
Subject Index
A

AFNOR Specification Z 6 CNDT 
17-13, 234, 238

Alloy Development for Irradiation 
Performance (ADIP), 20

Alloy films, 430
Alloys (see also Stainless steels; Zir- 

caloy)
A302B, 1165
A302B/A508/A533B, 872, 1085 
A533B, 1094, 1111, 1132, 1165 
AMAX-MZC copper, 364-380 
AMZIRC, 304, 312-313, 364-380 
Austenitic, 187
Binary systems, 33-34, 176 
Copper (see also Copper), 160,

298, 299
Densities, 161, 163
Fusion energy applications, 378—

380
Hardness, 159, 162-163 
High strength, 363 
Resistivity, 367, 368 
Void formation, 304

Cr-Mo, 8, 11-17, 21-22, 580 
Creep resistant, 17 
Face-centered-cubic (fee), 98 
Ferritic

Chemical composition, 9 
In-reactor creep, 7 
Irradiation creep and swelling,

19

Fe-Cr, 344, 346
Fe-Cr-Mo, 19, 383
Fe-Ni-Cr, 139, 216-217, 277, 

474-476, 502
Fe-Ni-Cr-Si, 468 

Helium effects on, 318, 1211 
HT-9, 7-8, 13-17

Fracture resistance, 580 
Irradiated, phase stability in, 167 
Iron-chromium, 33-34, 177-179 
Mn-Mo-Ni, 1047, 1055-1056 
Mn-Si, 181
Ni-Al, 432-441 
Ni-Ge, 432-433, 444-447 
Ni-Si, 432-444
Oxygen-free, high conductivity, 375 
Precipitation-hardened, 128 
Radiation-resistant design, 490,491 
Titanium, 318
Titanium-zirconium, 179-180 
Vanadium, 1211 
Zirconium, 667

Aluminum
Annealed

Evolution of dislocations in, 
250-252

Void formation in, 254-256 
High-purity

Cascade defect formation, 409, 
413-414, 417

Dislocation walls, 249
Displacement damage, 394 

Impurities, 258, 260
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Aluminum {continued)
Oxidation of, 760 
Segregation

Concentration, 434, 438, 441 
Depletion, 435 
Enrichment, 437, 440

Anisotropy, irradiation-creep-induced, 
98

Annealing
Copper-krypton deposits, 1225 
Dry, 982, 1006 
Effect parameter, 973-975 
Gas bubble structures, 1236-1237 
In-service, 979

Feasibility, 980-983 
Recovery, high copper welds, 988-

1000
Stress-relief, 716-717, 719 
Wet, 981, 982, 983

ASME Boiler and Pressure Vessel 
Code

Section III, 1010 
Appendix G, 980, 992, 1006,

1007, 1184 
Section XI, 1061

Appendix A, 1178-1182, 1183, 
1184

Article A 3000, 1119 
Weld metals, 1047

ASTM Committee E-10 task group, 
1000

ASTM Cooperative Test Program on 
Crack-Arrest Testing, 1064

ASTM Practice for Conductivity Sup
plemental Surveillance Tests 
for Nuclear Power Reactor 
Vessels, 587

ASTM Standards 
D 1688-77, 1051 
E 8-77, 917 
E 8-79, 708 
E 8-82, 1067 
E 21-79, 1067
E 23-82, 582, 1064, 1067, 1096

E 139-79, 705, 708 
E 185-70, 935 
E 185-73, 935 
E 185-79, 1164 
E 185-82, 1044 
E 399-74, 549, 561 
E 399-83, 938, 1115, 1134, 1167 
E 419-73, 942 
E 482-76, 942 
E 509-74, 980
E 509-74 revision, 1000-1006, 1007 
E 813-81, 549, 551, 555, 557, 562,

567-568,634,890,938,1064, 
1067,1114-1117,1119,1135, 
1136, 1153, 1156, 1176

B

Blink tests, 229
Bubbles {see also Helium bubbles) 

Annealing of, 1236-1237 
Diameters, 827, 828 
Equilibrium, 830 
Movement, 1230, 1232 
Size, 1230, 1232-1233 
Structure, 1232-1233 
Swelling, 1227, 1234

Bulk chemical analysis, 1049-1050, 
1052-1055

Burgers vector 
Anisotropy, 102, 107 
Identification, 98, 99-101, 102 
Reaction, 76, 81, 94

Burst tests, 657, 661, 662 
Multirod, 657
During thermal transients, 692, 

695-697
Tube, 658-660, 662-665

C

Carbon effects, 218, 219 
Cascade defect formation

Clusters, 413-414 
Damage, 416-417
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Distribution, 414-415 
Energy dependence, 411-413 
Low-temperature ion-irradiated

metals, 407
Morphology, 414-415, 416-417 
Structures, 410-411, 413-414 
Surface effects, 415-416

Cascade depleted zones, 407, 412,
414

Cascade diffusion theory, 482-485 
Cavity distribution

Along grain boundaries, 74 
Bimodal, 345, 348, 349, 353, 357,

362
Ion bombardment and, 386, 388 

Cavity growth mechanisms
Athermal, 456-457, 462 
Bias-driven, 292, 344-345, 361,

389-391,456-457, 462, 465 
Loop punching, 454, 456, 457 
Self-interstitial emission, 454, 456-

457
Suppression, 333, 339, 341 
Thermal vacancy exchange, 454,

457-458, 462
Cavity microstructure evolution, 277 
Cavity number density, 280-283 
Cavity size

