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Abstract
Recently, rapid developments in the automotive, aerospace and electronics industries have necessitated
miniaturization and digitization of components, and also increased demand for sheet metal joining technology.
To realize sustainable development of society, effective use of energy through reduction of weight of products
and efficient energy transmission is required. Hence, use of materials with excellent electrical conductivity,
such as copper; and high strength-to-weight ratio, such as aluminum alloys, is highly demanded. The
applications of copper and aluminum alloys in various industrial fields call for metal joining technology as a
functional requirement for various products, but conventional joining methods result in welding defects.
Laser welding is a good method for joining these materials, since precise control of energy input is possible
by the process parameters. However, copper and aluminum alloys have high reflectance and high thermal
conductivity, thus they are difficult to weld using lasers. Combination of high thermal conductivity and low
melting point makes it difficult to achieve good welding quality with high energy utilization. In order to adapt
laser welding to copper and aluminum alloys, improvements in efficiency and welding quality were
investigated, using pulsed Nd:YAG lasers and adjustable ring-mode (ARM) fiber laser.
Experimental and numerical investigations of overlap welding aluminum alloy were performed using
ARM fiber laser. ARM fiber laser offers a dynamic adjustable beam with a center and a ring part, hence
enabling unique intensity distribution. A method to stabilize the welding process and improve penetration at
a high welding speed was described. The influence of intensity distribution was clarified by evaluating the
geometry and appearance of weld bead. In addition, the influences of supply direction and flow rate of
shielding gas were clarified. The weld bead was evaluated in terms of its width, height, penetration depth and
surface roughness. High-speed welding without humping could be achieved by using appropriate intensity
distribution. Dual-mode irradiation of both center and ring power made it possible to stabilize the welding
process. Center power helped to achieve sufficient deep penetration by enhancing faster and sufficient
keyhole formation, while ring power ensured good temperature distribution. High-quality welding
characterized by deep penetration, small bead height and width, and low surface roughness could be achieved
in dual-mode welding, using appropriate low flow rate of shielding gas, supplied from the back.
Laser welding of copper is characterized by low and unstable energy absorption around 1000 nm
wavelength. To improve efficiency and welding quality with 1064 nm Nd:YAG laser, techniques to enhance
process stability have been proposed. Since the surface state of copper affects the absorption phenomena,
effects of surface undulations, such as concave shape and surface roughness were investigated. Laser
absorption rate and molten volume were increased by creating appropriate concaves, and by controlling the
surface roughness. Stable micro-welding with deep penetration and good surface quality could be achieved
under transitional processing condition between heat conduction and keyhole welding. Furthermore, since
532 nm Nd:YAG laser shows high and stable absorption by copper, processing by superposition of 532 nm
and 1064 nm lasers was numerically and experimentally investigated. A short irradiation delay for 1064 nm
laser and appropriate high power density of 532 nm laser, resulted in stabilization of absorption phenomena
and increase of molten volume, and then high-quality welding of copper could be obtained.
i

Table of contents
Abstract

i

Table of contents

ii

List of figures

iv

List of tables

ix

Chapter 1

Introduction

1

1.1

Background and motivation

1

1.2

Laser joining technology

3

1.2.1

Overview of laser fundamentals

3

1.2.2

Mechanism of laser welding

6

1.2.3

Laser welding of highly reflective materials

13

1.3

Research objective

17

1.4

Overview and outline of thesis

19

References

Chapter 2
2.1

2.2

2.3

2.4

21

Welding of aluminum alloy by adjustable ring-mode fiber laser

Introduction

24

2.1.1

Aluminum and its alloys

24

2.1.2

High-speed laser welding of aluminum

26

2.1.3

Fiber lasers and their applications

27

2.1.4

Overview of approach

32

High-speed laser welding of aluminum alloy 5022

32

2.2.1

Experimental procedures for bead-on-plate welding

32

2.2.2

Experimental results and discussion on effects of process parameters

41

Three-dimensional FEM thermal analysis of laser welding process

49

2.3.1

FEM model development and implementation

49

2.3.2

Numerical simulation results and discussion

61

Conclusions

71

References

Chapter 3
3.1

24

72

Micro-welding of copper by pulsed Nd:YAG lasers

76

Introduction

76

3.1.1

Copper material and its applications

76

3.1.2

Laser welding of copper

78
ii

3.1.3
3.2

3.3

3.4

Overview of approach

81

Micro-welding of copper by 1064 nm wavelength Nd:YAG laser

84

3.2.1

Experimental procedures for copper micro-welding

84

3.2.2

Experimental results and discussion for laser micro-welding

96

Micro-welding of copper by superposition of 532 nm and 1064 nm Nd:YAG lasers

119

3.3.1

Experimental investigation of micro-welding by superposition

120

3.3.2

Numerical investigation of laser micro-welding of copper

133

Conclusions

145

References

Chapter 4

146

Conclusions

150

Acknowledgements

154

List of publications

155

iii

List of figures
Figure 1.1

Illustration of aspect ratios of weld bead by common welding processes

2

Figure 1.2

Illustration of the spectrum for wavelengths of light

4

Figure 1.3

Applications of commercial lasers characterized by wavelength and power

5

Figure 1.4

Schematic illustration of heat conduction and keyhole welding

8

Figure 1.5

Illustration of focal pattern for a converging lens

11

Figure 1.6

Schematic illustration of reflected, transmitted and absorbed light energies

14

Figure 1.7

Extinction coefficients for different metals as a function of wavelength

15

Figure 1.8

Variations of reflectivity of different materials with wavelength at normal
incidence

16

Figure 2.1

Illustration of dual-core fiber structure with end and side pumping

28

Figure 2.2

Schematic illustration of the optical circuit for a high-power fiber laser

29

Figure 2.3

Illustration of fiber coupling geometry

31

Figure 2.4

Schematic illustration of ARM laser fiber section, beam spot and intensity
distribution

33

Figure 2.5

Intensity distributions for dual-mode, pure-ring-mode and center-mode
operations

34

Figure 2.6

Schematic illustration of laser irradiation setup for AA5022

35

Figure 2.7

Setup for weld bead profile measurement using laser displacement sensor
(LDS)

37

Figure 2.8

Illustration of weld bead profile measurement on the target

37

Figure 2.9

Illustration of measurement targets by LDS.

38

Figure 2.10

Illustration of surface roughness measurement method

39

Figure 2.11

Surface roughness measurement parameters.

40

Figure 2.12

Characterization of welding under different shielding gas flow rates and supply
directions

42

Figure 2.13

Variation of weld bead height, width, penetration depth and surface roughness
under different flow rates and directions of shielding gas

43

Figure 2.14

Variation of height profile for the cases of side and back directions of shielding
gas, as measured using the LDS

44

Figure 2.15

Surface and cross-section appearances under various power densities and
intensity distributions

46

Figure 2.16

Variations of weld bead width, height, penetration depth and surface roughness
under various power densities and intensity distributions

47

Figure 2.17

Variation of height profiles for center-mode and pure-ring-mode welding

48

iv

Figure 2.18

Variation of height profiles for dual-mode and pure-ring-mode welding

48

Figure 2.19

Solid in a three dimensional space

50

Figure 2.20

FEM model for laser welding process of aluminum

55

Figure 2.21

Variation of thermal conductivity, specific heat and density of aluminum with
temperature

56

Figure 2.22

Variation of enthalpy of aluminum with temperature

57

Figure 2.23

Illustration of intensity distributions for surface heat source and volumetric
heat source

59

Figure 2.24

Temperature fields during the laser welding process with various laser powers

62

Figure 2.25

Comparison of simulated and experimental weld bead geometry

63

Figure 2.26

Temperature distribution on top surface along welding direction

64

Figure 2.27

Temperature history at a reference frame for a moving heat source

66

Figure 2.28

Temperature histories on the top surface for dual-mode and pure-ring-mode
welding

67

Figure 2.29

Temperature distribution isotherms on top surface for dual-mode and purering-mode welding

68

Figure 2.30

Illustration of variations of keyholes for dual-mode and pure-ring-mode
welding

69

Figure 2.31

Illustration of the influence of combination of center power and ring power

70

Figure 3.1

Variation of absorption rate of copper with wavelength

79

Figure 3.2

Absorption rates of 532 nm and 1064 nm Nd:YAG lasers by copper under
different welding conditions

79

Figure 3.3

Schematic illustration of multi-reflections effect inside the keyhole

80

Figure 3.4

Characterization of welding under different modes defined by varying power
densities

83

Figure 3.5

Schematic illustration of compression testing machine with PCD tool and its
load capacity

84

Figure 3.6

Illustration of measurement method of absorption rate using an integrating
sphere

86

Figure 3.7

Model of light path inside integrating sphere

87

Figure 3.8

Schematic illustration of experimental setup for measurement of absorption
rate

89

Figure 3.9

Schematic illustration of reflection loss by glass plates inside the integrating
sphere

90

Figure 3.10

Etching process for cross-section observation

92

Figure 3.11

Illustration of molten volume calculation method

92

v

Figure 3.12

Schematic diagram of optical setup for fundamental wavelength Nd:YAG laser

93

Figure 3.13

Schematic illustration of supply method for nitrogen shielding gas

94

Figure 3.14

Illustration of laser irradiation points inside the concaves

95

Figure 3.15

Surface and cross-section appearances of some created concaves

96

Figure 3.16

Variation of aspect ratios of the concaves with applied load

97

Figure 3.17

Surface images of unpolished and roughened copper surfaces obtained by using
silicon carbide abrasive papers

98

Figure 3.18

Appearances of irradiated areas for flat surface and various depths of concaves,
under different welding conditions and irradiation positions

99

Figure 3.19

Variations of absorption rate with concave depths for irradiation on concave
walls

100

Figure 3.20

Variations of absorption rate with concave depths for irradiation at bottom
center of concaves

101

Figure 3.21

Surface and cross-section appearances for keyhole welding on flat surface and
with irradiation at bottom center of various concaves

102

Figure 3.22

Variations of laser absorption rate and molten volume for flat surface and
different concave depths, under keyhole welding mode

103

Figure 3.23

Penetration depth for keyhole welding condition on flat surface and under
various concave depths

103

Figure 3.24

Appearances of irradiated areas under transitional processing condition
between heat conduction and keyhole welding modes

104

Figure 3.25

Variations of absorption rate and molten volume for different concave depths
under transitional processing condition between heat conduction and keyhole
welding

105

Figure 3.26

Penetration depth for transitional welding condition between heat conduction
and keyhole welding on flat surface and under various concave depths

106

Figure 3.27

Variation of molten volume with laser power density for the cases of flat
surface and 30 μm concave depth

107

Figure 3.28

Effects of change of laser power density in micro-welding on flat surface and
in concave of 30 μm depth

108

Figure 3.29

Surface and cross-section appearances for processing with different laser spot
diameters, in the case of flat surface and 40 μm concave diameter

109

Figure 3.30

Variations of absorption rate and molten volume with laser spot diameters

110

Figure 3.31

Variation of absorption rate with surface roughness for 1064 nm laser
irradiation under different welding conditions

112

Figure 3.32

Irradiated areas appearance under keyhole welding condition with 1064 nm
wavelength laser, for various surface roughness values

113

Figure 3.33

Relationship of absorption rate and molten volume under keyhole welding with
1064 nm wavelength laser, for various surface roughness values

113

Figure 3.34

Penetration depths for keyhole welding under various surface roughness values

114

vi

Figure 3.35

Irradiated areas appearance under transitional processing condition with 1064
nm wavelength laser, for various surface roughness values

115

Figure 3.36

Penetration depths for transitional processing condition between heat
conduction and keyhole welding modes, under various surface roughness
values

116

Figure 3.37

Variations of absorption rate and molten volume with roughness for
transitional processing condition between heat conduction and keyhole
welding modes

116

Figure 3.38

Variation of molten volume with power density for the cases of flat surface
and Rz=27 μm

117

Figure 3.39

Effects of change of laser power density in micro-welding on flat surface and
with surface roughness Rz of 27 μm

118

Figure 3.40

Illustration of absorption phenomena in superposition of green laser and
infrared laser

119

Figure 3.41

Optical setup for pulsed green Nd:YAG laser

121

Figure 3.42

Schematic illustration of second harmonic generation

122

Figure 3.43

Setup for superposition of 532 nm and 1064 nm Nd:YAG lasers by using pulse
generator and oscilloscope

123

Figure 3.44

Illustration of measurement of jitter for 532 nm and 1064 nm laser irradiations
in superposition

123

Figure 3.45

Experimental setup for alignment of laser axis in superposition

125

Figure 3.46

Illustration of differences in laser focal lengths and spot sizes in superposition

125

Figure 3.47

Cross-section appearances of various holes created by 532 nm Nd:YAG laser

126

Figure 3.48

Variations of the geometry of holes created using various peak powers of 532
nm laser

127

Figure 3.49

Surface and cross section appearances of irradiated areas with 1064 nm laser
and with superposition using low power density of green laser

129

Figure 3.50

Variations of molten volume in superposition with low power density of green
laser

130

Figure 3.51

Surface and cross section appearances of irradiated areas with 1064 nm laser
and with superposition using high power density of green laser

131

Figure 3.52

Variations of molten volume for superposition with high power density of
green laser

132

Figure 3.53

Comparison of penetration depths in the case of superposition with low power
density and high power density of the green laser

133

Figure 3.54

FEM model for laser micro-welding of copper

134

Figure 3.55

Variation of thermal conductivity, specific heat and density of copper with
temperature

135

Figure 3.56

Variation of enthalpy of copper with temperature

135

vii

Figure 3.57

Illustration of heat flux input model in FEM analysis

136

Figure 3.58

Comparison of simulated and experimented weld bead geometry in microwelding of copper

138

Figure 3.59

Temperature distribution along the cross-section for irradiation by 532 nm
laser, 1064 nm laser and by superposition, in the first 1.2 ms duration

139

Figure 3.60

Comparison of temperature distributions in the cases of superposition with
short and long irradiation delays under similar power density

140

Figure 3.61

Temperature distribution across the specimen thickness for superposition with
200 μs irradiation delay time

141

Figure 3.62

Variations of molten areas and keyholes in micro-welding of copper by 532
nm laser only, 1064 nm laser only and by superposition

142

Figure 3.63

Comparison of temperature distributions along the cross-section at the
irradiation area for copper micro-welding with 532 nm laser, 1064 nm laser
and by superposition

143

Figure 3.64

Molten areas and keyholes generated using low and high power density of 532
nm laser

144

Figure 3.65

Temperature distributions along the cross-section at the irradiation area for
micro-welding with low and high power density of 532 nm laser

144

viii

List of tables
Table 2.1

Chemical composition (weight %) of AA5022

26

Table 2.2

Mechanical properties of AA5022

26

Table 2.3

Laser and process parameter combinations

34

Table 2.4

Specifications of laser displacement sensor (LDS)

36

Table 2.5

Laser parameters used in FEM thermal analysis

60

Table 3.1

Physical properties of oxygen free copper C1020

77

Table 3.2

Specifications for integrating sphere F100A-IS

85

Table 3.3

Specifications for KLY-HP300α laser system

93

Table 3.4

Variation of concave dimensions with applied load

97

Table 3.5

Abrasive papers and the resulting surface roughness

98

Table 3.6

Specifications for KLY-PG20α laser system

ix

121

Chapter 1:
Introduction
1.1

Background and motivation
Laser research works have greatly progressed since the introduction of the first ruby laser by Theodore

Harold Maiman in 1960. LASER is an acronym for light amplification by stimulated emission of radiation.
Albert Einstein introduced this theory of stimulated emission whereby an atom in an upper energy level
interacts with incoming light of a certain frequency and the atom is stimulated to drop to a lower energy level,
thus emitting light as the energy difference. Since then, many companies have developed various types of
lasers in order to specialize and optimize laser capacity for specific requirements and applications, such as
laser beam machining, data storage and communication, measurement and sensing, laser assisted chemical
reaction, laser nuclear fusion, isotope separation, medical operation, and military weapons1.1-3).
Laser differs from ordinary light, because laser has photons of same frequency, wavelength and phase.
In general, lasers can generate high energy monochromatic beams, which are coherent, highly collimated and
with low divergence. Practical laser wavelengths range from ultra-violet to infrared. In general, laser beam
processing is based on the conversion of electrical energy into light energy and then into thermal energy. The
laser beam is focused by optical lenses to project a small, intense spot of light on the workpiece surface.
Optical energy is converted into heat energy upon incidence and temperatures generated can be high enough
to melt or vaporize almost any material1.4).
The aspect ratio of weld bead in a welding process bears an influence on the extent of the heat affected
zones (HAZ) and distortions of the part. High aspect ratio characterizes deep and narrow weld beads, and
reduced HAZ and minimal part distortions can be expected. Figure 1.1 shows a comparison of aspect ratios
of weld bead by some common welding processes namely; laser beam welding, electron beam welding
(EBW), tungsten inert gas (TIG) welding and metal inert gas (MIG) welding. Laser beam welding shows
higher aspect ratio compared to tungsten inert gas welding and metal inert gas welding. In addition, both TIG
welding and MIG welding have the disadvantage of slower welding speeds compared to that by laser beam
welding. Although electron beam welding (EBW) results in the highest aspect ratio, the process requires use
of vacuum chamber, which makes processing systems complex and expensive. In addition, it needs longer
cycle times to replace workpieces than laser beam welding. Lasers can provide variable and controlled power
hence making them suitable for wide range of processes. In addition, lasers offers other unique advantages
with non-contact operations, which lead to no tooling wear or breakage and minimal material distortion. It
also leads to highly accurate and consistent results with precise control of heat input. Moreover, it offers ease
of programming and ready adaptability to automation. Therefore, laser welding is an effective technique for
joining metals because the laser beam has a high power density to melt the metals easily at a high processing
speed with precise positioning1.3-4).
-1-

Figure 1.1 Illustration of aspect ratios of weld bead by common welding processes.

Recently, rapid developments in the automotive, aerospace and electronics industries have necessitated
miniaturization and digitization of components, and also increased demand for sheet metal joining technology.
Besides, global warming and depletion of fossil fuels has become a global issue, and there is need for effective
use of energy. Some of the very important requirements to realize sustainable development of society are
reduction in weight of products and efficient energy transmission. Efficient utilization of electrical energy
demands for use of materials with excellent electrical conductivity, such as copper. Along with the
miniaturization and weight reduction of various electronic devices, the demand for microfabrication of
copper has increased, especially with fine joining. Furthermore, aluminum and its alloys are known to have
high strength, high formability, and light weight. Therefore, they find great applications in automobiles, such
as in vehicle body panels. The low density of aluminum is the main reason why it is of key interest and use
in the automotive and aerospace industries. For instance, a beam made of an aluminum alloy can be eight
times as stiff as a steel beam of the same weight. By using aluminum instead of steel, the weight of a vehicle
can therefore be decreased by as much as 40%. The reduction of weight results in decreased fuel consumption,
which is great importance for automobiles, and it is also of crucial significance in the case of aeroplanes1.5).
These applications call for metal joining technology as a functional requirement in various products.
If conventional welding methods are used, the heat absorbed into these materials diffuses rapidly towards the
-2-

base material side due to their high thermal conductivity, and then welding defects tend to occur, which
results in a bad weld or no weld joint at all. Laser welding is thus a good choice for joining these materials,
since it is possible to control the process parameters, and hence achieve a high-quality weld. Therefore, in
order to develop a novel joining process for copper and aluminum materials, and to enhance their applicability
in various fields, there is need to carry out comprehensive research on their joining phenomena both
experimentally and through numerical simulations. This study therefore focuses on a critical study of laser
micro-welding of copper and laser welding of aluminum alloy, which are high-performance materials but
difficult-to-weld materials in laser beam processing.

1.2

Laser joining technology

1.2.1 Overview of laser fundamentals
The basic laser consists of an optical resonator which is a chamber with two mirrors that are placed
parallel to each other. Inside the resonator, light oscillates back and forth between the mirrors. One of the two
mirrors is totally reflecting, while the other is partially transparent to allow some of the oscillating light to
emerge as the operating laser beam. An active medium is placed inside between the mirrors such that the
light oscillations are amplified by mechanism of stimulated emission. When light radiation interacts with
matter, it involves a change from one energy level to another. The energy difference between the levels must
be balanced by emission or absorption of radiant energy1.3-4). The relevant relation for this phenomenon is
given by equation (1.1).

𝐻 = ℎ𝑓 =

ℎ𝑐



=𝐸 −𝐸

(1.1)

where h is Planck’s constant, f is the frequency, c is the speed of light, λ is the wavelength, E2 and E1 are the
energies of the two states involved (E2 >E1) and Hf is the photon energy. Whenever light is absorbed or
emitted by an atomic or molecular system, it always involves a quantum of energy. The result of the
stimulated emission process is that one photon interacts with an atomic system and two photons emerge. Both
photons have the same frequency, the same direction of travel, and the same phase for their associated electric
fields. Energy has been extracted from the atom and appears as additional light. The original light is still
present, and so the light intensity has been amplified with the same frequency, the same direction of travel,
and the same phase for the associated electric fields.
A laser needs a material with a suitable set of energy levels, called the active medium for the laser, in
order to interact with light via the stimulated emission process. The active medium can be a solid, liquid, or
gas, and this describes the type of laser. Such materials with suitable sets of energy levels include ruby which
is aluminum oxide crystal doped with a small amount of chromium, glass doped with a small percentage of
-3-

the rare earth element neodymium (Nd:glass), a type of garnet crystal doped with neodymium (Nd:YAG),
carbon dioxide gas, neon gas, ionized argon gas, and semiconductor crystal aluminum gallium arsenide. Thus,
based on the type of active medium in use, various types of lasers have been developed which include solid
state lasers, gas lasers, semiconductor lasers and liquid dye lasers. In gas lasers, the active laser medium is
gas. Semiconductor lasers use semiconductor materials as active medium, and they are based on radiative
recombination of charge carriers. For liquid dye lasers, liquid solution consisting of an organic dye dissolved
in liquid solvent acts as the laser active medium. Solid state lasers work by doping a crystalline solid host
with ions that provide the required energy states. The ions are particularly rare earth or transition metal ions,
whereas the host crystals generally used are oxides or fluorides1.3-4).
Laser wavelength depends on the kind of laser in use and its active medium. Figure 1.2 shows the
spectrum for wavelengths of light. Shorter wavelength will experience higher absorption into the material.
This is important when processing highly reflective materials like copper, silver, aluminum or even gold. In
addition, shorter wavelength can achieve finer focusing spot for a given mode TEM00. Figure 1.3 shows
applications of some commercial lasers as characterized by wavelength and average power. The main
applications include material processing, measurement and communication. High power of laser is required
for material processing. Communication applications require lower range of power, such as that of diode
lasers.

Figure 1.2 Illustration of the spectrum for wavelengths of light.

-4-

Figure 1.3 Applications of commercial lasers characterized by wavelength and power1.6).

Recently, diode lasers have been used as light sources for optical communication systems, laser printers
and audio systems because of their unique advantages of high conversion efficiency, their small size and light
weight, and their durability. In addition, improvements in the laser diode itself and stacking technology have
enhanced their output power and brightness, thus making them a good choice for material processing
applications such as marking, soldering, surface hardening, cladding and welding of metals1.7).
Nd:YAG laser is the most widely used solid state laser. The wavelength of the beam produced is in the
infrared region1.8). The combination of the YAG host crystal and the Nd3+ ions generates the laser beam which
is favorable for laser processing. Undoped pure yttrium-aluminium garnet has high thermal conductivity and
good optically isotropic property; that is the reflectivity does not vary with the direction of the light or the
beam polarization. The concentration of the Nd3+ ions also has a role on the laser efficiency. It is estimated
that 1.2% doping concentration is suitable for the Q-switched lasers to generate the high energy, whereas the
lower doping concentration of about 0.6% to 0.8%, is generally selected for the continuous wave operating
mode to achieve a good beam quality. Nd:YAG lasers may operate in either continuous wave or pulsed modes
with the pumping source being lamp or semiconductor diode laser. For lamp pumping, the efficiency is
approximately 3% for both pulsed and continuous wave modes, with the average output ranging from 1 kW
to 3 kW. For diode pumping, although the output power may be lower, the efficiency can exceed 10%, which
is much higher, compared with the lamp pumping1.1-2).
-5-

Nd:YAG lasers are broadly used for material processing such as drilling, welding and cutting1.9). In
case of drilling, Nd:YAG laser is widely used for drilling shaped holes of aircraft turbine blades to improve
the cooling efficiency1.10). A repetitive pulsed laser is delivered to the material surface typically with average
powers of 50 W to 100 W, pulse durations of 1 ms to 10 ms and pulse frequency of 100 Hz. In welding
applications, a pulsed beam with an average output power of typically up to 2 kW is delivered to the
workpiece through an optical fiber1.4). This improves the system flexibility, compared with CO2 laser
normally used for welding1.11). For cutting, Nd:YAG lasers are generally less cost effective, compared with
the conventional CO2 lasers. However, there are some applications for which Nd:YAG lasers are preferred.
These include high precision cutting of reflective materials, or cutting process where the delivery of the laser
beam through an optical fiber is required. Compared with the CO2 gas laser, Nd:YAG laser gives lower beam
power but higher peak power when operating in pulsed mode. This allows the Nd:YAG laser to machine
thicker workpieces1.3-4). In addition to material processing, Nd:YAG lasers are also employed in medical
treatment1.12). For example, a 50 W continuous wave Nd:YAG laser is used in coagulation and tissue
evaporation by delivering the beam through a small optical fiber inserted into the human body. Moreover,
the Q-switched photo-disruptor laser is becoming an essential tool for ophthalmology1.13-14). It provides
consistently accurate, high precision surgery on delicate ocular tissue. In this study, pulsed Nd:YAG laser
with fundamental wavelength of 1064 nm and pulsed green Nd:YAG laser of 532 nm wavelength were used
in micro-welding of copper. Using harmonic separators and nonlinear optical crystal (NLO), 1064 nm
Nd:YAG laser was frequency doubled to generate the green laser.
A fiber laser was used for welding of aluminum sheets. A fiber laser is technically a type of solid-state
laser that uses optical fiber as the gain medium. The core in the center of the optical fiber is doped with a
rare-earth element. Therefore, in the design, the beam delivery as well as the laser cavity is integrated into a
single system inside the optical fiber. The laser beam is generated within the fiber, unlike conventional lasers
where the beam is generated outside and sent into the delivery system. The wavelength of the fiber laser used
in this study was 1070 nm.

