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FOREWORD

This report, which was authorized by the USAEC Division of Reactor
Development and Technology, summarizes the current state of pressure ves-
sel technology as applied to water-ccoled nuclear reactors. It was pre-
pared as a task in the ORNL Nuclear Safety Program and is being distrib-
uted as an KSIC report to take its place with the other state-of-the-art
studies that the Center periodically issues on topics of significance to
safety. It is by far the most comprehensive treatment of the subject yet
prepared and should recelve considerable attention in light of the ques-
tions on pressure vessel integrity raised by the Advisory Committee on
Reactor Safeguards (November 24, 1965).

While the authors emphasize that it is not possible to arrive at an
absolute position on 8ll important points relative to pressure vessel
integrity, they do conclude that under the present conditions of quality
control during fabrication "there is no apparent reason for poor perfor-
mance within the design limits specified." The important subjects of
design, materials, codes and standards, fabrication, inspection, cpera-
tion, and meintenance are discussed in detail. The report identifies
areas in which additional research is needed and provides information
for evaluating the worth of upgrading codes and standards. The authors
made extensive use of the nation's authorities on various facets of pres-
sure vessel technology. They contacted system designers, material sup-
pliers, and experts in the various disciplines involved; visits were made
to the various industrial organizations that design and fabricate vessels;
and consultants were retained to review the report and to prepare certain

sections where such expertise appeared to be warranted.

Wm. B. Cottrell, Director
Nuclear Safety Information Center



PREFACE

The Nuclear Safety Information Center was established in March 1963
at the Oek Ridge National Laboratory under the sponsorship of the U.S.
Atomic Energy Commission to serve as a focal point for the collection,
storage, evaluation, and dissemination of nuclear safety information. A
system of keywords is used to index the information cataloged by the
Center. The title, author, installation, abstract, and keywords for each
document reviewed is recorded on magnetic tape at the central computer
facility in Oak Ridge. The references are cataloged according to the

following categories:

1. General Safety Criteria
2. Siting of Nuclear Facilities

3. Transportation and Handling of Radicactive Materials
4. Azrospace Safety

5. Accident Analysis

6. Reactor Transients, Kinetics, and Stability

7. Fission Product Release, Transport, and Removal

8. Sources of Energy Release Under Accident Conditions
9. Nuclear Instrumentation, Control, and Safety Systems
10. FElectrical Powe~ Systems
11l. Containment of . iclear Facilities
12. Plant Safety Features
13. Radiochemical Plant Safety
14. Radionuclide Release and Movement in the Environment
15. Environmental Surveys, Monitoring and Radiation Exposure

of Man

16. Meteorological Considerations

17. COperational Safety and Experience

18. Safety Analysis and Design Reports

19. Bibliographies

Computer programs have been developed which enable NSIC to (1) pro-
duce a quarterly indexed bibliography of its accessions (issued with ORNL-
NSIC report numbers), (2) operate a routine program of Selective Dissemi-
nation of Information (SDI) to individuals according to their particular
profile of interest, and (3) make retrospective searches of the references
on the tapes.

Other services of the Center include principally (1) preparation of
state-of-the-art reports (issued with ORNL-NSIC report numbers), (2) prepa-
ration of the quarterly technicel progress review, Nuclear Safety,
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(3) anawering technical inquiries as time is available, and (4) counsel
and guidance on nuclear safety problems.

Bervices of the NOIC are available without charge to government
agencies, research and educational institutions, and the nuelear induatry.
Under no ciroumstances do these services include furnishing coples of any
documente (except MBI0 reports), although &ll documents may be examined
at the Center by qualified personnal. Inquiriee concerning the capu«
bilities and operation of the Center may be addressed to

J« R. Buchanan, Assistant Director
(Phone 6154838611, Ext. 3-7253)

Nuclear Bafety Information Center

Ouk Ridge National Laboratory

Poat Office Box Y

Oak Ridge, Tennesgee 37830



vii

ACKNOWLEDGMENT

This documentation of current practice employed in the design, fab-
rication, inspection, and testing of steel pressure vessels for water-
cooled nuclear reactors was made possible to a considerable degree by
the cooperation of those actively engaged in the industry. The informa-
tion obtained through personal contacts, inspection of shop facilities,
and the review of draft material by the nuclear systems designers, ves-
sel designer-fabricators, and materials fabricators provided the sources
of information and the requisite understanding of the technology that

could not have otherwise been obtained.



ix

CONTENTS

INTRODUCTTION «ecescevoccasoanseasorsacssssoacoossssncsorssnae
REFERENCES ::coceoucsccsonses P
CONCIUSIONS AND RECOMMENDATIONS scocescccoscasscsansorsscosans

1.

2.1
2.2
2.3
24

2.5

2.6

2-7
2.8

ENVIRONMENTAL AND SERVICE CONDITIONS +evcesvsvvacsasens
EFFECT OF ENVIRONMENT ON MATERTAIS ...vssccencessersasns
2.4.1 Temperature .........
24,2 COYrroSiOn s.cesecsscsesossssssossrecsassansssass
2.4.3 Hydrogen Embrittlement .....ccciecvvceeasrnnccncs
2.4.4 Radiation Effects sseeececrsccescrnsanssccnsanes

2.4.4,1 Effects on Mechanical Properties ......

2.4.4.2 Fracture Mechanics .......

2.4.4.3 Critical Factors «.scivevceasroseceranas
2.5.1 Definition of Loading Conditions .....c.eccvescss
2.5.2 Analytical AnalySes ...cceesscrencensoconcans
2.5.3 Experimental Analyses «cccesoacsscns
2.5.4 Stress Reviews .ceoeeecsn. Tessevsebrenanentoases
BASIC ASPECTS OF CRACK GROWTH AND FRACTURE ..c¢.:cva0rues
2.6.1 Linear Elastic Modeling of Cracks «c.c.csccescees
2.6.2 DPlasticity Analysis ......
2.6.3 Slow, Stable Crack Growth .....cc000.0 ceeasee o
2.6.4 Leak Before Break ceeveeesseans teeseaarasnanaans
2.6.5 Fracture Analysis Diagram ..escecesscscsccses

2:6.6 Recommendations for Fracture Mechanics
Rese@rch .ceevecsnceasoscsccsscensncsancansncsans

FABMCATION LI AN B RN SN N B BN N R A B R B I R B R R Y A A B B B U R B B LB B N A
wAI.ITY ASSUWCE 2 86 8 &6 0B TR PSSP NSRS PSS e SR A e
2.8.1 Chemical and Mechanical Properties ...iecevesvenss

Xix

10

16
16
17
20
22
23

28
32

35
36
37
37
39
40
41
41
42

43

46
47




BLANK PAGE



2.8.2
2.8.3
2.8.4
2.8.5

2.9.1

2.9.2

2.9.3

3.1 TEMPERATURE ....eccceeee

Flaw Detection ..

Fabrication ......

DeSign -------- s s Ppr eI RPREPPOIS RS DS

Inspection Methods — Capabilities and Limita-

tion.s PP PPN GBS0 S0 EDINEPSBIEESIBREEEBSIEOBNSEOERDRORTS

2.9 1ESTING AND SERVICE PERFORMANCE SURVEILIANCE ....cvcvs

Hydrostatic Testing and Postoperational
}Wd-rostatic Testing ..... ® " O P> 98 ee PR e PSS Qe e

Postoperational and In-Service Nondestructive

Examination .....

@ v s e sareRrRE P rIREEEPRIOERIBERRRTPRES

Postoperational Material Surveillance ..ece.-s0s
ENVImMmLANDSEmCE ComITIoNS ® 9 O 98 0P ST P eSS PFS O EDN

3.2 PRESSURE OR SERVICE LOADING ¢¢cccvecesccccssseanscnsanns
3.3 PRwESS me B & &8 5 50580 A LA ISP PSS ESE LSS

3-4 RADIATION a8 9 eBss00 00BN BsRS

3.5 DOSIMETRY +cccuvssocanns

3.5.1
3.5.2
3.5.3
3.5.4
3.5.5
3.5.6
3.5.7

Damage MOdelS s s 8PP sEsIsEBGBAaPsESSEOGsARSIEPETS

Dosimetry Methods .sscceousscne

Problems with Specific Activants ........c0000.n

Cross=-Section Data ..cceoceessancesrnssssscssosae

Neutron Flux Calculations .cceecececcacscssccncs

AST™ Recommended Practice

s e rerenrRRsaPRRERNRER RN

Conclusions and Recommendations .c.cesesvcecsaas

3.6 SERHCE I‘IFE [N N NENEENES) S8 890 s 8 an s
3',7 TRA}BENTS 2 ® 080 F0 00000

3.8 MECHANICAL LOADING .evoc.e..

REFERENCES
MATERTALS

s e s s venssesentraS

*es 00 v st uBe

4.1 MATERIALS PROPERTIES ¢ccvcevcscavocsnsonses
4.2 METALLURGICAL CONSIDERATIONS ccevecscsscccnssnsoscanacs

4.2.1
4.2.2
4.2.3
boled

Element Effects ..

Melting Practice scvcsevecoccoscnnca

Vacuum Treatment

Working Processes cecececosvescssecscs

4.2.4.1 Rolling

48
50
51

51
52

52

53
58
60
60

62
66
66
€9
70
72
T4
76
78
79
79
80
82
82
85

920
93
103
104
105
106



xi

4.2.4.2 Forging seeeveveas

4.2.4.3 Forming eceeesessscacsnssves

4.2.5 Microstructure ...ceveenees

4.2.6 Mechanical Properties «ecceceens creue

o s B P Lo B s Rt res e

4.2.7 Bize Effects .v.civcescressnne

4.2,8 Welding ...oveveecrocsccscnassass

4.2.8.1 Weldability ecvecvcreecenes

4.2.8.2 Welding Processes

4,2.8.3 0verlaying c.eecsssovaveasses

4.3 MATERTALS FABRICATION .veceveseaceans
4.3.1 Plate @ @ " 83 0 8" 8PP AP A PEESEreFaRes e

4.3.1.1 Procurement Standards ..

4.3.1.2 Melting Practice

4.3.1.3 POUring seeeesssacsascsssocssnancsnns
4.3.1.4 BreakKdOWN ecsessscencssossans

e s a0

4.3.1.5 Rolling eecessecsansasencas

4.3.1.6 Finishing ...ec..s

4.3.1.7 Inspection and Testing ....

4.,3.1.8 General Remarks ..

4.3.2 FOorgings «.eeeeesessnsacrosen

4'3-2-1 Procurement s a s s e asRe e
4.3.2.2 Melting Practice ..........

4.3.2.3 Shell- and Head-Flange Forgings .....

4.3.2.4 Nozzle Forgings ...

4.3.2.5 Shell-Course Forgings .s.....

4.3.2.6 General Remarks ..-occenses

4.3.3 Bolting Material ..... seass
4.3.4 Weld Metal cvinvenvevannces

4.3.4.1 Welding ProcesSes ssecsssse

4.3.4.2 Weld Filler Metals

REFERENCES ....-.ccc0.. teressssaassssanannaan

EFFECT OF ENVIRONMENT ON MATERTALS ....

serse s

IR NN EN]

saroavrreos
s 2 s s
P e e s 02000

5-1 'EB{PERA-TUE T e v s e s e s aae P A N N N N A N ]
5.2 CORROSION ...... T

5.2.1 Carbon and Low-Alloy Steels

106
107
109
111
113
114
114
117
122
123
12
124
126
128
129
130
131
131
132
132
133
134
134
138
139
139
140
142
144
144
147
150
150
152
152



5.3

5.4

xii

5.2.1.1 General Corrosion s«vescessscsscsvsncse
5.2.1.2 Crevice COrrosion essecsscesscsssscssss
5.2.1.3 Galvanic Corrosion e.ecescesscscsansses
5.2.1.4 BStress-Corrosion Cracking .c.ceceeeccss
5.2.2 Austenitic Stainless Steel «..vveeecscccesscnsns
5.2.2.1 General Corrosion ..e.vecenss cressseses
5.2.2.2 Crevice COrrosion .eceeecesescssccssons
5.2.2.3 Galvanic Corrosion sssscccesccecces coer
5.2.2.4 BStress-Corrosion Cracking ......coccee.
5.2.3 Results of Pressure Vessel Examinations ........
5.2.3.1 Yankee Re@ctor ...cecoecesoesocccoccncs
5.2.3.2 Experimental Boiling Water Reactor ....
5.2.3.3 Heavy-Water Components Test Reactor ...
5.2.3.4 Elk River Reactor .......... veeessssanne
5.2:4 ConcluSions ee.eeececevesscscsasascssssonscsanss
HYDROGEN EMBRITTIEMENT .:.cccccevievonssssassnocncansaa
5.3.1 Carbon Steel ....cvesescecensnsnsascossasosannssnee
5.3.1.1 Blistering ........ trasessasescsnonanan
5.3.1.2 Decarburization ...scvierrasrecerennsae
5.3.1.3 Delayed Fajlure .........
5.3.1.4 Reduction in Postyield Ductility ......
5.3.2 Austenitic Stainless Steel ....... tesescacsnsans
5.3.3 ConclusiOnS +esevocacresessacssscccsasacncas cesens
RADTATION EFFECTS +evvovescsscsncanannsnnas sesees ceveee
5.4.1 Effects on Mechanical Properties ...¢..... tecens
5.4.1.1 Tensile Properties and Stress-Strain
CUrvVesS +cvocossascassascssoscncanssnnsas
5.4.1.2 Notch-Impact Strength ... .vcceveveavese
5.4.1.3 Fracture Mechanics .....v.....
5.4.1.4 Fatigue Strength ............ ceeeaniaes
5.4.1.5 Creep Properties .iieeesseiacvcceceecces
5.4.2 Critical Factors sccevescecsncecceccess cevecenvas
5.4.2.1 Integrated Fast-Neutron Flux (Dose) ...

5.4.2.2
5.4.2.3

Neutron FI1UX .ciccosscveascessas

Neutron Spectrum ..ecevevecce...

LI RN )

152
171
174
175
178
178
187
190
192
196
196
198
203
206
207
209
212
213
214
214
215
217
219
221
222

223
225
230
232
235
238
238
20
%42



6.

xiii

5.4.2.4 Exposure Temperature c..e.see...

s o8008

5.4.2.5 Materials ...cccoevevesecnns cessanssess
5.4.3 BSurveillance Program ResultS .ceceecevessccncnns
5.4.4 Components Removed from Service ........ csescnes
$.4.5 Postirradiation Heat Treatment ......ceo000ve00ee
5.4.6 Pressure Vessel Cladding ...... crevasaanen veraen
FREFERENCES ....... sessrse S reressanessrstusocncensaneronsnaa
DESIGN OF NUCLEAR PRESSURE VESSELS sccicvvvonrcercsssannnens
6.1 BStress Analysis of Pressure VeSselS ievceceensans eserese
6.1.1 Mathematical Theory of Elasticity ....... ceesas
6.1.1.1 Displacements and Strains .c.cvsveeves
6.1.1.2 Forces and Stresses ..... cececrnrsaenes
6.1.1.3 The Stress-Strain Relations ...ee.veeceee
6.1.1.4 Principal Stresses and Stress
Intensity ..... FEEEETEE seeeentssaananne
6.1.1.5 Thermal StresSsesS ceeiecssccavsascncsns .
6.1.2 Theory of Shells ...vcvsveonenns teaseessanseneas
6.1.3 Strengtﬁ of Materials .e.ceccevcincannss ceaseacan
6.1.4 Experimental Stress Analysis ..isoeecececoecsross
6.1.5 Applications of Stress Analysis .escevcececcocnn
6.1.5.1 Stress Analysis for Steady Stat= ......
6.1.5.2 Cyclic or Fatigue Analysis ..e.cces0000
6.2 STRESS EVALUATION FOR NUCLEAR PRESSURE VESSELS ........
6.2.1 Background ...... creveeneresana creerecaenenna .
6.2.2 Design Aspects of Strength and Fracture ........
6.2.2.1 Fatigue v.eeeceneeeennnn tisecescrascnrans
6e2:2:2 Plastbicity seveeisccacsnstcrsosrescanns
6.2.2.3 Derivation of the Stress Limits for
Primary Stresses Based on Plastic
CollapSe .eesscscscasancee sscsrienanan .-
6.2.2.4 Fracture Mechanics and Plasticity .....
6.2.2.5 Fracture Mechanics and Fatigue ........
6.2.2.6 The Fracture Analysis Diagrem .........
6.2.3 Stress Evaluation ..c.cesessecsesocsssosscnscssas
6.2.4 Other Design Considerations ..ccoesencacaneceaas .

6.2.4.1 Division of Responsibility ....

249
251
254
259
259
266
267
282
285
287
289
294
297

298
299
300

338
339
347
347
350
364
364



xiv

6.2.4.2 Material Selection and Geometric
Desisrl ® 8 8 & 8 0 8 90 B A s 90 F A9 A N eSS e s RS ey e

6'2'403 Fﬁbric&ticn B # 0% 5 00O PR SN ISP AEBerE b ea
6.2.4.4 Hydrotesting and Operations ...........

6.2.4.5 Surveillance, In-Service Inspection,
and Maintenance c.c.ecocccesecosscsacanss

€.2 CURRENT RESEARCH ON THE DESIGN OF PRESSURE VESSELS ....

6.3.1 Theoretical and Experimental Research ..........
6.3.2 Large-Model and Full-Scale Strength Tests ......
6.3.2.1 The PVRC Series ...cecevee-arsecnsces .
6.3.2.2 The British Series ..........cv0cvn. o
6.3.2.3 The PM-2A TeSts .s.vevevevcerarecncnees
6.3.3 Brittle Fracture of a Pressure Vessel ..........
6.4 CURRENT DESIGN PRACTICE AND THE STRESS REPORT .........
6.4.1 Current Design Practice .........cccviviinnerans
6.4.2 BStress Report ..... I
6.5 SUMMARY AND RECOMMENDATIONS ....cvcc00v..e
REFERENCES .....t-vcevcessosectscerssnsssnnascans
BASIC ASPECTS OF CRACK GROWTH AND FRACTURE .....ccccveceness
7.1 DEFECTS AND FRACTURE CONTROL ....c.cc.vuivivvnteracacnans
7.2 LINEAR ELASTIC MODELING OF CRACKS ..vvvvccranconccaanas
7.2.1 Progressive Crack Extension ...... vesessrersenes
7.2.2 Linear-Crack Streas-Field Analysis .........s...
7.2.3 Experimental Fracture Mechanics Analysis .......
7.3 PLASTICITY ANALYSIS CONCEPTS FOR CRACKS ....cecosvveces
7.3.1 The Ty Plasticity Adjusiment Factor ............
7.3.2 The Strip-Yield Zone Concept :cocevercrencnosane
7.3.3 The Mode III Elastic-Plastic Treatment .........
7.3.4 Fracture Characterization Problems in Relation
to Plastic Analys8is ...cccsecocecccvannscacssnns
7.4 SLOW, STABLE CRACK GROWTH .ccvcoveveorsccsncnnssnssares
7.4.1 Crack Growth Rates as Affected by Fatigue ......
7.-4.2 Crack Growth Rates as Affected by Environment ..
7.5 CRACK PROPAGATION AND FRACTURE TOUGHMESS .....cccce0000
7.5.1 Measurements of K, and Ky, for Very-High-

stl‘ength“etals S s PRGOS PEOIEOCROISLIENRIECTOEROBOEROESEBRORPRESUETS

365
366

367
367
368
372
372
390
399
401
406
406
410
412
419
430
430
4d3
443
4ht
452
455
456
457
459

462
465
465
474
476

476



7.5.2 The Brittle-Ductile Fracture Transition ...... .. 480
7.5.3 Double-Cantilever and Face-Grooved Specimens ... 483
7.5.4 General Aspects of Dynamic-Crack Stress-Field

Analysis .......... sssssesasnssnsnns crassacss see 487
7.5.5 Fracture-Frocess Zone, Time-Rate Effects, and

Minimum Fracture Toughness ..........-.. eeecerness 489
7.5.6 Fracture Toughness in Relation to Plastic Flow

Properties @ R S 2 B & F SSRGS S RSO RS SRS BE s 4%
7.5.7 Dynamic Fracture-Toughness Measurements and

Fracture Transition Temperature Tests ...... ees. 498
7.5.8 Comments on Crack-Opening Dislocation

Measurements ........... cesecsss Ceespssespsananss 506
7.5.9 Comments on Load Toughening and Strain Aging ... 508

7.6 FRACTURE CONTROL PIANS ..... seressas ciessasacesssancancas 510

7.6.1 Elimination and Slow Growth of Defects ...... . 510

7.6.2 Fracture Safety in Relation to Crack Arrest .... 51

7.6.3 Relationship of Fracture Toughness to Pressure
Vessel Design Load in Terms of a Leak-Before-
Break Criterion ¢.....cccvceueee cestesrsescanne 517

7.6.4 NRL Fracture Analysis Diagram .....c:coceveeeese 522

7.6.5 Proof Test Estimates of Critical Crack Size in
Relation to Fracture-Safe Life ..cccevsvcncensass 524

7.6.6 Radiation Effects Relative to Fracture

Properties and ojp «..--- Cresenescrirrasrasanes . 528
7.7 RECOMMENDATIONS ....civcoucensscusanscassscasonasssnassa 531
REFERENCES ...cveccvecascsonctncancannecs checsusecssnsaseen e 934
FABRICATION ..ccvvnevectavcccsantcanarcaconncansnnnes D k&
8.1 PFACILITIES ..v:ivceceecccnannsanaoanassoanana P i |
8.2 OPERATIONS AND MATERIALS ....cccecevvcccccssnonea teeees 544
8.4 HEAT TREATMENT OF FORMED SHELL PLATES .....000cc0e0e-0s 551
8.5 ASSEMBLY OF FORMED SHELL PLATES INTO COURSES ....:ccc.. 553

8.6 ASSEMBLY AND HEAT TREATMENT OF ELECTROSLAG-WELDED
SHELL COURSES BY ELECTROSLAG WELDING ..:c:vccvecerscccns 555

8.7 JOINING SHELL COURSES INTO SHELL SUBASSEMBLIES ........ 560
8.8 FABRICATION OF VESSEL SUPPORTS «.cvcvvvevacvasconssnnes 561
8.9 NOZZLES AND DISSIMILAR METAL WolDS .cccevevecccsacascses 561
8.10 WELD-OVERLAY CLADDING .occesrtoessnsoncssassvessosnasss 564



8.11
8.12
8.13
8.14
8.15

xvi

HEAD SUBASSEMBLY «svccvvececocrscvenconssosascacsnnnas
FLANGE AND NOZZIE PORGINGS ...cccovcvesscvassasnscnnas
MACHINING ......ccccvectecocvsvsconcoonsnvonanconceanras
TESTING .....ccooscvancacssososastsssancescssscscnscns
CIEANING .:...ccovetsccsersvetccrsassnveccscanossncnsss

mmm LR A I R R A R N A N I A R R NI I B I A R N I B A R I B B
QJAHTY msum P08 0T 0L 0P OB BO0LNPINNSBsePIRPRAESESOSTRERESDS

9.1

9.2

9.3
9.4

9.5

CHEMICAL AND MECHANICAL PROPERTIES .....ccecctvavrasccas
9.1.1 Chemicai ANBLlYSES :eccccsssvscncrnssnsssccncarsss
9.1.2 Mechanical Properties ......c00ccevvnccscaccnsss

9.1.2.1 Plate .ceicesvcvcscssnsscransescsncanes

9.1.2.2 Forglngs ccoceeescvocscecoracnscscsnannes

9.1.2.3 Bolting Materials ....ccecevvs0evansane

9.1.2.4 Filler Metal ....ccicosucccncesssccanss

9.1.2.5 Welding Procedures and Weld Tests .....
9.2.1 Examination Procedures .......ccccievsensccvancs
9.2.2 Plates .s..c.ccieiticrcnsnesessacericonssscssronas
9.2.3 Forgings and Bars ..ccoveececscoscvccacsnsavesns
9.2:4 CaStingB secvvecreacesrsscnsasssvsncerasasoncnnna
9.2.5 Tubular Products ...cseseceessccssvsocsassscsosss
9.2.6 Bolts and Bolting MateriQl ......ccrasve0cceeesns
9.2.7 Examination After Accelerated Cooling .-..-s.0ee
9.2.8 Procedures and Personnel ....cccececasnscnccases
FABRICATION ..... tesesseevesisenvenantesenrsnbassensane
9.4.1 BStress Analysis and the Stress Report ..........

9.4.2 Effects of Acceptable Deviations from
Specifications *® 0 808D 0P eSO S SRS BDS

INSPECTION METHODS — CAPABILITIES AND LIMITATIONS .....
9.5.1 Macroscopic or Visual Examination .c.iciceccosne
9.5.2 RAAIiOGraphy +ececccestscecovootsconcssssavcnnsans
9.5.3 Ultrasonic Testing ...cecceovcerreccessvsccscsas
9.5.4 Magnetic-Particle Examination ....coc00ecccvenns
9.5.5 Liquid-Penetrant Examination ......c0c0civevanes

566
567
570
572
574
375
577
579
579
580
581
583
585
586
586
588
589
590
593
59%
596
598
598
599

604

605

610
612

624
625



xvii

9.5.6 Electromagnetic Methods .....ceicnteveaveosneannas

10. TESTIN: AND SERVICE PERFORMANCE SURVEILLANCE ...cco0vvecvsen
10.1 HYDROSTATIC TEST ccceevosrecesnonsssosssansasecssaancs
10.2 POSTOPERATION TESTING .vc.cocevuvavvacrossssnansonsanss
10.2.1 Material Surveillance «s.cceeevevccsrscvsconns

10.2.2 Hydrostatic Retest ...icvcevsvrsccensonsscsans

10.2.3 Nondestructive Examination ...eveeesceosvcesse

10.2.3.1 Present Practice .cvvececescrsacanns

10.2.3.2 Possible Postoperation Examination
Methods * 8 ¢ B O S0 8 &0 BB SR HESsserRs i

10.2.3.3 Nondestructive Detection of Radia-
tion Damage ...vcsevveesevecsansssns

10.3 IN-SERVICE EXAMINATION ..ccococecoccsansassorsononsnns
10.3.1 Ultrasonic Scanning Systems ...-vovsvecscrenss
10.3.2 Fixed-Probe Systems ...ceeucescssssvscsanssaca
10.3.3 Other Monitoring Systems ..ccescececcssccssses

REFERENCES ..vccvveesn craees srscserssrassannas

INDEX L A A SR A IO B AR B B B BT B NC R B BV B BT RC RN B BN I BN A B R B A B R B RN B R AU BE BN RC Y B A B B B A B ]

626
627
629
629
637
637
643
645
647

649

661

662

669



xix

ABSTRACT

The current practices in the design and fabrication of steel pressure
vessels for light-water-cooled nuclear reactors in present and immediate-
future commercial use are reviewed. The specified service and predicted
environmental conditions are identified, along with an evaluation of the
effects of these parameters on materials behavior. Materials fabrication
and materials properties of interest in pressure-vessel fabrication are
reviewed, and the metallurgy of these materials is discussed. The basic
aspects of fracture mechanics and crack growth are examined, with emphasis
on the low-alloy steels of current interest. The codes and standards ap-
plied in the technology are discussed, and areas where augmentation and/or
revision to these standards appears warranted are identified. The tech~
niques for postoperational and in-service inspection are summarized and
evaluated.



TECHNOLOGY OF STEEL PRESSURE VESSELS FOR
WATER-COOLED NUCLEAR REACTORS

G. D. Whitman G. C. Robinson, Jr.
A. W. Savolainen

1. INTRODUCTION*

This summery review of present-day pressure vessel technology was
prepared as a task under the U.S. Atomic Energy Commission's augmented
nuclear safety program. The material, presented as a state-of-the-art
review, includes the major areas of materials, design, fabrication, and
inspection to provide a body of information that may be used in the as-
sessment of the risk of catastrophic failure of a reactor vessel. The
requirements set forth in codes and standards are compared with current
practice, and the identification of potential problem areas where addi-
tional research or augmented standards would be useful are discussed.
Current technology and the immediate-future needs of the technology were
of primary interest in the preparation of this report.

The discussion is limited to primary reactor vessels for light-water-
cooled nuclear reactors, that is, the boiling-water reactor (BWR) and the
pressurized-water reactor (PWR) for civilian power applicatiorn. These
vessels are identified as Class A vessels in the ASME Code, Section IlI,
Nuclear Vessels. This comprehensive review involved the assessment of a
wide range of activities, skills, and disciplines, including the inter-
relationship between nuclear designer, fabricator, and operator. Every
effort was made to provide an accurate reflection of the current atti-
tudes of this segment of the nuclear industry, and recognized authori-
ties were retained to prepare certain sections and review the entire re-
port. The principal designers and builders furnished considerable in-
formation. Some information was obtained during the course of the evalua-
tion that was of a proprietary nature, and since a detailed accounting
of all phases of the technology was not essential to the objectives of

the report, such information was not included.

*This chapter was prepared by G. D. Whitman of Oak Ridge Natiocnal
Laboratory.



The reactor vessel is one of the major components in a nuclear fa-
cility in that it performs the very critical functions of housing the
radioactive core and provides a pressure-tight membrane to retain the
coolant. Pressure vessel technology per se is not new, and vessels have
been designed and fabricated that have good performance records of many
years duration. This was not always the case. In the early 1900's, as
a result of catastrophic failures of boilers, the ASME undertook the task
of providing a minimum set of standards for the design, materials, and
construction of a class of these devices. The first Boiler Ccde was pub-
lished in 1914. Through the intervening years, additional codes have been
written and published, with today's accepted standard for nuclear reac-
tor vessels being the aforementioned Section III of the ASME Code. The
primary intent of these codes is to establish levels of safety, and when
applied within the bounds of good engineering judgment and the limita-
tions set forth, a new product of adequate quality should be produced.

The nuclear industry, as any viable segment of the economy, undergoces
constant change. Considering the phenomenal growth of nuclear power sta-
tions in both numbers and unit size, the potential for catastrophic fail-
ure needs to be under constant surveillance. The first water-cooled re-
actor vessels were designed and fabricated in accordance with Section I
of the ASME Code, and these vessels have performed well. As the technology
progressed and more advanced methods of design and fabrication came into
general acceptance, standards and codes were published to incorporete a
more sophisticated level of control on quality, and the product is more
closely tailored to an intended service. The Section III rules are pri-
marily applicable to vessels operating below 800°F, the creep limit for
the materials of interest. Provisions for limiting primary, secondary,
and other stresses and stress concentrations, as well as the control of
stress-cycle fatigue, are incorporated. Rules for the control of external
influences and environmental factors, such as corrosion and radiation ef-
fects, are not specified, but the designer or owner is made responsible
for taking such into consideration.

A major emphasis in the technology today is on the fabrication of
larger vessels. In terms of electric power production, 1000-Mw(e) sta-

tions are under contract, and units with up to 1500-Mw(e) capacity are



being seriously considered, in contrast to the 200- to 300-Mw(e) stations
built a few years ago. It .hould be noted that the smaller units built
by today's standards are the only ones with any operating history. As
of this writing, 47 reactors with a total capacity of 27,574 Mw(e) have
been built, are being built, or are committed under the U.S. commercial
nuclear power program.l

As of today there are only two companies in the United States, Bab-
cock & Wilcox and Combustion Engineering, actively engaged in the design
and fabrication of shop-fabricated vessels of interest in this report.
Their unique capabilities, facilities, and experience place them in a
preeminent position in this regard.

Another factor that just recently came into prominence is field fab-
rication of vessels for water-cooled reactors. At sites where there is
no navigable waterway or overland transportation of a completed vessel is
not possible, field fabrication is being considered. In fact, a 545-Mw(e)
BWR vessel of some 600 tons was subcontracted to Chicago Bridge and Iron
by General Electric for a plant at Monticello, Minnesota.!

The vessels for the two systems of interest have immediately dis-
cernible differences in that the BWR vessels are thinner walled, larger
in diameter, and taller. Table 1.1 gives relative sizes of vessels for
comparable plants.

The differences in proportions of the vessels are due primarily to
the higher pressure of the PWR system and the space needed above the core

in the BWR for mechanicel steam separators. Dimensions of interest for

Table 1.1. Comparison of Sizes of Pressure
Vessels for Comparsgble Plants

Reactor type BWR R
Identification Dr>sden-2 Palisades
- Net electrical output, Mw 715 710
Design pressure, psi 1250 2500
Cylinder wall thickness, in. 6 1/8 g8 1/2
Inside diameter, in. 251 172

Height, in. 816 480 3/4




a number of vessels are listed in Chapter 3 of this report, and Figs. 1.1
and 1.2 show typical vessel proportions for the BWR and PWR systems, re-
spectively. These figures also show the size evolution and the applicable
ASME Code used in the design and fabricaticn.

The plate and forging meterial from which these vessels are fabri-
cated today is low-alloy manganese-molybdenum carbon steel, with & nickel
addition for improved fracture toughness. A quenching and tempering op-
eration is used to improve the fracture toughness and, as applied to heavy
sections, it helps attain the same strength levels as those specified for
the normalized and tempered grades in lesser thicknesses. The continuing
development of increasingly larger vessels will eventually involve the
use of higher strength materials. The particular requirements for nuclear
reactor service demand that considerable informetion be developed on any
potential material; this information may include the effects of neutron
irradiation and the effect of flaws or defects in the behavior of the ma-
terial under the conditicus of service.

It is important to emphasize at this point that it is not possible
to arrive at an absolute position on many key items, and furthermore, in
order to evaluate the incredibility of failure of a pressure vessel when
incorporated into a system such as & power reactor complex, limits must
be specified for the environmental conditions. The nuclear systems de-
signer specifies a set of service conditions, including abnormal events,
that form the basis for design input. The vessel designer provides analy-
ses that demonstrate the adequacy of the structure for these specified
service conditions, and fabrication is performed with considerable quality
control so that there is no apparent reason for poor performence within
the design limits specified. A system of checks and balances is invoked
throughout the course of a project that establishes multiple roview of
the design, material, fabrication, and quality control. Checks are made
on the completed vessel that insure its capability to withstand overpres-
sure loading, and measurements are made to check deflections and displace-
ments of the loaded vessel to back check the design predictions.

Information gathered in this review indicates that the industry is
producing high-quality vessels in terms of the standards set forth and

required by the Code, since these requirements are generally exceeded in
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all phases of the manufacturing process. This practice has evolved he-
cause of the recognized importance of vessel integrity to safety and plant
avgilaebility. The vessel is one of the major components controlling con-
struction scheduling and involves considerable financiel investment, which
further emphasizes the importance of control on quality to the parties
concerned. Finally, the difficulties involved in inspection after plant
startup are an overriding incentive to place quality control in a com-
manding position.

The major subjects discussed in this report identify areas where in-
creased knowledge or further augmentation of standards would better es-
tablish limits of certainty on behavior with time and further remove fac-
tors of ignorance in design, analysis, and fabrication. It is also im-
portant to emphasize that new materials and methods will continue to be
devised and discovered. A change in material properties to achieve more
economical construction or increased performance might sacrifice a margin
of safety previously enjoyed, and therefore more exact predictions of be-
havior will be required.

The subjects covered in this report represent a variety of disciplines
and skills., Many individuals with different specialities, interests, and
experience contrituted material, and there is some repetition between cer-
tain chapters. Although such redundancy was minimized to a degree deemed
practical, some remains hecause a more complete presentation of a particu-
lar subject required emphasis on or assessment of background material

from a somewhat diff=rent viewpoint.
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2. CONCLUSIONS AND RECOMMENDATIONS*

The information developed in this report represents the current nu-
clear pressure vessel technology as obtained from the literature and from
the experience of those engaged in designing and fabricating steel pres-
sure vessels for commercial light-water-moderated and -cooled reactors.
The detail developed on particular subjects varies, and some of the dis-
cussion has been included to present a more complete treatment for those
not familiar with the fundamentals or particular disciplines involved.
It is the purpose of this chapter to briefly summarize the major obser-
vations, conclusions, and recommendations. In most cases this informatiou
has been used verbatim from the authors' material. Additional detail on
a particular subject can be obtained from the remaining text and the
references cited at the end of each chapter.

The pressure vessels of interest meet the Class A requirements of
the APME Code, Section III, Nuclear Vessels. These atructures have the
primary function of containing the reactor core and coolant and are com-
plicated by penetrations, flanges, and appurtenances needed to permit
coolant circulation, refueling, reactor control, vessel support, etc.,
consistent with a practical power-producing complex.

Babcock & Wilcox and Combustion Engineering are the only suppliers
of the shop-fabricated reactor vessels of interest. Their experience,
facilities, and demonstrated capebilities make them unique in this re-
gard. Chicago Bridge and Iron has contracted to fabricate a boiling-
water reactor vessel on site, and they have had considerable ecxperience
in the construction of vessels for the petrochemical industry that have
required the solution to metallurgical and fabrication problems similar
to those encountered in the fabrication of large light-water reactor
pressure vessels. General Electric and Westinghouse are the major nu-
clear systems designers who, along with Babcock & Wilcox and Combustion
Engineering, make up the remaining capability in the United States.

*The chapter was prepared by G. C. Robinson, Jr., and G. D. Whitman
of Oak Ridge National Laboratory.



It may be concluded that the principal organizations involved in
the design and fabrication of commercial water-reactor vessels are few.
Their experience, capabilities, interest, and facilitlies are directed
toward the production of a reliable product, and there is no evidence
that recognized quality standards are being compromised. In fact, the
requirements set forth in the accepted codes and standards are generally
exceeded.

It should be noted that s degree of standardization is being achieved
with regard to design and size to the end that previocus experience is
trought heavily to bear on new installations. Even though this elimina-
tion of "new models" for the immediate period establishes a more mature
industry, and the extension of the technology to the current generation
is very rational, operating experience for the larger systems now being
designed is still nonexistent.

2.1 VESSEL FEATURES

The concept of the load-bearing structure is a vertical cylinder
having hemispherical heads with the upper head being flanged and bolted
for core access. The material thicknesses for large-size vessels range
from 7 to 11 in., and the weights approach 1000 tons. Heights vary from
45 to 70 ft, and vessels with diameters in excess of 20 ft are being
fabricated. The pressurized-water reactor vessels are the heavier wall,
shorter structures in comparison with the boiling-water reactor vessels.

The wetted surfaces are clad with a corrosion-resistant material
for coolant protection. The mid-section of the vessel opposite the re-
actor core is free of penetrations and discontinuities; this eliminates
complications in analysgis, fabrication, and inspection in the region where
radiation damage to the material is moat likely to occur.

Penetrations are located in the heads and end regions of the cylin-
drical sections for control, venting, injection, coolant clrculation,
etc., as required primarily for heat removal, control, and safety. The
largest number of a single type of penetration is associated with con-
trol-rod-drive requirements, and these penetrations are located in the

vessel head.
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Generally speaking, pressurized-water reactor vessels are supported
from pads or nozzles located at the upper cylindrical section. Boiling-
water reactor vessels are supported by continuous skirts attached to the
bottcam head.

The materials of construction are low-alloy steel and manganese-
molybdenum steel with a nickel addition. Stainless steel or Inconel cliad-
ding added on the interior surface of the low-alloy structural steel by
metallurgical bonding forms the wetted surface.

The primary evolutionary features have been increases in size and
attendant weight. The reactor core required to produce sufficient ther-
mal energy for current 1000-Mw(e) plants can be housed in a single ves-
sel. Studies are being made to extend the techmology to vessels for
cores in 1500-Mw(e) and larger plants. However, it appears that & cur-
rent commercial plateau has been achieved at or near the 1000-Mw{e) plant
level.

2.2 ERVIROMMENTAL AND SERVICE COMDITIONS

Current designs of boiling-water reactor veszels are based on a tem-
perature of 575°F and a pressure of 1250 psig. The pressurized-water
reactor vessels are based on design conditions of 650°F and 2500 psig.
These specified levels provide margin for operational maneuvering, tran-
sients, and set-point ranges for relief and safety valves.

Methods for effecting water-chemistry control for pressurized-water
reactors are very similar to those used in modern high-pressure and super-
critical fosgsil-fueled steam plants. The total solids conrtent level is
maintained by means of bypass st-eam flows through demineralizers to
less than 1 ppm in order to remove radioactive crud and limit the chloride
content to less than 0.15 ppm. A bypass stream may also be utilized to
pass flow through a gas stripper—deaerator to remove xenon, krypton, and
other gases before returning the stream to the primary loop. Hydrogen
and a pH control chemical, usually hydrazine, are introduced to control
the dissolved oxygen level and toc maintain a pH between 9.5 and 10.

Since only stainless steel, Inconel, and Zircaloy are used in the wetted
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surface regions throurhout the primary loop, & major effort has been made
to effect water conditions that are ideal for these materials.

Because of the gas stripping action of the condenser in the boiling-
water reactor, it is not feasible to utilize hydrogen as in the pressur-
ized-water reactor for suppression of the oxygen produced by radiolytic
decomposition of water in the reactor. In the presence of an excess of
oxygen, hydrazine -rill break down in the reactor environment to form
nitric acid, and as a consequence boiling-water reactors have not used
an oxygen and pH control scheme comparable to that for pressurized-water
reactors. Developmental programs were undertaken to examine the corro-
siveness of an environment that depended on low total dissolved and sus-
pended solids, low oxygen and chlorides, variable pH, and a stoichiometric
ratio of hydrogen and oxygen both in the water and steam phases. Out-
of-pile test loop operation of such an enviromment for stainless steels,
carbon steels, Zircaioys, Inconel, copper alloys, and copper-nickel alloys
typical of the entire system have to date demonstrated very low corrosion
rates and rates of release of corrosion products to systems.

Radiation effects on the behavior of materials from which reactor
pressure vessels are fabricated are among the unique factors to be con-
sidered in reactor pressure vessel performance. The accumulated neutron
flux for energies greater than 1 Mev is the accepted measure of radiation
dose. The threshold ;evel for incipient damage is generally accepted to
be 10*% neutrons/cm?, and designers avoid high stresses and discontinu-
ities in regions where the accumulated neutron dose will exceed this
value. Boiling-water reactor vessels receive a lower dose than pressur-
ized-water reactor vessels by virtue of a greater clearance between the
core and the vessel wall, with the resultant attenuation of the radia-
tion by the coolant and hardware in the clearance region. The peak de-
sign life dose levels for boiling-water reactor vessels are less than 10!°
neutrons/cm?, with best estimates being less than 5 x 107 neutrons/cm?.
The peak design life dose levels for newer pressurized-water reactor units
are predicted to be approximately 3 x 101° neutrons/cm?.

A precise understanding of the extent and type of radiation damage
suffered as a function of radiation Jose, dose rate, and temperature has
not yet been attained. Also, methods for predicting accumulated radiation
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dosage are subject to considerable uncertainty. Consequently current re-
actor vessels are monitored for possible radiation damage by means of
surveillance programs patterned after ASTM Standards E 170 and B 199.
Dosimetry accompanying the surveillance specimens depends upon activation
analysis, which is subject to considerable uncertainty due to lack of

an adequate knowledge of the cross-section data of the useful activants.
Also a serious gap in the neutron energy spectrum, approximately 1 kev
to 1 Mev, is measurable only with Jissionable materials, and a difficult
technique and considerable expense are involved. PFurther basic work on
cross-section data is needed sc that the accumulated data from surveil-
lance programs may be beneficial in understanding the basic mechanisms
of radiation damage.

Economic considerations usually result in design lives for power
reactors that vary from 20 to 40 years. All current designs are aimed
at a life expectancy of 40 years.

Fatigue analyses of vessels involve loadings from three major cate-
gories of cycles. These are (1) startup and shutdown cycles, (2) normal
operation involving load changes, and (3) transients associated with
safety action and integrity tests. The permissible temperature and pres-
sure rates of change for startup and shutdown are primarily controlled
by restrictions imposed to insure against the possibility of brittle frac-
ture.

