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Abstract

　　　　Materials　used　in　nuc正ear　power　plants　respond　to　the　sun70unding　coolant　environment，

丘equently　resulting　in　serious　damage　to　the　integrity　of　reactor　components．　Some　of　this

damage　is　cracking　of　reactor　pressure　vessels，　piping　and　steam　generator　tubes　due．　to　corrosion

血tigue　and　stress　corrosion　cracking．　This　paper　presents　an　overview　of　research　on　environmen－

tally　assisted　cracking　of　strucωral　materials　fbr　light　water　reactors　based　on　work　conducted　by

NRIM　fbr　more　than　a　decade．　NRIM　has　made　a　m勾or　effbrt　to　de且ne　the　innuential　factors，

especially　environmental，食）r　the　degradation　of　materials　under　high　tempOrature　water　environ－

ments　that　simulate　LWR　coolants．　Carbon　steels，　Iow　alloy　steels，　austenitic　stainless　steels　and

nickel　base　alloy8　were　examined．　Corrosion　fatigue　behavior　of　the　low　alloy　steels　was　analyzed

with　the　ASME　Boiler　and　Pressure　V6ssel　Code，　Section　III　design　fatigue　curves　and　with　the

refbrence．　curves　in　ASME　Code，　Section　XI，　Appendix　A　to　evaluate　the　margin　of　material

strength　in　high　temperature　water　environments．　The　stress　corrosion　cracking　behavior　of　the

materials　tested　was　analyzed　in　temユs　of　environmental　f乱ctors　such　as　dissolved　oxygen

concentration，　strain　rate，　and　temperature．　The　results　are　available　fbr　the　revision　of　code．s　and

plant　operation　procedures　to　keep　nuclear　power　plants　safb．

K砂wOπZ∫’cor即∫’侃μ’8那6，3〃で∬cor㎜5’0ηαηCた∫η＆C励0η3∫θεZ∫，　Z・Wα〃oy　5媚∫，

α麗5∫θ磁。5∫磁zθ∬3’2615，ηたん6zわα38α〃・y5，玩8屠ε’ηρ6rα∫膨wα∫θr6ηv’π脳z6ηち1f8加

WO∫（i～r　ハ2αC’or

＊Supervising　Researcher　of　5th　Research　Group．

　　Center（NUSTEC）．
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1●　Intro〔1｛エction

Norio　NAGATA

　　　The　capacity　of　nuclear　power　plants　in　Japan　now

exceeds　a　quarter　of　the　total　electrical　power　generation，

and　plant　operation　is　so　stable　that　it　is　apPlauded

woridwide．　Nuclear　energy　is　expected　as　a　re正iabie　and

stable　energy　resou正℃e　in　Japan，　which　has　i曲erently

poor　domestic　resources　for　energy．　Unfortunately，

however，　severe　accidents　have　been　experience（至by

plants　at　Three　Mile　Island　and　Chemobyl．　Si無ce　no

commercial　nuclear　power　plant　has　yet　ended　its　plant

lifb，　the　safαy　of　nudear　power　plants　throughout　their

lifb　sh◎uld　be　of　worldwide　concern，

　　　The　materials　fbr　structural　components　in　nuclear

power　plants　require　the　highest　soundness　and　reliability，

being　one　of　the　fundamenta至elements　of由e　sys象em．

Light　water　reactors（LWR），　which　cornprise　the　m勾eorlty

of　commerciahucleaτpower　plants，　have　experienced

damage　due　to　stress　corrosion　cracking　（SCC）　of

primary　recirculation　piping　and　steam　generator（SG）

tubes（D．　Damage　of　materials　in　nuclear　power　plants

reduces　the　plant　rehability　and　brlngs　enormous　eco－

nomic　Ioss．　Tb　raise　the　safbty　and　re奎iability　of　nuclear

power　plants，　the　behavior　of　strucωral　materials　in

coolant　environments，　and　especially　materials　fbr　the

primary　pressure　bo膿dary　which　comprises　the　con飴e－

ment　of　radioactive　materials，　should　be　comprehensively

un（董erstood　and　re租ected　in　the　design　and　safb　operation

of　the　plants．　From　this　viewpoi搬，　NR．茎M　has　co難ducted

the　national．　program　on　sa飴ty　research　for　LWR．s　slnce

l．980and　promoted　research　on　corros童on　fatigしIe　（CF）

and　stress　corroslon　cracking（SCC）of　the　materials　fQr

reactor　pressure　vessels（RPV），　coolant　piping　and　SG

tubes　for　reactor　pressure　boundaries　of　domes亀ic　reac－

tors．　This　paper　describes　results　obtained　through　work

conducted　by　NRJM　fbr　the　saf6ty　research　program　of

nuclear　reactor　materials．　Research　at　NRIM　has　f6110wed

☆）ur　sub－themes：DCF　of　low　alioy　steels藪）r　RPV　2）

SCC　of　fbrriIic　steeis　and　austenitic　staiD玉ess　stee董s　for　the

primary　pressure　boundary，3）SCC　of　nickel　base　alloys

for　SG　tubes　and　4）SCC　of　Zirca至loy　fbr　fuel　cladding．

Work　has　aimed　at　quantitatlvely　de且ning　in伽entlal

factors，　such　as　mechanical，　env．ironl皿ental　and　metaHur－

gica1，0nεhe　in掘ation　and　grow£h　of　cracks　in　silnu重aεed

reactor　environments，　an．alyzing　the　damage　mechanisms

and　estabhshing　information　for　the　eva夏ua皇ion　and

prediction　of　cracking　of　materials　in　coolant　environ一

ments．　However，　a　description　of　the　SCC　of　Zircalloy

was　omitted　from　the　discusslon　of　environmentally

assisted　crack量ng（EAC）behavior　under　coolant　environ－

ments．

2．Envlronmental　Degrad紐tion　of工WR　Components

　　　LWRs　have　so　far　experienced　various　kinds　of

accidents　and　originat量ng　from　materia重degradation　under

servlce　conditions．　A　fもw　examples　of　plant　accidents　that

have　triggered　research　on　EAC　problems　are　i．ntroduced

below．

　　　Causes　of　materiais　failures　occurring　in　nuclear

power　plants　are：

1）　SCC呈n　stainless　stee董piping　of　boiling　water　reactor

　　　（BWR），

2）　SCC　m　stain董ess　steels　we董dmen£s，

3）Irradiation　ass圭sted　SCC（IASCC），

4）Corrosion　damage　of　steam　generator£ubing　of　pres－

　　　surized　water　reactor（PWR），

5）　CF　and　therlnal　fatigue　of　carbon　steels，

6）　Erosion／corrosion　and

7）Fretting飴tigue　of　PWR　SGωblng．

　　　Typical　examp壼es　of　cracking　fai蓋ures　due　to　fatigue

and　SCC　are　as　foliows：

2．1SCC　of　Austenitic　St劉inless　Stee量Piping

　　　1n　the　middle　to　the　elld　of　the　1970s，　many　BWR

plants，　not　only　in　the　United　States　but　also　in　J毎pan，

were　shut　down　due　to　intergranu重ar　SCC（IGSCC）of

Types　304　and　316　austenitic　stain隻ess　s£eei　p圭ping．

Worldwlde　cooperative　research　brought　about　the　suc－

cessf担至remedy　fbr　IGSCC　of　stain重ess　steels，　based　on

knowledge　of　the　SCC　mechan孟sln．　Th．ls　mechanism

requires　the　co田bination　of　a　sensit隻ze（i　austenitic　struc－

t嫉re，　tensi至e　stress　and　high　dissolved　oxygen　content　in

the　coo隻ant　envi裏・onment．　Remedies　such　as　I・eductio難　of

ξhe　carbon　co隷tent　of　alloys，　reduction　of　the　residual

stress　f士om　welding，　supPresslon　of　se疑sitization，　and

粟reduαion　ofεhe　dissolved　oxygen（DO）concen乞ration

recovered　the　integrity　of　the　plant　componenξs．　However，

SCC　damage　s毛ili　occurs　in　auste簸i重ic　stainiess　steel　com－

ponents，　prQbab聖y　because　of　the　interact童．on　of　high

residual　stress　and　the　existence　oギcrevice。
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2．2SCC　and　CFofSG　T賑b量ng

