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acoustic emission 328, 391
bearing pad welds 337
detection of yield point 330
end cap welding 335
miniature disc bend test 328
monitoring of hydrotesting 390, 395

on-line monitoring 330, 331, 332, 391, 393

resistance spot welding 392
spacer pad welding 336
advanced eddy current techniques 374
characterization of defects 377
eddy current imaging 375
impedance imaging 377, 378
impedance imaging system 376
weld centre line 377
alloy 718 84
transformation (TTT) diagram 84
aluminium and alloys 67, 286
AC welding 286
Al-Mg fillers 286, 287
composition 69
electron beam welding 71
GMAW 71
GTAW 70
hot shortness cracking 286
intergranular cracking 286
mechanical properties 69
physical properties 67
preheating 286
pressure welding 71
pre-weld cleaning 286
types and grades 68
aluminium base alloys to steels 109
solid state welding 110
aluminium bronze 91
hot cracking 91
martensitic transformation 92
austenitic stainless steel 37, 284, 346
Crey/Nigg ratio 37
delta-ferrite control 284
fully austenitic grades 44
interpass temperature 284
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nitrogen-added grades 44
post-weld heat treatment 46

stress relief cracking 44

welding process selection 348, 349
welding stabilized grades 43

bend tests 360
face bend 361
guided bend test jig 361
root bend 361
side bend 361
wrap-around jig 361
bonding 2
Coulombic force 1, 3
covalent 2
ionic 2
metallic 2
brass and nickel silver 92
hot shortness cracking 93
zinc fuming 93
butt weld configurations 237
joint terminology 237

carbon steels 32, 282, 345, 346
heat treatment cycle 346
low hydrogen procedures 282
post-weld stress relieving 282
stress relieving 32
weldability and carbon content 282
welding consumables 345, 346
cast iron 30
electrodes for 31
Charpy V-notch impact test 362
test specimen 363
transition curve 363
C-Mn steels 32
effect of steelmaking process 32
cooling time (tg;s) 24
coated electrodes 125, 128
cast iron 131
cellulosic 129
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coating materials 126
development 125, 126
iron powder 129
rutile 129
stainless steel 131
storage and handling 132
cobalt base alloys (o steel joints 109
code design approach 292, 306
ASME Section VI Div. 1 292
joining unequal thickness 301
joint efficiency 296, 297
nozzle-shell junction 301, 302, 303
section thickness 295
weld stress formulae 294, 295
copper 90
oxygen free (OFHC) 90
phosphorus deoxidised 90
steam reaction 90
tough pitch copper (ETP) 90
copper alloys, age-hardenable 93
beryllium oxide toxicity 94
copper base alloys 87
classification 87
joint designs 95
PWHT 95
shielding gases 94
themit welding 94
welding charactenistics 88, 89
welding practice 94
copper base alloys to steels 109
filler metals 109
preheat temperatures for GTAW 109
copper-nickel 93
hot cracking 93
corrosion 183
corrosion cell 184
electrochemical reactions 183
factors influencing 184
manifestations 184
corrosion of weldments 192
austenitic stainless steel welds 199, 200
effect of microsegregation 196
effect of microsegregation 196
effect of residual stresses 209
effect of secondary phases 205, 206
effect of transformation in SS weld metal 208,
210
effect of weld defects 194
HAZ corrosion in Cr-Mo steels 211
preferential attack in multiphase weld metal 198
unmixed zone 192, 193

creep test 365
ASTM E 139 366
creep test curve 366
Cr-Mo steels 33-36
delta-ferrite 33
reheat cracking 33
temper embrittlement 33
type IV cracking 34