In general, the rressure and temperature transients associated with
minor load adjustments 4o not produce severe service and result in neg-
ligible or low calculated cumilative damage factorz. The most severe
transients are associated with safety actions. In order to achieve low
cumilative damage factors, thermal barriers are required on certain areas,
such as nozzles. In order to properly interpret the design data as time
functions of temperature, pressure, and combinations of temperature and
pressure, specifications must be prepared carefully, and even with good
specifications very close coordination is required between system and
vessel designers so that no misunderstanding exists as to the character
of these loadings.

The mechanical loadings considered are piping reactions, loading
from mechanical devices that are appurtenances to the vessel, hydraulic
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loading, bolting loads at flanges, and selsmic loading. Although load-
ings from overpressure tests equivalent in magnitude to the loadings of
the initial hydrotest are being considered for routine inspections, no
generally accepted recommendation in this regard is evident.

2.3 MATERIAIS

Relatively tew materials have been used or considered for use in
light-water reactor vessels. This has resulted from a cautious approach
to material selection because qualification requires a thorough knowledge
of the physical and mechanical properties and fabricability of the ma-
terial, as well as a backlog of relevant experience and proven economics.
Some of the early reactor vessels were fabricated from carbon-silicon
ASTM A 212 grade B steel plate. Although there has been extensive suc-
cessful use of this steel in steam boiler drums in all thicknesses up to
the 6- to 7-in. range, ts fracture toughness was not as high as desired
for nuclear vessel service. Later vessels were fabricated from a nickel-
modified version of AST™M A 302 grade B plate, a manganese-molybdenum steel.
The current designation for this material is ASTM A 533; the correspond-
ing forging material is ASTM A 508 class 2. Vessels currently in fab-
rication or planned will use these materials.

Since prospective 1500-Mw(e) or larger reactors would involve a tenu-
ous extrapolation of the properties of ASTM A 533 grade B class 1 steel,
two additional high-strength alloys are currently being investigated. One
is a chromium-molybdenum alloy (2 1/4% Cr—1% Mo) that is defined in ASTM
specifications A 542 (plate) and A 541 class 7 (forgings). The other is a
nickel-chromium-molybdenum alloy (3% Ni—-1.75% Cr—0.5% Mo) that is defined
in ASTM specifications A 543 (plate) and A 508 class 4 or A 541 class 8
(forgings).

The heavy plate sections, greater than approximately 6 in. in thick-
ness, required for light-water reactor vessels are obtainable from a sin-
gle source of supply. The prospective demand for heavy plate has not as
yet appeared attractive enough to warrant the large capital investment
required for competition in the field. In addition, the present trend
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is to attempt to develop high-strength alloys that can be used in thinner
sections. A successful development of this tvpe would favor a broader
base of competition, since no additional capital outlay would be required.
In spite of this unique supply feature, the industry has not appeared to
suffer from extended supply schedules, excessive costs, or reduced quality,
and no immediate change in this healthy situation appears imminent.

For vessel fabrication methods involving the use of electroslag weld-
ing, there is a single source of supply of braided wire with the tailored
chemistry required. Here again, the single source of supply has apparently
created no serious difficulties.

The accent on good low-temperature notch toughness in nuclear plate
and forgings and the desirability of uniformity of properties has given
impetus to the use of manufacturing procedures that are generally acknowl-
edged to enhance the desired mechanical properties. Examples are the
preference for basic electric-furnace rather than basic open-hearth methods
to obtain better homogeneity in the final structure and to reduce phos-
phorus and sulfur contents. Vacuum degassing of the charge is also gen-
erally used to substantially lower the content of gases, particularly
hydrogen, to cobtain more thorough homogenization of the molten metal and
to reduce the amount of aluminum required to tie up the residual oxygen
and consequently reduce the rnommetallic inclusions and possible aluminum
intermetallic compounds. The improvements in mechanical properties re-
sulting from these manufacturing techniques, though not dramatic, are
significant enough so that consideration should be given to making their
use mandatory for both plate and forgings. It furthermore appears that
a very worthwhile endeavor would be a basic investigation of the effects
on mechanical properties of tramp trace elements, refined control of
basic constituents, and microstructure variations in both unirradiated
and irradiated materials.

The current fabricators are well versed in the techniques for de-
vising, developing, and implementing adequate weld processes. In spite
of the fact that the weld processes used — submerged-arc, electroslag,
stick-electrode, shielded-metal-arc, and inert-gas-shielded — are common
to the welding industry in general, the problems peculiar to the nuclear
pressure vessel industry have required greater effort because of the
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massive sections involved and the quality desired. In early vessel work,
a significant rumber of welding problems arose that required careful
selection of filler metal and flux and careful qualification of the pro-
cedure and therefore entailed a considerable proprietary effort. It is
anticipated that newcomers to the nuclear pressure vessel field will be
forced through such a development stage unless appropriate petrochemical
experience has been accrued.

Of the current processes used, electroslag welding is perhaps attended
with the greatest uncertai...y in quality due to limited experience. Since
the weld formed may consist of as much as 60% base metal, there is cause
for concern for reproducibility of the properties because of the high
degree of filler metal dilution and because of the grossly segregated
microstructure. It therefore appears prudent to require that each weld-
nent include a runoff tab and that the tab be tested for its response to
the quenching and tempering heat treatments.

A review of the mechanical property data indicates that the reference
material, ASTM A 533, is generally satisfactory for the presently imposed
requirements up to sections approximately 12 in. thick. Some uncertainty
exists in the ability of A 533 steel to meet the required notch impact
properties in the heavier sections; however, there is some evidence that
the presently imposed requirement for the Charpy V-notch "fix" may be
too conservative. Further effort should be invested to clarify this point.

Since the notch impact properties of A 533 steel are marginal in
the heavier sections, as has been previcusly mentioned, consideration
has been given by industry to the use of ASTM A 542 and A 543 steels for
the next generation of light-water reactor pressure vessels. These ma-
terials respond to quenching and tempering heat treatment and have me-
chanical properties in the high-strength category. As is subsequently
discussed, the use of high-strength materials will, in general, impose
a need for a more stringent review of c¢rack-propagation resistance, in-
cluding a greater involvement of fracture mechanics techniques.

There is socme evidence ithat A 542 steel has a very sensitive rela.-
tionship between the tempering temperature and the notch toughness that
leads to a very disconcerting scatter in the measured values. ASTM A
543 steel is a more highly alloyed steel than A 533 or A 542, and the
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alloying materials may contribute to greater difficulties in welding.
Its high nickel content may contribute to an embrittling effect that can
result in a loss of notch toughness. PFurther ef“ort should be invested
in the development and quelification of these steels t- remove these po-
tentially troublesome aspects.

2.4 EFFECT OF ENVIRONMENT ON MATERIAIS

The effects of environmental factors, such as temperature, radia-
tion, corrosion, and hydrogen embrittlement, are of considerable concern
with respect to safe operation of nuclear reactor vessels. Perhaps con-
cern for the possible problems is emphasized because, in general, they
are not currently amenable to solution by codification. For this reason,
Section III of the ASME Code does not give an extensive body of rules,
but rather an admonition to the designer t¢ meke proper provisions for

environmental factors.

2:4.1 Temperature

The consideration of temperature in Chepter 5 is restricted to criti-
cal metallurgicul effects, since it is apparent that in the broad convext
temperature is a significant parameter in almost every phase of metal-
lurgy. Therefore, many other important temperature-related effects are
considered in Chapter 4 and are summarized in previous Section 2.3.

Since the m.ximum temperature at which light-water reactor pressure
vessels are designed to operate is 650°F, there are no problems solely
attributable to loss of tensile properties due to temperature. Also creep
and stress-rupture eff :ts need not be considered. Therefore the primary
concern for temperature is its relationship to critical metallurgical ef-
fects involving embrittlement. Embrittlement effects are quite complex,
and the behavior mechanisms of the materials of interest are very di-
vergent for comparable temperature treatments. This wide divergence en-

sues as a consequence of the great sensitivity to temperature-related
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metallurgical changes created by seemingly slight variations in alloying
and tramp element content.

It is possible that the current reference materials, ASTM A 533,
A 508, and A 540 steels, may embrittle as a consequence of an aging phe-
nomenon involving nickel and aluminum. Fortunately, the current radia-
tion-surveillance programs will permit detection of any significant
changes, and some will permit differentiation between radiation and
temperature-related metallurgical effects resulting from placement in
regions of low fast-neutron flux. It is also possible that similar em-
brittling problems may be involved with the usage of the candidate ma-
terials, ASTM A 542 and, in particular, A 543 steels, because of their
higher nickel content, as previously mentioned. The understanding of
embrittling processes is of paramcunt importance and should be an area
for an extensive research effort not only to elucidate the significant

factors for the reference materials but also for any canidate materials.

2.4.2 Corrosicn

A tremendous backlog of information, both experimental and opera-
tional, has been accumulated during the past 10 to 15 years on the cor-
rosion of carbon, low-alloy, and stainless steels in water systems re-
lated to nuclear reactor applications. The effects of numerous variables
on corrosion behavior of these materials have been investigated in a
thorough manner. Among the variables that have been examined are water
pH, temperature, time, water velocity, material composition, stress, heat
treatment, water resistivity, and the presence of oxygen, hydrogen, and
other gases in the water. 1In addition, a fair amount of information is
available on the crevice and galvanic corrosion of the materials in
question. In order to minimize the problems of corrosion and of corrosion
products passing into the recirculating water system, it has been general
practice to utilize austenitic stainless steel as the major construction
material on the wetted primary boundary in most designs for water-cooled
nu.olear power reactors.

Carbcen or low-alloy steels have not as yet been used because of the

question of whether such materiais would exhibit acceptable corrosion-
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resistance under the contemplated operating conditions. However, with

appropriate thickness allowances, general (uniform) corrosion of carbon
and low-alloy steels for pressure vessels would not present a problem,

other than perhaps that of iron-to-system release, in the operation of

water-cooled nuclear reactor systems. The difference in corrosion be-

havior of the plain carbon :and the low-alloy steels with up to 5% chro-
mium is insignificant.

Jo noticeable effect has been found on the corrosion of plain carbon
and low-alloy steels as a function of temperature in the range 500 to
600°F. However, at temperatures around 140°F, when the reactor is shut
down and when oxygen is readily available to the system, the corrosion
rate may be as high as 10 to 15 mpy. The water velocity at which carbon
and the low-alloy steels are susceptible to erosion-corrosion effects
has not been established, but it is known that velocities up to 35 fps
are below the range whr~re effects occur.

There does appear to be an effect of oxygen on the corrosion behavior
of carbon and low-alloy steels, particularly in low-temperature water
where the rate is appreciably high. Some differences in behavior, how-
ever, have been observed by various investigators in high-temperature
water that depend on the level of oxygen content. At high-oxygen con-
centration levels, better behavior has been observed than at lower oxygen
levels. In neither case is the rate excessive. The role of dissolved
hydrogen has not been definitely established, but there is evidence that
in neutral water, the addition of hydrogen suppresses corrosion attack
noticeably.

Water pH, as mentioned above, has been found to exert a rather marked
effect on the corrosion of carbon and low-alloy steels. Corrosion rates

decrease as the pH is raised from the range 7.0 to 9.5 to the range of
10.5 to 11.5. Tests have shown that at the higher pH, generally obtained

by the addition of lithium hydroxide, the steady-state rate after 10,000
hr is about 0.1 mpy.

Pitting of pressure-vessel materials, such as the carbon and low-
alloy steels, does not appear to be a problem at operating temperatures
of a nuclear reactor system, but it is highly likely that some pitting
will occur during reactor startup and shutdown periods despite the high
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registivity of the water. It has been determined experimentally that
pits formed in room-temperature water are not intensified or accelerated
during subsequent operation in high-temperature water. Once the high-
temperature film is formed on pressure-vessel materials, appreciable
protection is afforded against the formation of pits during later expo-
sure to room-temperature conditions. As best as can be determined from
observations of experimental data, pitting does not present any serious
problems so far as depth of penetration is concerned.

The severity of both crevice and galvanic corrosion (the latter when
carbon or low-alloy steel is coupled to a more noble material, such as
austenitic stainless steel) is greatly diminished as the dissolved oxygen
content of the water is decreased. Galvanic corrosion, as might be ex-
pected to occur in & specific case where a defect in a stainless steel
cladding over a carbon steel or low-alloy base metal would expose the
latter to the aqueous environment, would be greatly lessened by the high
resistivity of the water.

Stress-corrosion cracking of the carbon or low-alloy steels in water-
cooled reactor systems does not appear to be a problem simply because no
mechanism exists whereby concentration effects in water enviromments could
produce sufficiently high alkalinity ranges to induce cracking. Experi-
mental data for specimens stressed in water systems at pH 10.2 to 11.2
show no cracking after periods as long as nearly three years during re-
actor preoperationel and operational times.

Austenitic stainless steels used as a cladding material for nuclear
pressure vessels present no problems so far as general pitting, crevice,
or galvanic corrosion are concerned. Corrosion rates under a wide variety
of conditions are about 0.1 mpy. Stress-corrosion cracking susceptibility
remains a constant threat in the case of inadvertent admission of chloride
ion to the aquecus system. However, except for a few specialty items,
such as materials of spring temper, stress-corrosion cracking is not

known to be a problem in primary water systems.
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2:4.3 Hydrogen ;ﬁriﬁt.rtrl.mnt

Some metals, when stressed, crack on exposure to corrosive environ-
ments, but corrosion is not a necessary part of either crack initiation
or crack growth. Examples of this kind are therefore not properly called
stress-corrosion cracking, despite certain similarities. For example, a
stressed martensitic 12% Cr—-Fe stainless steel in dilute sodium chloride
solution may crack after several months of exposure or, if immersed in
dilute sulfuric acid, may crack 7ithin less than 5 min. The failures
have the outward appearance of stress-corrosion cracking, but, if the
alloy is cathodically polarized, cracking still occurs.

The evidence in numerous cases is that the cracking is caused by
hydrogen entering the metal either through a corrosion reaction that 1ib-
erates hydrogen at the surface or by cathodic polarization. Steels con-
taining interstitial hydrogen are not always dameged. They almost always
lose ductility (hydrogen embrittlement), but only under conditions of
sufficiently high applied or residual stress does cracking take place.
Failures of this kind are called hydrogen stress cracking or hydrogen
cracking.

An analysis of the available data shows that it is highly unlikely
that pressure vessels fabricated from low-alloy steels will undergo hy-
drogen damage such as embrittlement, blistering, or fissuring from ser-
vice conditions encountered during operation of water-cooled nuclear re-
actor systems. This does not appear to be the case, however, for pressure
vessels fabricated from plain carbon steel. In the case of plain carbon
steel the corrosion rate would have to be on the order of less than C.l1
mpy to insure protection from the damaging effects of hydrogen produced
from the corrosion rcaction.

The major source of hydrogen in a water-cooled nuclear reactor sys-
tem operating at temperatures between 500 and 600°F has been established
as that produced by the corrosion reaction between the water and the
carbon steel or low-alloy steel pressure vessel. In the case of the
Yankee Reactor, for example, it was shown that at operating temperatures

and coolant conditions, the corrosion rate and the diffusion rate of
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hydrogen through the vessel wall are such that the maximum hydrogen concen-
tration in the steel of the lower head is approximately 0.3 ppm. This
amount is at least an order of magnitude below the concentration that
could cause reduction in ductility even at low temperatures. The partial
pressure of hydrogen equivalent to this concentration was determined to
be only 21 psi, which is not enough to cause any concern about decarbu-
rization reactions. furthermore, it has been shown fram experience that
no permanent damage to steels of low-alloy types, such as A 302 grade B,
has been caused by even high pressures of hydrogen at temperatures below
600°F. During reactor shutdown, the hydrogen concentration will not
change appreciably in the steel, so a hydrogen damage problem is most un-
likely.

The literature states that hydrogen damage is most likely to occur
in high-sirength steels. 1In steels, such as A 302 grade B and other low-
alloy compositions, where the tensile strength is on the order of 80,000
psi, hydrogen embrittlement is rarely encountered. In addition, these
low-yield-strength steels are stressed to values around two-thirds of
the yleld strength at operating conditions. In contrast, the delayed-
failure mechanism of hydrogen embrittlement requires very high stresses
to become operative, even in the high-strength steels.

Finally, in instances where a defect exists in a low-alloy steel
pressure vessel clad with austenitic stainless steel and where the de-
fect extends into the base metal, the stainless steel cladding would
serve as a cathcde, and any corrosion-generated hydrogen would be dis-
charged on the stainless steel surface. The latter is immne to hydrogen
forms of damage under conditions encountered during nuclear-reactor op-
eration. As has been clearly shown in the literature, it is quite dif-
ficult to create indications of hydrogen dsmage in the fully austenitic
stainless steels. Only by extremely severe treatment, such as cathodic
charging in poisoned acid solutions, can some signs of hydrogen damage
be observed. Such treatments are indeed quite removed from conditions

encountered in the operation of water-cooled nuclear reactor systems.
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2.4.4 Radiation Effects

Nuclear reactor pressure vessels are exposed to an environmental
condition that is almost exclusive to the nuclear energy field, bombard-
ment by high-energy particles. Prior to the advent of nuclear energy,
the materials engineer was concerned with envirommental conditions such
as temperature, stress, strain, and various gaseous and liquid media.

The nuclear engineer has the same environmental problems and must con-
sider, as well, the effects on materiale properties of bombardment with
high-energy nuclear particles.

The major irradiation-induced changes in the mechanical properties
of pressure vessel steels are brought about by the displacement of atoms
within the metal structure by fast neutrons. The primary collision of
a fast neutron with an atom has a high probability of transferring enough
energy to the atom to displace the atom from its lattice site. This
leaves a vacancy in the lattice. The neutron continues to displace atcms
either until its energy is dissipated or it escapes from the material.

A secondary effect results from the energy imparted to the "knock-on"
atom. This atom collides with other atoms in the lattice, transfers
energy to them, and removes them from thelr lattice sites. Finally, these
"knock-on" atoms come to rest either in vacant lattice sites or inter=-
stitial positions. These lattice defects, vacancies, and interstitials
can be randomly distributed in the material or concentrated in small re-
gions termed "clusters" or "spikes." In addition, the capture of a ther-
mal (or epithermal) neutron by a lattice atom can result in the emission
of a gamma photon or particle of sufficient momentum that the atom will
be displaced from its lattice site by recoil. This effect is, however,
not considered significant in power reactor pressure vessels.

Another effect of neutron irradiation may be the transmutation of
one element to another element. Such effects are regarded as of minor
significance in pressure vessel steels.

At the operating temperatures of nuclear power reactor pressure ves-
sels, many of the defects will be mobile, and annealing of the radiation
effects may occur. However, in certain temperature ranges, an excess

concentration of lattice vacancies in & radiation flux can accelerate
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diffusion-controlled metallurgical reactions. Effects of such reactions
in pressure vessel steels have either not been observed or not recognized
as such.

The defects introduced in metals by nuclear radiation can alter me-
chanical properties, such as flow stress and fracture toughness, to a con-
siderable extent. Even with this brief review of the mechanisms of radia-
tion effects, it is obvious that the critical factors determining radia-
tion effects in steels include composition, metallurgical structure, neu-
tron energy distribution (spectrum), total neutron exposure (dose), and
exposure temperature and may include rate of bombardment (neutron flux)

and stress.

2+s4.4.1 Effects on Mechanical Properties

Radiation effects on the physical properties of metals;, for example,
electrical and thermal resistivity, density, and elastic moduli, have
been observed and studied in detail. The primary objective of these
physical property studies has been to understand the mechanism of inter-
action of radiation with atoms of a solid and the effect of various lat-
tice defects on metal properties. Physical property changes resulting
from irradiation are rarely of engineering significance above room tem-
per.ture.

The mechanical properties of metals, however, may be modified by
nuclear radiation to a degree that is of considerable engineering sig-
nificance. The basic cause of most radiation-induced mechanical property
changes is generally considered to be the interaction of dislocations
with the lattice defects, vacancies, clusters, spikes, dislocation loops,
etc. introduced by radiation. Dislocation motion in the metal lattice
is either prevented or impeded by these defects and the observed result
is an increase in the flow stress or yield strength of the metal. Other
mechanical property changes may be various manifestations of this primary
effect.

Accompanying the increase in yield strength is a concurrent but gen-
erally lesser increase in ultimate tensile strength. As a result, the
ratio of yield strength to tensile strength tends to approach unity.
Yield-to-ultimate strength ratios above 0.95 have been observed in steels
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irradiated to 7 x 10'® neutrons/cm?® (E > 1 Mev) at less than 400°F.
Irradiation to greater than 1 x 10°° neutrons/cm? was required to reach

a ratio of 0.95 when the exposure temperature was 550°F. Ductility pa-
rameters generally are decreased by irradiation. The uniform elongation
(strain prior to onset of "necking") is decreased most rapidly with lesser
decreases in total elongation and reduction of area. Significant de-
creases in reduction of area generally occur only at very high neutron
doses. Irradiastion decreases the rate of work hardening at a given strain
and the value of the work-hardening exponent.

The brittle failure of large steel structures is a problem that has
attracted the attention of engineers and scientists to an ever-increasing
extent in the past two decades. The dramatic failures of a number of
merchants ships, bridges, pressure vessels, pipelines, and storage tanks
by brittle fracture have been widely discussed. The investigations and
analyses that followed these incidents showed that the origin of the fail-
ures lay in the tendency of a broad class of metals and alloys to exhibit
low-temperature brittleness. This tendency is increased as a result of
exposure to radiation, and hence the possible embrittlement of reactor
pressure vessels in service has been a matter of concern.

This radiation embrittlement phenomenon is manifested, among other
ways, by a shift in the brittle-to-ductile transition, or nil-duectility
transition (NDT), temperature. Data with which to factor the NDT tem-
perature shift into design considerations with a high degree of confidence
have not been established. What have been commonly used in predicting
this shift as a function of integrated neutron exposure are compilations
of experimental results obtained for a wide variety of conditions.

The temperature at which the ductile-to-brittle transition takes
place is not an inherent constant of the material. Instead, the ductile-
to-brittle transition temperature depends upon the type of test used to
measure it and upon the specimen geometry. The transiticn temperature
usually increases with the loading rate and the triaxiality of the stress
state to which the sampiz is subjected. Many tests have been devised to
evaluate the ductile-to-brittle characteristics of metals. The Charpy
V-notch impact test has been used for most of the studies of radiation
effects on transition temperature. Most of the other test methods
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require specimens of substantial size that are too large to be practical
for exposure in a nuclear reactor. The transition temperature measured
by the Charpy V-notch impact test has been correlated with service per-
formance in a number of cases. The increases of transition temperature
with increasing neutron exposure are apparent as are the variations of
radiation sensitivity of different steels and even of steels of the same
grade.

Several methods are used to apply available data on the radiation-
induced transition temperature shift to nuclear pressure vessel opera-
tion. The simplest method is to use the upper bound of all the experi-
mental results to establish operating limits for the pressure vessel.
Some advantage may be gained by using the upper bound of experimental
results for the particular grade of steel used for the pressure vessel
and for the operating temperature of the pressure vessel. If irradiation
data are available for the heats of steel, heat treatments, and tempera-
ture of irradiation that correspond exactly to the particular pressure
vessel, these data may be used tc establish operating limits for the re-
actor. Lastly, samples corresponding exactly to the pressure vessel are
irradiated near the pressure vessel wall of the particular reactor. This

' eliminates most of the un-

last method, termed "surveillance testing,'
certainties inherent in the other methods. One drawback of surveillance
tests is that the data are available only after a considerable period of
operation of the reactor.

The safety analyses of many nuclear pressure vessels are based on
the Naval Research Laboratory's fracture analysis diagram. A major pa-
rameter in this analysis is the NDT temperature of the steel as experi-
mentally determined by the drop-weight test. Although most radiation
effects data on noteh ductility have been obtained from Charpy V-notch
impact tests, the Charpy V-notch transition temperature has been corre-
lated with drop-weight NDT temperature over a range of temperatures and
neutron exposures up to 5 X 10'? neutrons/cm® for a variety of steels.

The phenomena of fatigue cracking and failure of metals must also
be considered in many structures and components, including nuclear re-
actor pressure vessels. The ASME Boiler and Pressure Vessel Code, Sec-
tion IT1, incorporates specific methods of fatigue analysis based on test
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data for unirradiated steels. The specified methods are based on strain-
controlled fatigue data. While a considerable body of sirain.controlled
fatigue data is available for unirradiated pressure vessel steels, only
a small body of fatigue data is available for irradiated pressure ves-
sel steels.

In unirradiated steels the high-cycle fatigue strength is related
to tensile strength (higher tensile strength materials have higher fa-
tigue strength), and low-cycle fatigue strength is governed by ductility
(high-ductility materials have higher fatigue strengtks in this range
where plastic flow occurs during each fatigue cycle). Since neutron ir-
radiation of steels increases yield and tensile strengths and decreases
ductilities, it would follow that fatigue strengths would be increased
in the high-cycle range and decreased in the low-cycle range. However,
irradiation tests conducted to date have not yielded results consistent
with this hypothesis.

On the basis of the small body of data available on fatigue prop-
erties of irradiated pressure vessel steels, the radiation-induced changes
in fatigue strength or life tend to be rather small, and in no case has
the observed fatigue life been less than three times the allowable de-
sign life permitted by the Code. However, the data are not conclusive
and additional study appears warranted. One particular area of ignorance
is the effect of irradiation on fatigue-crack growth rates. Such infor-
mation is necessary for predicting the growth of fatigue cracks from pre-
operational defects, as well as the initiation and growth of fatigue
cracks.

There are no reported data on the creep or stress-relaxation prop-
erties of pressure vessel steels for the temperature range in which
water-cooled nuclear reactor pressure vessels operate {400 to 600°F).
This situation is readily understandable for several reasons:

1. Creep, creep rupture, and stress relaxation are observable in
unirradiated steels only at temperatures several hundreds of degrees
above the operating range or at stresses considerably higher than those
that exist in these pressure vessels.

2. In this low-temperature range, creep and stress relaxation are

governed by yield or flow stress. Since yield and flow stresses are
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increased by irradiation at these temperatures, it follows that creep and
stress-relaxation rates should be lower in irradiated steels than in un-
irradiated steels.

3. Creep ductility could, in view of decreased tensile ductility,
decrease as a result of irradiation. However, the magnitude of tensile
ductility changes does not indicate any problem of creep rupture of re-
actor pressure vessels at operating conditions.

In the current state of the art, the internal surfaces of light-
water reactor vessels are clad with stainless steel weld overlsy. Al-
though there are no radiation data for overlays per se, the datas available
on welded stainless steel indicate that irradiation will not adversely
affect the serviceability of commercial water-cooled reactors for present

or contemplated operating conditions.

2.4.4.2 Fracture Mechanics

In the design of nuclear reactor pressure vessels, one of the modes
of failure that must be considered is brittle fracture. One method of
insuring egainst brittle fracture is the imposition of regulations based
on a ductile-to-brittle transition temperature. However, there are limi-
tations to the application of transition temperature concepts to large,
heavy-section structures such as nuclear reactor pressure vessels, and
there 1s a reel need for more quantitative methcds that can be incorpo-
rated into design procedures. The approach known as fracture mechanics
has received the most attention by theoreticians, experimentalists, and
designers. Considerable success has been achieved with this approach
for structures built of materials with low ductility.

Several types of specimens are being used by various researchers to
determine the effects of neutron irradiation on fracture mechanics prop-
erties of pressure vessel steels. Some of these are the single-edge-
notch (SEN) specimens being used by the U.S. Naval Research Laboratory,
the double cantilever beam (DCB) being used by the Pacific-Northwest
Laboratories of Battelle Memorial Institute, and the wedge-opening-lcaded
(WOL) specimens being used by the Westinghouse Atomic Power Division and
Bettis Atomic Power Laboratory. Data reported on the irradiation of

fracture mechanics specimens>indicate that the temperature shift at a
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low value of plane-strain toughness (K;,.) and a low level of observed
Charpy V-notch energy correspond closely.

The increasing activity in the measurement of plane-strain fracture
toughness of irradiated steels, coupled with anticipated improvements
and extensions of fracture mechanics methods to more ductile steels, may
provide more quantitative design and arnalysis procedures for insuring

against brittle failure of nuclear reactor pressure vessels.

2+.4.4.3 Critical Factors

A number of factors influence the mechanical property changes re-
sulting from irradiation of metals. Attempts Lo isolate these factors
and obtain general relationships have been largely unsuccessful. Ma-
terial parameters such as composition and metallurgical structure and
exposure parameters such as time-integrated fast-neutron flux and tem-
perature are all interrelated. In addition, the relationships between
fluw and fracture properties are not thoroughly understood for unirradi-
eted steels. For these reasons, the study of radiation effects is a
very complex endegvor. The information on the influence of the wvarious
factors in radiation effects is largely empirical, even though there
are theoretical bases for interpretation of meny of the effects.

It was realized at an early stage of radiation effects studies that
radiation-induced changes in mechanical properties were not linear func-
tions of the time-integrated neutron flux (also called dose or fluence).
The precise relationships of the increases in tensile yield strength and
ductile-to-brittle transition temperature with neutron dose have been
and st 11 are the subject of some discussion. However, for the range of
neutron doses of interest with respect to commercial power reactor pres-
sure vessels, the various proposed relationships predict nearly the same
property changes.

Research groups studying the effects of neutron irradiation on me-
chanical properties of pressure vessel steels have conducted most of
these studies in neutron fluxes several orders of magnitude greater than
those to which resctor pressure vessels are exposed. While the acceler-
ated accumulation of neutron exposure is necessary in order to complete

research prosrams in reascnable time periods, there exist questions
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regarding the application of the results to prediction of the properties
of pressure vessel steels exposed to long-time low neutron fiuxes. Theo-
retical studies have indicated that the neutron-flux (dose-rate) and
neutron-energy spectrum differences between test reactor facilities and
power reactor pressure vessel locations may be of sufficient magnitude

to affect the applicability of test reactor program results to power re-
actor operation. An interim method of avoiding these problems is the
surveillance program discussed in Chapter 10.

Study of flux (dose-rate) effects has been difficult because reac-
tor facilities that provide widely different neutron fluxes usually have
quite different neutron spectra. Thus, flux and spectrum effects are
usually encountered in combination, and separating them is most 4iffi-
cult.

At the present time the radiation damage suffered by a particular
steel in a given neutron spectrum in a given exposure time can probably
be predicted within a factor of about 3 by comparisons with data obtaired
on specimens of an ident -al steel irradiated in a very different spec-
trum. Much progress has been made toward defining the neutron spectra
in variocus reactor facilities, but more information about the nature of
the damage produced must be obtained. Computer studies of radiation
damage show much promise, but more basic information about interztomic
potentials and interactions of defects in metals is required for input
to these programs.

Radiation-induced mechanical property changes are temperature de-
pendent. At moderately elevated temperatures many of the defects caused
by radiation are mobile, and annealing of the radiation effects may oc-
cur. Vacancies are mobile at the operating temperatures of nuclear power
reactor pressure vessels and will diffuse to dislocations, grain bounda-
ries, and inclusions or will coalesc: to form larger lattice defects.

In addition, the larger defects will grow by vacancy diffusion at the
expense of the smaller defects, and the total effect can be strikingly
similar to aging and overaging in a precipitation-hardenable alloy. The
temperatures at which the major portion of radiation-induced mechanical
property changes are annealed or recovered are generally lower than for

recovery of cold work. In fact, the temperature range for the recovery
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of the major portion of radiation effects is alas the temperature range
in which mest commercial water-cooled nuclear pressure vessels operate.
Thus there are radiation damage and at least partial recovery of the ef-
fects occurring simultaneously in the nuclear pressure vessel. This
combination of effects has been observed and studied both in accelerated
irradiations in test reactors and in surveillance programs.

The effects of irradiation of a specific alloy at a given exposure
temperature can, at present, be determined only by irradiation test.
There is some evidence that radiation-induced changes of tensile prop-
erties are related to changes of transition temperature and, further,
that temperatures for "simultaneous recovery" of tensile properties and
transition temrcrature are alsc related. However, some studies have
shown that tensile properties and transition temperature do not always
recover at the same temperatures. Yield- and tensile-strength recovery
may require exposure temperatures 100°F higher than required for traasi-
tion-temperature recovery.

A number of studies have been conducted in which attempts were made
to determine the roles of composition, metallurgical structure, and heat
treatment in radiation effects. A study of medium- and high-strength
steels led to the following conclusions: (1) the higher strength steels
exhibit a general trend toward lower initial NDT; (2) along with higher
strength and lower initial NDT, there is also a tendency for smaller
radiation-induced increases in transition temperature; (3) a marked and
progressive advantage in terms of lower radiation embrittlement is ob-
served with the higher strength steels irradiated at 550°F; and (4) there
appears to be a general tendency for earlier saturation of radiation
embrittlement with increasing strengths; this is particularly marked for
an irradiation temperature of 550°F.

Other studies ind:icate that the finer metallurgical structures lead
to lower radiation sensitivities. The predominant factor appears to be
the cooling rate from austenitization temperature. Composition vari-
ables appear to have an indirect influence on radiation sensitivity,
primarily by altering the metallurgical structure attainable with a given
cooling rate from the austenitization temperature.
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Because the extent of steel embrittlement due to radiation can be
quite large, several studies have been conducted to assess the possi-
bilities of embrittlement relief by means of thermal annealing cycles.
The majority of these studies have been for single annealing cycles fol-
lowing irradiation. A few studies have included reirradiation after
annealing and multiple irradiation-annealing cycles. A number of fac-
tors are operative in determining the effectiveness of postirradiation
heat treatment. These factors include neutron exposure, the material,
exposure temperature, and annealing temperature and duration.

Although striking recovery of mechanical properties has been achieved
through postirradiation annealing, some studies have shown a serious re-
embrittlement phenomenon. Therefore, the measures required to accomplish
full restoration of properties remain in doubt to a great degree.

The effects of temperature on radiation-induced property changes in
pressure vessel steels are complex. It is hoped that study of postir-
radiation annealing kinetics and irradiation at elevated temperatures
will lead to an understarnding of radiation effects and recovery. Such
an understanding should permit the prediction of properties for the more
complex cases of intermediate annealing and chenging operating tempera-
ture.

There exist fewer data on radiation effects in weld metal and weld
heat-affected zones than on plate materials. The major portion of this
information indicates radiation-induced transition temperature shifts of
the same magnitude in welds and heat-affected zones as has been described
for plate materials.

While the results of irradiation studies conducted to date do not
permit prediction (in a satisfactorily precise manner) of the property
changes of a given alloy heat treated in a specific manner and exposed
to a particular nuclear environment, the probable direction of further
research is evident, and there is considerable promise that materials
can be produced that are insensitive to radiation effects at the oper-
ating temperatures of nuclear power reactor pressure vessels. Until such
materials can be consistently produced, the irradiated properties of a

pressure vessel material (plate, forging, weld, or heat-affected zone)
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mist be determined either in a test reactor study or surveillance program,
or the most pessimistic results must be considered in design and oper-

ating procedures.

2.5 DESIGN

The publication of Section III, Nuclear Vessels, of the ASME Boiler
and Pressure Code brought about an emphatic change in philosophy in the
role and tools of design of nuclear pressure vessels. Previously design
was largely accomplished by the adherence to semiempirical code rules
and by evolutionary solution to problems by a combination of rigorous
and nonrigorous analytical solutions, experimental techniques, or related
experience in actual fabrication of vessels. In its new role, design is
intended to give an appraisal in depth of the stress and/or strain state
with time for the projected loading history in order to evaluate all the
failure modes and to select materials to accommodate the expected be-
havior. However, Section III of the Code was not devised nor intended
to serve as a comprehensive handbook of analysis for all ccnceivable
loadings and environmental conditions but rather to establish the mini-
mun requirements that must be met to assure a safe and reliable design.
Analytical treatments are provided, which although not always the most
rigorous available, were intended to provide adequate ccnservatism coupled
with the desirable element of increased simplicity of solution. In its
present form, Section III guides the designer toward sophisticated solu-
tion of stress problems but allows for pragmatic approaches, since rig-
orous theoretical solutions are not always available.

In the broad context, pressure vessels are subject to the following
failure modes: (1) excessive plastic deformation, including plastic in-

stability and buckling, (2) cracking-leakage or brittle fracture due to
initial flaws or flaw growth by fatigue or corrosion, (3) elastic defor-

mation, including buckling, and (4) excessive creep deformation or creep
rupture. In the specific context of light-water reactor vessels, Section
III provides partial analytical treatments for the sclution of only the

first two categories of problems. Analytical treatment is provided only
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for crack propagation by fatigue; nothing is provided to assist the de-
signer in coping with brittle fracture. The geometries presently used

and envisioned are not believed subject to elastic instability, and the
present and immediately forecasted temperature operating conditions do not
present a creep problem. Nonetheless, development trends toward the use
of higher strength steels, thinner sections, larger sizes, and higher oper-
ating temperatures could reqguire the consideration of these failure modes
also. The design analyses required by Section III to cover conditions

for the first two failure modes are based on the following premises:

1. The materials of construction are ductile and retain significant
ductility throughout the operating history.

2. 'lhe maximum shear stress theory (Tresca theory) describes the
limiting or wltimate loading possible.

3. The general theory of elasticity, special cases thereof, and
approximate strength of materials solutions describe the state of stress.

4, The states of stress may be categorized as primary, secondary,
and local or peak so that elastically calculated stresses exceeding the
yield for the latter two categories may be accommodated by material duc-
tility, and a consequent "shakedown" to a stable elastic condition oc-
curs.

5. The adequacy of protection against fatigue failure may be ana-
lyzed by the determination of peak stresses, application of the peak
stresses to a modified Goodman diagram using Miner's hypothesis, and com-
pariscn with strain-controlled fatigue data.

6. The approximations of thin-shell theory, discontinuity analysis,
and linear superposition of stresses are valid and conservative.

7. Experimental analyses are to be performed to verify that other-
wise unverified approximate analytical solutions are conservative,

8. Provision shall be made for deterioration of materials due to
radiation, material instability, and loading effects such that the pre-
ceding assumptions are always valid.

Our review of the efforts by the current systems designers and »res-
sure vessel designers to implement the design rules of Section III have
led us to conclude that, in general, an honest and systematic effort is
made to comply with Code intent. Also it appears that the vast majority
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of problems encountered with current pressure vessel concepts msy be
adequately handled with current rules. Notwithstanding this generally
favorable conclusion, we believe that a number of potential problem areas
exist with respect to the definition of load’ ig conditions, implementa-
tion of Code analytical and experimental analyses, and in the review of
the design effort. We also recognize that vigorous efforts are under
way by Code committees, by industry groups, and by AEC sponsored organi-
zations to deal with many of these problems. The subsequent descriptions
of the problem areas therefore primarily serve to identify the weaknesses
and not to indict the present state of technology nor those who employ
it.

2.5.1 Definition of Loading Conditions

Obviously, the most rigorous and careful analytical stress analyses
would be to no avail if the basic character of the loading conditions
were wrongly assessed or interpreted. In general the loading conditions
described by the system designers appear to be quite conservative for
the temperature and pressure cycles associated with base-load and load-
following plants.

Definitions of transient conditions that give rise to thermal and
pressure loading present one of the greatest problems of communication
between the syst« s designers and the vessel designer. Some clearly un-
ambiguous format needs to be developed to assure accurate statement of
the problems.

There has been considerable recent interest in the probability and
consequences ¢of impact or pressure-pulse loadings resulting fram acci-
dent conditions. Analyses of such loads are not included in the present
technology. Neither the probasbility, character, nor structural response
to such loadings is presently known. Whether methods should be developed
by the Code for analyzing such loading depends upon study of the presently

unsubstantiated relevancy of the problem.
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2.5.2 Analytical Anaggses

In order to comply with the rules of Section III, the designer must
perform a complete stress analysis. However, rigorous elastic solutions
are not available for many areas; for example, they are not available for
nonradial and cluster nozzles and nozzles in cylinders, and therefore
approximate solutions must be used. The consequent designer's dilemma
is that although a vast body of technical literature may be available
and may pertain to the solution, there usually is little evidence as to
vhe correlation of such analytical approaches with experimental analysis,
and therefore there is no basis for judging the conservatism of the ap-
proach. The current vigorous effort by the professional societies to
identify the most useful and important contributions should be emphasized.
The strong and vigorous program for theoretical analyses of pressure ves-
sels should be continued. Areas such as nozzle-to-cylinder attackhments
and nozzles attached in clusters to vessels are currently of prime im-
portance. However, other asymmetric configurations, such as a nozzle
cliosely attached to a spherical head-to-cylinder junction, occur in al-
most every design. Such problems should also be covered in the general
outline of analytical work to be done. Unfortunately, these more com-
plex problems must often await the successful analysis of the simpler
problems currently being studied. In addition, the validity of linear
superposition of stresses ard discontinuity analyses for the massive
sections now employed should be reexamined, and this approach should be
reviewed for conservatism.

Studies of welds, heat-affected zones, ocut-of-roundness, biaxiality
of stresses as related to fatigue, load-cycling rates, and slow growth
of cracks by fatigue should be continued and implemented. A vigorous
effort should be applied to the analysis of brittle failure. Although
the Griffith-Irwin theory appears to be adequate for brittle materials
and near brittle materials (highly irradiated), no adequate treatment
exists for high-strength steels with significant ductility. Some exist-
ing evidence indicates that the presently used semiempirical fracture
analysis diagram approach to fast fracture prevention may be nonconser-

vative for fixed-load energy-release-rate conditions.
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The study of strength of pressure vessels below the transition tem-
perature where brittle failure could perhaps occur should be continued.
In the case of ductile fracture, an extension of the fracture mechanics
approach probably has the best chance of providing a reliable estimate
of strength. Section size and stored energy should be considered in the
transition temperature evaluation of pressure vessels.

The behavior of flaws in the presence of different geometries, re-
sidual stresses, stress gradients, yielding, and irradiation should be
studied as a function of size. In particular, fracture mechanics should
be extended to include these variables.

The hydrotest and "warm prestressing” should be more carefully evalu-
ated as means of preventing failure. In particular, the superposition
of loadings on nozzles as a part of the hydrotest should be considered.

2.5.3 Experimental Analyses

In the present state of the technology, experimental analyses are
primarily limited to techniques employing strain gage, three-dimensional
photoelasticity, and photostress technigues. Unfortunately, much of the
current experimental information is inapplicable due to the lack of rec-
ognition that the foregoing techniques should be complementary and par-
ticularly that the placement of strain gages must be determined by the
part geometry and stress-field prediction of the related techniques.
Also, little recognition has been given to the gross deviations that
normal vessel tolerances may cause compared with those in models heving
closely controlled tolerances. Such lack of refined techniques causes
much information to be doubted.

The current experimental stress analysis efforts should be continued
and expanded. Such efforts not only give dato to support the theoreticali
analyses but also present interim information for design purposes. The
experimental effort should be expanded to include the more common con-
figurations for which theoretical analyses are not currently available.
These configurations include closely spaced and grossly asymmetric con-
figurations (e.g., a large nozzle near a major junction), brackets, and

general support arrangements other than skirts.
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2.5.,4 Stress Reviews

Section III of the Code should specify precisely what is acceptable
as a stress report and what is not. Specifically, it is recommended that
the stress report contain such detalls as would be necessary for a third-
party review, Also, the fabricator should give evidence as to the accu-
racy of his analyses. For example, most boiling- and pressurized-water
reactor pressure vescsels have nozzles that penetrate the cylindrical por-
tion of the vessel. Only recently has a method exlisted for the analysis
of such a design feature, and the procedure is not in common use. Short
of an experimentsal analysis, it is difficult to say what would be accept-
able for the stress report in this case,

To maintain a high quality of design and structural performence, it
is recommended that a review of the stress report by a qua.ified engineer
representing the system designer or owner be mandatory. Such a review
should be timely so that recommendations by the reviewers could be in-
corporated into the design.