　　　Nickel　base　AIIoy　600　is　widely　used　f6r　SG　tubes　of

PWR　in　Japan　and　the　USA．　Since　1977，　some　of　SG

components　have　suffbred　ffom　corrosion　damage　cal互ed

intergranular　attack（IGA）from　secondary　coolantsJGA

is　considered　to　be　the　result　of　intergranular　corrosion

and　SCC　due　to　alkaline　densi薮cation　at　tu辻）e／plate　gaps．

Remedies　such　as　the　substitution　of　volatile　alkaline　for

solid　alkalines，　the　use　of　optimum　heat　treatments　for　the

tubing，　and　the　use　of　Alloy　690簸ickel　base　alloy　for

new　tube　materials　have　reduced　the　problems．

2．3Fatigue　Fa盤ure　in　Carbon　Steel　Piping

　　　τhrough－wall　cracks　in　secondary　f6ed　wa重er　nozz】．es

of　PWR　steam　generators　in　the　USA　in　early　l．980s　were

suspected　to　be　due　to　high　cycle　fatigue　in　a　corrosive

env圭ronment（2）．　Thermal　striping　also　caused　thermal

fatigue　fai壼ure　of　horizoひtal　pip童ng．　The　latter　is　consi－

dered　to　be　due　to　thermal伽ctuations　caused　by　the

cyclic　replacement　of　cold　water　by　豆eakage　through

shutdown　valves．

2．4CF　of　I．ow　Al匪oy　Stee胴R）r　RPV

　　　The　RPV　is　the　Inost　important　componen£of　a

nuclear　power　plant　a簸d　must　have　superior　integrity

throughout　the　plant　lifb．　One　of　most　probable　causes　of

RPV　damage　is　fatigue．τhe倉rst　case　of　cracking　occur－

ring　in　an　operating　RPV　was　at由e　JPDR　of　the　Japan

Atomic　Energy　Research至nstitute（JAERI），　where直ne

cracks　were　discovered　on　the　inner　wa至．l　by　inspection．

　　　　JAERI　sξarted　a　study　of　cracking　in　pure　water　at

h．igh£ernperature　and　pressure　and　f6und　an　acceleration

of　crack　growth　due　to　the　environment（3・4）．　The　JAERI

study　was　hlstoric　because　it　triggered　not　only　domest量c

research，　but　also　a　worldwide　cooperative　research　effbrt

on　corrosion　fatigue，　cailed　the　International　Cooperative

group　on　Cyclic　Crack　Growth　Rate（ICCGR）（5）．

3．Fmmework　of　EAC　Rese謎rcb　by　NRIM

　　　　Corrosion　of　metals　and　alloys　ls　one　of　the　m句or

research　s呵ects　that　NR至M　has　struggled　with　since　its

establishment　in　1956．　Materials　and　enviro無ments　are

impo】てant　factors　fbr　the　study　of　corrosio蕪，　and　corrosion

problems　in　nuclear　reactor　ma宅erials　were　selected　fbr

3

research　since　the　beginning　of　NRIM．　Since　then，　NRIM

has　engaged　in　studying　corrosion　problems　such　as　the

general　corrosion　of　aluminum　alloys，　stainless　steeis，　and

zirconium　alloys　in　high　temperature　water　e簸vironments．

Study　of　SCC　of　austenitic　stainless　steels　in　high　tem－

perature　water　started　in　l962，　initially　using　static

aUtOCIave　SyStemS，　then　reCirCUIating　aUtOCIave　SyStemS

and　slow　extension　testers．　In　the　middle　of　the　1970’s，

malfunctions　of　BWR　plants　by　failure　of　primary　recir－

culation　piping　due　to　SCC，　as　mentioned　above，　was

common　i．n　the　wor1．d　and　triggered　the　enthusiastic　study

of　SCC　at　NR茎M．　SCC　problems　of　zirconium　a玉loys飴r

fuel　cladding　by　fission　products　such　as　iodine　were　also

studied．　In　the　early　l　980’s，　the　Nuclear　Safαy　Commis－

sion　of∫apan　established　and　promoted　a　nation－wide

research　program　R）r　nuclear　saf6ty，　in　which　NRIM　was

the　m句or　institute　for　materlals　research，1韮this　program，

NRIM　built　a　ffamework　for　the　study　of　environmentally

assisted　cracking，　such　as　CF　and　the　SCC　of　structural

m．aterials　fbr　primary　pressure　boundary　components　of

LWRs，　that　has　continued我）r　over　a　decade．　As　is　well

known，　EAC　is　govemed　by　th．ree　m勾or　fヨctors：materi－

als，　mechanics　and　environmenしNRIM　malnly　stressed

the　ef艶ct　of　corrosive　environments　on　cracking　failure

because　the　trend　of　EAC　research　seemed　to　lean　more

to　mechanical　factors，　such　as　the　ef艶ct　of　stress　ratio　on

fatigue　crack　propagation　or　strain　rate　on　fatigue　lifb，　in

the　high　temperature　wator　environment．　The　present

overview　describes　the　results　obtained　f士om　the　nuc童ear

safety　research　program倉）r　LWR　materials　conducted　by

NRIM　duri簸g　the　rece騰decade，　including　related　results

倉om　previous　works．

4．Experime漁口口chniques

　　　　LWRs　use　plain　light　water　for　the　neutron　moderator

and　coo至ant，　Since　water　is　used　under　high　pressure　and

telnperature　conditions（e．g．，7。3　MPa　at　561　K食）r　BWR

or　l6．O　MPa　at　595　K　fbr　PWR），　a　highemperature，

pressurized　water　autoclave　is薮ecessary　fbr　simulation　of

coolant　environments　at　al豆flow　rates．　In　addition　the
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，

water　recirculation　system．　must　f6ed　the　test　environment

with　the　specl丘ed　water　chemistry．　NRIM　has　installed

m．any　test　apParatuses負）r　conduct量ng　CF　and　SCC　tests

in　high　temperature　water．　Figs．1and　2　are　schematic
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representations　oξatyp孟cal　CF　毛esξer　and　SCC　tes宅er，

respectively，　that童nclude　an　au重oc豆ave　a無d　wa£er　recircu一

韮atioユ壌syste11蔵．　Although　these　have　been　used　rna量nly食）r

ordinary　蓋勲ater呈a董　characterizatioll　tests，　such　as　fadgし韮e

lifb，　fhtigue　crack　growth　rate，　SCC　susceptibil．i．ty，　an（i

corrosior蓋，　the　equipment　was　also　modified　to　prov呈de

additional　infor鵬ation，　such　as£he　direct　observat圭on　of

crack量ng　of　specime鍛s　ln　an　aロtoclave　and　tests　w量th　the

superposition　oダcyclic　and　siow　extension　loads．　The

正at重er　was　desig韮｝ed　to　study　CF－SCC　interacdons．　The

system　fbr　the　direct　observation．　of　crack．ing　is　i茎1魏stra宅ed

in　Fig．3（a），　whi璽e　the　load｛ng　devi．ce　fbr　superpos呈tion　of

cycHc　and　slow　exte益sion　Ioads　is　shown　in　Flg．3（b）．

　　　Di鵬ensions　of　specimens　employed　fbr　sl．ow　strain

rate　tests（SSRT）and　C－ring　tests　fbr　SCC，　low　cyc至e

fatigue　tests　and　fatigue　crack　growth　tests　are　given童n

Fig．4。　The　tubular　specime1）．　shown　in　Fig．4（a）was

employed　fb三’SCC　tests　under　bi－axia11．oading　to　s重mu一

藍ate　small　schedu玉e　p呈ping　in　power　plants．　This

exper至menta豆Proced“re　prese難ts　a　capabil．ity　of　SCC　test

without　using　autoclave　fbr　the　case　of，｛br　i益sta無ce，　the

direct　contact　of　wave　guide　bars　to　t駐e　speci瀟en．

　　　Standard　compact　tensloll（1．TCT）specimens　fbllow－

ing　ASTM　E399（6）were　used　fbr　crack　growth　tests，

while　large　scale　CT　spec呈mens　were“sed　for　opti．cal

observatio猛of　cracking　i擁high　temperature　wateL　The

large　CT　specimens　were　cut渋℃mεhick，　reactor　pressure

vessel　pla宅es　fo11．owi薮g　ASTM　E647（7）and　had　a　thick－

ness　of　25　mm　and　wid由of　l201nm．　A　compli．ance

method，　which　used　a　linear　variable　d至fferent呈al　tra簸s－

former（LVDT）produced　ln　the　USA　by　Schaevitz　Co．

was　emPloyed　fbr　crack　le無gth　measurements　of　speci－

me隷s　in　the畿utoclave．　Fig．5shows　a　schema宅ic　lllustra一

£ion．　oギthe　compllance韮論e癒od　and　the　data　reduαion

procedure，　Care　was　take簸ξo　ens“re　reliabili£y　of　tl、e

re（墨“ced　crac麹　length　for　use　i嚢　li鼓ear　fracture

mechan．ics⑱．　For　th壼s　purpose，　the　spec重韮11en　crack　length

h｝a難auξoclave　was　measured　directly　a鍛d　compared　to

es宅ima｛es　using宅he　colnpliance　method．　Detail．s　of　this

method　are　described　i穀　6．2．茎．．

　　　The重ota1．　s£rai無．　imposed　on　the　specimen　during　low

cyde　fatigue　tests　was　measured　a難d　control茎ed　us無g　a

pair　of　differe嚢tlal　trallsfo三mers．　The　magnetic　cores　were

put　in　sheaths　ill　the　Pressure　boulldary　and　connected

through　exte雛sion　rods　to　ci裏℃urnferential　pr（唾ectiolls　on

宅he　roots　of　the　specirnen，　as　shown量薮Fig．4（c）．　The　total

straill　of　t鼓e　test　sectlon　was　calibrated纏sing　a　ref6rence

c駐rve　that　was　deter玉nl鍛ed　i．n　advance，　Measureme益t　and
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勲ble　l　Chemica翼co田pos量Iion，　heat　trea重me鳳t　and　mechan董cal　property　of　m飢eria艮s　tested

Cbemlcai　compositions〔wt％） Hea〔treatment Mechanical　proper【ies（R．　T）

Alloys

C Si Mn P S Ni Cr Fe Mo V Cu
Y．S．

iMPa）

U，T．　S．

iMPa）

E1．

i％）

R．A．

i％）

Carboロsteel

iJISIST皿42）
0．20 G．22 051 0，024 0，016 Bai， As　received 280．3 453．7 3藍5

Carbon　s垂eei

iJISISTs42）
0．聖6 0．14 L20 0，026 0，0監5 Ba監， li73　K　x　　iO　rn置n　A．　C． 353 539 36

A5G8　C達，3

i」貰S：SFVQIA）
0．17 0．28 1．38 0，003 α003 0．74 0．15 B＆L 0．48 0，GO3

1259一　…295Kx7h　l5
高高v．Q．

X40－952K×7h嘆5
高奄氏@A．　C、

W83K×23hF，C．

447 598 29．畏 73

A508　CL3
@Base　metal
@Wbld　meしai
@Wbldinσbar　　　　　　o

0．18

O．07

O．09

0．20

O．30

O．19

韮．40

ﾄ．13

k64

0，GO3

O，008

O，006

0，003

O，005

O，005

0．74

f．84

O．90

0．正7

f．07

O．07

Bal．

aa1．

aal．

0．47

O．46

O45

0，003

O，001

ｭ0．001

0．03

O．02

1143　一　三173　K　×7　卜　15

高高v．Q．
X23　－　933　K　x　7　h　30

高撃氏@A．　C，

`ftcr　weld囎
@9G7　K　x　26　h　30　min

@F，C．

442

T02

589

T85

25

Q9

71

A533BCi．1
iJIS：SQV2A）

@Low　Su墨fピr

0．19 0．24 L28

@　　．…

　0．008 0，007 0．64 0」9 BaL 0．45 【r． 0．04
1273KW．q
X55Kx5hF．C．
W97Kx45hF．C．

454 60i 29．0 68

A533BCI．1
iJISISQV2A）

@Mcdium　Su海r

G．21 0．29 1．45 0，007 0，G14 0．65 0．03 BaL 0．5正 0．03
1i73Kx7瓢W．Q．
X33K×5hA，C．
W73K×25hF．C．

475 629 22 61

コ口pe　304

@Plate
0．07 055 】．Ol 0，O13 0，O18 8．68 18．03 BaL 0．20 0．06

1323K×o．5卜w，　Q．

X23Kx2hF．C，

Tube 0，067 0．45 王，82 0，029 G，014 9．52 i8．36 Bai． 0．25 0．26 1323Kxo．5hW．Q，
X23Kx2hF．C．

230 692 68

Type　3　i　6 0．07 0．61 i，01 0，024 0，005 12．正8 16．75 Bai、 2．30 0．29 923KxlhF．C．
A1聖oy　8GO

@PIatc

@Tロbc

0，O17

O，019

0．49

O．45

0．82

O．73

0，Oio

n，006

0，002

O．0［3

33．95

R3．36

2L30
Q1．85

Bal．

a負し

Til　O．48

si：0．65

As　received

A鳳Qy　600 0．02 0．13 023 0，006 BaL 16．7 8．49
1423　K　x　O5　h　A．　C．

i923K×5hEC．）

contro至of　the　strai無at　the　specimen　test　seαion　was　also

attempted　by　using　knifb－edge　rods，　but塩e　device　was

f6un（玉　ξo　be　unstab里e　in　£he　au重oc璽ave．

　　　　Water　chemistry　is　the　most　inHuential　factor　in　the

e簸vironmental　degradation　of　materials，　The　most　serious

but　control至able　chemical　is　dissolved　oxyge韮（DO）．　The

DO　concentrations　studied　included　the　range　f士om　the

saturated　concentration　to　l　PPb．　V》b　made　a　special　effbrt

to　co譲trol　the　disso至ved　oxygen　concentrat｛on　in　the　test

water　as　stricdy　as　possible　by　bubbling　with　nitrogen　or

argon／oxyge韮mixed　gas　i難to　water　during　the　test．

Although　it　took£i搬e勲）r　the　DO　concentration　to　stabi－

lize，毛ransie凱fluctua宅ions　of　the　DO　concentration　were

less　than　about　lO％to　20％of　the　set　Point，　even　at　the

至owest　concentration　of　l　pPb．

　　　　The　materials　tested　were　those　used　for　the　pressure

boundary　of　LWRs，　such　as　low　alloy　steels　fbr　RPV；

carbon　and　austeni｛ic　stain玉ess　steels　f6r　piping，　and

n量cke里一base　alloys　fbr　SG　heat　exchanger加bes．　Details　of

cor簸posi£ions，　heat　treatr鷺ents　and　stre無gth　properties　are

正isted　童n　Tabie　l。

5．SCC　of　Structur31　Materials　f6r　LWRs

　　　　Stress　corrosion　cracking（SCC）is　one　of　the　signifi－

cant　EAC　mechanisms　fbr　the　failure　of　LWR　compo－

nents　and　structures　i簸other負elds　of　engineering　tech－

nology．　OriginaIly，　the　coola簸ts　employed　fbr　LWRs，　and

especially　the　pure　water　used　fbr　BWRs，　were　consi－

dered　to　be　moderate　fbr　the　materials　used　fbr　these

components，　but　a　number　of　SCC　failures　have　been

experienced　in簸uclear　power　p璽ants．　NRIM　was

interested　in　SCC　phe無omena　as　a　damage　process　of

LWR　component翻ure　at　the　early　stages　of　these

problems　and　took　up｛he　challe簸ge　to　study　the　SCC

mechanism．　Most　SCC　failures　i簸LWR　components　took

place　in　Types　304　and　316　austenitic　stainless　steels　and

Alloy　600　nickel　base　alloys．致is　well　known　that　SCC

occurs　with　the　combination　of　three　controlling　factors，

i．e．　sensitization　Qf　the　material　tensile　stress　and　neces一
　　　　　　　　　　　　　　　　　　　　　　　　　　　，

