation 

occurred resulting in a lower magnesium concentration in the weld metal. This 

would definitely cause a weakening of the weld strength during laser keyhole 

welding. This was confirmed by the fact that the maximum loads applied were 256.7 

MPa for laser conduction welds and 229.6 MPa for laser keyhole welds. The ultimate 

tensile strength (U. T. S. ) for AA5083 is 300MPa. It should be noted that magnesium 

is the main alloy element (4 - 4.9%) apart from aluminium (94.8%) in AA5083. 

Figure 6.15 shows the results true stress/true strain results for 3mm AA6061. In this 

case fracture occurred at the base metal and there was necking. The extension 
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continued well into the plastic zone culminating in the deformity of the tensile 

sample. 
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Figure 6.15 - Graph showing tensile strength test results for 3mm AA6061 laser conduction 

and laser keyhole butt-welds 

In this case the changes in weld microstructure, both for keyhole and laser 

conduction welds, produced welds as strong if not stronger than the base metal. The 

maximum load for laser conduction welds was 134.7 MPa and 133.9 MPa for laser 

keyhole welds. The U. T. S for AA6061 is 125 MPa. It can be concluded that the 

tensile strength properties of the aluminium alloy welds varied in accordance with 

the strength of the base metal. The table below (6.1) illustrates the point. The 

stronger materials had the weakest welds (compared to the parent metal) of which the 

keyhole welds were the most brittle. 

These results show that laser conduction welding may be a viable option for AA5083 

and AA6061 but not for AA2024 if tensile strength is an issue. All the keyhole butt- 

welds had a tiny groove at the joint. However, the effect of the groove seems to be 
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Aluminium Alloy U. T. S. (MPa) 
Maximum Loads (MPa) 

Conduction Welds Keyhole Welds 

AA2024 475 275.4 202.4 

AA5083 300 256.7 229.6 

AA6061 125 133.9 134.7 

Table 6.1 - Tensile strength tests data 

minimal bearing in mind the tensile strength response of AA6061. If the groove was 

to compromise significantly the strength of the keyhole welds, then the AA6061 

would have responded differently, probably turning out far weaker than the base 

metal. 

It is interesting to note that for AA5083 and AA6061 above the yield stress there are 

some fluctuations or serrations in the tensile test curve which indicate some form of 

discontinuous deformation. This occurs because there is some unyielded material in 

the test sample. It would be observed that these only occur for laser conduction 

welding and therefore it is safe to assume that the unyielded material is peculiar to 

laser conduction welds. The temperature range for laser conduction welding and the 

relatively wider area of laser conduction welds are probably responsible for this 

behaviour. 
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7. Conclusions 

A method of laser conduction welding (LCW) using high-power defocused laser 

beams as opposed to industrial practice of focused laser beams was investigated. The 

results obtained were achieved for low speeds i. e. in the range of about 500 - 800 

mm/min for aluminium alloys. The alloys used were 2mm gauge AA5083 and 3mm 

gauge AA5083-0, AA6061-0 and AA2024-T3. Below is a summary of the findings: 

" Theoretical and experimental results both demonstrated that the melting efficiency 

of the conduction limited laser welding process increased with laser beam radius 

until an optimum value was achieved. As the laser beam diameter increased 

beyond this optimum the melting efficiency (melt width and depth) decreased for 

any set of values of laser power and process speed etc. 

" When the laser beam diameter was smaller than optimum the melt was of a larger 

diameter than the incident beam. This diameter spread was caused by the lateral 

transfer of surplus heat by Marangoni flow. 

" When the laser beam diameter was larger than optimum the outer portions of the 

beam were insufficiently intense to cause melting. As the radius of the beam is 

further increased the proportion of the beam which is insufficiently intense 

increases and the weld diameter reduces further. 

" Conduction limited welds were found to be generally stronger than their keyhole 

weld counterparts. This can be attributed to the fact that the boiling process 

inherent to keyhole welding tends to preferentially vaporise the alloying elements 

used to strengthen aluminium alloys. 
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Suggestions for future work: 

" An improvement of the theoretical modelling of laser conduction welding to 

improve the agreement of the quantitative results with experimental measurements. 

" Microstructural analysis of the metallurgical differences between keyhole and 

conduction limited welds. 