2.6 BASIC ASPECTS OF CRACK GROWTH AND FRACTURE

Strength failures of structures can be either of the yielding-domi-
nant or the fracture-dominant type, and defects are of importance in both

types of failure. The significant defects of concern in fracture-domi-
nant failures are crack like in character. In fracture-dominant failures
the size scale of the defects of major significance depends on the tough-
ness of the material. For common structural steels, surface scratches,
regardiess of acuity, do not lower the strength of a tensile specimen un-
less the temperature at loading is far below the NDT temperature. The
artificially introduced flaws used in fracture testing, for example, the
Charpy V-notech, are indications of the significant flaw size for steels
in the NDT temperature range when tensile stress equal to the dynamic
yield stress is applied. Rapid crack propagation at smaller stresses

or lower loading speeds would require cracks of larger size. At tempera-

tures near or above the NDT temperature in the vessels of interest in
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this report, a crack-like flaw of substantial size would have to be pres-
ent in order for fracture to occur prior to general yielding. The size
necessary for crack propagation is a function of toughness and average
tensile stress.

Depending on the size and shape of a structural element and on its
stress-enviromment history during service, a critical condition for crack
propagation may develop gradually in the following ways:

1. crack growth by fatigue,
2. crack growth by stress corrosion (or hydrogen embrittlement), and
3. reductions of crack toughness, for example, by radiation damage.

It is unlikely that a crack large enough for propsgation by a nor-
mal service loed would be introduced during fabrication. In any case,
the pressure vessels of interest are pressure tested at pressure levels
larger than the largest expected during service. Thus, attention for
fracture control should focus on achievement of a satisfactory time dura-
tion of fracture-safe operation relative to the three aforementioned con-
ditions of crack growth or loss of crack toughness.

The most reliable indication of defects likely to cause serious
fracturing of the pressure vessels of interest would be obtained through
extensive testing of vessels of similar thickness, geometry, materials,
and fabrication. Such & program would not, however, settle all doubts,
since differences in design, size, location, and fabrication would re-
sult in conditions unique to a particular vessel. Unguestionably con-
tinued accumulations of experience will be quite helpful, but a require-
ment for nearly absolute fracture safety should be based on a very con-
servative fracture control plan. For such a plan it must be assumed
that any crack-like defect which is plausible and which has not been
proved absent by inspection may actually exist in the vessel. The plan
must then establish methods of estimating fracture-safe life based on
stable crack growth data, service environment, and service stress cycles.
An additional degree of confidence can be predicted if the toughness and
stre:s level at the end of the safe life correspond to a leak-before-
break condition. A complete specification of such a fracture control
plan requires a more detailed understanding of progressive fracturing

than currently exists. However, present fracture mechanics technology
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provides general features of the ontrol plan and a number of answers

that are of interest.

2.6.1 Linear Flastic Modeling of Cracks

The fracture behavior for which a suitable analysis is needed is
termed progressive crack extension. The combination of local plastie
strains, advance sepsrations, elastic constraint, and tension near the
leading edge of a crack may be sufficient, or less than sufficient, to
cause sudden rapid spreading of a crack. If less than sufficient, that
is, subcritical in character, plastic strain reversals near the leading
edge may occur and cause stable growth of the crack. Onset of rapid
crack extension provides a relatively abrupt end point for stable crack
growth and initiation of sudden repid expansion of the flaw. The envi-
ronment, with or without fatigue assistance, may cause stable spreading
of the crack.

Studies of running cracks have been conducted with a variety of
techniques to measure crack speed and stresses near the crack. Progres-
sive crack-extension behavior ranges from slow, stable extension through
the fast, stable regime. At very high crack speeds a limiting velocity
is observed, and then there are crack division fendencies when the ten-
sile driving force 1s further increased. A single service fracture fail-
ure may exhibit all these crack-extension behaviors. In order to under-
stand and prevent such fractures, appropriate use of experimental data
from laboratory testing is essential. The characterization of these
fractures should permit application of laboratory data to service com-
ponents in the simplest adequate way. Linear-elastic fracture mechanics
provides an appropriate and simple characterization method applicable to
any component in which there is a reasonable knowledge of the stress dis-
tribution. With care the linear analysis method retains usefulness as
the stress level approaches a general yielding condition. The method is
not suitable for use at higher stresses.

For purposes of linear stress analysis, a crack is regarded as a
flat separation bounded within the material by a leading edge that is

approximated as a simple curve. At a relatively small tensile stress
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across the ~racked region, plastic strains are confined to & small zone
at the leading edge of the crack. A stress-intensity parameter, K, is
normally used to provide a simple characterization of the stress required
to cause crack extension. The addition of subscripts I, II, or III in-
dicates the mode of loading corresponding to opening {tensile), forward
shear, and parallel shear, respectively. The value K;j. indicates a criti-
cal value for onset of fast crack extension under an opening mode of
loading. The use of a strain-energy release rate # corresponding to a

K value is optional and equivalent.

The tensile crack stress field near the leading edge of a crack is
regarded as either of the plane-strain or of the plane-stress type. The
plane-strain model is three-dimensional, since the stress conditions
are uniform in the z direction, parallel to the crack leading edge. The
crack has a nominally elastically stressed zone, which is large compared
with the size of the zone containing plastic strains. The plastic zone
is then held within a plane-strain stress system. If a crack is presumed
to be a through-crack with the leading edges right through the plate
thickness, even if the plastic zone is small a plane-strain condition

near the free surfaces is not possible and plane-stress exists.

2.6.2 Plasticity Analysis

Studies of fracture suggest that a close relationship exists between
plastic flow properties and fracture. It is impossible to explore in-
terests of this kind in a quantitative manner without the use of analyti-
cal models to define properties which can be computed as well as observed.
Exact elastic-plastic sclutions are not available for the tensile cracks
of interest. Furthermore, structural metals contain fine-scale inhomoge-
neities, and this limits the realistic accuracy of any continuum mechan-
ics representation. Despite these difficulties, significant progress
has been made with the aid of several relatively simple analytical methods.
These are the plasticity adjustment factor, the strip~-yield zone concept,

and the mode III elastic-plastic treatment.



41

2.6.3 Blow, Stable Crack Growth

In assessing the sesverity of flaws, the possibility of their growth
to a dangerous size must be considered in assessing the safety of the
structure. The effects of repeated loading, including cyclic thermal
stresses, and/or environment must be considered.

The increment of crack growth experienced in a cycle of loading de-
pends primarily on the stress-intensity factor range, £X, and secondarily
on the relative mean value of the stress-intensity factor or relative
mean load. The frequency of lcading, plate-thickness effects, and pro-
cessing of material are of secondary importance; however, they must be
included in a refined analysis. Data, although meager, indicate that
crack growth rates for A 302 grade B pressure vessel steels unier zero-
tensicn loading show similar behavior to those for low-alloy medium-
strength rotor steels and high-alloy very-high-strength rocket-engine
pressure vessels. Available data on A 302 grade B material indicate,
however, that a simulated boiler-water environment increases the rate of

fatigue-crack growth by a factor of 2.5.

2.6.4 leak Before Break

The leak-before-break criterion was originally proposed in connec-

tion with fracture problems of steel solid-propellant rocket chambers.
In this instance, leakage prior to catastrophic bursting was not of im-
portance in the rocket applications. The criterion was simply = reason-
able guess that adequate toughness would permit a crack twice as long as
the plate thickness to be stable at a tensile stress equal to the yield
strength of the materisal.

With reference to thick-walled reactor pressure vessels, the leak-
before-break criterion can provide additional safety, since crack arrest
is presumed to occur as the energy is expended in the pressurizing medium.
In the case of thick-walled reactor pressure vessels, the influence of
temperature elevation in terms of plane-stress toughening is gradual and
not very large. No support can be found on this basis for a step-function

diagram of the limiting allowable lcad based on a critical temperature.
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The allowable load based on a leak-before-break approach would be one of
gradual increase with temperature to the point where decrease of yield
strength with temperature is a limiting consideration. It appears that
the application of the leak-before-break criterion is possible; however,
restrictions must be placed on allowable stresses, since the assumed
defects are relatively large and no assumption is made with regard to the
actual defects that would be established by inspection or testing.

2.6.5 Fracture Analysis Diagram

A number of tests of the transition temperature have received con-
siderable use to provide fracture-toughness information. In view of the
complexities of a transition-temperature toughness rating and with the
aid of a collection of fracture-failure data, Pellini and his associates
assembled guide lines for fracture-safe design in terms of their NDT type
of fracture testing. The resulting Naval Research Laboratory's fracture
analysis diagram was intended to provide guidance for fracture-safe de-
sign as nearly as possible without reference to loading speed, elastic
constraint, and crack location, with only gross estimates of stress level.
Cautions were provided for increases of plate thickness, low shear tear,
strength, quality level of inspection, and opportunities for growth of
large flaws under operating conditions.

Approximate methods applicable to low- and medium-strength steels
can be followed to translate conditions such as the NDT tempersture plus
60°F and the NDT temperature plus 120°F into the design stress level that
would satisfy a leak-before-break criterion under dynamic conditions of
loading. The practice appears conservative in reference to low-strength
steels about 1 in. in thickness. The practice tends to become marginal
for steels of that thickness with yield strengths above 100,000 psi and
for low-strength steels with section thickness greater than 2 in. Large
welded structures are generally designed for stresses below the yield
strength and, often, service loads are essentially static. Hence, a
large degree of success from use¢ of the fracture analysis diagram would
be expected and has been experienced.
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Relative to the thick-walled pressure vessels of interest here, there
is a major handicap to the use of the method because the NDT measurement
points for tough steels of primcipal interest are too far below the range
for service operation. A sisilar handicap would pertain to all the pres-
ently customary methods of toughness evaluations in terms of a transi-
tion temperature.

There is also a scarzicy of KIc data for high-toughness steels ex-
cept at low temperatures. Although higher temperature liarge-specimen
data of the Ky. lype should be available soon, fracture-toughness infor-
mation from diregct measurement for high-toughness steels at temperatures
above 200°F will probably require completion of testing plans based on
one of the plasticity analysis methods previously discussed.

2.6.6 Recommendations for Fracture Mechanics Research

Sharp-notch tests of full section thicknesses should be performed
over the design temperature range on the materials that are developed
for service. The notches chould be fatigued so as to obtain more exact
conditions for fracture mechanics analysis. The tests should be both
static and dynamic and instrumented for load and displacement and either
creck-opening displacement or transverse contraction at the notch root.
S.nce a limited number of tests o. full-thickness specimens can be per-
Tormed, tests of intermediate thicknesses, such as one-half or one-fourth,
should be performed to determine e reasonable full-thickness correlation.

If full-scale vessel testing of representative thick material is to
be conducted, a nozzle-to-sphere junction should be included, since the
intersection region is considered to be the most critical in terms of
the presence of defects. Further investigations of these regions should
be conducted with models constructed of a brittle transparent material
in which stable crack extension is assisted by moisture or & model con-
structed of a low-toughness metal in winich stable crack extension is
produced by fatigue. The residual compressive type of protection that
might be provided in such complex regiovns from the overpressure testing
mathod should be investigated.
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The possibility of having microstructures at welded joints that give
rise to low toughness cannot be discounted. Tests of welded joints or
small-scale tests of the varicus sections of welded regions should be
performed.

For corrosion considerations, a fracture-toughness stress-corrosion-
cracking threshold level should be established for the materials con-
sidered for vessel fabrication. Determinations should be made for crack
growth rates for fatigue under plane=-strain and plane-stress conditions
ac a function of thermal and environmental conditions of interest. Hope-
fully, the fracture-toughness indices for corrosive environments will be
very c¢lose to those determined with no provision for the additional en-
vironmental effect. However, if these effects prove to be limiting on
fracture toughness, they must be considered in any design-life analysis.

At the present time, correlation studies between plastic flow prop-
erties and crack toughness need additional support from plasticity analy-
ses. Plasticity investigations intended to assist extension of fracture
mechanics toward basic factors on a finer scale should provide help in
terms of better plasticity models. Computer calculations of plastic
strain fields near a tensile crack should be undertaken to assist in the
characterization work either in terms of a crack-opening displacement
concept or along the lines of plastic instability.

The influence of irradiation hardening and embrittlement above a
dosage of 10!° neutrons/cm? should be investigated for the influence of
loading speed on fracture toughness and on isothermal strain hardening.

2.7 FABRICATION

The techniques employed in fabricating nuclear pressure vessels are
not unlike those for heavy-walled vessels for the petrochemical industry.
A superficial examination reveals that the same types of materials are
used and “hat the same types of procedures are used for cutting, forming,
vwelding, and machining. Alco, the final general geometries may be quite
similar. Such & cursory review, however, does not reveal that nuclear

pressure vessels belong to a quality class primarily by virtue of the
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refining steps taken throughout design, fabrication, testing, and inspec-
tion to assure that the final product is free from any deleterious fault.
Such special care is reflected in Article 5, Fabrication, of Section III,
Nuclear Vessels, of the ASME Boiler and Pressure Vessel Code and in the
continuing review and revisions being made thereto by the Code committees.

Another subtle and yet significant fact is often overlooked in as-
sessing the fabrication problems peculiar to nuclear reactor vessels;
that is, the two current suppliers of shop-fabricated vessels have ex-
tensive backgrounds in the production of many similar vessels for the
naval reactors program. This association with the neval reactors pro-
gram has provided these companies valuable training for their personnel
and has developed a demonstrated competence that few competitors newly
arrived on the scene can match. In fact, a lack of similar experience
to provide awareness of acute problems and a previous developmental so-
lution thereto has no doubt been a major contributing factor in the un-
Pleasant results experienced by vessel-fabricating firms no longer com-
peting on the nuclear scene.

In addition, this previous and continuing association with the naval
reactors program has developed an attitude toward quality control that
is almost unique in the industry. There is a considerable effort expended
by these fabricators beyond the requirements of the Code and also beyond
the requirements of the customer. An example of this attitude is the
continued complementary use of the vessel test plates formerly required
by the 1965 Code Edition and subsequently amended by the winter 1966
addenda in favor of a welding materials test program. In many other
areas, fabrication procedures are used that exceed the minimum Code and
customer requirements not only to protect the fabricators investment but
also simply to assure that the highest achievable quality is obtained.

The very fact that this vigilant attitude is manifested and doubt-
less required presents a potential danger in that the burgeoning industry
may lead some, perhaps new, competitors in the field to conclude that
all problems are solved and such care is passé. However, it is evident
that one of the prices of quality and reliability in the nuclear pressure
vessel field is eternal vigilance and that a constant reappraisal must

be made of the fabrication procedures used and in the minimum standards
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required by the Code. To this end Code strengthening in the following
areas is recommended.

One of the present practices of the current fabricators is the com-
prehensive development of written procedures of all operations required
for fabrication. In order to assure adequate quality control, we be-
lieve this should be a Code requirement.

Consideration should also be given to making mandatory the current
practice of preheating prior to cutting or weld repair to avoid suscep-
tibility to cracking. Also a review should be made of requirements to
eliminate deleterious heat-affected zones resulting from severe cutting,
and more thorough outlining of inspection requirements following the
operation should be required.

Reexamination should be made of the possible deleterious effects of
severe cold forming; for example, embrittling may follow such operatior:
in subsequent heat treatments. As a consequence, further stipulations
may be required in Code procedure-qualification requirements.

It is our opinion that some of the currently permitted nozzle joint
designs are inadequate. A reexamination should be made to assure that
every reasonable effort is made to provide & design that is amenable to
revealing the flaws likely to exist by nondestructive testing.

Currently fabricators are running full-range Charpy curves on test
sections from each plate to develop both the upper and lower shelf values.
We believe that this practice, or at least the establishment of the upper
shelf value, should be made mandatory in order to assure that the heat
treatment has been satisfactory. There is evidence that plates may oc-
casionally meet the impact test values presently required and yet have

a low upper shelf value that indicates inadequate toughness.

2.8 QALITY ASSURANCE

As has been previously discussed, perhaps the single most acutely
significant facet of importance to nuclear reactor vessels i1s the initial
establishment and continued enforcemert of the goal of quality throughout

the rank and file of a fabricator's organization. It has been repeatedly
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demonstrated that adherence to minimal inspection and testing requirements
as a final acceptance procedure will not assure quality. Rather this goal
must be infused in the manager, designer, craftsman, and inspector alike.
A large portion of the total effort and cost of nuclear reactor ves-
sels, much greater than for conventional vessels, is associated with
quality assurance. This additional burden is generally acknowledged to
be required to assure reliability in the interest of public safety. Our
review of the current state of the industry convinces us that the present
fabricators are well aware of this need. However, it is exceedingly im-
portant that this same principle be developed by others who may enter
the field. The continued strengthering and updating of Code rules with
advancing technology is necessary but not sufficient to implement this
goal. Continued cooperation between the systems designer, fabricator,
utility customer, and governmental regulatory and safety organizations

will obviously be required.

2.8.1 Chemical and Mechanical Properties

We have been impressed that the current fabricators have developed
a very significant body of information on quality control procedures
required for materials and fabrication inspections and tests and their
relation to design, but to a large degree this information may be un-
correlated. It is therefore not always cleaer that the present Code rules
are the most meaningful method of assuring quality. In our subsequent
criticisms, we recognize that the solutions may be found- either in the
development of information from the AEC-ORNL heavy-sections steel tech-
nology program and the PVRC industrial cooperative program and/or from
the existing body of information. Our criticisms therefore underscore
those areas where information must be available in the public domain to
permit analyses and correlations required for development and revision
of Code rules.

Information should be developed to determine macroscopically the
distribution of chemical elements that are prone to segregate, for exam-

ple, carbon, manganese, and silicon, from top to bottom and through the



48

thickness of heavy section plates for the materials of interest. Com-
plementary with this study should be a correlation of the impact prop-
erties, with impact =pecimens being taken at locations adjacent to the
drillings obtained for the chemical analyses. If an impact test dces

not correlate with the corresponding macroscopic chemical segregation

analysis, microscopic study of the impact specimen should be made.

Similarly data should be developed or existing data used to analyze
statistically the relevancy of the existing Code rules on the location
and number of specimens for testing of mechanical properties, Charpy V-
notch "fix" values, and tensile specimen size for both plates and forg-
ings. An examination should also be made of what values of the upper
shelf region of the Charpy curve are significant to assure adequate tough-
ness.

There should be a reevaluation of the validity of using test plates
of similar rather than actual heats for material test certification to
resolve the question of segregation and variant chemistry. As has been
previously discussed, since base metal is the predominant portion of an
electroslag weldgmerification is needed that the normal variations in
chemistry to be expected between heats are not harmful.

An unambiguous method of obtaining impact specimens of heat-affected
zones needs to be devised. Ideally the specimen notch should be placed
in the region possessing the poorest impact properties; however, Code
rules presently permit the actual location to be determined at the dis-
cretion and integrity of the tester.

2.8.2 Flaw Detection

The techniques required by the Code in nondestructively examining
the materials forms, welds, and fabricated components of nuclear pressure
vessels are the same as those employed for conventional vessels, that
is, ultrasonics, radiography, liquid penetrants, magnetic particles, and
eddy current or other electrical means. Nuclear vessel inspection re-
quirements are, however, more stringent than those for conventional ves-
sels. It is also the general practice in many instances for the fabri-

cator to exceed the Code requirements. This additional expenditure in
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quality control often provides substantisl monetary and time savings in
that significant flaws are discovered early and eliminated before large
investments in parts are made and pessibly lost.

Although the inspection techniques employed are quite conventional
and have sufficient inherent capability to reveal the significant flaws,
there is occasionally a lack of appreciation that these techniques must
be used in a complementary fashion and alsc that their use should follow
any forming or heat-treating operation likely to initiate or propagate
flaws. It also should be recognized that some fabrication procedures
mey require restrictions in order to make subsequent inspections mean-
ingful. For instance, rurface undulations or roughness must be con-
trolled in order to prevent difficulties in radiogrephy and uwltrasonic
testing. Also sandblasting for surfuce preparation and cleaning may be
harmful in that the mechanical peening action may close flaws and thereby
prevent detection by liquid-penetrant techniques. An additional dif-
ficulty is the lack of a calibration standard for magnetic particle and
liguid-penetrant testing in the codes or standards or otherwise; un-
fortunately none appears to be readily available.

We recommend that the following specific points be considered in
future Code revisions:

1. With regard to tubular products, the Code permits examination
by either radiographic, ultrasonic, magnetic-particle, liquid-penetrant,
or eddy-current methods. Since there are times in which a test may be
applicable but inadequate or inappropriate, it appears that additi-nal
clarification or supplementary requirements by the Code would be benefi-
cial.

2. Additional clarification is needed on the limits of acceptability
of radiographic examination of tubular products with wall thicknesses
greater than 1/2 in.

3. Consideration should be given to the additional requirement of
ultrasonic testing of stud bolts.

4. Complementary inspection rather than a choice of either magnetic-
particle, liquid-penetrant, or ultrasonic methods would appear to be de-

sirable to assure that all significant flaws are revealed.
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5. Uniform methods of testing or demonstrating the competence of

nondestructive testing operators need to be devised.

2.8.3 Fabrication

The implementation of all Code process requirements, such as those
for forming, heat treating, testing, examining, etc., is the province of
quality assurance in fabrication. Although the Code stipulates many re-
quirements with regard to materials, fabrication processes, testing, and
inspection, many other very crucial details supporting these Code re-
quirements are matters of the individual fabricator's choice. For ex-
ample, detailed Code postweld heat-treatment requirements obviously Imply
a properly designed and instrumented furnace having adequate control of
the desired temperature and assurance that undesirable temperature gra-
dients do not exist. Also detailed requirements are provided as to ac-
ceptable deviations from true part geometry; however, the actual means
employed for mensuration and the attendant accuracy thereof are left to
the discretion of the fabricator. These Code omissions are intentional
and are simply a recognition that undue encroachment has undesirable eco-
nomic and legal implications without a commensurate increase in quality.
By philosophy the Code generally is comprised only of those rules abso-
lutely essential for adequate quality and v..erefore requiring uniform
industry compliance.

Nevertheless, the attendant host of implied, unspecified, but re-
quired details for nuclear vessels presents a very demanding necessity.
The demonstrated competence to deal with these problems is limited to
only a few companies. Assurance of manufacturing competency is at pres-
ent accomplished by limiting bid invitations to a select group of firms.
Some study is under way to determine the possibility of establishing
standards for manufacturers sc that in the future a perhaps more rational
basis will be available for judging competency.

One of the marks of manufacturing competency is the careful detailed
preparation of all fabrication procedures. Such foresightedness and

attention to detail has been a principal factor in eliminating major
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blunders. As previously stated, we believe that such procedures should
be mandatory provisions of the Code.

Another area of concern is the relevancy of present reguirements of
"authorized inspactors" as established by the National Board of Boiler
and Pressure Vessel Inspectors with regard to nuclear pressure vessels.
The existing requirements are heavily weighted toward the needs of Sec-
tions I and VIIT rather than III. Consequently presently qualified in-
spectors may not have sufficient understanding of the design requirements
and nondestructive test methods required for nuclear vessels. We there-
fore recommend the upgrading of qualifications of Code inspectors of nu-
clear pressure vessels to a level of competency achieved by profession-
ally educated and experienced personnel. An effort in this direction is

nov under way.

2.8.4 Design

The role of design in quality assurance has been to & large degree
discussed previously in Section 2.5. In addition to our previous dis-
cussions of analytical and experimental analyses and design review therecf,
we would like to point out that the current provisions of Section ITI of
the Code for rigorous analysis, with its attendant considerable effort
and cost, also to a degree alleviate this cost burden because of the
higher stress values permitted. In comparing the previous rules with
those of Section III, it is clear that the new rules consider failure to
be associated rarely with a nominal primary stress but rather with dis-
continuities, flaws, and/or associated secondary stresses, so the new
higher allowable primary stress values should not necessarily result in
a reduced margin of safety. Nonetheless, a considerable burden is placed
on the designer with the increased sophistication of Section III to as-

sure that guality is not sacrificed.

2.8.5 Inspection Methods — Capabilities and Limitations

An evaluation of the present methods of inspection leads us to con-

clude that they are generally capable of revealing significant flaws.
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In addition, these methods also provide for the early rejection of de-
fective materials and, as a curbing influence, enhance the production
of relatively flaw-free welds and thereby minimize the amount of weld
repair required. We would neither categorize, as some do, that the tech-
niques approach infallibility .ior, as others do, that they are grossly
limited as to the type, size, and orientation of flaws that can be es-
tablished. Rather it is clear that cach method does have very definite
limitations and consequently that complementary use of the methods is
necessary for maximum effectiveness. We do emphasize that those who ex-
pect exact numbers and positive assurance of detectability will be dis-
appointed, for the effectiveness of nondestructive testing in reactor
vessel technology is a matter of probability and approximation, not cer-

tainty.

2.9 TESTING AND SERVICE PERFORMANCE SURVEILLANCE

Traditionally pressure vessels have been subjected to various tests
and inspections throughout the course of their operating history to dem-
onstrate that continued operation will not result in catastrophic fail-
ure. Most of the techniques currently employed for similar inspections
and tests for nuclear pressure vessels are patterned after those employed
in general pressure vessel use. The comparatively more critical function
of nuclear pressure vessels and the greater attendant difficulty of in-
spection due to radioactivity following operation places even greater
emphasis con the meaningfulness of these inspections and tests.

2.9.1 Hydrostatic Testing and Postoperational
Hydrostatic Testing

Hydrostatic testing has had a long history of Code usage as a tech-
nique for inspecting pressure vessels. It usually is recognized as a
useful lesk and strength verification test and it may often serve to de-
tect improper design, gross flaiss, and faulty materials and to evaluate
brittle fracture susceptibility. Its role has sometimes been described
as beneficial in preventing brittle fracture by the mechanisms described

as plastic reshaping, mechanical stress relief, stress redistribution,
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noteh nullification, or crack blunting and localized strain hardening,
among others. On the other hand, it has been ascribed a detrimental

role because of excessive deformations and metallurgical damage from over-
stressing, for example, embrittlement, as a result of the test. A re-
view some years ago by the Pressure Vessel Research Committee educed that
its beneficial effects warranted its continued use. More recently a con-
siderable controversy has arisen over the possible merits of conducting
"warm'” or "hot" prestressing via hydrotesting at temperatures approach-
ing operating temperatures. This type of test also 1s credited with pos-
sible metallurgical benefits or contrariwise with detriments that either
prevent or lead to catastrophic failure.

We believe the excellent record of hydrostatic t=sting substantiates
its use for preoperational testing. The potential promise of postopera-
tional hot overpressure tests is sufficient to warrant a thorough study
of the problems. Consideration for adoption as a Code or regulatory re-
quirement should hinge upon a metallurgical and fracture analysis evalu-

ation for each material of interest.

2.9.2 Postoperational and In-Service
Nondestructive Examination

It is common practice to subject nonnuclear vessels to nondestruc-
tive examination at periodic intervals. The usual techniques employed
are unaided or optically augmented visual and liquid-penetrant examina-
tions. These same practices are to a large measure used or projected
for use with nuclear vessels. Currently, heavy dependence is placed on
visual examination.

Periodic examination of nuclear vessels is presently impeded to a
great degree by (1) the requirement that inspection must coincide with
scheduled reactor shutdown, (2) the fact that design of internal and ex-
ternal reactor core and/or vessel components impede or prevent access
for inspection, and (3) the fact that the intense background radiation
limits human access and restricts the application of visual techniques.
These restrictions and the wide recognition of the inherent limitations

of unaided visual examination have spurred a considerable interest in
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developing techniques for performing more meaningful periodic examina-
tions and/or continuous in-servi:ze examinations.

The most promising cendidates for such examinations appear to in-
volve some form of acoustic phenomena (either sonic or ultrasonic), &al-
though radiography and other methods have been considered. Conceptually,
either fixed-probe or mechanical-scanning-probe acoustic systems appear
feasible. Considerable development effort would be required before an
operating mechanical-scanning-probe acoustic system could be applied
as a standard test for postoperation examination. Some of the questions
that must be answered or problems which must be overcome are listed be-
low:

1. A quantitative determination is needed of the effect on ultra-
sonic penetration and propagation of the austenitic stainless steel weld-
overlay cladding. This includes the effects of the attenuation of the
cladding, the acoustic mismatch at the carbon—cladding interface, and
the irregular surface of the weld-deposited cladding.

2. A method is needed for assuring consistent angles of incidence
of the introduced sound beams.

3. Complex scanning requirements around nozzles due to joint con-
figurations should be studied. This is especially important because of
higher stress levels in these areas.

4. Consideration should he given to the probable requirement for
removal of some of the internal components to allow scanning of the areas
of most concern. This statement presupposes that the optimum scanning
method would be from the interior of the vessel. The possibility should
not be overlooked ithat the optimum scanning method could be from the out-
side of the vessel. This would require the capabiliéy of temporerily
removing external insulation and shielding.

5. A method is needed for establishing bench marks for orientation
and reproducing scans at successive inspections.

6. A method is needed for producing continucus records that can be
maintained and compared with records from previous inspections. This re-
quirement would coordinate closely with the previous one and both would
be accomplished better with an automated system and thus less dependence
on operator interpretation and recording.
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7. Assurance is needed that ultrasonic techniques are adequate and
sufficiently sensitive to detect and properly interpret flaws of concern
at all suspected orientations in the thick pressure vessel sections being
used or planned.

An alternate fixed-probe acoustic scheme can be developed as an ac-
tive system in which the probe generates and receives energy or as a
passive system in which the probe only receives the energy generated by
other conditions. For both of these fixed-probe systems, further develop-
ment would be required before an operating system could be applied as a
standard test. Many of the questions that must be resolved are common
to the scanning systems discussed previously. For convenience, the prob-
lems that seem to be pertinent are listed here, along with those peculiar
to the fixed-probe systems.

1. A determination is needed of the effects on ultrasonic propaga-
tion of the weld-overlay cladding and the interface between cladding and
carbon steel. Probably the probes would be affixed to the outer surface
of the vessel.

2. Methods are needed for establishing bench marks for orientation
and reprcducing scans at successive inspections. This would be particu-
larly important in the Dickinson system in which sound beam angles can
be adjusted.

3. A method for producing continuous records that can be maintained
and compared with records from previous inspections is needed. As men-
tioned earlier, this would coordinate closely with the previous require-
ment (No. 2) and both would be ac-omplished better with an automated sys-
tem and thus less dependence on operator interpretation and recording.

4. Assurance is needed that the ultrasonic techniques are zlequate
and sufficiently sensitive to detect and properly interpret flaws of con-
cern at all suspected orientations in the thick pressure vessel sections
being used or planned.

5. Assurance is needed that tlie number, spacing, or position of
the fixed probes is adequate to detect flaws of concern. This is par-
ticularly important around changes of section thickness and various pene-

trations such as nozzles.
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6. A determination should be made of the effect of radiation and
other environmental effects on the electrical or mechanical functioning
of all components and constituents of the probes. If service life of
the probes is significantly affected, means must be devised for removing
the probes during reactor operation and reestablishing the probe posi-
tion, orientation, coupling, calibration, etc., or the system will not
be usable.

7. A deterr 2:tion is needed of the effect of radiation damage on
the ultrasonic properties of the vessel materials, since it may influ-
ence the propagation of ultrasonic energy.

A considerable effort is also being expended on passive systems
based on the phenomenon of acoustic emission. Detectors would be placed
at strategic locations to monitor acoustic stress waves released &s a
consequence of metal deformation or crack propagaticn.

As with previously discussed systems, further development effort
would be required before an acoustic emission system could be considered
ac standard for postoperation examination. Some of the problem areas
are common to the other approaches and will be repeated here. The vari-
ous considerations include the following:

1. There is need for introduction of stress to generate deformation
or defect propagation which, in turn, may be detected by the passive probe
system. For postoperation examination this could be accomplished during
hydrostatic testing.

2. A determinction is needed of the effect of nozzle and other pene-
trations on the propagation of the acoustic wave.

3. A determination is needed of proper number, position, and spacing
of probes to assure detection of any stress wave originating within +he
vessel.

4. A method is needed for producing continuous records that can be
maintained and compared with records from previous inspectinns.

3. A determination is needed of the effect of radiation and other
environmental effects on the functioning of all components and econstitu-
ents of the probes.

6. 1If service life of the probes is significantly affected, means
must be devised for removing the probes during reactor operation and
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reestablishing the probe position, orientation, coupling, calibration,
etc., or the system will not be usable.

7. A determination is needed of the effect of radiation damage on
the sonic propagation properties of the vessel material at the frequencies
of interest.

8. A determination should be made of whether all anticipated fail-
ure mechanisms in the pressure vessel materials will produce a detectable
stress wave; for example, how will stress-corrosion cracking differ from
the failure modes and what will be the effect of hydrogen or radiation
embrittlement on the generated stress wave?

9. Data processing systems should be developed that can provide
prompt display and interpretation of data.

10. TImproved resolution is needed for locating the origins of sig-
nals. This will include both improved instrumentation and probes, as
well as better knowledge of propagation velocities.

11. It should be determined with assurance that the system can be
applied to large thicknesses without difficulty.

12. It should be demonstrated that adequate discrimination can be
made between signals due to defects and those due to noises in or around
the vessel.

13. Means should be provided for quantitatively relating the signal
to the increment of crack growth so that record summation can be used to
determine total crack size. If this latter requirement cannot be sat-
isfied, a supplementary means of examination would be needed to investi-
gate areas of significant acoustic emission to determine the total crack
size.

Although it is more difficult at the present state of technoclogy to
hypothesize on the merits of other nondestructive examinations, it would
appear to be prudent to continue to examine new approaches for feasibility.
Such studies should continue not only for those systems that primarily
monitor fault initiation and growth but also those which deal with the
change of physical and mechanical properties. A considerable effort has
already been expended on the search for an easily measured physical prop-
erty that can be correlated with mechanical property deterioration as-
sociated with radiation damage. Such studies have not succeeded as yet
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in revealing any significant relations; nevertheless we believe a vigorous
effort should be continued.

All the previcus discussion of accustic systems has been primarily
premised on the assumption that monitoring would be sccomplished at shut-
down periods determined by normal power scheduling. It may be hypothe-
sized as a possible future development that under some conditions an ap-
proach to a critical failure condition could be attained over a rather
short time. 1In this event it would be necessary to perform examinations
more frequently than would be afforded by periocic postoperational in-
spections. Such examinations could be similar to those previously dis-
cussed, with the exceptions of greater frequency of inspection and sub-
Jjection to operating rather than shutdown enviromments. Operation under
such conditions places paramount interest in the following problems:
maintainability, safety, and reliability, with assurance of noninter-
ference with reactor system instrumentation and controls and resistance
to the radiation, temperature, etc. associated with the enviromment. 1In
addition, all the previously listed development problems for scanning
and fixed-probe acoustic systems and acoustic-emission systems would be

applicable to in-service systems.

2.9.3 Postoperational Material Surveillance

Even with the most careful attention to materials specifications,
design details, fabrication procedures, and inspection procedures, it is
currently not possible to assure the continuance of the initial materials
properties nor to predict unfailingly any change, deterioration or other-
wise, of materials properties with time. The overlapping and possibly
opposing influences of envircnmental parameters, such as radiation, tem-
perature, stress state, possible corrosive action, etc., regiment against
g thorough and precise knowledge of the effect of a single enviromnmental
parameter. Section III of the Code recognizes the current state of the
technology in that the designer is warned that such effects shall be
considered to assure that the design life may be attained. -

The designers currently fulfill a portion of this obligation by con-

ducting a materials radiation surveillance program generally in accordance
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with ASTM E 185, "Recommended Practice for Surveillance Tests on Struc-
tural Materials in Nuclear Reactors.” These programs are implemented by
subjecting tensile and impact materials specimens, taken from beltline
courses of the shell, to temperature and radiation conditions represen-
tative of that seen by the vessel. The continuous monitoring of the
radiation-induced changes thereby permits evaluation of the safety and
reliability of continued operation of the vessel for the prasscribed ap-
proved operating conditions. Evaluation is currently premised on the
applicability of the transition-temperature approach, previously discussed
in Section 2.5. In addition, as a secondary purpose, these surveillance
tests hopefully will contribute to a basic understanding of radiation
effects, lead to the ability to forecast radiation effects for each of
the materials of interest and, as a consequence, eliminate the need of
a surveillance program.

Continued vigorous usage of these radiation surveillance programs
appears to be necessary for menitoring and evaluation and for basic radia-
tion-effects studies. In addition, the recommendations previously made

with regard to specimen preparation and dosimetry should be considered.
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3. ENVIRCNMENTAL AND SERVICE CONDITIONS*

There have been relatively minor changes in the design and operating
conditions during the course of development of light-water reactors.
Table 3.) presents g summary of the conditions and design data for the
pressure vessels of commercial power reactors up to the present time.
These and other environmental and service conditicns are discussed in the

following sections.

3.1 TEMPERATURE

Current designs of pressurized-water reactor vessels are based on a
temperature of 650°F and boiling-water reactor vessels on a temperature
of 575°F. A margin of approximately 40 to 50°F is provided above the
maximum fluid operating temperature of approximately 600°F for pressurized-
water reactor vessels and a margin of approximately 25 to 30°F above the
maximum fluid operating temperature of approximately 545°F for boilin-~-

water reactor vessels.

3.2 PRESSURE OR SERVICE LOADING

Current designs of pressurized-water reactor vessels are based on a
pressure of 2485 to 2500 psig and boiling-water reactor vessels on a pres-
sure of 1250 psig. The corresponding operating pressures are 2050 to
2235 psig for pressurized-water reactor vessels and approximately 1000
psig for boiling-water reactor vessels. The margin between operating
and design pressure provides allowances for operation maneuvering, sys-

tem transients, and a set-point range for relief and safety valves.

*This chapter was prepared by G. C. Robinson, Jr., and G. D. Whitman,
QOak Ridge National Laboratory.
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Table 3.1. Summary of Design and Operating Conditiona for Light-Water Reactor Vessels

Power Capaclty

Typ ) Operating  Operating  Design  L°oi80 Vessel Mickness (in.)
e aXrf 8 e8s
R;:;:or of Net Pressure Temperature Pressure TE!P!-T| 8= Design D!.I::::::r Overall Top Head Bottom Head Cylinder
Remctor oo o 0¢ Elece (psig) (°F) (psig) (°F) Code Lengtt
trical Bage Cladding BPase Cladding Base Cladding
Shippirgport  PWR 525 150 1985 512.1-599.9 2500 600 ASME, Sect, I 109 in. 31 £t 10 1/4 6.2 0.2 8 3/8 1/4
6 tn.
Dresden-1 BWR 700 200 1000 546-621P 1250 650 ASME, Sect, I 12 £t 40 Pt 51/4  3/8 9 and 3fe 5 1/4 3/e
2 in. 10 1/8 in. 5 1/4 6 1/2 a/s
Yankee FWR 540 155 2000 499-609" 2500 650 ASME, Sect. VIII 309 in. 31 £t 6 in. 7 0.19° 37/8 0.109¢ 7 7/8 0.208¢
Saxton PWR 23.5 5 2000 5500 2485 650 ASME, Sect. VIII 58 in. 18 ft 51/4 4 12 54
Indian PWR 585 151 1500 486.5-519 1800 650 ASME, Sect. I and 117 ft 36 ft 6 15/16 0.109 6.9 0.105°
Point-1 Navy 9 3/16 in.
Big Roeck BWR 240 70 1035-1485P 593 1700 650 ASME, Sect, I apd 106 in. 28 f% 516 5/32,° 51/4 5/32,° 5.5 5/32°
Point Ravy 8 1/2 in. 7/12¢ 7/32°
Elk River BWR 58.2 15 936 425-536 1250 650 ASME, Bect. VIII 7 25 ft 3.0 0.109°
and Code Case 1234
Humboldt Bay  BWR 240 € 1000-1150 561 1250 650 ABME, Secta. I and 10 ft 40 £t 5 in, 3 1/2 1/4¢ 3 s/e 1/4¢ Cone, 4 3/4 1/4°
VIII and Code 4 5/16 1/4°
Cases; Navy
BONUS BWR 50 17 975 540 1150 600 ASME, Sect. VIII 7 ft 26 £t 7 in. 5 1/4 2 3/i6  1/4 31/8 1/4
and Navy
Pathfinder BWR 188.9 59 600 489 700 500 ASME, Sect. VIXX 11 £t AL 640, 23/8 1/8 3 1/4 3 1/4
and Code Cases;
Havy
LaCroase R 165 50 1285 578 1400 650 ASME, Sect. VIIIL 8.25 ft 37 £t 4 0.188
and Code Cazes;
Ravy
San Onofre PWR 1210 450 2050 549~595 2485 650 ASME, Sect. VIII 142 in. 44 f% 71/4  7/32 5 7/32 9 3/4 7/32°
and Code Cases 4 3/8 4in.
12708, 12738
Connecticut PWR 1473 646 2050 569 2485 650 ASME, Bect. VIII 154 in. FARE .3 ?3/4 32 5316 7/32 10 5/8 7/32%
Yankee and Code Cases 6 1/8 in,
12706, 12738
Oyster Creek  BWR 1600 515 1000 546 1250 575 ASME, Sects. T and 17 ft 61 £t 2 in. 4 516 7/ 8 3/4 7/32 7 1/8 7/32
VIIT and Code 9 in.
Cases 1270N, 1273K
Nine-Mile BWR 1538 500 1000 530-546 1235 5 ASME, Sects. I and 17 ft 6l ft 2 in. 4 5/16 732 8 3/4 7/32 6 1/8 3/186
FPoint VIII and Code 9 4n,
Cases 1270N, 1273N
Dreaden-2 BWR 2300 715 1000 S47 1250 575 ASME, Sect, III 20 ft 68 £t 4 3/16 8 3/16 6 1/8 1/8
1 in,
Malibu PWR 1473 550 2050 546=592 2485 650 ASME, Sect. III 154 in. 46 3 7?34 7f32 5316 7/32 9 5/16 7/32
6 1/8 in.
Millstone BWR 1727 549 1000 546 1250 575 18 £t 64 rt 8 in, 5 1/16 1/8
Point 8 in.
Brookwood BWR 1300 420 2235 581 2485 650 ASME, Bect. IIT 132 in. 39 f% 53/8 5/32 41/8 s/32 6 1/2 5/32°
Indian PWR 2758 873 2235 570 2485 650 ASME, Sect. ITT 173 in. 42 ft 4 in. 7 7/32 551 7/32 8 5/e 5/32°
Pointa2
Palisades PHR 2200 710 2085 545-591,1 2500 650 ASMB, Sect. ITI 172 in. l.o/n 736 /4 4 3fe ¥/3 g81/2 3/16
3/4 in.
Turkey MR 2097 652 2235 574 2485 650 ASME, Sect. ITI 15%.5 in. 41 £t 6 3/16 5/32 4 34 5/32 7 3/4 s/3F
Point-3
TVA Browms MR 3293 1075 1005 547 1250 575 ASME, Sect. III 251 4n. T2 1% 4 0 8 3/1s 61/8 3/16
7 6 1/2 in.

Srnside radius st tangemt to heads. | —— pinimom. Santilager. Shominal.
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3.3 PROCESS FLUIDS

In the current designs of both boiling-water pressurized-water
reactors, it is a common practice to employ corrosion-resistant materials
on the wetted primary boundary and to use treatment measures that produce
high-purity water. The primary motivations for this practice are two-
fold: (1) to prevent a corrosion rate that results in the transport and
deposition of radicactive crud into components where accumulation might
impede mechanical action or prevent contact maintenance and {2) to pre~
vent deleterious accumulation of corrosion products or other solids on
critical heat trensfer surfaces, such as the fuel elements and tubes of
heat exchangers. Test loop operation and reactor operating experience
to date have given no evidence of severe corrosion. Although various
mechanisms, such as hydrogen embrittlement of the base material at breaks
in the stainless steel cladding, are considered as potential problems,
no evidence of such mechanisms exists to date.