sary　e難vironmental　conditions。　NR至M　concentrated　on　the

ef飴ct　of　environmental　factors，　such　as　dissolved　oxygen

and　temperature，　in　addition　to　the　ef艶cts　of　heat　treat一
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　　　　　concentration　and　stress食）r　SCC　tests

ment　and　mechanica三factors．　Our　deep　understanding　of

SCC　phenomena　of　structural　materials　fbr　the　pressure

boundary　components　of　LWRs　are　summarized　beIow．

5．1SCC　of　Austenitic　Sta韮nless　Stee韮s

　　　　Austenitic　stainless　steels　are　commonly　used　for

LWR　components　such　as　pressure　vessel　overlays　and

piping　fbr　recirculation　and　clean　up　systems．　Of　the

problems　that　have　so　far　occurred　in　nuclear　power

plants，　intergranular　SCC　in　the　heat　affbcted　zone　of

BWR　primary　recirculation　system　weldments　in　the　mid

1970s　was　one　of　the　most　serious．　These　SCC　problems

triggered　a　world－wide　study　of　SCC　of　stainless　steels　in

coolant　environments．　IGSCC　of　piping　was　eliminated

by　modi且cation　of　the　materials，　welding　procedures　and

water　chemistry．　The　research　on　SCC　of　nuclear　materi－

als　co阻menced　at　NRIM　in　advance　of　the　SCC　problems
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　も

of　BWRs，　and　some　fundamental　knowledge　of　the　SCC

behavior　of　stainless　steels　in　high　temperature　water

environments　had　already　been　obtained．

5．1．L　Iもmpera加re　dependence

　　　　NRIM　tried　to　clarify　the　SCC　process　by　analyzing

the　elongation－time　relations　of　austenitic　stainless　steels

in　view　of　environmental　eff6cts　such　as　water　tempera－

ture，　chloride　ion　concentration　and　pH．　Cracking　failure

of　materials　can　be　divided　into　two　terms　crack　initia一
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，

tion　and　crack　propagation。　Fig．6（9）shows　the　tempera－

ture　dependence　of　the　time　to　crack　initiation　ti　and　of

crack　propagation　tp　of　304　stainless　steel　in　stagnant

water　containing　8　ppm　DO．　A　minimum　in　the　fracture

time　tf　is　apparent　around　498　K　in　accordance　with　ti　an（i

tp．　This　implys　that　the　SCC　susceptibility　of　304　stain－

less　steel　increases　during　the　start　up　and　shut　down

operation．　Similar　results　were　also　observed　in　water

with　chloride　ion　addition（lo）．　It　is　well　known　that

austenitic　stainless　steels　have　a　high　susceptibility　to

SCC　in　neutral　water　containing　chloride　ions　at　high

temperatures，　and　that　the　cracking　is　closely　associated

with　pitting　fbrmation．　The　present　study　also　con丘rmed
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evide簸ce　tha£SCC　origlnated　from　corrosion　pits．　Since

the　time食）r　SCC　i纏ia£ion　co三・relates　wi．th　that倉）茎’the

initiation　of　pitti難9，　t難e　ear圭iest　occ“rrence　of　SCC

around　473　K　s難ould　corre至ate　with　the　early盒）rmation　of

corrosion　plts　aξthis　temperat縫re．　This　is　because　the

corros圭on　pit　ρotential　at　毛his　tempera宅ure　is　the　rnost

ca重hodic　poten£童a圭tha£gives　rise　to　pitti簸9．　The　reason　fbr

漁ereductio薮of　SCC　at重emperat雛es　above　523　K　m．ight

be　due　to　the　temperature　depe鍛deace　of　the　pi£ting　corro－

sion　potentlal　ln　additio簸to　the　oxide　alm　proteαion

effbct。

5．L2。　Effεct　of　heating　and　coo藍i無g　rates

　　　In　addi毛io11毛。　the　above　work，　we　exalnined　the

el洗ct　of　heating　and　coo至illg　rates　on　SCC　behavior　of

304　and　31．6　austenitic　stain至ess　s毛eels　by　means　of

U－ben（至test（ID，互t　was　fb縫nd　by　varying癒e　heating　rate

from　35　K／h毛。　l40　K／h　and£he　chloride　ion　conce1｝t蒙・a一

£ion　f士om　30　PPmξ0300　PPm　t熱at　the　probability　of　SCC

occur三ling　increased　with　decreaslng　heating　ra£e　and　wit難

increasi無g　chlor呈de量on　concenξration．　The　U－bend　speci－

rnen　cracked　duri薮9難eati難g　when　the　hea£ing　rate　was

below　the　cr童t童cal．　Complete　SCC　occurrence　was　fo縫nd

for　the　conditions　of　70　K／h　at　300　ppm　Cl－and　35　K／h　at

100ppm　Cr　fbr　solut｛on　annealed　304　stainless　steel，　a難d

at　any　rate　above　50　ppm　Cr　fbr　sensltized　304　stai盤less

stee璽．　No　SCC　was　observed　fα31．6　stai盤less　stee重under

the　conditio難s　of　a　headng三la宅e　above　93　K：／h　at　300　ppm

C至一〇rまbr　any　rate　at　lOO　ppm　Cl一．　On　the　o宅her盤and，

cooling　rates　varying　ffom　30　K／熱　重0　300　K／h　had　no

effect　o織SCC　occunrence煮）r　ek盤er　steel．　V＞b　concluded

from　these　results　that　the　process　te茎nperaξure　oξcornpo－

neats　made　oギ　304　stainless　stee至　should　avo｛d　or

m呈nimize　t難e　time　i獄he　temperature　range　of　473－523　K

to　the　ex£ent　possible　for　start－up　or　operations　with

temperature　gradiellts　i益thls　raRge．　T難is　is　metallurgical

evidence　of　an　SCC　prob玉em負）r　the　present　operati識9

managemen毛of　nuclear　powe三l　plants．
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5。L3．　Efεect　oぞenviron㎜ental　and　lo劉d童ng　transients

　　　Correla毛ion　between　p玉ant　sta罫t－up／shut－down　opera－

tions　and宅he　occurrence　of　SCC　was　f6un（墨by　a無呈nvesti－

gation　of　n慧cl．ear　plan£s　t熱at　had　experienced　SCC

ねlluresd21．　Fro搬this　background，　NRIM　examined　the

eff6cts　of　tra薮sieats　in　envirol雀mental　factors　and　loading

鷹O

Time　to　fa諺ure（min）

105

F藍g。8Weibul且dist曲u重io職。ぞ舩ilure　tlme　of　SCC　for野pe　304

　　　　　stain藍ess　stee匪in　high　temperature　water　under　the　condi－

　　　　　tions　of　Fig．7

on　the　occしlrrence　of　SCC　in　sensitize（i　304　stain茎ess　steel．

by　s圭m縫lating　Planξoperatio薮s，　The　r職odes　oギsirnulated

transien£s　of　tempera£ure，　DO　and　stress　with　t孟田e　are

shown　in　Fig．7（圭3）．1薮ξhis　experiment，毛ubular　test　speci－

r簸ens　and重he宅est　equiprnent　i難troduced　in　Figs．4（a）and

2，were　used．　Since　a　previous　report　i嚢dicated　that　the

SCC．ねilures　obeyed　a　V脈3ibu韮l　distribution，　the　cumula一

毛ive　probability　of　al茎重he　test　resuks　were　analyzed，　as

shown茎n　F壼g．8（13｝．　The　mean　time　to｛ail“re　ob毛ai難ed　by

the　Iinear　reIationship　i簸．　thls　f圭gure　is　1．is£ed　in　Table　2．

As　seen　in虚e貞gure細d患e　table，宅he　most　efR）ctive

ねαor　was　DO　concentration，　The　earlies宅occul’rence　of

SCC　was　fb膿d　under　a　comb呈natio慧of　temperature　and

DO　concentration．　SCC　did　not　occur　under　cyclic　stress

bu芝did　occur撒deぎs£eady　state　loadi織g．　W6　made　addi－

t重onal　exgerlments　wlth　lower　loading　ra毛es　and　reached

the　concl繰sio紅that　the　initia1正oading　mode，　not　the　cyclic

strain　rate，　was　important．　Th呈s　ls　i韮agreelnent　wi毛h　the

literat毛…韮℃（14），　which　maintal難s　the　l茎n．portance　of　cyc董ic

loading．．　The　SCC　behavior囎derξhe　transient　modes

studied　i益dicates£hat　control　of　t益e　temperature　a難d　DO

conce総trat呈on　of　the　coolant　dur童．難g　sta罫t－up　operatio擁s　is

il椴por｛an宅　fbr　preventing　the　occurrence　of　SCC．
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Fig，9Specimen　surf旨ce　after　anodic　dissolution　test　in　O．5　moレL