" An extension of laser conduction welding research to a wide range of other alloys 

including steels. 
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1D -SEMI-QUANTITATIVE ANALYSIS PROGRAM 

program wmodelD 
implicit none 
integer, dimension(200):: fd 

real, dimension(80):: sr 
real, dimension(50):: pd 
integer range, fl ag, kj, z 
real pi 
character resp l , resp2, answer, mod 

****************MAIN PROGRAM**************************** 
print*, 'Penetration Depth Program (I D)' 

pause 

! ************PENETRATION DEPTHS SECTION****************** 

open(1O, file='srad. dat', status='old') ! spot radius file 
k=0 
flag=O 

do while(flag>=O) 
k=k+1 
read(10, *, iostat=flag) sr(k) 

end do 

close(1 O, status='keep') 
range=k-1 

! *********PENETRATION DEPTHS FOR SPOT RADII*************** 

open(6, file='sroutl. dat', status='old') ! text output file for pd's 
open(7, file='srout2. dat', status='old') ! data output file for pd's 

call pendep(range, sr, pd) 

write(6, '(2X, "Spot Radius(mm)", 2X, "Penetration Dcpth(mm)")') 

do j=1 
�range 

write(6, '(5X, F4.2,12X, F 11.3)') sr(j), pd(j) 
write(7, '(5X, F4.2,12X, F11.3)') sr(j), pd(j) 
end do 

close(6, status='keep') 
close(7, status='keep') 

stop 
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end 

i****************************************************************** 
**************************SUBROUTINES************************** 

ý****************************************************************** 

! *******************Penetration Depth Subroutine******************** 

subroutine pendep(n, d, p) 

integer, intent(in):: n 
real, intent(in), dimension(n):: d 
real, intent(out), dimension(n):: p 
real alpha, TM, TB, TAMB, x, vel, pi, power, T 
real density, mass, sheat, absorp, constantA, constantB 
real ThermC 

ex = 2.718 
TM = 660 
TB = 2450 
density = 2.7 *1 e-6 
Iheat = 3.97 *1 e5 
TAMB = 25 
sheat = 900 
absorp = 0.5 
ve1= 10 
pi = 3.141592654 
ThermC = 226 *1 e-3 

print*, 'Please enter Power in Watts' 
read*, power 

EP = absorp * power 
T= (TM - TAMB)/(TB - TAMB) 
alpha = ThermC/(density * sheat) 

constantA = 1.12 * sqrt(2 * alpha/vel) 
constantB = pi * TM * ThermC/EP 

do j=1, n 

p(j) = constantA * sgrt(d(j)) - constantB * d(j)**2 

end do 

end 
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2D - SEMI-QUANTITATIVE ANALYSIS PROGRAM 

program wmodel2DYAG 
implicit none 
integer, dimension(200):: fd 
real, dimension(200):: sr2 
real, dimension(50):: sr 
real, dimension(50):: ww 
real, dimension(80):: ym 
real, dimension(80):: pd 
integer range, flag, k, j, z 
real ss I, ss2, bb, spot_radius, pi, w, lamda, M_sq, focal_length 
real p, m, tes2, tes 1, D, spot_radius_zero 
character resp l, resp2, answer, mod 

****************MAIN PROGRAM****************************** 
print*, 'Spot radius(S)/Penetration depth(P)' 

read*, answer 
****************SPOT RADIUS SECTION************************ 

if(answer. eq. 'S'. or. answer. eq. 's') then ! beginning of Ist if block 
open(5, file='focal. dat', status='old') ! focal distance file 
j=0 
flag=O 

do while(flag>=O) 
j j+1 
read(5, *, iostat=flag) fd(j) 

end do 
close(5, status='keep') 
range=j-1 

open(3, file='outlist. dat', status='old') 
call calc(range, fd, sr2) 

write(3, '(6X, " Focal Distance(min) ", 3 X, "Spot Radius(rnrn)")') 
do j=1 

�range 
write(3, '(lOX, I5, lOX, F13.3)') fd(j), sr2(j) 
end do 

! ***********PENETRATION DEPTHS SECTION******************** 
else if(answer. eq. 'P'. or. answer. eq. 'p') then ! continuation of 1st if block 
print*, 'PDs for spot radii(1)' 
print*, 'PDs for y positions(2)' 
print*, 'Weld widths(3)' 
read*, resp 1 
if(respl. eq. '1'. or. respl. eq. '3') then ! 2nd if, within 1st if block 
open(IO, file='srad. dat', status='old') ! spot radius file 
k=0 
flag=0 
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do while(flag>=0) 
k=k+1 
read( 10, *, iostat=flag) sr(k) 

