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Behavior predictions—end of life, 41
Beltlinc materials—Reactor pressure vessels,
148
Beznau nuclear power reactor, 50-51 (tables)
Binary alloy Fe-0.8 Cu
microhardness, 65 (fig)
relative peak height vs temperature, 64 (figs)
Boiling water reactors, 130, 163
Brittle failure, 4-5, 188
Brittle fracture. 115, 121, 123, 161
Budapest Research Institute for Iron and Steel,
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Capsulc testing, 85
Catastrophic vessel rupture, vii
Cavity dosimetry, 145, 152-155 (fig, table)
Charpy impact cnergy levels, 78 (fig)
Charpy impact energy vs temperature curve,
115
Charpy impact testing
Krsko pressure vessel material, 87 (table)
Charpy impact tests—summary, 264
Charpy surveillance, 76 (fig), 77, 178 (fig)
Charpy testing machine, 50 (table)
Charpy transition temperature, 213, 214 (fig),
215
Charpy-V energy in pressure vessel steels, 137-
140 (figs)
Charpy V-notch curves, 85-87 (figs), 88
Charpy V-notch specimens
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Charpy V-notch impact testing
energy transition curves, 118-119 (figs)
specimens, 10-13 (figs), 84
Wolpert-Amsler Charpy hammer type PW
30/15, 84
test data, 14-15 (figs), 18, 117, 118 (table),
1.18-119 (fig)
test results. 96-98 (figs, tables)
tests, 4, 6-8
upper shelf energy (USE), 24, 178
with trepan material, 14, 24
Chemical composition
of alloy plates, 259
pressure vessel steels, 84 (table), 116-117, 174
Chemical impuritics, 136
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Chernobyl accident, vii
Cleavage fracture, 125
Clustering, 243-255
COD (See Crack mouth opening displacement)
Collaborative research, 48
Component failure behavior over toughness
range, 4
Coolant temperatures—light water reactors,
168, 171
Cooperation, international, vii
Copper. 39
Copper
effect on chemistry factor, 179-181 (figs)
embrittlement role, 230
in light water reactors, 164
in nuclear power plants, 177
in pressure vessel steels, 137, 141, 145, 147
particles, 237 (table)
precipitates, 206-207
precipitation model, 213, 216
trend curves, 177
Copper bearing reactor pressure vessel steels,
246
Copper content, radiation damage—summary,
263
Core diameter vs reactor pressure vessel
diameter, 131, 132 (fig, table)
Core edge and RPV, input of steel shields
(neutron pads), 133
Core geometrics, 133
Core types—neutron flux density, 133, 134
(fig)
Correlation monitor materials, 92-93
Crack arrest toughness
radiation effects, 217
Crack estension, 24
Crack growth, 23 (fig), 96
Crack initiation, 24
Crack mouth opening displacement (COD), 95
Cyclic crack growth, 3
Cylindrical rings of reactor pressure vessels, 142
(fig)
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Damage due to irradiation
embrittlement, 164
Defect impurity interaction studies in metals,
257
Defect size distribution, 246
Defects, 229, 234-236 (figs)
Deformation theory, 109 (fig)
Degradation
irradiation effect thermal aging, 23, 41
irradiation induced, 264
DENS (See Diffuse elastic neutron scattering)
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Density flux, 127, 133-134, 143
Design
light water reactors, 115, 130, 161-173

Diffuse elastic neutron scattering, 49 (table). 61,
67
Doppler broadening, 191-195 (figs), 197-200
(figs), 200 (table)
Doppler S value vs microhardness, 43-44 (figs)
Dose rate effect
accelerated tests, 54
irradiation experiments, 56 (table)
Dosimetry, cavity, 145
Dosimetry techniques—summary, 263
Double edge notched tension (DENT)
specimens
fracture mechanics testing, 6-8
Drop-weight test, 4
Ductile crack growth, 96
Ductile-to-brittle transition temperature, 115-
116
Dynamic fracture testing, 94
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Edge notched tension specimens, 6-8
Elastic fracture mechanics properties
code procedure, § (fig)
Elastic neutron scattering, 49, 61, 67
Elastic plastic fracture
mechanics, 172
toughness, 92
Electron microscopy, 41
Embrittlement (See also Irradiation
embrittlement, Neutron fluences,
Pressure vessel steels, Radiation
embrittlement)
consideration in plant design, 174
copper, 230
forecasting, 183
influence of flux density, 127, 128 (fig)
irradiation, 3, 41, 115-117, 121, 145
light water reactors, 56 (fig)
mechanisms, 215
model, 210
neutron, 83, 147
of steels, under neutron irradiation, 246, 257
of weld metal, 199
pressure vessel steel, 229
radiation
impact on nuclear plant operations, 174
surveillance programs, 3, 5, 145, 177-183
reirradiation, 206-207
Embrittlement mechanisms, 59
Emission testing, acoustic, 81
Empirical model, 213-214 (figs)
End-of-life (EOL)
behavior predictions, 41
RPV fluences, 134-135
RPV material toughness, 131
Energy transition curves, 118-119 (figs)
Environmental effects—interactions with
irradiation embrittlement, 168
EOL (See End-of-life)



