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Over the years a large number of techniques has been developed to join materials.
Well known joining techniques are soldering, brazing, adhesive joining and welding,
each playing an important role in the present manufacturing industry. In particular
welding is applied on a wide scale, ranging from small products to large industrial
constructions.

In welding the parts to be joined are heated, sometimes in combination with the
application of pressure. The necessary heat can be provided by various sources. Use
can be made, for instance, of heat produced by electric current passage, by chemical
reactions, by radiation and by friction.

Usually, a distinction is made between fusion welding and solid state welding.

The essential feature of fusion welding is that local melting of the material(s) takes
place during the welding process followed by solidification, whereas in the case of
solid state welding no melting takes place and the weld is formed by plastic
deformation and solid state reactions.

During welding the material to be welded is subjected to a thermal cycle, consisting
of rapid heating, followed by relatively slow cooling. As a result of this thermal
cycle different physical and chemical reactions take place in the liquid and solid
phase, which are decisive for the properties of the welded joint.

This textbook deals with the different aspects of welding and is based on courses
given at Delft University of Technology in the period 1980 - 2008.

It is intended primarily for undergraduate and graduate students in materials science
and mechanical engineering, but may also provide useful background information to
engineers and researchers, who are professionally involved in welding.
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The book is divided into three parts.

In Part I (Processes) the most important welding processes applied in industry are
addressed. Specific attention is given to arc welding (Chapter 1), whereas a number
of other processes are reviewed in Chapter 2.

Part II (Metallurgical aspects) deals with the effect of the thermal cycle due to
welding on the structure and properties of the welded joint, including the
development of residual stresses.

In Part III (Applications) the possibilities and limitations of welding carbon and low-
alloy steel (Chapter 4), stainless steel (Chapter 5) and aluminium (Chapter 6) are
discussed. Chapter 7 deals with non-destructive testing of welded joints.

The authors like to thank the publisher J.E. Schievink of VSSD for his support and
patience during the preparation of the book.
Comments on the book are welcome.

G. den Ouden
M.J.M. Hermans

Delft, 2009



Vii

Preface v
List of symbols and units xi
I PROCESSES 1
1 Arc Welding 3
1.1 Introduction 3

1.2 General characteristics of the arc 4

1.3 The arc column 6

1.3.1 Ionisation 8

1.3.2 Dissociation 11

1.3.3 Electric conductivity 13

1.3.4 Heat conduction 15

1.3.5 Radiation 17

1.3.6 Plasma flow 17

1.4 The cathode fall zone 18

1.5 The anode fall zone 20

1.6  Arc ignition 21

1.6.1 Ignition by electric breakdown 21

1.6.2 Ignition by direct heating of the cathode 22

1.6.3 High-frequency ignition 23

1.7 The arc welding process 23

1.7.1 Gas tungsten arc welding 25

1.7.2 Plasma arc welding 26

1.7.3  Shielded metal arc welding 27

1.7.4 Gas metal arc welding 28

1.7.5 Submerged arc welding 31

1.8 Heat transfer in arc welding 31

1.9 Metal transport in arc welding 34
GMA welding 37

SMA welding 39

SA welding 39



Vi Welding Technology

1.10 The melting rate 40
1.11 Spatter losses 42
1.12 Magnetic effects 43
1.12.1 External magnetic fields 43
1.12.2 Magnetic arc blow 44

1.13 Power sources 46
1.14 Robotization of the arc welding process 47
1.14.1 Tactile sensors 48
1.14.2 Pneumatic sensors 48
1.14.3 Ultrasonic sensors 48
1.14.4 Inductive sensors 48
1.14.5 Arc sensors 49
1.14.6 Optical sensors 49
1.14.7 Temperature sensors 50
Bilbliography 50
2 Other welding processes 51
2.1 Fusion welding processes 51
2.1.1 Resistance welding 51

2.1.2 Electroslag welding 56

2.1.3 Power beam welding 57

2.1.4 Oxyfuel gas welding 65

2.1.5 Thermit welding 69

2.2 Solid state welding processes 70
2.2.1 Pressure welding 70

2.2.2  Friction welding 71

2.2.3 Explosion welding 74

2.2.4 Diffusion welding 75
Bibliography 77
I METALLURGICAL ASPECTS 79
3 Metallurgical aspects of welding 81
3.1 The temperature cycle 81
3.2 The weld pool 88
3.3 Slag-weld pool reactions 92
3.4 Absorption of di-atomic gases 93
3.5 Structure of the welded joint 96
3.5.1 Weld metal 96

3.5.2 The unmixed zone 102

3.5.3 The partially melted zone 102

3.5.4 The heat-affected zone 103



Contents

I

3.6 Residual stresses and distortion
3.7 Weld defects

3.8 Hot cracking

3.9 Weldability

Bibliography

APPLICATIONS

Welding of carbon and low-alloy steel

4.1 Carbon and low-alloy steels — types and characteristics
4.2 Welding processes
4.3  Structure of the welded joint
4.3.1 Weld metal
4.3.2 Heat-affected zone
4.4  Welding problems
4.5 Solidification cracking
4.6 Cold cracking
4.6.1 General description
4.6.2 Mechanisms of crack formation
4.6.3 Reducing the risk of cold cracking
4.7 Reheat cracking
4.8 Lamellar tearing
Bibliography
Welding of stainless steel
5.1 Properties of stainless steel
5.1.1 Ferritic stainless steel
5.1.2 Martensitic stainless steel
5.1.3 Austenitic stainless steel
5.1.4 Duplex stainless steel
5.1.5 Precipitation hardenable stainless steel (PH)
5.2 Weldability of stainless steel
5.2.1 Ferritic stainless steel
5.2.2 Martensitic stainless steel
5.2.3 Austenitic stainless steel
5.3 Decrease of corrosion resistance by welding
5.3.1 Pitting corrosion
5.3.2 Crevice corrosion
5.3.3 Stress corrosion
5.3.4 Intercrystalline corrosion
5.4 Welding dissimilar steels

Bibliography

104
109
111
112
113

115

117
117
119
120
120
125
128
129
130
130
134
135
135
136
137

138
138
138
139
140
142
142
142
143
144
144
148
148
149
150
150
152
153



X Welding Technology
6 Welding of aluminium and its alloys 154
6.1 Properties of aluminium 154
6.2 Designation of aluminium alloys 155
6.3 Welding of aluminium alloys 157
6.3.1 Welding processes and weldability 157
6.3.2 Mechanical properties of the weld 159
6.3.3 Weld defects 161
Bibliography 163
7 Non-destructive testing of welded joints 165
7.1 Introduction 165
7.2 Non-destructive testing methods 167
7.2.1 Visual inspection 167
7.2.2 Liquid penetrant testing 167
7.2.3 Magnetic particle testing 168
7.2.4 Radiographic testing 169
7.2.5 Ultrasonic testing 171
7.2.6  Acoustic emission testing 173
Bibliography 174
Appendices 177
A. Weld types B. Groove types 178
C. Welding positions 179
D. International Institute of Welding (IIW) 179
E. Abbreviations 181
Index 182