1.2.2 Mechanism of laser welding
The laser output required to create a weld bead can be achieved in two ways. One way is by a
continuous wave (CW) laser that produces extended output such that the laser remains continuously on. The
other way is by a pulsed laser that produces a series of pulses (discrete packets of energy) at a certain pulse
duration and pulse repetition rate. In this case, the laser produces a peak power that is greater than its average
power. Pulse durations in the range of picoseconds are used for ultra-fast lasers. In the case of pulsed laser, a
weld seam is created by a series of overlapping spot welds, while CW laser creates the entire length of the
weld seam until the end. On the other hand, a CW laser can also produce discrete pulses of laser, known as
gated or modulated output. In this case, the peak power for the CW laser does not exceed the rated average
power. Therefore, short or ultra-short pulses can be generated by starting with a continuous excitation source,
-6-

and then using a fast modulator, which lets the light pass only for a short period of time. However, this method
is not efficient, since most of the energy will be lost at the modulator, and also the pulse duration is limited
by the bandwidth of the modulator. Pulses with much higher energies and shorter durations can be generated
in pulsed lasers using methods such as Q-switching and mode-locking1.3, 1.6). Q-switching, which is also
known as giant pulse formation, is a technique that enables the generation of laser pulses of extremely high
peak powers, up to the range of gigawatts. This power level is much higher than the power that would be
produced by the same laser if it were operated in CW mode. On the other hand, mode-locking enables
generation of pulses of extremely short durations, in the order of picoseconds or femtoseconds. Compared to
mode-locking, Q-switching leads to much lower pulse repetition rates, much higher pulse energies, and much
longer pulse durations. Normally, fiber lasers can be operated in both pulsed mode and continuous mode. A
specific application will determine whether to use pulsed, continuous wave, or modulated output. For
instance, spot welding generally uses pulsed operation, while the operation mode is based on heat input and
cycle time for seam welding1.15-16).
In laser welding, the material is molten by a high power laser beam and thereafter it solidifies. The
solidification time in this process is very short as compared to that of conventional welding process. In the
case of pulsed laser welding, the laser power and pulse duration determine the energy input to the workpiece.
The power density Pd and energy density Ed are calculated according to equations (1.2) and (1.3).

𝑃 =

4𝑃

𝑑

𝐸 = 𝑃 ×𝑡

(1.2)

(1.3)

where Pd is the power density, P is the laser power, ds is the spot diameter, Ed is the energy density, and tp is
the pulse duration. Laser welding generally requires power densities ranging from about 5×104 to 107 W/cm2,
and it can be classified as heat conduction welding mode and keyhole welding mode as shown in Figure 1.4.
Low range power densities result in heat conduction welding mode, which is characterized by shallow weld
penetration, and weld bead with an aspect ratio of the order of one, as illustrated in Figure 1.4(a). Transition
from heat conduction to keyhole welding mode occurs at about 106 W/cm2 due to the enhancement of metal
vaporization. The intense vaporization distinguishes keyhole laser welding from other conventional joining
methods. It causes a large increase in vapor pressure that drills a depression in the melted metal, forming a
long and narrow cavity commonly called ‘keyhole’. The laser beam can then penetrate deeper into the metal
through the cavity and be refracted and damped while traveling through the vapor. As the beam rays reach
the keyhole surface, beam energy is partially absorbed on the surface and partially reflected towards a new
point of interaction. This succession of absorption and reflection, normally referred to as multiple Fresnel
absorption and reflection, increases the overall energy absorption. In that case, the weld bead is much deeper
than that for conduction mode laser welding, and its aspect ratio can reach the order of 1001.16-17), as illustrated
in Figure 1.4(b).
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Figure 1.4 Schematic illustration of heat conduction and keyhole welding.

The keyhole is filled with metal vapor or plasma that absorbs some of the incoming laser energy.
Through the phenomenon of inverse Bremsstrahlung absorption, the charged particles in the vapor can gain
kinetic energy from the photons of the laser beam. With sufficient gain, laser beam damping occurs coupled
with further ionization of the plasma by the highly energetic electrons and increase of the plasma temperature.
This in turn leads to increase of the Bremsstrahlung absorption coefficient, as long as the plasma temperature
is less than a certain critical value1.18). The plasma can protect the keyhole cavity from cooling by the
surrounding atmosphere and plasma radiation can strengthen vaporization at the keyhole surface. Above the
critical temperature damping becomes dominant and vaporization ceases. The metal vapor can also
agglomerate into larger nanometer-sized particles hence forming fumes. Particles that are of size comparable
to or larger than the laser wavelength attenuate the laser power through Mie-scattering, while particles that
are much smaller attenuate the laser power through Rayleigh scattering. The metal vapor flows out of the
keyhole forming plasma plume and it is replaced by newly evaporated material. The plasma plume may also
enhance laser beam damping1.19). The absorption and the scattering coefficients are coupled to the plasma
-8-

properties and temperature field, because they are normally dependent on its temperature. In addition,
absorption will also depend on the angle of incidence of the laser beam with respect to the keyhole surface1.20).
The keyhole behavior is governed by both the energy balance between laser beam, plasma and melt pool, and
the force balance between plasma and melt pool. Keyhole laser welding thus involves complex and closely
linked physical phenomena1.3, 1.21).
Past researches have shown that when the two different lasers such as Nd:YAG and CO2 lasers are
used for welding, using similar process parameters, weld cross sections of different geometries are achieved.
The main reason for this phenomenon has been attributed to the variations in absorption rates at various
wavelengths for different materials, as well as the great difference in plasma absorption between different
laser wavelengths1.22). The absorption of light in the plasma takes place above the keyhole and also inside the
keyhole. This absorption is a function of ionized gas, distance of travel of the laser beam in the plasma, the
temperature and the wavelength, and it can be determined using Saha’s ionization equation shown by
equation (1.4). Saha’s equation describes the degree of ionization for any gas in thermal equilibrium as a
function of the temperature, density, and ionization energies of the atoms. Plasma absorption is thus
proportional to the square of the wavelength. Therefore, comparing CO2 laser and Nd:YAG laser radiations,
CO2 laser will be absorbed 100 times as much as Nd:YAG laser, and much heat will be concentrated in the
upper part of the weld, thus penetration will be reduced1.1, 1.22).
2𝑔 (2𝑚 𝑘𝑇)
𝑛 𝑛
=
𝑛
𝑔
ℎ

𝑒𝑥𝑝 −

𝐸
𝑘𝑇

(1.4)

where ne is the number density of electrons [1/m3], ni is the number density of ions [1/m3], nn is the number
density of vapor atoms [1/m3], g0i is the partial function of ions, g0n is the partial function of atoms, me is the
electron mass [kg], k is the Boltzmann’s constant [J/K], T is the temperature [K], h is the Planck's constant
[Js], and Ei is the ionization energy [J]. The plasma absorption coefficient is calculated from equations (1.5)
and (1.6) using the term neni derived from equation (1.4).

=𝑛 𝑛

𝑚
2𝑘𝑇

𝑍 𝑒
6√3ℎ 𝑚 𝑐 

𝑔̅ ≈

√3



ln

1 − 𝑒𝑥𝑝 −

4exp (−𝐶 )
ℎ
𝑘𝑇

ℎ
𝑘𝑇

𝑔̅

(1.5)

(1.6)

where α is the absorption coefficient [1/m], Z is number of protons, e is the electron charge [C], ω is the
angular velocity [l/s], c0 is the speed of light in vacuum [m/s], ε0 is the electrical permittivity in vacuum
[F/m],⎯g is the quantum mechanical Gaunt factor, and CE is Euler’s constant. From these equations, the
absorption can thus be given as shown in equation (1.7).
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𝐴 = 1 − exp(−𝑧)

(1.7)

where Ap is the plasma absorption rate, and z is the distance travelled in plasma [m].
Laser welding offers advantages of high welding speeds, controlled energy input into the material,
narrow bead processing and small heat affected zones, compared to conventional processes. However
imperfections such as humping, porosity and spatter can be experienced during the process. Inaccurate beam
positioning can result in lack of fusion, concave root surfaces, and sagged welds. The high cooling rates may
also lead to pore formation in very deep welds. The success of a laser welding process depends on careful
consideration of welding process parameters, which include laser parameters, material parameters and
processing environment parameters1.23). Laser parameters involved include laser wavelength, laser power,
beam polarization, pulse shape, pulse energy, pulse duration, pulse repetition rate and beam divergence.
Material parameters include thermal and physical properties as well as surface reflectivity and thickness.
Processing environment parameters include temperature and shielding gas parameters, such as type of gas,
gas flow rate, supply direction, gas pressure and nozzle design. Other process parameters include welding
velocity and focusing conditions.
The stimulation emission phenomena in lasers produce trains of light waves that have electrical vectors
which are lined up. This phenomenon is called polarization and must be taken into consideration in laser
welding process, since it influences the outcome. Plane polarization with electric vector being parallel to
beam velocity vector is designated as P-polarization, while plane polarization with electric vector being
perpendicular to beam velocity vector is designated as S-polarization. It has been reported that under Fresnel
absorption, S-polarization results in deeper weld penetration compared to P-polarization. It is also noted that
CO2 laser produces light which is linearly polarized, while Nd:YAG lasers produce randomly polarized
light1.3).
Shielding gas is normally used to protect the welding area from unwanted occurrences such as
oxidation. Shielding gas also protects the keyhole and can enhance its stability. Supply nozzle design bears a
great influence on the gas pressure. On the other hand, gas pressure affects the flow rate and hence the ability
to either blow the plasma away or to protect the weld. There is a minimum flow rate of shielding gas for
adequate protection and also one for the removal of plasma1.3-4). There is also a maximum flow rate above
which the melt pool flow is affected and the melt is ruffled resulting to a bad weld bead. Plasma near the
workpiece surface or in the keyhole is beneficial in protecting the weld. However, if it becomes thick or
leaves the surface, then it leads to blocking or distortion of the laser beam. This results in reduction of the
absorption energy of the laser beam into the workpiece. Therefore, use of shielding gas is effective to blow
this plasma away. It is also noted that the shielding gas can cause the formation of ‘shielding gas plasma’ due
to the high operating temperatures. This formation of plasma is thought to occur through the reaction of
shielding gas with the hot metal vapor from the keyhole. This plasma formation is determined by the
temperature and the ionization potential of the shielding gas used. The flow direction of the shielding gas
will affect the stability of the keyhole, hence influencing its behavior and consequently the weld bead quality.
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An unstable keyhole is characterized by intermittent oscillations and closing. This instability causes porosity
due to the gas being held within the keyhole. In addition, the flow direction bears an influence on the
movement of the molten metal on top of workpiece surface, which consequently affects the surface roughness
of the weld bead.
Laser power is one of the most important parameters that plays a major role in all laser applications.
Thus, consistency of laser power supplied to the workpiece in laser welding is important. In micro welding,
the small weld volume means that small changes in laser power will result in large changes to the weld. For
pulsed Nd:YAG lasers, consistent power during the output time of the laser is achieved through power control
using real time power feedback, and this ensures that the delivered pulse precisely matches the demanded
pulse. On the other hand, the architecture of the fiber laser provides good inherent stability with no cold start
instability, so there is no need for power feedback to maintain weld consistency. In all instances, high laser
power means that the effective energy density is also high, hence more material can be melted, and deeper
weld penetration can be achieved. Laser intensity for a given laser beam is the defined by the amount of
power per unit area of irradiation. Thus, higher intensities can be achieved by increasing the output power,
or by focusing a given laser beam into a small spot size. With small focus spots, the material is thus heated
quickly, which leads to faster and deeper penetration1.3, 1.6).
The size of the spot and the depth of field of the laser beam are determined by the focal length of the
optical lenses1.6, 1.24). The focus spot diameter for laser welding applications is typically 100 to 600 μm.
Smaller spot diameters less than 100 μm may be required for very fine welding applications1.16). Figure 1.5
shows the focal pattern of converging lens. The minimum spot diameter, ds depends on the focal length of
the lens, f and is given by equation (1.8).

Figure 1.5 Illustration of focal pattern for a converging lens.
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𝑑 =𝑓×𝜃

(1.8)

where θ is the total beam divergence angle. In addition, the beam diameter along the length of the beam is
given by the beam divergence. The depth of focus, Δf is given by equation (1.9)1.1, 1.4).

Δf =

2𝑑 × 𝑓 2𝜃 × 𝑓
=
𝑑
𝑑

(1.9)

where d is the unfocused beam diameter at the converging lens. Smaller focus spot diameter can be obtained
by reducing the focal length, thus increasing the laser energy density that consequently increases the molten
material volume. Reduction in focal length is also associated with decrease in depth of focus. Smaller depth
of focus affects the process if the top surface of the workpiece is not flat. Focal plane position (FPP) is given
based on relative position to the workpiece surface. This maybe zero FPP, positive FPP, or negative FPP. For
zero FPP, the location is exactly on the workpiece surface. For positive FPP, the location is set above the
workpiece surface, while for negative FPP, the location is set below the workpiece surface1.1). These FPP
positions defines the extent of defocusing a laser beam, which is very important for instance when irradiating
a surface with combined laser wavelengths. In this study, defocusing of focus positions was employed in
copper micro-welding by superposition of 532 nm and 1064 nm laser wavelengths.
The focusing lens is also defined by the numerical aperture (N.A.) In optics, the N.A. of an optical
system is a dimensionless number that characterizes the range of angles over which the system can accept or
emit light. Thus, numerical aperture defines a measure of the light-gathering power of a system. The term
originates in microscopy, where it describes the corresponding capabilities of the objective lens, and this
relates to the speed of the system. By incorporating index of refraction in its definition, N.A. has the property
that it is constant for a beam as it goes from one material to another, provided there is no refractive power at
the interface. The numerical aperture value is defined by equations (1.10) and (1.11).

N. A. = 𝑛 × sin   𝑛 ×

𝑑
N. A. =

𝑑
2𝑓

2

𝑓 + 𝑑 2

(1.10)

(1.11)

where d is the beam diameter, f is the focal length of the lens, ni is the refractive index of the immersing
medium adjacent to the focusing lens, and φ is the half-angle of the cone of light from that lens due to the
focused beam. If the immersing medium is air, the refractive index is equal to 1.
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The tilt of the target surface and slope variations on the surface affect the effective cone angle of light
from a lens. This cone angle is directly related to the effective N.A., which determines the size of the focus
spot. The focus spot diameter is directly proportional to the wavelength of the laser beam and inversely
proportional to the N.A. of the focusing lens1.3). Consequently, the relationship between profile variations of
target surface and N.A. is of great influence on the process. It is noted that the number of multiple reflections
inside the keyhole during keyhole welding will change depending on the N.A. of the focusing lens1.6, 1.25).
Therefore, in a laser welding process there is need to carefully select the process parameters in order to
enhance the integrity of the joint.

1.2.3 Laser welding of highly reflective materials
When electromagnetic radiation strikes a surface, some of the radiation is reflected, some absorbed
and some transmitted. The absorption through the new medium is according to Beer Lambert's law given by
equation (1.12).
𝐼=𝐼 𝑒

(1.12)

where I0 [W/m2] is the intensity of the incident laser beam, I [W/m2] is the intensity at depth z [m], and α
[1/m] is the absorption coefficient. The absorption coefficient depends on the medium, wavelength of the
radiation and its intensity1.3, 1.26). This absorption coefficient for a given material greatly influences lasermaterial interactions. The value of the absorption coefficient will vary with the same conditions that affect
reflectivity. Laser absorptivity defines the fraction of incident radiation that is absorbed at normal incidence.
From the law of conservation of energy, the sum of R% reflected energy, A% absorbed energy and Tr%
transmitted energy is 100% (R + A + Tr =100%). In the case of metal, with sufficient thickness and light of a
long wavelength, energy cannot be transmitted through the metal, and thus the relation becomes R0 + A0
=100%, as illustrated in Figure 1.6.
With metals, the laser radiation is absorbed by free electrons that oscillate freely and can re-radiate
without disturbing the solid atomic structure. The reflectivity of metals is thus very high in the wavelength
region from visible wavelength to very long wavelengths. As the laser irradiation strikes a surface, all the
free electrons on the surface vibrate in phase, generating an electric field which is at 180 degrees out of phase
with the incoming laser beam1.27-1.28). The sum of this field is a beam with an angle of incidence equal to the
angle of reflection. The radiation is thus unable to penetrate metals to any significant depth, thus metals are
opaque and may appear shiny1.3).
The amount of absorbed energy bears a critical role in the laser welding process, since it determines
whether the process takes place or not. Different materials have different properties, which bear a great
influence to the welding process1.27). Laser welding is a thermal process, hence material properties which
influences the process include melting and boiling points, thermal conductivity, density and specific heat
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capacity. In addition, the optical properties of absorptivity and reflectivity vary with different materials1.3-4,
1.27-30)

. If there is irradiation from vacuum or air to the surface of a homogeneous material with angle of

incidence perpendicular to the surface, the reflectance and transmittance at the interface can be given by
equations (1.13) and (1.14), respectively.

𝑅=

𝑇 =

(1 − 𝑛) + 𝐶
(1 + 𝑛) + 𝐶

4𝑛

(1.13)

(1.14)

(1 + 𝑛) + 𝐶

where R is the reflectance, Tr is the transmittance, n is the refractive index, and CE is the extinction coefficient.
The extinction coefficient is a measure of how fast an electromagnetic wave decays inside the metal and thus
it is a measure of loss1.31). The value of CE is calculated from the absorption coefficient. The extinction
coefficient of a material is related to the absorption coefficient α, and the wavelength λ, as shown in equation
(1.15).

𝛼=

4𝐶



Figure 1.6 Schematic illustration of reflected, transmitted and absorbed light energies.
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(1.15)

The reflectance of some highly reflective metals was calculated using equation (1.13). The data for the
index of refraction, n and the extinction coefficient, CE of the metals was obtained from literature1.32-36).
Figure 1.7 shows the variations of extinction coefficients for some highly reflective metals with wavelength,
and Figure 1.8 shows the variations of their reflectivity with wavelength. Aluminum reflects about 90% of
the light within the visible spectrum, while silver reflects about 95% of the light. In addition, at around 800
nm to 1000 nm wavelength, the reflectance of aluminum decreases abruptly. In general, metals with CE>>n
are shiny, while those with CE ≈ n ≈ 3 appear gray. Thus, silver which has refractive index, n of 0.13 and
extinction coefficient, CE of 2.92 at around 500 nm wavelength appears shiny. As the wavelength increases
into the infrared region, n and CE increase, leading to high reflectance in this spectral region. Within the
visible spectrum, silver is the most reflective. Silver is thus one of the most difficult materials to laser process,
requiring almost 20 times as much power as that required to melt steel1.37-38). It is also noted that with short
wavelength, the reflectance is very low for most of the metals, consequently, resulting to high laser absorption
at around this region. Therefore, short wavelength has a possibility of high efficient welding process, but use
of 1064 nm wavelength system is desired in industrial applications because of its affordable cost and high
reliability. However, since light absorption rate is very low at 1064 nm wavelength, stabilization of the
process is challenging at this wavelength.

Figure 1.7 Extinction coefficients for different metals as a function of wavelength.
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Figure 1.8 Variations of reflectivity of different materials with wavelength at normal incidence.

The important parameters which influence absorption rate can be summarized as follows1.5, 1.39):
(1) Low wavelength is characterized by high photon energy. Thus, a reduction of wavelength leads to
higher absorption rate because the photons are more energetic and can be easily absorbed by more
electrons.
(2) Phonon density increases with increasing temperature, which further leads to more phonon-electron
energy exchanges. Higher absorption rate is thus expected with increasing temperature.
(3) Absorption rate increases greatly at the transition regions from solid to liquid, and from liquid to
vapor.
(4) Metal oxides affect the reflectivity on a surface. Thus, increased oxide thickness on a surface
usually yields higher absorption rate.
(5) Increased surface roughness yields higher absorption rate because of increased number of multireflections. If the roughness is less than the laser wavelength, then the surface is said to be flat.
(6) Increased incidence angle from the normal yields higher absorption rate up to the Brewster angle
and thereafter it decreases to zero. Brewster's angle (also known as the polarization angle) is an
angle of incidence at which light with a particular polarization is perfectly transmitted through a
transparent dielectric surface, with no reflection.
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This study specifically focused on copper and aluminum alloy materials, which are finding ever
increasing applications, especially in the automotive and electronics industries. These materials are difficultto-weld using laser since they have high reflectance and high thermal conductivity1.40-43). Combination of
high thermal conductivity and low melting point makes it difficult to achieve good welding quality with high
energy utilization. In order to adapt laser welding to aluminum alloy and copper, improvement of efficiency
and quality is required. With these highly reflective materials, higher laser beam intensity is needed to initiate
the keyhole than when welding other metals. For instance, 1 MW/cm2 to 2 MW/cm2 is usually needed for
pure aluminum when using Nd:YAG laser, while 2 MW/cm2 to 3 MW/cm2 is needed when using CO2 laser1.5).
It is also expected that for alloys, the required laser intensity varies with the alloying content. The relationship
between some process parameters that defines the welding process is as shown in equation (1.16)1.42).
𝑃 𝑇𝑘
∝
𝐴
𝑑

(1.16)

where P [W] is the laser power, ds [m] is the spot diameter, Tb [K] is the boiling point, k [W/(m⋅K)] is the
thermal conductivity, and A0 is the absorptivity of laser at normal incidence on the material. As an example,
aluminum has almost the same boiling temperature as steel, but three times higher thermal conductivity, and
a lower absorptivity. Thus, using equation (1.16), a higher power or intensity is needed to obtain a keyhole
when welding aluminum compared to the case of steel1.42). Processing of copper requires about six times
higher power, compared with that needed to melt steel. Therefore, some challenges are experienced when
processing copper. Sometimes copper-based alloys are nickel-plated to enhance laser absorption and reduce
the power needed1.37).
With advancement of laser technology, higher powers and variable laser intensities can now be
achieved, and used to weld highly reflective materials. Therefore, research has now been focused on the
quality and strength of the weld. The strength of a weld is a function of its shape and metallurgy. Defects
such as cracks severely reduce the strength due to stress concentrations that lead to failure of joint. It is also
noted that the weld bead shape and metallurgy are functions of the material properties, the laser-material
interaction and sometimes other factors such as the shielding gas1.5).

1.3

Research objective
Recently, reduction in weight of equipment and efficient energy transmission are demanded, and use

of aluminum and copper is required to achieve high specific strength for weight reduction and excellent
conductivity for energy transmission. Therefore, for product development to meet the needs of society,
demands for processing of aluminum and copper have increased. Joining technology is an important
technique to realize efficient machining, and adaptation of laser welding with excellent controllability is
expected.
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Laser welding finds great application in sheet metal joining due to its high efficiency. For high
productivity, an efficient high speed welding process is required. In addition, deep penetration welding to
enhance strength of the weld joint and maintenance of good surface quality are demanded in order to enhance
component functionality. However, it is expected that at high welding speeds, the humping phenomenon
leads to deterioration of the surface quality. Due to this phenomenon, a lot of spatter is generated, and deep
penetration welding with good surface quality becomes a challenge. It is noted that control of laser power
and intensity distribution can help to overcome this challenge. High and controlled laser powers also help to
achieve deep penetration. Currently the laser market has provided some unique kinds of lasers that allow
control of intensity distribution, such as adjustable ring-mode (ARM) fiber laser. Therefore, in this study,
aluminum alloy 5022 sheets were welded together using ARM fiber laser at a high welding speed with the
aim of developing a novel joining process. The ARM fiber laser provides a laser beam with a center part and
a ring part, hence various laser power combinations were used. The influence of the various intensity
distributions was clarified by evaluating the geometry and appearance of weld bead formed.
During laser welding, the heating time is short followed by rapid cooling1.7). Therefore, it is difficult
to measure temperature distribution at the weld pool. Finite Element Method (FEM) analysis offers a solution
to this by simulating the thermal process and thus presenting the temperature fields. In addition, it is possible
to perform a good estimation of the weld bead geometry. Therefore, to fully clarify the welding phenomenon
in laser welding of aluminum, FEM analysis was done by developing a three-dimensional model using heat
conduction equations. The developed model which employed a combination of surface heat source and
volumetric heat source was used to dynamically simulate the laser welding process in order to predict the
temperature fields and weld bead geometry.
Previous research results show that when laser with a wavelength of 1064 nm is used in micro-welding
of copper, transitional welding condition between heat conduction welding and keyhole welding exists. In
this transitional processing region, the processing consists of a mixture of the two modes of heat conduction
and keyhole welding. Under the transitional processing condition, it is possible to stabilize the process, and
thus generate large penetration depth with no porosity, and to achieve good surface quality. By providing
appropriate surface undulations, such as concave shapes or controlled surface roughness, the effect of
increased light absorption rate and molten volume would be obtained at the transitional processing region,
thus stabilizing the process. This is attributed to the effect of increased multi-reflections inside the keyhole
wall. Therefore, in this study, the surface texture of copper workpiece was varied by providing concave
shapes and controlling the surface roughness in laser micro-welding; with the aim of improving the process
stability, and consequently achieving a high-quality weld, when using Nd:YAG laser of 1064 nm wavelength.
After the onset of keyhole formation in copper micro-welding, the absorption rate of laser at 1064 nm
wavelength rapidly increases, and this leads to deep penetration. It is also noted that shorter laser wavelength
such as 532 nm is highly absorbed into copper even prior to keyhole formation1.40-41). However, the 532 nm
laser system is complex and expensive compared to 1064 nm laser system, which is highly reliable. It is
expected that if the two wavelengths are combined and 532 nm laser is used to initiate keyhole formation,
then the efficiency of the welding process would be improved and high-quality weld can be achieved.
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Therefore, the two wavelengths of 532 nm and 1064 nm were superpositioned in laser micro-welding of
copper, and the effects of irradiation delay and power density on the process were clarified. In addition, there
is need to clarify the phenomena of molten area and keyhole formation by the initial irradiation of 532 nm
laser prior to the irradiation of 1064 nm laser. Hence, the dynamics of molten area and keyhole formation in
superposition of the two wavelengths was investigated through three dimensional FEM analysis.
Therefore, the aim of this research is to carry out a comprehensive study on difficult-to-weld materials,
specifically aluminum alloy and copper with the aim of presenting a novel laser joining process. The research
consists of both experimental works and numerical investigations of the laser joining process. The specific
objectives for the research can be summarized as follows:
•

Experimental investigation on high-speed welding of aluminum alloy using adjustable ring-mode
(ARM) fiber laser with the aim of establishing the influencing parameters and hence develop a
novel joining process.

•

Development of a three dimensional numerical model for laser welding which is used to predict
the temperature fields and the weld bead geometry.

•

Experimental investigation on micro-welding of copper by 1064 nm wavelength Nd:YAG laser
with the aim of improving welding quality and process efficiency, by enhancing stability through
control of surface texture.

•

Experimental investigation on micro-welding of copper by superposition of two wavelength,
namely 532 nm and 1064 nm, with the aim of improving welding quality and process efficiency.

•

FEM thermal analysis of laser micro-welding of copper by superposition of 532 nm and 1064 nm
wavelengths.