Fast neutron flux, 159
Fast neutron irradiation, 246
Fatigue damage, 162
Fe-0.8 Cu—binary alloy
microhardness vs temperature after
quenching, 65 (fig)
relative peak height vs temperature, 64 (figs)
Ferritic materials
fracture toughness properties, 174
Ferritic steels, 3, 52
Finland reactor, 264-265
Finland technical research centre (VTT), 260
Fluence, 177, 210-211
Fluence dependence
flux measurement and distribution, 76
irradiation experiments, 56
transition temperature shifts, 120 (fig), 127,
143 (fig), 182

Fluence distribution—reactor pressure vessel, 133

Fluence reduction, 133, 143
Flux density
fluence reduction, 133-134, 143
influence on embrittlement, 127, 128 (fig)
Flux measurement and distribution, 76, 77 (fig)
Flux monitor capsule assembly, 159
Flux reduction factors, 147, 150, 153 (table), 158
(table), 159
Flux reduction measures
Maine Yankee atomic power station, 145-160
Forged steel, 130
Fracture behavior, 49 (table)
Fracture mechanics
impact testing, 94
influence of irradiation, 123
material properties, 5-6, 16, 24
test procedures, 67
testing—results, 6-7 (figs)
toughness, 73, 92, 115, 172
measurements, 93
under extreme loading, 18
Fracture testing, 94
Fracture toughness
for brittle failure, 4, 5 (fig)
influence of irradiation, 123
measurement, 92, 121, 124 (table), 125, 126-
127 (figs)
properties, 174
response to annealing, 213
safety against brittle fracture, 123
summary, 263-264
test results, 99-110 (figs, tables)
testing, 143
Fuel assembly dimensions
Maine Yankee atomic power station, 145, 146
(table)
Fuel management
Maine Yankee atomic power station, 145, 146
(table), 150-151
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Geometrics—core, 133
German surveillance program. 141
German RPV materials—techniques for quality
control, 136
German Reactor Safety Commission, 134-135
Goesgen nuclear power station
reactor pressure vessel surveillance program.
53 (table)
Guinier plots
small angle neutron scanning cross section for
irradiated steel, 250 (fig)
Gundremmingen A (KRB-A)
reactor pressure vessel, 3-4, 9 (fig), 17 (fig), 55
trepan investigation, 10 (fig, table), 11 (table),
24