diffusion welding 169
variables 170
dished ends 324
intergranular SCC 323
residual stresses in 324
dissimilar metal welding 97, 302, 303
buttering 102
carbon migration 104
coefficient of thermal expansion (CTE) 100, 302,
303
corrosion resistance 105
dilution 98
effects of residual stresses 105
filler metal selection 101
joint design 103
joint integrity 97
melting temperatures 99
oxide notches 105
preheat and PWHT 103
problems in 97
service considerations 103
thermal conductivity 100
welding processes 100
dissipation of welding heat 10
conduction 10
peak temperature 10
thermatl cycles 10
drop weight test 365
ASTM E 208 364
RT-NDT 364
duplex stainless steels 55
austenite reversion 62
CCT diagram 61
compositions 55
corrosion resistance 56
chromium nitride precipitation 65
ferrite control 62
ferrite-austenite balance 60
pitting resistance equivalent 64
preheat and interpass temperature 61
PWHT 63
welding consumables 63
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welding procedures 60
welding processes 63

eddy current testing 232
ANN analysis 378
discontinuities detected 234
exciting current 233
on-line 378
principle and procedure 233
sorting of welding consumables 235
test coil 233
variables influencing, 234
edge preparation 352, 353
clad repairs 353
nozzle to shell welds 352
effect of magnetic field 7
arc deflection, arc blow 7
residual magnetism 8
electrode polarity 6
DCEP, DCEN 6, 7
embrittlement of SS welds 45
effect of weld composition 45
sigma phase 45
energy input and distribution 8, 9
energy loss 8
transfer (arc) efficiency 9
environment-sensitive cracking 188
corrosion fatigue 191
effect of applied potential on SCC 203
effect of delta ferrite on SCC 203
effect of heat input on SCC 206
effect of media on SCC of austenitic SS 221
factors influencing SCC 189
hydrogen damage 191
hydrogen embrittlement (HE) 190
mitigation of HE 191
stress corrosion cracking (SCC) 189

failure analysis 324, 325
dished ends 324
metallic bellows 325, 326
fatigue performance 296
acceptable weld profile 299
effect of offset ratio 299
effect of reinforcement bead angle 299
fatigue test 365
S-N plot 366
ferritic stainless steels 48, 284
475°C embrittlement 50, 285
austenitic filler (use of) 285
compositions 49

filler material selection 52
gaseous contamination 285
impact transition temperature 50
intergranular corrosion 52
notch toughness 52
phase diagram 49
post-weld annealing 52, 285
sigma phase 51

field NDE of components 269
angular T-joint 275
annular gap measurement 273, 276
measurement of liquid level 276
multi-wall image techniques 273

fitness-for-purpose 225, 304

flash butt welding 163
variables 164

flux coating 128
functions 128

foil butt seam welding 163

friction welded products 165
dissimilar metal joining 167, 168
similar metal joints 165

friction welding 164
applications 164, 166

gas metal arc welding (GMAW) 116
arc self-regulation 119
equipment and current source 117
power source characteristic 118
wire melting characteristics 117, 118
gas tungsten arc welding (GTAW) 134, 135
AC waveforms 144
AC welding 143
back purging 146
DC pulsed welding 141
effect of polarity 142
high frequency start 146
power source characteristics 140
shielding gases 145
tungsten electrodes 137
welding torches 136
good engineering practices 306
fabrication rules 306
inspection assessment 306
GTAW variables 146
arc current 147
arc voltage 147
automatic welding 148
defects 150
machine welding 148
manual welding 148
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travel speed 148
weld preparation 149
wire feed 148

halogen leak detectors 257
halide torch 258, 259
heated anode 258, 259
SF6 detectors 257, 260
thermal conductivity detector 259, 260
hardness test 360
hardness traverse 360
heat affected zone 19
hardenability 21
lower/upper critical temperature 19
microstructure 19
prior austenite grain size 21
sub-zones 19
heat-treatable aluminium alloys 72
aging, natural and artificial 72
Al-Zn-Mg 72
hot cracking 15
interfacial energy ratio 16
shrinkage stresses 15
wetting angle 16
hot cracking in duplex SS 64
effect of Cu and P 64
hot cracking in Ni alloys 83
constitutional liquation of NbC 83, 84
gamma-Laves eutectic 83
hot cracking in stainless steels 40
evaluation criteria 43
ferrite number 41
mechanisms 40
relation to Cr,y/Ni, ratio 41
relation to P+S content 41
self-restraint tests 43
tests for 42
types 40
Varestraint test 42
hot cracking in steels 22
HCS, UCS parameters 23
HSLA steels 32, 33
local brittle zones 33
softening of the HAZ 33
hydrogen-assisted cracking 23
carbon equivalent 24
diffusible hydrogen 24
Graville Diagram 26
hardness control approach 24
hydrogen control approach 25
minimum preheat temperature 26