　　　　H2SO．4＋0．05　moレL　KSCN　soiution　uslng　pre顛置med　speci・

　　　　men　exposed　to　8　ppm　DO　water　at　523　K

肱ble　2　Median　time　to飴nure　of　sensitized野pe　3①4　stainless　steel

　　　　　tested　under　the　conditions　of　Eig．7

Tbst　conditions MTTF＊（min）

DO　8　ppm 39270
（a）

DO　O2　ppm 6×104NF＊＊

DO　8　ppm 16790
（b）

DO　O．2　ppm 18600

（c） DO．8　ppm 6．×104NF

（d） 10180　　　　　　　　　　．．一

（e） DO　8　ppm ．28339

（f） 9830

（9） 6×104NF
（h） 18900

＊Median　time　to

＊＊No　failure

failure

5．L4．　Ro畳e　of　oxide　61m　on　SCC

　　　The　previous　section　described　the　influence　of　the

environment　and　loading　on　the　SCC　behavior　of　sensi－

tized　304　stainless　steel，　in　which　the　combination　of

cyclic　variations　of　temperature　and　DO　brought　about

the　earliest　SCC　failure．　Since　a　thick　oxide　film　fbr血s

on　the　metal　surface　in　high　temperature　water　containing

high　DO　concentrations，　the　f止acture　behavior　of　the

oxide　film　might　innuence　the　SCC　behavior　of　stainless

steels．　Fig．9（15）shows　the．　surface　of　a　sensitized　304

specimen．with　an　oxide　film．　The　film　was　formed　in

high　temperature　water　containing　8　ppm　DO　fbllowed　by

Oxide　film

MetaI

Oxide　fllm

Meta1

（a＞

□　□　□　□　□　□　□　□

□　□　□　［］　□　□　［コ　ロ

ロ　［コ　ロ　［］　［コ　ロ　ロ　［］

□　□　□　□　□　□　□　□

●●●．●●●●●
●　●　●　●　●　●　●　●

●　●　●　●　●　●　●　●

　　　　　　（c）

△　△　△　△　△　△　△　△

△　△　△　△　△　△　△　△

□　□　□　□　□　□　□　□

［］　［］　□　□　［コ　ロ　ロ　ロ

ロ　ロ　［］　［］　［］　［コ　ロ　ロ

△：Cr－free

□：Cピーcontaining

●：Cr－enrichment

（b）

□　□　□　□　□　□　□　□

□　□　□　□　□　□　□　□

●　●　●●　●　●　●　●

（d）

□　［コ　ロ　［］　□　□　［コ　ロ

ロ　ロ　ロ　ロ　ロ　ロ　ロ　ロ

Il

Fig．10　Schematic　m皿stration　of　oxide　6且ms童brmed　on　the　grain

　　　　　s皿rlhce　and　Cr－dep皿ete“regions　of　Type　304　stainless　steel

　　　　　in　high　temperature　water。（a）Oxide血lm　on　grain　and（b）

　　　　　Cr・depleted　reglon　in　low　DO　concentration（一〇．2　ppm）；（¢）

　　　　　Ox量de　fi艮m　on　grain　and（d）Cr・deple．Ied　region　in　high　DO

　　　　　concentration（≧2PPm）

an　anodic　polariz．ation　treatment．　The　picture　shows　evi－

dence　of　the　localized　dissolution　Qf　the　oxide　film

beneath　which　IGSCC　takes　place．　The　anodic　polariza－

tion　behavior　confirmed　that　the　weakness　of　the　oxide

行lm　on　the　grain　boundaries　is　correlated　with　the　deple－

tion　of　chromium　along　the　grain　boundaries　in　the　matrix

by　sensitization，　The　oxide且lm　fbrmed　in　water　with　8

ppm　DO　had　depth　pfo員les　that　s．how　the　depletion　of

chromium　and　low　porosity，　while　that　formed　in　water

with　O2　ppm　DO　show．ed　an　enriched　chromium　content

and　a　high　porosity　that　had　seven　times　the　speci丘c

surface　area　determined　by　the　BET　isothermal　adsorption

method　than　the　8　ppm　DO　profile．　Based　on　this，　we

proposed　the　idea　of　a　duplex　structure．　with　an　oxide　film

formed　on　the　surface　of　the　matrix　and　a　chromium－

depleted　region　of　sensitized　304　stainless　stee1，　as　illus－

trated　schematically　in　Fig．10（15）．　Fig．11（15）is　a　conclu－

sive　illustration　of　the　relation　between　the　oxide　film

behavior　and　IGSCC　susceptibility．　The　sus．ceptibility　can

be　controlled　by　the　dissolution　behavior　of　the　oxide

film，　i．e．，　by　the．　peak　current　density（lln、x）in　the　active
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Fig。12　Ef艶ct　of　pH　on　resistivity三ndex　of　A蓋匡oy　600　in　8　ppm　DO

　　　　　water　at　573　K

Fig．11　Schemat量。　l口置ustr3tio鳳of　the　el艶ct　of　DO　concenIration　on

　　　　　IGSCC　susceμibi量董ty　3nd　the　anodic　peak　current　density

　　　　　fbr　oxide　蕪雇m　d養sso匡ut藍on

state，　which　is　a　sum　of　the　dissolution　of　the　oxide創m

and　the　dissolution　of　the　metal　rnatrix　through　thin　parts

of　the　oxide創m．　In　other　words，　IGSCC　susceptibility　of

the　sensitized　304　stainless　steel　is　governed　by　the

dissolution　rates　of　the　oxide　film　fbrmed　on　chromium－

depleted　regions　along　the　grain　boundaries　and　of　the

metal　matrix　through　def合cts　in　the　oxide丘lm。

5．2SCC　of　High　N韮ckel　A垂10ys

　　　　Nickel　base　alloys，　such　as　Alloy　600，　and　the　high

nickel，董ron　base　Alloy　800　have　been　used　for　steam

generator　tubes　of　most　LWRs　and　have　so　far　suffbred

from　various　kinds　of　environmental　degradation　such　as

SCC，　denting　and　intergranular　attack：（IGA）．　These

al豆oys　are　still　not　necessarily倉ee　from　corrosion

problems．　NRIM　has　been　strongly　interested　in　the

corrosi．on　problems　of　nickel　base　alloys　and　has　per－

fbrmed　studies　of　environmental　degradation　of　these

alloys　in　a　similar　manner　to　the　corrosion　problems　of

austenitic　stainless　steels　in　LWR　cooIant　environments．

Fig．12価）shows　that　the　SCC　of　Alloy　600　is　accelerated

in　acidic　solutions，　in　which　the　post　heat　treated　speci－

mens　were　more　susceptible　to　SCC　than　solution　treated

specimens．　In　the　study　of　heat　treatment　effbct（17），　it　was

shown　that　the　SCC　susceptibility　of　AIIoy　600　in　high

temperature　acidic　solutions　increased　with　degree　of

sensitization　measured　by　EPR（Electrochemical　Poten．
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tiokinetic　Reactivation）tests．　The　general　trends　for　the

SCC　of　Alloy　600　in　acidic　solutions　were　similar　to

those　fbr　austenitic　stainless　steels　in　terms　of　the　fbllow－

ing　Points：1）in　high　temperature　water　Containing　chlo－

ride　ions，　annealed　materials　show　transgranular　cracking，

while　post　heat　treated　materials　show　intergranular

cracking　with　a　high　susceptibility　fbr　SCC，2）crevices
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Fig．14　Relation　between　number　of　sma且且cracks　and　hardness　of

　　　　　　shot－peened　A且10y　800　in　boi置ing　50％NaOH＋0．3％SiO2

　　　　　　SO且utio皿

and　high　DO　concentrations　accelerate　SCC，　and　3）a

temperature　region（553～573　K）exists　that　shows　a

maximum　SCC　susceptibility．　Fig．13（16）summarizes　the

effects　of　DO，　pH　and　crevices　on　the　SCC　susceptibility

of　Alloy　600，　The　figure　shows　no　cracking　in　the　dilute

alkaline　region，　although　there　apPears　to　be　a　region　in

which　alkaline　cracking　would　be　expected　in　concen－

trated　alkaline　solutions．　However，　the　cracking　mechan－

ism　of　Alloy　600　in　alkaline　solutions　is　considered　to　be

dif驚rent　f士om　that　of　austenitic　stainless　steels　in　high

temperature　water・

　　　　Shot－peening　is　expected　to　be　effbctive　fbr　the　miti－

gation　of　SCC　and　has　been　applied　to　SG　tubes　in　some

PWR　plants　in　Germany　and　China．　NRIM　conducted　a

cooperative　research　program　with　an　institute　in　China　to

determine　the　effbct　of　shot　peening　on　the　SCC　behavior

of　Alloy　800．　The　results　of　SCC　tests　using　double

U－bend　specimens　in　boilillg　50％NaOH＋0．3％SiO2

solution　and　using　C－ring　and　double－U　bend　specimens

in　lO％NaOH　solution　at　593　K　were　that　the　SCC

susceptibility　of　Alloy　800　increased　with　the　addition　of

shot　peening．　This　was　considered　to　be　due　to　the　effbct

of　work　hardening　on　the　specimen　surface　by　shot

peening，　which　can　increase　the　flow　stress　of　the　s．hot－

peened　layer　above　that　of　untreated　specimens．　Shot

peened　specimens　that　retained　residual　compres：sive

stress　on　the　surface　showed　less　susceptibility　than　cold

rolled　specimens　with　the　same　surfhce　hardness，　as

shown　in　Fig．14（18）．　This　figure　shows　the　effbct　of

hardness　on　the　number　of　small　cracks　observed　after

Fig．15　A　fracture　surf註ce　of　STS　42　carbon　steel　tested　i皿8ppm

　　　　　　DO　water　at　523　K．（Note　that　a　crack．　starts飾om　the　pit

　　　　　　（b）．）Strain　rate：4．2×　10－6　s－1

boiling　in　an　alkaline　solution．　Specimens　blasted　by

alumina　sand　showed　le．ss　susceptibility　than　those

blasted　by　steel　balls．　In　conclusion，　shot　peening　treat－

ments　can　be　effbctive　if　the　compressive　stress　due　to

shot　peening　reduces　the　residual　tensile　stress　or　if　the

component　is　used　under　low　applied　stress；otherwise，

surface．　work　hardening　raises　the　applied　flow　stress，

reducing　the　effbct　of　the　residual　compressive　stress．

5．3SCC　of　Carbon　Steels

　　　　It　is　well　known　that　carbon　and　low　alloy　steels

have　excellent　SCC　resistance．　These　steels　have　been

used　in　apPlications　such　as　secondary　recirculation　pip－

ing　and　pressure　vessels，　and　no　SCC　failures　have　been

reported　for　LWR　components　made　ffom　carbon　steels，

It　has　been　demonstrated，　however，　that　carbon　steels

show　SCC　susceptibility　when　exposed　in　accelerated

laboratory　tests（19－21）．　A　typical　example　of　SCC　of　carbon

steel　is　shown　in　Fig．15（2D，脚hich　was　obtained　by　SSRT

in　high　temperature　water　with　8　ppm　DO．　NRIM　con一

且rmed　that　SCC　tends　to　occur　at　the．bottom　of　corrosion
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血b且e3Resu且ts　of　SCC　tests　Ibr　STPT　42　carbon　steel　in　high　temperature　water

　　Tbst．

モ盾獅р奄狽奄盾獅
Time　tQ　f合ilure（h） Cycles（N） Strain（％） Strain　rate　×　10『6／s

Crack　propagatioll　rate　×
@　　　　　　10－10m／s

（a） 3，639NF＊ 　 一 一 一

（b） 3，010NF＊
@　　　　　　　　　　　　　　　　　　　　．

2．8 1．3
一

（c） 3，062NF＊ 1，020 10．7 0．6
一

（d） 1，041Leak 130 4．8 2．2 4．0

（e） 630Break 79 5．0 2．3 13．2

「1 930Break 116 4．9 2．3 9．0

（e’）＊＊ 10，027NF＊ 1，25．3 3．4 1．6
一

（f） 589Leak 147 29 2．7 7．1

（9） 528Leak 132 3．5 15．8

（h） 2，911Leak 243 3．7 2．1 4．9

＊　No　failure

＊＊DO　O．2　ppm

騨…li

懸鰻
鍵
　．
　　．

蜂響

・．

離
籔．

．雛

勲轟藁。

　　灘

難

醐

職韓
　　　　．．・．饗ド

雰趣1趨鑑．．．

Fig．16　Corrosion　pit　fbrmed　on　STS　42　carbon　stee且tested　in　8　ppm

　　　　　DO　water　at　523　K．（Note　small　cracks　across　the　pit。）

　　　　　Strain　rate＝4．2×　10－6　s一1

100

pits　originating　from　the　dissolution　of　MnS　inclusions　in

the　manner　illustrated　in　Fig。16（2呈）．　Reductions　of　DO

concentrations　in　high　temperature　water　decre．as．e　the

occurrence　of　SCC　in　carbon　steel，　and　no　SCC　was

observed　below　O．l　ppm　DO，　as　shown　in　Fig．17（2．D．

Since　a　potentialrpH　diagram　fbr　the　Fe－H20　system　at

563Kindicates　that　the　Fe304Fe203　redox　potential　is

attained　around　O．I　ppm　DO，　it　can　be　assumed　that，

above　O．2　ppm　DO，　magnetite　is　partially　oxidized　to

hematite，　fo㎜ing　a　double－layered　oxide且lm．　The　hema－

tite　layer　in　this．mm　increases　in　thickness　with　increas－

ing　DO　concentration，　and　the　double－layered　oxide負lm

bec．omes　more　likely　to　produce　corrosion　pits　fbr　crack

．1nltlatlon．
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Fig．17　Ratio　of　SCC　area　as　a　function　of　DO　concentration　fbr