Methods for effecting water chemistry control for pressurized-water
reactors are similar to those used in modern high-pressure and supercri-
tical fossil-fired steam plants. Figure 3.1 shows a simplified flow
diagram of a typical pressurized-water reactor and illustrates the prin-
cipal equipment used to effect water chemistry control. A bypass stream
flows through demineralizers to reduce the total solids to a very low
level (<1 ppm) and thereby remove radioactive crud and limit the chloride
content to an acceptable level. A bypass stream may also flow through a
gas-stripping deaerator to remove xenon, krypton, and other gases before
returning to the primary loop. Hydrogen and a pH control chemical, usu-
ally hydrazine, are introduced into the bypass stream to effect control
of dissolved oxygen and to maintain a high pH level. Boron, usually in
the form of boric acid, is used for chemical shim reactivity control.

The boric acid is introduced into the primary loop batch-wise via the
metering pump and removed as required via a bypassg gtream by means of
demineralizers., Since only stainless steel, Incomel, and Zircaloy are
used as the wetted surfaces throughout the primary loop and the various
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Fig. 3.1. Simplified Flow Diagrem of Pressurized-Water Reactor Il-
lustrating Water Chemistry Control.

auxiliary loops, the primary effort has been to effect water conditions
considered ideal for these very corrosion-resistant alloys.

Because of the gas-stripping action of the condenser in the boiling=-
water primary loop, it is not feasible to utilize hydrogen as in the
pressurized-water reactors for suppression of the oxygen produced by
radiolytic decomposition of the water in the reactor. In the presence
of an excess of oxygen, hydrazine will break down in the reactor environ-
ment to form nitric acid. Consequently boiling-water reactors have not
used oxygen and pH control schemes comparable to those of pressurized-
water reactor systems. Figure 3.2 shows a gimplified flow diagram of a
typical boiling-water reactor to illustrate the scheme used for water
chemistry control. Since the measures employed for pressurized-water re-
actors to control oxygen and pH would be ineffective, a development pro-
gram was instituted to examine the corrosiveness of an environment that
depended on low total dissolved and suspended solids, low oxygen and
chlorides, variable pl, and a stoichiometric ratic of hydrogen and oxygen
both in the water and steam phases. Out-of-pile test loop operation of
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Fig. 3.2. Simplified Flow Diagram .of Boiling-Water Reactor Illus-
trating Water Chemistry Control.

such an environment for not only stainless steel but aiso carbon steels,
Zircaloys, Inconel, copper alloys, and copper-nickel alloys typical of
conventional condensate and feedwater systemsz have demonstrated to date
very low corrosion rates and rates of release of corrosion products to
systems.

Table 3.2 lists the coolant conditions specified for both early and
recent designs of boliling-water and pressurized-water reactors. Typical
pressurized-water reactor coolant conditions sre:

Disgolved oxygen =0,1 ppm
Chloride <0.15 ppm
Total dissolved solids <0.50 ppm

(excluding boron)
Total suspended solids 1.0 ppm

Hydrogen 25-35 cc (8TP)/xg
pH 9.5-10
Conductivity 1-2 umho/em
Boron 0-23,000 ppm

Typical boiling-water reactor coolant conditions (liquid phase) are:

Dissolved oxygen <0.1 ppm
Chloride <.l ppm
Total suspended solids 0.2 ppm
pH 4=-10

Conductivity 0.1 umho/cm
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Table 3.2. Smmmary of Coslast Cenditisms of Light-iater Resctors
Total Total Madiclitic Owgem Mdicectiyity®
Type Dissclved Total Other Condne-
Beactor Chloride® Fuoride® Dissolvad Suspesded Rpiregun® Comgosition of Major Gas in (cl-tynl. Beactivity
of Ouggen® Mlogme® | Po—— e ot Comtrol
[ (yom) (yom) Solias®  molids® [oe (879)/2g) Cospaments Productics  Pesd Castral
Mesctor  (1ym) (som) (vem) (vpm) (o) m (cfafime(t)] (sge) TZodime Total
Sigydingport nR 0.1k 0.5 0.,000-0.1 15-60 ] 9.5-10.5 Nrotmium fuel, stainless steel LM, 0.6 mm Noae
Dresdm-1 R (a) 04a, 0.5‘ 3 6.9~7.5 Eirconiuk and staisless stesl 0.0h 10 Home Hoae
stainless steel ysiem,
‘Hi end copper—aichel feed-
witer bester tubes, carvem
stesl fesdwmter piping
Tankoo ] 0.1 0,1 2.0 Borom, S ShS 2 Mainises stecl fusl, stainless Hyérogen end bpére- Core &, chemioal
stesl gystem sine iajectian, ian ehim, 1000 g boram
axchangs
axton R 0.8 0.1 0.5 Totessim, 3.5; 5
boroa, #3500
Indiam Foiat-1 RR 0. 0l 1.0 Boras, 40 as doric 20-40 7.0 Stainless steel fusl 30 Bome 3000 pym boroa for
acid utéan
Big Mock Fodat MR (e) ox, 0.5 ol 1 5.5-8.5 Steinless steel fual, stalmless  0.07 10 Nome Bome
steal aystem, Admirelty end
708 Co—308 Bi fesdwmater heater
tubes, cardan stesl feedmuter
piping
Nk Mver e 0.08 oa ° 0a 6.7 fircoaiun fual, stainless stesl & X 107 9:# Nome [Ty
5 x
Baboldt ey _} 0.5 o, o0.5% Borom, 100 1 5.5-8.5 Mainless steel fusl, stainless 0.0h 5 50 None Bome
aeel aysten, Muirelty feed-
wter heater tubes (being
changed to stainless steel),
oarvon stesl feohmter
BOwos nR 0.5 .0 Q0.0 1 6.97.5 Ziroomium amd Imcomsl fwelj 0.05 v < Tome Home
stainless steel system; Ad-
mdrelty, oopper-uichsl , and
carbon stesl feedwiter system
Pathfinder »a 0.1 Sorem, 100 5, 10° 10 20
LaCrosse »a oa 7 $ %1078 to § x 10°¢
mlar BN (temta-
tive)
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3.4 RADIATION

The primary concern with respect to radiation is the well-knowmn em-
brittling effect of neutron irradiation on carbon and low-alloy steels.
Although in other types of reactor, for example, the agueous homogeneous,
the effect of radiation is also important in its effect on coolant condi-
tions that are detrimental to the wetted boundary of the pressure vessel,
there are no known or suspected similar detrimental reactions catalyzed
by radiation in the pressurized-. and bolling-water reactors. 8Such ef-
fects are considered highly unlikely. It is anticipated that the con-
siderable good out-of-pile test experience will be verified as reactor
operating experience is rapidly accumlated.

The current stated aim of water-reactor designers is to avoid high
stresses and discontinuities in regions of the vessel where it is esti-
mated that the accumulated fast-neutron (>1 Mev) flux over the reactor
life will exceed 10'® neutrons/cm?. Consequently, the only region for
which any embrittlement or shift in the design transition temperature is
anticipated is the cylindrical belt region at the core center line. Al-
though the methods of eatimation of flux, energy spectrum, rate effects,
monitor cross section, and axial and radial profiles have significance
in the estimation of radiation damage, the current data generally pre-
sented for safety evaluation are the nominal and maximum time-integrated
fast-neutron (>1 Mev) flux values for the belt-line location and the antici--
pated design transition temperature shifts for each. Table 3.3 presents
the data currently available for safety evaluation of radiation damage.

3.5 DOSIMETRY

In the context of this report, neutron dosimetry is linked inseparably
to the effects of neutron irradiation on pressure vessel steels. The
fecllowing discussion of the development of neutron dosimetry, the present
state of dosimetry art, and the course of future development accents the
experimental techniques in use and the various schemes proposed for re-
porting data. Radiation damage is fully discussed in Section 5.4, and
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Table 3.3. Dats for Estimation of Radiation Demage

Axial Calculated Intagrated Flux Over Reactor Estimated MDT Shift at  Refcrence Ds
Type g on Bame of Bpe T peaking adial Material . Aswuned pesumed Life at Vessel Immer Surface at e ey Bell Line st Bud of  (Curves) Uase:
Reactor Name of shing Code of Pactor ’ Life e Belt Line (nevtrons/o®) Reactor Life (°F) Correlate M
Flux Energy Kind, and Thickneas Temperature
Reactor gpectrum Used Code Grows | Used in (years) (T Pector Yor) —_— Bhify witk
TIPS calculaticn Thermal 0.1 to 1,0 Mev 31,0 Mev Minimm Mxdisus  Reutron Expos
Sippingport PWR Calculation and 20 225 2,23 x 108® 6.0 x 1089 38 RC koo
moasurement
Dresden-1 BWR  Catculation and 40 626 0.8 2.5 x 1088 60 150 160 Bee footnote
measurement.
Yankee PR  Calculation PLMG DAffusion 55 1.5 30 600 0.85 &4 x 1019 4.1 x 100 2.5 x 10%® <o 305
Saxton PWR Calculation PN Diffusion 55 1.5 5 23 0,60 L4,0x10Y® 3.3 x 101® 2.0 x 100® 25 25
Indian Point-1 PR Calculation IMG Diffusion uo 615 0,80 3.6 x 10%® 7.5 x 1048 =30 205 320
Big Rock Foint BWR  Calculation 80 157 1.0 3.63 x 10'® <10 50 See footnate
Kk River BWR  Calculation 20 51 0.50 1.9 x 10'® 30 25 30
Husboldt Bay BWR  Calculation 20 163 1.0 3.4 x 1018 <0 &0 See footnote
BoNUs BUWR  Calculatiom [V 10 1.43 Mean core diameter, 506 in.; 3/6-in.- 20 50 1.0 6.2 x 101® ot availsble 1.65 x Lo Qo 135 2%0 See footmate
thick stainless stee) core barral;
1-1in.-thick stainless steel thermml
shiald
Pathfinder BWR  Calculation 20 200 1.1k x 10*® 10 25 60
LaCroase BWR 1.8 20 0.60 9.5 x 1078
San Ouofre PR  Calculation PLNG Diffusica 55 1.5 30 137 0.9 5,7 x 10°° 9.0 x 10*® 6.1 x 1049 320
Coonecticut Yankee PR  Calculation PLNG Diffusiocn 55 1.5 30 W73 0.9 2.5 x 1079 4,1 x 101® 2.5 x 1039 b5
Oyster Creek BR 40 1860 1.0 9.2 % 107" <10 10 70 8ee footmots
Nine-Mile Point BWR 1846 1.0 7.2 x 107" €10 10 60 See footnote
Dreeden-2 BWR 40 2167 1.0 2.4 x 100 <0 0 2c See foutnots
Mllstone Point BWR 17270 1.0 81 x 10870 0 4o
2011 1.0 4.9 x 10°7 <40 0 &0 Bes footnote
Brookwood BWR  Calculation PG Diffusiom 55 1.5 [ 1300 0.8 2.2 x 167° 3.2 x 108% 2.2 x 101® 100° 233
Indden Point-2 BR  Calculation PIMG Diffusion 55 1.5 Lo 2758 0,6 5.6 x 1G2® 1.2 x 10%® 0.9 x ml'r 166
Palisades PR  Calculatiom C-17 (fast), 10 1.5 0.5 in. stainless steel, 6.5 in, n;o. ko 2u50 0.80 9.7 x 168° 9.4 x 10%® 40 75
WAF1B (ther-
ml)
Hg0, 0.25 u ndnlen stosl
Turkey Point-3 PWR Calculation PIMG Diffusion 55 1.5 40 2300 0.8 1.6 x 108 3.8 x 101® 2.6 x 101° 250
TVA Browas Ferry BWR 40 3293 1.¢ 3.5 x 17 <0 0 7] Bee footnote
Dresden-3 BWR bo 2467 1.0 Q.0 x 10‘" 40 20 See footnote
Quad Cities-1 BWR ko 2527 1.0 20 x 1007 <o [ 20 See footnote
Monticello BWR 40 167k 1.0 S x 1w <40 [ 50 See footnote
Vermoat Yankee BWR 4o 1593 1.0 1.0 % 107" <40 [ [} Bee footmote
Smitial, ®y. A. Brandt, Huboldt Bay Fower Plant Unit No. 3 Resctor Vessel Bteel 5. 7. carponter, ¥, R. Fnopf, and E. 8. Byzon, Anomalous Bebrittl
bwm D;’,wimnet Progrem, USAEC Report GECR-5492, General Electric Company, Effectes (bserved During Irradiation Studies on Pressure Vessel Steels,
. 1967.
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therefore only brief mention of radiation damage theories is provided in
this section where such references will provide clarity.

Throughout the course of development of light-water reactor tech-
nology, there has been recognition of the potential deleterious effect
of neutron irradietion on pressure vessel steels. Experimental studies
were initiatea early in the 1950's at a number of laboratories to assess
the quantitative changes that could be expected. Since there was a great
urgency for data, all the early irradiations tock place in experimental
reactors at accelerated conditions, that is, at instantanecus dose rates
many orders of magnitude greater than anticipated for the affected pres-
sure vessel structure.

A number of methods were available at that time for measurement of
neutron flux; for example, there was proton recoil spectroscopy, crystal
spectroscopy, photographic plates and emulsions, and activation analysis.
Except for activation analysis, however, none of these was suitable for
monitoring steel irradiation, either because of excessive space requirements
or because of sensitivity to the high gamma intersities or temperature
conditions that existed at the irradiation position. Activation analysis
therefore became, by default, the standard technique for flux measurement.

Many major lifficulties, some of which are discussed below, plagued
the experimenter in the use of activation analysis. As a consequence
some reliance was initially placed on corroboration of activation analysis
data with data furnished by the experimental reactor ocperating staff. Also
in many instances radiation damage data were based solely on the data
furnished by the reactor staff. Such "staff" data were generally cbtained
from calculations, estimations, or surveys at low power levels and usually
did not take into account changes in fuel loading or control rod program-
ming and structural changes at the irradiation position. The resulting
data correlations were often marginal or poor.

Some of the requisite properties of activation monitors for ideal
dosimetry are the following:

1. The threshold energy should be sensitive to the complete energy
spectrum.

2. The daughter product of the de.ector material should decay by a
single radiation process and should have a relatively long half-life.



69

3. The detector material and product should be chemically and physi-
cally stable and compatible with the environment and operating conditions
of the irradiation space.

4. The detector material should be avallable in a form for which
there are insignificant competing nuclear reactions.

5. The daughter product should be insensitive to ionizing radiation.

6. The daughter product radiation should be easily isolated and
measured accurately.

In practice most of the candidate materials for activation monitor-
ing fail to fulfill one or more of the preceding requirementa. A further
factor is cost. Although technically the fisaion threshold monitors are
feasible and satisfactory and they are the only ones available that cover
the portion of the neutron spectrum from thermal to fast, the high cost
of an analysis has severely limited their use. Most of the early experi-
menters used 3%Co or cadmium-shielded >9Co, 323, and 3°Ni to monitor the
thermal, resonance, and fast fluxes, respectively. Since these activants
are virtually insensitive in the range from 1 kev to 1 Mev, this portion
of the spectrum was neglected. Because of this limitation, the reporting
of fluxes greater than 1 Mev became the vogue, and some experimenters
gave these mea~rements a quasi-physical-property status. However, with
subsequent imp: ements in dosimetry and with the development of damage
theorles that reflect experimental evidence, there has been increased
attention to the need for monitoring and reporting fluxes less than 1 Mev.

3.5.1 Damage Mrdels

Many theoreticians have advanced models of radiation damage. Among
them are Kinchin and Pease,! Snyder and Neufeld,? Brinkman,’ Churchman,
Mogford and Cottrell,* Rossin,” Dahl and Yoshikawa,® and Beeler.” Some
of the parameter: considered in these studies are (1) energy and tempera-
ture dependence of radiation damage, (2) energy dependence of neutrons
and primary knock-on atoms for production of vacancies, interstitials,
and displacement spikes, (3) precipitation of impurity atoms, (4) effect
of channeling and quasi-channeling along preferential lattice directions,
(5) space dependence of productiun of vacancies, interstitials, and



70

displacement spikes, ana (6) annihilation of damage by overlapping of
damage arcas. Although no well-ordered consensus may yet be written,
these studies have revealed many of the factors that provide logical ex-
planations for the radlation damage effects observed experimentally.
There is general agreement by theoreticilans and experimenterszs that in-
creased attention should be given to the assessment of fluxes less than
1 Mev, with the precise method of reporting the flux and energy threshold
for damage dependent upon the particular damage model employed. Even
more important, it has become increasingly clear that a basic understand-
ing of the damage process will require more precise kncwledge of the flux
spectrum and the flux spatial profile. The need for better characteri-
zation of the incident flux has given impetus recently to the determina-
tion of better activation-monitor cross sections.

3.5.2 Dosimetry Methods

In activation analysis, three different types of nuclear reactionm
are used to monitor the flux spectrum. A large group of activants has
an exceedingly high probebility for an (n,y) reaction for thermal emer-
gles; in fact, this probability of reaction is only exceeded by sharply
peaked resonance energy (n,7) reactions for epithermal emergies. To
separate these two competing reactions, some monitors arc clad with cade-
mium to virtually prevent any incident thermal-neutron flux and provide
a means for assessing the activation due anly to thermal energies. Decay
activity of the activated monitor is counted by a Geiger-Mueller counter
or by gamma-ray spectroscopy. The count rate observed is compared with
that of control monitors exposed to a standard flux in order to determine
the flux level.

Fissionable materials constitute the second grouping of activatiom
monitors. Following irradiation the fission products are chemically
separated and the radiocactivity counted. The observed activity can then
te related to the flux by the known yield percentage of the fission pred-
uct. Uranium=-235 and 23%Py have been used to determine the thermal flux;
and 237§p, 238y, 236y, and 2327y, because of their close arproximation
to threshold-energy step functions, have been used to measure flux over
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the range from 0.5 to 3 Mev. However, the high cost and complexity of
the analysis have drastically curtailed the use of this group of moni-
tors.

The third group of monitors consists of those having an (m,p) or
(n,a) nuclear reaction. Although these reactions occur tc same extent
throughout the camplex flux spectrum, the primary activants bave reactions
approximating a step function at energy levels of 2 Mev and greater.
Figure 3.3 shows the probability of the (n,p) reaction for 325 as a fumec-
tion of neutron energy.® The irregularities of cross section versus
energy depicted by this activant are typical of the bemavior of most of
the activants of this group. In spite of the irregularities of the shape
of the cross section versus emergy curve exhibited by these momitors,
the assumption is made that the behavior can be approximated by the con-
version of the actual curve shape to one of a step function. Figure 3.4
i1l1lustrates a typical activant cross-section veraus energy curve with
such a superimpcsed, idealized threshold-energy step funectiom.

Most of the irradiation experiments conducted to date have been based
primarily on the use of this last group of monitors. The experimemter
is usually faced with the dilemma that insufficient space exists to permit
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Fig. 3.3. A Cross Section or Probability for 328(n,p)’2P Reactica.
It increases rapidly with neutron energy and reaches an irregular plateau
at about 3 Mev. (From Ref. 8)



Fig. 3.4. INlustration of Method for Comversion of a Typical Cross-
Seeti-a; Curve to an Idealized Threshold-Energy Step Pumction. (From
Ref. 8

the use of monitc~s that provide for symthesizing the imcidemt flux spec-
trum. Froa the earliest experiments until recently, the usual practice
has been to employ threshold-type momitors, such as ?28(n,p?P or

3845 (n,p)%8Co, to determine the flux level and to assume that the inci-
dent flux has the form of the fission spectrum determined by Watt® or

by Cranberg and his co-workers.!® More recently experimenters have used
one or more of the now available camputer codes to determine the apatial
and energy profile of the incident neutron flux, but there haz been a
continued dependence on threshold-emergy-type monitorz to fix the adbsolute
flux level.

3.5.3 Problems with Specific Activants

Although the feasibility of activation analysis has been demonstrated,
its use is attended by many difficulties. Those of determining the basic
croes sections and neutron flux are discusred in following sections.

In a number of instances, use of the (n,p) timreshold-type monitors
has been seriously impaired by the lack of adequate experimental imforms-
tion on the differential cross section (i.e., cross section as & function
of energy). Some experimenters have used the approximate method sug-
gested by Hughea!l to estimate fission spectrum cross sections. More re-
cently methods developed by Roy and Howton!? and by Lubitz, Dunford, and
Francis!? have given better agreement with existing data. Same of the
other difficulties experienced with the most useful activants are briefly
enunerated below.
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33g(n, p P 2p:

1. Its physical form often requires encapsulation.

2. It cannot be irradiated at high temperatures as elemental sulfur
because it sublimes.

3. Unless 2P is separated from the sulfur, 735 ectivity must be
attenuated.

4. Beta decay of 32P requires careful sample preparation.

5. The short half-life of 14.3 days limits the useful irrsdiation
time.

6. Differences of a factor of 2 in cross-section data are reported,
but the latest values are in better agreement.

38441 (n,p)*%co:

1. The 380 isomers have large thermal cross sections; therefore
corrections must be made for burnup.l4,!3

2. Cobalt impurities must be kept low to prevent competing activity.

3. A fev days waiting time must be allowed for the decay of 37mWi
and 63Ni to prevent interference in the counting of *#Co.

4. TImpurity pickup of '37W was observed when the mcnitor was febri-
cated from nickel carbonyl in a tungsten crucible. Allowance for decxy
time of the 1®7W is required.

5. While later cross-section values are in better agreement, dis-
crepancies of almost a factor of 2 still exist.

>4Fe(n,p)3*mn:

1. Corrosion susceptibility requires encapsulation in some envirom-
ments.

2. When exposed to a significant thermal flux, 3%Fe provides imter-
fering activity.

3. Although there is consziderable disagreement among the published
crogs-section values, later values, particularly differemtial cross-
section values, are in much better agreement.

4, The potential *4Mn burnout has not been firmly established.
Existing data tend to show no problem.

“‘Ti(n, p 2“30:

1. Titanium is difficult to purify. Pickup of impurities has deen
experienced. Cobalt-60 has been a source of interfering activity.
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2. Cross=-section data are still not well kmowm.

$3cu(n,7)*%o:

1, Impurities such as iron, cobalt, and silver are not uncommon and
cause interfering activity.

2. Differential cross-section data are oot well knowm.

3. Elevated-temperature irradiations require precautions to preveant
oxidation.

4. The long balf-life of ¢9Co of 5.3 y and small cross section make
this an ideal activant for long-tera irradiationz. Contrarivise, tbere
may be insufficient semsitivity for short irradiaticms.

3.5.4 Crosa-Section Data

Perhaps the greatest problem that the experimenter has iz the lack
of basic cross-szection data or uncertainty of the experimental values re-
ported. Most of the data have been derived frem irradiation in a presumed
fission spectrum. The available differential cross-section data are mea-
ger. In some instances the fast spectrum used may have deviated signifi-
cantly from & true fission aspectrum and thereby biased the data. In a
number of instancesz, cross sections have been determined in comparison
with a presumed known standard cross secticn. For example, the reaction
323(n,p)?2P has been used as a reference standard with assumed cross-
section values in a fission spectrum of both 30 and 60 mb.

The large variations of cross-section data may also be explained in
part by other difficulties, such as self-ghielding of the activant, flux
depression at irradiation position, activant impurities having a dawghter
product with a similar competing decay reaction, loss of activant by
chemical reaction, or physical attrition. Collations of the cross sectiona
for the common activants by Rochlin,!¢ Mellish,!7 Moteff,!? and Passell
and Heath!? point out some gross diagreements and illustrate the basic
difficulty that the experimenter has had through the years in acquiring
precise data. Since data developed in recent years are materially better,
significant lmprovements in the collations have resulted. Table 3.4 pre-
gsents a collation of the differential cross section of the *®Ni(n,p)’%Co
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Table 3.4. Differeatial *mi(a,p)*%co
Cress Sectios
E, Reutroa Energy 7, Cross Sectioa
(Mev) ()

1.04 1.2 2 0.1
1.15 3.8 £ 0.2
1.25 5.6 0.4
1.46 10.5 £ 0.7
1.625 * 0.01 18.5 ¢ 2.5
1.67 18.4 ¢ 1.3
1.87 31.1 2 2.2
2.22 ¢ 0.16 142 £ 10
2.2 2 0.13 138 ¢ 17
2.7 9727
2.53 ¢ 0.14 1782 21
2.38 2 0.19 175 & 13
2.6 1 0.2

2.67 139 2 10
2.75 ¢ 0.13 193t 21
2.88 & 0.4 200 ¢ 2%
3.04 2 0.20 24+ 2%
3.15 £ 0.12 182
3.23 1 0.14 35 1 2
3.27 £ 0.09 172t 21
3.3 ¢ 0.01

3.5213:3, 305 & 34
3.55 ¢ 0.10 195 ¢ 12
3.6 ¢ 0.1

«.20%0:3 475+ 82
4.7 £ 0.05

4.9810733 509 ¢ 5
5.4925:33 604 t 60
6.20%0:% 582 ¢ 58
7.3009%1 646 ¢ 71
8.33 ¢ 0.3 670 t 7
13.5
14.0 310 2 62
.1 560 & 110
14.800°3 221t 32
4.8 237 ¢ 20
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reaction by Passell,?C and Table 3.5 is a collation of the differeatial

cross section of the 34¥e(n,p)’‘Mn reaction by Shure.?}

Table 3.5. Differential **pe(n,p)*mn
Cross Section
E, Neutron Energy a, Cross Section
(Mev) (wb)

2.32 26

2.6 t 0.2 143 2 14
3.3 ¢ 0.1 181 ¢ 18
3.55 £ 0.13 226 ¢ 22
3.6 £ 0.1 200 t 20
3.82 208

3.94 ¢ 0.13 303 ¢ X
4.32 £ 0.14 254 ¢ 25
4.63 2 0.15 379 ¢ 38
4.7 z 0.05 220 & 70
4,93 ¢ 0.16 387 2 37
5.2 ¢ 0.16 440 ¢t 42
5.49 ¢ 0.17 462 t 44
5.76 £ 0.17 478 2 4
6.02 £ 0.18 465 t 45
14.1 307 2 34
15.7 ¥ 0.7 286 t 29
17.4 t 0.7 257 ¢ 26

3.5.5 Neutron Flux Calculations

Although there has been relatively little use of synthesis of the
incident flux spectrun from activation analysis for steel irradiatioms,
the need for such techniques in experimental reactor physics has spurred

considerable activity.

Trice?? and Hartmann?? independently developed a

method for expressing the flux as a series of orthorormal functions that

congist of linear relations of the monitor cross section.

Doonert?* pro-

vided an additional arbitrary term in the Trice-Hartmann expansion to per-

mit a better fit with experimental data.

Uthe?® developed a mumber of

methods that use polygonal and polynominal expressions to fit the experi-
Lanning and Brown?® have further developed the orthonormal

mental data.
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technique of Trice and Hartmann to reduce the oscillation tendency.
Dietrich and Themas?”? in a study of a number of approaches indicated a
preference for a semiempirical method they developed. The fits of curves
derived by these techniques with theoretically derived curvez are gemerally
very sensitive to the number of activants used. Although the activant-
number sensitivity prevents widely accepted use of these technigues for
incident fluxe-spectrum synthesis, they are quite applicable to presurvey
assessments of irradiation facilities.

In recent years there has bcen considerable theoretical study of the
deviations that might be expected in the assessment of damage based on
incident fission-spectrum flux versus a calculation of the actuml incident
flux spectrum and on the effect of instantaneous dose rate. Steele and
Hawthorne?® recently made an experimental investigation of spectrum ver-
sus dose rate effects in an irradiation of specimens in the BGR, MIR, and
LITR. For the conventional mode of correlation and the assumed fission
spectrum, and with consideration only of flux greater than 1 Mev, there
appeared to be a marginal effect on NDT shift from dose rate differences
of one order of magnitude. In a review of these data, Yoshikawa?? con-
sidered spectral differences of the three test facilities in correlating
the NDT shift with the damage models of both Rossin® and Kinchin and
Pease.! Based on arbitrary threshold-energy levels of damage of 0.5 and
0.18 Mev, he obtained correlations that indicated no statistically sig-
nificant effect of dose rate. Other investigators, for example, Rossin,?
Claiborne,?® Pawlicki,?! Shure,?! and Harries, Barton, and Wright,3? ob-
tained considerable variations in spectral effect on damage that vary
from marginal to drmticf Neverthelegs, there seems to be general agree-
ment that a significant improvement will be made in radiation-damage
atudies by the employment of computer codes to determine the actual inci-
dent flux spectrum. Yoshikawa?? and Shure?! discuss the results of employ-
ing various codes that utilize diffusion, transport, amd Monte Carlo
theory. Steep gradients in the spatial distributions of flux in accel-
erated test positions and surveillance test positions cited by Yoshikawa,??
Shure,?! and Serpan and his co-workers,?? reinforce the argument for use
of computer calculations to determine the spectral and spatial behavior
of the flux.
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3.5.6 ASTM Recommended Practice

In any rapidly developing field of study, there is an initial widely
divergent probing for the dominant parameters and a consequent comsiderable
degree of conflict and comfusion in reported results. Neutron dosimetry
studies of the structural materials of reactor vessels has suffered
through sueh a preparatory stage. As realization of the significant
parameters has become better resoclved, it has become very desirable to
standardize on namenclature, parameters observed and reported, and method
of reporting. ASTM Committee E~10 on Radioisotopes and Radiation Effects
has been instrumental in resolving these problems through the preparation
of ten standards:

AST™ E 170 Standard Definitions of Terms Relating to
Dosimetry

ASTM E 184 Reconmended Practice for Effects of High-
Energy Radlation on the Mechanical Proper-
ties of Metallic Materlals

ASTM E 185 Recoammended Practice for Surveillance Tests
on Structural Materials in Buclear Reactors

AST™ E 199 Recommended Practice for Measuring Neutron
Flux Environment for Reactor Irradiated
Specimens

AST E 261 Measuring Neutron Flux by Radioactivation
Techniques

ASTM E 262 Measuring Thermal-Reutron Flux by Radio-
activation Techniques

ASTM E 263 Measuring Fast-Neutron Flux by Radiocactiva-
tion of Irom

ASTM E 264 Measuring Fast-Neutron Flux by Radicactiva-
tion of Nickel

ASTM E 265 Measuring Fast-Neutron Flux by Radicactiva-
tion of Sulfur

ASTM E 267 Determination of Uranium and Flutonium Con-
centrations and Isotopic Abundances
These standards present terminclogy definitions; recommended methods and
conditions of various irradiation tests; recommendations for obtaining
and reporting the neutron flux, neutrom-energy spectrum, and temperature
of specimens; recommendation for incorporation of correlation momitors in
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irradiation programs; and techniques for measuring neutron flux and pre-
senting radioactivation data on ircn, nickel, sulfur, uranium, and plu-~
tonium for measuring neutron flux.

Although there has been a general subscription of industry to the
recommendations of these standards, very little information is available
to date on this besis. Brandt and Alexander,?4 Landerman,?® and Steele
and Hawthorne?? have reported on surveillance programe for Dresden I and
Yankee that were, in general, patterned after the recommendatians of
ASTM E 185.

3.5.7 Conclusions and Recommendations

The rational approach taken by the ASTM standards should be encour-
aged. Many of the aspects of radiation damage will comtinue to be poorly
understood unless a rigorous and rational attitude is taken toward neu-
tron dosimetry. This is particularly true in regard to the power reac-
tor surveillance programs, since much of the uncertainty of spectral and
rate effects can only be cleared up through these efforts.

In addition, an ad ‘'z group, such as the ASTM E-10 Cammittee, should
continue the review of techniques and cross-section data for the most
ugseful activants in accelerated and surveillance irradiation programs.
Where gaps and uncertainties are found to occur in existing data, a spe-
cial program should be instituted to obtain the necessary data.

Furthermore, it would also appear desirable for the ASTM E-10 Com-
mittee to select certain damage models as representative or covering the
possible range of interest as a standard method of reporting. The pro-
liferation of damage models currently considered and the terminology
attendant thereto tend toward confusion and certainly present an informa-
tion barrier to designers not intimately acquainte. with the subject.

3.6 SERVICE LIFE

Economic conditions dictate that the design life of power reactors
be from 20 to 40 years. All current designs are based on a life expec-
tancy ¢ 40 years.
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3.7 TRANSIENTS

In the fatigue analysis of vessels, consideration is given to esaen-
tially three major categories of cycles: (1) startup and shutdown cycles,
(2) normal operation or power cycles, and (3) cycles associated with
safety actions, accidents, or integrity tests.

The permissible temperature and pressure rates of change for the
startup and shutdown cycles are primarily controlled by the restrictions
imposed to insure againat the probability of brittle fracture. 8Since
economics dictate that power reactors muist operate reliably for long pe-
riods of time, it iz generally assumed that approximately two to three
such cycleg per year will occur. In some cases up to 12 cycles per year
have been congidered where additional conservatisa or other judgment
factors have been involved. Reactor experience to date has tended to
verify the low assumptions made thus far.

Rate of temperature and pressure change considered for power cycles
reflect the system condition changes required for minor load adjustments.
In general, ‘he pressure and temperature transients associated with this
class of cycles are not very severe and result in a negligible or low
calculated cumlative damage factor.

The most seve : transients of pressure and temperature are associ-
ated with the third class of cycles, those resulting from safety actions
or accidents. In order to have a design with a lov cumulative damage
factor, it is often necessary to provide features such as thermal sleeves
in, for example, emergency coolant nozzles.

Currently the analysis of the transients leading up to a code fa-
tigue analysis of a component is divided tciween the syatems designer
and the vessel designer. Bulk stream pressure and temperature changes
asgociated with the various transients are developed for each component
by the systems designer. At this point an interplay of heat tranafer
and fluid flow data and calculations is required between the systems de-
signer and vessel designer to establish local temperature and pressure
transient conditions on the component boundary. The pressure veasel de-
signer then determines the temperature versus time gtructure of the cca-
ponent and subsequently performs the fatigue analysis.
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Although relatively few pressure vessels have thus far been dezsigned
according to Section III of the ASME Code, and thus no trends are avail-
able, the vesse. design transients listed in Table 3.6 appear to be rep-
resentative, at least in part, for the current designs. Past experience
of fossil-fueled plants has demonstrate. that because of the increased
efficiency and lower power costs of the newer plants, the older plants

Table 3.6. Vessel Design Transients

Number

Type of Transient of
Cycles

Startup and shutdown cycles

Plant heatup from room temperature to design 100=500

condition at 100°F per hour
Plant cooldown from design conditioms to room 100-500

temperature at 100°F per hour

Power cycles

Power loading in load range of O to 100% at 0-15,000
5% per minute
Power unloading in load range of O to 100% at  0-15,000
5% per minute
Power loading in load range of 50 to 100% at 2,000-15,000
15% per minute
Power unloading in load range of 50 to 100% 2,000-15,000
at 154 per minute
Step load power increase at 10% of full power 0-2,000
in load range O to 100%
Step load power decrease at 10% of full power 0-2,000
in load range O to 100%
Step load power decrease at 50% of full power 0-200

in load range 50 to 100%
Steady-state fluctuations, *50 to 100 psi, $5°F 300,000~

Safety, uccident, or integrity testing transients

Reactor trip 200~400
Turbine trip 040
Hydrostatic test 540
Leak test 5-300
Safety and relief valve actuation 0-200
Actuation of emergency core cooling 10
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are transferred from base-load to pesak-load status. An cbvious specula-
tion ia that such a situation will also develop for the nuclear power in-
dustry. In such an event, the tramsiemt loadings will become much more
significant and will require a reevaluation of the vessel to assure that
adequate fatigue resistance will exist for the projected life under peak-
load conditions.

3.8 MECHANICAL LOADING

Mechanical loadings to be considered by the pressure vessel designer

include the following:

1.

2.

3.

5.

reactions from piping systems in which the reactor pressure vessel
gerves as an anchor,

reactions from mechanical devices, such as mechanical or jet pumps,
valves, or control rod drives,

vibrational or static hydraulic loading resulting from core or com-
ponent flow characteristics and consideration of credible accidents,
such as severed external loop piping,

bolting and gasket seal loads at main vessel and nozzle flanges and
bolting loads at demountable campoment support locatiomns,

seismic lcads.
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4. MWATERIALS*

There is potentially a relatively large oamber of materials that
could be used in the construction of nuclear pressure vessels (see Table
B-421 in Section III of ASME Code), but there are relatively few in use
or contemplated for use. Materials selection is influsaced by many fac-
tors, among which are suitability of mechanical and pigsicel properties,
fudbricadility, weldability, adequacy of production capecity in the forms
required, material and fabrication costs, and a backlog of relsvemt ex-
perience by the fabricator in the use of the material. Accommodation of
these various factors, that is, qualification of a material, regquires a
substantial expenditure of time end funds by the fabricator. Conee-
quently, eny nev or unconventional material froa the fabricators' view-
point must either show potentially a substantial econcmic benefit or
must possess significantly improved mechanical and physical properties
such that its use is virtually demanded by technological advences. This
conservative and cautious trend in material selection is illustrated by
Table 4.1.

As indicated, a fev reactor vessels have been fabricated from ASTH
A 212 grade B, @ carbon-eilicon steel. This material has found wide
usege in the power and petrochemical industries, and therefore its eco-
nomice, fabricability, production problems, etc., are gensrally well
mowmn. Its selection for the early nuclear reactor vessels was there-
fore natural and reasonadble. Unfortumately this material suffers marked
deterioration in toughness in heavy sections and is not materially im-
proved by fine-grain practice nor by he&t treatment. In addition, it
has comparatively low strength. Consequently, most of the later wessels
have been nade from a modified version of ABTM A 302 grade B steel. With
the addition of nickel, as permitted by ASIE Code Case 1339, this ma-
terial has enhanced response to heat treatment and theredy exhidbits im-
proved impact strength in heevy sections. This modified version of ASTM
A 302 grede B is now identified as ASTM A 533. It is at present the

#Thig chapter was prepared by D. A. Canonico, P. Patriarca, and
G. C. Robinson, Jr.



Table 4.1, Summry of Materials Specified for Light-Water Bsactcr Vessals
Meactor Mme Nate Course and Roszle Porgings Bolting ate Swpports Pipe weld Red Clasting
Flange Forgings
Sippingport A 308 grade B Stainlass
Dresden-1 A 02 grede B 8 336 grede P-1 S 336 grede J-1 8 133 grede b SAi1B grede 3 M 212 grede B Clad B 308 L taialess
Yankea A 30k grede B A 105 I1 modified A 182 wodified to A 302 B4 133 grede D16 AIBI &3h0 A 212 grede B A 06 C Clat 308 L M B0 grade 8§ (s
modified grede D waldad shest)
Saxton A 212 grede B A 350-58T A 350-582 AIBI &3k AISI A0 A 12 grede ® A 36 TP N6 Clad 308 L Stainlese
Indtan Point-l A 212 grede B Stainless
Big Bock Poimt A 302 grede B SA 336 modified A 193 meeting BA 154 meeting Type 3Ob (imtermal) Clad 308, 309, Imccmel) A 6h-iT grede 3
AIRL A0 AISY k3ho type 304
nk Mver AJegrede D ALOSIX A 105 11, A 182 A 193 grede 7 » 167 K 7006 clad A 371, A 26h-3
P 30 type 308 L, 305
Baboldt Bay A 302 grede B 8A 336 modified SA 336 modified M 193 grade J16 -Il:”p“' A 302 grade B A 213, B 167 Type 30k
DOWUS A 212 grede B Al05 II A 16 re2 SA 193 grade 7 M 1gh- A 212 grede B A ShO-30h, A 312-30h, A 106 B, K TC16 clad A 372, Type 30k
A 376 TP 304 type 30 1L, 309
Mmihfinder A 212 grede D A 105 grade 2, A W37 A 837 A 195 grade K70 Type 30k L
A 3135 grade MR
laCrosss A 3R grade D A 336 modified, A 282 A 336 modified A 437 grede b Al grade & A 302 grede » 166, B 167 Ciad 308 L Type 30k L
wrie ;rl;&‘m' a nf o7 308
San Onof're A 302 grade B A 336 M 3% SA 193 meeting SA 19k meeking A JOF grede B A 376 TP M6 Cled 308, 309 Stainlsss
AIBX AYe0 AIRT 4340
Compecticut Yankee A 302 grade B 8A 336 modified SA 336 modified A 320 LA3 A 320 1A3 8A 336 modified A 376 TP 36 Clad 308, 309
Creek A grede 3 8A modified, 8A 336 modified, A 193 grede AISI A 193 grade M 312 grede B ALY, A BN, A 312, A 376 Clad B 308 Typa JOb
arstes e X+ 123651 Code Case 1236-1 o AIST 4340 ) mﬁ:nnh, ™ 308, 26 '
Code
Rine-Mile Foint A grede B A 336 modified, A 336 modified, Al A 193 8\ 212 grede D, A £13,A P9, A 1R, A 376 Clag X 308 Type S0h
* o Cole Case 1236°1 Code Case 12361 ATST 4300 ATRT $3v0 8 336 modifies, TP 30, M
Code Case 1236-1
Dresden-2 A grade 3 A 336 modified A 182-F30h, A 336 PO, A 193 grede 316 Al93 grade 2 A 276 TP 30k A M3, AN, AN A I A 233, A 298, A 226 Type 0
ot Yéa, A 105 grade 1T A 320 grede A3 A 200 77 304 P 300, N6 Qaa'a 371, IR 38 1,
modified =R 309
Carcline A 302 grade A SA 336 modified 8A 336 modified S 320 L3 A 320 1A} 2 13 modified A 376 TP 216 Clas 308, 309 Type J0b
Millstone Point A302 grade B A 508 class 2 A 508 class 2 A 540 grade B2h A 5h0 grede B3V A 508 class 2, A B0 TP 30h, A 12 TP 304 Clad £ 308 Type 30k
A 516 grede 70 A 012 grade B, A 106 grede B
Brookwood A 302 grede B A 508 class 2, 84 336 modified 8A 320 1A} BA 320 Lh3 S\ 212 grade B, A 376 TP 116 Claa 308 L Type 30k
8A 336 modified clase 3 class 3 A 336 modified
Indien Point-2 A 302 grede B SA 336 modified B8A 336 modified 8A 320 1M} BA 320 I3 S 136 modified A 376 TP 16 Clad 308, 309 Type 306
RNlisadea A grade B A 508 class 2 A 508 steal steel A 33 S\ 212 grede B ER 308, ER 309, BO018-C3, 2ype 304
o2 * A:l;o,m A:l;o,nb A6, A 298, A 372,
Ineom,Aéss
Turkey Point-3 A 302 grade 3 A 508 class 2 A 508 class 2 ummg»s m;}u 8A 336 modified A 376 TP 316 Clad 308 L Type 30h
modified % modified A 1 A & A 7 30 A A9, A 32, A 376 A 233, A 238, A 26 Type 304
TIA Brows Ferry A 32 grede B BA 336 0 % grade 27 194 erade A":fonsc‘ rﬁ&,m%;a‘onm A 371, B 308 L, ER 309




TP 304, 316 or A 240 TP 304

A 371, ER 308 L, XR 309

sels
Pipe Wald Bod Cladting
ftainlesa
Clad 8 308 L Sainless
A 106 C Clad 308 L 8A 540 grede 8§ (apet-
welded eheet)
A 376 TP 116 Clad 308 L Sainless
Stataless
Clad 308, 309, Inccmal A 36h-biT grede 3,
typs J0b
» 167 R 7026 clad A 371, 8A 26h-3
W”,ﬂ”
A 213, » 167 Type 306
A 2%0-30h, A 312-304, A 206 B, B 7016 clad A 372, Type 30
A 376 TP 30k type 308 L, 309
A 155 grede K70 ype YW L
B 166, B 167, Clad 308 L Type 30b L
A 312 TP 304
A 376 T N6 Clad 308, 309 Stalaless
A 376 TP 316 Claa 308, 309
A 23, A M9, A 312, A 376 Clad 2 308 Type 0b
TP 308, 316
A 213, A 249, A 312, A 376 Clad B 308 Type 306
™ 3%, 16
A 213, A N9, A 312, A 376 A 233, A 296, A N6 Type 30h
TP 308, 316 clad A 371, R 308 1,
= 309
A 376 TP 316 Claa 308, 309 Type 304
A 240 TP 30k, A 312 TP 304 Clad B 308 2ype 304
A 212 grade 3, A 106 grede B
A 376 TP 316 Clad 308 L Type 306
A 376 TP 316 Clad 308, 309 Type 306
IR , IR 309, E8018-C3, 30k
8A 212 grade B ‘ﬁ"&?‘m’ 3, Tpe
Inco 182, A 233
A 376 TP 316 Clad 308 L Type 304
Am,Aﬂ9.A312,A376 A 233, A 298, A 216, Type 04
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reference plate material where plate is used for primary nuclear pressure
vessels for light-water resctors. Forgings meeting ASTM A 508 class 2
requirements are equivalent to A 533 in response to heat treatment and
fabrication and are similarly used for primary nuclear pressure vessels
for light-water reactors as nozzles and shell courses.