H

Hanford Engineering Development Laboratory
(HEDL), 155
Hardening, radiation, 229, 255
Hardness, 189, 192, 196-199, 201
Heat treatment
effects of irradiation experiments, 56 (table)
samples, 231-232 (tables)
Heavy water reactors, 130
HEDL (See Handford Engineering
Development Laboratory)
Hexan-Evalu code—lead factor evaluation, 79
HFIR (See U.S. high flux isotope reactor)
Hydrotesting, 170
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IAEA (See International Atomic Energy Agency)
Idaho National Engineering Laboratory (INEL),
162
1ITM (See Instrumental impact testing
machine)
Impact testing, 84, 88, 89 (table), 93, 115
Impact testing, Charpy V-notch, 87 (table), 94,
118-119, 176
Impact testing machine (ITM), 50 (table)
Impurities, 257
Indexing temperature, 122
INEL (See Idaho National Engineering
Laboratory)
Instrumental impact testing machine, 50 (table)
Integrity, pressure vessle, 41
Integrity assurance
coordinated research program, 264
International Atomic Energy Agency (IAEA)
correlation monitor material
chemical properties, 92, 93 (table)
mechanical properties, 93 (table)
test methods
elastic plastic fracture toughness
measurements, 93
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impact testing of Charpy-V notch
specimens, 93
instrumented impact testing of precracked
Charpy specimens, 93
linear elastic fracture toughness
measurements of Charpy V-notch
spceimens, 93
Irradiated-annealed-reirradiated experiments, 58
Irradiated steels
cluster number densities, 252-253 (tables)
cluster parameters as a function of
phosphorus content, 251 (fig), 253 (fig)
neutron, 246, 257
volume fractions, 255 (fig)
yield strength, 249 (fig)
Irradiated surveillance specimens
Charpy results, 76
Irradiated test data, 207, 208 (table)
Irradiated vessel model alloys, 257, 259
Irradiation
conditions, 58 (table)
damage, 67, 164, 207, 230
damage detection, 231
defect physics, 61
defect structures, 248
cffects, 41, 48, 130, 136, 174
embrittlement of RPV steels, 189, 190 (table),
206, 214, 216
fluence, 210, 211 (fig)
influence on fracture toughness, 123
microhardness, 209
ncutron, 243, 257
precipitation under, 229-230
samples, 231 (table)
temperature effects, 209
Irradiation effects on materials—summary,
263
Irradiation embrittlement
chemical composition of pressure vessel
steels, 116-117 (table)
damage, 164
environmental interaction, 168
impact on plant operations, 168
international programs, 42
light water reactors, 162-165
national programs, 42
of pressure vessel steels, 39, 55, 115-117
reactor pressure vessels, 161-173
sensitivity of pressure vessel steels, 136
strain aging, 41
strengthening, 168
survcillance programs, 3, S
Swiss research program, 55
Irradiation experiments, 56 (table)
Irradiation induced degradation—summary,

264

Irradiation—influence on fracture toughness,
123

Irradiation pressure vessel steels, 214, 216, 243,
257

Irradiation program, 60

Irradiation test results of reactor pressure vessel
stecls, 141

Isochronal annealing, 192, 195 (fig) 197, 198 (fig)

ITM (See Impact testing machine)

K

Krs$ko nuclear power plant (Yugoslavia)
Charpy impact testing, 87 (table)
ncutron embrittlement surveillance, 83

L

Laterial shift model, 212 (fig), 216
Lattice imperfcctions, 215
Lead factor, 73
Lead factor—measurement and calculation, 79
Leakage, 133-134, 150-151
Leibstadt nuclear power station
reactor pressure vessel surveillance program,
54 (table)
Licensing procedures, 127, 162
Lifetime spectra, 258
Lifctime testing—toughness, 75
Light water reactor study group (LWRSG),
pressurized water reactor (PWR), pressure
vessel integrity, 41
Light (See also Reactor pressure vessels)
aging, 162
design, 115, 130, 161-173
embrittlement and recovery mechanisms
programme, 56 (fig)
fatigue damage, 162
Krsko nuclear power plant
Charpy impact testing, 87
neutron embrittlement surveillance
program, 83
irradiation embrittlement, 162-165
license renewal, 162
mechanical test programs, 56
nuclear plant opeations, 174
operating procedures, 168
pressure vessel steel program, 56 (fig)
pressurc vessels, 3-24, 161-173
safety, 162
surveillance program, 161-173
Load displacement curve, 125
Low alloy stecl, 130
Low leakage fuel management, 150, 151 (fig)
Low-temperature overpressurization (LTOP),
169-170 (figs), 186
LTOP (See Low-temperature
overpressurization)
LWR (See Light water reactor)
LWRSG (See Light water reactor study group)