end do 
close( l O, status='keep') 
range=k-1 

! *********PENETRATION DEPTHS FOR SPOT RADII***************** 
if(resp l 

. eq. ' 1') then 

open(6, file='sroutl. dat', status='old') ! text output file for pd's 
open(7, file='srout2. dat', status='old') ! data output file for pd's 

call pendep(range, sr, pd) 
write(6, '(2X, "Spot Radius(mm)", 2X, "Penetration Depth(mm)")') 

do j=l, range 
write(6, '(5X, F4.2,12X, F 11.3)') sr(j), pd(j) 
write(7, '(5X, F4.2,12X, F 11.3)') sr(j), pd(j) 
end do 

close(6, status='keep') 
close(7, status='keep' 

*************WELD WIDTHS******************************* 

else if(respl. eq. '3') then 

open(4, file='srout3. dat', status='old') ! output file for weld widths 

call width(range, sr, ww) 

do j=l, range 
write(4, '(9X, F4.2,4X, F10.6)') sr(j), ww(j) 
end do 

close(4, status='keep') 
end if 

! *******PENETRATION DEPTHS FOR Y POSITIONS***************** 

else if(respl. eq. '2') then 

open(8, file='ydist. dat', status='old') ! data file for y positions 
k=0 
flag=0 
do while(flag>=O) 

k=k+1 
read(8, *, iostat=flag) ym(k) 
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end do 

close(8, status='keep') 
range=k-1 

open(9, file='yout. dat', status='old') ! output file for pd's of y positions 

print*, 'Enter spot radius in mm' 
read*, spot_radius 

call pendep2(range, spot_radius, ym, pd) 

do j=l, range 
write(9, '(9X, F8.6,4X, F9.6)') ym(j), pd(j) 
end do 

close(9, status='keep') 
end if 

end if ! end of lst if 

stop 
end 

ý**************************SUBROUTINES************************ 

subroutine calc(n, b, a) 
integer, intent(in):: n 
integer, intent(in), dimension(n):: b 
real, intent(out), dimension(n):: a 
real spot-radius-zero, pi, lamda, M_sq, ssl, ss2 
real btemp, w, beam_diam 
character rep I* 10 
integer p, m, focal_length 

write(3, '(20X, "RESULTS FOR YAG LASER")') 

pi = 3.141592654 
lamda = 1.06E-3 
M_sq = 100 
beam diam = 45 
p=0 
m=0 

write(3, '(32X, "TEM", I1,11)') p, m 

! TEMpm represents mode of laser beam 

spot-radius-zero = 0.240 
print*, 'Enter calculation mode for spot radius(DIFL/BGAUSS)' 
read*, rep 1 
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print*, repl 

write(3, '(20X, "CALCULATION MODE IS ", A10)') repI 

do j=1, n 

DIFFRACTION LIMITED SPOT RADIUS WITHOUT M SQUARED 
if(rep I. eq. 'BGAUSS'. or. rep I. eq. 'b')& 

&a(j) = spot_radius_zero*sgrt(I+(b(j)* lamda/(pi * (spot_radius_zero)**2))**2) 

! DIFFRACTION LIMITED SPOT RADIUS WITH M SQUARED 
if(rep l . eq. 'DIFL'. or. rep l . eq. 'd')& 

&a(j)=spot_radius 
_zero* 

sgrt(1+(b(j)*lamda*M_sq/(pi*(spot_radius_zero)* *2))*2) 
print*, a(j) 
end do 

end 

subroutine pendep(n, d, q) 
integer, intent(in):: n 
real, intent(in), dimension(n):: d 
real, intent(out), dimension(n):: q 
real alpha, TM, TB, TAMB, T, ex, vel, pi, ym, power, sheat 
real tl, pl, p2, p3, p4, p5, K, dd, ymm, t2, t3, z sq 

ex = 2.718 
TM = 660 
TB = 2520 
TAMB = 25 
ve1= 10 
sheat = 900 
density = 2.7 * le-6 
pi = 3.141592654 
K= 226 * le-3 

alpha = K/(density * sheat) 