Critical, 292
Distribution, 285-289, 290-291,

294
Cavity swelling, 355, 356, 383 
Charpy properties (see also Impact

energy changes, upper-shelf) 
Irradiation effects, 1069-1071,

1080-1081
Pressure vessels, 988-1000 
Toughness, 951, 1094

Charpy V-notch and J-R curves,
1145-1147, 1148

Charpy V-notch impact tests, 988,
1009

Fracture mechanics and, 887-890 
IAEA studies, 878-886

Toughness, 1094
Charpy V-notch tests 

Compact tension tests and, 1182—
1183

ORNL and MEA, 1119
PSF irradiation capsules, 1168-

1176
Chromium (see also Alloys)

Fracture resistance and, 581 
Void nucleation and, 473,475,476,

478-479
Chromium content, 143 

Effects, 147, 148, 292-293 
Swelling and, 188, 190, 193 
Voids, 284, 285

Clad/Duct Materials Development 
Program, U.S. National, 8, 
21

Cladding 
Stresses, 204 
Submerged-arc weld, 951 
Swelling, 234-237

Class 1 plate
Charpy V-notch impact toughness, 

1094
Neutron irradiation effects, 1111

Cleavage embrittlement model, 857 
Cleavage microcracks, 845, 846, 847 
Cold working effects, 256-257, 260 
Compact tension tests, 1152-1153,

1155
Charpy V-notch tests and, 1182— 

1183
Toughness tests, 1113

Composition effects 
Irradiation hardening of pressure

vessel steels, 900 
Void nucleation, 468

Computer modeling tests, 1192, 
1201-1206

Computer simulation, cascade mor
phology, 414-415

Constant load tension (CLT) tests, 
692, 693-695
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Copper (see also Alloys; Precipitates) 
Irradiation damage and, 1028,

1032, 1043
Neutron fluence and, 1086, 1088 
Neutron irradiation and, 1033 
Role of, 152
Segregation, 1057, 1089 
Weld and filler wire, 1058

Copper content 
Crack arrest and, 1059 
Hardness and, 920-926,1020-1021,

1022
SANS response, 1159-1160, 1161 
Transition temperature shift and,

1126, 1128
Copper-krypton deposit 

Annealing behavior, 1228-1232 
Lattice parameter and density, 1228 
Structure, 1225

Copper welds, annealing recovery, 
988-1000

Cover gas monitoring system (CGMS), 
798-799

Crack-arrest behavior 
Cleavage, 1069 
Pressure vessel steel, 1059 
Radiation and copper content ef

fects, 1059
Crack-arrest tests, 1067-1068 
Crack-arrest toughness, 1075-1080 
Crack growth resistance, 637, 640 
Crack-initiation toughness, 1072-1073 
Cracks (see also Failure; Fractures;

Stress corrosion cracking 
effects)

Intergranular, 68, 70 
Internal wedge, 67, 68, 71 
Length

Calculation, 625-631 
Initial and final, 624-625

Creep (see also Thermal creep) 
In-reactor, 7 
Irradiation, 19

Evaluating, 223 
Growth and, 679-680 
Temperature dependence, 91, 96

Predictions, 675-679 
Stages, 64

Creep damage, 66-68,70-71,740-743 
Creep ductility

Heat affected zone, 713 
Stress relief, 716, 719 
Weld metal, 713, 719

Creep effects on fracture toughness, 
548

Creep mechanisms, 65-66
Low-fluence irradiation assessment,

75, 77, 92
Creep models, 669 

Calibration, 82-86 
Climb-controlled glide (CCG) (see

also Dislocation glide), 75- 
77, 79-81, 92-96, 109

Computation techniques, 81-82 
Irradiation, 108 
SIPA, 75-76, 81, 92-96

Creep rates 
Calculating, 88, 89 
Decreasing, 57-58 
Equations, 77-79 
Fluence and, 60 
Increasing, 58
Irradiation temperature and, 32 
Low-fluence irradiation, 75, 77,92

Creep rupture
Helium bubble microstructure and, 

748
In-reactor, 795
Stress dependence of, 749,750,756 
Tests,748-749

Creep strains, 56,61,81,676,679-680 
Creep strengths, 712-713, 716 
Critical cavity radius, 344

Growth, 353, 354, 356, 358
Critical flaw sizes, 537
Crystal River 3 reactor, 933, 947
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Crystals
Dislocation motion in, 99 
Face-centered-cubic, 98

D

Davis-Bessel reactor, 933, 947 
Defects (see also Cascade defect for

mation; Point defects) 
Cluster detection, 1017 
Frenkel, 333 
Partitioning, 87, 89 
Types, 1090-1091, 1092

Deformation 
In-service, 49, 50, 222 
Mechanism, 71

Design equation parameter evalua
tion, 33-36

Diameter changes, swelling, 26-30,36 
Inconel 706, 56 
PE-16, 54
Temperature and, 42

Dislocation barriers, irradiation-in
duced (see also Dislocation 
glide), 1009

Dislocation bias, 83-85 
Dislocation-cavity bias, 482 
Dislocation climb rates, 90-91 
Dislocation density, 86-90,158,273-

275
Bias factor, 458 
Crystals, 101
Evolution model, 458-461 
Fe-Ni-Cr alloys, 140-141 
Minimum critical radius and, 488,

489-491
Swelling and, 482

Dislocation evolution, 255-257, 460 
Aluminum, 250-252 
Polygonized dislocation walls and,

252-254
Dislocation glide (see also Creep 

models), 76, 77, 79-81

Barriers, 79, 80, 84-86 
Density, 89-90 
Loop, 92, 96

Dislocation loops 
Annihilation, 80, 95 
Climbing, 81, 85 
Clusters, 151 
Density, 253, 254 
Formation of, 152, 267, 268, 420-

421
Frank, 78, 102, 105, 109 

Unfaulting, 98, 99, 827, 829
Growth, 267, 268, 420-421 
Growth rate, 76, 269 
Irradiation-induced, 893 
Network, 78, 79, 84-85, 93, 760 
Number density, 275 
Radius, 83, 93-95 
Temperature changes and, 119