1.4

Overview and outline of thesis
This doctoral thesis consists of four chapters, and the contents of each chapter are briefly described as

follows:
Chapter 1 gives an introduction of the entire study carried out and it also outlines the research
background and motivation. It gives a clear image of the laser joining technology by outlining the laser
fundamentals, a description of the mechanism of laser welding, and a discussion on laser welding of highly
reflective materials. This chapter also outlines the objective and scope of research work.
Chapter 2 presents a comprehensive experimental and numerical study on laser welding of aluminum
alloy sheets using an adjustable ring-mode fiber (ARM) laser. Experimental work was carried out on overlap
welding of aluminum alloy sheets using various process parameters. The influence of the parameters on the
process was clarified by evaluating the geometry and appearance of weld bead. The influence of shielding
gas on the process was also investigated based on the gas flow direction and flow rate. To fully analyze the
- 19 -

thermal profile in the weld pool, a three-dimensional finite element model was developed to enable
calculation of the temperature distribution and to predict the weld bead geometry. The model which simulates
dynamically the laser welding process was developed using heat conduction equations and by a combination
of surface heat source and volumetric heat source. The numerical model was validated using the experimental
data. The acquired data from both experimental and numerical study was used to present a method to improve
penetration and stabilize the welding process at high welding speed in laser welding of aluminum alloy.
Chapter 3 discusses a detailed study on laser micro-welding of copper with the aim of improving
efficiency and quality. Experimental work was carried out using pulsed Nd:YAG laser with fundamental
wavelength of 1064 nm and frequency doubled Nd:YAG laser of 532 nm wavelength. In order to enhance
laser absorption rate and increase molten volume in micro-welding of copper with 1064 nm laser, the
influence of surface texture was investigated by providing appropriate surface undulations. Further,
processing was carried out at the transitional processing region between the two modes of heat conduction
welding and keyhole welding. Measurements of absorption rates and molten volume were taken and
correlated with the processing conditions. In addition, the appearances of the various weld beads were
analyzed to show the influence of process parameters.
The second part of the study on copper micro-welding involved investigations on the effects of
processing by combination of two wavelengths. Micro-welding of copper was performed by superposition
of two wavelengths of 532 nm and 1064 nm, and the obtained weld beads were analyzed. The influence of
the combination of the two wavelengths was discussed by taking measurements of absorption rates and
molten volumes. To fully understand the influence of the initial irradiation of 532 nm laser, the dynamics of
the molten area and keyhole formation in superposition was investigated through FEM analysis. The entire
results for the study were analyzed to present techniques for improving efficiency and welding quality. This
could be achieved through stabilization of the absorption phenomena by using an appropriate approach, such
as control of surface texture and superposition of different and suitable wavelengths.
Chapter 4 summarizes the main conclusions derived from the entire study. The key results are outlined
and ideas for further study are stated.
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Chapter 2:
Welding of aluminum alloy by adjustable ring-mode fiber laser
2.1

Introduction

2.1.1

Aluminum and its alloys
Aluminum is a chemical element with symbol Al and atomic number 13, and it is the third most

abundant element in the earth's crust. As such, it is widespread in human-related activities. The metal is
commonly alloyed to improve some characteristics, such as hardness. Aluminum was one of the newest
metals to be discovered by humans. It does not occur naturally in its purest form, so it was not discovered
until the 19th century with developments in chemistry and the advent of electricity. The natural history by
Pliny the Elder, a Roman scientist, told the story of a first century craftsman presenting a cup made of an
unknown metal looking like silver but too light to be sliver to Tiberius the Roman Emperor. Alum, an
aluminum-based salt, was used extensively in ancient times. Commander Archelaus discovered that wood
was practically flame resistant if it was treated using an alum solution; protecting his wooden fortifications
against flamed attack. Alum was used throughout Europe from the XVI century onwards: in the leather
industry as a tanning agent, in the paper-pulp industry for paper sizing and in medicine, i.e. dermatology,
cosmetology, stomatology and ophthalmology. Aluminum was named after alum, which is called 'alumen' in
Latin, when it was discovered that aluminum could be produced by electrolytic reduction from alumina
(aluminum oxide). In 1825, an impure aluminum alloy was produced through this process 2.1-4). Advances in
technology ever since to the 21st century have led to processing of aluminum and its alloys to suit various
applications.
With the development of aluminum industry, the global demand for aluminum has increased rapidly,
and aluminum and its alloys find various applications depending on varying properties. As a low density
metal with a density of 2.7 g/cm³, with good ductility, and with its electrical conductivity being two thirds
that of copper, it is widely used in manufacture of high tension bus bars, electric cables and in the radio
industry. Despite its low density, the strength and hardness of aluminum alloys are good. Therefore,
aluminum alloys have been used widely in the manufacturing industry. Good ductility means that aluminum
can be made into aluminum foils thinner than 0.01 mm, thus it is widely used in packaging2.5-6).
Aluminum is a good conductor of heat, and its heat conductivity is three times higher than that of iron.
Therefore, many different kinds of heat exchangers, heat sink materials and kitchen items are made of
aluminum. It also has excellent corrosion resistance owing to a thin surface layer of aluminum oxide that
forms when the metal is exposed to air. Therefore, it finds great use in manufacture of chemical reactors,
medical equipment, refrigeration equipment, petroleum refining units, oil and gas pipelines etc. Aluminum
is also used as a deoxidizer in the steelmaking process. When aluminum powder is mixed with graphite and
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titanium dioxide or other high melting point metal oxides, in the correct ratios, and the mixture is then coated
onto metal, followed by high temperature calcination, the result is a high-temperature metal ceramic which
plays an important role in rocket and missile technology applications. In addition, aluminum combustion in
oxygen gives off a lot of heat and glare, so it is often used in manufacturing explosives mixtures2.6-7).
Aluminum powder has a beautiful silver luster, thus it is commonly used for coating in order to protect
iron products from being corroded. Aluminum also shows excellent reflectance to ultraviolet light and so it
is commonly used in manufacture of high quality mirrors, such as solar cooker reflectors. Due to its excellent
sound-absorbing performance, it is used in ceilings of broadcasting studios and modern large-scale indoor
constructions, as well as door and window frames in homes. Since aluminum is abundant in the earth’s crust,
and because it possesses certain advantages compared to other metals, it is expected that as technology
advances, aluminum and its alloys will rapidly find applications in new areas beyond the fields of aerospace,
transportation, electronics, electricity and construction2.4-7).
Aluminum alloys are generally classified as wrought aluminum alloys and cast aluminum alloys.
Wrought aluminum alloys are designated by a four digit number, with the first digit indicating the alloy group
according to the major alloying element. The second digit indicates modification of the alloy or impurity
limits. The last two digits identify aluminum alloy or indicate the alloy purity. Cast aluminum alloys are
designated in the same manner by a four digit number, but with a decimal point separating the third and the
forth digits. The first digit as well indicates the alloy group according to the major alloying element. The next
two digits identify aluminum alloy or indicate the alloy purity. The last digit indicates the product form, e.g.
casting designated by “0” or ingot designated by “1” or “2” depending on chemical composition limits. A
modification of the original alloy or impurity limits is indicated by a serial letter before the numerical
designation. The serial letters are assigned in alphabetical order starting with A but omitting I, O, Q, and X
whereby the letter “X” is reserved for experimental alloys2.8-13).
In this study, aluminum alloy 5022, which is a non-heat treatable, Al-Mg alloy, was used. The chemical
composition and mechanical properties of this alloy are shown in Table 2.1 and Table 2.2, respectively2.14).
The addition of magnesium to aluminum increases strength through solid solution strengthening and
improves their strain hardening ability. Recent application technologies of aluminum to automobiles have
shown that aluminum alloy 5022 finds great application in vehicle body panels2.15). Specifically, this material
is used for bonnets, roofs, doors, pillars, oil pans, floors, rear fenders, air and cleaner housings. The issue of
reduction of CO2 emissions by improvement in fuel efficiency has become a top priority in automobile
industry. One major solution is reduction of the weight of vehicle bodies by use of aluminum material, which
offers light weight, tough high-specific strength, corrosion resistance, high formability and it is environmentfriendly because it is easily recycled. In addition, it is a very attractive material for use in vehicles. Therefore
this has increased the use of aluminum, and these applications demand for an efficient and high-speed method
of joining aluminum metal sheets, with the aim of achieving good surface quality and high productivity.
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Table 2.1 Chemical composition (weight %) of AA5022
Al

Mg

Cr

Cu

Fe

Mn

Si

Ti

Zn

93.10-96.30

3.50-4.90

<=0.10

0.20-0.50

<=0.40

<=0.20

<=0.25

<=0.10

<=0.25

Table 2.2 Mechanical properties of AA5022
Tensile strength, MPa

Yield strength, MPa

Elongation, %

275

135

30

2.1.2 High-speed laser welding of aluminum
Laser welding technology is one of the methods that can be used to join aluminum metal sheets because
of its high accuracy and efficiency. In comparison with conventional welding processes, laser welding offers
the benefits of precision control of heat input, minimum thermal distortion, small heat affected zones (HAZ)
and excellent repeatability2.16). In addition, deep penetration welding capability of lasers makes it possible to
weld thick metal sheets and also offers a great potential in the joining of materials such as aluminum.
In order to achieve high productivity in laser welding of aluminum sheets, high-speed welding is
required. However, there is a limit to which welding speeds can be increased without affecting the weld bead
quality. The humping phenomenon sets a limit to the processing speed in laser beam welding for a given laser
beam intensity. Researchers have reported investigation of welding of aluminum alloy 5022 with a 4 kW
power direct diode laser. Argon shielding gas was supplied from the side in heat conduction welding of 1 mm
thick sheets. A sound bead was obtained in lap-fillet welding at a speed of 3 m/min, while full penetration
bead-on-plate welding was possible up to a welding speed of 12 m/min. The bead became narrower with
increasing speed2.17). There arises melt pool instability upon exceeding a certain welding speed, for a given
configuration of material and processing parameters. At a high welding speed, melt flow around the keyhole
may result in a stagnation area behind the keyhole, destabilizing the melt pool surface, and thus promoting
the onset of humping. This is characterized by formation of periodic droplets and severe undercuts on the
weld bead surface. When this phenomenon occurs, the height of the weld bead varies with the welding
speed2.18-20). The prerequisite for the onset of humping is an upward oriented melt pool stream due to drag
forces. The higher the speed, the smaller the inclination angle of the absorption front, thus the upward
momentum of the melt pool increases. The smaller the focus diameter, the shorter the humping length. The
drag forces are reduced as the evaporation pressure at the absorption front decreases with lower intensity2.21).
Laser welding of aluminum has difficulties due to its low melting point, high reflectivity and high
thermal conductivity. The ideal condition for laser welding is to have a material with high absorptivity and
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low thermal conductivity. Normally, the absorptivity varies depending on the temperature; as a material
becomes hot, the absorptivity increases. However, for aluminum, upon reaching the melting point, the
absorptivity increases rapidly and the process becomes very unstable2.22). A lot of spatter is generated, and
deep penetration welding with good surface quality becomes a challenge. In addition, at high welding speeds,
the humping phenomenon leads to deterioration of the surface quality.
There is need for deep penetration welding, and also maintenance of good surface quality for the
various applications of aluminum, in order to enhance component functionality. For good surface quality, the
transition region between keyhole welding and heat conduction welding would have advantages, but
stabilization of the welding phenomenon is important2.23). Recently, the advancements of laser technologies
have led to availability of high power and high beam quality fiber lasers which can help to overcome this
challenge of process instability.

2.1.3

Fiber lasers and their applications
Fiber laser refers to a type of laser in which the active gain medium is an optical fiber doped with rare-

earth elements such as erbium, ytterbium, neodymium, dysprosium, praseodymium, thulium and holmium.
Therefore, they are technically a type of solid-state lasers, but differ in a unique way from the other solidstate lasers. The atom levels of these rare-earth elements have extremely useful energy levels, which allows
for a cheaper diode laser pump source to be used, and still provide a high output of energy. The rare-earth
atoms act as the laser medium in the doped fiber, and the photons that are emitted remain within the fiber
core. To create a cavity in which the photons remain entrapped, a Fiber Bragg Grating (FBG) is added. A
FBG is simply a section of glass which has stripes in it, with an altered refractive index. When light passes
across a boundary of different refractive indexes, a small bit of light is refracted back. Therefore, the internal
FBG acts like a set of mirrors inside the core.
The structure of the fiber used in fiber lasers is important. Simple optical fibers have a circular core of
glass with a high refractive index surrounded by a circular cladding with lower refractive index. In most
cases, the doped central core has a small diameter for single-mode operation. A separate family of fiber lasers
and amplifiers is based on an effect called Raman scattering that occurs when photons lose or gain extra
energy when they bounce off atoms in undoped glass fibers. Fiber Raman amplification is attractive in
telecommunication systems because the amplification can take place in the undoped core of the fiber
transmitting the signals. The most common geometry is a dual-core structure as shown in Figure 2.1. An
undoped outer core, also called inner cladding, collects the pump light and guides it along the fiber.
Stimulated emission generated in the fiber passes through the inner core, which often is single-mode. The
inner core contains the dopant such as ytterbium or erbium that is stimulated to emit radiation by the pump
light.
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Figure 2.1 Illustration of dual-core fiber structure with end and side pumping.

A fiber laser can be end-pumped or side-pumped as shown in Figure 2.1. In end-pumping, the light
from one or many pump lasers is fired into the end of the fiber. In side-pumping, pump light is coupled into
the side of the fiber by feeding it into a coupler that couples it into the outer core. Care must be taken when
coupling the pump light into the core, matching it to the optical absorption, and coupling that pump light into
the inner core to produce a population inversion that will result in stimulated emission in the inner core. The
laser core can have various degrees of gain, depending on the doping in the fiber as well as on the fiber length.
Figure 2.2 (a) shows the basic configuration of the optical circuit of a high-power fiber laser. The
optical circuit consists of three major sections namely; pump section, oscillator section, and beam delivery
section. In the pump section, light from pumping laser diodes (LDs) pass through optical fibers into a pump
combiner. The pump combiner couples the pump light from the multiple LDs into a single-mode optical fiber.
In the oscillator section, the pump light from the pump combiner propagates through a double-clad fiber. The
pump light excites the ions of the rare-earth element and is amplified by the FBGs. The FBGs act as mirrors
with high and low reflectivity. The laser light is emitted from the low-reflectivity FBG. The beam delivery
section is composed of an optical fiber which passes the laser light from the oscillator section to a processing
head or a beam coupler. The power of the fiber lasers can be enhanced by coupling multiple delivery fibers
with an output beam coupler as shown in Figure 2.2 (b). For example, coupling four 1 kW output beams
yields 4 kW, and coupling six 1 kW output beams yields 6 kW2.24).
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Figure 2.2 Schematic illustration of the optical circuit for a high-power fiber laser.
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Beam quality is an important factor in fiber laser applications. Laser beam has better focus ability than
normal light, because it is coherent in nature, which means it does not expand very much over long distance.
It is monochromatic, meaning it has only one wavelength. In essence, it experiences very little divergence.
Thus, its cross-section area grows minimally as the distance from resonator to workpiece surface increases.
Beam quality is normally described with K, M2 and Beam Parameter Product (BPP) terms. For instance, laser
beam quality for CO2 is described with K or M2 term, while beam quality for fiber laser is described with
BPP. The terms K and M2 are described by equations (2.1) and (2.2), respectively2.25-27).

𝐾=

4×
×𝜃×𝐷

𝑀 =

1
𝐾

(2.1)

(2.2)

where λ is the laser wavelength, θ is the beams opening angle (two times the divergence angle) and D is the
raw beam diameter. The ideal beam should have a value for M2 or K equal to one. Thus, a good laser should
have the value closer to one, which means good focus ability and smaller focus spot can be achieved with it.
The term BPP is described by equation (2.3).

BPP =

𝐷×𝜃
4

(2.3)

where, D is the diameter of laser beam from the fiber, and the θ is the divergence angle. Equation (2.4) shows
the relationship between the three terms.

𝐾=

1

=
𝑀
 × BPP

(2.4)

The BPP term determines the limit of the size of an optical fiber that can be used to carry the beam.
For a laser beam to be focused, its diameter must be smaller than the diameter of the optical fiber, and the
beam’s divergence must be smaller than the overall reflection angle, as shown in Figure 2.3. Curvature of
the optical fiber or any small flaws in the fiber will affect the laser beam when it is carried in the optical fiber.
Bad quality of the beam directly affects the focus diameter by increasing it, and this greatly affects the process.
The main advantages of fiber lasers include:
a)

Light is always coupled into a flexible fiber hence delivery of the laser is easy for various
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applications.
b)

They have capability of high power output, since they can have active regions over a long distance
which provides high optical gain. They can support kilowatt levels of continuous output power
because of the fiber's high surface area to volume ratio, which allows efficient cooling. They also
support high peak power and nanosecond pulses, which enable effective operations such as marking
and engraving.

c)

The wave-guiding properties of the fiber eliminate thermal distortions of the optical path, thus
producing a diffraction-limited, high-quality optical beam.

d)

They allow for compact size, since the fiber can be bent and coiled to save space.

e)

They are highly reliable since they exhibit high temperature and vibrational stability, extended
lifetime, and maintenance-free operations.

f)

The high power and good beam quality leads to cleaner cut edges and allow high speeds
operations2.28).

Fiber lasers, being such flexible, adaptable and versatile machinery, can be used for various
applications. They can be manufactured to generate pulsed lasers or continuous wave lasers. Their mode of
operation allows huge level of control to their users over beam intensity, duration, length and heat output.
This means that one single fiber laser setup can be used for multiple applications and processes which include
laser marking, laser cutting, laser welding, laser engraving, laser ablation, laser drilling, laser cleaning, and
additive manufacturing. In this study, a high power fiber laser was used in welding of aluminum sheets.

Figure 2.3 Illustration of fiber coupling geometry.
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2.1.4 Overview of approach
Sheet metals joint technology is highly required in many manufacturing industries where aluminum
alloys find great application. Past research has shown that although welding defects, such as change in
microstructure, hot crack susceptibility and porosity, in laser welding of aluminum alloys are influenced by
many welding parameters, laser power and shielding gas parameters particularly bears a significant influence
on the process2.29). In this study, laser joining of aluminum alloy 5022 sheets was investigated using an
adjustable ring-mode fiber (ARM) laser. This high power ARM fiber laser could output power of up to 6 kW
with variable intensity distribution. A method to improve penetration and stabilize the welding phenomenon
at high welding speed in order to achieve a high-quality weld was described through experimental and
numerical investigations. Overlap welding was performed using laser beams of varying powers and intensity
distributions, and the influence of the variations was clarified by evaluating the geometry and appearance of
weld bead. The weld bead geometry was evaluated in terms of width, height, shape and roughness. In addition,
nitrogen gas was used as the shielding gas, and it was supplied from side and back directions. Influences of
shielding gas direction and gas flow rates, were investigated. To fully clarify the welding phenomenon in
laser welding of aluminum alloy, numerical simulation was also performed using the general finite element
program ‘ANSYS’. A three-dimensional finite element model was developed using heat conduction
equations to dynamically simulate the laser welding process, and to predict the weld bead geometry.

2.2

High-speed laser welding of aluminum alloy 5022

2.2.1 Experimental procedures
2.2.1.1 Bead-on-plate welding experiment
(A) Adjustable ring-mode fiber laser
Experimental work involved welding of aluminum alloy sheets using ARM fiber laser, and then
evaluating the geometry and appearance of weld beads. By using laser beams of varying powers and intensity
distributions, and varying shielding gas flow rate and flow direction, the influences of various parameters on
the welding process were discussed. ARM fiber laser is suitable for wide range of materials and thicknesses.
It allows processing of thin and thick workpieces of up to 30 mm. The system is fitted with a back reflection
resistance system which enables processing of sensitive, tough, and highly reflective materials such as
stainless steel, copper, brass and aluminum. ARM fiber laser allows independent power control and
modulation of two coaxial laser beams in the same fiber, simultaneously. Thus, it offers a dynamic adjustable
beam profile with two parts namely; center part and ring part, hence a unique form of intensity distribution.
ARM fiber laser finds great use in applications such as welding, cutting, drilling, cladding, annealing, heat
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treatment and laser additive manufacturing. Its applicability with various materials has been tested in Zncoated steel lap welding, and thick copper sheet cutting, and the results showed that both the center and the
ring power can be separately controlled to meet a specific need2.30). In welding the benefits are reduced
hardening effect, melting of filler wire with ring beam combined with keyhole welding with center beam and
relaxed mechanical tolerances in butt welding2.31). There is possibility to perform superior temperature
distribution by combination of center power and ring power.
In this study, a continuous wave ARM fiber laser was used in welding of aluminum sheets with a
thickness of 1.5 mm. Figure 2.4 shows the schematic illustration of delivery fiber section, beam spot and
intensity distribution for the ARM fiber laser. The fiber used had an inner core diameter of 70 μm, an outer
core diameter of 180 μm and a gap of 15 μm, as shown. The gap is filled with a glass material of low refractive
index. With the unique beam profile, various modes of operations namely: center-mode, whereby only the
center power is used; pure-ring-mode, whereby only the ring power is used; and dual-mode, whereby both
the center power and ring power are used. Figure 2.5 shows the intensity distribution for the three modes of
operation. The focus spot diameters of the outer ring and center were 270 μm and 105 μm, respectively, as
derived from equation (2.5). The laser wavelength was 1070 nm and the beam parameter products for the
center and ring part were 2 mm⋅mrad and 8 mm⋅mrad, respectively.

Focus spot size = Fiber core diameter ×

𝐹1
𝐹2

(2.5)

where, F1 and F2 are focusing length and collimation length, respectively.

Figure 2.4 Schematic illustration of ARM laser fiber section, beam spot and intensity distribution.
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Figure 2.5 Intensity distributions for dual-mode, pure-ring-mode and center-mode operations.

(B)

Laser irradiation setup

Table 2.3 shows the various combinations of laser and process parameters used in laser welding
experiment, while the experimental setup is schematically shown in Figure 2.6.
Table 2.3 Laser and process parameter combinations
Flow rate

(kW)

Assist gas
direction

3.0

4.0

Side

50

2.0

4.0

6.0

Side

50

C

2.0

4.0

6.0

Side

15

D

2.0

4.0

6.0

Back

15

E

1.5

0

1.5

Back

15

F

0

3.5

3.5

Back

15

G

0

5.0

5.0

Back

15

H

1.5

3.5

5.0

Back

15

I

1.8

3.8

5.6

Back

15

Center power, Pc

Ring power, Pr

Total power, P

(kW)

(kW)

A

1.0

B

Case
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(L/min)

Figure 2.6 Schematic illustration of laser irradiation setup for AA5022.

Overlap welding of two aluminum alloy 5022 sheets, each 1.5 mm thick, was performed at a welding
velocity of 15 m/min. The processing head was fixed, while the specimen was moved. The bottom sides of
the sheets were left open to air. The processing head employed concave mirrors with a collimation of 100
mm and a focal length of 150 mm. The laser wavelength was 1070 nm, and the beam spot diameters for the
outer ring and center were 270 μm and 105 μm, respectively. Nitrogen was used as the shielding gas, and it
was supplied through off-axial nozzles of size 7.0×1.5 mm, inclined at an angle of 45° to the vertical. The
gap between off-axial nozzle tip and workpiece surface was set at 10 mm. Effects of back and side direction
of gas supply were investigated using two gas flow rates of 50 L/min and 15 L/min.
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2.2.1.2 Weld bead evaluation method
Weld bead evaluation involved measurements of bead width and height using a laser displacement
sensor, surface roughness measurement using a stylus type roughness measurement machine, and evaluation
of surface and cross-section appearances using a field emission scanning electron microscope and an optical
microscope, respectively.

(A) Weld bead profile measurement using laser displacement sensor.
A laser displacement sensor (LDS), Keyence LJ-V7000, was used for measurement of weld bead
profile. Table 2.4 shows the specifications of the laser displacement sensor, while Figure 2.7 shows the setup
used for the measurement. A single LDS sensor head (Keyence LJ-V7020) was used in this study. The sensor
head consists of two sensors as transmitter and receiver. The transmitter emits the laser beam, while the
receiver receives the laser beam for measurement as illustrated in Figure 2.8. The controller is synchronized
with the sensor head, and then connected to a computer system to display the measurement readings and
system status as shown in Figure 2.7. RS232C interface is used for the measurement data output and control
input/output. LJ-Navigator2 computer software is used for monitoring and controlling the measurement
settings.
Table 2.4 Specifications of laser displacement sensor (LDS)
Light source

Blue semiconductor laser

Wavelength

405 nm

Output power

10 mW

Mounting mode

Specular reflection

Reference distance

24.2 mm

Measurement range: Height (Z-axis)

± 2.3 mm

: Width (X-axis)

± 7 mm

Laser beam shape

14 mm × 35 μm

Repeatability

0.2 μm

Sampling cycle (trigger interval):

Top speed: 16 μs
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Figure 2.7 Setup for weld bead profile measurement using laser displacement sensor (LDS).

Figure 2.8 Illustration of weld bead profile measurement on the target.
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The measurement value is obtained by detecting the measurement target from the selected profile in
the measurement area. A laser emission LED located at the top of sensor head displays the target status. The
lighting state of the laser emission LED is determined by the measured data with respect to the valid profile
data. The green light, orange light and flashes light of LED show the target are at the center, within and
outside the measurement range, respectively. To measure the weld bead dimensions, several measurement
targets are used namely; peak, bottom, average, edges, and knee, as shown in Figure 2.9.
The peak setting gives the maximum value of the profile, while bottom setting gives the minimum
value of the profile in the measurement area. The average setting calculates an average height of the profile
in the measurement area. The edge setting indicates the position where the profile in the measurement area
intersects the edge level. Knee setting measures the position where the profile in the measurement area is
bent. Further, peak type of knee indicates where the profile gradient decreases, while valley type of knee
indicates where the profile gradient increases. Thus, to measure the height of weld bead, the LDS can be set
to measure a peak from a reference surface, while to measure the width, the LDS measures distances between
two points in a given measurement area.

Figure 2.9 Illustration of measurement targets by LDS.
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(B)

Surface roughness measurement method

A stylus type roughness measurement machine (SURFCOM 1400D) which had a stylus radius of 2
μm was used for measurement of surface roughness. Figure 2.10 illustrates the method of roughness
measurement using the stylus and the corresponding roughness parameters are shown in Figure 2.11.
Roughness measurement requires that the probe and measurement target are positioned in a perpendicular
position at the onset. The primary profile is then measured to determine the setting parameters. The measured
surface profile gives an estimate of Rz. Using the roughness ISO standard table and the estimated value of Rz,
the corresponding cut-off value and evaluation length can be determined. These parameters are set to
determine the estimated roughness Ra. This measured value of Ra then gives the required value of cut-off
value and evaluation length to measure the actual roughness.

Figure 2.10 Illustration of surface roughness measurement method.
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Figure 2.11 Surface roughness measurement parameters.

(C) Weld bead surface and cross-section observation method
A field emission scanning electron microscope (FE-SEM), JSM-7001F, JEOL Ltd, was used to capture
images of the weld bead surfaces. This system supports stable high-magnification observation of
nanomaterials and thin-film specimens. It provides a large specimen chamber for a variety of applications
with a 5-axis computer controlled specimen stage. The chamber can handle specimens up to 200 mm in
diameter. The FE-SEM can be configured for both high-vacuum and low-vacuum operation. It provides a
general-purpose objective lens with no leakage of a magnetic field around the specimen for observation of
any specimen, including magnetic materials.
Other analyses supported by the FE-SEM include:


Analysis of nano-structures with analysis volume down to a few tens of nm with high probe
current at low voltages achieved by the aperture angle optimizing lens.



Energy Dispersive X-ray Spectrometry (EDS) for high-speed elemental analysis with high probe
current.