　　　　　STS．42　carbon　steel　tested　in　water　at　523　K　an“563　K．

　　　　　Strain　rate：4．2　×　10－6　s－l　and　8．3．×　10－7　s　1

　　　NRIM　has　perfbrmed　SCC　tests　under　bi－axial　load－

ing　by　using　tubular　specimens　to　simulate　small　sche－

dule　piping　in　power　plants　durillg　start－up　and　shut－down

periods．　Thus，刊uctuations　of　the　water　temperature　and

stress　were　identified　as　factors　accelerating　the　SCC　of

carbon　steeL　The　specimen　dimensions　and　the　test

apparatus　were　presented　in　Figs．4（a）and　2，　respective．ly．

Fig．18（22）is　a　schematic　illustration　of　the　water　tempera－

ture　and　stress　wavefbrm　used　for　the　SCC　tests．　The

results　of　the．　SCC　tests　on　carbon　steel　are　summarized

in　Thble　3（22）．　The　table　shows　that　the　occurrence　of　SCC

depends　on　the　lev．el　of　strain　rather　than　the　strain　rate，

and　that　the　crack　growth　rate　increases．　with　incre．asing

strain．　It　was　con且rmed　that　SCC　also　initiates　at　corro．

sion　pits　on　the　inner　surface　of　the　s．pecimen，　similar．　to

the．　case　of　stainless　steels．
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Fig．18　Schematic　ll藍ustration　of　waveforms　of、vater　temperature　and　stress腿sed農｝r　SCC　tests
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F量g．20AE　cumulat藍ve　count　during　SCC　progress　under　the　test　cond虻ion　of　Fig．18（d）

　　　　The　applicability　of　acoustic　emission（AE）was　also

investigated　during　this　program　because　it　was　expected

to　be　a　usefUl　tool　fbr£he　detection　of　SCC　propagatio韮，

AE　signals　were　detected　by　a　couple　of　AE　sensors

through　transmission　bars　that　were　welded　to　the　tubular

specimen，　as　shown　in　Fig．19（22＞．　Fig．20（22）shows

changes　in　the　AE　cumulative　count　with　time．　The

cumulative　number　of　AE　events　clearly　increases　rapidly

at　point”A，「prior　to　water　lead（age　at　poinビB”，　suggesレ

ing　that　AE　can　be　a　reliabie　monitor　of　SCC　ProPaga冒

tion．　It　was　fbundξhat　the　propagation　rate　of　SCC　in

carbon　steel　was　one　order　of　magnitude　lower　than　that

of　304　stainless　steel，　possibly　due　toξhe　branching　of

crackS．

　　　　The　minimum　time　to　failure　was　obtained　at　con（ii－

tion（e）in　Fig．18，　where撫e　specimen　was　separated　by

circumferentia豆failure。　However，　no　failures　were

observed　after　more　than　104　h　when　the　DO　concentra－

tion　was　reduced　to　O2　ppm，　which　correspohds　to　the

DO　levels　of　BWRs．　It　was　observed　that　at　low　DO

levels，　a　stable　black　oxide創m　R）rmed　without　any

corrosion　pitting．　This　implies　that　the　selective　dissolu－

tion　of　inclusions　might　be　suppressed　by　a　dense　oxide

創m．

6．CF　of　Low　Alloy　Stee藍s

6．1Low　Cycle　Fatigue

　　　　For　designing　structural　components　that　will　be

su切ected　to　cyclic　Ioads，　the　fatigue　behavior　of　the

materials　to　be　used　must　be　clari倉ed　and　their　design

fatigue　curves　established　in　advance．　When　the　materiaI

is　used　in　corrosive　environments，　further　investigations

are　needed　because　the　fatigue　behavior　of　the　material　is

in伽enced　by　the　environme凱．　Pressure　boundary　com－

ponents　of　LWRs，　such　as　the　pressure　vessel　and　the

primary　coolant　piping　system，　require　superior　integrity

throughout　their　lives　and　aぼe　designed　using　the　design

毎tigue　curves　speci丘ed　in　Section王II　of　the　ASME

Boiler　and　Pressure　V6ssel　Code（23）．　These　design　fatigue
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Fig・21　S－N　curves｛brヨ。、v盆藍loy　steels　in　hlgh　temperature　water

　　　　　and　a藍r

F韮g．22Straln　rate　depende【監ce　of　1品目igue賑艶fbr韮ow　alloy　stee蓋s　ln

　　　　　h韮gh　te阻pem短e　wa重er

curves　were　estab玉ished　o簸the　basis　of　experimental　S－N

data　obtained　in　ambient　air　and　include　safbty　margins

f6r　effbcts　such　as　test　specimen　size　and　data　scatteL

However，　the　sa艶ty鉛ctor　ln　the　ASME　Sec．　III　design

fat童gue　curves　against　laboraζory　data　is　one　twelltieth　in

the　韮umber　of　cycles　to　f訊量1“re　or　o装e　ha至f　量n　fat量gue

strength，　These　curves　do　not　include　any　factor　for

environmen£because　the　e韮vironment　depends　on　the

conditions　of　each　specific　application．　Although　出e

i船er　wal】of庸e　pressure　vessel　is　covered　wi£h

austenitic　stai！｝less　steel　cladding，量ts　sound慧ess　is“sua正ly

evaluated　using£he　fatigue　behav圭or　of　low　a豆loy　steeh譲

an　aqueous　environmen｛u難der　the　ass級mption　of　direct

co凱act　with　the　coolant（24－26）．　Since　the　materials

employed　fbr　pressure　boundary　compone隷ts　ffequently

show　a　reduction　in　fatigue　Iifb　or　an　acce圭eradoR　of　the

fatigりe　crack　growth　rate　in　a　simula毛ed　reactor　environ－

ment，　it　is　importa凱to　clarify　the　extent　of　any　environ－

mental　ef色cts　on　the　design　fatigue　curves　of　the　ASME

Code，　as　well　as　to　establl．s熱databases由a宅can　be　used

with　lifb　prediction　techniques，

6．U．　Effbct　of　high　tempera加re　water　environment

　　　　　on　S爾N　curves

　　　Fig．21（27・28）shows　a　Gompariso譲of　S－N　curves　in

high｛emperature　water，　hlgh　temperature　air　and　room

temperature　air　at　a　strai装rate　of　O．1％／s．　A533B　steel

shows　a　reduction　of　f合tigue　lif6　in　a　h量gh　tempera£ure

water　environme殖，　especially　at　high　total　strain　ranges，

whereas　the　fatlgue　llf60f　A508　in　aわlgh　temperature

wa重er　environment　tends　to　extend　that　at　low　total　strain

ra織ges．　The　results　fbr　the　A533B　steel量ndicate　tha賃he

e£f6c毛of　a　highξemperature　water　env量．ronmen重on　fatigue

consists　of　two　components，　a　temperature　ef驚αand　a

water　environme凱effbct　However，　theξest　temperature

defines　th．e　shape　of　the　S－N　curve，　and　the　water

envlronment正s　not　as　i岨uenξial　as　expected」t　should　be

pol鍍ted　out　that　a宅empera£ure　ef艶ct，　as　weU．　as　a　pure

e難viro益mental　el艶ct，　shoul（i　be　圭ncorporated　into　the

design　fatlgue　curves　in　the　ASME　Code　because　the

curves　do簸ot　lndude　the£empera宅ure　eff6ct　e曲er．

　　　Strain　rate　is　an　influent呈a韮factor　in　sξrai無co註tro歪led

ねtigue　tes£s．　The　strain　rate　depe鷺dence　of　S－N　curves勲）r

steels量s　not　large　in　amb童ent　temperature．　However，　it圭s

suspecξed　that　superpos量t量on　of　宅he　environ1皿enta壼　and

strai難rate　effむcts　might　sig薮if壼cantly　af驚ct　the　S－N

behavio藍　Fig．22（27）Presents　lo9－log　Plots　of由e　stra童n

rate　depe籍dence　ofねdgue　lifb　at宅he　speci丘。　tota歪strain

calcula宅ed　ffom　the　S－N　c“rves　fbr　A508　and　A533B

steds（27・28）at　sξrai難　ranges　負℃m　10－1％／s　宅。　lO－3％／s　in

hlgh　temperature　water．　The　curves　may　be　postula毛ed　as

至inear，　as　expressed　by：

N25＝C6γ＿＿＿＿．＿．＿＿＿＿＿．＿＿（1）

whereε童s　strai簸ra£e．　The　value　ofγis　O．10　for　A508　and

O．36fbr　A533B．　Si難ce　contradictory　results　have　bee簸

reporte（i（29），　t捻is　kin（圭of　behavior　seelns毛。　be　inHuenced
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Fig。23　DO　concentration　dependence　of　fatigue　h漉for　low　a［且oy

　　　　　　steels　in　high　temper飢ure　water

by　metallurgical　factors　rather　than　steel　type．　Occasion－

ally，　actual　conditions　are　not　evident倉om　laboratory

tests，　and　longer　duration　tests　are　needed．　Since　the

loading　rate　fbr　actual　reactor　components　is　probably

much　lower　than　those　used　in　the　present　tests，　the

acquisition　of　data　at　extremely　low　strain　rates　is　consi－

dered　to　be　urgent，　although　this　kind　of　te．st　is　quite　time

consuming．　One　report（30）indicates　that　the　strong　strain

rate　dependence　of　carbon　steel　in　BWR　water　environ－

ments　tends　to　diminish　at　strain　rates　lower．　than　l　O－4％／s．

This　conclusion　suggests　that　there　is　some　limit　to　the

reduction　of　fatigue　strength　due　to　strain　rate　ef飴cts．　in

high　temperature　water　environments，　and　that　further，

long－duration　investigations　should　be　recommended．

　　　　The　DO　concentration　dependence　of　both　steels

shows　a　complex　behavior，　as　shown　in　Fig．23（27・28）．

Contrary　to　the　sΨrain　rate　dependence　seen　in　Fig．22，

there　is　no　dif艶rence　between　A508　and　A533B　steels．

The　transition　behavior　of　the　fatigue　Iifb　between　200

ppb　and　lOOO　ppb　in　Fig．23　was　also　reported　for　low

alloy　and　carbon　steels（3　D．

6．1．2．Comp段rison　with　ASME　Code，　Sec．　III

　　　　Design　fatigue　curve．s　fbr　nuclear　reactor　components

are　given　in　the　ASME　Boiler＆Pressure　Vbssel　Code，

Section　III（23）．　These　curves　are　developed　fめm　the　mini－

mum　Qf　e．ither　half　the　stress　or　one　twentieth　the　fatigue

lifb　of　the　best　fit　curves　of　fatigue　data　obtained　in

ambient　air，　taking　into　account　of　the　effbcts　of　test

specimen　size，　data　scatter　and　other　variables，　but　not

　　　　101　　102．　103　　104　　105　　106
　　　　　　　　　　　　　　　　　　　Fatigue　iife　N25（cycle）

Fig。24　Comparison　of　the　present　data　with　the　design　fatigue

　　　　　　curves　in　the　ASME　C．ode，　Sec．　III

Fig．25　A　typicai　examp且e　of蹴igue　crack　initiation　on　the　hacture

　　　　　sUrmce　of　A533B　steel　in　high　temperature　water

environmental　efR）cts．　For　the　application　of　these　curves

to　components　used．in　other　environments，　the　use

of　factors　fbr　environmental　effbcts　is　necessary．　Fig．

24（27・28．）is　a　comparison　of　current　f盆tigue　lif6　data　with

the　ASME　design　fatigue　curves，　expressed　as　a　pseudo－

stress．　All　of　the　fatigue　data　obtained　in　high　tempera－

ture　water　falls　above　the　design　fatigue　curves　with

margin．s　of　twice　the　stress　or　ten　times　the　fatigue　lifb．．

However，　since　the　mate士ials　employed　show　a　clear

strain　rate　dependence　in　high　temperature　water　environ－

ments，　as　discussed　in　the　previous　section，　a．lower

margin　is　expected　fbr　data　points　at　lower　strain　rates

than　those　tested．　These　results　may　instigate　a　reviSion

of　the　design　fatigue　curves　that　take．s　environmental

ef陀cts　as　well　as　the　strain　rate　ef表）ct　into　account。

6．1．3．Origin　of　fatig皿e　cracking　in　high　tempemture

　　　　　　water

　　　　Fractography　of　fractured．surfaces　indicates　that　the

fatigue　cracks　initiate　from　corrosion　pits　on　the　surface
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Fig．26　Successive　observation．s　of　fhtigue　crack　growth　in　waIer　at

