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Aluminum (continued)
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Cascade diffusion theory, 482-485
Cavity distribution
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Bimodal, 345, 348, 349, 353, 357,
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Bias-driven, 292, 344-345, 361,
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457
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Distribution, 285-289, 290-291,
294
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Irradiation effects, 1069-1071,
1080-1081
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Charpy V-notch and J-R curves,
1145-1147, 1148
Charpy V-notch impact tests, 988,
1009
Fracture mechanics and, 887-890
TAEA studies, 878-886
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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
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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

EFFECTS OF RADIATION ON MATERIALS

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



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
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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 J-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
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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-
1), 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



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

INDEX 1251

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 testsand, 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
TIAEA 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



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
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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, 497501,
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
Ji-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
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J

J-integral computations, 1135
J-resistance curves, 631-634
Jic-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



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
MEA 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
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Swelling and, 233
Microvoid 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
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Nickel (continued)
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 on, 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
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