Low vacuum SEM (LV SEM) for analysis of non-conductive specimens.
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For cross-section observation, the specimen was first polished and then etched using HCl with 35%
weight concentration. A digital microscope (VHX-2000 - Keyence Corporation) was then used to capture
cross-section images of the weld bead. A digital microscope is normally equipped with an imaging device,
usually a CCD or CMOS sensor for image observation. The image is captured by a camera and it is then
displayed in real-time on a built-in LCD monitor. To improve the operation and ease-of-use, the microscope
is equipped with a motorized XY stage along with motorized Z-axis lens control. Movement can be adjusted
in all three axes by using a control pad. This equipment is able to cover a magnification of up to ×5000, with
a resolution of 2000 (H) × 2000 (V) pixels. It uses zoom lenses to provide a continuous and wide
magnification range by adjusting the distance between individual lenses within the zoom lens body. In order
to display an image with a digital microscope, an image sensor with color filter converts the light received
from the lens into digital signals. After processing those signals, the data is then converted into an image and
displayed on screen. An image sensor is generally made up of many small photodiodes that convert light into
an electrical signal. As light hits the surface of the device and is focused onto each photodiode via a micro
lens, the image sensor then converts it into an electrical signal before outputting the final image. In order to
create a color image, a color filter, typically an RGB (red, green, blue) filter is placed in front of the
photodiodes.

2.2.2 Experimental results and discussion
2.2.2.1 Effects of shielding gas flow rate and flow direction
Figure 2.12 shows the surface and cross-section appearances of the weld beads under different
nitrogen shielding gas flow rates and directions, and with laser power combinations of 1.0 kW + 3.0 kW, and
2.0 kW + 4.0 kW in the center and ring parts, respectively. Figure 2.13 shows the corresponding bar graph
for variations of weld bead height, width, penetration depth and surface roughness. When laser powers of 1.0
kW + 3.0 kW in the center and ring were used, and with high flow rate of shielding gas of 50 L/min from the
side direction, very low penetration depth of 1.17 mm was achieved. This penetration depth was not enough
to weld the two aluminum sheets together since each had a thickness of 1.5 mm. In addition, the surface of
the weld was very rough owing to spattering of the molten metal. When the laser powers were increased to
2.0 kW + 4.0 kW in the center and ring parts, respectively, higher penetration depth of about 2.21 mm was
achieved. However, the surface roughness deteriorated. The surface roughness increased by about 20%. The
geometry of the weld bead was also affected such that its height increased by about 2 times, while the bead
width increased by about 27%.
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Figure. 2.12 Characterization of welding under different shielding gas flow rates and supply directions.
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Figure 2.13 Variation of weld bead height, width, penetration depth and surface roughness under different
flow rates and directions of shielding gas.

Reducing the gas flow rate from 50 L/min to 15 L/min under similar conditions of 2.0 kW + 4.0 kW
laser powers in the center and ring parts, and with shielding gas flowing from the side direction led to an
increase in penetration depth and a reduction in bead height and width. Penetration depth increased by about
9%, while both bead height and width decreased by about 40% and 7%, respectively. In addition, a measure
of surface roughness showed a decrease of about 28%. Changing the gas supply direction from side to back
direction under similar conditions led to a further increase in penetration depth by 18% and a further decrease
in both bead height and width by 37% and 8% respectively. Moreover, surface roughness decreased further
by about 29%. Thus, back supply of shielding gas with appropriate low flow rate leads to a good weld with
deep penetration, a reduced bead height and width, and low surface roughness.
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With side supply direction of the shielding gas, the weld bead was asymmetrical to the weld crosssection along material thickness. Supplying shielding gas from the side direction has the effect of blowing
the molten material away from the center of the weld, leading to the asymmetrical appearance. High flow
rate leads to more molten material being pushed away from the center, compared to low flow rate. This led
to deterioration of the surface, and thus high surface roughness is expected when high flow rate of shielding
gas is used. It is also confirmed that the height profile for the case of side gas will be larger than that of back
direction of shielding gas, as shown in Figure 2.14.
High temperatures in the laser welding process causes the hot plasma generated to change its density
hence a change in refractive index which leads to dispersion of the laser beam. This has the effect of reducing
the effective energy for the welding process. There is a minimum flow rate of shielding gas for adequate
protection of the molten pool, and one for the removal of the plasma. There is also a maximum flow rate
above which the melt flow is affected and the molten pool is ruffled, leading to a poor weld bead2.32).
Supplying shielding gas from the back has the effect of stabilizing the keyhole, as opposed to supply from
the side which tends to destabilize the keyhole. Higher flow rate leads to even more keyhole instability. A
stable keyhole leads to a stable surface with less spattering. Thus, with back supply of shielding gas, and with
low flow rate, deeper penetration, reduced bead height and width, and reduced roughness could be achieved.

Figure 2.14 Variation of height profile for the cases of side and back directions of shielding gas, as measured
using the LDS.
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2.2.2.2 Effects of laser power and intensity distribution
Figure 2.15 shows weld bead surface and cross-section appearances under various powers and
intensity distributions. Nitrogen shielding gas was supplied from the back with a flow rate of 15 L/min. The
total laser power was increased gradually from 1.5 kW to 6.0 kW, by various combinations of center power
and ring power. Figure 2.16 shows the corresponding bar graph for variations of weld bead height, width,
penetration depth and surface roughness. It is expected that increasing power density leads to increase in
depth of penetration, bead height, width, and surface roughness. For instance, weld bead roughness increased
by about 12%, when the power was increased by a total of 1.0 kW. Increase in laser power leads to higher
energy density, hence deeper weld penetration can be achieved. Welding with total power of 6.0 kW resulted
in the deepest penetration, while total power of 1.5 kW resulted in the least penetration depth. However, too
much power might lead to spattering, which results in increase of surface roughness of weld bead.
On the other hand, the results showed a different phenomenon on surface roughness behavior when
the intensity distribution was varied by using different combinations of center power and ring power. Both
cases of pure-ring-mode, where only ring power is used, and dual-mode, where both center power and ring
power are used, showed almost equal penetration depths at the same total power of 5.0 kW. However, weld
bead roughness was considerably higher in the case of pure-ring-mode. The center power helps to initiate
faster keyhole formation, and a small keyhole diameter is expected. This phenomenon also helps to reduce
spattering and prevent humping hence reduction in surface roughness of weld bead. However, too much
center power may lead to high material removal, hence deterioration of the weld bead. Besides resulting in
higher surface roughness, it is also expected that pure-ring-mode welding will result in bigger height profiles
compared to center-mode and dual-mode welding due to the spattering and undercuts on the weld bead
surface, as shown in Figure 2.17 and Figure 2.18.
The cross-sectional profiles of the weld beads for dual-mode welding present ‘hourglass’ shapes,
which means that the top is the widest, the bottom narrower, and the middle the narrowest. This can be
explained by influence of surface tension gradients in the molten metal flow. The maximum flow velocity of
molten metal appears on the surface of melt pool, where there is maximum temperature gradient. The molten
metal flows from the higher-temperature keyhole boundary at the center of the beam to the lower temperature
melt pool boundary. This leads to an expansion of the fusion zone in the top and bottom surface areas. For
pure-ring-mode welding, since only ring power is present, a larger keyhole diameter is expected. Thus the
surface tension gradients in the molten metal flow is low. It is considered that heat is uniformly distributed
around the ring, which leads to the uniform profile of the weld bead.
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Figure 2.15 Surface and cross-section appearances under various power densities and intensity distributions.

Figure 2.16 Variations of weld bead width, height, penetration depth and surface roughness under various
power densities and intensity distributions.
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Figure 2.17 Variation of height profiles for center-mode and pure-ring-mode welding.

Figure 2.18 Variation of height profiles for dual-mode and pure-ring-mode welding.
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2.3

Three-dimensional FEM thermal analysis of laser welding process

2.3.1 FEM model development and implementation
Irradiation of the material with high intensity laser source is a complex phenomenon, and it results in
thermally induced effects which include: heating, melting, and vaporization from the surface; dissociation
and ionization of the vaporized material; and shock waves in both the vaporized material and the solid. In
this study, three effects were considered namely; surface heating, melting, and vaporization. Surface heating
phase refers to the heating of the material from room temperature to melting point. If energy of the laser beam
incident on the solid surface is sufficient, melting begins and the solid-liquid interface is formed, which
propagates into the solid. When temperature of the liquid layer reaches the boiling point, vaporization takes
place. Consequently, the liquid-vapor interface is formed, and it propagates into the liquid layer2.32-36).
Heat transfer modes are normally characterized by thermal conduction, convection and radiation.
Thermal conduction is the transfer of heat by microscopic collisions of particles and movement of electrons
within a body. The microscopically colliding particles, that include molecules, atoms and electrons, transfer
disorganized microscopic kinetic and potential energy, jointly known as internal energy. Conduction takes
place in all phases of matter including solids, liquids, gases and waves. The rate at which energy is conducted
as heat between two bodies is a function of the temperature difference between the two bodies and the
properties of the conductive medium through which the heat is transferred. Thus, thermal conduction may be
steady state or transient. Steady state conduction is the form of conduction that happens when the temperature
difference driving the conduction are constant, so that after an equilibration time, the spatial distribution of
temperatures, known as temperature fields, in the conducting object does not change any further. For transient
or non-steady state conduction, temperatures changes in time at any place within an object. The temperature
fields within the object are time-dependent2.35-38).
In laser welding process, part of the heat may be transferred to the surroundings by convection and
radiation effects. With heat transfer by thermal radiation, the transfer is often between bodies, which may be
separated spatially. In convection, internal energy is carried between bodies by a moving material carrier. It
is however noted that in many applications, normally more than one of these processes occurs in a given
situation. The temperature fields in a body can be calculated using the finite element method (FEM), by
considering the law of energy conservation2.38-42).

2.3.1.1 Three-dimensional heat conduction
Isotropic materials normally exhibit constant thermal conductivity regardless of the direction of heat
input. Thus, considering an isotropic solid in a three-dimensional space as shown in Figure 2.19, the Fourier’s
law of heat conduction is given by equation (2.6);
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Figure 2.19 Solid in a three dimensional space.

 = −𝑘∇𝑇ñ

(2.6)

where ∇ is a function of (𝜕/𝜕𝑥, 𝜕/𝜕𝑦, 𝜕/𝜕𝑧), T is the temperature, k is thermal conductivity, μf is the heat
flux and ñ is the time vector.

From law of conservation of energy we can define the integral of thermal

energy density using equation (2.7).
𝑑
𝑑𝑡

𝐸 𝑑𝑣 = −  𝑑𝑠 +

𝑄 𝑑𝑣

(2.7)

where Eth is the thermal energy density, and Qs is the heat source. The thermal energy density is also given
by equation (2.8).
𝐸 = 𝑐𝜌𝑇

(2.8)

where c is the specific heat capacity of the material, ρ is the density of material, and cρ is a measure of
volumetric heat capacity. Thus equation (2.7) can be simplified further as shown in equation (2.9).
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𝑐𝜌

𝜕𝑇
=
𝜕𝑡

𝑘∇𝑇ñ𝑑𝑠 +

𝑄 𝑑𝑣

(2.9)

Simplifying equation (2.9) results in equation (2.10).

𝑐𝜌

𝜕𝑇
= 𝑘∇ 𝑇 + 𝑄
𝜕𝑡

(2.10)

The measure of thermal diffusivity, β is given by equation (2.11).

𝛽=

𝑘
𝑐𝜌

(2.11)

Using the expression for thermal diffusivity, equation (2.10) can thus be simplified as shown in equation
(2.12).

𝑘𝛻 𝑇 + 𝑄 =

1 𝜕𝑇
𝛽 𝜕𝑡

(2.12)

Thus, the three dimensional transient heat conduction equation is given by equation (2.13).

𝑘

𝜕 𝑇 𝜕 𝑇 𝜕 𝑇
1 𝜕𝑇
+
+
+𝑄 =
𝛽 𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧

(2.13)

where x, y, and z are spatial variables, and T(x, y, z, t) is a function of the spatial variables and time.

2.3.1.2 Finite element formulation and boundary conditions
When transient heat conduction equations are solved, boundary conditions and initial conditions are
required in order to completely determine the temperature field. Heat may be lost during the welding process
through convection and this is described by equation (2.14).
𝑄 = ℎ(𝑇 − 𝑇 )

(2.14)

where Qc (W/m2) is the convective heat flux, h (W/m2⋅K) is the convective heat transfer coefficient, T (K) is
the temperature of the solid boundary surface, and T0 (K) is the temperature of the surrounding. Since T0 is
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the room temperature, the initial condition (t=0) is given by equation (2.15).
𝑇(𝑥, 𝑦, 𝑧, 0) = 𝑇

(2.15)

Considering a three dimensional solid, made up of finite elements, E and with each element having m nodes,
the temperature distribution within each element can be expressed as shown in equation (2.16).
𝑇(𝑥, 𝑦, 𝑧, 𝑡) = [𝑁(𝑥, 𝑦, 𝑧)]{𝑇(𝑡)}

(2.16)

where {T(t)} is the vector of element nodal temperatures and [N(x, y, z)] is the temperature interpolation
matrix. Using equation (2.16), the temperature gradient can be expressed as shown in equation (2.17).
∇𝑇(𝑥, 𝑦, 𝑧, 𝑡) = [𝐵(𝑥, 𝑦, 𝑧)]{𝑇(𝑡)}

(2.17)

where [B(x, y, z)] is the temperature gradient interpolation matrix. Galerkin's method is used to derive the
equation for a single element using the three dimensional transient heat conduction equation shown in
equation (2.13). Using the temperature interpolation matrix [N] as the weighting function, the following
equation (2.18) is obtained.

[𝑁]

𝑘

𝜕 𝑇 𝜕 𝑇 𝜕 𝑇
1 𝜕𝑇
+
+
+𝑄 −
𝑑𝑣 = 0
𝛽 𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧

(2.18)

Replacing the term (1/ 𝛽) with (ρc) gives equation (2.19).

[𝑁]

𝑘

𝜕 𝑇 𝜕 𝑇 𝜕 𝑇
𝜕𝑇
+
+
+ 𝑄 − 𝜌𝑐
𝑑𝑣 = 0
𝜕𝑡
𝜕𝑥
𝜕𝑦
𝜕𝑧

(2.19)

The superscript expression Tp represents transposition, and ve represents the element region. Fourier’s law
can now be expressed using the temperature gradient equation (2.17) which yields equation (2.20).

 = [−𝑘] [𝐵] {𝑇}

(2.20)

Further manipulation of this expression gives equation (2.21).

[𝑘] {𝑇} + [𝑐]

𝜕𝑇
= {𝑓}
𝜕𝑡

(2.21)

where [c] is the specific heat matrix, [k] is the thermal conductivity matrix, and {f}is the heat flow vector,
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and {T}is the vector of nodal temperature. The matrices [k], [c], and vector {f} are given by equation (2.22)
through to equation (2.24).

[𝑘] =

𝑘

𝜕[𝑁]
𝜕𝑥



𝜕[𝑁] 𝜕[𝑁]
+
𝜕𝑦
𝜕𝑥

[𝑐] =

{𝑓} =



𝜕[𝑁] 𝜕[𝑁]
+
𝜕𝑧
𝜕𝑦



𝜕[𝑁]
𝑑𝑣
𝜕𝑧

𝜌𝑐[𝑁] [𝑁]𝑑𝑣

𝑄 [𝑁] 𝑑𝑣 −

(2.22)

(2.23)

 [𝑁] 𝑑𝑠

(2.24)

The heat flux initial boundary condition is set as shown in equation (2.25), while the heat transfer through
convection is defined by equation (2.26).

 [𝑁] 𝑑𝑠 =

 [𝑁] 𝑑𝑠 =

 [𝑁] 𝑑𝑠

ℎ[𝑁] [𝑁]𝑑𝑠  {𝑇(𝑡)} −

(2.25)

ℎ𝑇 [𝑁] 𝑑𝑠

(2.26)

Using the conditions given in equations (2.25) and (2.26), the matrices [k] and vector {f} in equations (2.22)
and (2.24), can now be given as shown in equations (2.27) and (2.28), respectively.

[𝑘] =

𝑘

𝜕[𝑁]
𝜕𝑥

{𝑓} =



𝜕[𝑁] 𝜕[𝑁]
+
𝜕𝑦
𝜕𝑥

𝑄 [𝑁] 𝑑𝑣 −



𝜕[𝑁] 𝜕[𝑁]
+
𝜕𝑧
𝜕𝑦



 [𝑁] 𝑑𝑠 +

𝜕[𝑁]
𝑑𝑣 +
𝜕𝑧

ℎ𝑇 [𝑁] 𝑑𝑠

ℎ[𝑁] [𝑁]𝑑𝑠

(2.27)

(2.28)

To obtain the overall temperature vector {TT} given by equation (2.29), the heat conduction matrix [K], the
heat capacity matrix [C] and the heat flux vector {F} for all elements are computed as shown by equation
(2.30) through to equation (2.32).
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{𝑇 } =

{𝑇}

(2.29)

[𝐾] =

[𝑘]

(2.30)

[𝐶] =

[𝑐]

(2.31)

{𝐹} =

{𝑓}

(2.32)

Thus, the overall non-linear formulation of element equations for transient heat conduction is given as shown
in equation (2.33).

[𝐾] {𝑇 } + [𝐶]

𝜕𝑇
= {𝐹}
𝜕𝑡

(2.33)

2.3.1.3 Finite element modeling
Three-dimensional FEM thermal analysis of laser welding process was performed using the general
finite element program ‘ANSYS’ Ver. 16.1. The transient temperature distribution of the welded specimen
was a function of time t and Cartesian coordinate system with y-axis along the welding direction, z-axis along
the thickness direction, and the origin located on the specimen surface as shown in Figure 2.20. The
temperatures induced in the aluminum workpiece during the laser welding process was calculated by the nonlinear transient heat conduction equation for elements as expressed by equation (2.33). In this analysis, pure
aluminum was used. The geometry of the simulation model employed similar total thickness of 3 mm as the
experimental work. However, a small section of 8 mm length and 6 mm width was chosen to represent the
workpiece, due to the limitation of calculation time. The welding process was performed in the middle of the
workpiece. The meshes were graded such that they were finest in the region of highest and most rapid
temperature gradient, near the heat input. A course mesh was used for the regions farthest from the heating
zones and the element sizes increased across the thickness of the specimen, being finer near the heated side
of the specimen. The initial condition for the entire region was set at a room temperature of 293 K. The heat
flux generated by the laser beam was applied on the top surface of the specimen. For the non-irradiated top
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surface and x-z end planes, the heat flux was assumed to be convective with a heat transfer coefficient of 10
W/(m²·K), while y-z end planes had infinite boundary temperature. The heat source was moved along y-axis
with steps of 0.08 ms at a scanning velocity of 15 m/min, with beam spot diameters of 270 μm in the outer
ring and 105 μm at the center, so as to simulate the ARM fiber laser.
The temperature dependent material properties are important for the accurate calculation of
temperature field. The temperature response in a material involved in high heat fluxes is determined by
thermal material properties of thermal conductivity, specific heat and density, which are dependent on
temperatures2.43). Figure 2.21 (a) and (b) show the variations of thermal conductivity and specific heat, and
density of aluminum, with temperature. The data for the plots was obtained from literatures2.44-47).

Figure 2.20 FEM model for laser welding process of aluminum.
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Figure 2.21 Variation of thermal conductivity, specific heat and density of aluminum with temperature.
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For the simulations, enthalpy values were used in order to take into consideration the latent heat of
aluminum. The data for specific heat and density was used to compute the enthalpy of aluminum. Figure
2.22 shows the variation of enthalpy of aluminum with temperature. In the actual welding phenomenon, the
temperature is constant in the latent heat region. However, for FEM analysis, if the temperature is kept
constant, there is no convergence of the solution. Therefore, there is need to provide a temperature range in
the latent heat region. Aluminum has a melting point of 933 K and an evaporation point of 2741 K. In this
analysis, the temperature range from 933 K to 1000 K was set in the fusion region where we expect to have
a mixture of solid and liquid, while the temperature range from 2741 K to 3300 K was set for the vaporization
region where we expect to have a mixture of liquid and vapor.

Figure 2.22 Variation of enthalpy of aluminum with temperature.
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The enthalpy before the onset of melting was calculated using equation (2.34).
𝐻 = 𝐶 (𝑇 − 𝑇 )

(𝑇  𝑇 )

(2.34)

where, H1 is the enthalpy before melting starts, ρ is the density, Cs is the solid specific heat, T is the
temperature, T0 is the reference temperature and Ts is the melting onset temperature. Then, enthalpy around
the melting region was calculated using equation (2.35) through to equation (2.37). This defined the latent
heat of melting region.
𝐻 = 𝐶 (𝑇 − 𝑇 )

(𝑇 = 𝑇 )

𝐻 = 𝐻 + 𝐶 (𝑇 − 𝑇 )

=

𝐶

(2.35)

(𝑇 = 𝑇 )

(2.36)

𝐶 +𝐶
𝐿
+
2
𝑇 −𝑇

(2.37)

where, Hs is enthalpy at the start of melting, Hl is enthalpy at the end of melting, Cl is the liquid specific heat,
Cm is the specific heat at latent heat of melting region, Lf is the latent heat of fusion, Tl is the melting end
temperature. The enthalpy H2 for the region after melting and before the onset of vaporization was calculated
using equation (2.38).
𝐻 = 𝐻 + 𝐶 (𝑇 − 𝑇 )

(𝑇  𝑇 )

(2.38)

Enthalpy around the vaporization region was also calculated using equation (2.39) through to equation (2.41).
𝐻

𝐻

= 𝐶 (𝑇

−𝑇 )

+ 𝐶 (𝑇

=𝐻

𝐶

=

−𝑇

𝐶 +𝐶
+
2
𝑇

(𝑇 = 𝑇

)

𝐿
−𝑇

)

(𝑇 = 𝑇

(2.39)

)

(2.40)

(2.41)

where, Hbl1 is enthalpy at the start of boiling, Hbl2 is enthalpy at the end of boiling, Cv is the vapor specific
heat, Cbl is the specific heat at latent heat of vaporization region, Lv is the latent heat of vaporization, Tbl1 is
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the boiling onset temperature, Tbl2 is the boiling end temperature. For regions beyond the heat of vaporization
region, the enthalpy H3 was calculated using equation (2.42).
𝐻 =𝐻

+ 𝐶 (𝑇 − 𝑇

)

(𝑇  𝑇

)

(2.42)

To simulate heat input from the laser source, the FEM model used a combination of surface heat source
and volumetric heat source as shown in Figure 2.23. Table 2.5 shows the laser parameters used in the FEM
thermal analysis.

Figure 2.23 Illustration of intensity distributions for surface heat source and volumetric heat source.
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Table 2.5 Laser parameters used in FEM thermal analysis
Center power, Pc

Ring power, Pr

Total power, P

(kW)

(kW)

(kW)

1

1.5

0

1.5

2

0

3.5

3.5

3

0

5.0

5.0

4

1.5

3.5

5.0

5

1.8

3.8

5.6

6

2.0

4.0

6.0

Case

The absorption rate of a material is related to the material resistivity and the wavelength of the laser
irradiation2.40-41). Absorptivity increases with increase in keyhole depth. It is noted that surface absorptivity
is affected by mechanisms related to surface geometry during keyhole generation, through creation of surface
ripples, which enhances absorptivity2.48). Jae et al. studied the formation and stability of stationary laser weld
keyholes. The effect of multiple reflections in the keyhole was estimated using the ray tracing method. The
absorption of the laser power was increased by trapping the beam within the cavity2.49). Thus, in this analysis,
the absorptivity of aluminum at the top surface was taken to be 0.22.50) but it increased gradually with heat
input across the thickness.
The total heat input was computed from the summation of surface heat source on the top surface and
the volumetric heat source along the thickness direction according to equation (2.43).
𝑄 =𝑄 +𝑄

(2.43)

where Q is the total heat input, Qs is the surface heat flux, and Qv is the volumetric heat flux. It was assumed
that 25% of the heat power was absorbed on the surface of the specimen and the remaining 75% was absorbed
by the keyhole wall2.51). The surface heat flux was applied in top-hat mode distribution, while the volumetric
heat flux was applied in Gaussian distribution as expressed by equations (2.44) and (2.45), respectively2.4041, 52)

.

𝑄 =

𝑃
𝑅
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(2.44)

𝑄 =

3𝑃
𝑟
𝑒𝑥𝑝 −3
𝑟 ℎ
𝑟

 1−

𝑧
ℎ

(2.45)

where R is the beam spot radius, Ps is the power absorbed on the surface, Pv is the power absorbed by keyhole
wall, r0 is the initial radius of keyhole, hd is the maximum keyhole depth, rc is the current keyhole radius, and
zi is the current keyhole depth.

2.3.2 Numerical simulation results and discussion
2.3.2.1 Temperature fields induced by laser welding
Figure 2.24 shows the temperature fields when using various laser power combinations during the
laser welding process. It can be seen that the temperature field changes as the laser beam and melt pool moves
along during the welding process. The weld pool shapes around the high-energy heat source presents elliptical
shapes which vary depending on the laser parameters set. The weld pool becomes more elliptical in shape
when using higher laser power compared to that of lower power. In addition, the comparison of the
temperature fields across the workpiece thickness shows that increase in laser power led to deep penetration,
owing to higher power density distribution. Increase in laser power also leads to higher peak temperatures at
the center of the welding point. With center mode welding, where only the center power is used, a small laser
spot diameter is expected compared to both pure-ring-mode welding and dual-mode welding. Thus, high
temperatures will be spread over a smaller area owing to a reduction in spot size and the weld bead would be
narrower.
The three-dimensional finite element model developed was validated using experimental results. The
weld bead profiles in the transverse direction obtained from experiments and simulations, under similar laser
processing parameters, were compared. The simulation results gave a good estimation of the weld bead crosssection as shown by Figure 2.25. The light grey parts in the simulation results show the weld area in which
the temperatures are above the melting point of aluminum, 933 K. The weld penetration depths were very
similar for both cases of experiment and simulation.
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Figure 2.24 Temperature fields during the laser welding process with various laser powers.

Figure 2.25 Comparison of simulated and experimental weld bead geometry.