Dislocation populations 
a /2  (110), 98 
Motion, 106, 108-109 
Perfect, 100, 102, 104, 108

Dislocation slip mechanisms, 137 
Dislocation walls, polygonized, 252-

254, 258
Dislocations (see also Dislocation 

loops)
Tangling, 267, 385
Void formation, 248
Yield strength and, 821-822, 826-

827
Displacement calculation at Los Ala

mos Meson Physics Facil
ity, 1189

Displacement damage 
Function of depth, 332 
Helium and, 277, 283, 770 
Increasing, 287, 289 
Proton beams, 394

Displacement dose effect in fracture 
toughness, 572-573, 574

Displacement rate variations, 212
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Dosimetry
Methods, advanced, 1028, 1043 
Multiple-foil proton, 1200-1201,

1203, 1207
Reactor capacity, 1040, 1041 
Reactor capsules, 942-944

Dounreay Fast Reactor (DFR), 564 
Ductile fracture, steel, 541-545 
Ductility {see also Creep ductility;

Notch ductility) 
Degradation, 777 
Irradiated Inconel 706, 720 
Nimonic PE-16, 720 
Postirradiation, 128, 762-766 
Strain rate and reduction, 791-792 
Stress-rupture, 137 
Variations, 778, 781

Ducts, swelling in, 207-209 
Dynamic /-integral toughness, 563 
Dynamic softening effect, 790, 792

E

Electric Power Research Institute
(EPRI) programs, 1061,1145,
1147

Irradiated Pressure Vessel Steel Data
Base, 914 

Procedures, 582
Electron microprobe analysis, 1050—

1051, 1055-1056
Electron microscope studies, high- 

voltage (HVEM), 430
Embrittlement {see also Helium embrit

tlement; Radiation embrit
tlement; Reembrittlement)

Cleavage, 857 
Controlling, 1010 
Irradiation hardening, 840, 868 
Mechanisms, 901, 1010 
Model of, 905-909

Calibrations, 911-915 
Property-property correlations,

902-905

Neutron irradiation, 1009 
Parameters, 901 
Phosphorus and, 1022 
Precipitation induced, 1017 
Radiation predictions, 909-911,

924-927, 1108 
Rate, 1183
Research on, 870, 871 
Sensitivity, 1014 
Strain-rate-dependent, 814 
Type 316 steel, 71

Energy dispersive X-ray (EDX) anal
ysis, 116, 128

Engineering Aspects of Irradiation 
Embrittlement of Reactor 
Pressure Vessel Steels, Inter
national Working Group, 
864-865

Experimental Breeder Reactor (EBR- 
II), 549

Fuel pin tests, 206-211 
In-reactor creep, 8-11 
Irradiation experiments, 24 
Nickel alloy irradiation, 53 
Temperature change experiments,

39
Type 304L swelling experiments, 

213

F

Failure {see also Cracks; Failure 
modes; Fractures)

Cavitation, 645 
Creep stages and, 64 
Intergranular, 66, 68

Failure modes 
Brittle, 607, 610, 611 
Cleavage, 600, 601 
Ductile, 600, 601
Intergranular, 606-607, 608-609, 

610, 614-616
Mixed mode, 576, 611, 613, 615, 

617
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Transgranular, 607-608, 609-610, 
615

Fast breeder/fusion reactor materials, 
419

Fast breeder reactor safety programs, 
690

Fast flux, improving determination, 
1030-1031

Fast flux test facility (FFTF), 203, 
795, 796

Fast neutron flux reduction, 1029- 
1030, 1040, 1043

Fast neutron radiation, long-term, 
1027

Fatigue behavior, Type 316steel, 732 
Fatigue crack growth, 803 
Fatigue tests, 806

Postirradiation constant-load-am
plitude, 805

Type 316 steel, 735-736
Federal Code 10CFR50, U.S., 885, 

1132
Appendix G, 976, 980 
Appendix H, 1048

Ferrofluid magnetic etching tech
nique, 955

Field ion microprobe (FIM), 1033— 
1035, 1043, 1044

Filler wire analysis, 1051-1052,1056— 
1057

Fluctuation
Macroscopic theory, 513-514 
Phase space, 514-517

Fractography 
Ferritic steels, 599-601 
Type 321 steel, 575-577

Fracture deformation map, 643-646 
Predictions of, 647, 648, 654

Fractures (see also Cracks; Failure) 
Brittle, 543-546 
Brittle intergranular, 130, 137 
Cleavage, 845-847, 856

Stress controlled, 903 
Diffusional growth model, 645-647

Ductile, 847, 856 
Microvoid coalescence, 903

Intergranular, 644, 645 
Fatigue, 811-812, 814

Postirradiation, 766 
Transgranular, 130, 644, 654 
Transgranular creep, 644 
Transgranular fatigue, 812

Fracture mechanics 
Charpy V-notch tests and, 887-890 
Elasto-plastic, 619
General yield (GYFM), 566, 574 
Linear elastic (LEFM), 541, 544,

545, 566
Predicting critical flaw sizes, 537

Fracture models, 845-847 
Testing, 847-852

Fracture modes, 130 
Cleavage, 960-961 
Ductile, 964 
Fibrous, 962, 965, 967 
Mixed-mode, 966

Fracture toughness 
Accelerated irradiated submerged-

arc weld metal, 1150 
ASME Code and, 1178-1182 
Degradation, 1140, 1148, 1163 
Irradiated low upper-shelf welds,

1131
Neutron irradiation and, 840-841,

1111
Parameter, derivation of, 566-568 
Pressure vessels, 992, 995 
Resistance, 580, 1154 
Tests, 553, 1152-1154, 1176-1178