　　　　　561K

that　are　fo㎜ed　by　dissolution　of　the　MnS　inclusions，　as

shown　in　Fig．25（27）．　ColTelation　of　the　dissolution　of

MnS　inclusions　with　the　formation　of　corrosion　pits　has

been　con且rmed　by　successive　observations　of　MnS　disso－

lution　behavior．　Investigation　of　the　surfaces　and　sec．tions

of　fatigued　specimens　revealed　that　the　fatigue　cracks

initiate　ffom　the　bottom　of　corrosion　pits．　In　addition，

investigation　of　the　surface　corrosion　behavior　of　the

steels　reVealed　a　correlation　between　the　colTo．siop　pit

density　and　the　sulfur　content．　It　can　be　concluded　f士om

these　investigations　that　the　fatigue　crack　initiation

mechanism　for　these　steels　in　high　temperature　water　ls

such　that　corrosion　pits　are　generated　by　dissolution　of

MnS　inclusions　on　the　su㎡ace　that　act　as　points　of　stres．s

concentration　fbr　the　origins　of　cracking．．　The　early　fbr－

mation　of　corrosion　pits　due　to　high　rates　of　dissolution

of　MnS　inclusions　provides　points　of　stress　concentration

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　19

that　precede　the　forrnation　of　intrusion　sites　and　that

reduce　the　number　of　cycles　necessary　f6r　crack　initia－

tion，　resulting　in　a　reduction　of　the　fatigue　lifb．　Even

though　the　surfhce　with　co皿osion　pits　was　covered　with　a

thick　oxide丘lm，　the　film　might　not　affbct　thi．s　mechan－

ism，　because　oxide　mm　fb㎜ed　in　the　high　temperature

water　consists　of　an　aggregation　of　fine　crystalline

magnetite．　Acceleration　of　crack　growth　rates　due　to　a

corrosive　environment　also　contributes　to　a　reduction　in

fatigue　lifb．　However；this　appears　to　be　m．inor　ffom　the

present．　results　because　the　crack　growth　behavior　of

steels　containing　sulfur　below　O．010　wt％is　considered　to

be　nearly　independent　of　the　sulfur　content（32・33ン。　This

may　imply　that　the　crack　initiation　process　in　high　tem－

perature．water　is　more　sensitive　to　the　steel　sulfUr　content

than　the　crack　growth　process．

6．2Fatigue　Cmck　Growth

　　　　Crack　growth　behav．ior　of　structural　materials，　espe－

cially　low　alloy　steels　used　fbr　RPV　in　reactor　coolants，

has　attracted　world－wide　attention　since　JAERI　disco－

vered　the　EAC　behavior　of　f巳rritic　steels　in　l972（3・4）．

NRIM　joined　this　complex　research且eld　in　l　980　and　has

obtained　extensive　interesting　knowledge，　as　outlined

below．

6．2．1．Direct　observation　of　cracking　in　high　tempera－

　　　　　　ture　w劉ter

　　　In　fatigue　crack　growth　tests　using　common　test

pieces　such　a：s　compact　tension（．CT）and　center　cracked

tension（CCT）．specimens，　crack　length　is　usually　deter－

mined　by　either　direct　measurements　of　the　crack，　using　a

microscope　or　measuring　beach　marks　on　the　ffacture

surface，　or　indirect　measurements，　using　elastic　compli－

ance　of　the　ligament　or　the　electro－potential　drop　across

the　cracked　ligament．　However，　crack　length　measure－

ments　for　corrosion　fatigue　tests　have　so　f乱r　been　con－

ducted　exclusively　by　indirect　methods　because　the

specimen　is　inside　of　a　high－pressure　autoclave．　The

results　of　these　indir6ct　measurement　methods　have　not

yet　been　veri且ed　by　optical　measurements　because　of　the

technical　difficulty．　The　technical　problems　remaining

include　finding　a　window　material　that　is　suitable　as　a

pressure　boundary　for　high　temperature　water，　distortion

of　the　image　by　the㎜al　Huctuations　in　the　water，　and　the
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Co醗Pm唖son　oぎ　cr劉ck　且engths　me罰sured　by　the　oP垂韮cal

observ3tion　me偽od（symbols｝and　the　compliance　me重hod

（so韮id　lines）

long　working　distaRces　fbr　a　telescope　due　to毛he　tllick

walls　o負he　autoclave　and　mantle　heate監The　only　report

of　direct　observati．ons　is　tlle　work　done　by　Kaw慮ubo　et

a壼．（34＞ln　which　conti陰uous　oμ量cal　observations　of　stress

corrosion　cracking　i翻　austenitic　stai監｝less　stee1．　i礁　h圭gh

telnperature　wa紀r　at　523　K　were　carr呈ed　out　usi［｝g　single

αystal　sapphire　glasses　and　a　TV　calnera．　The　author　was

very　encouraged　by　the呈r　techniques　alld　designed　a　direα

observation　system　for　corros圭on　fatigue　tests，　which　was

i搬roduced星11　Sectlon　4．　The　key　to山e（至irect　observa宅io脆

techRique　was　to　use　a　long，　transparent　single　crystal

sapPhire　rod　as　a　solid　ilnage　pat卜in　the　high　tel罰perature

water．　The　sapph．ire　rods　were　produced　by　TDsh呈ba　Cα一

amics　Co．　An　autoclave　with　extended　window　por£s　and

aspecia】ly－designed　observa£ion　system　was　constructed

（Fig．3（哉））．　R　was　found　that　the　observation　system

possessed　a　resoluti．on　of　O。Ol　rnln，　whlch　satis5ed　the

A∬MS繍dard　E647　req．uirement　for　fatigue　crack

里neasure111e臓ts．　Fig．26（35》is　a　par額al　set　of　s礒ccess量ve

obsewati．ons　of　a　fatigue　crack　in　water　at　561墾（。　Fig．27

（35）i．s　a　comparison　of　crack　lengths　measured　byξhe

optlcal　observado昌a熱d　compliance　me宅hods．　The　p罫esent

compliance　method　employed　a　LVDT（linear　variable

diff6rentia韮　宅ra臓sfbrmer）　des呈gned　for　hi．gh．　te蕉額perature

water，　This　ls　the負rst　comparison　oξthe　two　methods

ξhat　ver呈f｝es　a　good　cor£e至aIion．　The　trend　that　all　crack
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Fig．28　da／dN一△K　relatio擁shiρ歪br且ow　sulfur　A5333　steehn　water　at

　　　　　561K

lengths　藁neasured　by　the　optical　Iueξhod　are　sl量ght圭y

smaller　thanξhose　measured　by　the　comP1．ia勲ce　method　is

due　to　the　so－called　tun翁eling　eff巳ct　of　fat呈gt…e　crack

fronts．　Direct　observations　some£imes　provl．ded　a　variety

of　informatio礁on　crack　grow撫behavior，　such　as　bfanch－

iほg　and　detou蒙’ing　of　the　crack　paξh．

6．2．2．Ef艶。重s　of　variab且es　on　f3tigue　crac難growth

　　　　　rates

　　　As　menξio陰ed　ln　Sectlon　3　N．RIM　sξudied　the　ef色cts
　　　　　　　　　　　　　　　　　　　　　　　　　ラ

of　environment　oll　the飴dgue　crack　grow｛h　behavior　of

low　alloy　steels　in　silnulated　LWR　coolant　e礁vi．ronmeIIts。

Thls　section　introduces　these　effec毛s　ill　addltior叢to

preseBting　the　eff6ct　of　solne　rnecha嶽圭cal　and貰れetal．lurgi－

cal　fac£Ors．

Bα∫∫（二・4ご～／詔〉一ムノ（　ノで1α∫10η

　　　Refbrence　curves　for　the　crack　growth　rates　of　fbr韮’idc

steels　in　reactor　coolant　environmen毛s　are　presented　in
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ASME　Code　Sec．　XI，　which　is　an　inspection　code　fbr

reactor　components．　Typical　examples　of　data　fbllowing

the　ASME　Code　fbr　low　alloy　steels　in　a　simulated　BWR

coo三ant　environment　are　shown　in　Fig．28（36）．　Although

data　points　obtained倉om　high　temperature　water　tests　are

scattered　around　the　air　curve　of　the　ASME　Code，　some

acce豆eration　is　clearly　observed　when　compared　to　the

ambient　air　data　of　the　material　used．　The　data　points　are

limited　because　of　the　experimental　dif行culty　and　the

d飢areduction　process．　EAC　tests　consist　of　time－

consuming，　low　cycle　loading，　and　there　is　a　limit　to　data．

acquisition　for正ow　crack　growth　rates　around　Kth，　Data

reduction　using　the　seven　point　polynomial　analysis

method　also　cuts　out　data　points　at　the　start　and　end　of

the　test，　especia1正y　fbr　Iarge　acquisition　intervals．　These

are　reasons　why　very　fbw　crack　growth　curves　have　been

obtained　at　KIh．

聯α　qヂ∫8η1ρ6’η如146

　　　　Materials　experience　various　temperatures　depending

on　the　reactor　component　apPlication　and　the　ef艶ct　of

t5 2．0 2．5

T－1，K－1

3．O 3．5　×10－3

Flg．30「陀mperature　dependence　ofねtlgue　crack　gro鴨h　rate　fbr

　　　　　A533B　sleel　l贔51mulaεed　8WR　water　enviro盈職e獄t

start－up　and　shut－down　operations．　Fig．29（36・37）shows　the

eff巳αof　tempera田re　on　the　crack　growth　rate　of　A533B

・steel　in　pure　water　containing　a　DO　concentration　of　lOO

ppb．　The　sampling　interval　was　set　at　500　cycles　to　avoid

aIarge　scatter　of　data　at　the　initia豆stage　of　the　fatigue

tests．　The　crack　growth　rate　varies　widely，　and　the　maxi－

mum　effbct　is　observed　at　373　K．　The　temperaωre　depen－

dence　at　different△K　values　is　shown　in　Fig．30（36・37＞．

These　have　very　complex　shapes，　suggesting　multiple

controlling　rnechanisms．　Similar　results　have　been

reported　for　experiments　in　BWR　and　PWR　water

environments（38－40）．　Fig．27　inρludes　data　from　specirnens

with　sizes　that　vary　by　a　factor　of　fbur　and　suggests　that

there　is　no　specimen　size　effbct　on　crack　growth　rate．

Care　must　be　taken　to　consider　the　result　at　373　K，　f6r

which　the　data　points　are　close　to　the　ASME　refbrence

curve　fbr　low△K，　even　though　the　material　is　classi倉ed

as　a　low　sulfur　material．　This　curve　is　the　highest　of　those

obtained　under　conditions　that　nuclear　power　plants

experience　through　their　operations．　The　temperature
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ef偽ct　apPears　to　be　one　of　the　ねctors　to　be　d呈scussed