M

Magnetic scattering, 231
Maine Yankee atomic power station
design, 145-160



end-of-cycle surveillance, 147
reactor vessel beltline materials, 148 (fig)
Material behavior
fracture mechanics, 5-6, 16
microstructural changes of RPV steels, 204
Matenrial degradation. 23 (fig)
Material toughness tests, 4
Materials constitutional dependence
irradiation experiments, 56
Materials Engineering Associatcs (MEA).
United States, 4, 260
Matenals testing system (MTS), 51
Matcrials testing. Yankec Atomic power station,
147
Mcasured tifetime spectra, 258
Mechanical properties
pressure vessel steels
annealing, 192, 200
irradiation embrittlcment, 39, 48
irradiated plates, 247
stcel plate. 93
prediction models, 174
Mechanical test program, 58. 60, 79
Mechanics of embrittlement, 215
Mechanisms modelling, 39
Mechanisms program, 61
Metal impuritics. 259
Microhardness response
anncaling of pressurc vessel steels, 207, 209
(fig), 216
annealing vs Charpy transition, 213 (fig)
model predictions. 211
vs temperature, 65 (fig)
Microphysical experimental methods. 61
Microscopy, transition electron, 41
Microvoids, 204
Model predictions, 182, 183 (fig)
Models and modelling, 39, 182, 207, 210-216,
232-233
Model alloy plates
chemical composition, 259 (table)
MTS (See Servohydraulic materials testing
system)
Muchlenberg nuclear power reactor, 50-51
(tablcs)
Muon spin rotation spectroscopy, 49, 35, 61, 66,
230

N

Neutron embrittlement, 189

Neutron embrittlement surveillance program
Krsko nuclear power plant, 83
Mainc Yankee atomic power station, 144-

160

nuclear plant operations, 147, 174
pressurc vessel steels, 54, 59, 174

Neutron exposition, 217

Neutron exposure, 3

Neutron cxposure—surveillance program
Krsko plant, 88 (tablc)
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Neutron fluence
nuclear plant operations, 177
pressure vessel steels, 43, 115, 131, 132 (fig,
table), 177
Ncutron fluence reduction, 133, 143
Neutron flux, 133, 134 (fig). 159
Neutron irradiation
cffects on RPV materials, 136
effects on RPV steels. 174
cnvironment—influence on fracture
mechanical characteristics, 50-51
(tablcs), 168
experiments on welds, 42-45
rcactor pressure vessel steels, 67, 189
steel samples, 258
steels, 246, 257
Necutron Icakage—reduction techniques. 133-
134
Neutron pads (steel shiclds)
between core edge and RPV, 133
Neutron radiation. 188
Neutron radiation cffects, 92
Necutron scattering, 61, 239-241
Neutron spectrum, 57 (fig)
Neutron transport calculations, 145
Neutrons, 39
Nickel
content, radiation damage—summary, 263
cffects on chemistry factor. 179
cffects on radiation embrittlement trend
curves, 177
in reactor pressure vesscl stecls, 142, 145
Nil-ductility transition for pressurized thermal
shock, 165
Nondestructive examination mcthods, 3
Nondestructive testing, 79, 81
Nonductile failure
protection against, 4
NPAR (See Nuclear plant aging research
program)
NRC (See Nuclear Regulatory Commission)
Nuclear Plant Aging Rescarch Program
(NPAR), 162
Nuclear power plants (See also Reactors)
Beznav, 50-51 (tables)
commercial—U.S., 161
copper content of steel. 177
design and construction. 131-144
Federal Republic of Germany (FRG). 131
Goesgen, 53
Gundremmingen A, 3-9, 17, 55
Krsko nuclear power plant, 83
Licbstadt, 54
Muehlenberg, 50-51
operations, 174
prefabricated. 41
pressure vessel integrity analysis, 175
safety, vii, 4, 162
Nuclear Regulatory Commission (NRC) (See
U.S. Nuclcar Regulatory Commission)
Nuclear steam supply vendors, 163
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Oak Ridge research reactor, 264
Operating procedures

light water reactors, 168
Overpressurization, low temperature, 169-170

P

Paks NPS (Hungary) surveillance program, 73
Particle distribution, 238, 239 (table), 240-241
(figs)
PAT (See Positron anihilation techniques)
Phosphorus, 39
Phosphorus
cluster parameters for irradiated steels, 251
(fig)
concentration on radiation sensitivity, 248-
249
effect on CVN notch ductility, 177
in pressure vessel steels, 137, 141, 243-256
Pion-muon beam line, 66 (fig)
Plant design, 174
Plant lifc extension of nuclear power reactors—
summary, 263-266
Plant operating criteria
nuclear, 174
Plant operations
embrittlement, 168
Plant surveillance, 174
Plant transients, 170
Positron annihilation techniques (PAT), 49, 61,
230, 257
Positron lifetime
irradiation damage at high temperature, 259
measurements on irradiated pressure vessel
model alloys, 257, 259, 260 (fig)
Positrons, 189, 191, 201
Postanncaling embrittlement, 206, 211
Post irradiation thermal annealing, 199, 250,
251 (fig)
Post irradiation thermal heat treatment
temperature-time regime, 193-194, 201
Power reactor annealing data, 215
Power reactor irradiations, 207, 208 (table)
Precipitation under irradiation, 229-230
Prediction curves, 213, 214 (fig)
Prediction models, 182, 183 (fig)
Prefabricated nuclear power plant, 41
Pressurc-relieving systems during low-
temperature operation, 186
Pressure-temperature
limit curves, 175, 184
diagram, 169 (fig)
effects of embrittlement on plant operation,
175
heat-up limit curve, 184-185
summary, 264
Pressure vessels (See also Reactor pressure
vessels)
integrity, 41