IAEA studies, 886-891 
Methodology, 870, 1113-1119 
Postirradiation, 556

Type 321 steel, 572-575 
Type 347/348 steel, 548

Fuel cladding, Zircaloy, fracture pre
dictions, 642

Fuel pin cladding, 127, 202 
Fuel-rod cladding, Zircaloy, 656
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Fusion reactor, first wall materials 
Austenitic steels, 563 
Effects of neutron fluxes on, 317 
Helium embrittlement of, 605 
Predicting critical flaw sizes for,

537

G

Gas atoms, critical number for swell
ing, 481

Gas stabilization of voids, 312, 313 
Geometry effects, 700-701 
Germanium segregation, 444, 447 
Glide (see Creep models; Dislocation

glide)
Gold, pure, defect formation, 409, 

410-413, 417
Grain boundaries 

Effects, 254-255, 257, 260 
Migration, 427, 428-429 
Peak zones, 257, 258-259 
Solute segregation and void for

mation, 419
Void formation role, 248

H

Halides, alkaline earth void lattices 
in, 525

Hanford Engineering Development 
Laboratory (HEDL)

Advanced Oxide Program, 204, 
207

Equation, 1078-1080, 1081
Hardening mechanisms (see also Irra

diation hardening), 822-826, 
828, 833, 838, 905-906

Hardness (see also Microhardness) 
Changes, 152, 1020 
Copper alloys, 159, 162-165 
Phosphorus oxidation and, 1026 
Tests, IAEA, 873-878

Heat-affected zones

Irradiation effects of creep, 703, 
712-713, 714, 718

Material, 620, 634-636 
Heating rate effects, 697, 700 
Heavy ion irradiation

Damage, 298
Face-centered-cubic metals, 300
Steady-state void nucleation the

ory, 300
Techniques, 265
Versus neutron irradiation, 297 

Heavy Section Steel Technology
(HSST) weld testing pro
gram, 934, 947, 1111-1112

Fracture toughness testing, 1132 
Helium

Atomistic, 613, 616
Crack enhancement, 814, 816, 818
Deposition rate, 283, 289
Displacement damage and, 277, 

770
Dual-ion irradiation, 493
Doping vanadium alloys with, 1211
Effects on mechanical properties, 

1219-1220
Equation of state, 454-456
Gas-stabilization, 498, 502-504
High-purity aluminum, 394
Influence on swelling of steels, 317
Injection, 278, 286, 290, 293-294
Levels in aluminum, 403-404
Levels in vanadium alloys, 1216— 

1217
Preinjection, 280
Pressurization effect, 507
Production rates, 465-466, 770
Recombination suppression, 506
Saturation, 294
Trapping, 392, 490, 504 

Helium bubble model, 605, 616, 617 
Helium bubbles (see also Bubbles),

1217, 1219, 1221-1222
Bias-driven growth, 326, 328
Clusters, 746
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Distribution, 397, 398, 401 
Formation, 466
Gas-driven growth, 747, 750, 752, 

755
Grain boundaries, 389, 390, 392 
High-density, 323 
Implantation, 346, 353, 356 
Microstructure, 400, 745 
Migration, 611-612, 752-753, 754 
Population, 345 
Size, 360, 754, 755 
Structure (see also Helium bubble

microstructure), 399, 402, 
404-405

Void nucleation and, 327
Helium concentration and neutron 

irradiation, 832, 833-834
Helium embrittlement, 1222-1223 

Creep strength reduction, 716 
Effects, 755
High-temperature, 746-755 

Stages, 746-748
Ion implantation, 765, 766 
Irradiation temperatures and, 775-

778
Resistance, 383 
Type 316 steel, 605

Helium production calculation at Los 
Alamos Meson Physics Fa
cility, 1189

High-Energy Transport Code (HETC), 
1200

Hydrogen generation rate, 1240,1243

I

Impact energy changes, upper-shelf, 
1084

Impact properties, strain aging and, 
1014-1017

Impurity effect, void nucleation, 507 
Inconel 52, 706

Fuel pin cladding, 127, 135 
Microstructure, 58, 60

Ring ductility of, 720
In-pile experiment, 62 

Analysis of, 68-71
In-reactor creep equation, 32-33 

Equation, 32-33 
Nonisothermal, 52 
Temperature change effects, 38 
Temperature independent, 45

Instrumented impact tests, 865 
International Annealed Copper Stan

dard (IACS), 364
International Atomic Energy Agency 

(IAEA), Irradiation effects 
on pressure vessel steels re
search programs, 863

Future, 896
Participants, 866-867, 871-872
Phase 1, 864-868
Phase 2, 868-869, 895, 972-973
Phase 3, 869-871
Reports, 896-898
Results, 873-895

Interstitial concentrations, 469-470 
Interstitials, injected

Helium-generated effects, 497-501, 
503, 505

Voids and, 297, 495, 499
INTOR reactor design, 537, 538, 547 
Ion bombardment, fission and fusion 

reactors, 493-494
Damage, 383

Ion-irradiated metals, cascade defects, 
407

Ion irradiation
Copper alloys, 368-374, 375-380 
Critical cavity radius in, 344

Iron concentrations, 143 
Irradiated behaviors, copper alloys,

363
Irradiated Charpy V-notch parame

ters, 852-856
Irradiation (see also Newtron irradia

tion; Radiation effects)
Dual-ion, 493
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Irradiation {continued)
Low-fluence, 75, 92-94

Irradiation conditions research, 872- 
873

Irradiation effects {see also Tempera
ture, irradiation)

Charpy V-notch impact properties, 
1069-1071

Charpy V-notch tests and compact 
tension tests of, 1182-1183

Crack-arrest toughness, 1075-1080 
Cracking, 648-649 
Creep properties,703 
/ic-values, 1071-1075 
J-R curves, 1140-1142 
Research on pressure vessel steels,