There are two additional allays presently being investigated for
future use. One is a chromium-molybdenum allay (2 1/4% Cr-1%Mo) and
1s defined in ASTM A 542 (plate) and ASTM A 541 class 7 (forgings). The
other is a nickel-chromium-molybdenum allay (3% Wi~1.75% Cr=0.5% Mo)
that is defined in ASTM A 543 (plate) aad ASTM A 508 class 4 or ASIM A
541 class 8 (forgings). The latter materials are covered by ASME Code
Case 1358.

Most of the bolting materials currently selected are covered in
AS™ A 540 snd are of the chromium-nickel-molybdenum 4340 type. The
electrode most often selected at present for base-material pressure ves-
sels is E 8018 C3, which contains 1% nickel and meets the requirements
of ASME SA 316. The electrode and flux used for submerged-arc welding
are in many instances proprietary amd therefore will not be ¢covered in
any detail in this report. For electroslag welding, a 2% Mo~1/2% Mo
filler material is used. Various types of stainless steel electrodes
are ugsed for the cladding and attachment of intermal support. Inconel
filler wire is also used for dissimilar-metal welding and overlay as
bearing surfaces of the shell flanges.

4.1 MATERIALS PROPERTIES

Table 4.2 presents the chemical camposition of materials which have
been used, are being used, and are proposed for use in the near future
in light-water reactor pressure vessels. In some instances materlals
are listed under two specifications as a consequence of recent specifi-
cation revisions. Table 4.3 provides a cross index between the current
AST™M designation and previocusly used ASTM and commercial designations.
Table 4.4 presents the mechanical properties of these same materials of
interest.
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Chemical Composition (wt §)

N Fe
Balance

Chemical Compositions of Reactor Vessel Materials®

Cr

Table 4.2.

0.31
0.35

Material Designation

A 212 grade B firebox to A 300

A 515 grade 70 firebox

Low=alloy steel plate

Carbon ateel plate

-
3
(=]

RRRRAY

.88 8
138 4
oo 22
%8
34
o~
995499%

cogdodo

ea?

A 302 grade B firebox
302 grade B firebox modifl

min

0.50

0.30-0.60 0.030 0.030

2.00
2.00

2.00=3.00
0.87-1.13

Balance
Balance
Balauce

60

1.

0.08
0.03
0.08
0.3%
0.31

15

0

A 106 grade B

A 106 grade C

A 155 grade KC70
Seamless low-alloy pipe

A 335 grade P22

Welded or sesmless high-alloy pipe and tubing®

Welded or seamless carbon steel pipe

LA AR AR A) Fakalal
SEEERSER
QLOoOOROoCQ

gggaases

COoOQOOOO0O0

38333388

[+~R=R=R=Noyal)]

83888888
NN NNNNN

g 8

i1

2.00-3.00

2

88888888
11130313
n5BEeR88”y

33838883

00000000

ARZRARA
CEEEEEY:

3
mmmmmmmm

SERBERSS

0.5 Cu

0.5

0.
0
0.

0.045

1.15-1.50 0.035

1.0

0.90¢

0.90

1.35
0.50-0.85

Yused for structural supports and as cladding conforming to ASTM A 264.

®Solution heat treated.
Emoditied by ASME Code Case 1332,

Tyodified by ASME Code Case 1336,

0.45-0.60

0.44-0.65

Balance
Balance
Balance

6.0-10.0

72.0 min

14.0-17.0
2.0

25

0.15

0
0

ts added to A 541 and A 543 to restrict phosphorus and

sulfur contents per Code Case 1358,

1 requir

%\11 single value entries are s maximum unless otherwise noted; only ladle values

are given; all plate values are for 4-in. or greater thickness.

BModified by ASME Code Cass 1339, paragraph 1.

c,

Suppl

A 182 grade F) modified to meet A 302 grade B
firebox

A 105 grade II

A 105 grede II, modified chemistry

A 350 grade LF-1 modified®
Low-alloy steel forgings

A 182 grade F1

B 1677

Nickel-chromius-1iron seamless pipe or tubing
Carban steel forgings




Table 4.2 (continued )}

Chemical Composition (wt %)
Material Designation

c Cr Ni Fe Mo Mn P -] 8i Other Elements
Low-alloy steel forgings {continued)
A 182 grade F22 0.15 2.00-2.50 Balance 0.87-1.13 0.30=0.60 0.040 0.040 (.05
A 336 modiried® 0.27 0.25-0.45 0,50-0.90 Balance 0.55-0.70 0.50-0.80 0.040 0,050 0.15=0.35
A 508 ciass 2, A 541° class 2 0.27 0.25-0.45 0.50~0,%0 Balance 0.55-0.70 0.50=0.80 0.025 0.02%5 0.15-0.35 0.06V
A 541° class 7 0.15 2.00-2.50 Balance 0.90-1.10 0.30=0.€ 0.02 0.02 0.%0
A 541° class 8, A 508 clase 4 0.22 1.25-2.00 2.75-3.90 Balance 0.40-0.60 0.20~0.40 0.02 0.02 0.30 J.03 ¥
High-alloy steel forgings
A 132 F 304 0.08 18.00-20.C0 2.00=11.00 Balance 2.00 0.040 0.03%0 1.00
A 182 F 304 L 0.035 18.00-20.00 8.00-13.00 Balance 2.00 0.040 0.030 1.00
A 336 class FB 0.08 18.00-20.00 8.00-11.00 Balance 2.00 0.040 0.030 1.00
A 336 class Fém 0.08 16.00-18.00 10.00-14.00 Balance 2.00-3.00 2.00 0.040 0.030 1.00
Low-alloy steel castings
A 356 grade 108 0.20 2.00-2.75 Balance 0,90-1.20 0.50-0.80 0.05 0.05 .60
Alloy steel bolting
A 193 grade Blé 0.36-0.44 0.80-1.15 Balance 0.50-0.65 0Q.45-0.70 0.04 0.04 0.20-0.35 0.25-0.35 ¥
A 193 meeting A 151 4340 0.38=0.43 0.70-0.90 1.65-2.00 Balance 0.20-0,30 0.60=0.80 0.040 0.040 0.20=0.35
A 320 grade 13t . 0.38-0.43 0.70-0.90 1.65-2.00 Balance 0.20-0.30 0.60-0.85 0.040 0.040 0,20-0.35
A 437 grades B4B, B4C 0.20-0.25 11.00-12.50 0.40-0.80 Balance 0.90-1.25 0.40-0.80 0.025 0.025 0.20-0.50 0.20-0.30 v, 0.90=1.25 W,
0.0 A1, 0.05 71, 0.04 8o
A 540 grade B24 0.37-0.44  0.70-0.95 +465=2,00 Balance 0,30-0.40 0.,70-0,9%0 0.025 0,025 0.20-0.23 0Q.40V
Ferritic and alloy steel nuts
A 194 grade 4 Q.40-0.50 Balance 0.20 min 0.50-0.95 0,04 0.05 0.15 min
A 194 meeting AISI 4340 Q0.38=0.43 0.70-0.90 1.65-2.00 Balance 0,20-0.30 0.60-0.80 (0.040 0,040 0,20-0.35
A 194 grade 8 0.08 18.00-20.00 8.00-12.00 Balance 2.00 0.045 0,030 1.00
Nonferrous and high=alloy steel bar
A 276 type 304 0.08 18.00-20.00 §.00-12.00  Balance 2.00 0.045 0.030 1.00
B J.6€:‘r 0.15 14.00-17.00 72.00 min 6.00=10,00 1.00 0.015 0.5 0.5 Cu
Welding electrodes and filler materials
A 316 class E8018-C3 0.12 0.80-1.10 Balance 1.00 0.04 0.80
Electroslag filler Balance 0.5 2.00
A 316 class F9018-B3 0.12 2.00-2.50 . Balance 0.9-1.20 0.90 0.04 0.80
A 298 class E 308" 0.08 18,00~21,00 9.00-11.00  Balance 2.50 0.04 0.03 0.9
A 298 c.ass B 309k 0.15 22.0-25.0 12.00-14.00 Balance 2.50 0.04 0.03 0.90
A 371 class ER 3088 0.08 19.5-22.0 9.0-11.0 Balanze 1.0-2.5 0.03 0.03 0.25=0.60
A 371 class ER 309K 0.12 23,0-25.0  12.0-14.0 Balancs 1.0-2.5 0.03 0.03  0.25-0,60
Inconel 82 0.10 18.0=22.0 67 min 3.0 2.5-3.5 0.015 0.5 0.50 Cu, 2.00~3.00 Cb,
0.30 Ta, 0,75 W™
Inconel 182 .10 15.0 Balance 8.0 7.5 0.015 1.00
Inconel 92 0.10 14,0-17.0 €7 min 10.0 2.00-2.75 0.G25 0.35 2.5-3.5T

Nyodified by ASME Code Cage 1333.

lwodified by ASME Code Case 1335, paragraph 4.

Jpodified by ASME Code Case 1334,

Ky 1s0 308 L and electrodss of 308 and 309 selected for low carbon conteat.
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Table 4.3. Cross Inden of Desigmetiame of Pressure Vessel Steels

Rintaen
Curreat AN end Commwrcial Yield
™ Grade Designations °°-:::“‘ Conditien Strengta
Designatior Previocusly Used or Poimt
(hei)
A 515 55 A 201 or A 212 C-8¢ ot rolled or mermalized 30
60 C-84 ot rolled er normalised 32
65 C-81 ot rolled or normalised K v
70 c-8t Not rolled or nosemlised 38
A 516 35 A 201 or A 212 C-Mn-81 Bt rollst or soemalized 30
&0 C-ln-81 Hot rolled er sormalised 32
65 C-m-81 ot rolled or mormalised 35
70 C-Mn-81 Hot rolled or sosmalised 8
A 517 A ¥-A-XTRA 100 Mp-81-Cr Quenched sad tampered 100
Mo-Zr=-B
B "P.1" wype A Mo-Cr-lo Quenched and tempered 100
v-T1-3
c Jallay-8-200 Nn-Mo-B Quenched and tespered 100
D 888-100A Cr-jio-T1 Quenchad and tempered 100
Cu-B8
) 4 888-100 Cr-MNo-T1 Quenched and tempered 100
Cu-8
ve-1" Ma-Fi-Cr-Xo Quenched apd tampered 100
V=Cu-3
a Phoenix N-A-XTRA 100 Mn-81-Cr Quenched and tesmpered 100
Mo-Zx-B
H "p-1" type B Mn-H1-Cr-Mo Quenched and tempared 100
v-B
J BQ-100A Ma-No-3 Quenched end tempered 100
A 533 A A-302 ¥n-Mo Quenched and tesmpered 50, class 1
70, class 2
B A 302 (Wi-Mod) Yn-¥o-BL Queanched and tempered 50, clasa 1
{0.40=0,70 W) 70, class 2
c A 302 (Wi-bled) Ma-Mo-R4 Quenched and tempered 50, class 1
(0.70~1.00 M) 70, class 2
A 537 A A 212 normalized -84 Bormalised 50
B A 212 quenched and -84 Quenched epd tespered 60
tempered
A 342 A 387D quenched and Cr-io Quenched and tempered 85, class 1
red 100, class 2
2 1-/L Cr=1 Mo
A 543 HY-90; HY-100 Wi-Cr-dlo Qwenched and tespered 85, class 1
100, class 2

4.2 METALLURGICAL CONSIDERATIONS

The chemical constituents, choice of melting practice, pouring tech-
niques, rolling and forging parameters, and welding methods and material
must be selected to provide a product that will meet the specified re-
quirements. A review of the relative importance of these variables on
the metallurgy of the materials in the forms required for the vessel fab-
ricators involves an assessment of considerable commercial practice and
metallurgical experience. In order to better understand and appreciate
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Table 4.4, Reguired Mechanical Properties of Reactor Vessel Materials®
V-Notch Impact Maxisum Hardness
< -
Tensile Stresgth r1a14® Strencth Elongaticn  Elomgation Reductico Value® (rt-1v) Fumber
Material Designation ( Tengt Tengt in 8 in. in 2 in. of Ares
pet) (pet) ) ) (%) hverage fF one
Three 1 Brinell Rockwell B
Specimens Pe
Carbon steel plate
A 212 grade B firebox 70,000-85 ,000 38,000 19 22 20 15
A 515 grade 70 firebox 70,000-85,000 38,000 19 23 20 15
lLow-alloy steel plate
A 302 grade B firebox a 80,000-100, 0CU 50,000 17 20 30 25
A 302 grade B firebox modified 80,000-100,000 50,000 17 20 30 25
A 533 grades B and C, class 2 90,000-115,000 70,000 18.0 30 25
A 542, class 2 115,000 100,000 15 35 30
A 543, class 2 205,000 85,000 16 35 30
A 543, class 2 135,000 115,000 16 35 20
High-alloy steel plate
A 240 type 304 75,000 30,000 40,0 202 a8
A 240 type 304 L 70,000 25,000 40,0 202 88
A 240 type 316 75,000 30,000 40,0 a7 95
Welded or seamless carbon steal pipe
A 106 grade B 60,000 35,000 22 longitudinal 15 10
12 transverse®
A 106 grade C 70,000 40,000 20 longitudinal 20 15
12 transverse®
A 155 grade KC70 70,000-85,000 38,000 19 22 20 i5
Seamless low-alloy pipe
A 335 grade P22 60,000 30,000 22 longitudinal 15 10
14 transverse®
Welded or seamless high-allcy pipe
A 213 grade TP 304, 316 75,000 30,000 35
A 243 grade TP 304, 3i6 75,000 30,000 35
A 312 grade TP 304, 316 75,000 30,000 35
A 376 grade TP 304, 316 75,000 30,000 a5
Niekel-chromium~-iron seamless pipe
B 1677 80,000 30,000 min-35,000 min 30-35
Carbon steel forgings
A 105 grade II 70,000 36,000 22 30 20 15
A 350 grade LP-1 modified® 60,000 30,000
Low-plloy steel forgings
A 182 grade F1 70,000 40,000 25.0 35.0 20 15 201
A 182 grade ¥22 70,000 40,000 20.0 30.0 20 15 201

Ba11 single entries are minimum values unless ctherwise noted,

b,

Yield defined as 0.2% offset value,
cCha:rpy impact values are those required by paragraph N-330 of Section III of the ASME Code.

Gyodified by ASME Code Case 1339, paragraph 1.

®rabulated values are for standard round 2-1n. gage length test specimen.
Tuadified by ASME Code Caze 1336.
Bodified by ASME Code Case 1332.
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Table 4.4 (comtinued)

Charpy v-gmn Maxisom Hardness
Tensile 5t Tield® Elongation  Eloagation Reduction Valoe® (ft-ib Number
Material Designation Tength trength in 8 in. in 2 in of Area
(pat) (pat * ) () Average £ One
Thres Erinell Rockwell B
Specimens Specimen
Low-alloy steel forgings (comtinued)
A 336 modified® 80,000 50,000 20 30 25
A 508 class 2 80,000 50,000 18 38 30 25
A 50B class 4 105,000 85,000 16 35 30
A 341 class 6 80,000 60,000 20 50 35 30
A 541 class 7 105,000 85,000 18 48 35 30
High-alloy steel forgings
A 182 F 304 75,000 30,000 45 50
A 182 F 304 L 65,000 25,000 30 50
A 336 class F8, Fba .,000 30,000 30 35
Low-alloy steel castings
A 356 grade 10P 84,000 55,000 20.0 35.0 0 25
Alloy steel bolting
A 193 grade B16, 2 1/2 to 4 in. in 125,000 105,000 18 50 35 30
diameter
A 193 grade B, over 4 to 7 in. in 110,000 95,000 17 45 35 30
diameter
A 320 grade 14 125,000 105,000 16 50 s 30
A 437 grade B4B 145,000 100,000 13 30 35 30
A 437 grade BiC 115,000 80,000 18 50 35 30
A 540 grade B24% 115,000-165,000 100,000-150,000 10-15 35-50 30=35 2530  248-311 to
331429
Ferritic and alloy steel nuts
A 194 grade 4 200 min 9% mind
A 194 grade 8 149 min 81 min
Nonferrous and high-alloy steel bar
A 276 _type 304k 75,000 min-30,000 min 30,000 min—45,000 min 35 min=40 min 45 win-50 min
B 1667 80,000 35,000 30
Welding electrodes and filler mate-
riala
A 316 class EB018-C3 80,000 67,000 19
A 316 clasa ES018-R3 90,000 77,000 17
A 298 class E 308 80,000 35
A 298 class E 309 80,000 35
A 371 class ¥R 308 80,000 35
A 371 class ER 309 80,000 35
Inconel 827 80,000 40,000 30
Inconel 92% £0,000 40,000 30 80
Incomel 1820 80,000 40,000 30 90

Biodified by ASME Code Case 1333.

"Propmlea required vary with diameter.

IProof load stress of 175,000 psi.

“Modif1ed by ASME Code Case 1334.
Rproperties are given as welded.
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the significance of the processes involved, a brief review of some of
the fundamental aspects follows.

4.2.1 Element Effects

The mechanical properties of steel are greatly influenced by the
presence of elements that are especially added as alloying materials, as
well as those unwanted residuals that are always present. However, to
understand the effects of these elements and the role they play in the
production and fabrication of steel compenents, & basic understanding
of the metallurgy of steel is needed.l~3

Steel is esgentially iron and carbon. Iron is an element that, in
the solid state, can on cooling (at 1670°F) undergo an allotropic trans-
formation in which its crystal structure changes from an atomic arrange-
ment that is face-centered cubic (fec) to one that is body-centered cubic
(bce). Although this atomic transformation is not observable rxcept by
x-ray diffraction techniques, its resultant effect on the microstructure
of the steel is readily observable and ig the basiz for much of the cor-
relation between properties and atomic crystal structure. The face-
centered cubic structure is present at the elevated temperature and is
a solid solution that has been designated as austenite. As the tempera-
ture of the austenite is lowered, it may transform through a diffusion
process to ferrite (the body-centered cubic structure) or some other
body-centered cubic structure (pearlite or bainite). If the austenite
is rapidly cooled, a diffusionless transformation to martensite may occur.
Martensite is a metastable body-centered tetragoral (bct) structure in
which the carben is present at interstitial sites that extend the normally
body-centered cubic lattice.

There are a number of cammon elements that are specifically added to
iron to enhance its mechanical properties. These are carbon, manganese,
nickel, chromium, molybdenum, silicon, and aluminum. In addition, there
are other elements, such as nitrogen, sulfur, and phosphorus, that although
unwanted are always present. Of the specifically added elements listed
above, carbon has by far the most influence on the mechanical properties of
steel. It is the element that is responsible for the strength® obtainable
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in the low-alloy (<58) class of ateels. The plot of Fig. 4.1 shows the
influence of carbon (and manganese) on tensile strength of plain carbon
steels. It is evident that smal) additions of carbon have a great effect
on tensile strength.

The easiest way to discussz the influence of the apecifically added
elements on the maicrostructure of steel is to consider their effects on
isothermal transformation (TIT) diagrams. These TIT diagrams are for
iszothermal conditions and do not truly represent what will occur under
practicable conditions; however, continuous cooling diagrams are not nec-
essary for this discussion, and it is sufficient to say that the results
obtained under conditions of continuous cooling will exaggerate the ef-
fects illustrated by the TIT diagram. Normally, the transformations are
transposed to longer times and lower temperatures.

Figure 4.2 shows TTIT diagrams’ for plain carbon steels (the manganese
that is present is a residual from the iron ore that was originally charged
into the blast furnace). The higher carbon content (see lower portion
of Fig. 4.2) transposes the transformation lines to the right (to longer
times). Nickel, manganese (below 1%), and silicon have similar effects.
To appreclate what is being exemplified in an isothermal transformation
diagram, it is necessary to be familiar with an equilibrium diagram for

Fig. 4.1. Effect of Manganese and Carbon on the Tensile Strength
of Carbon Steel in the Hot-Rolled Condition. (Taken from Ref. 6)
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Fg. 4.2. Isothermal Transformation Diagrams Showing the Effects

of Carbon on the Pearlite Nose and Martensite Starting Temperature. (Taken
from Ref. 7)

the steel. Normally only iron and carbon are considered because of the
number of elements involved, and the iron-carbon binary phase diagram is
used.

The section of the irca-carbon binary equilibrium phase diagrma that
includes carbon contents up to 5% 1s shown in Fig. 4.3. The steels that
are normally used for reactor pressure vessels seldom go above 0.4% carbon;
consequently, this diagram is more than adequate. In this equilibrium
diagram, only three regions are of importance for this iiscusaion. The
region above the line marked A; is the face-centered cubic austenite.
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Fig. 4.3. The Iron-Carbon Binary Equilibrium Phase Diagram. The
right-hand ordinate of the caomplete diagram is usually placed at 6.67%
carbon. (Taken from Ref. 8)

Carbon is soluble (in the solid state) in austenite from a maximum of 2%
at 2066°F to a minimum of 0.8% at 1333°F. Consequently, because the car-
bon levels of the reactor-grade steels are below 0.8%, there is no need
to be concerned with carbon precipitation in the austenite.

The second region of interest lies in the area between A; and A;.
This is a two-phase region within which both austenite (fcc) and ferrite



7

(bee) structures may coexist. The presence of ferrite 18 due to the
allotropic transformation (fcc to bec) that was previously mentioned. To
fully understand what has occurred here, it would be best to follow the
cooling of 0.20%-carbon steel from some elevated temperature (for example,
1650°F) through a temperature drop. When the 0.2%-carbon alloy cools to
approximately 1570°F, the solid sclution of austenite begins to decompose
into primary crystals of ferrite, which has a much lower tolerance for
carbon (<0.025% vs 1.2%). Carbon is rejected by the decomposing austen-
ite. Consequently, the remaining austenite is enriched in carbon, and
its composition is no longer 0.2% but, rather, a higher carbon level.
This transformation of austenite to ferrite continues down to 1333°F,
where the last of the austenite decomposes into ferrite and iron carbide
(a compound of iron and carbon that occurs at 6.67% carbon and has the
stoichiometric composition FesC).

The two-phase ferrite plus FeiC region below 1333°F is the taird
area of interest. The product of this decomposition at 133”°F is called
eutectoid. Under the equilibrium conditions discussed it has a charac-
teristic ferrite-carbide lamellar morphology. Coarse pearlite and fer-
rite would be the equilibrium microstructure for this 0.2%-carbon alloy.
Unfortunately, this equilibrium structure leaves much to be desired from
a mechanical properties point of view. Fortunately, the morphology of
the ferrite plus carbide structure can be varied. The isothermal trans-
formation diagram shown in Fig. 4.2 helps to 1llustreate the structures
that can be obtained under other than equilibrium conditions. The Aej
and Ae; lines represent the A3 and A; intersection in the binary equi-
librium diagram (Fig. 4.3). If there is a deviation from absolute equi-
librium, the isothermal transformation diagrams show the products of the
austenite decomposition as a function of the transformation temperature.
As the temperature at which the austenite is allowed to decompose is de-
creased, the product to which it transforms will vary. At the higher
temperature, 1t will be coarse lamellar pearlite. As the temperature is
decreased, the pearlite becomes finer (the interlamellar distance de-
creases) until it no longer transforms to a lamellar product but, rather,
to & more featherlike product that is less diffusion dependent. This
lower temperature transformation product is called bainite. Within the
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bainitic range, there is also a gradation in fineness of structure. The
lowest temperature transformation product occurs by an instantaneous shear
mechanism (nondiffusi n) and is called martensite, as has already been
stated. The martensite transformation results in a metastable body-cen-
tered tetragonal crystal structure. Associated with this martensite trans-
formation is a volumetric growth (~“%) that gives rise to high stresses.

Three factors influence the transformation behavior of these steels.
These are composition, homogeneity, and austenite grain size. As has
been pointed out, certain elements, such as carbon and nickel, move the
isothermal transformation diagram to the right without appreclably alter-
ing its shape. These elements promote the transformation to martensite
(by increasing the minimum time necessary to cool the steel below the
"nose" of the isothermm transformation diagram). Other elements, such
as molybdenum and chromium, also move the diagram to the right; in addi-
tion, they alter its shape. These elements tend to promote the transfor-
mation to bainite by transposing the pearlite region to the right with-
out noticeably affecting the lower temperature transformations.

Auste iitic grain size affects the transformation to pearlite. Coarse
gralns tend to retard the transformation to pearlite and make the steel
behave as if molybdenum or chromium were added. However, & fine austenitic
grain size yields better mechanical properties. Nonhomogeneous distribu-
tion of chemical elements will result in segregated microstructures, which
will cause ceitain areas to transform before other regions. This results
in a microstructure that may have severcly impaircd mechanical properties.

Normally, the strength of the alloy will be inversely related to the
transformation temperature. Coarse pearlite is weaker than ine pearlite.
The same 1s true for bainite. Martensite, the lowest temperature trans-
formation product, is the strongest. However, strength is not particu-
larly a problem in reactor-grade steels. The yield strengths currently
required for ASTM A 533 grade B steel are attairable in heavy-section
sizes both at the 1/4 T (thickness) position and at the 1/2 T position.
There is evidence® that bainitic microstructures are possible at the mid-
thickness of 12-in.-thick A 533 steel plates. Moreover, there is evi-
dencel® that ASTM A 542 steel also can meet the required tensile prop-
erties at its midthlickness. The Droblem does not lie in strength, but
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rather in noich toughness. It is when this property is considered that
meeting specification requirements can become trcablesome.

Notch toughness is defined as the ablility to resist brittle crack
initiation and propagation and is essentially a material property. The
notch toughness of a material can be measured by the energy required to
cause its rupture. It has been found that body-centered cubic materials
undergo a transition wherein the energy regquired for their fracture pre-
cipitousiy drops and the fracture characteristics change from a shear
mode to nne of cleavage. This transition is temperature dependent and
for relatively pure iron occurs over & very small temperature range.
Figure 4.4 illustrates the effect of carbon on the srape of the steel
transition curve. This figure was taken from the work of Rinebolt and
Harris!!l in which they discuss the effects of various elements on the
Charpy V-notch 15 ft-1b transition temperature. Thzir data showed that
the results obtained were structure dependent; however, general trends
held true. Briefly, their results can be summarized as follows: elements
that increase the transition temperature in pearlitic steels are bdboron,
carbon, chromium, copper, molybdenum, phosphorus, and silicon; elements
that decrease (enhance) the transition temperature are manganese and

nickel. Aluminum, when present in small amounts, tends to decrease the
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Fig. 4.4. Effect of Carbon Content on the Shape of the Charpy V-
Notch Transition Temperature Curve for Steel. Values on curves are car-
bon content in wt %. (Taken from Ref. 11)
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transition temperature because of its combination with oxygen and nitro-
gen. Another study? has shown arsenic to have a detrimental effect on
the impact properties of pearlitic steels.

Figure 4.5 shows the effect of the various alloying elements on the
corrected 15 ft-1b Charpy V-notch transition temperature. It is evident
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from this figure that the elements are not equal in their effects on the
notch toughness. Of the elements indicated, carbon and phosphorus are
by far the most detrimental. For the microstructures studied by Rinebolt
and Harris,'! an increase of 0.01% raised the 15 ft-1b Charpy V-notch
transition temperature 5.7°F and 14°F for carbon and phosphorus, respec-
tively. Arsenic had an effect similar to that of carbon. Some of the
other elements have, in their own right, only a minor effect; bhowever,
often there is twofold benefit. Such is the case for mangasnese. Manga-
nese is a strengthening agent and, hence, in addition to decreasing the
transition temperature, permits the use of a lower carbon content. This
second factor is even more effective in improving notch toughness than
the manganese itself. Nickel is the other major element that enhances
notch toughness, and its beneficial effects have been recognized by in-
cluding it in AST™ specification A 533, which is essentially ASTM A 302
grade 7 with a nickel modification (as permitted by ASME Code Case 1339).
Thus far this discussion has been concerned primarily with the ef-
fects of certain elements on the notch toughness of steel and has touched
on their effects on strength. However, in addition to the elements men-
tioned above, other elements are present in steels. These include the
gases Hz, 0;, and N, and sulfur. It is desirable to maintain sulfur at
as low a level as possible because it is responsible for hot shortness
in steels. Hot shortness is attributed to the presence of a small amount
of a lower melting constituent. This constituent usually is found in the
grain boundaries and results in a weakness in the hot-working range. The
tendency toward hot shortness with sulfur is exaggerated13 if nickel is
present. This hot shortness is reflected in both the hot workability of
a steel ingot and in weldebility. Hot cracking (microfissuring) is preva
lent in the weld-metal and heat-affected zones of sulfur-bearing steels.
Of the gases mentioned, hydrogen has the greatest detrimental effect
on the properties of steels. Hydrogen is dangerous because it is readily

soluble as monatomic hydrogen in face-centered cubic austenite; however,
its s0lubility is considerably less in body-centered cubic ferrite and
pearlite. In addition, even if the quantity present is small, its solu-
bility in ferrite is negligible at room temperature. Hence, as the steel

is cooled and undergoes transformation, the ferrite becomes supersaturated
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with hydrogen. This hydrogen diffuses out of the metal lettice and re-
combines as molecular H> or can form methane at discontinuities and voids
within the steel. Whe.. this occurs, the pressure buildup is of fracture-
strength magnitude. This pressure buildup is responsible for the flakes
and shatter cracks'® seen in massive forgings and is also responsible for
the cold cracking often noted in the heat-affected zones of weldments
made in low-alloy high-strength steels.

Nitrogen, probably the second most important gas, has been blamed!?
for the strain-aging phenomenon observed in low-carbon steels. Strain
aging is the loss of ductility and notch toughness after a steel has been
cold worked and heated into the range 400 to 700°F. It is attributed to
the movement of atomic nitroger to the high-energy (cold-worked) sites
where it tends to prohibit the movement of dislocations.

Oxygen, the last of the previously mentioned gases, has an adverse
effect'® on notch toughness. In addition, its presence usually results
in greater quantities of nonmetallics being distributed throughout the
steel. These nonmetallics, which include not only oxides but also sul-
fides, such as manganese sulfide, are potential stress raisers and may re-
sult in premature failure.

In summary, most of the elements discussed in this section serve a
functional purpose in that they provide the possibility of greater strength
or an improved notch toughness. Often, when an element is added for one
purpose, such as strength, its side effects may prove deleterious to an-
other property. Usually, the composition selected is based on a balance
in which ductility and toughness are often sacrificed to achieve strength
or vice versa. Other elements such as aluminum and manganese (that quan-
tity added over the slloying requirement) are added to chemically combine
with and tie up another element. Aluminum is a good deoxidizer; it re-
moves oxygen and also has been found to reduce strain aging by combining
with the nitrogen.!” Oxygen can also be removed through the use of other
deoxidizing agents, such as silicon and vanadium, and through the recently
developed technique of vacuum deoxidation. The manganese combines with
sulfur and ties up that undesirable element as manganese sulfide, a
higher melting compound. However, their presence results in nonmetallics,
and these are undesirable. Nickel has been added to steels for improved
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notch toughness; however, there is evidencel? that it may be responsible
for the embrittlement that was noted after these steels were aged at 700°F

for long periods of time.

4.2.2 Melting Practice

Essentially only two types of melting process are currently employed
for the production of large (multiton) ingots for nuclear reactor pres~
sure vessel components. These are the basic open hearth and the basgic
electric furnace processes. The cholce of the basic furnace lining over
the acid furnace allows the use of a basic slag and thereby implements
the removal of phosphorus. Today, in the United States, regardless of
the melting technique, the processcs used are basic.

The ASTM specifications for quenched and tempered alloy steel plates
(such as A 514, A 515, A 516, A 517, A 533, A 542, and A 543) currently
permlt the use of elther melting process for producing plate. However,
the Lukens Steel Company, which is the major producer of heavy-section
plate, normally melts the steel in an electric furnacel® and, indeed, the
advantages warrant the sel:ction of this process over that of the basic
open hearth. The major advantageszo of the electric furnace lie in its
use of charge materials that are initially lower in phosphorus content
and the fact that the phosphorus-bearing oxidizing slags may be removed
prior to furnace deoxiuation; this avolds the reversion of phosphorus to
the molten steel. It is evident from Section 4.2.1 that the removal of
phosphorus is lmportant.

In addition to the phosphorus removal, the electric furnace inher-
ently has other benefits. These are that the furnace can be operated
with minimum slag volumes (the furnaces are tiltable and hence slags can
be removed) which can be controlled quickly and thereby permit a rela-
tively high recovery efficiency for oxidizable elements, such as chromium,
manganese, etc. Also, because of slag control, the ladle deoxidation is
minimized and the resultant steel is cleaner (fewer sulfide and oxide
inclusions).

The modern ASTM specifications most often referenced for nuclear-
grade forgings (ASTM A 508) dictate that only the basic electric furnace
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process be used. The use of this specification recognizes the inherent
advantages of the more controllable electric furnace melting practice.
It is evident that the use of the electric furnace will increase in
the future. The manufacturers of forgings have recognized thac. their
extremely large forgings (many of which require multifurnace heats to
pour an ingot) receive, by comparison, a small amount of work and, be-
cause of their massive sizes, are not readily heat treatable to the maxi-
mum mechanical properties attainable for their compositions. The trend
toward heavy sections is more recent in the plate-producing industry and
is only now being recognized. Indeed, the maximum work that can be done
on an ingot that is to result in a plate thickness of 8 to 12 in. is
quite nominal and, in many instances, less than that done on heavy ring
forgings. In additlon these heavier sections limit the response of the
material to heat treatment and thereby necessitate that the original
starting material be at its optimum from a cleanliness point of view.

4.2.3 Vacuum Treatment

As has been pointed out, hydrogen has an adverse effect on the weld-
ability and soundness of low-alioy high-strength steels. 1In order to
reduce the hydrogen level in steel ingots, particularly those that were
to result in messive forgings, vacuum degassing was introduced a little
over ten years ago. The total benefits that have been derived from vacuum
degassing have been clouded by the fact that during this period melting
practices and compositional limitations have been improved also. Figure
4.6 shows the improvement in the surface sonic indications of rotor forg-
ings since 1950. It is evident from this figure that the trend in im-
proved sonic indications was already well under way prior to the intro-
duction of vacuum degassing in 1956. An excellent discussion of vacuum
treatments can be found in the Battelle Memorial Institute report on
"Vacuum-Degassed Steels from the Consumer's Viewpoint."2! (Figure 4.6
was taken from that document.)

The fact that vacuum degassing lowers the hydrogen level and improves
the cleanliness of very large forgings has been substantiated.?? The de-
crease in hydrogen hes resulted in the production of massive forgings
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Fig. 4.6. Improvements in the Soundness of Rotor Forgings. ( Taken
from Ref. 21)

free from flake and shatter cracks. The reduction of the hydrogen level
will also be reflected in lmproved weldablility.

A more recent innovation in vacuum treatments hes been the vacuum
deoxidation?3s2% of the molten steels. The vacuum degassing process, in
addition to lowering the hydrogen levels, reduces the oxygen and nitrogen
levels. This reduction of oxygen decreases the amount of deoxidizer re-
quired and yields a steel even cleaner than that obtained from only vacuum
degassing. This reduction in the nonmetallic inclusion content is re-

flected in improved fatigue properties.

4.2.4 Working Processes

The working processes are rolling, forging, and forming. Rolling
and forging are both performed on a steel sleb that has previously been
soaked and broken down from its original ingot form. The soaking opera-
tion, which is done at a very high temperature (>2150°F), combined with
the breaking down of the ingot to slab, does much toward homogenizing the

originally heterogeneocus ingot.



106

The forming operation is performed on a rolled plate that is usually
supplied to the fabricator in the hot-rolled condition.* Forgings are
always supplied in the heat-treated condition.

4.2.4.1 Rolling

The current requirements for plates are such that the nominal section
size being used is greater than 6 in. in thickness. Moreover, thicknesses
of 12 to 15 in. are being considered for the larger, greater than 1000-
Mw(e), reactors. The amount of work (reduction in thickness) that can
be performed on 4 slab (or ingot) that is to result in a plate thickness
of the magnitude discussed here is marginal. Usually, the reduction is
about 4 to 1; however, 3 to 1 is the minimum being currently allowed.

The rolling operation is carried out in the temperature range where
the steel is austenitic. The process serves two main purposes: (1) the
heating operations tend to develop a uniform chemical composition by
breaking up and eliminating the segregated dendritic structure, and
(2) because the rolling temperature is above the recrystallization tem-
perature, the rolling serves to refine the austenitic graln size. The
final austenitic grain size is controlled both through the deoxidation
practice employed during pouring and the temperature at which the last
passes are made. A fine austenitic grain size is preferred. Finally,
and what may also be an additional advaentage, the ductility is usually
superior in the primary rolling directlon.

As 18 evident the reduction possible in rolling these plates is con-
siderably less than what :.ould be done on thinner gage materials. Con-
sequently the benefits in homogeneity and cleanliness that can be obtained
from the electric furnace and vacuum treatments become quite important
and should be so recognized.

4.2.4.2 Forging

The flange and shell-course ring forgings that are used in nuclear
pressure vessels are produced by essentially two techniques, mandrel

*Current information indicates that this will not be true for the
field-erected pressure vessels. They are to be supplied in the heat-
treated condition and cold formed.
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forging and ring rolling. The mandrel forging operation is a process
whereby the flange is elongated or enlarged in a steplike manner. The
forging blank is incrementally upset between the tophead and the mandrel.
There i1s an appreciable time lapse between increments of upset for adja-
cent positions around the forging blank. In contrast, the ring rolling
operation is & conhtinuous process quite like rolling. The time during
one revolution of the forging blank is negligible.

It appears that the ring rolling process should inherently yield a
product that is more uniformly worked and consequently has more uniform
properties than the product of the mandrel process and, indeed, this is
the position taken by advocates of the ring rolling operation. However,
the size of the forging and the fact that the operations are carried out
at quite high temperatures will probably minimize these advantages. It
i3 possible that slightly different properties may exist due to the dif-
ference in finishing temperature between the various locaticas; however,
the massive size of these forgings and their associated slow cooling rates
probably negate this possibility.

Nozzles may be produced by either the open or tight mandrel pro-
cesses, depending on their size.

The forgings, regardless cf how they were manufactured, are contour
machined essentially to finished dimensions, guenched and tempered, and
then finish machined prior to shipment to the fabricator. Therefore, it
is the forger's responsibility to assure that the required mechenical
properties are met.

4.2.4.3 Forming

Forming can be classified as elther hot or cold. Hot forming 1s
carried out at temperstures at which the steels are austenitic, and the
comments on rolling are applicable here. The plates are the only com-
ponents that are hot formed, and this is done to provide the required
shapes for fabricating a shell course, a torus section, or a head. As
was previously mentioned, the plates are supplied in the hot-rolled con-
dition. The fact that they are to be hot formed Justifies this require-
ment. The plates ere reaustenitized and soaked prior to the forming op-
eration. Often this operation is terminated before the plates begin to
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transform; however, one fabricator does allow working to be performed at
temperatures as low as 1000°F. In this temperature range, it is possible
to get some cold work, but because “he formed parts are always reausten-
itized and quenched this work need not be considered. After the quench-
ing and tempering operation, some realignment may be required, and this
is done cold.. The amount of straln induced by this dimensioning process
is in the order of less than 0.1% and is ignored. If cold forming be-
comes one of the prominent fabricating processes, however, its effect on
mechanical properties must be considered. There is evidence?’ that the
plates for the field-erected pressure vessels are to be purchased in the
heat-treated condition and subsequently cold formed. In view of this
possibility, the effects of cold working are discussed here.

Cold forming is usually done near room temperature and definitely
below the recrystallization temperature. It results in the steel remain-
ing in a strain-hardened condition in which the microstructure is visibly
distorted. The results of this strain hardening are reflected in higher
strength and reduced ductility and notch toughness.

There is evidence?® that cold forming can have a significant effect
on the properties, particularly notch toughness, of plain carbon steel.,
Stress relieving produces virtually ro improvement in the strained mate-
rial,

Stout and his colleagues?7s 28 have studied the effect of cold strain-
ing a number of pressure vessel steels. They showed that all the steels
were affected by straining and, perhaps even more important, by a subse-
quent strain aging. For example, an ASTM A 302 grade B steel studied at
Lehigh University had an increase of approximately 60°F in its 15-mil lat-
erel expansion temperature correlation due to the combined effects of 5%
straining and aging in the temperature range (500 to 700°F) currently
being employed for nuclear reactors. This strain-aging phenomenon has
been tied in with the presence of carbon, nitrogen, and oxygen. Nitrogen
is considered by far the most dangerous. The use of the vacuum treatment
helps to eliminate much of these gases and, in so doing, reduces the ten-
dency toward strain aging. Stress relieving will normally relieve this
strain-aging embrittlement; however, excessive exposure to elevated tem-

peratures can be dangerous.
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4,2.5 Mcrostructure

It has been pointed out that certain elements were added to the basic
iron—carbon steel composition because they enhanced mechanical properties.
The mere presence of these elements is not important; it is their effect
on the resultant transformation product that is the measure of their in-
fluence. There are five microstructures that are important when discuss-
ing pressure-vessel steels. These are sustenite, ferrite, pearlite,
bainite, apnd martensite. The properties of & steel are dependent on which
microstructure is present and its quantity. Ideally, the final micro-
structure should be a tempered medium carbon (~0.2%) martensite in order
to have the best balance of properties, that is, good strength and good
notch toughness. However, to obtain a martensitic structure, it is nec-
essary to cool the steel at a rate equal to or faster than some critical
value. If the meterial is foil, the cooling rate is no problem. Tae
foil, regerdless of the cooling medium, will lose heat at an extremely
fast rate. As the foil thickness lncreases, its ability to lose heat de-
creases and, consequently, & medium (such as water) capable of removing
heat at a faster rate must be selected in order to assure that the cool-~
ing rate is subcritical. Eventually, as the thickmess progresses to that
of sheet and, subsequently, plate, it may become impossible, regardless
of the cooling medium, to achleve the critical cooling rate. At this
point, other compromises must be made. These compromises and their ef-
fect on mechanical properties are discussed here.

The coolirg rate is a function of the size of the section being
cooled and the cooling medium. It is, for all practical purposes (as
long as the discussion is confined to plain carbon and low-alloy steels),
independent of the chemical composition. Therefore, for a section of
glven size being cooled in a given medium, the cooling rate for a plain
carbon steel (such as ASTM A 212) is the same as for a more highly alloyed
steel (such as ASTM A 302, A 533, or A 542). However, the resultant
microstructure will not necessarily be the same. This is due primarily
to the influence of chemical composition. As was pointed out earlier,
the individual elements affect the isothermal transformation diagrams by
shifting the start of the austenitic transformation to longer times.



110

This, in effect, permits a slower critical cooling rate. Actually, cer-
tain elements do no more than allow a given thickness of steel to trans-
form to a microstructure that would otherwise be possible only with a
thinner section.