irradiation embrittlement, 42-44
light water reactors, 56
neutron irradiation effects, 92
phosphorus dependence of irradiated steels,
45 (fig)
Sizewell B pressure vessel, 40
steels
annealing, 188-206, 229
chemical composition, 116-117
irradiated, 214, 216, 243, 257
mechanical properties, 3, 39, 48, 93, 174
model alloys, 257-260
phosphorus content, 243-256
neutron embrittlement, 59, 83
neutron irradiation cffects, 137-140
surveillance programs, 91
strain aging, 42
chemical composition, Krsko plant, 84
(table)
surveillance, 53, 92
surveillance program—Krsko nuclear power
plant, 83
surveillance programs—IAEA monitor
material, 91
unirradiated welds, 43
Pressurized thermal shock, 18-22 (figs), 145, 165
summary, 264
Pressurized thermal transients, 170
Pressurized water reactors (See also Boiling
water reactors, Light water reactors,
Reactor pressure vessels)
chemical composition of beltline region
materials, 164 (table)
compared to boiling water reactors, 163
design, 39-40, 131, 163
end-of-life fluence, 163
irradiation embrittlement, 164
Krsko, Yugoslavia, 264
Main Yankee atomic power station, 145, 146
(fig, table)
Oak Ridge research reactor, 264
pressure vessel integrity, 41, 131
pressure vessel vs core diameter, 131, 132 (fig,
table)
Rosendorfer Forschungsreaktor RFR, 190
Soviet, 189
Prestress effect, 22
Property changes, 39
PTS (See Presurized thermal shock)

Q

Quality control techniques—German RPV
materials, 136
Quenching, 65

R

Radiation damage
light water reactors, 171-172
measuring effects, 175



prediction methods, 176
summary, 263
Radiation defects, 229
Radiation effects, 39, 52, 115, 217
Radiation embrittlement
nuclear plant operations, 176, 177 (fig)
pressure vessel steels, 91, 145, 243, 257
reactor pressure vessels, 174
summary, 263-266
trend curves
effects of copper, nickel and fluence, 177
Radiation hardening, 229, 255
Radiation sensitivity, 248
Radiation-induced embrittlement relief, 60
Radiometric analysis of surveillance capsules,
147, 155 (table), 156

Reactor pressure vessels (RPV) (See also Boiling

water reactors, Heavy water reactors,
Light water reactors, Pressurized water
reactors)
cylindrical rings, 142 (fig)
design, 130-144
embrittlement program, 55 (table)
fluence distribution, 133, 135-136
fluence surveillance, 130
irradiation effects, 131
irradiation test results, 141 (fig)
Maine Yankee atomic power station,
dimensions, 145, 146 (fig) 147 (table)
materials, 48
end-of-life (EOL) toughness, 131, 135
German experimental nuclear power plants,
quality control of steels, 136
neutron irradiation effects, 130
toughness—improvement, 131
neutron flux density, 135
nuclear plant operations, 174
research, 55
safety margins, 166
service life, 166
steels
annealing, 188-205
chemical composition, 189 (table), 231
(table), 245 (table)
copper bearing, 246
effect of copper and phosphorus content,
141, 142 (fig)
embrittlement, 161-173
fracture toughness, 123
irradiation, 230
irradiation embrittlement, 48, 49 (table),
67, 115-117, 130
irradiation test results, 141
neutron irradiation effects, 92, 130
nickel content—influence on toughness
reduction, 142
summary, 264-265
surveillance programs, 54, 176
Reactor steels
chemical composition of materials, 116-117
(table)
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German RPV materials, techniques for
maintaining quality, 3-9, 53, 136
irradiation effects, 118-120 (figs)
steel embrittlement, 116
surveillance and research programs, German,
141
RPV (See Reactor pressure vessels)
Reactors (See also Nuclear power plants)
boiling water reactors, 130, 163
heavy water reactors, 130
light water reactors, 56, 83, 115, 130, 161-174
pressurized water reactors, 39-41, 131-132,
163-164
Reactors—summary, 264-265
Reference temperatures, 123, 143, 165
Reference test materials, 264
Reference toughness, 176 (fig)
Rchardening, 60
Reimbrittlement
model for annealing, 206
Reirradiation embrittlement, 207, 216
Reirradiation fluences, 211
Reliability, 188, 206
Research and surveillance programs, vii
Research Institute for Iron and Steel (Budapest,
Hungary), 74
Residual life assessment task, 162, 167
Risk assessments, 264
Rolls-Royce prefabricated nuclear plant, 41
Rosendorfer Forschungsreaktor RFR
pressurized water reactor, 190
Round-robin test, 74
RTnpr, 83