Figure 2.26 shows the graph of temperature distribution on the top surface of the specimen along the
welding direction for the case of dual-mode welding with 1.5 kW center power, and 3.5 kW ring power. The
laser beam is located at the center of the specimen, 4 mm along y-axis, and it is irradiated on the specimen at
16 ms after the onset of laser irradiation. The laser irradiation pre-heats a very small area in front of the laser
beam, where the heat source is going to pass. The temperature at the top surface smoothly increases when
heating by the laser. The temperature drops rapidly with increase of distance at the center of the weld. As the
laser beam moves along the welding line, the temperature at the center of the weld is above the evaporation
point, while the temperatures at the adjacent points are around 1000 K and 700 K at the same instance.
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Figure 2.26 Temperature distribution on top surface along welding direction.
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Figure 2.27 shows the temperature fields, when the moving heat source passes the transverse plane at
time t0 and subsequent time steps for the case of dual-mode welding with 1.5 kW + 3.5 kW power
combinations in the center and ring parts. The red area represents the melted material in the molten pool
whereby the temperature is above the melting point of aluminum, 933 K. It shows the effect of the moving
heat source on the temperature fields of the specimen with the time and the rapid heat transfer in the fusion
zone. Heat input into the molten pool is transferred quickly in the thickness direction and then in the width
direction to reach uniform distribution. Due to the rapid diffusion of the heat into the surrounding materials
around the laser irradiation zone, the specimen temperature gradually decreases to the room temperature. It
is also clear that the heat conduction plays an important role in the heat flow and the surface convection.
The simulation results have shown that since the heat source is moving, the temperature distribution
is not symmetrical along the scanning direction. Temperature peak tends towards the moving direction, while
the points at the back part of the heat source are still cooling down. In addition, temperature peak rapidly
approaches steady value due to the heating by the laser, but the heat flow into the material needs some more
time to reach the quasi-steady condition. Therefore, temperature gradient at the front edge is higher compared
to that at the rear edge. This leads to formation of an elliptical shaped weld bead in the temperature profile.
The elliptical shape presents a ‘tail’ shape at the back part, which varies depending on the process parameters,
such as laser power and intensity distribution2.53).
Temperature distribution across the thickness will affect the behavior of the molten pool, and hence
the shape of the weld bead. Surface tension-driven convection, commonly referred to as Marangoni
convection, plays a great role in this temperature effect. In general, Marangoni convection defines the
convection along an interface between two fluids due to surface tension gradient. Past research works have
shown that Marangoni convection in the molten pool is dependent on the surface tension temperature
coefficient. When the surface tension temperature coefficient has a negative value, the Marangoni convection
direction is radially outward, and the molten pool center is depressed but the outer part is elevated. However,
when the value of the coefficient is positive, the molten pool will be convex in shape2.53-59).
Prandtl number and Peclet number are important parameters in determining the effect of the
Marangoni convection. Prandtl number Pr, defines the ratio of momentum diffusivity (kinematic viscosity)
ψ, to thermal diffusivity β. Thermal diffusivity can be expressed as shown in equation (2.11). Momentum
diffusivity ψ is given by the ratio of dynamic viscosity ύ, to density ρ. Therefore, Prandtl number Pr can be
expressed as shown in equation (2.46). Peclet number Pe, defines the ratio of heat transfer by convection to
heat transfer by conduction; and it is defined by the ratio of the product of molten pool surface radius Sr, and
maximum outward surface velocity Sv, to the thermal diffusivity β, as shown in equation (2.47).

𝑃 =

𝜓 𝑐ύ
=
𝑘
𝛽
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(2.46)

𝑃 =

𝑆𝑆
𝛽

(2.47)

With high values of Peclet number, heat transfer in the molten pool is dominated by the Marangoni
convection. It is also noted that increasing the laser beam power increases the molten pool size, hence Peclet
number increases. On the other hand, low values of Peclet number result in domination of heat transfer by
conduction in the molten pool. Heat is conducted downward and outward, and this leads to the concave shape
of the molten pool bottom. However, if a strong outward surface flow carries the heat outwards towards the
molten pool edge, it makes the concave melt pool bottom to become wide and flat2.53-59). For liquid metals
such as aluminum alloy, the Prandtl number is very small. This means that the thermal diffusivity is very
high, owing to the very high thermal conductivity. Therefore, Peclet number is also very small, which means
that heat transfer by conduction in the molten pool dominates over that by convection.

Figure 2.27 Temperature history at a reference frame for a moving heat source.
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2.3.2.2 Influence of temperature distribution
In order to show the influence of temperature distribution resulting from varying laser intensity
distribution, dual-mode welding and pure-ring-mode welding were investigated. Figure 2.28 shows a plot of
temperature histories for the two cases, when the irradiation point is located transversally to the weld direction
at time, t=16 ms, from the onset of welding. 5.0 kW total power was used in each case. Temperature
fluctuations can be seen at some points on the plots. This is attributed to the gap between the ring part and
the center part of the fiber. In both cases, the peak temperatures are at the center of the laser beam spot and
the temperature history is similar. However, higher peak temperature was experienced for dual-mode case in
comparison with pure-ring-mode case. The variations in peak temperatures bears a great influence on the
appearance of weld bead, since it affects keyhole formation hence affecting the molten metal state.

Figure 2.28 Temperature histories on the top surface for dual-mode and pure-ring-mode welding.
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Figure 2.29 shows the resultant temperature distribution isotherms on the top surface for the two cases
of dual-mode welding and pure-ring-mode welding. The black part represents the molten and evaporated
material at the center, where the temperatures are above the melting point, 933 K. The molten pool shapes
around the high-energy heat source are different in the two cases. In addition, despite having similar
temperature histories, temperature distributions on the top surfaces are different. The rear part in dual-mode
case presents a larger radius than that in pure-ring-mode case. The grey part shows the temperature range
from 485 K to 597 K after stabilization of the welding process. The ‘tail’ shows the behavior of heat flow as
the heat source moves along the surface. Center power in dual-mode welding means that the keyhole will be
formed faster thereby enhancing deep penetration. With sufficient and faster keyhole formation, spattering is
reduced and the surface of molten metal is stable. In addition, a smaller keyhole diameter in dual-mode case
means that the molten pool region between the keyhole and the solid material is wider, thus leading to a
smooth flow. On the other hand, for pure-ring-mode welding, prior to keyhole formation the heat input being
at the ring tends to push some molten material towards the center which leads to deterioration of the surface.

Figure 2.29 Temperature distribution isotherms on top surface for dual-mode and pure-ring-mode welding.
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In Fabbro’s work on molten pool and keyhole behavior analysis for deep penetration laser welding,
five main characteristic regimes in deep penetration laser welding were defined2.60). The regimes were only
controlled by the welding speed, and the results showed that the maximum stable penetration depth is defined
by the available incident laser power. Higher laser power leads to deeper weld penetration due to increase of
power density. In addition, there is limited interest of small focal spots when large penetration depths are
required. Thus, it is expected that dual-mode welding will lead to a larger keyhole depth compared to purering-mode welding as reported in this work. Figure 2.30 shows the variations of keyholes for dual-mode
welding and pure-ring-mode welding from the FEM analysis. It is also noted that despite having a smaller
keyhole depth for pure-ring-mode welding, deep penetration could be achieved due to high power density at
the ring. The temperature of the melt pool near the evaporated area was very high, being at the liquid-vapor
transition region. Dual-mode welding with high power ARM fiber laser has shown the capability of obtaining
good surface quality and sufficient deep penetration, at high welding speeds as illustrated in Figure 2.31.

Figure 2.30 Illustration of variations of keyholes for dual-mode and pure-ring-mode welding.
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Figure 2.31 Illustration of the influence of combination of center power and ring power.
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2.4

Conclusions
Overlap welding of aluminum alloy sheets using ARM fiber laser was experimentally and numerically

investigated, and the effects of shielding gas flow rate and supply direction, laser power and intensity
distribution were discussed. Laser welding using ARM fiber laser proves to be a reliable high-speed joining
method for aluminum alloy with the possibility of obtaining high-quality weld beads. The main conclusions
obtained are as follows:
1)

High-speed welding of aluminum alloy without humping can be achieved at speeds of more than 15
m/min by using appropriate intensity distribution of the laser beam.

2)

High-quality welding with sufficient deep penetration, small bead height and width, and low surface
roughness is achieved in dual-mode welding, with appropriate low flow rate of shielding gas
supplied from the back direction.

3)

Dual-mode welding leads to a weld bead with lower surface roughness compared to pure-ring-mode
welding. In addition, dual-mode welding leads to a weld bead with smaller height and width profiles
compared to pure-ring-mode welding.

4)

The molten pool shape greatly depends on temperature gradient. Temperature gradient at the front
edge of a moving heat source is larger compared to that at the rear edge, hence the formation of an
elliptical shaped weld bead. This elliptical shape will vary depending on process parameters, such
as laser power and intensity distribution.

5)

Center power helps to initiate faster and sufficient keyhole formation, while ring power ensures good
temperature distribution, hence stabilizing the welding process. A stable welding phenomenon is
thus expected with dual-mode welding, even for high welding speeds.
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Chapter 3:
Micro-welding of copper by pulsed Nd:YAG lasers
3.1

Introduction

3.1.1 Copper material and its applications
Copper has been an essential material to man since prehistoric times, dating back to more than 10,000
years. The earliest workers in copper soon found out that it could be easily hammered into sheets, and then
the sheets could be worked into shapes3.1-3). This process became more complex as their skills increased.
They used copper metal when a combination of strength and durability was required. Its corrosion resistance
ensured that it remained both as a functional and a decorative material during the middle ages and the
successive centuries through the industrial revolution, and on to the present day. As an example, an ancient
copper pendant was discovered in what is now northern Iraq. Also, the Egyptians used the ankh symbol to
denote copper in their system of hieroglyphs. In addition, copper axes were manufactured by casting in the
Balkans in the 4th millennium BC3.1-5). Nowadays, copper and copper alloys find great applications in
automotive and renewable energy industries. Copper is the primary electrical conductor for appliances and
electronics. It is used in durable and decorative applications such as copper roofing, door hardware, railings
and decorative trims3.6). Therefore, copper is an important material for improving our quality of life.
Copper is chemically defined with symbol Cu, derived from Latin word cuprum, and atomic number
29. During production of shaped copper materials, various other metals are added to give copper additional
properties. The principal alloying elements in copper alloys are aluminum, nickel, silicon, tin, and zinc. These
alloying elements add strength, ductility, durability, corrosion protection and other properties. Small
quantities of other elements are also added to improve mechanical properties, corrosion resistance, or
machinability. The alloying elements may also provide response to strengthening heat treatments and also to
deoxidize the alloy. Small additions of elements such as iron, silicon, tin, arsenic and antimony, help to
improve the corrosion and erosion resistance of copper alloys. Lead, selenium and tellurium help to improve
machinability. When lead-free alloys are required, bismuth is used. Boron, phosphorus, silicon, and lithium
are added as deoxidizers during smelting and refining. Silver and cadmium increase the softening temperature
of copper. Cadmium, cobalt, zirconium, chromium and beryllium help to form precipitation hardening alloys
that increase the strength of copper. Copper and copper alloys are classified into nine major groups namely;
1)

Copper (min. 99.3% Cu)

2)

High-copper alloys (up to 5% alloying elements)

3)

Copper-zinc alloys (brass)

4)

Copper-tin alloys (phosphor bronze)
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5)

Copper-aluminum alloys (aluminum bronze)

6)

Coper-silicon alloys (silicon bronze)

7)

Copper-nickel alloys

8)

Copper-nickel-zinc alloys (nickel-silvers)

9)

Special alloys

These alloys are further divided into wrought and cast alloys, and defined by the Unified Numbering
System (UNS) which is a code with five digits. Copper C1xxxx to C7xxxx are wrought alloys while C8xxxx
to C9xxxx are cast alloys. Alloys manufactured in both wrought form and cast form can have two codes. The
common names used for copper and copper alloys include oxygen-free copper, beryllium copper, Muntz
metal, phosphor bronze, and low-fuming bronze. Pure copper is a generic term for materials based on
electrolytic copper whose purity is 99.9% or higher, and is mainly classified into three types namely; tough
pitch copper C1100 (JIS), phosphorus deoxidized copper C1201 (JIS), and according to the amount of oxygen
remaining in the manufacturing process, such as oxygen free copper C1020. Among these, oxygen-free
copper has the highest purity, high conductivity, and is less prone to welding defects. Therefore, it is widely
used for wiring in instruments, transformers, gaskets, etc. The physical properties of oxygen free copper
C1020 are summarized in Table 3.13.8-10).

Table 3.1 Physical properties of oxygen free copper C1020
Melting temperature

1356 K

Thermal conductivity

391.1 W/(m·K)

Coefficient of thermal expansion

17.6 × 10−6 (1/K)

Specific heat

380 J/(kg⋅K)

Density

8.94 g/cm3

Electrical resistivity

17.1 nΩ⋅m

Electrical conductivity

59.1 MS/m

Poisson’s ratio

0.33

Young’s modulus

120 GPa

- 77 -

Various applications of copper demand for joining technology. Copper and most copper alloys can be
joined by welding, brazing, and soldering. Physical properties of copper alloys important to the joining
methods include melting temperature, coefficient of thermal expansion, electrical conductivity and thermal
conductivity. Alloying elements decreases the electrical and thermal conductivity of copper drastically, and
this influences the choice of the welding procedure used for a particular alloy3.7). In this study, laser welding
was performed on oxygen free copper C1020.
Oxygen-free copper is produced by melting and casting under a reducing atmosphere that prevents
contamination by oxygen. No deoxidizing agent is introduced in its production, but oxygen can be absorbed
from the atmosphere during heating at high temperatures. Absorbed oxygen can cause problems during
subsequent welding or blazing of the copper. Oxygen-free copper has excellent ductility and is readily joined
by welding, brazing, and soldering. Silver may be added to oxygen-free copper to increase the elevated
temperature strength without changing the electrical conductivity. The addition of silver does not affect the
joining characteristics. Oxygen-free copper has an electrical resistivity of about 65%, a thermal conductivity
of about 1.7 times compared with that of aluminum A1000 series, which is also corrosion resistant and has a
comparable purity level.

3.1.2 Laser welding of copper
Recently, miniaturization of products has necessitated micro-joining of copper in various industrial
fields. However, it is challenging to raise the temperature of copper locally owing to its high thermal
conductivity, and joining using conventional processes result in welding defects3.11). Copper shows low laser
absorption rate, which results in process instability3.12-13). Figure 3.1 shows the variation of laser absorption
rate of copper with wavelength.
The laser absorption rate of copper is extremely low for long wavelength such as that of infrared light
but it gradually rises as the wavelength becomes shorter. The light absorption rate increases drastically below
600 nm wavelength. When copper is processed using Nd:YAG laser with a wavelength of 1064 nm, which is
commonly used in laser processing, there is need to employ very high output power in order to melt the
copper material, since most of the laser energy is reflected. As shown in Figure 3.2, when near infrared light
of 1064 nm fundamental wavelength Nd:YAG laser is used in micro-welding of copper, the absorption rate
increases from approximately 10% to 30% with increasing power density. On the other hand, green Nd:YAG
laser of 532 nm wavelength shows constant and high absorption rate of approximately 50%, regardless of
change in power density3.13-15).
Therefore, Nd:YAG laser with a wavelength of 532 nm can effectively be absorbed into the copper
material, and thus improvement in processing efficiency can be expected. It is possible to achieve process
stability for laser welding by using 532 nm radiation3.15). However, the power of the green laser system is
decreased due to the frequency doubling of the Nd:YAG laser. Moreover, the green laser system is more
complex and more expensive compared to fundamental wavelength laser system.
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Figure 3.1 Variation of absorption rate of copper with wavelength3.13)

Figure 3.2 Absorption rates of 532 nm and 1064 nm Nd:YAG lasers by copper under different welding
conditions3.14).
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Several research works have been reported on the laser welding process using both 532 nm and 1064
nm wavelength Nd:YAG lasers. In laser welding of copper with 532 nm wavelength laser, high electro-optical
conversion efficiency of more than 13% can be achieved, and a narrow and deep weld bead can be stably
obtained. With a pulsed laser irradiation, a longer pulse duration is effective to achieve not only high
absorption rate but also low deviation of the absorption rate. Generation of porosity is also reduced by
controlling the pulse waveform. Pulse waveform with maximum peak at the early period and a long pulse
duration leads to stabilization of penetration depth with less porosity generation3.8).
The absorption rate of a material is related to the material resistivity and the wavelength of the laser
irradiation. Creation of surface ripples during keyhole generation affects surface absorptivity. Light
absorption is increased by multi-reflections effect in the keyhole, since most of the laser power is absorbed
within the keyhole3.16-3.19). There is a minimum depth required to ensure multi-reflections effect within the
keyhole. A shallow keyhole means that the reflection will be directed to the surrounding as shown in Figure
3.3. By considering Fresnel absorption, part of the incident laser energy is reflected by keyhole walls, while
part is absorbed within the keyhole walls3.20). The angle of incidence of laser beam is equal to the angle of
reflection at the interface of liquid and vapor. In actual phenomenon, some of the energy will be lost within
the keyhole by plasma absorption3.21-22).

Figure 3.3 Schematic illustration of multi-reflections effect inside the keyhole.
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Low absorptivity of copper increases sensitivity to variations of surface conditions such as surface
roughness and oxidation, leading to an unstable process. By considering a smooth and a rough surface, the
absorption rate increases with increasing roughness for light which is normally incident to the surface, but
for tangentially incident light, the relationship between absorption rate and surface roughness is intricate. It
is also worth noting that infrared light absorption increases remarkably at the transition region between solid
phase and liquid phase3.23-26).
Since the absorption rate of 1064 nm Nd:YAG laser is increased by multi-reflections effect on the
keyhole wall, it is expected that the absorption rate might increase by irradiating the laser on the wall of a
concave similar to a keyhole. Moreover, surface roughness of workpiece would affect absorption
phenomenon of laser beam3.27-28). These effects on welding characteristics of copper have not been clarified
yet. Therefore, effects of concave shape and surface roughness on absorption rate were experimentally
investigated using 1064 nm Nd:YAG laser, in order to improve the absorption rate and to obtain stable
welding of copper. In addition, since 532 nm Nd:YAG laser shows higher absorption rate compared to that
of 1064 nm Nd:YAG laser, processing by combination of the two lasers was also investigated.

3.1.3 Overview of approach
Laser welding of copper is challenging due to its high reflectance and high thermal conductivity.
Combination of high thermal conductivity and low melting point makes it difficult to obtain good welding
quality and leads to low energy utilization. Thermal material properties play an important role in material
response to high temperatures. Normally, reflectivity varies depending on the temperature; when a material
becomes hot, the absorption of the incident light increases. However, in the case of copper, the high thermal
conductivity at ambient temperature prevents it from getting hotter when heated, thereby maintaining the
high reflectivity.
Shorter wavelength has a possibility of high efficient process for copper, but use of 1064 nm is desired
in industrial applications because of its affordable cost and high reliability. However, since light absorption
rate is very low at 1064 nm wavelength, stabilization of the process at this wavelength is challenging3.13-14).
It is difficult to obtain a stable process even after reaching the melting point, since the absorption rate is still
low. In other words, when the laser beam is irradiated on the target, its high reflectivity permits absorption
of only a small amount of the incident energy. Then, the molten pool temperature rises slowly and
consequently, formation of the keyhole is delayed. On the other hand, the thermal conductivity of copper
decreases with increase in temperature, and thus upon attaining high temperature, it is easy to maintain the
high temperature during the process. To improve efficiency and welding quality, a technique to enhance the
process stability when using 1064 nm wavelength Nd:YAG laser has been proposed in this work. Since the
surface state of specimen affects absorption phenomena, effects of concave shape and surface roughness were
investigated in micro-welding of copper by Nd:YAG laser. The absorption rate and molten volume were
increased by creating appropriate concave shapes, and by controlling the surface roughness.
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In this study, the processing was classified into three different welding conditions defined by varying
power densities namely; no-melting condition, heat conduction welding condition, and keyhole welding
condition. No-melting condition was experienced when the power density was below 1.0×108 W/cm2. Heat
conduction condition was achieved in the power density range between 1.0×108 W/cm2 and 1.7×108 W/cm2
and keyhole welding condition was achieved with power densities above 1.7×108 W/cm2. To protect the weld
from oxidation, nitrogen was used as shielding gas. Figure 3.4 shows the characterization of the different
welding modes described. Transitional processing condition refers to the region between the two modes of
heat conduction and keyhole welding. In this region, the processing consists of a mixture of these two welding
modes. This transitional condition was achieved in the power density range between 1.3×108 W/cm2 and
1.8×108 W/cm2. Past researches have shown that under this transitional processing condition, it is possible to
stabilize the process, and to generate large penetration depth with no porosity. Thus, high surface quality can
be obtained3.29). Therefore, transitional processing between heat conduction and keyhole welding was
investigated. By enhancing absorption rate through surface undulations, stable micro-welding process,
characterized by deep penetration and good surface quality, was obtained.
Concaves of appropriate depths and similar variations in surface roughness were effective in increasing
the absorption rate and stability of the laser micro-welding process by 1064 nm wavelength Nd:YAG laser.
Since 532 nm Nd:YAG laser irradiation leads to a stable process owing to the high and stable laser absorption
rate at this wavelength, superimposing 532 nm laser onto 1064 nm laser with irradiation delay could lead to
similar effects as by concaves3.14). Creating concaves using 532 nm Nd:YAG laser prior to irradiation by the
1064 nm Nd:YAG laser might as well lead to a stable absorption phenomenon. It is possible to create
irradiation delay by shifting the irradiation time using a pulse generator. Therefore, this effect of superposition
was investigated, and a stable micro-welding process could be achieved using a short irradiation delay time
and high power density of 532 nm laser. The phenomena of molten area formation and keyhole generation
by superposition of lasers were also investigated through FEM thermal analysis.
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Figure 3.4 Characterization of welding under different modes defined by varying power densities.
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3.2

Micro-welding of copper by 1064 nm wavelength Nd:YAG laser

3.2.1 Experimental procedures for copper micro-welding
3.2.1.1 Creation of concaves and roughened surfaces on copper specimen
To study the effect of concave shape on absorption rate and molten volume in micro-welding of copper,
concaves were created on the surface of copper specimen and then laser irradiation was done inside the
concaves. A compression testing machine (EZ-L Shimadzu Corporation) with a cone tool made of
polycrystalline diamond (PCD) was used to create the concaves. Figure 3.5 illustrates the compression
machine in which the tip angle of the PCD tool is 45 degrees. The machine employs a commercial software
(TRAPEZIUM 2) for control of the compression force, and it enables a variety of testing operations. The test
force measurement accuracy for the machine is ±1% of indicated value. The maximum load capacity for the
machine is 5000 N and various load cells can be selected as shown in Figure 3.5. The test speeds range from
0.05 mm/min to 1000 mm/min. In addition, the auto-calibration of the test force ensures stable measurements
are taken.

Figure 3.5 Schematic illustration of compression testing machine with PCD tool and its load capacity.
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To investigate the effects of surface roughness on the micro-welding process, various roughened
surfaces were obtained by using silicon carbide abrasive papers of different grain sizes. Surface roughness
was measured using a stylus type roughness measurement machine, SURFCOM 1400D, Tokyo Seimitsu Co.,
Ltd, which had a stylus radius of 2 μm.

3.2.1.2 Method for evaluation of absorption rate
An integrating sphere (F100A-IS) was used in the measurement of absorption rate as shown in Figure
3.6 (a). Table 3.2 shows the specifications for the integrating sphere used in this study. Copper is a nontransparent material and thus does not transmit incident light. On the contrary, it has very high reflectance.
Therefore, using an integrating sphere, the light absorption rate of copper can be calculated by quantitatively
measuring the reflected light. Incident light on a surface can experience diffuse reflection or specular
reflection. With specular reflection, the angle of incidence is equal to the angle of reflection, whereas with
diffuse reflection the angles are unequal, as shown in Figure 3.6 (b). To accurately calculate the absorption
rate, the total luminous flux of the reflected light is important. This is computed through the summation of
the diffuse reflections experienced. The integrating sphere can easily measure this total luminous flux.

Table 3.2 Specifications for integrating sphere F100A-IS
Spectral range

350 – 1300 nm

Aperture diameter

16 mm

Max. beam divergence

±45 degrees

Sensitivity to beam size and angle

±2%

Max. average power density

200 W/cm² on integrating sphere surface

Power scales

100W / 20W / 2W

Power noise level

5 mW

Power accuracy

±5% at wavelengths 532 nm, 800 nm and 1064 nm

Response time with display (0-95%)

1s

Energy scales

100J / 30J / 3J
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Figure 3.6 Illustration of measurement method of absorption rate using an integrating sphere.

If the light source is at the center of the integrating sphere of radius rs as shown in Figure 3.7, and
considering illumination from the light source with the light intensity Is1 on a microscopic wall surface As of
the integrating sphere, then the illuminance Es1 of the integrating sphere wall surface As is given according
to equation (3.1). The terms ̃ and ̃ denote the illumination direction.
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Figure 3.7 Model of light path inside integrating sphere.

𝐸

=

𝐼 (̃ )
𝑟

(3.1)

If the inner wall of the integrating sphere is uniformly diffuse reflecting by reflectivity Rs and the microscopic
surface As has an area dSAs, then the luminous flux LAs reflected from the microscopic surface As is expressed
as shown in equation (3.2).
𝐿

= 𝑅 𝐸 𝑑𝑆

(3.2)

If Bs is another microscopic surface on the wall surface of the integrating sphere in the direction of angle αs
with respect to a normal plane to the surface As, then the light intensity Is2 in the direction of the plane Bs
from the plane As is obtained using equation (3.3).
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𝐼 (̃ ) =

𝐿

𝑐𝑜𝑠 𝛼
𝜋

(3.3)

Since surface Bs is on the inner wall of the integrating sphere, the incident angle of Is2(̃ ) to the surface Bs
is αs. Furthermore, since the distance between surface As and surface Bs is 2rs×cos αs, the illuminance EsAB
due to the luminous intensity Is2(̃ ) on surface Bs can be obtained using equations (3.4) and (3.5).

𝐸

=

𝐼 (̃ )𝑐𝑜𝑠 𝛼
(2𝑟 𝑐𝑜𝑠 𝛼 )

(3.4)

∴𝐸

=

𝑅 𝐼 (̃ )𝑑𝑆
(4𝜋𝑟 )

(3.5)

As it is apparent from equations (3.4) and (3.5), the reflected light from surface As is illuminated with uniform
illuminance to any part of the inner wall of the integrating sphere, irrespective of the output angle αs. Since
the light reflected from the wall surface of the integrating sphere is then repeatedly reflected between the
wall surfaces inside the integrating sphere, the illuminance E2 of the surface As is given by equations (3.6)
and (3.7).

𝐸 =

𝐼 (̃ )
𝐿
𝐿
+𝑅
+𝑅
+𝑅
(4𝜋𝑟
)
(4𝜋𝑟
)
𝑟

∴𝐸 =

𝐿
+⋯
(4𝜋𝑟 )

𝐼 (̃ )
𝑅
𝐿
+
(4𝜋𝑟
)
1−𝑅
𝑟

(3.6)

(3.7)

From the equations, we can obtain the total luminous flux LS by removing the constituent of the direct light
source given by the term Is1(̃ )/ rs2. Since the integrating sphere itself forms a closed space, it is possible to
perform a measurement that does not require a dark room, as in the case of light distribution method for
measuring luminous flux, which requires a large-scale device and a dark room.
Openings of diameters φ7.5 mm and φ16.5 mm were provided in a direction perpendicular to the side
of the integrating sphere as provisions for irradiation of the laser beam and positioning of the specimen,
respectively. The distance from the laser entrance port to the specimen surface was about 44 mm, and thus
the maximum numerical aperture (N.A.) of the laser beam that could enter the integrating sphere was 0.074.
In addition, the lens that focuses the laser onto the specimen was placed outside the integrating sphere. When
laser is irradiated on the specimen using this measuring system, and if the laser is vertically incident onto the
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specimen, the reflected light from the specimen surface travels in the opposite direction on the same axis as
the incident light. This may lead to damage of lens and also makes it impossible to accurately measure the
reflected energy, since the reflected light goes out of the integrating sphere. To avoid this phenomenon, the
specimen should be tilted at an appropriate angle during the irradiation process.
To measure the absorption rate, copper specimen was mounted in the integrating sphere, which was
filled with nitrogen gas to prevent oxidation. The inner surface of the integrating sphere was coated with
barium sulfate, which is a highly reflective material. Then the absorption rate was evaluated by measurement
of reflected energy inside the integrating sphere. The specimen was set at the center of the integrating sphere.
The detector was located along the inner surface of the integrating sphere, and there were no time dependent
variations during the measurement process. The experimental setup for the measurement of absorption rate
is shown in Figure 3.8.