restraint factor 26

sources of hydrogen 23

tests for 27

weld metal 33
hydrostatic pressure test 265

pneumatic testing 265

venting 265

infrared thermography 331
end cap welds 336
resistance spot welds 334
temperature profiles 331

intelligent welding system 332
expert systems 337
narrow gap welding 333

interfaces in welding 2
adsorbed layers 4
contaminants 4
theoretical strength 3

joining methods 1

lamellar tearing 27
through-thickness ductility 28
leak test methods 254
bubble emission techniques 255
minimum detectable leakage rates 266
ultrasonic leak detection 257
vacuum box technique 257
vacuum retention test 256
leak testing of systems 266
major tanks and vessels 267
leak test methods 254
pressure change method 254
leak testing 253, 264
calibration standards 264
instrument calibration 264
leak 253
leak rate 253
system calibration 265
test sensitivity 253
units 253, 254
leak testing of systems 266
large volume piping system 266
leak types 254
real leak 254
virtual leak 254
liquation cracking 17
grain boundary migration 17
partially melted zone 17
liquid penetrant inspection 227
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developer, types 228
fluorescent penetrant systems 228, 229
fluorescent penetrants 228
penetrant, types 227
types of developers 228
types of penetrants 227
variables 228

localised corrosion 187
crevice corrosion 187
effect of heat input 204
effect of nitrogen content 205
intergranular corrosion 192
pitting corrosion 187

low alloy steel welding 283
post-weld stress relieving 283
preheat 283

low hydrogen electrodes 130, 133
coating properties 133
mechanical properties 134
rebaking 134
running properties 133

magnetic Barkhausen noise analysis 317
assessment of PWHT 317, 318, 319
identification of weld zones 323

magnetic particle testing 229
circular magnetization 230
continuous magnetisation 230
demagnetisation methods 232
demagnetization 232

leakage field 229

magnetisation current 230

magnetisation methods 230

magnetization current 230

magnetization methods 230

prod contact method 231

prod contacts 231

residual magnetisation method 230

skin effect 230

use of yoke 231

weld inspection 231

yoke, positioning 231
maraging steels 283

cleaning procedures 283

role of fit-up-284

post-weld ageing 35
martensitic stainless steels 286

preheat temperatures 286

compositions 53

filler materials 54

preheat and PWHT 55

transformation temperatures 54
welding procedures 54
mass spectrometer leak detection 260, 261
accumulation testing 263, 264
bell jar method 261, 263
detector probe 261
helium bombing 262, 263
hood method 261, 262
tracer probe 261
mechanical tests 355
ANSI/AWS B4.0 355
ASTM A 370 355
bend tests 361
Charpy V-notch impact test 362, 363
creep test 366
drop weight test 365
fatigue test 365
hardness test 360
plain strain fracture toughness test 363
spot welds (for) 359
tension shear test 357, 358
tension test 356
metal transfer modes in GMAW 119
globular transfer 121, 122
short circuit transfer 120
spray transfer 122, 123
metallic bellows 325
stress relieving 326
microsegregation 14
efiect of convective mixing on 15
effect of solid diffusion on 15
equilibrium phase diagram 14
growth morphologies 14, 15
partition coefficient 14
partitioning 14
miniature disc bend test 328
load-deflection curve 329
offset ratio 299
secondary bending stress 299
stress magnification factor 299