Because of the plate thicknesses currently being used, it is ex-
tremely difficult to obtain a martensitic microstructure in low-alloy
steels, even after accelerated cooling. In most instances, because of
the presence of a certain element, such as molybdenum, or other elements,
a bainitic structure can be obtained. The presence of these elements
retards the pearlitic transformation and enhances the austenite-to-bainite
transformation. In plain carbon steels, the pearlitic transformation
acts like a roof and minimizes the possibility of lower temperature trans-
formation products (see Fig. 4.2). Insofar as it is nearly impossible
to produce martensite (the critical cooling rate is not attainable in
these section sizes), the fabricators prefer to have the transformation
occur at as low a temperature as possible. Usually, for the steels being
discussed, the resultant microstructure is 100% bainite or a bainite-
ferrite aggregate, with the fineness of each being dependent on the sec-
tion size being cooled (cooling rate). Other factors such as the condi-
tion of the austenite and its grein size also influence the transforma-
tion product; however, their effect is relatively minor. (Although these
effects are considered to be independent, they are related to the chemi-
cal composition of the steel. For instance, aluminum is added as an
austenite grain refiner.)

This discussion and the one previously given in Section 4.2.1, "BEle-
ment Effects,"” are both directed at what is known in steels as harden-
ability. Hardenability is defined as the ease with which martensite can
be produced. Thus the position of the pearlite nose is an index of harden-
ability. The most commonly used method for measuring hardenability is
the Jominy End Quench Test (JEQT). Investigators have attempted?? to
predict the mechanical properties of pressure vessel steels based on this
test. Their correlation is quite good for tensile properties; however,
the notch toughness cannot be correlated. The use of the JEQT test for
predicting tensile properties is applicable for thin-section materials,
and its use is appropriate for differentiating the hardenability between
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various steels. However, its slowest cooling rate iz faster than the
rates being obtained in 10- to 15-in.-thick water-quenched steel plate.
Hence, the coarsest microstructure possible in the JEQT is finer than
that obtained 1n the steels being discussed. Perhaps an effort should
be expended to devise a test mor:e directly applicable to the heavier sec-
tion sizes and thus provide a more rapid means of predicting their finel
properties.

The cooling rate is essentially thickness dependent; however, the
surface condition of the plate and the temperature and agitation of the
ccolant are extremely important. If steam is allowved to blanket the
surface due to a tenacious surface scale, the water is stagnant, or the
water temperature is too high, the cooling rate will be retarded and the
resultant microstructure much coarser than expected. These problems are
overcome by assuring that the water temperature does not exceed some
maximum value (ebout 150°F) and by agitation during quenching. The scale
problem can be avoided through conditioning the surface of the plate with
a composition that will assure that the scale wiil expunge during quench-
ing.

4.,2.6 Mechanical Properties

The mechanical properties being discussed here are essentially the
tensile properties, including ductility, and notch toughness. Other
properties, such as fatigue resistance, are also important, but their
limitations are often reflections of the previously mentioned properties.

Achieving the required tensile properties has been no problem. The
minimum ASTM values for A 533 (A 302 grade B modified) steel can be met
at both the required 1/4 T position and at the midthickness for section
sizes up to 12 in. The microstructures obtained are ferrite and coarse
bainite. Both Lehigh University® and Iukens Steel3® report that the
microstructures obtained in 6- and 12-in. sections are quite similar.
Iukens, in fact, presented data for 15-in.-thick plate with center and
surface properties essentially ldentical and both in excess of the mini-
mum 50,000-psi yield strength, which is a requirement of the AST™ speci-
fication for A 533 grade B class 1 steel. The Lehigh data were for
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microstructures that were obtained by simulating the cooling rates usu-
ally obtained in ¢- and 12-in. plate thicknesses. Their data were based
on cooling rates that were the most conservative of a number available
to them.

There are data for A 533 steel ir section sizes up to 12 in. which
show that a maximum nil-ductility transition (NDT) temperature of +l0°F
can be maintained. If a 30 ft-1b Charpy V-notch "fix" (see Section III of
ASME Code) with the drop-weight nil-ductility temperature is correct for
this grade of steel, the NDT temperatures were about O and +25°F, respec~
tively for the 6~ and 12-in.-thick A 533 steel reported by Lehigh Uni-
versity. The +25°F NDT temperature is in excess of the desired +10°F;
however, there is evidence that the fix energy decreases with increasing
plate thickness. This point should be investigated to ascertain 1its
authenticity and, if proven to be correct, should offer solace in that
the 30 ft-1b fix will be comservative.

There are also mechanical property data available for ASTM A 542
(A 387 grade D) steel. This chromium-molybdenum steel is being suggested
as a possible choice for the next generation of pressure vessels. There
does not appear to be any difficulty in achieving the required tensile
properties, at least up to 8-in.-thick sections. However, there are
contradictory?s31 date available for 12-in.-thick sections. These dif-
ferences may be due to slight differences in the chemical compositions
of the material or perhaps heat treatment.

Notch toughness does present a problem. The chromium-molybdenum
steel is quite temperature sensitive, and an incorrect tempering tempera-
ture can result in very poor impact properties. Sterne3® has presented
data that show a drop ‘n the +10°F Charpy V-notch energy from approxi-
mately 50 ft-1lb for an 1150°F temper to 11 ft-1lb for an 1100°F temper.
The results of the Charpy V-notch tests at Lehigh University for A 542
steel contained a considerable amount of scatter. The Charpy V-notch
30 ft-1b energy value was achieved at 0°F for the simulated cooling rate
for the 6-in. section; however, it was about +75°F for the simulated
cooling of the 12-1n. section. Similar scatter 1s present in drop-weight
data presented earlier3! for 2-in.-thick A 387 grade D steel. Further,
the earlier work suggested a 35 ft-1b "fix" between Charpy V-notch and NDT
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temperature for the 2 1/4% Cr—1% Mo steel. These data relative to ASTM
A 542 are rather disconcerting and should be investigated further. The
sensitivity of the steel to he~t treatment may be responsible in great

measure for these results.

In addition to the data for ASTM A 533 and A 542 steels, there are
data available for ASTM A 543, a nickel-chromium-molybdenum steel. This
is a more highly alloyed steel than either A 533 or A 542. Its temsile
properties approximate those of A 542; however, it exhibits considerably
better notch toughness properties. The 30 ft-1b Charpy V-notch energy
value for the simulated 12-in.-thick section was obtained at almost
=100°F.

This steel appears to possess the best combination of strength and
toughness; however, it is more highly alloyed, which will cause it to
be more expensive and, depending upon experience, more difficult to weld.
The presence of the high nickel content may contribute to an embrittle-
ment effect that can result in a loss of notch toughness.

4.2.7 Size Effects

Earlier in this section it was pointed out that because of the heavy
section sizes being employed, the amount of work performed on an ingot
is minimal. For this reason, the distribution of properties throughout
the length, width, and thickness of a plate becomes of interest. It is
known that the elemental distribution can vary within an ingot; however,
the steel producers do attempt to overcome this problem by adjusting
each individuel heat that contributes to the quantity of molten metal
necessary for a large ingot. However, these steels are highly alloyed
and segregation may become more prominent as the alloying content in-
creases. Certain elements tend to segregate when in the presence of other
elements. Carbon and manganese can cause banding (areas depleted in car-
bon or manganese).

The data brought forth thus far do not indicate that through-thlick-
ness deviations in properties are a problem. In fact, except for some
data on ASTM A 542 (A 387 grade D) steel, the opposite has been the case.
Both tensile and notch-toughness properties have been confined to narrow
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limits for a given heat of steel. Some data presented for ASTM A 542
steel have contained excessive scatter, and this may be due to segrega-
tion. This point can easlly be investigated.

The distribution of properties from the top to the bottom of the
plate are not so well documented. No doubt cutouts fram a nmumber of
plates have either been tested or are avilable for testing but, depend-
ing upon the availability of these data or the material, this question
may or may not be easily answered.

It has been established that the center line of a large ingot usually
contains most of the unwanted residuals. This being the case, it is en-
couraging to see the uniformity of properties from surface to surface.
This speaks well for the electric furnace and vacuum treatment techniques.
However, it cannot be denied that the center line may possess the poorest
chemical composition. If this is true, perhaps forged shell courses
should be encouraged. The trepanning or plugging operation done prior
to ring rolling or mandrel forging will remove most of the unwanted core.

4.2.8 Welding

Welding problems can be divided essentially into two parts: weld-
ability, which is metallurgical in nature, and the metal-joining pro-
cesses. It is difficult to separate these two areas because of thelr
interrelationship. For example, the chemical composition of the filler
metal selected is dictated by the joining process that is to be used.
An effort will be made to discuss them separately; however, an exact
line of demarcation is impossible.

4.2.8.1 Weldability

The selection of the composition of the filler metal is dependent
on whether the weld is expected to respond to an austenitizing heat treat-
ment. Usually welds are deposited by a multipass technique, and a com-
plete reheat treatment is not necessary. When this is the case, the car-
bon level is usually held to a much lower value (~0.12% vs 0.22%) than is
normally found in the base steel. In addition, the compositional levels
of some of the other elements are varied, depending upon whether they
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are easily transferred across the arc. Usually as-deposited weld metals
have no difficulty in meeting strength requirements; however, because of
their highly segregated as-cast structure, they possess poor notch-im-
pact properties unless microstructurally modified by both compositional
control and multipass welding procedures. As has already been pointed
out, carbon is minimized and, as a further measure toward improving the
impact properties, nickel is added (as in A 533 grade B steel). Usually,
the nickel content of the weld metal is higher than that of the base
metal.

Deoxidizers, such as silicon, are also found in the filler metals,
and usually their levels are much higher than are found in the base
metals.

When welding steel, assuming that the mechanical property require-~
ments are reasonable, hydrogen is by far the most important element to
be considered. Its effect on weldability has teen recognized for a num-
ber of years and care is taken to eliminate (or at least minimize) its
presence when welding carbon steels. However, hydrogen may nct be a
problem if the steel does not transform to martensite.3? It is the syn-
ergistic effect of the hydrogen and martensite that produces underbead
cracking (hydrogen-induced, heat-affected-zone cracking that occurs near
room temperature). The propensity for a steel to be subject to under-
bead cracking is dependent on its tendency to form martensite, and a num-
ber of researchers have studied this problem. The result has been the
prediction of weldability based on a carbon equivalent. Winterton®? has
laboriously reviewed many of the formulas proposed for predicting the
tendency toward an austenite-to-maertensite transformation (this has been
called a carbon equivalence). The relationship between underbead c¢rack-
ing and the carbon equivalent is given in Fig. 4.7.

As pointed out above, underbead cracking is a problem only if mar-
tensite is present. If hydrogen 1s eliminated or if martensite 1s not
allowed to form, the problem will not exist. Vacuum treatment of the
weld-rod alloy and the base metal will assure that these are not sources
for hydrogen. The next source (and probubly the most important) lies in
the slag covering that protects a weld deposit during solidification.
(This source does not exist when welding with the inert-gas processes.)
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Fig. 4.7. Relation Between Underbead Cracking and Chemical Compo-
sition of 1l-in.-Thick Carbon-Manganese Steels. (Taken from Ref. 30)

The coating on a stick electrode may be composed of hydrogen-conteining
compounds. The use of low-hydrogen electrodes eliminates this problem,
and the only hydrogen source remaining is moisture. If the welder is
careful and uses only thoroughly dried coated electrodes and submerged-
arc fluxes, this source is eliminated also. As a further assurance that
underbead cracking will not occur, a preheat of usually greater than
250°F (for low-alloy high-strength steels) is used. Proper preheat as-
sures that the transformaticn product in the heat-affected zone of the
weldment is not martensite but, rather, lower bainite. The upper limit
for the preheat is usually about 500 to 600°F because, if the steel should
transform above this temperature, the required properties may not be met.
The above discussion has been concerned with cold cracking (cracks
that occur near room temperature). This type of cracking is most preva-
lent in steel welding; however, hot cracking, that is, microfissuring
of the weld metal and heat-affected zone near the melting point of the
steel, cannot be ignored. This hot cracking is attributed to the segre-
gation of residual elements (primarily sulfur) to the grain boundaries
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of the heat-affected zone and the interdendritic regions of the weld
metsl. The melting point of the segregated region is below that of the
bulk alloy, and any strain placed across it can result in a fracture.
Both the hot cracks and underbead cracks are microscopic, and because of
their size they often go undetected.

The selection of the filler metal composition is left to the dis-
cretion of the fabricator. However, properties, weld qualification, and
development test results are subject to the approvael of the customer.

The fabricator's actual analysis and the technique whereby he obtains
that analysis are quite often proprietary information.

Much welding experience has accumulated on the steels currently being
used In the reactor pressure vessels. The need for low hydrogen content
and preheat is recognized, and underbead craecking need not be a problem
in fabrication. Although problems will not initiate from welds made under
correct conditions, a hephazard arc strike on a steel surface can ceause
a problem. The massive sections used in these reactors present heat
sinks that impose infinitely fast cooling rates on the molten crater.

These arc strikes may go undetected and could trigger a failure.

4.2.8.2 Welding Processes ¢

Currently, three prc. esses are being used to Join the la}ge compo-
nents that make up a nuclear pressure vessel. These are the sﬂhmerged—
arc process, the manual stick-electrode process, and the electroslag
process. The field-fabricated Monticello reactor in Minnesota will be
manual stick-electrode weldea. The discussion below on the submerged-
arc process can be extended to be applicable to multipass stlck-electrode
welds. :

The submerged-arc welding process was, until the introduction of the
electroslag process, the highest deposition-rate technique available.

The process 1s capable of being operated with high currents end, due to
the large heat input, often melts a considerable amount of base metal,
particularly when used with the thinner sections. Consequently, the com-
position of the base metal has a great influence on the composition of
the weld metal. In the very thick sections currently being utilized in

the reactor pressure vessel industry. it is necessary to use a multipass
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technique to make the welds. The fact that each pass is subsequently
reaustenitized contributes greatly to the mechanical properties of the
submerged-arc welds. This reheat treatment refines the weld metal to the
point where its properties after postweld heat treatment are normally supe-
rior to those of the base metal. No doubt the selection of the chemiecal
composition of the filler metal contributes to this superiority. A multi-
pass submerged-arc weld 1s shown in Fig. 4.8. The relationshlp between
the individual passez can be seen easily. The microstructure of the weld
netal can be controlled through heat input. Consequently, there is con-
siderable latitude possible in the level of the meclLanical properties
obtainable in the weld metal for a given chemicel composition.

The electroslag process 1s a very high deposition-rate process (see
Chapter 8 for details of this welding process). For the purpose of this
discussion, picture a large electric furnace that is capabie of producing
a continuocus casting. The difference is that in the electroslag process
the furnace moves and not the casting. An electroslag weld joining 3-in.-
thick steel plates is shown in Fig. 4.9. The weld has the appearance of
an ingot; that is, it has coarse columnar-type grains at the mold wall
(the plate in this case) and finer equiexed grains in the center. This
protograph indicates that inhomogeneities exist in the weld toward the
base-metal interface and that the center is homogeneous. Figure 4.10
shows that this is not true but, rather, that the center is also made up
of columnar grains; however, the method of sectioning falsely leaves the
impression that they are equiaxed. Migure 4.10 also illustrates one
other very important feature; that is, the weld metal is composed of
about 60% base metal. Therefore, the base-metal composition will have
a strong influence on the resultant weld-metal composition.

The as-cast structure is unacceptable and electroslag welds must be
reaustenitized and cooled (accelerated cooling is required for the section
sizes of interest). Further, the extremely high heat input necessary to
produce the welds results in a heat-affected zone that extends for some
distance into the base metal. This fact also 1s evident in Fig. 4.9.

The filler metals used for ~liectroslag welds are selected with this
requirement in mind. It is necessary tnat the weld metal, as well as the

base metal, responC to an sustenitizing and quenching heat treatment.
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Fig. 4.8. Photomacrograph of a Transversely Sectioned Multipass
Submerged-Arc Weld in a Heavy Section Carbon Steel Plate. (Photograph
from Combustion Engineering, Inc.)



Fig. 4.9. Photomacrograph of a Transversely Sectioned Electroslag
Weld in a 3-in.-Thick Carbon Steel Plate. 2x (Photograph from Arcos
Corporation)
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The use of the electroslag process for welding reactor pressure ves-
sel components is new. Its major advantage a.ppear334 to lie in the fact
that the welds produced possess a degree of cleanliness and soundness not

found in other processes. Data pertaining to the notch toughness of the

heat-treated welds are sketchy and contradictory.

Fig. 4.10. Photomacrograph of a Longitudinally Sectioned Electro-
slag Weld in a 3-in.-Thick Carbon Steel Plate. 1.5X (Photograph from

Arcos Corporation)
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4,2.8.3 Overlaying

The internal surfaces of the reactor pressure vessels are overlaid
with the equivalent of an 18-8 stainless steel. The techniques currently
used for overlaying consist of single- or multiple-electrode processes
in which the resulteant chemical composition is essentially type 304 stain-
less steel. Except for those inaccessibie areas where an inert-gas pro-
cess (metal-arc, manual stick-electrode, or tungsten-arc) is utilized,
the submerged-arc process is employed.

The metallurgy involved in weld overlaying is quite ccmplicated. The
overlay is an sustenitic (fcc) steel, highly alloyed and low in carbon.
The substrate on which it 18 ceposited is a ferritic (bec) steel consid-
erably lower in alloy content and quit: high in caroon. The transition
zone between the two steels can be quite complicated and, if the choice
of welding parameters is not carefully made, this area will contain de-
fects. These defects may be microfissures, brittle phases, or an actual
separation at the base metal and overlay interface.

The microfissures (hot cracks) are prevalent in nickel-bearing ma-
terials and are attributed to the segregation of residuals. They are
most often found in the area of the weld bead that has been reheated, due
to an adjacent bead, to a temperature closely proximating its melting
point. This is actually a heat-affected-zone failure; however, the heat-
affected zone in this case is not base metal but, rather, previously de-
posited weld metal.

The brittle phase may exist because of any one of three metallurgical
conditions that tend to promote its occurrence. The firast condition and
potentially the most dangerous is the formation of martensite due to ex-
cessive dilution of the overlay by the base metal. If the composition
of the overlay becomes diluted to the point that either the nickel or
chromium falls below certain minimm values, the austenite will transform
to martensite.

Sigma phase, an iron-chromium intermetallic compound that msy form
at elevated temperatures due to chromium enrichment, is the second most
prevalent metellurgical condition that can result in brittle structure.
This is usually most prevalent in ferritic stainless ateels; however,
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chromium-enriched reglons in austenite can also promote its formation.
The possibility of sigma-phase formation is increased by prolonged aus-
tenitizing and stress-relieving tre-tments.

The third cause for the formation of a brittle phese is attributed
to carbon diffusion, which results in decarburization (and accompanying
loss of strength) of the ferritic steel and an increase in the carbon
level in the austenitic steel. This higher carbon level decreases the
ductility and toughness of the stainless steel weld metal.

The third complication that can arise in the transition zone is sepa-
ration between the overlay and the substrate. This could be cauged by
a lack of fusion resulting from the choice of incorrect welding parame-
ters, or it could occur after str:ss relieving due to the diffarences in
the thermal coefficient of expansion between the cladding and bese metal.
These stresses can very easlly be of fracture-strength magnitude.

Defects of the types mentioned above have been studied®”’ at the
Southwest Research Institute. They have shown that the microfissure type
of defect is much more tolerable Lhan the type attributable to the pres-
ence of a hard brittle phase such as martensite.

The Schaeffler diagram is extremely useful in deducing the micro-
structures that may prevail when overlaying ferritic steels. Its use,
coupled with the proper welding procedures and techniques, can eliminate

these problems.

4.3 MATERIALS FABRICATION!®

With the exception of weld filler metals, which are tailored by the
fabricators to suit an individual welding process and/or material, there
are essentially three grades of steel that must be considered in current
practice. These are nominally the ASTM A 533 grade B (a manganese-molyb-
denum-nickel plate steel), ASTM A 508 class 2 (a nickel-chromium-molyb-
denum forging steel), and ASTM A 540 (a bolting steel).

ASTM A 533 is a plate steel whose major application is in the shell
courses, the heads, and the torl of the nuclear pressure vessels. ASTM
A 508 steel is predominantly used for flanges and nozzles, however, it
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is also being used as shell course material, particularly in the pres-
surized-water reactor vessels. Bolts, nuts, and weshers are made from
ASTM A 540 steel.

4.3.1 Plate

The shell courses, head domes, and tori of the current and projected
pressure vessels for light-water reactors are primarily constructed from
a low-alloy high-strength steel commonly referred to as A 302 grade B
nickel modified. This steel 1s currently described inm the ASTM specifi-
cation A 533-65, "Manganese-Molybdenum and Manganese-Molybdenum-Nickel
Alloy Steel Plates, Quenched and Tempered for Pressure Vessels.'" Tue
reference steel conforms to grade B in this specification.

The two primary fabricators of vessels for pressurized-water reac-
tors and boiling-water reactors are the Babcock & Wilcox Company and
Combustion Engineering, Inc. A third fabricator, the Chicago Bridge and
Iron Company, has recently been contracted to field erect a vessel for
a BWR.

Plates for the shells and heads of the PWR and BWR vessels are sup-
plied only by the ILukens Steel Company. In general the PWR vessels re-
quire steel approximately 10 in. in thickness, whereas the BWR vessels
require steel approximately 6 in. in thickness. Each of the fabricators
orders plates to his individual specification, which complements the
ASTM specification.

4.3.1.1 Procurement Standards

Combustion ineeri Inc. (CE). The plates ordered by CE are
of firebox quality and are melted to fine-grain practice and delivered
in the as-rolled condition. To assure the response of these plates to
subsequent fabrication heat treatments, CE requires that the supplier
provide the results of tests conducted on samples that have received
similated heat treatments. CE supplies the heat-treating schedules to
which these samples will be exposed. The parameters include the austen-
itizing temperature range, the holding time at temperature, and the maxi-
mum cooling rate, depending on plate thickness. Also, CE specifies the
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tempering temperature range, the holding time, and the cooling rate.
Simulated postweld heat treatments ere also performed. Again, the stress-
relief temperature range, holding time, and cooling rate are specified.

These requirements have led to the development (by Lukens) of a con-
tinuous cooling apparatus that can prepare simulated specimens that have
been thermally treated in a manner ldentical to the plate. The authen-
ticity of the simulated data has been substantiated through tests con-~
ducted on large plates by both Lukens Steel and CE. Both CE and Lukens
checked the cooling rate at the 1/4 T and 1/2 T of a 14-in.-thick plate
and obtained matching cooling rates. Lukens feels that the cooling curves
set by CE are conservative and that the properties of the plate are supe-
rior to those of the simulated specimens. Lukens heat treats oversize
0.505-in.-diam tensile blanks and 1/2 x 1/2-in. impact blanks. These
are subsequently machined to 0.505-in. tensile specimens or Charpy V-notch
specimens. Lukens has checked the results of these simulated specimens
against data from full-size 4-, 8-, and 10 1/2-in.-thick plates of several
steels, including A 302 grade B, and found the results to be conservative.

The representative specimens are tested to assure that the required
mechanical propertles will be met in the fabricated vessel. As an addi-
tional requirement, the supplier provides CE with a check chemical analy-
sis of each specimen.

Babcock & Wilcox Company (B&W). B&W orders plate to its own speci-
fications, which are modifications of A 302 grade B and ASME Code Case
1339, which permits nickel additions. (This combination of specifica-
tions is currently described by AST™M as A 533-65.) The plates are ordered
ag of firebox quality, melted to fine-grain practice, and delivered in
the as-rolled condition. Further restrictions include a requirement for
vacuum degassing and limiting the nickel content to the lower end of the
allowable range. Generally no mechanical testing of heat-treated test
specimens is required* of the supplier. Response to fabrication heat
treatment is assured through the control of the chemical composition.
Babcock & Wilcox assumes the responsibility for the response of the steel

to subsequent heat treatments.

*However, B&W heat treats and tests a representative sample of each
heat of steel after receipt and prior to processing.
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Chicago Bridge and Iron Company (CB&I). As indicated previously,
CB&I is a recent entry into the field of fabrication of primary nuclear

pressure vessels. In all probability the ASTM specification A 533 will
bz used for plate procurement, complemented by additional requirements
comparable to those of CE and B&W.

4.3.1.2 Melting Practice

Furnace Types. Nuclear grades of steel plate have been manufactured
in both the basic electric furnace and the basic open hearth. In the
future it is expected that melting will be done exclusively in the elec-
tric furnace. Lukens' experience has demonstrated that the quality level
is higher in the electric-furnace product. There is better control over
bath temperature, the oxygen level of the steel, and the final chemical
analysis. The use of the electric furnace permits excellent control of
the charging of scrap, the fluxing of impurities, and the adjustment of
the carbon level. It is possible to work to lower sulfur and phosphorus
levels and to obtain better homogeneity in the final structure, particu-
larly in the larger ingots (75 tomns and up). Variations in composition
from heat to heat are minimized through the use of the electric furnace,
particularly when coupled with vacuum degassing.

Quite a large amount of A 302 grade B plate was made with the basic
open-hearth practice, at least up to three years ago. This was particu-

larly true for the larger ingots, because the melting capacity for pro-
ducing large ingots was not availabie in the Lukers electric shop. Iukens
does not feel that there 18 any serious disadvantage to using the basic
open hearth; however, there are advantages to using the electric furnace,
as previously discussed.

Makeup of Charge. Lukens shop is not integrated and thus has no
hot metal available. The bulk of their charge is scrap. An elaborate
computer-controlled program is currently in use. Much of the screp is

internally generated. For every 100 tons of steel poured, approximately
50 tons is returned to the furnace. Internally generated scrap is color
coded at the cut yard. There are 24 categories in which this material

may be classified. It is stocked on the basis of alloy content, that is,



127

nickel-chromium, molybdenum, nickel, etc. These classificatlons, along
with the avallable quantities, are fed into a computer. The camputer
determines the best charge to get the utmost benefit from the principal
alloying elements present. Lukens also purchases scrap, which is spec-
trographically analyzed, classified, and either stored or charged directly
from 1ts delivery car. The plant has been computerized for about three
years. Previously the same basic plan was used but with manual calcula-
tion.

Virgin material is added to the charge as ferrosilicon, ferromanga-
nese, nickel, and molybdenum to achieve the required composition. Some
nickel and molybdenum are recovered from the scrap; however, it is always
necessary to supplement these quantities with virgin stock. Carbon is
obtained from broken molds, cast iron, coke, and graphite.

Charging Sequence. Lukens charges the electric furnace by the fol-
lowing sequence. First, coke or broken carbon electrode and the first
bucket of scrap are charged. After the initial meltdown the lime and the
second and third buckets of scrap are charged. The lime is added to re-
move the sulfur. After meltdown a chemical analysis for sulfur and other
elements is performed and adjustments are made. A lance is then immersed
into the melt, and oxygen is blown through the molten metal. This oxygen
gserves two purposes: 1t removes phosphorus and it agitates the molten
steel and thereby promotes the lime-gulfur reaction. Following the oxygen
flow the furnace is flushed and a chemical analysis is performed. Flush-
ing consists of tilting th: furnace forward and allowing the high-sulfur-
phosphorus slag to run off. The bath is then oxidizing and it is above
the equilibrium oxygen level. The furnace is returned to its normal po-
sition, adjusted to the desired temperature range of 2940 to 2980°F, and
ferromanganese and ferrosilicon are added to "block" the heat. These
edditions stop the oxidizing action and begin to deoxidize the bath. Ap-
proximately 25% of the manganese and 90% of the silicon that is added is
oxidized and goes Into the slag. During blocking the arc is put on the
bath to get a stirring action and also to compensate for the temperature
drop due to the cold charge.

Tepping. The furnace is then tilted and the steel tapped into a
ladle. If the heat of steel is to be vacuum degassed, silicon is added
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to get a semikilled condition. If degassing is not to be done, silicon
and aluminum are added to kill the steel. Other minor adjustments, such
as to the molybdenum, nickel, and manganese contents, may also be made
in the ladle at this time.

Vacuum Degassing. Lukens has had a vacuum degassing apparatus since
December 1964. The steel plate will be degessed if it is ordered de-
gassed. lukens intends to degas all nuclear grades of steel. However,
Lukens does not feel obliged to degas steel that is not ordered degassed
and may not degas it if circumstances arise that prohibit it (scheduling,
breakdowns, ete.).

The importance of degassing has been previously discussed. The
principal advantage is the lowering of the hydrogen level to 1 to 2 ppm.
If the steels are not degassed, the hydrogen level is from 2 to 5 ppm,
and flaking and hydrogen embrittlement or both may occur.

Lukens! degassing process operates in a manner similar to siphoring.
The vacuum chamber is placed over the ladle with its intake spout immersed
into the molten steel and pumped down to 100 torr. Then the steel is
allowed to rush into the refractory-lined vacuum chember. About 10% of
the total steel ir the ladle will be drawn into the chamber with each
surge. These surges occur at the rate of four per minute for a total of
about 40 cycles. During this degassing process, the vacuum level falls
to 1 torr. Composition adjustments are made within the chamber to bring
the composition to the prescribed level; manganese, silicon, carbon, and
aluminum are added. Approximately 0.8 1b of aluminum is used per ton in
a degassed heat. An added advantage to the degassing process is that it
equalizes the temperature and thoroughly homogenizes the molten metal
throughout the bath.

If the ladle of steel were not degassed, aluminum and silicon would
be added to kill the steel. For killing nondegassed A 533 steel, 1.2 to
1.6 1b of aluminum is required per ton of steel.

4.3.1.3 Pouring

Iukens normally bottom pours all nuclear plate ingots. The advan-
tages gained by bottom pouring are (1) improved surface quality, that is,
a more dense, less crack-susceptible surface, and (2) floating of dislodged
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refractory particles to the suxface so that they are not entrapped. On
rare occasions, 28 when an extremely tall ingot is needed, Iukens may
top pour. Tall ingots tend to generate a back pressure (due to the head
of steel) that retards the upward flow, and a combination of top and bot-
tom pouring 1s necessary.

The size and configuration of the ingot depend on the final plate
dimension requirements. Lukens avoids casting an ingot any larger in
cross section than 1s necessary. Ingots with large cross sections tend
to be more segregated than thinner ingots. Iukens selects the ingot
size to get a minimm reduction ratio of 3 during rolling. The ingot is
always corrugated on four sides to break up the dendritic structure that
i1s formed during freezing. For better surface finish, it 1s always cast
in a warm @m0ld at 100 to 300°F. Hold time after casting depends on the
ingot size and will vary from 6 to 8 hr to assure complete solidification.

The ingots are stripped and placed in the soaking pits as hot as
possible. The ingot is pleced in a pit with the heat off and allowed to
equalize In temperature. If an ingot 1s hotter than BOO°F, it is placed
in & hot plt end heated directly to the breakdown temperature (2300 *
25°F). 1If it is iess than 800°F, it is placed in a chilled pit (about
1500°F), allowed to set for 3 hr, and then heated directly to the break-

down temperz.ture.

4.3.1.4 Breakdown

Breakdown (slabbing) is accomplished by cross rolling. This opera-
tion reduces the ingot cross section by about 25%. After breakdown, the
slab is removed to the conditioning yard and placed in a cooling bin.
The slab is slowly cooled to a temperature range of 300 to 500°F. It
is then removed and scar® . with an oxygas torch at a minimum tempera-
ture of 300°F to remove about 1/2 in. of metal from the surfaces. This
operation removes surface deca.burization ard defects that may be pres-
ent efter the slabbing operation and assures surface integrity. When
necessary, more extensive defects are also removed. Slabs ar: often acid
etched during scarfing to reveal any visually undetected flaws. The top
and bottom are cropped at this time.
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4.3.1.5 Rolling

Prior to rolling the slab is placed on end in a chilled (1500°F max)
soaking pit, held for a minimum of 2 hr, and then heated directly to
2300°F. The soaking time depends on the number of slabs charged into
the pit. The first slab is not removed for rolling until the tempera-
tures of the slabs are uniform. Two techniques are used to ascertain
this uniformity: (1) visual observations and (2) reducing the flow of
heating gas as the control temperature is approached. The total time in
the soaking pit ranges from 15 to 20 hr. <The slabs are then grasped on
their edges and transferred to the rolling table. The surface tempere-~
ture drops 100 to 150°F during transfer. Most of the nuclear plate that
has been produced has a minimum longitudinal-to-transverse cross roll'ng
ratio of 3.

The initial reduction per pass depends on the condition of the slab
surface. The adherence of the scale dictates the permissible draft (re-
duction per pass). When possible, l-in. urafts are used; however, 1/2-in.
drafts are more common. Scaling problems are controlled by the use of
wet burlap, salt, or both. The wet burlap is used iritially to remove
tenacious sections of scale. Later, salt is snoveled onto the surface,
and high-pressure water is sprayed onto the slab. As the final dimension
is approached, the drafts are reduced. If during rolling a defect appears
(these may be cracks that had not been previously observed), the opera-
tion is halted, the slab is removed to the conditioning yard, and the
conditioning operation is repeated. This is an extremely rare occurrence.

The finishing temperature is about 1600 to 1700°F for thick plate.
For plates approximately 6 in. in thickness, the finishing temperature
is in the range 1500 to 1600°F. Finishing temperatures below 1500°F are
extremely rare in plate rolling. The slab is rolled to the final plate
thickness with no intermediate soaks. After rolling, the surfaces of
thick plates increase in temperature by 50 to 100°F as heat flows from
their hotter centers.

The descaling practices used during rolling produce a good surface.
Normelly, only a thin (acceptable) uniform secondary scale exists on the

plate surfaces.
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Vacuum-degassed steels are stack annealed in a tight pile; the pile
itsel? tends to retard the cooling rate. If the plates have not been
vacuum degassed (hydrogen treatment), they are buried in sand and cooled
slowly to room temperature to permit sufficlent time at temperature for
the hydrogen to diffuse out of the steel. Hydrogen is not a sensitive

problem for vacuum-degassed steels.

4.,3.1.6 Finishing

When there is no customer requirement for ultrasonic testing the
plate surfaces are left in the as-rolled condition, if the secondary
scale is uniformly thin. However, Lukens does use ultrasonic testing to
achieve the optimum plate layout. Prior to trimming by the oxygas pro-
cess, the plate is preheated to within the range 300 to 500°F to assure
that a low-temperature transformation temperature will not result. After
cutting, the plate is maintained at a minimum of 300°F and is transferred
to a stress-relieving furnace; stress-relieving is done at 1100 to 1250°F
for 24 hr.

If the customer requires ultrasonic testing by the plate supplier,
the surfaces of the as-rol'ed plate are sand blasted to assure maximum
sensitivity. Following testing the plate 1s trimmed and stress-relieved
as previously described.

4.3.1.7 Inspection and Testing

Nondestructive Testing. Following the stress-relieving operation,
edges and surfaces are visually inspected for defects and, if werranted,
further tested by magnetic-particle or dye-penetrant techniques. If a
defect larger then accepteble by customer standards is detected in the
finished plate, Lukens will ask the customer to remove the flaw and re-
pair by welding rather than have an auvtomatic rejection of the plate.

Mechanical Testing. For Combustic-. Engineering, samples represen-
tative of the top and bottom of the finished plate 2re removed in accor-
dance with ASTM A 20, "General Requirements for Delivery of Rolled Steel
Plates of Flange and Firebox Qualities." Specimen blanks are prepared,
heat treated as described in Section 4.3.1.1, finish machined, and tested.
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As indicated previously, the results of these tests must demonstrate the
plate's ability to meet the mechanical-property requirements of the fab-
ricated vessel.

As was noted in Section 4.3.1.1, B&W assumes the responsibility for
the plate's response to fabrication heat treatments; consequently, no
mechanical testlng of heat-treated plates is conducted at the mill.

The fieid fabricator, CB&I, plans to require the plate manufacturer
to supply quenched and tempered plates. In this event Iukens will pre-
pare and test specimens in accordance with ASTM A 533 and supplementary
customer requirements and thereby will assure conformence to the ASME
Code.

Chemical Analysis. As previously discussed in Section 4.3.1.2, Lukens
does the normal preliminary chemical analysis during melting to ascertain
that the required composition is being obtained and to permit making any
additions that may be required. Ladle analyses are made during teeming,
usually early in the pouring operation and again during the hot topping.

The sampling conforms with AST™ A 20. Iukens uses spectrographic analy-
sis for all elements except carbon and sulfur, which are analyzed for
by the combustion technique. A direct-reading spectrograph, which is
standardized before each analysis, is used.

4,3.1.8 General Remarks

In the melting practice currently employed, the most significant
contributor to quality appears to be the vacuum degassing operation. It
resulis in better homogeneity, lower gas contents (in particular hydrogen),
and lcwer aluminum content, and it thereby enhances cleanliness. Making
this operation mandatory for all plates for nuclear service should be
considered.

4.3.2 Forgings

The process used for manufacturing nuclear-grade forgings is dic-
tated by the size required. Four processes are applied: ring rolling
(for the largest head-flange forgings), open mandrel (for the smaller
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head-flange forgings), tight mandrel (for the larger nozzles), and ma-
chining of forged bar stock (for the small nozzles).

4,3,2.1 Procurement

Combustion Engineering, Incorporated. Combustion Engineering orders
shell and plate forgings to company specifications that satisfy the re-
quirements of ASTM A 508, '"Quenched and Tempered Vacuum Treated Carbon
and Alloy Steel Forgings for Pressure Vessels." The steel is melted in
basic electric furnaces and vecuum treated. This specification incorpo-
rates the requirements of ASTM A 336, "Alloy Steel Seamless Drum Forg-
ings," and ASME Code Case 1332, paragraph 5. The CE purchase specifica-
tion requires that the forging also meet the supplementary requirements
S1 and S2 of AST™M A 508. Of these, S1 reyuires that the mechanical prop-
erties be determined on material that has been subjected to a simulated
postweld heat treatment in addition to the quench and temper requirements,
and S2 requires that the forging supplier establish a Charpy V-notch im-
pact transition curve that includes the shelf energies. Another limita-
tion imposed by CE is that the Charpy impact requirements be met at +10°F
(rather than +40°F) for class 2 material.

As required by ASTM A 508 magnetic-particle and ultrasonic tests
are conducted by the supplier.

Babcock & Wilcox Company. Babcock & Wilcox orders their forgings
in a similar msnner. The basic B&W specification requires conformance
to AST™™ A 336 and Code Case 1332. As mentioned previously, this combina-
tion satisfles the requirement of ASTM A 508. Limitations to the refer-
ence specifications are imposed by B&W. These include an ASTM graln size
of 5 or finer and mechanical tests on material that has received the
silmlated postweld heat treatment in addition to the required quench and
temper. The minimum notch ductility requirements are established at
+10°F or +40°F, depending on B&W's customer requirements.

As required by Section TII of the ASME Code, the forging must re-
ceive ultrasonic and magnetic-particle inspection.

Chicego Bridge and Iron. Chicago Bridge and Iron will be limited
by the applicable codes and standards in their procurement and will probd-
ably 21s0 impose supplementary requirements.
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Steel forging st-ck i8 melted in the electric furnace and vacuum
degassed, usually during pouring. This is a requirement of the ASTM A
508 specification, which experience has shown will eliminate most of the
objectionable gases, particularly hydrogen, as well as yield a cleaner
steel. The specification does not require the use of aluminum as a grain-
refining agent; however, the minimum grain size requirement is easily met
in these alloy steels without its addition, arnd the lack of alumina forma-
tion contributes to the cleanliness of the product. Individual melting
shops have their own preferences regarding the use of vanadium; the speci-
fication only sets the maximum value and does not require its use. Vacuum
degassing reduces the hydrogen level to about 1 ppm and thus prevents
hydrogen embrittlement.

Because of the size of the ingots required for producing the ex-
tremely large forgings, multiple furnace heats are often required. Close
control is necessary over camposition, particularly carbon content. Algo
close control is needed over the temperature from heat to heat and over
the sequence of pouring the heats. Normally top pouring is used to ob-
tain th» required compositional homogeneity. The holding time of the
ingot within its mold is critical (within limits), and an ingot is never
moved while any part of it is still molten. Assurance that the forging
billet is of the highest quality is enhanced by the fact that the weight
of the croppings from the top and bottom of the original ingot often
equals the final billet weight. Furthermore, the center core that is
removed in the forging process is the most highly segregated area and
contains the unwanted residual elements.

4.3.2.3 Bhel.- and Head-Flange Forgings

The primary supplier of large forgings (213 in. in diameter and up)
is the Ladisgh Company. These forgings are produced by ring rolling.
Smaller diameter shell and head forgings are predominantly produced by
U.S. Steel, Inc., Bethlehem Steel Company, and Midvale-Hippenstall Com-
pany. These are produced by a mandrel-forging process.

Ring Rolling. As previously indicated, Ladish is currently the sole
supplier of large {greater than 213-in.-diam) ring-rolled forgings. They
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do not have hot-metal facilities and therefore procure thelr starting
billets from a major steel supplier who melts them in a manner similar
to that already described. Steel is ordered to a Ladish specification
that supplements ASTM A 508. In addition to the required vacuum degss-
sing, Ladish orders to a composition standard that is more restrictive
in that it limits the carbon range and increases the minimum manganese,
silicon, and nickel contents. The billet supplier does not guarantee the
properties of the final product; however, he usually will assure Ladish
that the material will have the capability of meeting minimum ultrasonic
and magnaflux requirements. Normally the mill will supply the top and
bottom crops from which the heat-treating parameters can be approximated.
These pieces welgh several tons and are worked in a manner that simulates
the actual forging. Moreover, these croppings are used to assure con-
formance with the composition, grain size, and cleanliness requirements.
Ladish receives a cold billet that has been conditioned by 100% scarfing.

The starting weight of a billet for a large ring-rolled forging is
approximately 175,000 1b. The billet is charged into a warm (600 to
800°F) furnace, progressively heated and equalized through several inter-
mediate temperatures to 2400°F, :nd then held for 6 hr at 2400°F. This
heating cycle was established experimentally to assure a uniform tem-
perature throughout the billet.

The first hot-working operation consists of upending the billet and
reducing its height by approximately 50%. Immediately following this
operation a center plug weighing approximately 1000 1b iz removed. The
billet is reheated to 2200°F in preparation for a ring-rolling operation.
The plugged billet is then placed in a ring-rolling apparatus and the
rolling operation is initiated. When the temperature of the ring has
dropped to about 1800°F the faces are squared by a step-pressing opera-
tion known as paddling.

The ring-rolling process results in continuous and uniform working.
In addition the paddling operation provides work through the height of
the ring. Several reheat, rolling, and paddling cycles are required be-
fore the ring is of the required size. The forged ring i1s finished at
approximately 1600°F.
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The ring is air cooled to 1050 to 1150°F and recharged into a 1200°F
furnace and held for 12 hr to assure complete transformation from austen-
ite to ferrite and pearlite. This heat-treating cycle promotes the elimi-
nation of hydrogen and thereby further minimiges flaking problems.

An annealing cycle is then performed. This consists of reausten-
itizing at 1650°F and then furnace cooling to 1200°F and holding to allow
complete transformation. The forging is then removed fraom the furnace
and air coolec.

Following the annealing treatment, the ring forging is blasted and
then spot checked by ultrasonic testing. Although the surfaces are not
ideal for such testing, they are adequate for the intended purpose.

Prior to the final heat treatment the highly stressed surface is
contour machined. This machining is mandatory to assure that the mate-
rial in the highly stresgsed area in the final product has recelved the
optimum heat treatment.

The ring is then loaded into a furnace at 600 to 800°F, heated to
1600 to 1800°F, and held for 20 min per inch of thickness (8 to 10 hr
total time). Ladish uses multiple thermocouples during this heat trest-
ment to assure that the temperature is within the permissible range.

The ring is quenched in the horizontal position in agitated water
at 45 to 70°F. The body is removed after the surfaces reach 80 to 90°F.
After the ring 1s removed from the quench tank, it is tempered at a tem-
perature of at least 1200°F for 1 hr per inch of cross section. It is
then removed from the tempering furnace and again gquenched. Selection
and control of the tempering temperature are considered vital for the
achievement of optimum impact properties.