Figure 3.8 Schematic illustration of experimental setup for measurement of absorption rate.
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To prevent scattering of spatter, the specimen was set in a quartz glass tube with inner diameter of 6.0
mm and outer diameter of 8.0 mm. The opening of the tube was sealed with a 0.3 mm thick cover made of
borosilicate glass. The specimen size was 4.0 mm in length, 2.0 mm in width and 1.0 mm in thickness. To
prevent the cover glass from being damaged by plasma pressure or metal vapor generated during processing,
a pressure releasing hole was provided in the jig used to fix the specimen. The reflection loss caused by the
glass plates was considered when calculating the absorption rate, as shown in Figure 3.9.
The initial energy from the irradiated laser beam is Ei, the energy measured by the sensor in the
integrating sphere is Em, and the energy reflected by the specimen is Er. The reflectance of the copper
specimen and the glass are Rw and Rg, respectively. It is noted that with light incident from glass to air, the
reflectivity increases exponentially in the range of incidence angles from 0 to 45 degrees. Incident angles
above 45 degrees result in almost 100% reflectivity. On the other hand, if the light is coming from air to glass,
the reflectivity increases exponentially up to 100% within the range from 0 to 90 degrees3.27, 30). In this case,
the incidence angle was assumed to be at the lower level below 45 degrees, and the reflectivity from air to
glass and vice versa was assumed to be of the same value. The incident laser beam is reflected twice by the
cover glass before reaching the specimen surface. Thus, the relationship between the incident light energy,
Ei and the transmitted light energy, Ei2 is given by equation (3.8).

Figure 3.9 Schematic illustration of reflection loss by glass plates inside the integrating sphere.
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(3.8)

𝐸 =𝐸 1−𝑅

The incident energy, Ei was measured by irradiating the laser beam inside the integrating sphere with
no specimen in place. In addition, the value of transmittance for the cover glass used in this experiment was
measured to be 91.8%. Using equation (3.8), the reflectance of glass, Rg was calculated to be approximately
4%. The energy reflected by the specimen inside the integrating sphere, Ei2 is as expressed by equation (3.9).
(3.9)

𝐸 =𝑅 𝐸 1−𝑅

Considering the reflection loss due to the glass plates, the total reflected energy was computed as shown by
equation (3.10), while the absorption rate was computed according to equation (3.11). Second reflection by
the back side of the glass was ignored in the computation since its value was very small, hence negligible.
This second reflection is shown by the dashed arrows in Figure 3.9.

𝐸 =

𝐸 −𝐸𝑅
1−𝑅

𝐴=

1+ 1−𝑅

1+𝑅 1−𝑅

+𝑅

𝐸
(𝐸 − 𝐸 )
× 100 =
× 100
𝐸
𝐸

(3.10)

(3.11)

where A is the absorption rate [%], and Ea is the absorbed energy [J].

3.2.1.3 Method for evaluation of molten volume
The molten volume in a laser micro-welding process is considered to strongly influence the joining
strength. Therefore, in this study, the molten volume was calculated using measurements of the cross-section
images that were observed using an optical microscope. For cross-section observation, etching process was
performed as shown in Figure 3.10. The surface was first polished using silicon carbide abrasive papers and
then treated with nitric acid of 65.0% weight concentration. Additional treatment was done with a mixed
solution of ammonia and hydrogen peroxide of 15.6% weight concentration. When etching is done for
extended duration using this method, many small gaps called etch pits may be generated on the treated surface
due to the action of the chemical solution, and it is difficult to get good results. Therefore, there is need to
etch the surface at an optimal processing time. In this case, etching process was done for about 30 seconds.
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Then the observed molten part was divided into three different shapes namely: semi-ellipsoid, cylinder and
cylindrical segment as shown in Figure 3.11. Using mathematical equations, the volumes for the three parts
were computed and their summation was the total volume. The volume of concave that was created using the
PCD tool was subtracted from the total volume to get the amount of molten volume.

Figure 3.10 Etching process for cross-section observation.

Figure 3.11 Illustration of molten volume calculation method.
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3.2.1.4 Setup for laser micro-welding of copper with 1064 nm Nd:YAG laser
A pulsed Nd:YAG laser oscillator (KLY-HP300α, Kataoka Corporation) was used in this study. This
system oscillates laser in the infrared region with the fundamental wavelength of 1064 nm. Table 3.3 shows
the main specifications for the 1064 nm laser system, while Figure 3.12 shows a schematic diagram of the
optical setup for the system. The 1064 nm laser system consists of a cooling water circulator and an oscillator.
The oscillator, which employs LD excitation with a YAG crystal, sets laser conditions such as output power,
pulse duration, pulse waveform and pulse repetition rate. This device however does not use a Q-switch.
Pulsed oscillation is achieved by control of the excitation light through direct modulation method. It is
possible to obtain high pulse energy, and to control the pulse waveform. Therefore, this system is effective
for processing methods such as welding and drilling which require control of thermal energy.
Table 3.3 Specifications for KLY-HP300α laser system
Wavelength

1064 nm

Max. peak power

2.5 kW

Max. average power

320 W

Max. pulse repetition rate

500 Hz

Max. pulse energy

3 J/P

Max. pulse duration

4.0 ms

Min. fiber diameter

φ 300 mm

Duty factor

30%

Figure 3.12 Schematic diagram of optical setup for fundamental wavelength Nd:YAG laser.
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Micro-welding of oxygen-free copper, C1020 was performed by using the 1064 nm wavelength
Nd:YAG laser. The laser beam was focused onto the specimen surface such that spot diameters of 30 μm, 40
μm and 50 μm were obtained by using focusing lenses with focal lengths of 50 mm, 60 mm and 80 mm,
respectively. Then, input diameter into focusing lens was appropriately controlled to obtain the required spot
diameter. Single shot of laser pulse with a rectangular waveform and a pulse duration of 1.2 ms was used.
The specimen was inclined by approximately 10 degrees against the laser beam axis during the process. In
order to suppress oxidation during the process, nitrogen gas was injected onto the irradiation area at a flow
rate of 50 L/min, using a nozzle of 9.0 mm inner diameter. As illustrated in Figure 3.13, the position of the
nozzle from the surface of specimen was at a distance of 16 mm with an angle of 55° as viewed from top,
and at a distance of 13 mm with an angle of 10° as viewed from the side.

Figure 3.13 Schematic illustration of supply method for nitrogen shielding gas.
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In this study, a charge coupled device (CCD) camera, Sony XC-75, Sony Corporation, was used to
ensure that the laser was irradiated accurately at the required position inside the concaves. Laser irradiation
was done at the bottom center of the concaves as well as the inner walls of the concaves. Figure 3.14 shows
the laser irradiation points inside the concaves. Fundamentally, a CCD is an integrated circuit etched onto a
silicon surface forming light sensitive elements called pixels. Photons incident on this surface generate charge
that can be read by electronics and turned into a digital copy of the light patterns falling on the device. An
actual CCD will consist of a large number of pixels arranged horizontally in rows and vertically in columns.
The number of rows and columns defines the CCD size. The resolution of the CCD is defined by the size of
the pixels, and also by their separation, commonly referred to as the pixel pitch. The CCD camera used in
this study has an asynchronous trigger shutter function that allows fast moving objects to be captured upon
the application of an external signal. In addition, it offers high resolution of 570 TV lines and high sensitivity
of 400 Lx. Its configuration consists of 811 (H) x 508 (V) total number of pixels, with effective pixels of
768(H) x 494(V). The CCD camera was used together with an imaging lens of 80 mm focal length and an
8X beam expander, as shown in Figure 3.8. In addition, an IR cut filter was used to protect the CCD camera
from the reflections of the laser beam. After processing, Optical microscope and scanning electron
microscope (SEM) were used to capture images of the cross-sections and irradiated surfaces, respectively.

Figure 3.14 Illustration of laser irradiation points inside the concaves.
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3.2.2 Experimental results and discussion for laser micro-welding
3.2.2.1 Geometry and appearances of concaves and roughened surfaces on specimen
By using the compression testing machine, eight different concave depths and diameters were made
by applying different loads, as shown in Table 3.4. Figure 3.15 shows the appearances of some created
concaves, while Figure 3.16 shows the variations of aspect ratios of the various concaves created with
different loads. The depths and diameters of the created concaves, as well as their aspect ratios increased with
increase in applied load as expected. For the investigation of surface roughness, Table 3.5 shows the resultant
roughness values when different silicon carbide papers were used, and Figure 3.17 shows the appearances
of the roughened copper surfaces. Unpolished copper surface had arithmetic values of surface roughness Ra
=0.092 μm and Rz = 1.0 μm.

Figure 3.15 Surface and cross-section appearances of some created concaves.
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Table 3.4 Variation of concave dimensions with applied load
Compression Force Fc
(N)

Depth of Concave De
(μm)

Diameter of Concave Dc
(μm)

100

300

320

50

185

220

10

50

110

8.0

40

90

6.0

30

80

4.0

20

70

2.5

10

50

2.0

8.0

40

Figure 3.16 Variation of aspect ratios of the concaves with applied load
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Table 3.5 Abrasive papers and the resulting surface roughness
Number of abrasive
paper #

60

100

120

2500

Arithmetic average
roughness Ra (μm)

2.5

2.1

1.34

0.012

Maximum roughness
height Rz (μm)

27

22

8.0

0.09

Figure 3.17 Surface images of unpolished and roughened copper surfaces obtained by using silicon
carbide abrasive papers.

3.2.2.2 Effects of concave shape on absorption rate and molten volume
A)

Influence of irradiation position in the concaves

Laser micro-welding of copper was performed on flat surfaces and in concaves of various depths under
three welding modes namely; no-melting mode, heat conduction welding mode and keyhole welding mode.
Laser irradiation was done on the concave walls as well as at the bottom center of the concaves. Figure 3.18
shows the appearances of the irradiated areas under the different welding modes and irradiation positions,
while Figure 3.19 and Figure 3.20 shows the corresponding variations of laser absorption rate. Under nomelting condition, the power density was very low, below 1.0×108 W/cm2, and it was not enough to cause
melting of the material. The surface of the specimen as well as inner walls of concave were not affected in
this case. Higher power density of up to 1.7×108 W/cm2 was sufficient to melt the material but it was
insufficient to cause boiling of the material, leading to heat conduction welding mode. Heat is transferred
into the material by heat conduction. Convection phenomenon also plays a role once a weld pool is formed.
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Figure 3.18 Appearances of irradiated areas for flat surface and various depths of concaves, under
different welding conditions and irradiation positions.
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This conduction mode welding does not penetrate deep into the material. The process takes place in both
vertical and horizontal directions along the surface of the material and a semi-circular shape of the weld bead
cross-section can be expected. The heat conduction welding mode is stable since there is no vaporization,
and there is no further absorption below the surface of the material. Therefore, heat conduction welding
results in good surface quality but shallow weld bead penetration. When the power density was increased
above 1.7×108 W/cm2, boiling of the material was achieved, hence the creation of a keyhole in the melt pool,
leading to keyhole welding condition. The keyhole is filled with plasma and can extend over the full thickness
of the material. The plasma flows out of the keyhole and forms plasma plume above the material. The keyhole
can be unstable owing to its intermittent oscillations and closing. This instability causes porosity due to the
gas being held within the keyhole, and this may lead to embrittlement of joint3.31-33). Therefore, keyhole
welding leads to deep weld bead penetration but poor surface quality. In this study, nitrogen gas was effective
in protecting the weld from oxidation.
In comparison to the flat surface, the light absorption rate under concaves increases in all the welding
modes for both irradiation positions. However, for irradiation on the concave walls under keyhole welding
mode, the absorption rate was not affected when the depth of concave was largely increased, and thus it
showed a constant value. On the other hand, absorption rate increased with increase in depth of concaves
when irradiation was done at the bottom center of concaves, even with large concave depths. Therefore, to
achieve good welding results, irradiation should be done at the bottom center of the concave.

Figure 3.19 Variations of absorption rate with concave depths for irradiation on concave walls.
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Figure 3.20 Variations of absorption rate with concave depths for irradiation at bottom center of concaves.

B)

Influence of welding mode

It is noted that high power density is required for deep penetration3.34). Hence, keyhole welding results
to a deeper weld bead penetration compared to the other welding modes. Figure 3.21 shows the surface and
cross-section appearances for keyhole welding on flat surface and in various concaves. Laser irradiation was
done at the bottom center of the various concaves. Figure 3.22 shows the corresponding variations of
absorption rate and molten volume, while Figure 3.23 shows the variations of penetration depths. Using high
peak power of 1.67 kW, keyhole welding condition could be achieved irrespective of differences in light
absorption rate under conditions of flat surface and different concave depths. Despite experiencing higher
absorption rate with increasing concave depth, there are differences in the stability of the laser absorption
rate and molten volume. Higher and more stable absorption rates were experienced in the concave depth
range from 20 μm to 50 μm compared to that of concave depths above 100 μm. Consequently, higher
penetration of around 600 μm was achieved in the concave depth range from 20 μm to 50 μm, while lower
penetration of about 400 μm was achieved with concave depths above 100 μm. However, this stability level
is not the optimum and even higher stability is expected by using an appropriate approach, and this will be
discussed in the subsequent sections.
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High absorption rate means that the laser energy is effectively utilized and more material can be melted,
hence deep penetration is obtained. The absorption rate is increased due to the phenomena of laser multireflections inside the concaves. Increase in depth means that higher multi-reflections effect is obtained.
However, there is a certain critical depth above which the absorption phenomenon is affected owing to the
position of the focus spot. The increase in absorption rate will result in increase of the molten volume. Molten
volume increased with increase in concave depths, but it decreased with concave depths of more than 100
μm, then the penetration depth decreased. This is because as the laser is focused on the specimen surface, the
position of the convergence point is deviated by the increased depth of the concave, and the power density is
lowered.
For keyhole welding with concaves, there is one major disadvantage of porosity, which leads to a poor
weld bead quality, as shown in Figure 3.21. Past research has reported the possibility of obtaining highquality weld with good surface quality through process stabilization at the transition region between heat
conduction and keyhole welding3.29). It is also reported that low process stability has disadvantages of
porosity and spatter generation3.35). Improvement of welding stability makes 1064 nm wavelength laser useful
in copper welding. Therefore, in this study, stable processing was achieved under transitional processing
condition by utilizing the effect of increasing light absorption rate by surface undulations.

Figure 3.21 Surface and cross-section appearances for keyhole welding on flat surface and with
irradiation at bottom center of various concaves.
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Figure 3.22 Variations of laser absorption rate and molten volume for flat surface and different
concave depths, under keyhole welding mode.

Figure 3.23 Penetration depth for keyhole welding condition on flat surface and under various
concave depths.
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When power density was set between 1.3×108 W/cm2 and 1.8×108 W/cm2, transitional processing
condition between heat conduction welding and keyhole welding could be obtained, and the processing
consisted of a mixture of the two welding modes. By using peak power of 1.13 kW and a rectangular
waveform with a pulse duration of 1.2 ms, transitional processing condition between heat conduction and
keyhole welding modes was obtained. Figure 3.24 shows surface and cross-section appearances for
irradiations on flat surface and in various concaves under transitional processing condition. In the case of
laser irradiation on flat surface, heat conduction welding mode and keyhole welding mode are mixed. On the
other hand, in the case of concave depths from 10 μm to 20 μm, only heat conduction welding mode exists,
but when the concave depth is from 30 μm to 50 μm, only keyhole welding mode exists. When the concave
depth is above 50 μm, heat conduction and keyhole welding modes are mixed, as in the case of flat surface.
Figure 3.25 shows the variations of absorption rate and molten volume for different concave depths
under transitional processing condition, while Figure 3.26 shows the corresponding penetration depths. The
horizontal lines in both graphs indicate changes in the absorption rate, molten volume and penetration depth
for irradiation on flat surface. This transitional processing condition is unstable, but it was stabilized by using
appropriate approach such as creating concaves, leading to deep penetration with no porosity generation.

Figure 3.24 Appearances of irradiated areas under transitional processing condition between heat
conduction and keyhole welding modes.
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When irradiating the laser beam on a flat surface, heat conduction and keyhole welding modes are
mixed, and the standard deviations of light absorption rate and molten volume are large. For depths of
concave at 10 μm and 20 μm, only heat conduction welding mode exists and the molten volume is small
compared to that under flat surface. On the contrary, the light absorption increases for concave depths
between 30 μm to 50 μm, and its standard deviation becomes small. The molten volume also increases
corresponding to the change of absorption rate, and stable keyhole welding mode can be obtained. In addition,
within this range of concave depth, the largest penetration depth is achieved. Molten volume decreases in the
concave shape condition with depth of more than 100 μm and penetration depth decreased. As stated before,
this is because as the laser is focused on the specimen surface, the position of the convergence point is
deviated by the depth of the concave, and the power density is lowered. Therefore, under transitional
processing condition, concaves of a certain appropriate depth help to stabilize the absorbed energy, hence
stabilizing the process. In this case, concave depth of about 30 μm was effective in stabilizing the copper
micro-welding process under the transitional processing condition between heat conduction and keyhole
welding, and a high-quality weld bead characterized by deep penetration and good surface quality could be
obtained.

Figure 3.25 Variations of absorption rate and molten volume for different concave depths under
transitional processing condition between heat conduction and keyhole welding.
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Figure 3.26 Penetration depth for transitional welding condition between heat conduction and keyhole
welding on flat surface and under various concave depths.

C)

Influence of power density

The power density by the laser irradiation will greatly influence the amount of molten volume and its
stability. Figure 3.27 shows the variation of molten volume with change in power density, while Figure 3.28
shows the appearances of observed surfaces and cross-sections for the different power densities. Laser
irradiation was done on flat surface and in concaves of 30 μm depth using power densities ranging between
1.17×108 W/cm2 and 1.40×108 W/cm2. In the case of flat surface, heat conduction mode prevails with power
density of 1.17×108 W/cm2 up to 1.30×108 W/cm2, while with power densities of 1.35×108 W/cm2 and
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1.40×108 W/cm2, keyhole welding prevails and deep penetration of weld bead can be obtained. In the case
of concaves of 30 μm depth, heat conduction mode is experienced with power density of 1.17×108 W/cm2
only. On the other hand, keyhole welding mode prevails in the power density range from 1.24×108 W/cm2 to
1.40×108 W/cm2. In addition, it is evident that the molten volume increased with increasing power density.
However, in the case of flat surface, the standard deviation of molten volume was very high, thus leading to
process instability. On the contrary, with the concaves, the molten volume was stably increased. It is therefore
evident that power density influences the mode of welding, and creation of appropriate concaves helps to
enhance stable and increased molten volume, leading to stable keyhole welding mode with deep penetration.

Figure 3.27 Variation of molten volume with laser power density for the cases of flat surface and 30
μm concave depth.
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Figure 3.28 Effects of change of laser power density in micro-welding on flat surface and in
concave of 30 μm depth.
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D)

Influence of laser spot diameter

Appropriate concave depth and power density are required to enhance process stability. That
notwithstanding, the concave diameter will determine the positional accuracy of a given laser spot size.
Therefore, there is need to clarify how positional accuracy of the laser irradiation on the specimen surface
influences the absorption rate and molten volume. Figure 3.29 shows the appearances of surfaces and crosssections of the processed areas when laser was irradiated on flat surfaces and in concaves of 40 μm diameter,
using spot diameters of 30 μm, 40 μm, and 50 μm. The power density was maintained at a constant by using
different peak powers for each case. Figure 3.30 shows the corresponding variations of absorption rate and
molten volume.

Figure 3.29 Surface and cross-section appearances for processing with different laser spot diameters,
in the case of flat surface and 40 μm concave diameter.
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Figure 3.30 Variations of absorption rate and molten volume with laser spot diameters.
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Under flat surface condition, the standard deviations were large and the process was unstable. On the
other hand, with 40 μm concave diameter, the deviations were small, leading to a stable molten volume
creation. It was possible to obtain almost equivalent light absorption rate and molten volume regardless of
the change in spot diameter, by maintaining the spot size at about ±25% of the concave diameter. Therefore,
when a concave shape is provided, there should be concern about the positional relationship between the
laser beam and the concave shape, but a limited certain positional deviation can be tolerated. In addition, an
appropriate diameter of the concave is required since it will determine the irradiation point of the laser beam.
A smaller diameter means that the laser beam is not fully irradiated inside the concave shape. Moreover, the
concave diameter determines the slope of the concave walls, which bears a great influence on the multireflections effect. In addition, increase in laser spot size under constant laser power leads to reduction in
power density, hence reduction in effective laser energy on the micro-welding process. In this study, 30 μm
laser spot diameter was effectively used for all the concaves, and concave depth of around 30 μm led to
stabilization of the micro-welding process.

3.2.2.3 Influence of surface roughness on absorption rate and molten volume
A) Influence of welding mode
Figure 3.31 shows the variation of absorption rate with surface roughness for 1064 nm laser irradiation
under three different welding modes. With heat conduction welding mode, the absorption rate slightly
decreased as the surface roughness increased and there-after increased with increase in surface roughness.
On the other hand, with no-melting mode and keyhole welding mode, the absorption rate increased with
increase in surface roughness in all cases. With keyhole welding, a considerable increase of absorption rate
was experienced when surface roughness Rz was above 1.0 μm. Thus, it is evident that proper control of
surface roughness can contribute to improvement of 1064 nm laser absorption rate and its stability. Microwelding process with near infrared wavelength laser is greatly influenced by the effect of laser multireflections. Multi-reflections effects will vary depending on the surface roughness. High surface roughness
means that reflection of light to the surrounding is reduced and multi-reflections effect is increased3.28, 36).
This results in increase of the laser absorption rate and consequently, high absorption rate results in higher
molten volume, hence leading to an effective welding process.
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Figure 3.31 Variation of absorption rate with surface roughness for 1064 nm laser irradiation under
different welding conditions.

It has been reported that keyhole welding is required to achieve deep weld penetration. Figure 3.32
shows the irradiated areas appearances under keyhole welding mode with 1064 nm wavelength laser for
various surface roughness values. Figure 3.33 shows the corresponding variations of absorption rate and
molten volume, while Figure 3.34 shows the resulting penetration depths. Keyhole welding resulted in deep
penetration for all the cases despite the differences in absorption rate and molten volume. Both absorption
rate and molten volume increased with increase in surface roughness, and this is attributed to the enhanced
multi-reflections effect. In all cases of surface roughness, the variations of standard deviations of absorption
rate and molten volume were similar. Thus, it is evident that the two parameters are related, such that a change
in absorption rate will result in a change of molten volume. Processing under keyhole welding mode resulted
in deep penetration but it was characterized by porosity. This process was unstable, which led to poor weld
bead quality. Therefore, to overcome this challenge, laser micro-welding was done under transitional
processing condition between heat conduction and keyhole welding, and by controlling the surface roughness,
in order to enhance process stability and to achieve deep penetration with no porosity.

- 112 -

Figure 3.32 Irradiated areas appearance under keyhole welding condition with 1064 nm wavelength
laser, for various surface roughness values.

Figure 3.33 Relationship of absorption rate and molten volume under keyhole welding with 1064 nm
wavelength laser, for various surface roughness values.
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Figure 3.34 Penetration depths for keyhole welding under various surface roughness values.

Previous results have shown that under condition of flat surface, laser irradiation with power density
range between 1.30×108 W/cm2 and 1.80×108 W/cm2 results in transitional processing condition, whereby
heat conduction and keyhole welding modes are mixed. This condition could be obtained using peak power
of 1.03 kW and a rectangular waveform with a pulse duration of 1.2 ms. Figure 3.35 shows the appearances
of irradiated areas under transitional processing condition with 1064 nm wavelength laser, when various
roughened surfaces were used, while Figure 3.36 shows the corresponding penetration depths. By using
various surface roughness values, the resultant processing modes were changed. For surface roughness range
from Rz of 0.09 μm to Rz of 22 μm, processing consisted of a mixture of both heat conduction and keyhole
welding modes. On the other hand, when surface roughness Rz is above 22 μm, only keyhole welding mode
was obtained. Penetration depth increased with increase in surface roughness, as shown in Figure 3.36.
However, the standard deviation decreased considerably with Rz of 27 μm. Surface roughness of Rz around
27 μm will therefore result in stable keyhole welding mode, characterized by deep penetration and good
surface quality. Therefore, it is evident that the surface roughness will influence the mode of processing that
will prevail in transitional processing, which consequently influences the weld bead quality.
The extent of process stability and weld bead penetration greatly depends on the laser absorption rate
and the molten volume. Figure 3.37 shows the variations of absorption rate and molten volume with surface
roughness Rz under transitional processing condition between heat conduction and keyhole welding modes
for 1064 nm wavelength Nd:YAG laser. When surface roughness Rz is small, unstable welding prevails where
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heat conduction and keyhole welding modes are mixed. The values of both laser absorption rate and molten
volume are small. However, as surface roughness Rz increases, the occurrence rate of keyhole welding mode
prevails against heat conduction welding mode, and laser absorption rate and molten volume increase. When
surface roughness Rz is about 27 μm, the laser absorption rate and molten volume are the largest, and stable
welding can be obtained. Considerably higher values of surface roughness above 30 μm result in unstable
welding phenomenon, with reduced molten volume. It is expected that with roughness Rz above 30 μm, the
depth of surface undulations is considerably increased, and this might lead to the deviation of laser
convergence point, hence reduction in absorption rate leading to an inefficient process. Therefore, stable
keyhole welding under transitional processing condition can be achieved when surface roughness Rz is around
27 μm, a depth similar to concave, as indicated in Figure 3.25.

Figure 3.35 Irradiated areas appearance under transitional processing condition with 1064 nm
wavelength laser, for various surface roughness values.
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Figure 3.36 Penetration depths for transitional processing condition between heat conduction and
keyhole welding modes, under various surface roughness values.

Figure 3.37 Variations of absorption rate and molten volume with roughness for transitional
processing condition between heat conduction and keyhole welding modes.
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B) Influence of laser power density
It has been reported that variation of laser power density will greatly influence the molten volume.
Figure 3.38 shows the variations of molten volume when different power densities were used with specimen
surfaces set to flat condition and roughness Rz of 27 μm, while Figure 3.39 shows the observed surfaces and
cross-sections. The power density range was from 1.17×108 W/cm2 to 1.40×108 W/cm2. Results similar to
those of concave depth of 30 μm were obtained. In the case of flat surface, heat conduction welding mode
prevails when using power densities of 1.17×108 W/cm2 up to 1.30×108 W/cm2, while keyhole welding mode
prevails with power densities of 1.35×108 W/cm2 and 1.40×108 W/cm2. On the other hand, with surface
roughness Rz of 27 μm, heat conduction mode is experienced with power densities of 1.17×108 W/cm2 and
1.24×108 W/cm2, while keyhole welding mode prevails for power density range from 1.30×108 W/cm2 to
1.40×108 W/cm2. Molten volume increased with increase in power density. In the case of flat surface, high
power density resulted in high standard deviation of molten volume, which shows that the process was
unstable. On the other hand, with surface roughness Rz of 27 μm, the molten volume was stably increased.
In deep penetration welding with power densities above 1.7×108 W/cm2, porosity and spattering occur,
leading to poor weld bead quality. On the contrary, transitional processing condition between heat conduction
welding and keyhole welding modes, with power density of around 1.4×108 W/cm2, generates a stable
keyhole when the surface texture is controlled. Under this condition, porosity and spattering are reduced.
This is an ideal condition to obtain sufficient penetration and good surface quality of the weld bead.