when　the　refbrence　curves　are　modi食ed，
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　　　Dissolved　oxygen　is　an　important　i禮uendal　factor

fbr　materials　i難high£emperat縫re　wateL　It　occas呈onally

accelerates　damage　of　the　ma芝erial，　such　as　with　corrosion

fatigue　and　s重ress　corrosio農cracking，　not　to　mention

general　corrosion．　NRIM　investiga宅ed　the　eff6ct　of　dis－

solved　oxygen　concentrat童on　on　the　crack　growth　rate　of

A533B　steel　i勲water　at　56．重K．　The　oxygen　concentration

of　water　in　a　make－up　tank　of　the　reclrculation　system

was　controlled　from　a　saturated　concentration　at　room

temperature　to　l　ppb．　Fig．31（37・4D　shows　the　relation

between　fat呈gue　crack　grow由rate　and　stress量ntensity

factor　range　afvarious　DO　concentrations　in　water　at　561

K．It　is　clearly　see陰that　dissolved　oxygen　concentrations

above　l　OOO　ppb　in　high毛emperature　water　accelerate　the

crack　growth　rate　oギthe　material，　especlally　at　low△K

values．　The　rate　of　acceleration　has　a　maximum　factor　of

3aξ1）O　conce煎rations　be茎ow　1000　ppb，　while　above

1000ppb　the　factor　reaches　8．　The　DO　concentration

dependence　of　the　crack　growth　rate　is　shown　in　Fig．

32（4D，　in　which　crack　grow宅h　rates　at　specific　values　of

△Kare　replαted　against　a　Iogarlthmic　DO　concentration

scale，嚢is　seen　that　the　crack　growth　rate　scarce董y

depe薙ds　on　DO　co餓centration　below豆000　ppb，　implying

asimilarity　ln　the　degree　of　EAC　damage　between　the

coolant　condltions鉛r　BWR　and　PWR．　The　reverse　trend

of　the　crack　growth　rate，　i．e．　decreasing　with　increasing

△KaξDO　concentrations　above　lOOO　ppb　as　shown　in

Figs，3璽and　32，　is　co員sidered　to　be　due　to　a　decrease　in

the　effective△K　caused　by　an　oxide－induced　crack

closure　effect．

　　　Electrochemistry　is　a　strong　tool　for　understanding

the　behavior　of　materials　in　solutions　associated　with

corrosion．τhe　po豆arization　curves　and　corrosion　poten－

tials　of　A533B　steel　were　obtained　after　overcoming

technica豆d童fficulties　with　the　high　temperature　water

environment．　Fig．33（4D　ls　a　comparison　of　corrosion

poIendals　from　the　present　work　with　those倉om　the

literature（33）．　The　corroslon　potential　increases　wi痴

increas壼ng　DO　concentration　an．d　shows　good　consistency

with　the　literature，　The　re茎ation　between　the　fatigue　crack

growth　rate　and　DO　conce航ration　in　Fig．32童s　associated
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with　loca正corrosion，　while　that　between　the　corrosion

potential　and　DO　concentration　in　Fig．33　is　associated

with　general　corrosion．　Therefore，　a　strict　comparison　oギ

the　two　phenomena　may　not　be　reasonable．　However，　a

qualitative　discussion　of　the　relation　between　F童gs．32　and

33f㌃om　the　electro－chemical　viewpoint　may　be　as　f61．一

lows．　The　cathodic　reaction　in　the　system　was　activated

by　the　high　至）O　concentration，　so　that　the　韮neasured

corrosion　potential卜as　shlfted　to　a　more　noble　potential

from　the　equilibrium　potential　of　the　system．　On　the　other

hand，　fセesh　metal　surface　associated　with　fatigue　crack

growth　dissolves　rapidly　with　increasing　DO　concentra－

tion，　especial正y　at　DO豆evels　higher　tha鳶1000　ppb．　This

results　in　acceleration　of　the　crack　growth　rate．　Accelera－

tion　of　the　crack　growth　rate　might　correspond　to£he

transpassive　reg重on　of　the　anodic　polarization　curves　of

the　material．

βがセαρプ110W　1’α’6

　　　The　average　How　rate　of　laboratory　water　recircu正a－

tiOn　SyStemS　iS　COmmOnly　much　leSS　than　thOSe　Of

23

Fig．34　Sc熱ema重三。　diagram　fbr　an　apParatus燕｝r　water　How　rate

　　　　　ch3nge重es重S

nuclear　power　plan芝s，　and　expensive　pump　systems　are

requlred　to　simulate　the　eff6ct　of　high　water　flows．

UKAEA　Risley　lnstalled　a　recirculation　system　with　a

high　How　pump　and　published　an　EAC　map　f6r　low　alloy

steels　in　terms　of　the　How　rate　and　sulfur　content（42），　The

author　designed　a　device｛br　changing　the　water　flow　rate

by　putting　a　nozz璽e圭n　front　of　the　specimen　crack　Inouth，

as　shown　in　Flg．34（43）．　The　nozz正e　can　feed　a　water　jet

direcdy　i飢。　the　crack　mo磁h．　The　How　rate　can　be

changed　throughξhe　nozzle　or　the　inlet　hole　of£he　lid　in

addition芝。　varying　the　pulnp　speed　of　the　recirculation

system．　It　was　found　that　A533B　steels　with　di貿er量ng

sulfur　conte継s　had　lower　crack　growth　rates　at　hig骸租ow

rates　with　the　nozz至e　than　those　un（至er　low　fヨow　rates

without鶏ozzle，　as　shown　in　Fig．35（43）．　The　cu呈’ves　also

show　the　eff6ct　of　sulfur　content．　A　medium　sulfur　steel

（conta量ning　O，0至4　wt％S）had　a　drastic　cha負ge　in　the

crack　growth　rate　compared　to　that　of　the　Iow　sulギur　steel

（0．004wt％S）．　W6　ca熱conclude　ffom　these　results　that

su豆fur　strongly　influen．ces　the　fatigue　crack　growth

behavior　of艶rriξic　steels　in　high　temperature　water，

especia正ly　under　s重agnan£　conditions．

　　　Another蝕ding　of　corrosion　fatigue　behavior　ffom

us童ng　the　f至ow　rate　change　tests　is　that　fatigue　crack

growth　responds　prornptly　to　changes　in　the　fiow　rate，　as

shown　in　Fig．36（43），　in　whlch　the　corrosion　potential
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　　　　　c縫rvesξ◎r　A533B　steels

response　is　a圭so　shown．　In　this　case，　changes　of　the　crack

growth　rate　and　corros圭on　potent量a玉due　to　the　flow　rate

were　again　en難anced　for重he　med呈uln　sulfur　s紀el．　Th童s

resuk　also　呈ndicates　the　sξrong　e艶ct　oぞ　sulfur　on　the

EAC　behavior　of　s毛eels．

　　　The　How　rate　dependence　of　the　normal．圭zed　crack

growth　rate　is　sulnmarized　i難Fig．37（43｝for　both　stee至s．　In

重his食gure，　the　ordlnate　represents　an　EAC　enhancement

factor　expressed　as：
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Tbe　ultimate　value　of　A＊H】c　shou董d　lncl慧de　innuential

fac乞ors，　such　as　the　high　stress　rat圭。　and　low　cyclic

freq慧ency，　in　addi芝ion　to　the　presen£faαors　of　high　su玉fur

content，　stagna鐵t　water　flow，　and　limiting　values　of　suc盤

phenome燕on　as　sξ…’ess　corroslon　cracking　accompanied　by

hydrogen　lnduced　cracking．　The　EAC　mechanism　con一

毛rol重i盆g　t難e　present　results　is　thought　to　be　as　follows：

U礁der　a　stagnant　water且ow，　tlle　composltion　of室he　water

呈nfronξof　the　crack　tip　would　be　dif琵re鍍from　that　of

F量9．36E姫cts　of　water餐ow　rate　o難crac旧ength　vs　N　curves

　　　　　　（3）a職dc謄osion　poten重lal（b）（c）飴r　A5338　s£ee監s
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F韮g．37Effect　oぎwater　How　rate　on　environmental　acceleration　of

　　　　　crack　growth　in　terms　of　da／dN

the　bulk　water．　The　DO　concentrat呈on　decreases　with毛he

consulnpdoa　of　oxyge穀during　tke　formation　of　aれox圭de

田mon　the　bare　me室al　surface，　wh呈le　the　pH　value　drops
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Schematic　type　of　dissolutbn
Temperature
@　　　（K＞

Free＄ur才ace lncrev℃e

423

448

473

523

56て

獣

MnS

　　　Matrix

　　〇xlde　f闘m

25

Flg．38　Schematic　i馳stra重ion　of£he　6issol秘t董on　be熱avlor　of　MnS

because　d孟sso隻ut玉on　of　the　bare蓋neta圭prod縫ces　hydrogen

ions　by　the　cathodic　reaction．　In　add至tion，　the　d量sso茎ution

of　MnS　inclusions　also　produces　hydrogen　io鐵s　at　the

crack　dp．　When　the　water　jet　is　i賑troduced重o£his　condi一

毛ion，　the　anodic　e簸vironrnent　at　ξhe　crack　tip　cou正d　be

blown　out　and　rep正aced　by　fresh　test　water　with　a　hl．gh

DO　concentration．　We　conclude重ha£EAC　enhancement

of　the　crack　growth　rate　is　governed　by　the至ow　pH　value

rather重llan　the　high　DO　concent韮・aξion　by　consideri．ng　the

DO　concentraξion　depen（至eace　shown　in　Fig．31　which

indicates　that　the　crack　growth　rate　does韮10t　vary　with

DO　bel．ow　1000　ppb．　The　respo翻se　of　the　corrosio熱

poteatial　in　the　water釘ow　rate　change　tests　shown　in　Fig．

35can　be　expla呈11ed　by　two　po童nts　of　view．　On．e　i．s　the

so－called　d茎．fferential　aerat呈orl　potentia正Inechanism　that至s

due　to　the　reduction　oギtl｝e　DO　co麹centration　at　the　crack

tip　at　Iow負ow　rates。　Thls　mechanism　seems　to　be

reasonab玉e　qual童tatively　ξroln　tl、e　results　ofξhe　re茎ation．

between　DO　concentration　and　corros童on　potential（33）and

the　measurement　of　DO　concen笠ra宅ioa　in　the　cl『ac数ξip

water（44）．　The　other　reason　is芝he　dlssolutioll　of　MnS

i韮、clusions　and　the　decrease　of　pH　by　the　cathodic　reac－

tion．　Si貸ce　the　decrease　of　pH　in　the　sma至1．　gap　has　been

recogn圭zed（45），ξhe　steep　drop　ln　the　corrosio籍　potential

curve　for　the　rnediu夏n　sulfur　stee韮i熱Fig．36隻s　attributed

to　active　hydrogen　ion　generation　by　the　cathod重c　reac－

tion．

Co〃’α豆oη加伽～oノ層（ゾMη5～121．81α”01～’oぴαcた91’o励

　　　In　previous　sectlons，　we　found　that　su1．fur　strongly

圭nHuences　the　low　cyc玉eギatigue　Ii8e　and　the　fat呈gue　crack

growth　rate　of　low　alloy　s重eels　in　high　temperature，

simul往ted　LWR　coolant　environmen乞s．　Sulfu…’ls　present

as　MnS　illclusions　in　the　Inatrix．　When　exposed　to　hi．gh

重emperat嚢re　wate玉喝，芝hese　i翻clusions　dissolve　th！’ough　t卜e

following　Possib至e　reaction：

M・S・4H20→M・2㌔SO42一＋8H＋＋8e一 i3）

Thls　reac£iom’esults　in　a　decrease　of　pH，　which　gives玉・i．se

to　hydrogen　embrltξlement　at　the　crack　tip（46）．　MnS　dis一
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solves　easily　ln　high　temperature　water，　fo㎜ing　a　corro－