T= (TM - TAMB)/(TB - TAMB) 

print*, 'Enter power in Watts' 
read*, power 

print*, 'Enter distance from weldpool centre' 
read*, ym 

do j=1, n 

z sq = (d(j)/ex * sqrt(pi * alpha * d(j)/vel)) 
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tl = d(j)**2/(4 * alpha) 

t2 =2* d(j)/vel 

print*, z_sq 

pl =2* pi *K* sqrt(t2 * (t2 + tl)) * vel * (TM - TAMB) 

p2 = log(power/pl) 

if(p2.1t. 0) goto 10 

p3 =4* alpha * t2 * p2 

p4 = (ym**2 * t2/(t2 + tl)) 

if((p3-p4). 1t. 0) goto 10 

p5 = sqrt(p3 - p4) 

q(j) = p5 - sqrt(z_sq) 

10 end do 

end 

subroutine pendep2(n, c, d, q) 
integer, intent(in):: n 
real, intent(in), dimension(n):: d 
real, intent(out), dimension(n):: q 
real, intent(in):: c 
real alpha, TM, TB, TAMB, T, ex, vel, pi, power 
real tI ,pl , p2, p3, p4, p5, K, dd, t2, t3, z_sq, gq 

ex = 2.718 
TM = 660 
TB = 2520 
TAMB = 25 
ve1=4.5 
sheat = 900 
density = 2.7 * le-6 
pi = 3.141592654 
K= 226 * le-3 

alpha = K/(density * sheat) 
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T= (TM - TAMB)/(TB - TAMB) 

print*, 'Enter power in Watts' 
read*, power 

do j=1, n 

tl = c**2/(4 * alpha) 

t2 =2* c/vel 

z_sq = (c/ex * sqrt(pi * alpha * c/vel)) 

print*, z_sq 

p l. =2* pi *K* sqrt(t2 * (t2 +t l)) * vel * (TM - TAMB) 

p2 = log(power/p 1) 

if(p2.1t. 0) goto 10 

p3 =4* alpha * t2 * p2 

p4 = (d(j)**2 * t2/(t2 + tl)) 

if((p3-p4). 1t. 0) goto 10 

p5 = sqrt(p3 - p4) 

qq = p5 - sgrt(z_sq) 

qG) = (qq * -1) 

10 end do 

end 

subroutine width(n, f, g) 
integer, intent(in):: n 
real, intent(in), dimension(n):: f 
real, intent(out), dimension(n):: g 
real alpha, TM, TB, TAMB, T, ex, vel, pi, power 
real tl, pl, p2, p3, p4, p5, K, dd, ymm, t2, t3, z sq 

ex = 2.718 
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TM = 660 
TB = 2520 
TAMB = 25 
vel= 10 
sheat = 900 
density = 2.7 *1 e-6 
pi = 3.141592654 
K= 226 * le-3 

alpha = K/(density * sheat) 

T= (TM - TAMB)/(TB - TAMB) 

print*, 'Enter power in Watts' 
read*, power 

do j=1, n 

z sq = (f(j)/ex * sqrt(pi * alpha * f(j)/vel)) 

tl = f(j)**2/(4 * alpha) 

t2 =2* f(j)/vel 
pl =2* pi *K* sqrt(t2 * (t2 + tl)) * vel * (TM - TAMB) 
p2 = log(power/p 1) 
p3 =4* alpha * (tl + t2) 
p4 = (z_sq * (t2 + tl)/t2) 

if(((p3*p2)-p4). 1t. 0) goto 10 

g(i) = sqrt((p3 * P2) - p4) 

10 end do 

end 



Appendix B- Table of Values 

Sample FD(mm) SR (mm) PD(mm) WW(mm) AR 

PP1 5 0.531 0.643 1.786 0.360 

PP2 10 0.97 0.571 2.143 0.267 

PP3 15 1.429 0.714 2.429 0.294 

PP4 20 1.892 0.643 3.429 0.188 

PP5 25 2.358 0.786 3.857 0.204 

PP6 30 2.825 1.000 4.500 0.222 

PP7 35 3.292 1.357 5.143 0.264 

PP8 40 3.76 1.571 5.357 0.293 

P139 45 4.228 1.857 6.500 0.286 

PP 10 50 4.697 2.000 6.571 0.304 

PP 11 55 5.175 2.071 7.143 0.290 

PP 12 60 5.633 1.714 6.500 0.264 

PP13 65 6.102 1.500 6.857 0.219 

PP 14 70 6.571 0.429 5.214 0.082 

Table Al - Table showing penetration depths corresponding to distances from the focus for 