To verify that the properties of the Jorging fulfill the specified
requirements, specimens are removed from the top face of the ring, given
a simulated postweld heat treatment, and tested. The properties are de-
termined from tensile, Charpy V-notch, and drop-weight specimens.

The ring forging is then finish machined to specified tolerances.
Prior to shipment the forging is given a magnetic particle test, on a
6-in. grid, and a 100% ultrasonic test.
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Any defects that are detected are later repaired where necessary by
the pressure vessel fabricator with qualified welding procedures and op-
erators.

Mandrel Forgings. The smaller flange forgings are normally produced
by the open mandrel technique. Usually the suppliers of these forgings
have their own melting shceps, and they melt and cast their ingots and
then prepare their billets in & manner similar to that already discussed
under Section 4.3.2.2, "Melting Practice.”" These suppliers have an ad-
vantage over a cold shop in that they can utilize the heat in the original
billet by charging it directly into their soaking furnaces after blocking
and thereby eliminate the need to heat & cold billet.

A typical mandrel forging operation consists of approximately five
major steps: (1) blocking and trimming the ingot, (2) upsetting and re-
moving the center core, (3) aligning the center hole, (4) lengthening
the billet to the correct dimensions, and (5) enlarging the circumferen-
tial dimensions to meet the rough forging requirements. The degree of
working during forging can be illustrated by reduction ratios. These are
approximately 4 during upsetting, 1.8 during blocking, and 1.6 during
finishing. The maximum furnace temperature emploved is 2300°F; no work-
ing is done at a temperature below 1550°F. At the completion of the last
enlargement operation the forging is moved directly to a heat-treating
furnace and normalized. It is then air cooled to approximately 600°F
and returned to the furnace, and the temperature is allowed to equalize
by holding the forging at this low temperature for an extended period
of time and then reheating it for tempering.

After tempering the rough forging is preheated to 600°F, flame cut
to the correct dimensions, stress relieved, and machined to provide par-
allel internal and external surfaces and flat ends. The machined forg-
ing is 100% ultrasonic tested at this point with a 10% overlap technique.
This testing is done at this stage in the operation because it is the
last time the shape of the forging is ideally suited for a 100% test.
Later, the contours involved complicate a complete test.

After ultrasonic testing the forging is contour machined and heat
treated. It is charged into a 1550°F furnace and held at temperature
for from 3/4 to 1 hr per inch of thickness. It is quenched in agitated
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water and is held there until it is cooled to the water temperature. It
is removed, its temperature is equalized, and it is then heated to 1150°F
for tempering. The forging is air cooled from the tempering temperature.
The mechanical-property (tensile and Charpy) certification speci-
mens are removed and given a simulated postweld heat treatment in accor-
dance with the purchaser's instructions. Following the certification of
the properties the forging is machined to its fimal dimensions and its
surface is magnetic-particle ingpected. It is again given an ultrasonic
test to detect any effect from the quenching and tempering operation.

4.3.2.4 Nozzle Forgings

Nozzle forgings are procured to the AST™ A 508 (or its egquivalent)
specification that has already been discussed. These smaller forgings
are usually supplied by a producer who has hot-metal facilities and uses
a melting practice similar to that discussed for mandrel-forged flanges.
The intermediate sizes are usually produced with a tight mandrel tech-
nique in which the cored billet is only lengthened and not enlarged.
Often a "tube" technique is applied and several nozzles are produced from
one billet. The number of nozzles available from a given tube is depen-
dent on the nozzle size. The tube is normalized and tempered in a man-
ner gimilar to that used for flanges. It is machined to provide parallel
sides and 100% ultrasonically tested. Then the individual nozzles are
cut out and contour machined.

Heat treatment requirements are stringent for this type of product.
All the nozzles from & given billet must be austenitized at the same time.
Although they may be individuaelly quenched, tempering is also done simul-
taneocusly. Test specimens for certifying the mechanical properties are
removed from the top and bottom nozzles of the original tube.

Smell nozzles are usually machined from forged bar stock. They are
handled in a manner similar to that used for the multiple nozzle forgings,
that 1s, simultaneous heat treatment and certification testing of top and
bottom specimens. These nozzles are contour machined after heat treating
and testing. They are then ultrasonically tested and magnetic-particle
inspected prior to shipment.
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4.3.2.5 Shell-Course Forgings

Forgings that meet the ASTM A 508 Class 2 specification are being
produced for use as shell courses in pressurized-water reactors. They
are fabricated in a manner similar to that employed for cpen-mandrel
flange forgings. The melting practice (Sect. 4.3.2.2 above) is identical
with that previously described. The forging practice, except for degree
of work in the upsetting and lengthening operations, is similar to that
used for producing flanges. The lengths of these forgings are consid-
erably greater than those of the flanges (over 100 vs 40 in.), and con-
sequently the working during upsetting is reduced to a ratio of about
1.7 from 4.

After the forging operastions the shell is normalized and machined
for the final heat treatment. Because of its contour the shell need not
be ultrasonically tested prior to heat treating.

The final heat treatment imposed on the shell-course forgings is
exactly the same as that given to the flanges. After tempering, the cer-
tification test specimens are removed and tested. These specimens are
taken from a location 2 in. below the surface (this is approximately the
1/4-T position for these section sizes) and 1 T in from an end. This
location for removing specimens more nearly corresponds to the plate re-
quirements than the forging requirements. The specimens are removed as
sets 180° apart in accordance with forging requirements. The 30-ft-1b
average at +10°F and usual tensile property requirements are also man-
datory for the shell-course forgings.

After certification approval has been obtained, the shell course is
finish machined and ultrasonically and magnetic-particle tested.

4.3.2.6 General Remarks

Differences do exist between the manufacturing processes employed
to produce a ring-rolled flange forging and those used for an open-man-
drel flange forging. However, the end products are quite similar and,
indeed, have undergone comparable degrees of working. Both forgings are
subjected to similer amounts (~1.8 reduction ratio) of working during
the blocking of the ingot. However, the mandrel forging is upset to a
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greater degree (ratio of 4 rather thean 2), and the mandrel technique re-
quires that a larger volume of the core be removed.

The ring-rolling operation consists of uniform continuous forging
quite similar to the plate rolling process. Mandrel forming on the other
hand is an intermittent process. The uniform ring-rolling process does
appear to be advantageous because the working around the circumference
1s essentially all done at one temperature. However, the exponents of
mandrel forging claim that the temperature loss in one revolution is
negligible in these section sizes.

A1) the forging suppliers treat their forgings to remove hydrogen,
although they do not necessarily say they do. This treatment, coupled
with the vacuum degassing during pouring, assures an extremely low hydro-
gen level and also provides an added degree of homogeneity to the com-
position of the forging.

Other differences in processing result from the practices of dif-
ferent manufacturers. These lie mostly in the area of heat treatment.
Austenitizing and tempering temperatures, cooling rates, and holding
times can differ greatly. However, the fabricator conslders the final
mechanical testing as a guaranty that satisfactory fabrication procedures

have been followed.

4.3.3 Bolting Material

The most commonly used bolting material nominally corresponds to
ATSI 4340 steel, which is a deep hardening steel. Specifically the bolt-
ing materials are procured to satisfy the requirements of ASTM A 540,
"Alloy Steel Bolting Materials for Special Applications."” It may also
be purchased to an essentially equivalent combination of standards, namely
ASTM A 320, "Alloy-Steel Bolting Materials for Low-Temperature Service,"
AST™ A 193, "Alloy-Steel Bolting Materials for High-Temperature Service,"
and ASME Code Case 1335.

Although the AST™ specifications permit open-hearth melting, elec-
tric furnace melting is commonly used. Furthermore, the most recent
specification, A 540, permits vacuum melting, and its use will probably

become common.
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The steel is hot formed into bar stock or tubing depending upon
whether the material is to be used for mamufacturing studs, nuts, or
washers. The material is austenitized, oquenched, and tempered to achieve
the required mechanical properties. Mechanical-property tests include
tensile, hardness, ard Cherpy impact. The specimens are taken from a
location approximately 1 in. below the surface of the finished product
in the case of heavy sections or at the midradius of thinner sections.
For all grades, classes, and sizes, a 35 ft-1b test is mandatory. This
energy level must be met at either +10°F or +0°F, depending upon the
requirement of the customer's procurement specification.

The strength properties required by current practice are nominal.
Future designs may require higher strength bolting materials.

Although ultrahigh strength may be obtained through proper control
of the quenching and tempering operation on AISI 4340, the increase in
strength is also attended by a marked reduction in ductility and tough-
ness and a mar¥cl increase in susceptibility to hydrogen embrittlement.
Figure 4.11 jllustrates the effect of tempering temperature on the ulti-
mate strength, yield strength, reduction of area, and elongati_:i. Figure
4.12 shows typical stress-strain curves for various strength levels, and
Fig. 4.13 shows the effect of tempering and test temperature on impact
strength of AIST 4340 bar. These three figures dramatically illustrate
the improvement in ductility and toughness obtained by adhering to a
minimum tempering temperature of 1200°F.

Sachs and Beck,>® in a survey of the susceptibility of high-strength
steels to hydrogen embrittlement, concluded that if the ultimate strength
is held b=low 200,000 psi, only in extremely rare instances would hydro-
gen embrittlement appear to be a problem.

All these attendant problems of quenching and tempering AISI 4340
to hard tempers, that is, poor ductility, toughness, and susceptibility
to hydrogen embrittlement, are prevented by the ASME Code stipulation
in Table N-422 that the minimum tempering temperature shell be 1200°F.

Ultrasonic testing is conducted on the heat-treated forging prior
to machinirg to assure the soundness of the product. Final acceptance
of the bolting material is contingent upon the results of a wet magnetic-
particle test. The ASME Code (Section III) does not permit axial linear
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det'ects in excess of the thread depth nor does it permit any nonaxial
defects.

4.3.4 Weld Metal

The joining and cltadding of the various components that make up the
reactor pressure vessel are done by fusion welding. The choice of filier
metals is normelly dictated by the applicable process being used and the
mat-rial being welded.
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4.3.4.1 Welding Processes

The welding processes that are currently being used for jolning the
various components are the submerged-arc process, the electroslag process,
the shielded-metal-arc (coated-electrode) process, the manual metal-arc
process, and the inert-gas-shielded process. Overlays are predominantly
accomplished through the use of the submerged-arc process; however, it is
necessary in some areas to use the ccated-electrode and inert-gas-shielded
processes.

Historically, except for the electroslag process, these joining tech-
niques have been used in the construction of nearly all the reactor pres-
sure vessels built to date. The use of the electrosleg process, although
not new to the metal-Joining industry, is novel insofar as its application
for the construction of nuclear pressure vessels 1s concerned. For the
construction of the longlitudinal seams in the Dresden-2 vessel, B&W is
using this process and plans to continue to use it in fabricating other
vessels thaet contain longitudinal shell-course welds.

4.3.4.2 Weld Filler Metals

Normally, the compositions of the weld filier metals (where applica-
ble) are selected to provide a resultant weld-metal composition conform-
ing to the nominal composition of the base metal. In the submerged-arc
and electroslag processes the filler metals are tailored to provide the
strength and toughness required by the code or customer or both. The
individual fabricators, by calling upon their experience, obtain the de-
sired alloy through their selectior of a flux, & solid wire, or a stranded
cable, with each tailored to provide the required weld-metal composition.

Coated electrodes, on the other hand, are usually purchased or manu-
factured to the ASTM specification A 316, "Low-Alloy Steel Covered Arc-
Welding Elect.odes." The AWS-AST™M electrode classification is used in
E8018-C3 for the A 533 Class B steel or its equivalent.

In addition to the filler metals described above for Joining, others
are used to overlay the internal surfaces of the reactor vessel with a
corrosion-regsistant alloy. Stainless steel filler metals are predomi-
nantly used. These are usually either type 308L or 309L stainless steel
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(or combinations thereof) and are described in the AST™™ specification
A 371, "Corrosion-Resisting Chromium and Chromium-Nickel Steel Welding
Rods and Bare Electrodes." The O-ring mating surfaces of flanges are
usually overlaid with a nickel-base alloy of the nominal Incecnel compo-
sition. A similar filler metal is used for buttering nozzle ends in
preparation for joining these nozzles to stainless steel plping.

The shielded-metal-arc and submerged-arc processes are characterized
by the use of multipass welding techniques. In multipass welding of
carbon and low-alloy steels, weld metal is built up from a succession of
beads. The original structure of the underbeads will be partly or com-
pletely altered by the heating effect of the subsequent passes. If the
metel underneath is heated to above the transformation range, the as-cast
weld metal will be refined in grain size and the columnar structure will
tend to become equiaxed. Further, each bead is tempered by the subse-
quent passes 80 that the resultant microstructure is optimized. To pro-
mote notch toughness, the carbon content of the weld metal is kept at &
lower level than that of the base metal. The tensile and impact prop-
erties of such multipass welds are usvally superior to those of the base
metal and invariably surpass the minimum code requirements. Moreover,
the energy inputs are such that the base-metal heat-affected zone cool-
ing rates are sufficlently high to eliminate the need for reheat treat-
ing of the weldment.

In the case of the electroslag process the structure of the weld
deposit is as cast throughout and must be heat treated to achieve the
required properties. Austenitizing, quenching, and tempering of the en-
tire shell course are necessary to develop acceptable properties. 1In
contrast to the chemical composition of the submerged-arc and coated-
electrods weld metals, which are not required to respond to a heat treat-
want, the electroslag filler metal more nearly matches the composition
of the base metal to permit its response to the quenching and tempering
heat.

In the case of overlays, achievement of the nominal chemical compo-
sition of type 304 stainless steel requires the use of weld filler metals
that will compensate for dilution by the base metal and for arc losses.
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Proper control of composition eliminates fissuring of the stainless steel
while Batisfying the corrosion resistance of the overlay.

As has been mentioned previously, an Inconel composition 1s used for
buttering ferritic steel nozzle ends that will be joined to stainless
steel piping. The selection of this procedure is based on experimenta-
tion that hes shown the superior resistance of this combination under
conditions of thermal fatigue. Experience in this area has proved that
the limited dilution of weld metal that does occur will not affect the
nominal properties of the weldment. Therefore there is assurance that
the use of the qualified welding procedure for the fabrication of the
reactor vessel will result in weldments whose properties are acceptable;
that is, the individual weldments need not be verified.

The electrosglag welding process closely resembles a continuous cast-
ing operation. -The base metal may contribute as much as 60% of the re-
sultant weld metal. Under the current code requirements the welding
procedure is qualified by examining all single-thickness test weldments.
The test weldment consists of using the reference filler metal to join
two base plates whose composition conforms to ASTM A 533 grade B. Avall-
able data on the mechanical properties of the plates, particularly the
notch-toughness properties, have shown that variations can be expected
within the nominal ranges permitted by the ASTM specification. These
variations sometimes require that the heat treatment of the plates be
modified to fulfill the mechanical property requirements. In addition,
the as-deposited microstructure of an electroslag weld is grossly segre-
gated. This structure is considerably refined in the subsequent double
quenching and tempering heat treatment imposed on the welded course.

However, in view of the high degree of dilution of the filler metal
by the base metal and the grossly segregated as-welded microstructure,
there may be cause for concern regarding the reproducibility of the prop-
erties of the weld metal. It would appea. prudent to reguire that each
weldment include a runoff tab and that it be tested for its response to
the quenching and tempering heat treatments.
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5. EFFECT OF ENVIRONMENT ON MATERIALS*

In discussing the scope of the minimum safety requirements for new
construction of reactor pressure vessels, Section III of the ASME Code
specifically delineates that the Code does not cover deterioration thet
may occur in service as a consequence of radiation effects, materisl in-
stability, or material semsitivity to vibratory or shock loadings. How-
ever, specific instructions are given to conslder these effects and their
interrelationships in evaluating the adequacy of the vessel.

The abundant related experience with conventional fossil-fueled steam
power plants provides much understanding of the environmental effectz of
temperature, corrosion, hydrogen embrittlement, and loading. However,
the introduction of radiation effects has reduced the clarity with which
these problems are understood. In addition, the margln of safety demanded
for nuclear reactor vessels demands that & more rigorous and thorough un-
derstanding of these problems be sought. Therefore, this chapter summa-
rizes what is known about these effects, attempts to underscore those areas
in which potential problems are thought to exist, and recommends areas of

research and development that should be pursued.

5.1 TEMPERATURE

The meximum temperature at which light-water reactor pressure ves-
sels are designed to operate is 650°F. No problems attributable solely
to the loss of tensile properties due to temperature are anticipated for
the materials being used in the construction of nuclear preasure vessels
provided the steels possess at least the minimum tensile properties stated
in Teble N-424 of Section III of the ASME Code. Adherence to these prop-
ertlies can be assured by imposing supplementary requirements on the ma-
terial supplier, such as those given in 87, High Temperature Tension Tests,
of ASTM Specification A 533. At least one pressure vessel customer cur-
rently requires that tensile data be obtained at 550 and 650°F for the
shell plete material as part of the fabrication test program. Furthermore,

*This chapter wes prepared by R. G. Berggren, D. A. Canonico, J. L.
English, and P. Patriarca of Osk Ridge National Laboratory.
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the operating temperatures are within the upper temperature limits for
the design stress values given in Table N-421 of Section III of the Code.
Thus creep rate and stress rupture effects need not be considered.

The luss of tensile properties due to the annealing effect (softening)
of the operating temperature is negligible. The fact that in all instances
the pressure vessels have undergone lengthy (30 to 50 hr) high-temperature
(greater than 1100°F) treatments considerably decreases the probability
of a strictly thermal effect on tenslile properties. The impact properties
normally increase with temperature and would have their highest energy-
absorbing ability (shelf-energy values) during operation. Indeed, there
are data which show that the increase in transition temperature (radiation
effects) is less at the higher temperatures than at lower temperatures.

The above discussion takes into account only the softening effects
thet normally occur when a meterial has been subjected to an elevated tem-
perature. It does not consider metallurgical effects that should be evalu-
ated. There is evidence which suggests that nickel-conteining steels (and
all the principal materials in the pressure vessel contain nickel) may
embrittle when exposed, for excessively long times, to elevated tempera-
tures if the steels also contain alumipum.l Higher nickel-content steels
have shown embrittlement, as measured by Charpy V-notch impact tests, when
exposed to temperatures in th: pressure vessel operating range for time
periods approaching two years. It is possible that the steels, ASTM A 533,
A 508, and A 540, currently being used in the fabrication of pressure
vessels, may also embrittle. This phenomenon, if it does take place in
the steels for the service of interest, will be detected in the course of
the surveillance program, since any increase in transition temperature
will be observed. However, the surveillance program will not Jifferentiate
between radiation effects and other effects.

The embrittlement in the nickel-bearing steels has been attributed
to an aging phenomenon, which accompanies the precipitation of NiSAl. It
should be pointed out that

1. There is no aluminum in A 508 steel.

2. The nickel content is low (0.40 to 0.70%) in A 533 steel.

3. Vacuun degassing decreases the amount of aluminum required (by
about 50%) to deoxidize & heat of steel.
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These facts indicate that the embrittling may be negligible. How-
ever, whether or not it does occur will not be positively established
under current testing programs. The fact that the reactors currently
being built are expected to last upward of 30 years may be impetus enough
to investigate this embrittlement possibility.

5.2 CORROSION

A tremendous backlog of information, both experimental and opera-
tional, has been accumulated during the past 10 to 15 years on the cor-
rosion of carbon, low-alloy, and stainless steels in water systems re-
lated to nuclear reactor applications. The effects of numerous variables
on corrosion behavior of these materials have been investigated in a
thorough menner. Among the variables that have been examined are pH,
temperature, time, water velocity, material composition, stress, heat
treatment, and the presence of oxygen, hydrogen, and other gases in the
water. 1In addition, a fair amount of information is availeble on the
crevice and gelvanic corrosion of the materials in question.

It is the express purpose in the following sections to summarize
briefly the current status of corrosion knowledge of these materials per-
taining to their use in the primary cooclant systems of two types of nu-
clear reactors, boiling-water (BWR) and pressurized-water (PWR). Among
the topics to be considered are general and pltting corrosion, crevice

corrosion, galvanic corrosion, and stress-corrosion cracking.

5.2.1 Carbon and Low-Alloy Steels

5.2.1.1 General Corrosion

In order to minimize the problems of corrosion and of corrosgion prod-
ucts passing into the recirculating water system, it has been general
practice to utilize austenitic stainless steel as the major construction
material in most designs for water-cooled high-temperature nuclear power
reactors. If corrosion behavior would permit carbon or low-alloy steels
to be substituted for stainless steel in primary coolant system compo-

nents in nuclear reactors, capital costs would be decreased markedly.
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An additional potertial gain would le the elimination of the omnipresent
problem of stress-corrosion cracking of the more costly stainless steels
when chlorides are a contaminant in the cooling water. However, one of
the main deterrents to the use of either carbon or low-alloy steels for
nuclear applications involving water coolants has been the question of
whether such materials would exhibit acceptable corrosion resistance un-
der the contemplated operating conditions.

Prior to the advent of the nuclear industry, a broad background of
experience with carbon and low-alloy steels was available, but it was not
directly applicable to the conditions and problems peculiar to nuclear
reactor applications. Within recent years, many investigetions were un-
dertaken with these materiels to determine their usefulnezs as a material
of construction for water-cooled BWR- and PWR-type nuclear power reactors.
These investigations were c¢onducted, for the most part, under conditions
that simnlated as closely as possible those encountered during reactor
operation. Numerous and varied corrosion tests were performed at the
Bettis Plant of the Westinghouse Electric Corporation, the Knolls Atomic
Power lLaboratory, and the Babcock & Wilcox Company. It would be nearly
impossible to reference all wor}t that has been carried out during the
past ten years or so on the corros on of carbon and low-alloy steels in
connection with nuclear reactor research and development. However, where
possible, appropriate references are cited in the following discussion.

Corrosion Theory. Although appreciable informetion?-*2 has been

reported in the literature on the theory of carbon steel corrosion in
water, no attempt will be made here to present a detailed enalysis of the
mechanisms involved. Rather, by way of a brief review, it may be stated
that in some systems, for example corrosion of iron by seawater, the re-
actions at the solid-liquid interface are rate-determining. These half-
reactions are classed as two types, anodic and cathodic, and they must
balance. The driving force so distributes itself that both half-reactions
proceed at the same rate. The reaction requiring the greater driving
force for a given rate s said to be rate-controlling.

In anodic processes, the metal passes into the ionic state. This

can take place by metal dissolution or by the direct formation of a film.
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For the iron-water system, the possible anodic reactions are

Fe — Fe'@ + 2 , (1)
Fe + 20H — FeO + H,0 + 2e |, (2)
Fe + 20" — Fe(OH), + 2¢~ . (3)

Magretite (Fe30,) formation in degassed high-temperature water can occur
through any of the following three reactiors:

3Fe(OH), — Fe;0, + 2H,0 + H, , (4)
3Fe0 + Hzo - Fe304 + Hz » (5)
3Fe + 4OH — Fe,0, + 2H, + 4e . (6)

In ncutral or s)ightlv basic high-purity water such as that of primary
interest for reactor coolants, the metal dissolution by the passage of
ferrous ions into solution in reaction (1) can be neglected. Ferrous

oxide in reaction (2) is llkely to be hydrated when first formed.l* Re-
action (3) is not believed to be the rate-controlling step above 250°F.15
Furthermore, magnetite formation in reactions (4), (5), and (6) is markedly
cataiyzed by the presence of traces of impurities, even at room tempera-

4,16

tures. Above 122°F only magnetite is found as a corrosion product

17

of pure iron in oxygen-free water. In air-saturated water, saturation

of the solution with ferrous hydroxide is not obtained due to rapid oxida-
tion of ferrous ions and the generation of insoluble y -FeOOH.>8,19

The electrons left behind in the metal by the ancdic reaction must
be ba’inced by a corresponding cathodic reaction. If this cathodic pro-
cess can be restrained or prevented, the anodic process is likewise af-
fected, This is an extremely important point, since cathodic polarization
so often determines the overall steady-state corrosion rate. In degassed
pure water the only possible cathodic reaction is the discharge of hydro-

gen ions:

28" + 2¢7 — H, (7}
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or
2H,0 + 2" — H, + 20H . (8)
If air is present, the cathodic reaction may be reduction of oxygen:
0, + 2H,0 + 2¢° — 20H + H,0, (9)

or
GH + 0, + 4e” — 24,0 . (10)

Hydrogen-ion discharge will take place if the potential of anv point
on the water—solid phase interface i3 below the thermodynamic electrical
potential of this reaction. Hydrogen evolution is dependent upon (1) the
PH of the solution, (2) the potential of the particular film or metallic
surface exprsed to the solution, and (3) the overvoltage characteristirs
of that surface or of the inclusion contained therein.?2°

Material Composition. A number of investipgators have reported that

there is no significant difference in the corrosion behavior of carbon
and low-alloy steels in high-temperature water. Tackett and his co-

workers21

tested carbon, low-alloy, and low-manganese steels under a vari-
ety of conditions which included: (1) demineralized, distilled, or de-
gassed water; (2) dissolved hydrogen in the range 20 to 30 cc/liter;

(3) ammonia in the range 0.2 to 2 ppm; (4) pH between 8.0 end 9.5, (5) tem-
peratures from 500 tn 600°F; and (6) water velocities from i2 to 30 fps-
Generally, in these tests a portion of the circulating vater was purified
continuously by passing through a mixed-bed hydrogen-hydroxyl demineral-
izer. Result. showed clearly that all steels tested had approximately

the same degree of corrosion resistance. LaQue and Copson22 report that
extensive corrosion studies on carbon and low-alloy steels (up to 5% alloy)
under conditionxz simulating those in a nuclear boiling-water system show

practically no difference in the steels tested.2?

23,24 axposed 13 steels with up to 5%

Vreeland and his co-workers
chromium in a boiling-water loop with near-neutral water at temperatures
from 456 to 535°F in subcooled water and in saturated water. Oxygen con-
tents were 1 ppm in subcooled water, 0.1 ppm in saturated water, and 15 ppm

in the steam phase. The hydrogen content «f the steaw and steam-water
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phases was 2 ppm. Chloride concentration was less then 0.1 ppm. Results
showed no clear differences among any of the steels tested. Corrosion
rates were around several tenths of a mil per year (mpy) after periods up
to neariy 6000 hr.

It 18 obvlious, as reported by Uhlig,13 that so long as oxygen dif-
fusion is controlling, which is the case between pH 4 and 10 in aerated
neutral water at room temperature, any variation in chemical composition
of a steel or its heat treatment, or whether it is cold worked or annealed,
has no bearing on corrosion properties. Oxygen concentration, temperature,
and velocity of the water alore determine the reaction rate. This means
that whether a high- or low-carbon steel, or a low-alloy Steel, or wrought
nr cast iron, or cold-rolled mild steel is exposed to fresh water (or
to seawater), the observed corrosion rates in a given environment are all
essentially the same.

Effect of pH. Hydrogen-ion activity is greater in high-temperature
water than in room-temperature water. However, methods for an accurate
determination of pH in water at elevated temperatures have not been de-
veloped, and therefore all the following comments are based on pH measure-
ments made at room temperature.

Iron has relatively poor resistance in the neutral range of aerated

aqueous solutions.??

Yet, 1f undisturbed, a film continuves to develop

for years that slows the corrosion rate. Hydrogen -volution is suppressed
by the lowered hydrogen-ion concentration end by sold films of corrosion
product. Corrosion rates within this range are controlled by the diffu-
slon of oxygen through these films and are largely independent of hydrogen-
ion concentration. Alkaline solutions produce a protective corrosion-
product film. Film development within the alkaline range is more effec-
tive than in the neutral range. Resistance Increases with alkalinity

and hydroxyl-ion concentration. In contrast with neutral solutlons, aera-
tion has a much smaller effect on the rate of corrosion of iron, with the
effect decreasing rapidly above pH 9 to 10. The attack of iron by acid
and alkaline solutions 1s normally uniform, whereas pitting is usual in

neutral solutions.
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Uhligd? states that within the pH range of sbout 4 to 10, the corro-
sion rate of iron and steel is Independent of pH in aerated room-tempera-
ture water and depends only on how repidly oxygen diffuses to the metel
surface. The major diffusion barrier of hydrous ferrous oxide is con-
tinuously renewed by the corrosion process. Regardless of the observed
pH of water within this range, the iron surface is always in contact with
an alkeline-saturated solution of hydrous ferrous oxide, the pH of which
is about 9.5. Above pH 10, an increease in alkalinity of the environment
raises the pH at the iron surface. The corrosion rate decreases corre-
spondingly beceuse iron becomes increasingly passive in the presence of
elkalies and dissolved oxygen. In confirmation of the occurrence of pas-
sivity, the potential of iron in water of pH greater than 17 changes from
an active value of around —0.5 v (with respect to a saturated calomel elec-
trode) to a noble value of 0.1 v in 1 N NaOH, with an accompanying de-
crease in the corrosion rate. If the alkalinity is markedly increased
to, say, 16 N NaOH, passivity is disrupted, and the potential achieves
the very active value of nearly —0.9 v. The corrosion rate increases
slightly up to 4 mpy. In this region, iron corrodes with the formation
of soluble sodium ferrite (NaFeOs). In the absence of dissolved oxygen,
the reaction proceeds with hydrogen evolution to form sodium hypoferrite
(NapFeOy). The fact that ferrous lon is complexed by hydroxyl ion in
strong alkalies to form FeOz_, with accompanying reduction in activity
of ferrous ion, accounts fur the observed active potential of iron. Al-
though the rate of formetion of FeOs in concentrated alkalies at room
temperature is low, the rate becomes excessively high at boiler tempera-
tures.

For carbon steel to be used suecessfully in either conventional power
plants or primery systems of nuclear reactors, it has been believed neces-
sary (1) to raise the pH of the water to the range 10.5 to 11.5 and (2) to
keep the oxygen content of the water at very low levels.!! The necessity
for meintaining high pH in conventional boller systems hes been questioned,
however. For example, Vb&IEEfg‘éites industriil experience with 19 high-
pressure boilers in which the only water treatment used, other than initial
demineralizing, was the feeding of hydrazine, which is used for oxygen
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scavenging. The use of hydrazine also produces a moderate increase in
water pH. Laboratory tests“s2® have indicated that raising tue pH of
water from neutral to as high as 12 at temperatures in the rangs 484 to
680°F has no effect on the corrosion of carbon steel. A pH between 10
and 12, however, may have some advantage over a neutrai pH in Ligh-ve-
locity water streams.’?

Tackett and his co-workers?! reported that th. corrosion of cuarbon
steel in high-purity water at 500 to 600°F under dynemic conditiocas ap-
pears to decrease with increasing alkalinity from the pH range 7 to 9.5
to the pH range 10.5 to 11.5. Furthermore, the corrosion rate decreases
much more rapidly in high-alkalinity water (pH 10.5 to 11.5) than it does
at lower alkalinity (pH 7 to 9.5). At about 1000 hr, the instantaneous
descaled corrosion rate ranged from about 30 to 50 mg/dm?/mo* (~0.2 to
0.3 mpy). The extrapolated steady~-state rate at 10,000 hr is about 10 mdm
(0.07 mpy). On the other hand, the rate in low-alkalinity water seems to
reach a steady state beyond 500 hr and ranges from about 150 to 200 mdm
(0.9 to 1.2 mpy). In addition, Lobsinger2? has reported a lower corro-
sion of carbon steel in pH 10 lithiated water than in pH 9 ammoniated
water.

Tackett and his co-workers?! summarize the results of many studies
by various investigators by stating that of all the variables considered
in the range of water conditions investigated, only the alkalinity of
the water appears to have a really significant and consistent effect on
the corrosion of carbon steel in high-purity high-temperature water in
dynamic systems. The corrosion rate after 1000 hr in degassed water is
on the average three to six times more severe than it is after the same
exposure in high-alkalinity water (pH 10.5 to 11.5 with LiOH or NH,OH).

Effect of Temperature. When corrosion is controlled by diffusion of

oxygen, the corrosion rate at a given oxygen concentration approximately
doubles for every 86°F rise in temperature.?® In an open vessel that
allows oxygen to escape, the rate increases up to about 176°F and then
falls to a very low value at the boiling point. The falling off of the

#The unit milligrams per square decimeter per month is abbreviated
mdm in the following text.
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rate above 176°F is related to a marked decrease of oxygen solubility in
water as the temperature is raised; this effect eventually overshadows
the accelerating effect of temperature alone. In a closed system, oxygen
cannot escape, naturally, and the corrosion rate continues to inciease
with temperature until all the oxygen is consumed. When corrosion is
attended by hydrogen evolution, the rate increase is more than double

for every 86°F temperature rise.

Tipton?? reports that plain carbon and low-alloy steels have accept-
able corrosion rates up to 600°F under normal water-cooled reactor condi-
tions. They are, however, susceptible to local attack and pitting. Mild
steel corrodes at & rate of about 2000 mdm (13 mpy) in 140°F water con-
taining an oxygen concentration of about 4 cc/liter. At 600°F the steady-
state metal-loss rate is less than 50 mdm (~0.3 mpy) in alkaline solutions
containing hydrogen.

No significant effect of temperature in the range between 500 and
600°F in flowing high-temperature high-purity water, with wide variations
in water composition, was observed by Tackett and his co-workers?® on the
corros_on of carbon and low-alloy steels. Further, thermal cycling be-
tween 200 and 600°F at the rate of one cycle per day (8 hr at 200°F and
16 hr at 600°F) had no noticeable effect on the corrosion behavior of
these materials.

Effect of Time. The total corrosion of carbon steel in high-purity
high-temperature high-alkelinity water, as plotted from data by numerous
investigators, is shown in Fig. 5.1 (from Ref. 21). The calculated in-

stantaneous corrosion rate is shown in Fig. 5.2 (from Ref. 21). The cor-

rosion rate decreases rapidly with exposure time and reaches a value of
30 to 50 mdm (0.2 to 0.3 mpy) at about 1000 hr. The total descaled cor-
rosion of carbon steel in neutral and moderately alkaline water is shown
in Fig. 5.3 (from Ref. 21); note the significant difference between the
correlation for these data and the Babcock & Wilcox mean line that cor-
relates the high-alkelinity date. Also the corrosion rate for these con-
ditions decreases much more slowly with exposure time than does the cor-
rosion rate calculated from the Babcock & Wilcox mean line. The corrosion
rate seems to reach & steady-state value at about 500 hr. The corrosion
rate at 1000 hr is about 150 to 200 mdm (0.9 to 1.2 mpy).
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Effect of Velocity. It hes been stated by Copson>® that an increase

in the velocity of merated water generally leads to an increase in cor-
rosion rates for carbon steels, both by supplying oxygen at a greater
rate and by thinning the diffusion film at the metal-water interface.
Higher velocity, however, promotes greater protectiveness of the ferric
hydroxide film. As a result, corrosion rates occasionally decrease with
increasing velocity.3?

Erosion in high-velocity or highly turbulent water leads to acceler-
ated corrosion due to breakdown of the protective oxide film.'* Erosion-

32 in Beaerated

corrosion tests were conducted by Wagner and his co-workers
steam condensate at 250°F flowing at 125 to 450 fps. They found that cast
carbon steel was severely attacked as compared with more corrosion-resis-
tant materials that formed good protective films, such as martensitic

and austenitic stainless steels, bronze, and Monel.

The velocity below which carbon steel is not susceptible to erosion-
corrosion effects is relatively unknown.l4 However, it is known that
velocities of 35 fps meximum used in carbon steel test loops are below
tﬁe range where erosion-corrcsion should be a problem.33 Similerly, there
are aveilable data taken at velocities up to 30 fps which indicate that
the corrosion rates for type 304 stainless steel and Inconel are not



162

significantly affected by varying the flow rates.?4s3% The critical ve-
locity below which there is no corrosion effect is expected to be consid-
erably higher for austenitic stainless steel and Inconel than for carbon
steel. Zelenski's?6 erosion-corrosion data also show that carbon steel
started eroding at a much lower velocity than austenitic stainless steel.
The effect of velocity, among other variables, was examined with
AISI C1008 carbon steel under simulated BWR and PWR conditions with pH 7

.23 sSpecimens were exposed in the PWR test at 500°F to water con-

water
taining 6 ppm hydrogen and ebout 0.1 ppm oxygen. The BWR test weas operated
at 546°F in saturated water containing 0.02 to 2 ppm oxygen and about

0.01 ppm hydrogen. Water velocities were different, however, being 18 fps
in the PWR test and 6 fps in the BWR test. However, it has been reported
that in studies with materials for PWR applications, corrosion rates were
not appreciably affected by water velocities ranging between 1/60 and

30 fps.Y? After 1000 hr in the PWR test, the corrosion rate was 1.3 mpy
compared with a rate of 0.2 mpy after 1945 hr in the BWR test. This be-
havior was attributed to hydrogen and oxygen effects rather than to ve-
locity difference.

A velocity effect was reported with A 212 carbon steel in deaerated
600°F borated water with a pH between 5.2 and 6.3 and 100 cc of hydrogen
per kilogram of water.3? After 640 hr, the following rates were obtained:
0.2 mpy at 2 fps, 0.4 mpy at 20 fps, and 3 mpy at 36 fps.

For systems operating at 500 to 600°F with demineralized, distilled,
or deoxygenated water with dissolved hydrogen between 20 and 30 cc/liter,
ammonia in the range 0.2 to 2.0 ppm, and pH between 8.0 and 9.5, Tackett

and his co-workers?l

reported that as long as the velocity past the speci-
men surface was in the range of agbout 10 to 35 fps, there did not appear
to be any significant effect on corrosion. However, some tests at around
12 fps showed a2 heavier scale buildup than tests at higher velocities.

Effect of Oxygen. At ordinary temperatures in neutral or near-

neutral water, dissolved oxygen is necessary for appreciable corrosion
of iron.'? 1In air-saturated water, the initial corrosion rate may reach
3000 mdm (about 18 mpy). This rate diminishes over a period of days as
the iron oxide is formed and acts as a barrier to oxygen diffusion. The
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steady-state corrosion rate may be 300 to 750 mdm (approximately 2 to

5 mpy) and will tend to be higher the greater the relative motion of water
with respect to iron. Since the diffusion rate at steady state is propor-
tional to oxygen concentration, it follows that the corrosion of iron is
also proportional to oxygen concentration. In the absence of dissolved
oxygen, the room-temperature corrosion rates for both pure iron and steel
are negligible.

Although an increase in oxygen concentration accelerates corrosion
of iron st first, it is found that beyond a critical concentration the
corrosion rate agaln drops to a low value.?® TIn distilled water at am-
bient temperature the critical concentration of oxygen above which co+--
rosion decreases again is about 12 ml/liter. This value increases with
dissolved salts and with temperature, and it decreases with increases in
velocity and pH. At a pH of about 10, the critical oxygen concentration
reaches the value for air-saturated water, 6 ml/liter, and is still less
for more alkeline =olutions.

In 1952, 30% of U.S. Navy boiler-tube condenser failures were attrib-
uted to corrosion from dissolwved oxygen.39 Modern bollers operating
with dissolved oxygen contents less than 0.05 ppm (through mechanical
deaeration and oxygen scavenging with sulfite or hydrazine) have largely
eliminated the oxygen pitting problem.*® Seebold*’ concluded from his
studies that the presence of a sufficient concentration of oxygen in
600°F dynemic water also inhibited the corrosion of carbon steel. This
finding agrees with the observation made by Breeden and his co-workers®*?
whereby a "good" result was obtained wilh carbon steel in high-tempera-
ture water containing about 240 ppm oxygen as compared with a "poor" result
in water containing about 45 ppm oxygen. Similarly Cataldi and his co-

“3 noted in autoclave tects at 545°F that carbon steel appears to

workers
get deeper pits with 50 ppm oxygen than with 100 ppm. Apparently, there
are intermediate oxygen levels (>0.1 ppm) that promote pitting.

Ruther and Hart** showed that the corrosion of electrolytic iron in
low-oxygen water (<0.1 ppm) at 500°F resulted in formation of a uniform
brown-black coating of magnetite (Fe30;). Severe pitting developed in
water containing about 35 ppm oxygen over the entire temperature range

from 125 to 600°F. The average metal-louss rates were also much higher
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than obtained in & low-oxygen environment (<0.1 ppm). With adequate oxy-
gen present, the pure iron does not pit, amd a thin temper film of hema-
tite {(@*Fez03) is formed. This film formetion is a function of tempera-
ture and oxygen content. In the case of mild and low-alloy chromium
steels, an improvement in corrosion resistance over that of pure iron in
high-temperature water contalning approximately 35 ppm oxygen was noted,
particularly with regard to pitting. This is attributed to the carbon
and chromium contents, which promote film-forming ability. The benefits
from operating in the temper-film region are twofold for reactor appli-
cations. First, the total corrosion is lower than for typical low-oxygen
(<0.1 ppm) conditions. Second, and more important, the nature of the
corrosion product is such that mueh less of it would be released to the
weter stream. This may decrease the "crud" problem of carbon steel re-
actors to tolerable levels.

Vreeland! has discussed the oxygen effect. In water-cooled nuclear
reactors, water is decomposed radiolytically, and the possible problem
of oxygen in the coolant water arising from such decomposition is resolved
for pressurized-water reactors by introducing &n excess of hydrogen into

the coolant water.*?

The radiolytic recombination of hydrogen and oxygen
is accelerated so that little or no residual free oxygen remeins in ine
water. In & boiling-water reactor power plant, steam generated in the
reactor pesses directly to the turbine, whereas in a pressurized-water
power plant, water heated in the reactor generates steam in a secondary
steam generator. Maintaining an excess of externally added hydrogen to
force the recombination of radiolytic oxygen and hydrogen in & boiling-
water systen where the noncondensable gases exit through a stack would be
impractical. Oxygen from the radiolytic decomposition of the water is
therefore expected to be present in the steam and in the recirculating
water of & boiling-water reactor. As determined by the specific charac-
teristics of the particular boiling-water reactor under consideration,
the oxygen content of the steam will be 10 to 30 ppm46 with a dynamic
equilibrium quantity in the recirculating water. As a result of water
decomposition,; the total oxygen present will be in the stoichiometric
ratio of 8:1 with the hydrogen. The use of chemlcal edditives to adjust

PH in a boiling-water reactor is undesirable because the distilling action
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in the reactor could result in the formation of deposits on reactor parts.
From the foregoing, it is apparent that the construction materials for

the primary system of a BWR are exposed to neutral pH water, steam, and/or
mixtures thereof, all containing both hydrogen and oxygen.

References in the literature indicate that some concentrations of
dissolved oxygen in water do not accelerate corrosion of cearbon or low-
alloy steel and may actually inhibit corrosion of the steel by the forma-
tion of a protective oxide film.*! This inhibition can oceur either at
room or higher temperature, but there appears to be no agreement as to
the amount of dissolved oxygen in the water to cause inhibition. One fac-
tor responsible for the lack of agreement may be the velocity of the test
water. Copson3° has pointed out that there is an interrelation between
the effects of water velocity and oxygen concentration on the corrosion
of carbon steel. Uhlig*? states that at 86°F and a velocity of 0.25 fps,
the corrosion rete of mild steel in distilled water is 60 mpy at about
22 ppm dissolved oxygen and 5 mpy at about 34 ppm dissolved oxygen. Frese*?
found that at 72 to 77°F, mild steel showed a maximum corrosion rate in
distilled water at an oxygen concentration below 40 ppm; at higher oxygen
content, the corrosion rate decreased. At low oxyge : concentrations, the
corrosion products were loose and fluffy; at higher oxygen contents, they
were hard and adherent, an indication of a more protective film. Vernon*®
suggested increased aeration rather than deaeration to reduce corrosion
of steel is water or dilute salt solutions.