863
Submerged-arc weld cladding over

lay, 956-964
Tensile yield strength, 1068-1069

Irradiation embrittlement {see Radi
ation embrittlement)

Irradiation facilities {see also specific 
facilities), 620-624

Triple-channeled sodium-filled 
(TRIO), 620-622

Irradiation fluence effects, 548 
Irradiation growth

Creep and, 679-680 
Nimonic PE-16, 109-111

Irradiation hardening, 571, 574 
Deformation resistance and, 816 
Dislocations and, 774 
Embrittlement of pressure vessel

steels and, 840, 900 
Mechanisms of, 822-826,828,833,

838, 905-906
Irradiation test matrix, 761 
Isothermal changes, 42-44 
Isotope reactor, high-flux (HFIR),

498
Environment, 821
Fatigue behavior in, 732
Tensile properties and swelling with,

768

J

/-integral computations, 1135 
/-resistance curves, 631-634 
/ic-values, irradiation effects, 1071—

1075
J-R curve trend tests, 1119-1121 
J-R curves, 1136-1140

Fracture toughness assessments, 
1176

Irradiation and temperature effects, 
1140-1142, 1148

Parameters, 1145-1147, 1148 
Predictions, 1147

K

Kikuchi map, 101
Krypton {see also Copper-krypton 

deposits)
Deposited material, 1234-1236

L

Laths, 384, 385, 392
Laves phases, 119, 124, 126 
Life fraction rule, 649-650, 651 
Light-ion irradiation, 86-92 
Light Water Reactor-Pressure Vessel

Surveillance Dosimetry Im
provement Program, 1164

Linde 80 flux, 1048, 1132 
Liquid metal fast breeder reactor

(LMFBR), 619, 640, 803 
Program, 21

Liquid waste processing, 1238 
Los Alamos Meson Physics Facility

Displacement and helium produc
tion calculation, 1189

Radiation environment measure
ment, 1199

M

Magnetic Fusion Energy (MFE), 803 
Environment, 277-278
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Manganese, strengthening effects, 1042, 
1043

Materials Handbook for Fusion En
ergy Systems (MHFES), 22, 
31

Materials open test assembly (MOTA), 
1212

In-reactor creep rupture in, 795
Matrix hardening effects, 1009 
ME A power law, 1135-1136 
Mechanical behavior model predic

tions, 674
Closed-end tube, 680-683 
Creep, 675-680

Mechanical burst properties, Zirca- 
loy fuel-rod cladding, 656

Mechanical properties, steels, 690, 
757, 783

Testing, 761-762
Metallography in fatigue crack growth, 

806-812
Metals, face-centered-cubic, 529, 533 
Metals Property Council/Pressure Ves

sel Research Committee
Working Group, 992

Microcleavage fracture stress, 848, 
849, 857-858

Microcracks, 845-847, 903 
Microhardness

Copper alloys, 367-369, 374-375 
Diamond Pyramid (DPH), 903 
Radiation-induced increases, 902,

903
Tests, 151, 919

Micro-macrostructural mechanical be
havior, zirconium, 667

Microsegregation, 139
Microstructural evolution and swell

ing, 237-239
Microstructure effects

Irradiation hardening of pressure
vessel steels, 900

Minimum critical radius and criti
cal gas atom number, 481

Microstructures, 330, 820

Swelling and, 233
Micro void coalescence, 903 

Ductile, 576, 577, 578
Microvoids, 910-911, 912 

Nucleation and growth, 847, 909
Miniature disk bend test, 720-721, 

758
Molybdenum, 581 

Atom (SIA) in, 526-527, 528 
Concentration, 291 
Swelling and, 296 
Void lattices in, 525 
Void shrinkage, 533

Monte Carlo Code for the Transport 
of Neutrons and Photons 
(MCNP), 1200

N

Neutron damage, improving knowl
edge of, 1031-1033

Network dislocations and hardening, 
774

Neutron dosimetry, 872-873
Neutron fluence, 56,60
Neutron flux calculation, 1190,1193—

1194
Neutron flux monitoring, 1206 
Neutron irradiation, 7, 19, 127, 757,

795
Neutron irradiation, fast, 187, 248 
Neutron irradiation effects

Analysis, 1094-1095 
Fracture toughness, 1111 
Hardening, 900 
Strain aging and, 1010-1017

Neutron scattering, small-angle (SANS) 
technique, 1017-1023, 1159, 
1161

Neutron scattering studies, irradiated 
PWR pressure vessel steels, 
1009

Nickel (see also Alloys)
Damage and, 914, 1034 
Deutron-irradiated, 76



12 56  EFFECTS OF RADIATION ON MATERIALS
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In embrittlement, 1028, 1032 
Hardening and, 920,922,923-924,

928
In-reactor creep, 52 
Neutron irradiation and, 1033 
Purity, 298, 299 
Void formation, 304-307

Nickel concentration, 143, 279 
Depletion, 242, 283 
Effects, 119, 124-126, 148 
Hardness and, 1020-1021 
Removal, 149 
Segregation, 293, 294 
Swelling and, 188, 190, 191-192,