Safety, vii, 4, 127
Safety
against brittle fracture, 123
assessments, 264
light water reactors, 162
operation of reactor pressure vessels, 174
SANS (See Small angle neutron scattering)
SAPHIR materials test reactor, 54
SAXS (See Small angle X-ray scattering)
Scattering, 231, 233, 234-236 (figs), 238-241
Servohydraulic materials testing system, 51
(table)
Silicon
effect on CVN notch ductility, 177
Sizewell ‘B’ pressure vessel, 40 (table), 264
Small angle neutron scattering (SANS)
availability, 55
cross sections (Guinier plots) for irradiated
steel, 250 (fig), 254 (figs)
data analysis
constant magnetization, 231, 244
defect sizes—nuclear/magnetic identical,
244
damaged steel study, 52, 61
distribution of atoms, 244
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interpretation, 244

irradiated pressure vessel steels, 229-230, 238.

239 (table), 246
irradiation damaged stecls, 61, 67
mcasurcment, 244
phosphorus effccts, 243
scattering, 42-43
Small angle X-ray scattering (SAXS), 49, 61
Soviet reactor, 189
Specimens for surveillance testing, 73
Spectroscopy, spin rotation, 49, 55, 61, 66
Spectrum effccts, 56
Spin rotation spectroscopy (See Muon spin
rotation spectroscopy)
uSR (See Muon spin rotation spectroscopy)
Stcel alloying elements, 247
Staatlichc Materialpriiffungsanstait, 4
Static fracture testing, 95
Steel shields (neutron pads), 133
Stecls (See also Pressure vessels)
chemical composition, 84 (table), 116-117
(table), 174
chemical impurities—control, 136
copper and nickel content, 164
degradation, vii, viii, 164
cmbrittlement, 122, 164
environmental effects, 168
ferritic, 3, 52. 230
high-temperature cleavage fracture, 168
irradiated, doped with phosphorus, 246
irradiation, 168, 230
low alloy, 130
making, refining, pouring, forging, and heat
treatment techniqucs, 56, 136-137
material properties—control, 136
mechanical propertics, 39, 48, 93, 174
nondestructive tcst methods, 188
reactor pressure vessels, 3, 56, 92, 115-117,
131, 138, 168
Sizewell ‘B’ pressure vessel, 40 (table)
surveillance programs, 48
Strain aging, 41
Stress intensity factors, 175
Stress-strain calculation
computer codes, 24
mechanical tests, 80
radiated and annealed spccimens, 203
Summary
radiation embrittlement of reactor pressure
vessel steels, 263-266
Surveillance, 73, 174-187
Surveillance capsule testing, 85 (fig), 147-155,
174
Surveillance data basc, 174-187
Surveillance inspections
nondestructive testing, 79, 81
Surveillance programs
embrittlement, vii, 3, 5
fast neutron fluxes, 156 (table), 157, 159
flux monitor capsule assembly, 159

flux reduction factor (FRF). 149-157, 158
(table), 159
German, 141
International Atomic Energy Agency, 91
Krsko nuclear power plant, 83
light water reactor pressure vesscls, 167
Maine Yankee atomic power station, 145-
160
ncutron exposure, 88
nondestructive test methods, 204
nuclear plant operations. 174-187
nuclear power plants, 49, 50-51 (tables)
radiation embritticment, 206
reactor pressure vessel steels, 92
rcactor pressure vessels, 52-53, 135-136
Surveillance results
summary. 264
validation, 17, 67, 74
Surveillance testing, 74
Swiss Federal Institutc of Rcactor Research, 55