NDT of welded components 224
defects 224
fitness for purpose 225
imperfections 224

nickel base alloys 79
classification 79
filler metals for 81
joint designs 86
oxide removal 287
precipitation-hardenable 82
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process selection 85
PWHT 86
shielding gases 85
solid solution alloys 80
weld defects 86
welding practice 85
nickel base alloys to steel joints 107
filler metals 108
nickel steels 34
consumables for 34
non-destructive tests 225

on-line monitoring 330, 331, 332
acoustic emission 330
ANN analysis 333
end cap welding 335
infrared thermography 331, 332
resistance spot welds 333
ultrasonic measurements 332

phosphor (tin) bronze 92
hot cracking 92
plane strain fracture toughness 363
ASTM E 399 364
compact tension test 364
prediction of delta-ferrite 39
DeLong diagram 39
Schaeffler diagram 39
WRC-92 diagram 39
process variables in GMAW 123
arc voltage 124
cold lapping 124
electrode extension 124
shielding gas 125
welding current 123
welding speed 124
projection welding 162
products 162
testing 162

quality and reliability 304, 306
quality assurance 224, 248
QA programme 248
quality 248
quality control 278
after welding 281
before welding 280
during welding 280
fitness for purpose 279
role of joint design 281, 282
workmanship standard 279

radiographic exposure techniques 244247
double wall penetration 245, 247
single wall penetration 244, 246

radiographic testing 238
ASTM E-142 242
ASTM E-99 242
butt welds 244
corner joints 245
defect evaluation 243
defect evaluation 243
double wall penetration 245, 247
encapsulated source 241
fillet welds 244, 245
film viewing 243
film viewing 243
geometric factors 240
geometric factors 240
industrial X-ray film 242
industrial X-ray films 242
lap joints 245
penetrameters 242
principle and procedure 238, 239
radiographic sensitivity 242
radiographic sensitivity 242
radioisotope camera 241
single wall penetration 244, 246
sources 241
sources in radiography 241
various joint configurations 244

radiography, high resolution 370
detection of porosity 374
image processing 374
on-line fluoroscopy 372
radiography system 373
radiography, real time 372
resolution 372
rod anode X-ray head 372

reheat cracking 28
susceptibility parameters 29
methods to reduce 29
butter-bead temper bead technique 325
half-bead technique 326

residual stress assessment 396
acoustic Barkhausen noise 396
hole drilling technique 397, 400
magnetic Barkhausen noise 396
ultrasonic velocity 396, 399, 400
X-ray diffraction 397
non-destructive techniques 396

residual stresses in welds 172
basic mechanism 172
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effect on fracture 178
effects on fatigue strength 178
effects on performance 178
environmental effects 178
measurement 182
types 173
typical stress distributions in plates 174
weld residual stresses, origin 173
residual stresses, factors influencing 174
component dimensions 175
differential cooling 176
material properties 174
phase transformations 176
shrinkage 175
sources of 175
residual stresses, methods to reduce 179
mechanical methods 179
monotonic overload 180
thermal stress relief 181
vibratory stress relief 180
resistance welding 157
heat generation 157
resistance welding machines 157
classification 158
flash butt welding 158
machine selection 158
projection welding 158
seam welding 158
spot welding 158
resistance welding process 159
automation 160
sequence timers 160
synchronous controls 160

safety in GTAW 150
fume hazard 150
radiant energy hazard 151

seam welding 162
testing 163

sensitisation in the HAZ 212
carbide precipitation in SS 213, 214
CCS diagram 215
effect of heat input 212
effect of thermal cycles 212
elemental effects on kinetics 219
EPR technique 217
mitigation techniques 220
TTS diagrams 214

silicon bronze 91
hot cracking 91

solidification mode 38

relation to Cry/Nigq ratio 39
spot welding of sheets 160
dial indexing table 160
quality control 161
spot welded products 161
testing 161, 358, 359
stainless steel to carbon steel joints 106
difference in CTE 106
filler metal selection 106
use of transition piece 107
stainless steels 284
carbon pickup 284
steel welds 22
cold cracking 23
hot cracking 22, 23
liquation cracking 22
strain age embrittlement 30
Al content 30 ‘
strain-age cracking in Ni alloys 83
effect of Al and Ti content 83
submerged arc welding, SAW 151
flux feed and recovery systems 154
power sources 153
weld defects 156
welding head mounting 152, 153
welding set-up 152
welding variables 154
wire feed system 152
super-austenitic grades 46