3mm gauge mild steel samples; v= 100mm/min; 127mm f. l. ZnSe lens; samples PP 

Certain abbreviations have been used namely: 

FD = Distance above/below focus 

PD= Measured penetration depth 

WW =Measured weld width 

AR = Aspect ratio 

SR = Calculated Spot Radius 
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Sample FD(mm) SR(mm) PD(mm) WW(mm) AR 

F1 10 0.683 1.212 1.515 0.800 

F2 20 1.061 1.136 2.348 0.484 

F3 30 1.492 1.212 3.182 0.381 

F4 40 1.941 1.515 4.545 0.333 

F5 50 2.397 1.667 4.318 0.386 

F6 60 2.857 2.273 4.545 0.500 

F8 80 3.785 2.348 4.848 0.484 

F9 90 4.25 2.348 4.545 0.517 

F 10 100 4.716 1.970 5.227 0.377 

F11 110 5.183 1.364 5.303 0.257 

F12 120 5.65 0.758 5.985 0.127 

F13 130 6.117 0.682 6.212 0.110 

F14 140 6.585 0.833 6.591 0.126 

F15 150 7.052 0.682 6.061 0.113 

F16 160 7.52 0.682 5.985 0.114 

Table A2 - Table showing penetration depths corresponding to distances from the focus for 

2.5mm mild steel samples welded at 180mm/min; 254mm f. l. ZnSe lens; samples F 
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Sample FD(mm) SR(mm) PD(mm) WW(mm) AR 

GI 15 0.861 0.985 1.818 0.542 

G2 20 1.061 1.136 2.424 0.469 

G3 30 1.492 1.212 3.712 0.327 

G4 40 1.941 2.424 3.788 0.640 

G5 50 2.397 2.500 4.848 0.516 

G6 60 2.857 2.424 4.242 0.571 

G7 70 3.32 1.439 4.242 0.339 

G8 80 3.785 0.682 4.848 0.141 

G9 90 4.25 0.455 5.152 0.088 

G 10 100 4.716 0.682 5.606 0.122 

G II 110 5.183 0.682 6.061 0.113 

G12 120 5.65 0.682 6.136 0.111 

Table A3 - Table showing penetration depths corresponding to distances from the focus for 

2.5mm mild steel samples welded at 120mm/min; 254mm f. l ZnSe lens; samples G 
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Sample FD(mm) SR(mm) PD(mm) WW(mm) AR 

El 10 0.847 0.929 1.857 0.500 

E2 15 1.227 1.214 2.000 0.607 

E3 20 1.615 1.143 2.286 0.500 

E4 25 2.007 1.286 2.500 0.514 

E5 30 2.4 0.714 3.643 0.196 

E6 35 2.795 0.571 3.714 0.154 

E7 40 3.19 0.500 4.000 0.125 

E8 45 3.586 0.571 4.500 0.127 

E9 50 3.982 0.929 4.929 0.188 

E 10 55 4.378 1.214 5.500 0.221 

Ell 60 4.774 1.429 5.714 0.250 

E12 65 5.17 1.571 6.000 0.262 

E13 70 5.567 1.929 6.071 0.318 

E14 75 5.964 1.857 6.286 0.295 

E15 80 6.36 1.571 6.500 0.242 

E16 85 6.757 1.500 6.571 0.228 

E17 90 7.154 1.357 6.143 0.221 

E18 95 7.55 1.500 6.500 0.231 

E19 100 7.947 1.071 5.857 0.183 

E20 105 8.344 0.786 5.714 0.138 

Table A4 - Table showing penetration depths corresponding to distances from the 

focus for 2mm mild steel samples welded at 175mm/min; 150mm f. l. lens; sample E 
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Sample FD(mm) SR(mm) PD(mm) WW(mm) AR 