194-195
Transition temperature shifts and, 

1126, 1128
Variations, 142
Voids, 284, 285,472-474, 478- 

479
Nimonic PE-16 pressurized tubes, 

103
Dislocation densities, 107,108-111 
Ring ductility of, 720

Niobium, void shrinkage, 533 
Notch ductility

Ferritic steels, 587-589, 590, 602, 
603

Pressure vessel steel reference plates, 
1163

Nuclear Materials of the Metal Prop
erties Council, Subcommit
tee 6 o n ,882

Nuclear Meson Transport Code, 403 
Nuclear reactor vessel welds, chemi

cal composition, 1046
Nuclear Regulatory Commissions, Di

vision of Reactor Safety Re- 
search/Fuel Behavior Branch 
program, 656

Nuclear Regulatory Commission 
(NRC) licensing require
ments, 935

Nuclear Regulatory Commission Reg
ulatory Guide 1.99 Rev. 1, 
880-885, 895-896

Charpy V-notch properties, 1108 
Crack-arrest behavior, 1061,1069—

1070, 1078-1081 
Curves, 1016

O

Oscillation, irradiation-induced, MS- 
MS, 150

Out-of-pile experiment, 62, 64-68 
Oxygen effects

Analyses, 1217-1219 
Vanadium ductility, 1212 
Voids, 308, 312, 339, 340

Oxygen embrittlement tests, 657

P

Phase instability in alloy films, 430 
Phase stability, 167, 177-179 
PHENIX fuel pin cladding, 62 
PHENIX reactor, 624 
Phosphorus

Alloy property changes and, 1086, 
1088

Embrittlement and, 1022 
Oxidation, 1025-1026 
Segregation, 1089

PIREX 1 Station experiment, 395-396 
Plastic deformation model for com

pressed ring, 728-731 
Pressure vessels, 986-987

PLUTO reactor, 1159
PNL tests, 1242
Point defect rate theory, 673-674 
Point defects, 92, 167

Concentrations, 168 
Effects, 169, 176 
Excess, 178 
Flux of, 510
Formation energies, 177, 180 
Fractions, 182
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Creep enhancement, 669 
Deformation, 670-672 
Stress-strain, 683

Pool Side Facility (PSF) irradiation 
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1226

Postirradiation tests, 596, 919 
Precipitates

Carbide, 158, 162-163, 242 
Copper, 155, 156, 157, 162, 163
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Growth of, 1043 
Irradiation-enhanced, 927 
Mechanisms of, 906-908 
Predictions, 909-910, 911-914

Copper-zirconium, 372 
Detection, 1017
Hardening mechanism, 822-826 
Needle-shaped, 337, 338, 340, 341 
Nickel, 119, 121-122, 124 
Nickel/silicon contents, 242 
Phases, 131-138
Titanium carbide (TiG), 119, 123, 

124, 239, 244, 245, 324, 326
Dispersion strengthening effect, 

760
Effects, 758 
Type 321 steel, 577

Zirconium, 312
Precipitation

Segregation-induced, 436-441,443- 
444

Titanium-stabilized steel, 115
Precracked Charpy specimen fracture 

toughness, 1153-1154,1155— 
1157

Pressure vessel steels, 1084 
Aging matrix, 918 
Annealing recovery, post-irradia

tion, 972
Embrittlement, 840 
IAEA research program, 863

Irradiation hardening, 840, 900
Irradiation matrix, 917-918
Metallurgical matrix, 915-917
Notch ductility and fracture tough

ness degradation, 1163
Strain aging and neutron scatter

ing studies, 1009
Pressure vessels

Charpy properties, 996-1000
Crack-arrest behavior, 1059
Fracture toughness, 992-995
In-service thermal annealing, 979
Thermal/structural analyses, 983- 

987
Pressurized tube failure, 61 
Proton beam, 1189-1190, 1197

Displacement damage, 394
Gaussian spatial distribution, 404, 

405
Primary, 1194-1195 

Proton energy, 1190, 1191 
PWR vessels life extension methods,

1027

R

Radiation effects (see also Irradiation 
effects)

Crack arrest, 1059
Damage from hardening, 908-909, 

927-928
Resins and zeolites, 1238
Spallation damage, 1190-1192 

Radiation embrittlement
Sensitivity of ferritic steels, 594, 

601-603
Toughness and, 884
Type 316 steel, 538, 547 

Radiation environment in Los Ala
mos Meson Physics Facil
ity, 1199

Radius, minimum critical, for swell
ing, 481

Rapid solidification process, 757
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Reactor materials, stainless steels (see 
also Pressure vessel steels), 
19-20
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program

Integrated (Babcock & Wilcox), 
931

BR-3, 981, 982, 1006
U.S. Army SM-1A, 980,981,1000,

1006
Reactors (see also Fusion reactor) 

Advanced test (ATR), 549, 561 
Design, 933
Engineering test (ETR), 549, 561 
Experimental Breeder II (EBR-II)

(see Experimental Breeder 
Reactor)

High-flux isotope (HFIR), 498,732, 
768, 821

Recovery, 460, 972
Recrystallization, copper alloys, 368, 

371-372, 373-380
Reembrittlement 

Postannealing, 998, 999, 1007 
Rates, 1090, 1092

Reliability of Reactor Pressure Com
ponents, International Work
ing G roup ,863

Research capsule, 938-947 
Program, 936-938

Resins
EPICOR II system ion exchange, 

1239-1240
Makeup and purification system, 

1241-1243
Radiation effects on, 1238

Ring compression test, 721, 728 
Ring ductility test, 722-723 
Rotating Target Neutron Source-II

(RTNS-II) facility, 408 

S

Saturation of swelling, 290, 291 
Saturation void number density, 271,

272-273, 275

Scanning electron microscopy (SEM), 
1233-1234

Segregation (see also Aluminum; Cop
per; Nickel; Silicon segrega
tion; Solute segregation), 427