Figure 3.38 Variation of molten volume with power density for the cases of flat surface and Rz=27 μm.
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Figure 3.39 Effects of change of laser power density in micro-welding on flat surface and with
surface roughness Rz of 27 μm.
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Therefore, it is evident that under transitional processing condition between heat conduction and
keyhole welding, it is possible to reduce welding defects by controlling the surface texture, and hence to
obtain a stable micro-welding process of copper with 1064 nm wavelength Nd:YAG laser. Concave depth
around 30 µm and surface roughness Rz of about 27 μm are effective in stabilizing the micro-welding process
under the transitional processing by stably enhancing laser absorption rate and molten volume.

3.3

Micro-welding of copper by superposition of 532 nm and 1064 nm Nd:YAG lasers
When green Nd:YAG laser of 532 nm wavelength is used to micro-weld copper, high and stable

absorption is achieved regardless of change in power density. On the other hand, when 1064 nm wavelength
Nd:YAG laser is used, there is the challenge of process instability characterized by low absorption3.13, 37-38).
The absorption rate increases with increasing power density and deep penetration is achieved with
considerably high power density. Figure 3.40 illustrates the absorption phenomena in superposition of green
laser and infrared laser.

Figure 3.40 Illustration of absorption phenomena in superposition of green laser and infrared laser.
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It has been shown that stable micro-welding with 1064 nm Nd:YAG laser can be enhanced by utilizing
the effect of increasing laser absorption rate with controlled variations of surface texture. Creation of a
concave of about 30 μm depth leads to increase of laser absorption rate and high molten volume. Similarly,
controlled surface roughness Rz around 27 μm enhances stable micro-welding process of copper
characterized by high absorption rate and high molten volume. Thus, it is expected that if 532 nm Nd:YAG
laser is used to initiate the micro-welding process, then subsequent irradiation of 1064 nm Nd:YAG laser will
result in an efficient micro-welding process of copper, characterized by stable absorption of high pulse energy,
as shown in Figure 3.40. Therefore, in this study, micro-welding of copper was performed by superposition
of 532 nm and 1064 nm wavelength Nd:YAG lasers, and the influences of laser irradiation delay and power
density were clarified.

3.3.1 Experimental investigation of micro-welding by superposition
3.3.1.1 Experimental setup for superposition of 532 nm and 1064 nm Nd:YAG lasers
Laser micro-welding of copper was done using pulsed fundamental wavelength Nd:YAG laser
oscillator (KLY-HP300α) and a pulsed green Nd:YAG laser oscillator (KLY-PG20α). The KLY-PG20α
system oscillates green laser with a wavelength of 532 nm. Table 3.6 shows the main specifications for the
green laser system. Figure 3.41 shows the schematic diagram of the optical system for the green laser system
which is obtained by frequency doubling of directly modulated pulsed Nd:YAG laser of 1064 nm wavelength
by using harmonic separators and nonlinear optical (NLO) crystal. This experimental equipment outputs only
the second harmonic generation of Nd:YAG laser of 532 nm wavelength. The system also has a cooling water
circulator. The optical setup consists of an internal type resonator containing the NLO crystal so that output
of the second harmonic generation can be obtained efficiently.
According to the nonlinear optical theory, when light having two frequencies ωa and ωb, where ωa >
ωb, is incident on an NLO crystal, the frequency of the output light becomes the sum of the two frequencies,
(ωa + ωb) and the difference of the two frequencies, (ωa - ωb). However, the energy of (ωa - ωb) is lower than
that of (ωa + ωb) and its value is negligible3.39). Only light with frequency (ωa + ωb) is obtained as the output,
as shown in Figure 3.42. Therefore, when 1064 nm wavelength laser with a frequency ω passes through the
NLO crystal, a change represented by (ω + ω= 2ω) occurs. Through this change, a second harmonic wave
with a wavelength of 532 nm (frequency 2ω) is obtained, but not all fundamental waves are converted to
second harmonic. For this reason, light of a necessary wavelength is selectively extracted by a dedicated filter
commonly referred to as harmonic separator. During wavelength conversion, a higher conversion efficiency
can be obtained by converging light inside the NLO crystal by using a pair of lenses placed in front and
behind the crystal as shown in Figure 3.41. Since light having a wavelength of 532 nm is visible and the
wavelength range thereof is recognized as green, the second harmonic laser is generally referred to as green
laser.
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Table 3.6 Specifications for KLY-PG20α laser system
Wavelength

532 nm

Max. peak power

1.5 kW

Max. average power

30 W

Max. pulse repetition rate

5 Hz

Max. pulse energy

2 J/P

Max. pulse duration

4.0 ms

Min. fiber diameter

φ 100 mm

Duty factor

25%

Figure 3.41 Optical setup for pulsed green Nd:YAG laser.
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Figure 3.42 Schematic illustration of second harmonic generation.
Figure 3.43 shows the setup for superposition of 532 nm and 1064 nm wavelength Nd:YAG lasers,
whereby a digital oscilloscope (Yokogawa DL1540) and a pulse generator (SRS DG645) were used. The
digital oscilloscope is a graph-displaying device that draws a graph of an electrical signal, which shows how
the signal changes over time. Therefore, graph displayed will give parameters such as time, voltage and
frequency of an oscillating signal, as well as the distortions of the signal. In addition, it shows whether a
signal is direct current (DC) or alternating current (AC), how much of the signal is noise and whether the
noise is changing with time. The oscilloscope used had a bandwidth of 150 MHz. It also had 4 channels with
a maximum sampling rate of 200 MSa/s for each channel, and a memory length of up to 120k words.
The pulse generator can generate digital delay, and it provides precisely defined pulses at repetition
rates of up to 10 MHz. In addition, it has many trigger modes. The pulse generator has 4 pulse outputs and 8
delay outputs. The delay range is from 0 to 2000 seconds with a resolution of 5 ps and jitter below 25 ps rms.
An internal rate generator, with less than 100 ps period jitter, may be set from 100 µHz to 10 MHz with 1
µHz resolution. An external trigger input, with adjustable threshold and slope, can trigger a timing cycle, a
burst of cycles, or a single shot. The equipment measures the timing of triggers with respect to the internal
clock and compensates the analog delays. This approach reduces the jitter by about 100× and allows the
internal rate generator to operate at any rate. Therefore, it has advantages of low jitter, high accuracy, fast
trigger rates, and more outputs. It also supports a number of complex triggering requirements via a trigger
hold-off and pre-scaling feature. These two equipment were effective in setting the irradiation delay times
during superposition of two wavelengths.
When a second harmonic wave of 532 nm wavelength is irradiated, a signal is transmitted from the
oscillator to the control panel. The pulse generator generates a signal which is used to activate irradiation of
1064 nm wavelength oscillator. It is possible to create irradiation delay by shifting the time using the pulse
generator. The waveform and delay are monitored using the oscilloscope. For accurate measurements, there
is need to clarify the effects of jitter. Therefore, jitter was measured for various delay times of 1.0 ms, 4 ms
and with no delay, as shown in Figure 3.44. The average jitter measured was about 250 μs with a standard
deviation of about 60 μs. The difference of jitter for the two wavelengths was very small. Thus, the results
shows that the effect of jitter is negligible regardless of irradiation delay, hence it could be ignored.
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Figure 3.43 Setup for superposition of 532 nm and 1064 nm Nd:YAG lasers by using pulse
generator and oscilloscope.

Figure 3.44 Illustration of measurement of jitter for 532 nm and 1064 nm laser irradiations in
superposition.
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Figure 3.45 shows the experimental setup for alignment of laser axis in superposition. The optical
fiber core diameter for 532 nm laser system was 100 μm. A collimating lens of f100 mm and a focusing lens
of f50 mm have been used, in addition to various mirrors. By adjusting the laser axis of 1064 nm laser and
532 nm laser, irradiation at the same position on the specimen is possible. 532 nm Nd:YAG laser irradiation
precedes the 1064 nm Nd:YAG laser irradiation in superposition. It is expected that different focus positions
will be obtained for the different laser wavelengths. When two wavelengths are combined and a single
focusing lens is used, the laser with shorter wavelength will always result in a shorter focal length as shown
in Figure 3.46. Generally, focal length varies directly with wavelength and wavelength varies inversely with
refractive index. Therefore, focal length increases with increase in wavelength and decreases with increase
in refractive index3.40-41). The focus position of the green laser was defocused to obtain the same irradiation
position as that by 1064 nm laser. A spot size of 30 μm was set for 1064 nm Nd:YAG laser. Then the focus
position of the 532 nm Nd:YAG laser was adjusted within a defocusing length of about 3 mm, and spot
diameter of 200 μm was obtained.
In order to determine the optimum laser parameters setting for 532 nm Nd:YAG laser, processing was
first done using the 532 nm Nd:YAG laser only, and the effects of peak power were clarified. Processing was
done using a rectangular waveform with a pulse duration of 1.2 ms. The peak power was varied from 0.6 kW
to 1.5 kW. In this case, a laser spot size of 40 μm was used. The processed specimens were evaluated by
taking measurements of the diameters and depths of the holes created.
Based on these measurement results, the green laser parameter settings to be used in superposition
were determined. The total power density chosen for superposition was around 1.3×108 W/cm2. Previous
results showed that this power density level results in transitional processing between heat conduction and
keyhole welding when 1064 nm Nd:YAG laser is used. Superposition experiment was carried out at
conditions of low power density and high power density of the green laser. Low power density condition of
green laser was set at 1.98×107 W/cm2, while high power density condition was set at 3.31×107 W/cm2.
However, in all cases, the total power density by both lasers was maintained at a constant value. To clarify
the effects of irradiation delay and power density in superposition, processing was done with no delay time,
short delay time of 200 μs and long delay time of 600 μs. The effects of the various parameters were
characterized by measurements of molten volume generated and the resultant penetration depths. The results
were also compared to those by 1064 nm laser irradiation under similar total power density.
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Figure 3.45 Experimental setup for alignment of laser axis in superposition.

Figure 3.46 Illustration of differences in laser focal lengths and spot sizes in superposition.
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3.3.1.2 Superposition results and discussion
A) Results of processing by 532 nm laser only
By using a pulse duration of 1.2 ms, which is similar to that used in previous experimental work,
processing was done by varying the peak power. Figure 3.47 shows the cross-sectional images of the various
holes created by 532 nm Nd:YAG laser with various values of peak power, while Figure 3.48 shows the
corresponding variations of the diameters and depths of the holes. It can be seen that both the hole diameters
and penetration depths increased with increase in peak power. The highest penetration depth of about 240
μm and the biggest diameter of about 275 μm were obtained with 1.5 kW peak power. This is attributed to
the high energy density arising from high peak power, hence more material could be melted3.34, 42). Therefore,
to achieve the appropriate irradiation by 532 nm laser prior to irradiation by 1064 nm laser in superposition,
a careful selection and setting of peak power is required.

Figure 3.47 Cross-section appearances of various holes created by 532 nm Nd:YAG laser.
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Figure 3.48 Variations of the geometry of holes created using various peak powers of 532 nm laser.

Previous results showed that a concave depth of around 30 μm and surface roughness value of Rz > 27
μm were effective in stabilizing the micro-welding process of copper at the transition region between heat
conduction and keyhole welding modes. With peak power of 0.6 kW and pulse duration of 1.2 ms for the
green laser, such surface undulation could be obtained. A depth of about 25 μm and a diameter of about 50
μm were obtained. Therefore, a peak power of 0.6 kW was set for the green laser during superposition. For
high power density condition of green laser during superposition, 1.0 kW peak power was used. In this case,
the depth created by the green laser was about 200 μm with a diameter of about 150 μm.

B) Effects of irradiation delay in superposition
Figure 3.49 shows the images of the surfaces and cross sections of irradiated areas with 1064 nm laser
irradiation, and with superposition, when processing was done with no delay time, short delay time of 200
μs and long delay time of 600 μs. The total power densities used in both cases of 1064 nm laser only and
superposition were the same and equal to 1.29×108 W/cm2. This power setting results in transitional
processing condition between heat conduction and keyhole welding modes, when 1064 nm laser is used for
micro-welding of copper. In the case of superposition, low power density of 532 nm Nd:YAG laser was used,
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and it was equal to 1.98×107 W/cm2. This power density was achieved with 0.6 kW peak power of the green
laser. The power density of the 1064 nm laser in this case was 1.09×108 W/cm2. In all cases, processing was
done using a rectangular waveform with a pulse duration of 1.2 ms.
As shown in Figure 3.49, in the case of 1064 nm laser only, processing consisted of a mixture of heat
conduction and keyhole welding modes. Heat conduction welding mode generally cannot achieve deep
penetration. On the other hand, keyhole welding mode leads to deep penetration, but it is characterized by
porosity as discussed earlier. However, with superposition, the process was stabilized and keyhole welding
was stably obtained resulting in deep penetration for all the cases. The highest penetration depth was obtained
with a short irradiation delay of 200 μs and there was no porosity. With long irradiation delay time such as
600 μs, the penetration depth is lower than that by short delay time. However, processing with no delay time
resulted in the lowest penetration depth, and it was almost equal to that by keyhole welding by 1064 nm laser
only.
With power density of 1.98×107 W/cm2, it is expected that the green laser will only result in heat
conduction welding, despite experiencing high absorption rate, as shown in Figure 3.47. Therefore, when the
green laser is super-imposed with the 1064 nm laser, the initial irradiation by the green laser is not sufficient
to initiate keyhole formation. However, it is expected that high temperatures above the melting point will be
achieved, such that the subsequent 1064 nm laser irradiation experiences stable absorption phenomenon. This
enhances faster keyhole formation and deep penetration is achieved. Past researches have shown that the
absorption rate of a laser irradiation will greatly increase with increase in surface temperature3.43-47). It is
considered that short irradiation delay such as 200 μs is effective in heating the surface and thus enhancing
stable absorption phenomenon by the 1064 nm laser irradiation. Hence, the subsequent irradiation by
combined energies of 532 nm and 1064 nm lasers will result in deep penetration and good surface quality.
To fully clarify these phenomena, the molten volume was evaluated, and Figure 3.50 shows the
variations of the molten volume. The molten volume was the highest in the case of processing by 1064 nm
laser only but its standard deviation was very high, showing that the process was unstable. With superposition,
short irradiation delay time resulted to higher molten volume compared to irradiation with no delay time and
with long delay time. This variation is also attributed to the heating effect by the initial irradiation of 532 nm
laser prior to that by 1064 nm laser. The results show that superposition with low power density of the green
laser did not contribute to the increase of molten volume. It is thought that the effect of superposition under
this condition was only stabilization of the absorption energy, hence deep penetration and good surface
quality could be stably obtained.
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Figure 3.49 Surface and cross section appearances of irradiated areas with 1064 nm laser and with
superposition using low power density of green laser.
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Figure 3.50 Variations of molten volume in superposition with low power density of green laser.

C) Effects of power density in superposition
High power density of 532 nm laser will result in keyhole welding, as shown in Figure 3.47. It is
considered that superposition with this high power level of the 532 nm laser might increase the creation of
molten volume. Therefore, processing was done with superposition using high power density of the 532 nm
laser. Figure 3.51 shows the images of the surfaces and cross sections of irradiated areas with 1064 nm laser
only, and with superposition, when processing was done with no delay time, short delay time of 200 μs and
long delay time of 600 μs. Figure 3.52 shows the corresponding variations of molten volumes. In this case
also, the total power densities used in both cases of 1064 nm laser only and superposition were the same and
equal to 1.29×108 W/cm2. The power density of 532 nm Nd:YAG laser was set at 3.31×107 W/cm2 by using
a peak power of 1.0 kW. The power density of the 1064 nm laser in superposition was 9.59×107 W/cm2. The
results showed that the process was stabilized in superposition, and deep penetration was stably obtained for
all cases. Also in this case, the highest penetration depth was achieved with a short delay time of 200 μs as
shown in Figure 3.53. A comparison of penetration depths in the case of superposition with low power
density and high power density of the green laser showed that high power density resulted in deeper
penetration.
- 130 -

Figure 3.51 Surface and cross section appearances of irradiated areas with 1064 nm laser and with
superposition using high power density of green laser.
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Figure 3.52 Variations of molten volume for superposition with high power density of green laser.
532 nm laser experiences high absorption rate by copper, thus the increase of its power density in
superposition will result in increase in penetration depth, since the additional energy will be effectively
absorbed into the material. In addition, its absorption rate is higher and stable compared to that of 1064 nm
laser3.13, 15). Hence, in all the cases, the penetration depth was higher than that by irradiation of 1064 nm laser
only. It is however noted that with superposition, long delay time of 600 μs, resulted in the lowest penetration
depth. It is thought that with high power density of green laser, a short irradiation delay time such as 200 μs
will be effective in stabilizing the absorption phenomenon of 1064 nm laser and also initiate keyhole
formation. It is also noted that deep penetration was achieved even with no irradiation delay time. The high
energy of 532 nm laser will experience high absorption by the copper surface. Hence, the subsequent
combined energies of the two lasers will result in deep penetration.
As shown in Figure 3.52, molten volumes stably increased in all cases of superposition. With high
power density of green laser, superposition contributed to both stabilization of absorption energy and increase
of molten volume. Since high power density level results in keyhole welding by the 532 nm laser, the high
temperatures and formation of keyhole will enhance high absorption rate of 1064 nm laser. This leads to deep
penetration and a stable molten pool can be achieved, resulting in good surface quality. The largest
penetration depth and highest molten volume were obtained with short irradiation delay of 200 μs. Therefore,
it is concluded that with superposition of 532 nm and 1064 nm Nd:YAG laser, a short irradiation delay such
as 200 μs and a high power density of the green laser can stabilize the laser micro-welding process of copper,
and good surface quality of weld bead with deep penetration and no porosity can be stably obtained.
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Figure 3.53 Comparison of penetration depths in the case of superposition with low power density
and high power density of the green laser.

3.3.2 Numerical investigation of laser micro-welding of copper
3.3.2.1 FEM thermal analysis of laser micro-welding by superposition
It is expected that after the onset of molten area and keyhole formation by the 532 nm Nd:YAG laser
irradiation in superposition, the absorption rate of 1064 nm Nd:YAG laser will rapidly increase. This will
result in more molten material and hence deeper penetration. Thus, there is need to clarify the dynamics of
the molten area and keyhole formation in micro-welding of copper by superposition of the two laser
wavelengths. Therefore, three-dimensional finite element model was developed using non-linear transient
heat conduction equations, similar to those used in chapter 2, to dynamically simulate the laser micro-welding
process of copper by superposition. The general finite element program ‘ANSYS’ Ver. 16.1 was used. Figure
3.54 shows the FEM model used in this analysis.
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The geometry of the simulation model was cylindrical in shape with a diameter of 2 mm and a thickness
of 1 mm, similar to that of the specimen used in experimental work. Processing was done at the center on the
top surface. The meshes were graded such that they were finest in the region of highest and most rapid
temperature gradient near the heat input, and a course mesh was used for the regions farthest from the heating
zones. In addition, the element sizes increased across the thickness of the specimen, being finer near the top
surface. The temperature dependent material properties of thermal conductivity, specific heat and density
were considered when developing the model. The values for these material properties were obtained from
literature3.10). Enthalpy of copper was computed using the values of specific heat and density. Figure 3.55
shows the variation of thermal conductivity, specific heat and density of copper with temperature, while
Figure 3.56 shows the variation of enthalpy of copper with temperature.

Figure 3.54 FEM model for laser micro-welding of copper.
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Figure 3.55 Variation of thermal conductivity, specific heat and density of copper with temperature.

Figure 3.56 Variation of enthalpy of copper with temperature.
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In the analysis, the initial condition for the entire model was set to room temperature of 293 K. For the
non-irradiated top surface, the heat flux was assumed to be convective with a heat transfer coefficient of 10
W/(m²·K), while the cylindrical end surface had infinite boundary temperature. Single shots of laser
irradiations using a rectangular waveform with a pulse duration of 1.2 ms were considered. Spot diameters
of 30 μm and 40 μm for 1064 nm and 532 nm Nd:YAG lasers, respectively were used. The absorption rate
of 532 nm laser was assumed to be 50%, while that of 1064 nm laser was taken to be 20% on the top surface.
However, the absorption rate increased with increasing penetration depth3.51-52). The FEM model used a
combination of surface heat source and volumetric heat source as shown in Figure 3.57. Both the surface
heat flux and the volumetric heat flux were applied in Gaussian distribution.

Figure 3.57 Illustration of heat flux input model in FEM analysis.
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Simulations were done for the cases of irradiation using 532 nm laser, 1064 nm laser and by
superposition of the two lasers. The superposition model was implemented for irradiations with no delay time,
short delay of 200 μs, and long delay of 600 μs. Therefore, the total irradiation time for the cases of short
delay time and long delay time were 1.4 ms and 1.8 ms, respectively. Power densities used were similar to
those used in the experimental investigations. The power density of the green laser was set to 1.98×107 W/cm2.
In superposition, the power density of the 1064 nm laser was set to 10.9×107 W/cm2. For irradiation by 1064
nm laser only, the power density was set to 12.9×107 W/cm2. Furthermore, experimental results showed that
although the absorption phenomenon of 1064 nm laser is stabilized by superposition, the molten volume will
greatly depend on a careful selection of the power density of the green laser. Therefore, to clarify this behavior,
processing by 532 nm laser was simulated using a high value of 3.31×107 W/cm2 for the green laser. A
rectangular waveform with pulse duration of 1.2 ms was used. The resultant temperature fields and
penetration depths were compared with results of processing by low power density of the green laser.

3.3.2.2 Dynamics of the molten area and keyhole formation in copper micro-welding
The phenomena of molten area and keyhole formation were investigated through numerical
simulations and the three dimensional finite element model was validated using the experimental results. The
simulated weld beads compared well with the experimented weald beads as shown in Figure 3.58. The light
grey part in the simulation results represents the areas where the temperatures were above the melting point
of copper, 1358 K. The developed model could generate the temperature fields during the laser irradiation.
Therefore, the temperature distributions for various time durations during the micro-welding process were
compared as shown in Figure 3.59.
Comparison of temperature distributions shows that irradiation delay has an influence on the microwelding process, as reported in the experimental investigation. The temperatures at the irradiation area
increased with increase in irradiation time in all the cases. Deep penetration could be achieved with high
power density of the laser. The effect of superposition was clarified by comparing the rise in temperatures at
the onset of 1064 nm laser irradiation. For irradiation by 1064 nm laser only, the rise in temperature was the
lowest and equal to 2105 K. This is attributed to the low absorption rate of 1064 nm laser by the copper
surface. For superposition, irradiation with no-delay time and long delay time resulted in almost equal
increase in temperature, but slightly higher than that by 1064 nm laser only. On the other hand, in the case of
short delay time of 200 μs, the highest increase in temperature was obtained and it was equal to 2643 K. It is
therefore considered that superposition helps to increase the absorption rate of 1064 nm laser, and short
irradiation delay time is effective in obtaining high absorption rate.
In order to fully clarify the effect of irradiation delay, cases of superposition with short irradiation
delay of 200 μs, and long irradiation delay of 600 μs were compared, as shown in Figure 3.60. The results
showed that with similar power density, a short irradiation delay will result in a narrower and deeper keyhole,
while a long irradiation delay will result in a wider but shallower keyhole. Narrow and deep keyhole means
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that the laser could penetrate easily into the material, hence the effect of multi-reflections increased, leading
to higher absorption rate and higher molten volume. Consequently, deeper penetration could be obtained, as
reported in the experimental work.
Figure 3.61 shows a graph of temperature distribution across the specimen thickness when superpositioned lasers were irradiated at the center of specimen with a short delay time of 200 μs. The highest
temperature was experienced on the top surface at the irradiation area. Then, the temperature decreased up
to room temperature of 293 K as the penetration depth increased. Temperature decreases exponentially across
the thickness of the specimen, and there is a rapid decrease above the melting point of copper. This rapid
change in temperature is attributed to rapid diffusion of heat into the surrounding material3.53-55). In general,
molten metal will experience faster flow in regions of the highest temperature gradient at the keyhole
boundary. The molten metal flows to the regions of lower temperatures at the solid-liquid boundary.
Therefore, the expansion of the fusion zones in the top and bottom areas will vary. Below the melting
temperature, the specimen temperature gradually decreases to the room temperature. The variations of
temperature and the corresponding molten flow behavior results in variations of surface tension gradients in
the molten material3.52-54). Consequently, a ‘cone’ shaped weld bead is obtained.

Figure 3.58 Comparison of simulated and experimented weld bead geometry in micro-welding of copper.
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in the first 1.2 ms duration.

Figure 3.59 Temperature distribution along the cross-section for irradiation by 532 nm laser, 1064 nm laser and by superposition,

Figure 3.60 Comparison of temperature distributions in the cases of superposition with short and long
irradiation delays, under similar power density.

The amount of molten material and its behavior will greatly depend on the geometry of the keyhole
generated by the laser irradiation. Therefore, the molten areas and keyholes generated by superposition and
irradiation by 1064 nm laser only were compared, as shown in Figure 3.62. Deep penetration was obtained
in all cases. However, 532 nm laser irradiation resulted in only heat conduction welding, hence it could not
achieve deep penetration. The low power density used was not enough to initiate keyhole formation, despite
its high absorption rate by copper. However, it is considered that when the green laser was used in
superposition, it was effective in raising the surface temperature prior to irradiation of the 1064 nm laser,
such that stable absorption phenomenon could be obtained3.47-50). It is shown that the largest keyhole was
achieved by superposition with short irradiation delay time of 200 μs, and the smallest keyhole was obtained
in the case of superposition with no irradiation delay. In the case of irradiation by 1064 nm laser only, the
molten material was almost equal to that by superposition with no delay time. It is also noted that the keyhole
by 1064 nm laser had the smallest diameter. This is attributed to the small laser spot size of the 1064 nm laser.
Hence, deep penetration could be obtained. It is therefore expected that short irradiation delay will result in
the deepest weld bead penetration, since the laser will easily be irradiated inside the keyhole which penetrates
deep into the material. The effect of multi-reflections inside the keyhole will enhance increase in the
absorption rate, hence more material will be melted3.19, 50-52).
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Figure 3.61 Temperature distribution across the specimen thickness for superposition with 200 μs
irradiation delay time.
Figure 3.63 shows a comparison of temperature distributions along the cross-section when irradiating
with 532 nm laser, 1064 nm laser and by superposition. Green laser resulted to the lowest penetration depth.
The temperature profile shows its peak temperature was below the melting point, hence this irradiation
resulted in heat conduction welding mode. Heat conduction welding mode does not penetrate deep into the
material, and a depth of about 25 μm was obtained in this case. This depth is similar to the one obtained by
experimental work. Irradiation by 1064 nm laser only and with no delay time in superposition resulted in
almost equal penetration depths, and it was slightly lower than that by superposition with long delay time of
600 µs. On the other hand, superposition with short irradiation delay time of 200 µs resulted in the largest
penetration depth of about 335 μm. Therefore, it is concluded that superposition of 532 nm and 1064 nm
lasers helps to stabilize the absorption phenomena of the 1064 nm laser. Short irradiation delay time is
effective in obtaining high absorption rate, hence leading to deep penetration.
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Figure 3.62 Variations of molten areas and keyholes in micro-welding of copper by 532 nm laser only, 1064 nm laser only and by superposition.