temnper embrittlement 30
J factor 30

tension tests 356
all-weld-metal test 356
cross-tension test 359
for spot welds 358
longitudinal weld test 357
peel test 360
tension-shear test 357, 359
transverse weld test 357

titanium alloys 73-75, 287
basket weave alpha 78
CCT diagram 77
classification by strength 74
classification by structure 74
effect of impurities 73
embrittlement 287
hot cracking 78
normalised strength 75
phase diagram 76
post-weld cleaning 288
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precautions in welding 75
pre-weld cleaning 287
PWHT 77

side-plate alpha 78

tube-tubesheet weld joints 315, 316

microfocal radiography 316

ultrasonic examination 235-240, 307

acoustic anisotropy 237

advanced signal analysis 307-9

angle beam examination 238, 239, 240
autopower spectra 312, 314
characteristics of ultrasonic waves 236
demodulated autocorrelogram 310
digital signal analysis 313

end plug weld 313

fuel pin 312, 313

inspection system 235

normal beam examination 240
scanning techniques 237

spectral analysis 311

tandem technique 238

test techniques 237

transducers 235

transducers and probes 236

typical defect patterns 239

ultrasonic techniques 379

EMAT 387

EMATS for fatigue cracks 389
SAFT 380, 381

SAFT for tee joint 382, 383

synthetic aperture focusing technique 380, 381

time of flight diffraction 384
TOFD 384

TOFD compression wave 387
TOFD for end cap weld 385
TOFD shear wave 386
TOFD single probe 386

ultrasonic testing of welds 237

detecting the weld centre line 238
double probe technique 238

joint configurations 237

single probe technique 238

single vee joint 239

various joint configurations 240

ultrasonic velocity measurement 321

for assessment of PWHT 322
ultrasonic imaging 322
weld profile 322

ultrasonic wave characteristics 235

longitudinal waves 235

surface waves 235
transverse waves 235
ultrasonic waves 236
longitudinal waves 236
Rayleigh waves 236
transverse waves 236
ultrasonic welding 169
applications 169
uniform corrosion 184
corrosion rate 185
erosion corrosion 188
galvanic corrosion 185
galvanic series 186
leaching or dealloying 188
unmixed zone 192, 193, 202, 204
effect of welding process 193
in multipass welds 193
preferential attack 204

visual inspection 225
borescope 226
borescope 226
CCD camera 225
endoscope 226
endoscope 227
flexible borescope 227
flexible fibre-optic borescope 227
microscope 226
microscope 226
optical aids 226
optical aids for 226
visual techniques 368
internal curvature of tubes 369
replica 369
videoimagescopy 369

weld cladding 110
application considerations 111
composition control in overlays 111
dilution 112
stainless steel filler metals 111
weld cladding processes 113
alloy addition through flux 113
electroslag overlaying 114
flux-cored wire 114
metal powder addition in SAW 113
other nonferrous overlays 115
plasma hot wire process 114
SAW 113
solid state cladding 115
tubular wire in SAW 113
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weld defects 224

weld discontinuities 297
classification 297

weld imperfections 224

weld joint design 289
design rules 292
joint and groove designs 291
objectives 289
role of designer 289

weld joint zones 11

weld penetration 17
convective flow mechanisms 17, 18

effect of surface active elements 17, 18

improvement 17, 18
weld puddle shape 11, 12
effect of welding speed 12
weldability 30
welder performance qualification 251
renewal of 252
wélding arc 5
regions 5
temperature distribution 5

voltage distribution across 5
volt-ampere characteristic 6
welding consumable qualification 249
qualification tests 249, 250
welding consumables 342
ASME Section 1IC 345
dissimilar welds 351
selection criteria 342
urea reactor 353
welded dished ends 351
welding cost formulae 350
deposition rates 351
welding procedure qualification 249
essential variables 251
welding procedure qualification 249
supplementary essential variables 251
welding processes 2
classification 2

X-ray residual stress measurement
dished ends 324
repair welding procedure 326