2 jndicate good

In high-temperature water, Breeden and his co-workers*
results for A 212 grade B carbon steel in water containing a large con-
centration of oxygen and poor results in water containing much less oxy-
gen. Moore®? tested carbon steel in 482°F water at 26 fps with 6-, 30-,
90-, and 400-nsi oxygen pressures. Tests at the lower oxygen pressures
produced heavy sceles of corrosion products that were easily removed and
were identified as predominantly magnetite (Fe,04). Corrosion rates in
these tests ranged from 5 to 16 mpy. In tests at higher oxygen pressures,
the oxlde films produced on specimens were thin and very adherent, and
they showed more hematite (@-Fe;03) than those in the lower oxygen pres-
sure systems. Corrosion rates in the hlgher oxygen pressure systems varied

between 5 and & mpy. Seebold“t concludes from his tests that the presence
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of a proper concentration of oxygen in water inhibits the corrosion of
carbon steel in loop systems at temperatures up to 600°F.

When oxygen is present in water, corrosion products that may be formed
ure Q«FeOOH, B.FeQOH, y.FeOOH, y.Fep03, and ®.Fez03 (Ref. 1i). If steel
is exposed continuously to air-saturated room- .emperature water, 7-FeOOH
forms, sloughs off the surface, and appears as loose particulate matter
either suspended in or settled from solution. If the temperature is ele-
vated to about 600°F, the y.FeOOH is converted to Q<Fe,0; as a nonadherent
corrosion product, which may then be reduced to nonadherent Fe;0, by cor-
rosion-generated hydrogen at the high temperature. Bloom's'® experiments
led him to believe that the presence of oxygen in aqueous systems in con-
tact with steel at elevated temperatures may in some circumstances produce
more protective films than are formed in its absence. He states that this
phenomenon is probably associated with the occurrence of y+:Fez05 as an
insulating film over Fe;0,; in contact with the steel.

Pearl and Wozadl»>?! investigated the effect of oxygen in a dynamic
test loop under conditions that simulated the various environments found
in a nuclear BWR system. Water and steam conditions were based on 20 ppm
oxygen and 2,5 ppm hydrogen in the 546°F saturated steam, a condition
representative of the oxygen and hydrogen formed in a BWR from radiolytic
water decomposition. The corresponding oxygen content in the recirculat-
ing water was 0.2 ppm. The PH of the high-purity water used was neutral;
no chemicals were added. The corrosion rate of carbon steel averaged less
than 10 mdm (<0.1 mpy) in approximately 5300 hr. There was little, if
any, difference in corrosion or metal lost to the system that could be
attributed to testing in the four available environments: steam, steam-
water, saturated water, or subcooled water. The low corrosion rates that
were obtained@ on the carbon steels were the result of the action of oxy-
gen, or oxygen and hydrogen, which apparently helped form a protective
oxide on the steel. This oxide appeared to protect the steel against cor-
rosion when it was exposed subsequently to water thet was low in oxygen
and hydrogen content. Startups with oxygen and hydrogen contents of the
water quickly raised to levels similar to those in a BWR resulted in less
corrosion than when oxygen and hydrogen were added a few hours after
startup.
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It was pointed out?® that in the high-purity high-temperature water
containing representative BWR conditions of hydrogen and oxygen, most of
the initjial corrosion formed a protective oxide film on the steels in-
stead of being carried off in the water. It was further indicated that
the form of the existing oxide changed upon the initial addition of the
oxXygen and hydrogen to the system; any nonadherent oxides were et least
partially removed by the loop water. Another ltem of ilmportance was the
finding that the corrosion-release rate in the presence of oxygen and
hvdrogen was appreciebly lower than in a neutral pH system with hydrogen
but no oxygen in the water.

It is hypothesized by Tackett and his co-workers?? that the addition
of hydrogen but no oxygen in the water during startup will give the typi-
cal PWR corrosion and metal-to-system losses until the time when the oxy-
gen and hydrogen are added stoichiometrically. At that time, the entire
corrosion process will change essentially to the more typical BWR type,
and a certain portion of the corrosion product that has accumulated up
to that time will be released to the system and be reflected as an iron-
to-system loss.

An analysis5l leads to the important conclusion that there is essen-
tially no iron-to-system loss, regardless of time, once the system has
been properly brought to operating conditions with hydrogen and oxygen
addition. If this effect can be proved to be true, one of the major
limitations in using carbon steel in bolling-water reactors will have
been eliminated.

This understanding has been an empirical development based cn engi-
neering application data. It is of interest to determine whether the
interpretation and results are consistent with the mechanism studies car-
ried out by others. Bloom'® observed that those oxides with & spinel
structure, Fe;0; (magnetite) and 7.Fez0s; (maghemite), form adherent pro-
tective films, whereas the oxide ®-Fes0; (hematite), of a corundum struc-
ture, 1s a less adhering insulated powder. He further noted that Fe;0,
oxidizes to y.Fez0s3 when exposed to oxidizing environments. This trans-
formation results in a chenge that might be more favorable to developing
more protective and pit-resistant films. He visualized an insulating
film of y.Fe303 over the Fea0O,; in contact with the steel. Ruther and
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Hart** found .Fe30; formed initially as a thin film on pure iron in oxy-
gcnated water in contrast with the Fe30,4 coatings produced in deoxygenated
water. Potter and Mann®2? observed a double oxide layer of Fe30; in studies
of magnetite growth on carbon steel in essentially oxygen-free steam. Un-
der certain conditions the outer layer was nonadherent.

If it is assumed in the work of Pearl and Wozadlo’l that the oxide
formed during startups before adding oxygen is in the form of a double
layer of Fe;0;, as observed by Potter and Mann,>? the following might be
expected upon the addition of oxygen. The outer layer would be oxidized
to @.Fez03, with the resultant loss of some iron to the system. The outer
surface of the inner layer would be gradually oxidized to y-Fe203 to form
an insulating layer over the Fea0, adjacent to the metal. During the time
of developing the y-Fe203 layer, the corrosion rate would not necessarily
increase from that existing just before adding oxygen. As the insulating
layer became more complete, the rate would decrease until a low linear
rate was established based on the rate-controlling process of diffusion
of anions inward through an insulating layer of constant thickness.

Effect of Hycdrogen. Limited information is available on the corro-

sion of carbon steel as influenced by the presence of dissolved hydrogen
in high-purity high-temperature water. It has been shown that a nominal
partial pressure of hydrogen will not affect the iron-water equilibrium

appreciably.l?

Therefore, this would not be expected to reduvre notice-
ably corrosion rates of iron and carbon steel. However, the introduction
of hydrogen into a nuclear reactor or an in-pile test loop has a marked
effect on the quantity of corrosion products released to the system. The
benefits afforded by hydrogen additions are reported by Welinsky and his
co-workers. >3

Tackett and his co-workers?! have reported that the hydrogen concen-
tration seems to have little effect on carbon steel corrosion in high-
alkalinity water (pH 10.5 to 11.5), at least when oxygen concentrations
are low. However, in neutral water, the removal by continuous degessing
of hydrogen released by corrosion seems to accelerate attack, while addi-
tion of hydrogen to increase the concentration to about 50 cc/liter ap-

pears to greatly reduce corrosion.
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Effect of Dissolved Salts. The presence of dissolved salts in water

modifies the usual corrosion mechanism for iron or carbon steel.?? The
salts take part in reactions at the cathode and the anode even though the
end products continue to be ferrous hydroxide and hydrous ferric oxide.
These salts influence corrosion rates by their effect on adherence, loca-
tion, and physical nature of the rust layer, as does the presence of cer-
tain alloying elements in the metal. Many salts yield a precipitate that
adds to the obstructive cffect of the rust and the diffusion layer of
solutions.

Certain anions, such as chromates, phosphates, silicates, borates,
etc., are more or less effective as corrosion inhibitors.l® According
to Huddle® it seems possible that these anodic inhibitors function by
catalyzing the formation of true oxide, as opposed to a hydrated oxide
or hydroxide film. The exact mechanism by which these complex ions impart
a true oxide rather than a hydroxide has not been firmly established.
However, they compete with hydroxyl ions and other enions present in the
solution for participation in the reaction at the anode surface. If their
adsorption 1s such as to exclude the hydroxyl ion from the reaction, it
is suggested that the complex ion donates its own oxygen to the film and
regains this oxygen from the solution. Certain of the complex ions are
only effective in oxygen-containing solutions; this indicates that the
time function of the complex ion mey well be to act only as a catalyst
in the anodic transfer of dissolved oxygen from the solution to the film.
Thus, it appears that an anion inhibitor more likely affects the corro-
sion of iron (and stainless steel and Inconel) in oxygen-containing water
than .n oxygen-free reactor water.

Fitting Corrosion. Despite the high-resistivity of reactor-grade
water, it 1is eXpected that carbon and low-alloy steel compcnents in a

water-cooled nuclear reactor would be subject to rusting, pitting, and
local attack by the water during reactor startup and shutdown periods
when the water might be at or near room temperature and the reactor might

1 Several tests of carbon and low-alloy steels in reactor-

be open to air.?!
grade water (air-saturated deionized water at room temperature) confirmed
the above expectations. After less than 5 min of exposure to the water,

rus* patches could be observed on AISI 1008 carbon steel with the aid of
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8. low-power microscope. In about 6 min the rust patches could be cbserved
with the unaidea r ~.

Bloom and Strauss’* indicated that the occurrence of pitting may de-
pend on the type of exposure at room temperature. For example, they found
that (1) filling a thermal-convection loop constructed of previously un-
exposed SAE 1010 steel with distilled air-saturated water at room tempera-
ture and operating it for several weeks or more at 600°F, produced a uni-
form film of magnetite on the steel with no evidence of pitting; (2) when
the loop was filled with oxygenated water and pressurized with 300-psi
oxygen a% room temperature, and the loop was then heeted to 600°F and oper-
ated at this temperature for 21 days, previously unexposed SAE 1010 piping
contained a liberal distribution of circular red patches of &-Fe204, each
of which overlaid a pit; and (3) when previously unexposed SAE 1010 loop
piping was filled with degassed distilled water and heated as rapidly as
feasible to 600°F, and the loop after operation at this temperature for
10 to 15 min was pressurized with oxygen at about 300 psi and run for
21 days, no signs of pitting were evident.

Specimens of carbon and low-alloy steels were exposed to simulated
BWR conditions in a test loop at 546°F to determinel! (1) whether pi““ing
and local attack in roometemperature water would be intensified during
subsequent exposure at loop-operating conditions, (2) whether low-alloy
steels might be expected to be more resistant to pitting and loca: attack
than carbon steel exposed to reactor-quality water at room-temperature,
and (3) whether carbon and low-alloy 3teels, which are first exposed to
high-temperature water, will form a protective film of oxide that will
prevent pitting and local attack during subsequent exposure of the st =1
to water at room temperature. Room-temperature exposures were for about
300 hr, while high-temperature runs lasted around 1030 hr. Results indi-
cate the Tollowing:

l. Pitting, local, and general attack on steels tested in room-
temperature water are not intensified or accelerated during subsequent
exposure to high-temperature water. The effects of exposure to room-tem-
perature water followed by exposure to high-temperature water appear to
be additive rather than accelerative.



1in

2. When the steels were first exposed to high-temperature water,
the oxide formed afforded conslderable protection to the steels when they
were then exposed to room-temperature water. However, the protection was
not complete. The few pits that did form were generally as deep or deeper
than those formed on specimens exposed to room-temperature water without
the benefit of the protective oxide. In any case, pits did not exceed
4 mils in depth.

3. Steels exposed to room-temperature water and then to high-tempera-
ture water and then descaled were not subject to intensified corrosion
when given an additional exposure to high-temperature water. This indi-
cates that reactor components fabricated of steels contairing up to 5%
chromium could be descaled or decontaminated without suffering accelerated
corrosion upon exposure at operating conditions.

Specimens of several steels were exposed to water at 535°F in the
subcooled test section of a boillng-water loop during several runs and
shutdowns to determine whether pitting and local attack would occur during
this type of exposure, which simulates high-temperature operation and peri-
odic shutdowns of & BWR.!1 The specimens were exposed first for 155 hr
in high-temperature water, then for 118 hr in room-temperature water with
access to air, next for 309 hr in high-temperature water, and finally for
146 hr in room-temperature water with access to air. Corrosion rates for
the total exposure period were 0.2 mpy for types ASTM A 212 grade B and
ASTM A 302 grade B steels, about 0.2 mpy for AISI type 502 steel contain-
ing 5% chromium, and 0.1 mpy for AISI type 304 stainless stcel. All steels
showed pitting to 5 mils in depth, except the type 304 steel, which was
free from pitting.

5.2.1.2 (Crevice Corrosion

In the corrosion field, the term "crevice corrosion" has acquired a
very general meaning thet normally includes all observations of accelerated
attack at the junction between two metals exposed to a corrosive environ-
ment. Operational experiences of the PWR and Naval reactor programs show
that the oxygen content of the water is almost unmeasurable with the addi-
tion of hydrogen.12
not normally a problem that requires special attention in systems with

Further, information shows that crevice corrosion is
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low-oxygen contents on the order of 0.1 cc per kilogram of water. Much
of the reported work, however, 13 based on systems containing 1 to 10 cc
oxygen per kilogram of water.

Metal-Ion Concentration Cell. The form of crevice corrosion that

is defined as a metal-ion concentration cell results from corroding cur-
rents that arise in those regions where there exists a difference in metal-

jon concentration.l?

The extent of accelerated corrosion at these points
depends primarily upon the magnitude of the corroding current which, in
turn, is related directly to the metal-ion concentration difference at
the poir.ts in question. The direction of the corroding current deter-
mines the location of the corrosion from the accelerated attack. Corro-
sion occurs at those points where the current leaves the metal. 1In this
case, the current travels from the metal outside the crevice to the metal
inside the crevice. Therefore the corrosion products form at the mouth of
a crevice or at the perimeter of the contact area. It is also apparent
that this type of corrosion could be considerably minimized by continuously
replacing the water in the crevice with fresh water from the outside to
minimize or eliminate a difference in metal-ion concentrati-zns. It is ex-
pected also that this form of corrosion could be minimized or even elimi-
nated by increasing the crevice gap s0 that sufficient flow and displace-
ment of water could occur at the mouth of the crevice to prevent the for1a-
tion of differential metal-ion concentrations.

Oxygen-Concentration Cell. The form of crevice corrosion that is de-

fined as an oxygen-concentration cell results from corroding currents that
arise at those points where a differential oxygen concentration occurs.?
As in the case of the metal-ion concentration cell, the magnitude of the
corroding current is related directly to the difference in the oxygen con-
centration at the point in question. The corroding current flows from the
low-oxygen-bearing medium to the metal. Therefore, in contrast to the
metal-ion concentration cell, accelerated attack could be expected to oc-
cur at the entire interface surfaces of both materials rather than at the
mouth of the crevice. This form of corrosion may be controlled in the

same manner as mentioned earlier for the metal-ion concentration cell.

Stagnant-Area Corrosion. Strictly speaking, stagnant-area corrosion
2

is8 not normally considered a form of crevice corrosion.?! However, since
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it has been found to play an important part in the analysis of crevice-
corrosion problems, it is considered desirable to discuss this form of
corrosion to indicate its importance in relation to other forms of crevice
attack and to actual design problems. Stagnant-area corrosion, as related
to crevices, may be defined as general accelerated attack that may occur
within a crevice or any stagnant area. It resulis directly from the in-
creaged corrosivity of the environment which, in turn, is a direct result
of the accumulation of both soluble and insoluble corrosion products within
the crevice. 1In contrast, the accelerated attack that occurs in both the
metal-ion and oxygen-concentration cells results from differential effects.
Since essentially no circulation of water normally takes place within crev-
ices, it would be expected that the concentration of corrosion products
would increase almost indefinitely and thereby produce more corrosion than
would be normally expected for the same material exposed to the environment
outside the crevice. For example, if a crevice is exposed to high-purity
water having a total solids content of 1 ppm, it is very possible that

the water within the crevice may eventually have a total solids content
100 or 1000 times greater than that of the surrounding enviromment. The
corrosion resistance of the particular metal involved may be entirely in-
adequate in the relatively Impure water as compared with the pure water.
Although this form of corrosion does not depend on differential effects,
the methods of controlling the problems are essentially the same as for
metal-ion and oxygen-concentration effects. The mechanism of corrosion
involved in stagnant areas of all kinds is the same as that described for
stagnant-area corrosion in crevices.

Only limited information is available on the effect of hydrogen on
crevice corrosion.l? However, there are sufficient data to indicate that
hydrogen plays an important role in the control of crevice corrosion by
minimizing the adverse effects of oxygen. On the basis of the corrosion
inhibition generally afforded by hydrogen, & concentration of hydrogen
on the order of 25 to 50 cc per kilogram of water would be expected to
provide adequate protection against crevice corrosion. However, addi-
tional work will be required for subtantiation of this statement.

A few observations have been made on the crevice-corrosion behavior
of carbon and low-alloy steels under simulated BWR conditions consisting
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of 546°F water at pH 6.4 with 0.1 ppm oxygen in the water and 2 ppm hydro-
gen in the steam.ll After the tests, specimens were examined for crevice
corrosion in the areas where stainless steel spacers used in mounting the
specimens in the holders cohtacted the specimens. Visually, no attack
was noted, vLut at up to 40X magnification it was revealed that the tesat
materials were subject to wvery slight crevice corrosion. It is believed
possible that the crevice corrosion might occur during the part of the
test when the loop 1s being brpught to temperature before test conditiéns
are reached. This hypothesis was strengthened by the fact that the crev-
ice corrosion did not appear to increase as the test time increased.
Ruther and Hart®“ found no evidence of increased corrosion in crevices
when they tested 5% chromium steel and type 304 stainless steel for 85
days in water containing 35 ppm oxygen or 98 days in water containing

530 ppm oxygen at S00°F. The subject of crevice corrosion for carbon

and low-alloy steels in water-cooled nuclear reactors requires further

attention under both operating and shutdown reactor conditions.

5.2.1.3 Galvaric Corrosion

Galvanic corrosion may arise when two dissimilar metals are in con-
tact in an aqueous environment. The potential difference between them
will initiate attack at a corrosion rate that is largely dependent upon
the surface reactions of the two metals.’® Surface films affect the ef-
ficlency of an electrode. A bare metal is a much better cathode than one
covered with an oxide which, apart from its possible interference with
hydrogen evolution, puts an additional resistance into the electrochemical
circuit. The stability of the oxide in the solution is therefore of some
importance. Since the diffusion of oxygen is frequently the rate-de.er-
mining factor in aqueous co:rrosion, large cathode-to-anode ratios will fre-
quently result in intense galvanic attack. Such effects are most likely to
occur at points where structures are joined by a different metal.

Because of the possibility that galvanic attack might occur in high-
purity primary water systems for nuclear reactors at dissimilar-metal
Junctions, such as welds, and especially at welds between carbon or low-
alloy steel and stainless steel in & reactor system that included carbon

or low-alloy steel as a construction material, tests were conducted under
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simulated boiling-water actor conditions with welded dissimilar-metal

welded specimens.11

The specimens included welded carbon steel and low-
alloy steel and carbon steel and alloy steel welded to stainless steel.
The exposure, of 1000 hr duration, was carried out in near-neutral high-
purity water at about 546°F in steam, steam-water, saturated water, and
subcoolcd water (535°F) environments containing from 0.1 ppm oxygen in the
saturated water to 15 ppm oxygen in the steam and 2 ppm hydrogen in the
steam and steam-water mixture. The chloride content of the water was less
than 0.1 ppm. Visual, low-power microscopic, and metallographic examina-
tions revealed no traces of galvanic, selective, or accelerated corrosion
in or near weld 2zones of any of the welded specimens. The absence of ac-
celerated attack on the carbon steel or low-alloy steel portions of the
dual-metal welded specimens indicates that galvanic corrosion is not an
important factor in these systems, a situation which is probably related
to the poor conductivity of the water.

Ruther and Hart%* also found no evidence of increased corrosion in
galvanic couples when they tested 5% chromium steel and type 304 stain-
less steel at 500°F for 85 days in water containing 35 ppm oxygen or 98
days in water containing 530 ppm oxygen.

5,2.1.4 Stress-Corrosion Cracking

When mild steel is stressed in tension to stresses near or beyond
the elastic limit and exposed specifically to hot concentrated alkaline
or hot concentrated nitrate solutions, it suffers stress-corrosion crack-
ing along intergranular paths. The required stress may be applied or it
mey be residual in the metal.'? Time to failure is a matter of minutes
under severe conditions of stress and environment or of years when con-
ditions are less severe.

Stregs~corrosion cracking was first encouni:red in a practical way
in riveted steam boilers.l? Stresses at rivets always exceed the elastic
limit+s, and boiler water is normally treated with alkalies to minimize
corrosion. Crevices between rivets and boiler plate allow boiler water
to concentrate v-til the concentration of alkali suffices to iInduce stress-
corrosion cracking, which is sometimes accompanied by explosion of the

boiler. Because alkalies were recognized as one of the causes, failures
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of this kind were first called caustic embrittlement. With the advent of
welded boilers and with improved boiler-water treatment, stress-corrosion
cracking has become lesgs common. Its occurrence has not been eliminated
entirely, however, because stresses, for example, may be set up at welded
sections of boilers or in tanks used for storing concentrated alkalies.

It has been claimed by sSome that stress-corrosion cracking of steels
in alkalies is a form of hydrogen embrittlement or hydrogen cracking, but
this has never been proved. On the contrary, cathodic polarization of
stressed steel in hot caustic soda solution protects against cracking and
indicates that hydrogen does not -ake part in the mechanism.>®

Even though well supported, there is presently some doubt that the
electrochemical mechanism alone is adequate to explain all features of

the stress-corrosion cracking phenomenon.!?

Steel, for >xample, is pecu-
liarly susceptible to hydroxyl and nitrate ions but not to nitrite, sul-
fate, chloride, and many other ions. This has led to the hypothesis®7»>8
that cracking occurs in part through adsorption, which reduces the surface
energy of the metal at the apex of the crack and encourages the metal to
part under tensile forces. lLangmuir’? demonstrated that only a monolayer
of adsorbate is needed to cut off major surface affinities of underlying
atoms. Furthermore, ions primarily effective in this respect are those
that specifically cnemisorb on a given metal surface. Crack propagation
aided by adsorption has been suggested .is explaining the fracture of
steels containing hydrogen.®°

The preferred path of chemisorption may occur selectively along
specific paths in the metal where there are dislocations, perhaps locked
in position by impurities, or at vacancies where certain alloying compo-

nents are concentrated.?

Hence, cracking may follow the same routes,
that is, it may proceed along the grain boundaries or through the grains
that favor galvanic action. In fact, the natural emf of galvanic cells
maey well favor chemisorption of specific ions on one or both electrode
surfaces. Applied anodic or cathodic polarizaetion of the metal may alter
adsorption behavior of ions and may even serve to displace some ions with
otherc less damaging. In this respect, cathodic polarization can be

beneficial, independent of a corrosion mechanism.
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Mild steel undergoes cracking under high-temperature high-concentra-

35 Tnis phenomenon 1s usually referred to as

tion alkaline conditions.
caustic cracking. Caustic cracking represents a serious hazard in boilers
and steam equipment, where crevices or porous scale in highly stressed
regions, for example, a rivet or seam, can become regions of high pH and
initiate explosive failure. The cracks are intergranular, although there
is attack on pearlitic cementite, and the iron dissolves as oxyanions.
Magnetite is precipitated, but usually not at the crack tip, so there is
no stifling. Hydrogen is produced during the attack, and it may help
crack propagation by forming internal blisters. Stress relieving mild-
Steel structures helps to reduce the probability of cracking, but this
is usually combined with inhibitive methods aimed at eliminating the pos-
sibility of alkaline-concentration buildup. Phosphate, which precipitates
at high pH but below dangerous levels, is widely used and added so that
the ratio Naz0:P,05 is just less than 3:1. Sodium nitrate is another ad-
ditive that has been successfully employed to eliminate cracking on loco-
motive boilers. Under some circumstances, nitrate may accelerate crack-
ing.

Tt is believed that carbon and low-alloy steels are not susceptible

11 Stress-cor-

to stress-corrosion cracking under BWR or PWR conditions.
rosion cracking of steels containing up to 5% chromium is most frequently
observed in caustic and nitrate solutions and in media containing hydrogen
sulfide.“7»6} At +emperatures above about 1058°F in steam, mild steel
may be decarburized and embrittled, because of attack on cementite by
corrosion-generated hydrogen,19 with the formation of methane in accor-

dance with the following equation:

Fe3C + 4H — 3Fe + CHy .

Prevention of this type of attack requires the addition to the steel of
elements aat form stable carbides, such as niobium, titanium, vanadium,
tungsten, chromium, molybdenum, and manganese-

Duplicate U-bend specimens of carbon and low-alloy steels were ex-
posed to simulated BWR conditions in a “est loop for periods up to 300 hr.l?
Conditions included a temperature of 546°F, 0.1 ppm oxygen in saturated
water, 15 ppm oxygen in steam, and 2 ppm hydrogen in steam. The chloride
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content of the pH-6.4 high-purity water was l.ss than 0.1 ppm. No crack-
ing was detected with steels containing up to 5% chromium. Because of
the limited number of stress specimens exposed, the results should be
regarded only as an indication of the resistance of carbon and low-alloy
steels to stress-corrosion cracking.

Stressed specimens of types ASTM A 106 and A 212 carbon steel were
exposed for periods up to approximately 24,000 hr (33 months) during the
preoperational and operational phases of the Heavy-Water Components Test
Reactor (HWCTR).%2,%3 The environment was heavy water (light water during
the preoperational period) at nearly 600°F and 2000 psi, which was main-
tained at a pD of 10.7 £ 0.5 by lithium hydroxide addition. Deuterium
was added to the helium pressurizing gas and controlled to give a dis-
solved deuterium concentration of 10 to 20 cc pe: kilogram of heavy water
in the high-pressure system. The dissolved deuterium combined radio-
lytically with dissolved oxygen to give a dissolved oxygen concentration
of less than 0.004 ce/kg or approximately 5 ppb. No cracking was observed
on any of the stressed specimens.

5.2.2 Austenitic Stainless Steel

5.2.2.1 General Corrosion

From the beginning of the reactor program, chromium-nickel austenitic
steinless steel has been the basic material for contact with the primary
fluid (high-purity water) for cooling purposes. These alloys have exhib-
ited a definite susceptibility to stress-corrosion cracking under certain
conditions that may be encountered by the heat-exchang=r tubes on the
secondary side but, nevertheless, stainless steel components generally
have exhibited excellent corrosion behsvior in reactor service. The pos-
sibility of reducing material costs has prompted several studies of the
feagibility of substituting carbon and low-alloy steels for stainless
alloys. So far, results of such explorations have not provided & suf-
ficiently well-established baslis for use of these mate.ials in primary

gystems of water-cooled reactors.2?

The most lmportant deterrents have
been evidences of susceptibility to localized attack, possibilities of

hydrogen embrittlement by dissociated hydrogen, impairment in ductility
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by radiation, and the fact theat possible savings 1n cost might well be
offset by added expense in dealing with the greater amount of corrosion
products generated.%?s64,65

The alloys of iron, chromium, and nickel are the most versatile non-
Precious corrosion-resistant materials. Most investigators believe that
the corrosion resistance of these alloys results from the presence on the
surface of the alloy of a thin oxide or hydrate Tilm that is stabilized

by chromium.?®

It is generally agreed that passivation is not a continuous
state and that it exists only in certain environments or under certain
conditions. Under many conditions, the range of passivity is broad, while
in others the range is relatively narrow and may be destroyed by slight
environmental changes. Stainless steels are normally passive in natural
fresh water, mine water, boiler condensate, and steam at elevated tempera-
tures. Under the usual conditions of exposure, these alloys remain sub-
stantially free of pits and rust. However, iwproper heat treatment or
strong cell concentrations may bring about superficial rusting or incipient
pitting.

The corrosion resistance of the 300 series stainless steels in high-
temperature water is generally excellent and these alloys have been used
extensively in various nuclear reactors. Sensitized 300 series steels
are not susceptible to intergranular attack in water at high temperatures.?®
However, case hardening of stainless steels, either by nitriding or mal-
comizing, decreases the initlal corrosion resistance to such an extent
that the usefulness is limited in water at elevated temperatures.®®

The structural integrity and reliability of pressure-circuit compo-
nents and consequently the operational status of a nuclear reactor plant
are closely dependent on the corrosion behavior of the system materials.
The dominant properties of the priiery coolant are its pH and oxygen con-
tent, although other agents added to the water for special purposes may
also influence its aggressiveness. For example, boron in the form of boric
acid may be added to the primary fluid as a means of supplementing the
control rods to override additional reactivity produced by the fuel in
excess of the critical mass at startup.

Considerable corrosion testing of the austenitic stainless steels has

been conducted in autoclaves and test loops in which the oxygen, hydrogen,
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PH, temperature, and water velocity could be controlled. The effects of
these variables are discussed in the following sections.
Effect of Oxygen. The corrosion rates of stainless steels in high-

temperature distilled water are relatively insensitive to the amount of
29

dissolved oxygen present. low rates are observed in the range <0.5 to
7 cc oxygen per kilogram of water. Above this range, corrosion increases
slowly and has a tendency to level off until oxygen concentrations in the
neighborhood of 1000 cc per Yilogram of water are reached. At these
higher concentrations, corrosion decreases slightly.

In pH-8 to -10 high-purity water at 500°F with up to 5 ppm NH3 and
20 to 30 cc Hz ver kilogram and in pH-10 to =11 (by lithium hydroxide
addition) water at 600°T with 25 cc oxygen per kilogram of water, stain-
less steel corrodes uniformly at exceedingly low rates, less than 10 mdm
(~0.06 mpy), at velocities between 7 and 15 fps.®” Carbon steel also
corrodes relatively uniformly under similar conditions but at rates about
ten times greater than for stainless steel. A stainless steel rate of
0.06 mpy is considered negligible with respect to design life for equip-
ment. However, for a typical pressurized-water reactor plant, even this
low rate would lead to some 0.25 to 0.5 1b of corrosion product per month,
which could represent a significant amount. In neutral water, the crud
from stainless steel occurs both as loose magnetite (Fe304) containing
also chromium and nickel oxides and as an adherent thin film on the metal.
At high pH, the quantity of loose solid corrosior products is considerably
reduced and the adherent corrosion films are thicker. In tests similar
to those described above, the effect of small amounts of dissolved oxygen
on the corrosion of type 304 stainless steel was examined. At low oxygen
concentrations (10 ppb or less) the observed rate was 1.2 mdm (~0.01 mpy)
after 2100 hr. At an oxygen concentration of 10 ppb with three or more
surges up to and exceeding 100 ppb, the rate was 9.4 mdm (~0.04 mpy) after
nearly 2000 hr.

Wanklyn and Jones88 report that additions of dissolved oxygen have
little effect on the corrosion of austenitic stainless steels in high-
purity high-temperature water nor do small amounts of nitrogen, argon,

helium, and ammonie.
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Effect of Hydrogen. The addition of hydrogen (50 cc per kilogram

of water or more) is effective in reducing the corrosion of the austenitic

stainless steels in high-temperature high~-purity water.2? Many stainless
steels show no visible corrosion when tested at 5C0°F in water containing
dissolved hydrogen. In operating systems containing hydrogen, the most
beneficial effects are obtained by introducing the desired amount of hy-
drogen at room temperature before bringing the system to operating tem-
perature and pressure. Wanklyn and Jones®8 also report that the addition
of dissolved hydrogen has little ~ffect on the corrosion of the austenitic
stainless steels. Vreeland®® summarizes the results of numerous investi-
gations on the hydrogen effect by stating that 1little or no effect on the
corrosion of austenitic stainless steels in high-temperature high-purity
water results from the presence of O to 45 ppm dissolved hydrogen.

Effect of pH. Some information on the effect of water pH on the

corrosion of austenitic stainless steels has been included in the preceding
section on the "Effect of Oxygen." Vreeland®? reports that 'n high-purity
high-temperature water, variations in the pH between 7 and 11 apparently
have little effect on Lhe general corrosion of austenitic stainless steels,
although the variations may influence the behavior of suspended corrosion
products. Maintenanne of a high pH at the reactor operating temperature
may tend to reduce both the formation and deposition of corrosion prod-
ucts.%? Under reactor operating conditions, lithium hydroxide is more
stable and therefore more effective than ammonium hydroxide in maintaining
a higher pH for any level of initial crud formation.

Effect of Temperatire. There is no significant difference in the

rate of corrosion of the austenitic stainleass steels with water tempera-
tures from 200 to 500°F.%? However, it has been indicated that between
500 and 600°F, corrosion may increase by a factor of 5, although Wanklyn
and Jones®® feel that little effect is to be expected. Apparently any
increase in general corrnsion of the chromium-nickel stainless steels
caused by increasing the temperature up to 600°F is8 not of practical im-
portance in water-cooled nuclear-power plants.

Effect of Velocity. Corrosion rates of the austenitic stainless

steels are not appreciably affected in high-temperature water at velocities
between 1/60 and 30 fps.”’® There is a marked difference, however, in
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corrosion rates between static and dynamic conditions. The indications
are that general corrosion is about 20 times less under static conditions
than under dynamic conditions up to 30 fps. Tipton29 states also that
there 1s no appreciable effect of velocity noted on the stainless alloys
in high-temperature water. Tests have been made at water velocities up
to 30 fps at 500, 600, and 640°F without appreciable erosion. Higher
velocities have not been investigated. High-velocity water at 30 fps,
understandably, has more of a tendency to remove corrosion products than
low-veloclity water at 1 fps.

Effect of Time. Bloom and his co-workers?® found that a comparatively
high initial corrosion rate with type 347 stainless steel in high-purity
water at 600°F resulted with values of about 200 mdm (1.2 mpy) after a
1-hr test. This high initial rate dropped off rapidly as the time of
testing increased. After about 2000 ar, a rate of 10 mdm (<0.1 mpy) was
normal. In other te .ts conducted with types 302, 304, 316, and 347 stain-
less steels under simulated PWR conditions, corrosion rates ranged between
5 and 15 mdm (0.03 to 0.09 mpy).22%223524,71 MeKibben®>? reported corrosion
rates not in excess of 0.01 mpy for annealed and sensitized type 304 stain-
less steel specimens, type 304 stainless steel with 14 boron added, and
annealed type 316 stainless steel after periods of up to 992 days in-core

and out-of-core at the HWCTR. The environment for all specimens, except
during 65 days for preoperational *testing in light water, was heavy water
at a pD of approximately 10.5 and a temperature of 315°C.

Effect of Heat Treatment. Intergranular or grain-boundary corrosion

resulting from carbide precipitation in the 300 series steinless steels

is not experienced in high-temperature water service,29 nor do stresses in
the range up to 10,000 psi or greater impair their resistance in water. In
austenitic stainless steels, the most important metallurgical change caused
by heat treatment is sensitization — the precipitation of chromium as
chromium carbide (Cr23C¢) along the grein boundaries of the unstabilized
grades — which may result from heating during welding, stress-relieving,
etc. The susceptibility to intergranular corrosion attack of sensitized
austenitic stainless steels in certain environments is well known, such

as in the use of acidic solutions for decontamination of nuclear systems.

However, intergranular corrosion of sensitized steels does not occur in
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reactor coolant water, with or without oxygen, with pH variations between
7 and 11 and at temperatures up to about 640°F.22 Tt is therefore unneces-
sary to use the more expensive stabilized or extra-low-carbon grades of
stainless steel in preference to the unstabilized regular-carbon grades
in primary-circuit applications of water~cooled nuclear reactors, and in
this respect such reactors as Dreaden, EBWR, Yankee, and the N.S. Savannah
are successfully using type 304 stainless steel in their primary systems.

Some evidence has been revealed’? of intergranular attack on sensi-
tized specimens of type 304 stainless steel exposed for 22 months to the
wet steam-water environment within the evaporator boxes of the Elk River
Reactor. The depth of the penetration was about 7 mils. The temperature
in the water box was 539°F. The amount of moisture present in the imcon-
ing steam to the evaporators was about 0.5%, and the water solids carry-
over in the steam did not exceed 1 ppb. Oxygen and 'ydrogen contents in
the steam leaving the reactor were on the order of 1100 and 130 ppm, re-
spectively. The chloride content of the pH-6 to -8 reactor water was less
than the sensitivity of the analytical procedure employed, that is, 35 ppb.

A doubt is raised immediately regarding the validity of the incidence
of intergranular penetration of sensitized type 304 stainless steel de-
scribed above as to whether the selective attack occurred as a direct re-
sult of the extended exposure. Information describing the occurrence did
not include whether the specimens were chemically pickled after sensitiza-
tion. It has been well documented that acid cleaning of sensitized steels
should be avoided.’2s73 The use of some acid-cleaning solutions, notably
nitric-hydrofluoric acid solutions, mey result in intergranular corrosion
during cleaning, although damage in addition to that ocecurring during
pickling will probably not take place when sensitized and pickled compo-
nents are subsequently exposed to primery water at about 580°F.73

Effect of Additives. Inorganic inhibitors, such as hydroxides,
chromates, molybdates, tungstates, etc., are effective in changing the
corrosion characteristics of stainless steels.2? Hydroxides and ammonia
or beolec amine inhlbitors are widely used in the boiler industry for cor-
rosion control. Organic inhibitors are probably unsatisfactory for use
in high-temperature water reactors because of thermal and radiation in-
stability. No experimental data are reported on specific beneficial
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effects of inbibitors in high-temperature-water stainless steel reactor
gystems other than hydrogen. In general, the use of inhibitors offers
a possibility of improving corrosion resistance.

Boron additions sometimes are made to the coolant-moderator in order
to supplement the mechanical control of pressurized-water reactors at
startup. The quantity of boron required for this purpose will vary with
the system design and operation but usually is in the range 600 to 1600
prm.%7 Apparently, such additions do not have an appreciable effect on
the aggressiveness of the primery coolant, even though several ceses have
been reported where cracking of stainless steels occurred during exposure
in an aqueous borated environment.”’® These tests were carried out in
static 500°F water containing 600 ppm boron as boric acid. The materials
exhibiting cracking were fully hardened AISI type 440-C and Armco 17-4 PH
stainless steels. In the same tests, Armco 17-7 PH aged at 1050°F and
ATIST type 304 stainless steel, among others, were not subject to cracking.

The good corrosion behavior of chromium-nickel austenitic steels was
corroborated in another investigation designed to evaluate structural
materials for the Yankee Atomic Electric nuclear plant.’> The tests were
run at 600°F in flowing water containing 1600 ppm boron as boric acid,

0.3 ppm lithium hydroxide, and 25 to 30 cc hydrogen per kilogram of water.

White and Krieg7° showed that corrosion of austenitic stainless steel
was not seriously affected by the addition of 1500 ppm H3BO3 to the water
as a neutron absorber for control purposes, although this resulted in
lowering the water pH to about 5.

Effect of Wet Oxygenated Steam. In a bolling-water reactor, the net
products of the radiolytic decomposition of water pass through the turbine.

In the Dresden nuclear station, the oxygen content of the steam is antici-
pated to be 10 to 30 ppm, consistent with a dynamic-equilibrium quantity
in the recirculating water.%® Therefore the environmental conditions pro-
duced by the steam-oxygen mixture can lead not only to general corrosive
and erosive action but may give rise also to oxygen-concentration cell ef-
fects conducive to pitting and crevice corrosion.

These possibilities have been the subject of a thorough investigation
of turbine materials.%? The first phase of the study was conducted with
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industrial steam at 430°F and pH 6, with 0.05, 80, and 110 ppm oxygen.
Erosion and corrosion effects were explored in the second phase with wet
steam at 272°F, 70 to 110 ppm oxygen, and a pH of 8.8 to 9.5. The third
phase was designed to produce information on the possible extents of pit-
ting, crevice, and galvanic corrosion in water and steam in autoclaves

at 545°F with 50 to 110 ppm oxygen, initially, and a pH of 7. It was
found that at pH 7, with high and low oxygen contents, the logaritims of
the corrosion rates varied approximately linearly with the reciprocal of
the absolute temperature. With low oxygen content, minor pitting occurred
only in carbon steel, whereas with high oxygen content, all materials
pitted, with carbon steel suffering the most severe attack. There was no
correlation between hardness of the materials and erosion, which generally
followed the order of expected c¢~rrosion behavior; that is, stalnless
steels were most resistant, with low-alloy steels next, and carbon steel
and cast iron least resistant.

Some of these observations were substantiated in another study of
carbon, low-alloy, and stainless steels tested in a boiling-water loop.%%
Experimental conditions were 546°F in the steam, steam-water, and satu-
rated-water sections and 537°F in the subcooled water section of the stain-
less steel loop. The water and steam conditions were based on 10 to 20
ppm oxygen in the steam, with a 1:8 stoichiometric ratio of hydrogen to
oxygen. No significant differences were noted in the corrosion rates of
the carbon and low-alloy steels tested, although all showed higher rates
than the austenitic stainless steels tested. Also, the steels containing
up to 5% chromium were subject to slight pitting and crevice attack. The
amount of corrosion and iron-to-system release rates for carbon and low-
alloy steels were considerably lower than those obtained by other investi-
gators for similar materials in test loops simulating pressurized-water
systems operated at neutral and high pH with deoxygenated water. It should
be noted, however, that the corrosion of these materials might be aggra-
vated by the rapid local fluctuations occuring in the temperature of the
oxide on the metal during boiling-water reactor operation. These fluctua-
tions might crack the oxide by thermal shock, reduce its prctective prop-
erties, and lead either to increased general corrosion or to pitting.



186

Crud Sources and Effects. Most waterborne impurities originate from

the steady-state corrosion and wear of core and out-of-flux structural

components . 87

Therefore the extent and nature of the depositable crud
species formed is governed largely by the water chemistry and the compo-
sitions of the system materials. The partly or completely transportable
suspended and soluble corrosion products found in the primary coolant are
of great siguificance for two reasomns. First, the radioactivity induced
by exposure to neutrons during transport through, or sojourn in, the core
and the subsequent deposition of the activated corrosion products through-
out the system might create a biological hazard that would result in re=-
stricted accessibility for plant maintenance. Secondly, crud deposition
and buildup might foul heat-transfer surfaces, increase the hydraulic
friction factor and core pressure drop, and interfere with the proper func-
tioning of valves, control rod mechanisms, and other sensitive devices.
In a stainless steel system, the effect of radiation and dissolved oxygen
generally is to enhance crud formation, whereas maintenance of a high pH
at the operating temperature tends to reduce both the formation and depo-
sition of corrosion products. Under reactor operating conditions, lithium
hydroxide is more stable end therefore more effective than ammonium hydrox-
ide in maintaining a higher pH for any level of initial concentration. For
instance, while the normal crud level is 0.05 to 0.25 ppm in a system op-
erating with neutral water, and 0.0l to 0.2 ppm with ammonium hydroxide, it
is only 3 ppb when lithium hydroxide is used as the pH-controlling agent.
Effect of Irradiation. The corrosion behavior of austenitic and

martensitic stainless steels, carbon steel, and other materials both in
the presence and absence of nuclear radiation was examined at 500 and
600°F.7® The test media were flowing neutral water, pH-8.9 to -9.5 am-
moniated water, and pHE-4.5 water containing 1 ppm oxygen. The data re-
vealed that irradiation up to an integrated flux of 1.1 X 10%! neutrons/cm®
had a ‘endency to decrease the corrosion rates of alloys that character-
istically develop adherent oxide films and, conversely, to increase the
rates for materials that do not form such protective films. A plausible
explanation may be that by decreusing the activation energy of the cor-
rosion process, radiation enhances the initial rate of corrosion reac-

tions of metals. This, in turn, leads to rapid film formation of the
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first corrosion-product layers, which, if of favorable character, inhibit
further corrosion. Such a hypothesis explains why carbon steel and mar-
tensitic stainless steel, whose initial corrosion-product films are less
protective, were the least corrosion resistant of the alloys investigated
under irradiation. For all materials tested, the quantity of deposits
formed in a carbon-steel test loop was appreciably greater than that in
an austenitic stainless steel loop. As would be expected, an increase

in water pH by the addition of ammonium hydroxide effectively decreased
general corrosion and minimized loose deposit formation. Some typical
rates in the 600°F tests<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>