Nonequilibrium, in alloy films, 430 
Radiation-induced (RIS), 292-293,

419, 427-428
Temperature-dependent, 148 
Two-dimensional irradiation-induced,

431-433
Self-interstitial diffusion, 525, 530- 

531
Consequences of, 527-529 
Jacques-Robrock model, 526-527

Self-interstitial properties, 260-261 
Silicon, alloy property changes and,

1086, 1088
Silicon concentration, 291 
Silicon effects, 218, 219

Depletion, 242
Void nucleation, 472,473,476-479

Silicon segregation, 441-444 
Single-specimen compliance (SSC)

technique, 1135
Single-specimen unloading compli

ance
Computer program, 553 
Test technique, 555, 557, 560

Sink strength, 355, 459, 484, 485 
Sinks

Effects, 433, 436 
Radiation-induced, 146

Sodium content in aluminum, 403- 
404

Solute segregation 
Effect, 507-508 
Equilibrium, 519, 521-522 
Grain boundaries, 419 
Nonequilibrium, 517,520,521,

523
Parameters of, 511

Solvent composition effects, 199 
Spallation impurities, 396-397, 405 
Spallation neutron flux, 1199
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Spectral analysis, 1201-1206 
Stainless steels

A533-B/A508, 1011 
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Mechanical properties and he
lium bubble microstructures, 
745
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21-22, 580

Fe-9Cr-lMo, ion bombardment 
damage of, 383

Ferritic (see also Alloys), 151
Fracture resistance of, 580 
Impurities, 152, 153 
Mechanical properties, 587-

599
VHN, 159, 162 
Void swelling in, 453

HT-9, 7, 8, 11 
Martensitic, 7
P7, void formation in, 307-310 
PCA, mechanical properties, 757 
Submerged-arc weld cladding, 951 
Type 304

Effects on creep, 703 
Fatigue crack growth, 803 
Irradiation growth, 111 
Stress and swelling behavior, 212,

265
Type 308

Irradiation, 956-957 
Microstructure, 954-955 
Tensile properties, 959

Type 309, tensile properties, 959 
Type 316

Cascade defect formation, 409, 
413-414, 417

Cavity microstructure evolution, 
277

Commercial reactors, 19-20 
Cyclic stress-strain, 737, 738 
Depth-dependent microstructure,

330

Elasto-plastic fracture mechan
ics, 619

Fatigue behavior, 732 
Fatigue crack growth, 803 
Helium effect on swelling, 317 
Helium-irradiated, 605 
Light-ion creep rates, 5 
In-reactor creep, 13-17 
Irradiation growth, 109 
Mechanical properties, 690,757,

783
Solute segregation and void for

mation, 419
Solution-annealed, cold-worked, 

319-321
Strain differences, 219 
Stress effects on swelling, 221 
Swelling behavior, 139, 202

Microstructure and, 233 
Swelling saturation, 199 
Temperature change effects on

creep, 38-50
Tensile properties and swelling, 

768
Titanium-stabilized, 61, 321-324

Microstructure, 116,119,126, 
233

Phases of, 239, 242, 245
Precipitation in, 115
Stress rupture, 801
Swelling in, 233 

Void density enhancement, 501 
Yield strength, 820

Type 321, 563 
Type 347/348, 548

Steady-state rate theory, 687-688 
Stepwise regression analysis, 1086—

1089, 1091
Strain

Creep, 56, 61, 81, 676, 679, 680 
Diametral, 801-802 
Measurements, 63-65, 68 
Plane, 672

Strain aging, 1009, 1014-1017 
Strain hardening effects, 726
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Strain rate effects, 611,614, 698, 783 
Strain rate tests, 611, 612, 691 
Strength parameter derivation, 566-

568
Strengthening, irradiation-induced, 

1159
Stress (see also Yield stresses)

Creep mechanism and, 65-66 
Swelling and, 49-50, 265

Stress analysis, 538-541, 546
Stress change, 42, 212
Stress corrosion cracking effects,

648-649
Stress effects, 215, 221
Stress-induced preferential absorption 

(SIPA), 71
Creep mechanism, 75-76 
Defect by dislocations, 669-670,

673
Anistropic diffusion (SIPA-AD), 

670, 673
Models, 108-109

Stress rupture, 800-801 
Stress-strain, 672, 685-687 
Submerged-arc weld

Charpy toughness and tensile prop
erties, 951, 1094

Fracture toughness of, 1131, 1150 
Neutron irradiation effects, 1111

Submerged-arc process, automatic 
(ASA), 1046, 1047, 1048

Submerged Demineralizer System 
Zeolites (SDS), 1240-1241

Surveillance Dosimetry Improvement 
Program (SDIP), 882, 884

Swelling (see also Cavity swelling; 
Void swelling)

Bias-driven, 482, 486, 489, 490 
Dose dependence, 288 
Effects, 837 
Equation, 31-32 
Fe-2'ACr-lMo, 19 
Fe-Ni-Cr alloys, 139, 187 
Fluence dependence, 468

Hardening and, 838 
Microstructure effects, 481 
Fteak, 31, 34
Rate, 454, 465 

Theory, 468
Resistance to, 7 
Saturation, 199-200, 290, 291 
Steels, 317

Type 304, 212, 265
Type 316, 202, 221, 233, 768

Stress-enhanced, 49-50, 212, 221, 
265

Temperature and, 44-47, 49, 116, 
118

T

Tearing, ductile, 811
Tearing instability, 1142-1144 
Temperature (see also Transition tem

perature; Transition temper
ature shifts)

In-reactor creep, 16-17 
Irradiation, 278

Effects, 115, 891-893 
Elevated, 430 
Function, 830, 831 
Helium embrittlement and, 775-

778
Maximum initial dry storage, 650- 

654
Monitoring of reactor capsule, 

944-945
Swelling and, 190, 191-195, 197 

Temperature damage, 383 
Temperature effects (see also Heating

rate effects; Thermal)
Bias-driven cavity swelling, 489
Change effects 

In-reactor creep, 38 
Irradiation, 58 
Linear, 41, 47-49 
Step, 40-41, 44-46, 50, 52-58 
Stress-dependent, 47
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Ductility, 724-727 
Fracture, 606, 615 
Fracture toughness, 572, 577-578,