T

TEM (See Transition electron microscopy)
Temperature
Charpy indexing, 123
ductile-to-brittle transition, 115-116
effects under irradiation, 203
indexing, 122 (table)
positron lifctime, 257-260
reference in irradiated state—for design
against brittle fracture. 121 (fig)
reference temperatures, 123, 143, 165
transition, 122 (table)
Temperature difference, wall, 75
Temperature limits, pressure, 161, 170-171,
177-184
Temperature monitoring, Kriko plant, 88
Temperature-time rcgime
anncaling, 210-214
for postirradiation thermal heat trcatment,
194, 201
Tensile strength, 193 (figs), 249 (figs)
Tension test parameters
irradiated vs unirradiated spccimens, 196
(fig), 201-202 (figs)
Test methods and procedures
assessing radiation effects, 217
Charpy V-notch, 50
lifetime testing and evaluation, 75
nondestructive, 190-191
toughness, 93
Test rcactor data, 48, 141
Testing and evaluation, 75 (fig)
Thermal annealing
changes in Vickers hardness, 198 (table), 199-
200
cffects, summary, 264-265
post irradiation, 199-200 (figs, tablc) 250
pressure reactors, 166



summary of cffects, 264-265
weld metal bchavior, 199
Thermal embrittlement, 73
Thermal heat treatments, 201
Thermal instability, 60
Thermal shock, 3, 147, 165
Thermal shock—pressurized, 166 (fig)
Thermal shock screening criteria, 165
Thermal transients, 170
Toughness, 115, 176, 188, 217
Toughness tests, 4
Transferability of data, 54, 67
Transients, {70-171
Transition clectron microscopy (TEM), 149
Transition temperaturc shifts
Charpy, 213
energy levels, 78, 79 (table)
experimental vs prediction, 122 (table)
fluence dependence, 61 (fig), 120 (fig) 194 (fig)
fracture toughness, 121
irradiation effects, 182, 247, 248 (fig)
surveillance, 73
spcecimen irradiation time, 80 (fig)
Trepan material, Charpy specimens, 14, 24

U

Ultrasonic testing, automatic, 81
Universitit Stuttgart (MPA), 4
Upper shelf energy (USE)
adjusted reference temperature effects, 123
(fig)
crack extension, 24
surveillance, 53, 171-172, 178
U.S. Code of federal regulations
10 CFR 50.61, 165
10 CFR 50 Appendix G, 175
U.S. Nuclear Regulatory Commission (USNRC)
PPG NUREG-0885, 162
regulatory guide 1,99, 4, 24, 121
revision | and 2, 41, 44, 83, 88, 141, 165,
179-184
USE (See Upper shelf energy)
USNRC (See U.S. Nuclear Regulatory
Commission)
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Vanadium—cffect on CVN notch ductility, 177

Versuchsatomkraftwerk Kahl (VAK), 23

Vertical shift modecl, 207, 212, 216

Vessel integrity assurance—summary, 264

Vessel rupture, vii

Vessel safety assessments—summary, 264

Vickers hardness, 190, 191 (fig), 194-200 (figs,
table)

Volume fractions for irradiated steels, 255 (fig)

W

Wall temperature difference, 75
Warm prestress cffect, 22 (fig)
Wedge opening load (WOL) specimen, 50
Weld material
mcasured and calculated reference curves, §1
(fig)
reactor pressure vesscls, 140 (figs)
Welds and weldments
annealing bencfit, 213, 214
chemistry effects, 179, 180 (fig), 182
comparison of shift predictions, 166 (fig)
copper and nickel content, 164, 177-181 (figs)
neutron irradiation cxperiments, 42-46
Maine Yankee atomic powcr station, 145-
147, 148 (fig)
metal cmbrittlement, 199
sensitivity to embrittlcment, 147
WOL (See Wedge opening load specimen)
Wolpert-Amsler Charpy hammer type PW 30/
15, 84

Y

Yankee atomic powcr station (See Maine
Yankee atomic power station)

Yicld strength for irradiated plates, 249 (fig)

Yugoslavia, Krsko rcactor, 264