Figure 3.63 Comparison of temperature distributions along the cross-section at the irradiation area for
copper micro-welding with 532 nm laser, 1064 nm laser and by superposition.
Previous results showed that in micro-welding by superposition of 532 nm and 1064 nm Nd:YAG
lasers, the molten volume is stably increased when the power density of the green laser is increased. To fully
clarify this phenomenon, Figure 3.64 shows the temperature distribution across the thickness when using
low and high power density of green laser. Figure 3.65 shows the temperature variations across the specimen
thickness. Low power density of the green laser leads to heat conduction welding and shallow penetration is
obtained. On the other hand, increasing the power density results in high temperatures above the boiling point
of the material, and keyhole welding is obtained. This results in deep penetration into the material. The
penetration depth obtained with high power density was about 200 μm. This deep penetration is associated
to the high and stable absorption of the green laser by copper. Hence, it is expected that if the 1064 nm laser
is super-imposed on the green laser with this high power density, even deeper penetration will be stably
obtained as reported in the experimental work. This power level of the green laser will initiate keyhole
formation prior to irradiation of 1064 nm laser. Thus, subsequent irradiation by combination of the two lasers
will be highly absorbed into the material. This results in stabilization of the absorption phenomenon as well
as increase of the molten volume. Therefore, high-efficiency and high-quality laser micro-welding of copper
can be achieved by superposition of 532 nm and 1064 nm Nd:YAG lasers. A short irradiation delay and
appropriate high power density of green laser are effective in obtaining stabilization of the absorption
phenomena, as well as stable and high molten volume, leading to deep penetration of weld bead.
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Figure 3.64 Molten areas and keyholes generated using low and high power density of 532 nm laser.

Figure 3.65 Temperature distributions along the cross-section at the irradiation area for micro-welding
with low and high power density of 532 nm laser.
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3.4

Conclusions
High-efficiency and high-quality laser welding of copper is expected by using an appropriate approach.

Stable micro-welding with 1064 nm Nd:YAG laser can be enhanced by utilizing the effect of increasing light
absorption rate with controlled variations of surface texture. In addition, since use of 532 nm Nd:YAG laser
results in high and stable absorption rate, superposition of the green laser with 1064 nm Nd:YAG laser helps
to stabilize the micro-welding process of copper. The following are the main conclusions deduced:
1)

Absorption rate and molten volume under 1064 nm wavelength laser is increased by controlled
surface undulations such as creating appropriate concaves, and by controlled surface roughness
variations. There is correlation between the surface roughness and concaves. Concave depth of around
30 μm and a similar value of surface roughness, leads to stabilization of the micro-welding process.

2)

For copper welding using 1064 nm laser, by optimizing the surface texture in transitional processing
condition between heat conduction and keyhole welding, light absorption is improved and the process
is stabilized, leading to deep penetration and good surface quality.

3)

Superposition of 532 nm and 1064 nm Nd:YAG lasers, with a short irradiation delay for the 1064 nm
laser can stabilize the laser micro-welding process of copper, and a high-quality weld bead
characterized by good surface quality, deep penetration and no porosity can be stably obtained.

4)

In superposition of 532 nm and 1064 nm lasers, high power density of the green laser leads to
stabilization of the absorption phenomena, as well as increased molten volume. The high power
density is effective in initiating keyhole formation prior to irradiation of 1064 nm laser. This enhances
faster and sufficient deep penetration.

- 145 -

References
3.1

C. Reardon: Metallurgy for the Non-Metallurgist; Discovering Metals - A Historical Overview, Second
Edition, ASM International, (2011).

3.2

Z. Siklósi, Z. M. Virág, V. Mozgai and B. Bajnóczi: The Spread of the Products and Technology of
Metallurgy in the Carpathian Basin Between 5000 and 3000 BC - Current questions, Dissertationes
Archaeologicae, Vol. 3, No. 5, (2017), pp.67-82.

3.3

Copper Development Association Inc.: History of Copper, Copper.org, (Accessed, February 2019).

3.4

L. A. Horváth and Z. M. Virág: History of the Copper Age, Hungarian Archaeology at the Turn of the
Millennium, (2003), pp. 125-137.

3.5

D. Antonović: Prehistoric Copper Tools from the Territory of Serbia, Journal of Mining and Metallurgy,
Vol. 45, No. 2B, (2009), pp.165 - 174.

3.6

R. U. Ayres, L. W. Ayres and I. Råde: The Life Cycle of Copper, its Co-Products and By-Products,
Mining, Minerals and Sustainable Development, No. 24, (2002), pp.1-52.

3.7

American Welding Society: Welding of Copper and Copper Alloys, Welding Handbook, Miami, USA,
(1997).

3.8

S. Nakashiba, Y. Okamoto, T. Sakagawa, S. Takai, and A. Okada: Micro-Welding of Copper Plate by
Frequency Doubled Diode Pumped Pulsed Nd:YAG Laser. Physics Procedia, Vol 39, (2012), pp. 577584.

3.9

Millard Wire & Specialty Strip Company. Millardwire.com, (Accessed, August 2018).

3.10 Japan Society of Thermophysical Properties: Thermophysical Properties Handbook, Yokendo Co. Ltd.,
Tokyo, Japan, (2008).
3.11 T. A. Mai and A. C. Spowage: Characterisation of Dissimilar Joints in Laser Welding of Steel-Kovar,
Copper-Steel and Copper-Aluminium. Materials Science and Engineering: A, Vol. 374, (2004), pp.
224-233.
3.12 A. Hess, R. Schuster, A. Heider, R. Weber and T. Graf: Continuous Wave Laser Welding of Copper
with Combined Beams at Wavelengths of 1030 nm and of 515 nm. Physics Procedia, Vol. 12, (2011),
pp. 88-94.
3.13 C. Ruettimann, R. Bartlome and N. Dury: Reproducible Copper Welding, Industrial Laser Solutions
Article, (2013), Industrial-lasers.com, (Accessed February 2019).
3.14 Y. Okamoto, S. Nakashiba, T. Wada, T. Sakagawa, N. Nishi, and A. Okada: Characterization of
Absorptivity in Micro-welding of Copper by Pulsed Green Nd:YAG Laser, Proceedings of 33rd
International Congress on Applications of Lasers and Electro-Optics, No. 156. (2014).
3.15 F. Otte, S. Pamin, J. Hermsdorf, D. Kracht, and R. Kling: Enhancement of Process Stability for Laser
Spot Micro-Welding by Using 532 nm Radiation, Proceedings of the International Congress on Laser
Advanced Materials Processing (LAMP), No. 09-114, (2009).
3.16 R. Fabbro, F. Coste, S. Slimani and F. Briand: Study of Keyhole Behaviour for Full Penetration
- 146 -

Nd:YAG CW Laser welding, Journal of Physics D: Applied Physics, Vol. 38, (2005), pp. 1881-1887.
3.17 Y. L. Jae, H. K. Sung, F. F. Dave and D. Y. Choong: Mechanism of Keyhole Formation and Stability
in Stationary Laser Welding, Journal of Physics D: Applied Physics, Vol. 35, (2002), pp. 1570–1576.
3.18 J. Dowden, P. Kapadia, and N. Postacioglu: An Analysis of the Laser-Plasma Interaction in Laser
Keyhole Welding, Journal of Physics D: Applied Physics, Vol. 22, (1989), pp. 741–749.
3.19 J. Volpp and F. Vollertsen: Analytical Modeling of the Keyhole Including Multiple Reflections for
Analysis of the Influence of Different Laser Intensity Distributions on Keyhole Geometry, Physics
Procedia, Vol. 41, (2013), pp. 460-468.
3.20 A. F. H. Kaplan: Fresnel Absorption of 1 μm- and 10 μm-Laser Beams at the Keyhole Wall during
Laser Beam Welding: Comparison between Smooth and Wavy surfaces. Applied Surface Science, Vol.
258, No. 8, (2012), pp. 3354-3363.
3.21 H. Al-Kazzaz, M. Medraj, X. Cao, and M. Jahazi: Nd:YAG Laser Welding of Aerospace Grade ZE41A
Magnesium Alloy: Modeling and Experimental Investigations, Materials Chemistry and Physics, Vol.
109, (2008), pp. 61–76.
3.22 C. Jung-Ho, and N. Suck-Joo: Implementation of Real-Time Multiple Reflection and Fresnel
Absorption of Laser Beam in Keyhole, Journal of Physics D: Applied Physics, Vol. 39, (2006), pp.
5372–5378.
3.23 P. D. Bono, I. Metsios, J. Blackburn, and P. Hilton: Laser Processing of Copper and Aluminum Thin
Sheets with Green (532 nm) and Infrared (1064 nm) Pulsed Laser Beam Sources. Proceedings of the
32nd International Congress on Applications of Lasers and Electro-Optics, Vol. 616, (2013), pp. 520528.
3.24 H. –C. Chen, G. Bi, M. L. S. Nai and J. Wei: Influence of Surface Condition in Fiber Laser Welding
of Pure Copper. Proceedings of the 31st International Congress on Applications of Lasers and ElectroOptics, Vol. 615, (2012), pp. 558-564.
3.25 S. Engler, R. Ramsayer and R. Poprawe: Process Studies on Laser Welding of Copper with Brilliant
Green and Infrared Lasers, Physics Procedia, Vol. 12, (2011), pp. 339-346.
3.26 D. Bergstrom, J. Powell and A. F. H. Kaplan: A Ray-Tracing Analysis of the Absorption of Light by
Smooth and Rough Metal Surfaces, Journal of Applied Physics, Vol. 101, No. 11, (2007), pp. 113504,
1-11.
3.27 R. Indhu, V. Vivek, L. Sarathkumar, A Bharatish and S. Soundarapandian: Overview of Laser
Absorptivity Measurement Techniques for Material Processing, Lasers in Manufacturing and
Materials Processing, Vol. 5, No. 4, (2018), pp 458-481.
3.28 D. Bergström: The Absorption of Laser Light by Rough Metal Surfaces. Luleå University of
Technology, Sweden, Thesis. No. 226, (2008).
3.29 S. Nakashiba, Y. Okamoto, T. Sakagawa, M. Harada and A. Okada: The Boundary of Keyhole
Generation in Micro-Welding of Aluminum Alloy by Pulsed Nd:YAG Laser with Superposition of
Continuous Diode Laser, Journal of the Japan Society for Precision Engineering, Vol. 80, No. 4, (2014),
pp. 419-424.
- 147 -

3.30 J. P. Davim: Nontraditional Machining Processes: Research Advances, Springer-Verlag London
Ltd, (2013).
3.31 J. C. Ion: Laser Processing of Engineering Materials–Principles, Procedure and Industrial Application,
First Edition, Elsevier Butterworth-Heinemann, London, (2005).
3.32 W. M. Steen: Laser Material Processing, Third Edition, Springer-Verlag, London, (2003).
3.33 M. Courtois, M. Carin, P. L. Masson, S. Gaied and M. Balabane: A Complete Model of Keyhole and
Melt Pool Dynamics to Analyze Instabilities and Collapse During Laser Welding, Journal of Laser
Applications, Vol. 26, No. 4, (2014), pp. 042001, 1-9.
3.34 M. Sc. K. Blidegn and F. O. Olsen: Investigation into the Absorptivity Change in Metals with Increased
Laser Power. Proceedings of International Symposium on Gas Flow and Chemical Lasers and HighPower Laser Conference, Vol. 3092 (1997), pp. 615-619.
3.35 S. T. Auwal, S. Ramesh, F. Yusof and S. M. Manladan: A Review on Laser Beam Welding of Copper
Alloys, The International Journal of Advanced Manufacturing Technology, Vol. 96, (2018), pp. 475490.
3.36 L. K. Ang, Y. Y. Lau, R. M. Gilgenbach, and H. L. Spindler: Analysis of Laser Absorption on a Rough
Metal Surface, Applied Physics Letters, Vol. 70, No. 6, (1997), pp. 696-698.
3.37 E. M. R. Silva, W. A. Monteiro and W. Rossi: Absorption of Nd:YAG Laser Beam by Metallic Alloys,
Journal of Materials Science Letters, Vol. 19, No. 23, (2000), pp. 2095-2097.
3.38 H. Wang, Y. Kawahito, R. Yoshida, Y. Nakashima and K. Shiokawa: A Model to Calculate the Laser
Absorption Property of Actual Surface, International Journal of Heat and Mass Transfer, Vol. 118,
(2018), pp. 562-569.
3.39 L. He, Y. Namba and Y. Narita: Wavelength Optimization for Machining metals with the Harmonic
Generations of a Short Pulsed Nd:YAG Laser, Precision Engineering, Vol. 24, No. 3, (2000), pp. 245250.
3.40 Y. Liang, H. Liu, F. Wang, H. Meng, J. Guo, J. Li and Z. Wei: High-Efficiency, Near-Diffraction
Limited, Dielectric Metasurface Lenses Based on Crystalline Titanium Dioxide at Visible Wavelengths,
Nanomaterials (MDPI), Vol. 8, No. 5 (2018), pp. 288, 1- 15.
3.41 F. Lei and L. K. Dang: Measuring the Focal Length of Optical Systems by Grating Shearing
Interferometry, Applied Optics Vol. 33, No. 28, (1994), pp. 6603-6608.
3.42 T. E. Zavecz and M. A. Saifi and M. Notis: Metal Reflectivity under High-Intensity Optical Radiation.
Applied Physics Letters, Vol. 26, No. 4, (1975), pp. 165–168.
3.43 D. Giulietti and M. Lucchesi: Emissivity and Absorptivity Measurements on Some High-purity Metals
at Low Temperatures, Journal of Physics D: Applied Physics, Vol. 14, No. 5, (1981), pp. 877-881.
3.44 S. B. Boyden and Y. Zhang: Temperature and Wavelength-Dependent Spectral Absorptivities of
Metallic Materials in the Infrared, Journal of Thermophysics and Heat Transfer, Vol. 20, No. 1, (2006),
pp. 9-15.
3.45 N. Boutalbi, M. N. Bouaziz and M. Allouche: Influence of Temperature-Dependent Absorptivity on
Solid Surface Heated by CO2 and Nd:YAG lasers, Journal of Laser Applications Vol. 28, No. 3, (2016),
- 148 -

p. 032004.
3.46 J. T. Wang, C. I. Weng, J. G. Chang, and C. C. Hwang: The Influence of Temperature and Surface
Conditions on Surface Absorptivity in Laser Surface Treatment, Journal of Applied Physics Vol. 87,
No. 7, (2000), pp. 3245–3253.
3.47 C. Sainte-Catherine, M. Jeandin, D. Kechemair, J. -P. Ricaud, and L. Sabatier: Study of Dynamic
Absorptivity at 10.6 μm (CO2) and 1.06 μm (Nd-YAG) Wavelengths as a Function of Temperature.
Journal de Physique IV, Vol. 01, No. C7, (1991), pp. 151-157.
3.48 X. Xue, A. B. Pereira, J. Amorim and J. Liao: Effects of Pulsed Nd:YAG Laser Welding Parameters
on Penetration and Microstructure Characterization of a DP1000 Steel Butt Joint, Metals, Vol. 7, No.
8, (2017), pp. 292, 1-18.
3.49 Y. Li, S. Hu and J. Shen: The Effect of Peak Power and Pulse Duration for Dissimilar Welding of Brass
to Stainless Steel, Materials and Manufacturing Processes, Vol. 29, No. 8, (2014), pp. 922-927.
3.50 J. F. Ready: Industrial Applications of Lasers, Second edition, Academic Press, USA, (1997).
3.51 M. Courtois, M. Carin, P. L. Masson, S. Gaied and M. Balabane: A New Approach to Compute Multireflections of Laser Beam in a Keyhole for Heat Transfer and Fluid Flow Modelling in Laser Welding,
Journal of Physics D: Applied Physics, Vol. 46, (2013), pp. 505305, 1-14.
3.52 R. Fabbro, M. Dal, P. Peyre, F. Coste, M. Schneider and V. Gunenthiram: Analysis and Possible
Estimation of Keyhole Depths Evolution, Using Laser Operating Parameters and Material Properties,
Journal of Laser Applications, Vol. 30, No. 3, (2018), pp. 032410, 1-7.
3.53 V. N. Tokarev and A. F. H. Kaplan: An Analytical Modeling of Time Dependent Pulsed Laser Melting,
Journal of Applied Physics Vol. 86, No. 5, (1999), pp. 2836-2846.
3.54 F. Lange, A. Artinov, M. Bachmann, M. Rethmeier and K. Hilgenberg: Numerical Simulation of the
Weld Pool Dynamics During Pulsed Laser Welding Using Adapted Heat Source Models, Procedia
CIRP, Vol. 74, (2018), pp. 679-682.
3.55 B. Fotovvati , S. F. Wayne, G. Lewis and E. Asadi: A Review on Melt-Pool Characteristics in Laser
Welding of Metals, Advances in Materials Science and Engineering, Review Article, No. 4920718,
(2018), pp. 1-18.

- 149 -

Chapter 4:
Conclusions
In recent times, lasers have gained popularity in joining technology owing to their advantage of
controlled energy input into the material. This is achieved by the ability to focus the laser beam into a small
spot, hence enhancing narrow bead and small heat affected zones, compared to most other processes. In
addition, high welding speeds can be achieved, which leads to increase of productivity. However, as
applications of laser welding become more widespread in various industries, laser beam processing is greatly
influenced by the numerous process parameters. The success of the laser beam processing depends on careful
consideration of process parameters. Therefore, there is need to understand the relationship between these
process parameters and the welding quality, with the aim of developing a reliable joining technique for
various materials. This thesis focused on laser welding of copper and aluminum alloy materials, which are
finding ever increasing applications in industries, but they are difficult-to-weld materials in laser beam
processing. With advancement of laser technology, high laser powers and intensities can now be achieved
and used to weld such materials.
Laser welding involves complex phenomena, and it results in various thermally induced effects, which
are difficult to measure through experiments. Finite element modeling allows variations of parameters that
cannot be easily obtained by experimental techniques. For instance, the temperature fields induced can be
calculated using the finite element method by considering the law of conservation of energy. Hence, FEM
based numerical techniques have proven to be very useful and efficient for product development. Therefore,
this study also involved investigation of the laser welding process using finite element analysis. In the
numerical study, the governing equations of the heat transfer problem during laser welding were developed
and solved to obtain the temperature distributions.
The study on laser welding of copper and aluminum alloy materials begins in chapter 1, whereby a
clear image of the process is described by highlighting the needs and challenges experienced, and the
approach used to overcome these challenges. Copper and aluminum alloys exhibit high light reflectance and
high thermal conductivity, thus they are difficult to weld using laser. Combination of high thermal
conductivity and low melting point makes it difficult to achieve good welding quality with high energy
utilization. Thus, in order to adapt laser welding to copper and aluminum alloys, improvement in efficiency
and quality is of utmost necessity. Therefore, experimental and numerical analyses to fully understand the
laser welding process of these materials have been mentioned in the subsequent chapters.
In chapter 2, detailed experimental and numerical investigations of laser welding of aluminum alloy
sheets were carried out using an adjustable ring mode (ARM) fiber laser, which is suitable for wide range of
materials and thicknesses. ARM fiber laser offers a dynamic adjustable beam profile with two parts namely;
center part and ring part, hence exhibiting a unique form of intensity distribution. This fiber laser could output
high power with independent control both at the center and the ring parts. For experimental work, a
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continuous wave laser was used in overlap welding of aluminum sheets with a thickness of 1.5 mm. Different
combinations of laser powers at the center and at the ring were used, coupled with various settings of nitrogen
shielding gas. Laser welding process was carried out at a high welding speed of 15 m/min. The influence of
the laser power and its intensity distribution, and the shielding gas settings on the process were clarified by
evaluating the geometry and appearance of weld bead. Shielding gas settings were basically the supply
direction and flow rate. The weld bead was evaluated in terms of its width, height, shape and surface
roughness. A method to improve penetration and stabilize the welding phenomenon at a high welding speed
was reported. Dual-mode laser irradiation of center and ring power made it possible to stabilize the welding
process. The center power helped to achieve sufficient deep penetration, while ring power ensured good
temperature distribution. Good surface quality and deep penetration welding could be achieved with dualmode welding, using low flow rate of shielding gas supplied from the backside direction. Dual-mode welding
led to a weld bead with lower surface roughness compared to pure-ring-mode welding where only the ring
power was used. In addition, dual-mode welding led to a weld bead with smaller height and width profiles
compared to pure-ring-mode welding. Therefore, laser welding of aluminum alloy using ARM fiber laser
proved to be a reliable and efficient high-speed joining method.
Further to the experimental work on laser welding of aluminum alloy, a numerical approach was
carried out to calculate and dynamically simulate the temperature fields in the welding process. For this
purpose, a three-dimensional thermal FEM based model was developed using heat conduction equations. The
model employed a combination of surface heat source with top-hat mode distribution and volumetric heat
source with Gaussian distribution, to represent the actual welding process as the heat penetrates into the
aluminum alloy material. The developed model could predict the weld bead geometry, and it agreed well
with the experimental results. The molten pool generated was elliptical in shape and it was evident that the
laser pre-heats a very small area in front of the laser beam, while a tail profile lags behind the laser beam due
to the heat transfer during the cooling process. An evaluation of both the top surface and the cross-section
showed that heat input to the weld was transferred quickly in the thickness direction, and then in the width
direction so as to reach uniform temperature distribution. The influence of laser intensity distribution was
clarified by simulating both the pure-ring-mode and dual-mode welding, while using similar total power.
Dual-mode welding led to a deeper keyhole and smaller keyhole diameter compared to pure-ring-mode case.
Center power enhances faster and sufficient keyhole formation leading to deep penetration, hence spattering
is reduced and the surface of molten metal becomes stable. Therefore, dual-mode welding leads to deep
penetration and good surface quality of the weld bead.
In chapter 3, experimental investigation on laser micro-welding of copper with the aim of improving
welding quality and process efficiency was conducted. The first part of this chapter involved use of 1064 nm
wavelength Nd:YAG laser and high quality and high efficiency were achieved by enhancing processing
stability through control of surface texture. Laser welding of copper is characterized by low and unstable
light absorption around 1000 nm wavelength, hence it is difficult to obtain good welding quality and this
leads to low energy utilization. It has been shown that the surface state of copper specimen will affect the
absorption phenomena, and consequently the amount of molten volume during the process. Therefore, the
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effects of concaves and surface roughness were investigated. The micro-welding process was classified into
three processing modes defined by various power densities namely; no-melting mode, heat conduction
welding mode and keyhole welding mode. Under no-melting condition, the power density is very low such
that it is not enough to cause melting of the material. With heat conduction welding mode, the power density
is sufficient to melt the material but insufficient to cause boiling. With keyhole welding mode, the power
density is high enough and boiling of the material is achieved, hence the creation of a keyhole in the molten
pool. Furthermore, previous research has shown that transitional processing condition between heat
conduction welding and keyhole welding exists in 1064 nm laser irradiation, and it consists of a mixture of
the two modes of heat conduction and keyhole welding. Under the transitional processing condition, if it is
possible to stabilize the process, generation of large penetration depth with no porosity can be expected,
which would lead to good surface quality. Therefore, this transitional processing condition was utilized to
improve the laser micro-welding process of copper. The effects of concaves and surface roughness on the
process were characterized by measurements of absorption rate and the molten volume. Laser absorption rate
and molten volume were increased by creating appropriate concaves and by controlling the surface roughness.
Stable micro-welding process with deep penetration and good surface quality was achieved under transitional
processing condition between heat conduction and keyhole welding. It was clarified that surface texture has
a great influence on absorption phenomena of 1064 nm laser. Control of surface texture is effective to improve
the stability of welding phenomena when using 1064 nm laser, and approximately 30 μm surface undulation
would be proper to achieve high and stable absorption rate and large molten volume with a small deviation.
The second part of the study involved micro-welding of copper by superposition of 532 nm and 1064
nm Nd:YAG lasers. 532 nm laser is characterized by high and stable absorption, while 1064 nm laser exhibits
low and unstable absorption. On the other hand, 1064 nm laser outputs high pulse energy compared to that
by 532 nm laser. Therefore, shorter wavelength can lead to high-efficient process for copper micro-welding,
but use of 1064 nm is desired in industrial applications because of its affordable cost and high reliability.
Since it has been shown that controlled surface undulations will lead to a stable process by 1064 nm Nd:YAG
laser, the 532 nm laser was utilized to create the surface undulation, and then this was followed by irradiation
of 1064 nm laser. In order to optimize the process for stability, and to achieve good surface quality and deep
penetration, the influences of power density and irradiation delay time between the two lasers were
investigated. The dynamics of molten area formation and keyhole generation in superposition were also
investigated through numerical analysis using FEM. Superposition with a short irradiation delay time such
as 200 μs and high power density of the 532 nm laser was effective in stabilizing the process. Therefore, with
a careful setting of process parameters in superposition of 532 nm and 1064 nm Nd:YAG lasers, the process
can be stabilized; and good surface quality of weld bead, with deep penetration and no porosity can be
obtained.
In the entire thesis, the main focus was to achieve high-quality and high-efficiency in welding of copper
and aluminum alloy materials using lasers, by using an appropriate approach. Stabilization of the absorption
phenomena in micro-welding of copper is achieved by control of surface texture, and superposition of
different and suitable wavelengths. In laser welding of aluminum alloy, stabilization of the process is
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achieved by control of laser power and intensity distribution, even at high welding speeds. These techniques
result in high-quality and high-efficiency welding quality. Therefore, the reported outcome presents unique
approaches and techniques of welding each of the two materials for applications in various industrial fields,
to aid in the development of products to meet the needs of society. Particularly, the techniques present novel
approaches to be used in automotive, aerospace and electronics industries, whereby copper and aluminum
alloys find great application.
Following up on this study, an investigation on copper-aluminum joining is important. The techniques
developed for stabilization of the process with each individual material can lead to good contribution to this
work. Cu-Al joints are demanded in applications such as electric contacts and manufacture of batteries, due
to unique performances such as high electrical and thermal conductivity, corrosion resistance, and low
material weight. These applications demand for strong and durable joints. Joining of dissimilar metals
through a melting process is challenging due to differences in material properties, and also the possibility of
formation of intermetallic compounds. These intermetallic compounds are hard and brittle, and are thus
detrimental to the mechanical strength and ductility of the joint. The compounds also bear a great influence
on electrical resistivity and heat conduction at the joint area. Formation of a good Cu-Al joint is dependent
on the interaction of the materials and the welding parameters. Therefore, there is need for a careful selection
and control of process parameters. Thus, experimental and numerical investigations on Cu-Al joining using
Nd:YAG laser will be done, with the aim of obtaining a high-quality and reliable joint. The optimum
processing parameters to achieve a reliable Cu-Al joining method will be discussed.
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