745, 775
Hardening and, 922-923 
Inversion, 56
Irradiation hardening of pressure 

vessel steels, 900
J-R curves, 1140-1142, 1148 
Memory, 49
Segregation-induced precipitation, 

440
Void nucleation, 471, 477 

Temperature history, decaying, 651—
654

Temperature irradiation, 580 
Temperature shifts

Effects, 879-881, 883 
Nil-ductility transition (NDTT),

1085
Phase stability, 181 
Yield stress and, 841, 842

Tensile properties
Submerged-arc weld cladding over

lay, 951
Type 316 steel, 768 

Tensile stress and void swelling, 222-
223

Tensile yield strength, irradiation ef
fects, 1068-1069

Tension tests
Dual-temperature, 610-611 
During thermal transients, 691-692 
Helium-irradiated steels, 608, 609 
IAEA studies, 873
Irradiation effects, 708-709 
ORNL, 1119
Postirradiation, helium preimpanted 

materials, 1211-1212
Room-temperature, 613 

Thermal aging, 906-907
Tests, 918

Thermal annealing effects, 420-427

Copper alloys, 374-375, 377 
Thermal behavior, copper alloys, 363 
Thermal creep, 35

Deformation, 90-91
Resistance, nickel alloy, 60 

Thermal expansion difference devices
(TEDs), 10, 24-25 

Thermal shock, pressurized (PTS),
1027

Thermal stress rupture tests, 802 
Thermal transients, 690 
Thermodynamics, constrained equi

librium, 167
Theory, 169-176

Thermomechanical treatments (TMT) 
of alloys, 720

Three Mile Island reactor 2, 933
Capsule status, 947-950
Radiation effects on resins and 

zeolites, 1238
Titanium (see also Alloys), 61

Depletion, 245
Titanium carbides (see also Pre

cipitates)
Voids and, 321 

Titanium stabilization
Effect, 235, 236
Void swelling resistance and, 233, 

246
Transition temperature

Ductile/brittle, 1158
Elevation effects, 1172-1174,1178, 

1180-1181, 1184-1185
Transition temperature shifts

Fracture toughness and, 1126, 
1128-1129

Irradiation-induced, 1095, 1100, 
1106, 1107

Transmission electron microscopy 
(TEM) studies

Copper-krypton deposits, 1225
Irradiated ferritic steels, 151
Stress-strain conditions, 223, 225 

Tritium, 1215-1216
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1211

V

Vacancy energies, 302
Vacancy loop formation, 407-408
Vacancy rates, 359
Vacancies

Diffusivity, 476, 478
Mobile, 313, 315, 327, 328
Void nucleation rate and, 469-470

Vanadium additions, 581
Viscoelasticity, 675-679
Void alignment effects, computer sim

ulation, 529-530
Void density, 199, 226-228, 304 
Void denuded zone, 254,255,257,259 
Void embryos, 312, 507

Nonequilibrium, 508 
Rate equation, 511-513

Void formation, 152 
Alloy composition and, 187 
Fast neutron irradiation, 248 
Fully annealed, polygonized alumi

num, 254-256
Grain boundaries in steels, 419 
Injected interstitials, effect on, 297 
Ion-irradiated copper alloys, 368,

371, 375
Void growth process, 271
Void lattice formation, 260-261, 525
Void nucleation, 150, 198-199

Barrier, 519-520, 522 
Dual-ion irradiation, 493 
Impurity effect, 507 
Path, 518, 519 
Process, 269-271 
Rate, 517

Depth and, 307, 308, 310 
Reduction, 308 
Suppression, 311, 315 
Surface energy and, 312 
Temperature and, 304, 305

Spontaneous, 521, 522, 523 
Stress effects on, 218-219 
Steady-state, 468-471, 496-497 
Supersaturation of vacancies and,

249
Titanium depletion and, 245 

Void number density, 269, 271
Applied stress dependence, 272-273 

Void swelling, 115
Breached section, 131, 132
Control of, 213
Dose dependence, 267
Flow diagram, 462
Modeling in irradiated steel, 453
Neutron-induced, 212
Polygonized specimens, 258, 259-

260
Reduction, 296 
Resistance, 233 
Stress dependence, 267 
Temperature and, 118 
Tensile stress and, 222-223

Voids (see also Cavities; Microvoids; 
Vacancies)

Crystals, 102 
Description of, 508-510 
Diameter, 831 
Distribution, 335, 339 
Hardening, 827-828, 837 
Helium effects on, 319, 322, 325-

328
Histogram data, 227 
Images, 226-227 
Microstructure, 833 
Nickel depletion, 149 
Size, 231, 255, 837

W

Weld Codes 61W-67W, 1132-1133, 
1140, 1141, 1147

Weld metal consumables, 1048-1049 
Weld metal creep, irradiation effects 

on, 703, 707-712
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Welded joints
Fracture, 717-718
Irradiation effects on creep, 703,

713-714
Weldments, reactor vessel, 1049 
Welds

Chemical composition, 1046 
Copper, 988-1000 
Fracture toughness of, 1131

X

X-ray energy dispersive analysis (EDS), 
154-155
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Yield strength
Analysis, 1035-1040, 1042-1044 
Irradiation-induced Type 316 steel

and, 820

Postirradiation Type 316steel, 763- 
764, 765, 766

Type 321 steel, 568-570 
Upper-shelf impact energy changes

and, 1084 
Yield stresses

Annealed, cold-worked Type 316 
steel, 72

Irradiated Type 316L steel, 790, 
791

Radiation hardening and, 902 
Static and dynamic, 850 
Temperature shifts and, 841, 842
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Zeolites, radiation effects on, 1238 
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Annealing, 658
Fuel cladding, fracture predictions, 

642
Fuel-rod cladding, 656 
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