ES I50.494 1.286 2.214 0.581 

ES2 10 0.847 1.214 2.357 0.515 

ES3 15 1.227 1.214 2.071 0.586 

ES4 20 1.615 1.571 3.429 0.458 

ES5 25 2.007 1.214 3.000 0.405 

ES6 30 2.4 1.071 3.143 0.341 

ES7 35 2.795 0.786 3.357 0.234 

ES8 40 3.19 0.786 4.071 0.193 

ES9 45 3.586 1.000 4.429 0.226 

ES 10 50 3.982 1.286 4.643 0.277 

ES 11 55 4.378 2.000 5.071 0.394 

ES 12 60 4.774 2.000 5.643 0.354 

ES 14 70 5.567 1.429 5.429 0.263 

ES 15 75 5.964 1.214 4.929 0.246 

ES 16 80 6.36 1.429 4.429 0.323 

ES 17 85 6.757 0.714 5.071 0.141 

Table A5 - Table showing penetration depths corresponding to distances from the focus for 

2mm mild steel samples welded at 120mm/min; 150mm H. ZnSe lens; samples ES 
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Sample v (mm/min) Power (W) Current (A) FD(mm) PDC(mm) 

AU I 360 0 120 0 0.929 

AU2 360 1800 120 40 1.143 

AU3 360 1800 120 50 1.143 

AU4 360 1800 120 60 1.357 

AU5 360 1800 120 70 1.357 

AU6 360 500 120 0 2.357 

AU8 360 650 120 0 3.000 

AU7 360 800 120 0 3.000 

Table A6 - Table showing penetration depths corresponding to TIG and laser-arc (TIG) 

welding of 3mm gauge AA5083; constant welding speed and arc current with different levels 

of laser power at various distances above focus 

Sample v (mm/min) Power (W) Current (A) FD(mm) PDC(mm) 

BUI 360 0 120 0 0.929 

BU4 360 340 120 0 2.500 

BU3 360 540 120 0 3.000 

BU2 360 800 120 0 3.000 

BU6 420 0 120 0 0.714 

BU5 420 540 120 0 1.857 

BU7 420 640 120 0 2.214 

BU8 420 820 120 0 3.000 

Table A7 - Table showing penetration depths corresponding to TIG and laser-arc (TIG) 

welding of 3mm gauge AA5083; welding speeds of 360mm/min and 420mm/min with 

different levels of laser power at constant arc current 
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Sample FD(mm) SR(mm) PD(mm) WW(mm) AR 

GP22 10 0.68 0.410 1.385 0.296 

GP23 20 1.06 0.923 2.308 0.400 

GP24 30 1.49 2.000 3.590 0.557 

GP25 40 1.94 2.000 4.564 0.438 

GP26 60 2.86 2.000 3.730 0.536 

GP27 80 3.79 1.744 3.949 0.442 

GP28 100 4.72 0.667 3.487 0.191 

Table A8 - Table showing penetration depths for CO2 laser conduction welding of 2mm 

gauge AA5083 at a welding speed of 600mm/min; 254 mm f. l. ZnSe lens; samples GP 

Sample FD(mm) SR(mm) PDC(mm) WW(mm) AR 

si50.74 0.621 2.069 0.300 

S2 10 1.43 1.655 3.621 0.457 

S3 15 2.12 2.379 4.448 0.535 

S4 20 2.82 3.000 5.483 0.547 

S5 25 3.52 2.938 5.586 0.526 

S6 30 4.23 2.276 5.483 0.415 

S7 35 4.93 1.034 4.759 0.217 

Table A9 - Table showing penetration depths forNd: YAG laser conduction welding of 3mm 

gauge AA5083 at welding speed of 600mm/min with a defocused laser beam; samples S 
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Sample FD(mm) SR(mm) PD(mm) WW (mm) AR 

SS6 5 0.74 0.931 2.069 0.450 

SS5 10 1.43 1.345 3.517 0.382 

SS4 15 2.12 2.069 4.345 0.476 

SS 1 20 2.82 2.483 5.276 0.471 

SS2 25 3.52 1.759 4.862 0.362 

SS3 30 4.23 1.034 4.034 0.256 

Table AlO - Table showing penetration depths for Nd: YAG laser conduction welding of 

another set of samples of 3mm AA5083 at a welding speed of 720mm/min with a defocused 

laser beam; samples SS. 

Surfaces 
Specular included geometry 

(%) 

As received 

Sandblasted 

Brushed 

Sandblasted and brushed 

65.1 

52.28 

86.32 

81.61 

Uncertainty ± 1.6 % 

Table A II - Table showing reflectance for various surfaces of AA5083 using laser irradiation 

of wavelength 1064nm (which corresponds to the Nd: YAG wavelength) 