sion　pit，　which　can　act　as　a　fatigue　crack　initiation　site，　or

lowering　the　pH　a乞afatigue　crack£ip，　which　can　acceler－

ate　the　crack　growth　rate．　Therefore，　i乞ls　lmportant　to

understand　the　dlssolution　behavior　of　MnS　in　a　corroslve

environment，　especially　at　a　crack　tip　in　high　tempera重ure

water．　Pairs　of　coupons　of　medium　sulfur　A533B　steel

were　presse（圭重ightly　together　to　simu正ate　a　crack　gap　and

then　immersed　in　water　at　temperatures　ranging　ffom　423

Kto　561　K，　Thls　temperature　interval　includes　the　range

of　complex　tempera田re　dependence　of　crack　growth　rate

shown　in　Fig．30．　The　typical　appearance　of　the　specimen

surface　and　a　schematic　illustration　summarizing　the　MnS

dissolution　mechanism　are　shown　in　Fig．38（47），　respec－

tivel．y．　It　can　be　concluded　ffom重hese　results　that　MnS

inclusions　tend　to　dissolve　in　water　above　448　K　slightly

easier　in　crev呈ces　than童n　the　bulk　con（韮it童on．更）iff6rences

between重he　BWR　and　PWR．　water　chemistries　did　nα

resuk　in　any　change．　The　forrner　conclusion　apPears

signi丘cant　because　lt　lmplies　that　MnS　inclusions　are　not

expected　to　inauence　the　fatigue　crack　growth　rate　in

water　at　tempera重ures　below　448　K．　This　hypothesis　was

co面rmed　by　the　water負ow　ra重e　change　tests，　as　shown

in　Fig．39（47）．　ln出e負gure，　the　curve　at　448　K　shows　no

kink　due　to　fiow　rate　change，　which　provides　substantial

evidence　verifying　the　EAC　mechanism　in　hlgh　tempera－

ture　water．
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　　　The　LWR　pressure　vessel　is　a　large，　welded　structure

composed　of　thick，玉ow　al豆oy　steel．　Noting　the　modi血ca一

（b＞

Fig、．40　Spec韮men　notch　orient飢ions（a）and　locations（b）

tions　in　rnicrostructure　and　the　resuking　increased　defbct

density　of　welded　parts，　the　eva豆uat星on　of　we豆ded　speci－

mens　must　be　of　pragmatic　importance．　NRIM　obtained

253mm　thick，　wrought　A508　steel，　butt－welded　jo童nts　in

the　same　manner　as　the　RPV　components　and　examined

the　fatigue　crack　growth　behavior　of業he　different　micros－

tructures．　CT　specimens　were　cut　from　the　welded　joints

to　evaluate　the　effbct　of　microstructure，　such　as　in　the

weld　metal　and　heat　aff6cted　zone（HAZ），　and　the　effbct

of　microstructural　orientation，　as　il豆ustrated壼n　Fig，40（嘆8）．

Fig．41（481　is　a　comparison　of　the　crack　gro幟h　c雛rves　of

these　specimens　presented　as　in　previous　sections．　The

mater童al　demonstrated　some　acceleraξion　due　to　EAC，

while　li£tle　difぞerence　was　observed　in　regard　to　micros一

重ructure．　There　was　no　significant　eff6ct　of　residual　stress
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　　　　　modes　shown　in　Fig．42

Fig．42　Schematlc　il藍継stratio麟。£loading　modes　fbr　CF－SCC　interac・

　　　　　tion

of　the　weld　joint，　which　was　locally　as　high　as　lOO－200

MPa，　while　the　Vickers　hardness　number　was　about　20

higher　fbr　the　weld　meta1亡han｛br　the　base　metaL　It　ls

therefbre　concluded　that　the　fatigue　crack　growth　rate　of

welded　joints　may　be　represented　by　that　of　the　base

metal．　The　results　also　indicate　that　the　domestic　material

used　has　a　sufacient　saf巳ty　margin　over　the　curves　in　the

ASM£Code　Sec．　XI．

6．31nteraαion　of　CF　and　SCC　in　Low　A難oy　Steel

　　　NRIM

lnteractlon

growth　of

was　interested　in　estab豆ishing　whether　the

of　CF　and　SCC　could　accelerate　the　crack

materials　in　high　temperature　water　under

actua豆loading　conditions．　Crack　growth　tests　were

designe（i　with　complex　loading　modes　using　the

specially－designed　testing　machine　introduced　in　Fig．

3（b）。The　tests　were　conducted　under　BWR　coolant　con－

d亘ions　with　a　DO　concentratlon　of　2　ppm　using　the

loading　modes　shown　in　Fig．42（49）．　No　acceleration　of　the

crack　growth　rate　was　obtained　for正ow　a量loy　steel．　Since

the　SCC　phenornenon　is　time　dependent，　the　da／dN　data

were　replotted　in　the　form　of　da／dt，　as　shown　in　Fig　43（49）．

This　figure　clearly　shows　that　the　crack　growth　rate　under

mode　310ading　correspo夏1ds　to　that　under　mode　l　load－

ing，　which重ndicates　little　acceleration．　This　cou三d　be　due

to　the　small　contribution　of　SCC　propagation，　considering

that　the　mode　210ading　curve　shows　a　crack　growth　rate

two　orders　of　magnitude　lower　than　that　of　mode玉

loading．　The　quasi－britt豆e　patterns　observed　on　the　ffac一
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Fi2。44　Fracture　surfhce　of　the　specimen　loaded　under　mode　3　in

　　　　　　Fig．42

ture　surface，　such　as　shown　in　Fig．44（49），　suggest　the

possibility　of　C．FSCC　interaction　of　low　alloy　steels

under　complex　loading　modes　and　an　even　greater　possi－

bility　fbr　austenitic　stainless　steels，　which　have　a　higher．

susceptibility　to　SCC．

7．Mech訓sm　of　EAC　in　LWR　Cool日nt　Environments

　　　　Although　a　number　of　mechanisms　have　so　far　been

proposed　fbr　explaining　EAC　phenomena　in　high　temper－

ature　aqueous　solutions，　no　unified　mechanism　of　EAC　in

LWR　coolant　e．nvironments　has　been　established　b．ecause

of　the　diversity　of　materials　used　fbr　LWR　components

and　of　the　EAC　phenornena．　As　far　as　fbrritic　steels　such

as　carbon　steels　and　low　alloy　steels，　SCC　and　CF

phenomena　are　considered　to　be　essentially　governed　by　a

single　controlling　mechanism，　i．　e．，　the　crack　initiates　at　a

corrosion　pit　which　is　b㎜ed　by　the　local倉acture　of

oxide　film．　Impediment　of　repassivation，　which　is　caused

by　the　decrease　of　pH　at　the　crack　tip　due　to　dissolution

of　manganese　sulfide，　may　act　as　a　dominant　cause　of

corrosion　pit　formation．　Hydrogen　embrittl．ement　also

seems　to　cause　crack　growth　acceleration。　The　film　rup－

ture　and　hydrogen　cracking．mechanisms　are　well　accepted

micromechanistic　models　for　explaining　EAC　phenomena

in　high　temperature　water　environments．　However，　it　has

been　diffic．ult　to　diffbrentiate　ekperimentally　between

these　two　mechanisms（50）．　Since　EAC　results　have　so　far

been　analyzed　quantitatively　by　the　mm　rupture　mechan－

ism，　prediction　of　crack　propagation　in　various　environ－

ments　has　been　successful　using　this　model〈5　D．　However，

as　already　presented　by　Hanninen　et　al．〔52．｝and　also　shown

in　Fig．45〔43｝，　there　is　evidence　of　brittle　failure　that

apPears　to　be　due．　to　hydrogen　induced　cracking．

Although　the　hydrogen　cracking　mechanism　lacks　quan－

titative　validation　the　formulation　of　an　EAC
　　　　　　　　　　　　　　　　　　，

phenomenological　model　might　not　be　necessary　fbr

describing　the．　controlling　rnechanism．　The　pres．ent　results

clearly　show　that　crack　growth　acceleration　does　not

occur　without　the　dissolution　of　MnS　inclusions，　as

shown　in　Fig．39．　In　addition，　the　electrochemical　poten－

tial　at　flow　rate　change　tes．ts　decreases　more　rapidly　for

the　medium　sulfur　steel　than　for　the　low　sulfur　steel，　as

mentioned　before．　There　appears　to　be　no　doubt　that

dissolution　of　sulfide　inclusions　enhances　the．　crack　tip

growth　rate　by　hydrogen　generation　and　permeation　by　a

hydrogen　embrittlement　mechanism（52）．　Much　effbrt　is

needed　to　obtain　data　to　quantifンEAC　phenomena　and

arrive　at　an　elegant　mode．L

8．App置ication　of　EAC　Data

　　　　Along　with　progress　in　the　acquisition　of　EAC　data，

the　establishment　of　an　EAC　database　has　been　demon－

strated　both　do．mestically　and　internationally　through　the

activities　of　groups　such　as　ICCGR．　Part　of　the　corrosion

fatigue　data　produced　by　NRIM　was　input　into　EDEAC

（the　EPRI　Database　fbr　EnvirQnmentally　Assisted　Crack－

ing），　which　was　established　by　the　Electric　Power

Res．earch　Institute　of　the　USA，　and　into　domestic．　data－

bases　such　as　FADAL（FAtigue　DAta　Library），　which

w駐sestablished　by　the　Japan　High　Pressure　Tbchnology

Institute，　and　JMPD（JAERI　Material　Perfb㎜ance　Data－

base）for　nuclear　reactor　materials，　which　was　established

by　the　Japan　Atomic　Energy　Research　Institute．　EDEAC

and　FADAL　will　be　used　as　supporting　data　fbr　a　fμture

revision　of　the　design　fatigue．　curves　in　the　ASME　Code，

Secs．　III　and　XI．　NRIM　itself　launched　the　development

of　materials　lifb　predi．ction　technology　in　1987．　A　con－

solidated　database　of　material　strength，　including　creep，

fatigue　and　the　effbct　of　corrosive　environments，　i．s　being

developed　along　with　an　advanced，　integrated　database

management　system，　named　DIMS（Dialogical　Integrated

system　for　Material　Strength　database）（53）．　Although　the

database　is　still　in　progre．ss，　EAC　data　from　NRIM

studies　will　be　compiled　in　the　next　stage　of．　program

development．

　　　　These　databases　may　serve　as　a　strong　basis　for　the

revision　of　Secs．　III　and　XI　of　the　ASME　Code．　A　major

aim　of　the　ICCGR　activity　focuses　on．improvement　of　the
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　　　　　　　　　　　　　　　　　　　　　Direction　of　crack　growth
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（a）

High　fbw　rate　with　nozzle

　40μm

L一
（b）

Low　flow　rate　without　nozzle

　40μm
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Fig．45　Typical　examples　of　microscopic　fracture　surmces　of　medium　sul血夏r　low日Hoy　steel　fatigued　in　high　temperature　water　at　dif距rent　How

　　　　　rates

Code，　especially　the　flaw　evaluatiorl　curves　of　Sec．　XI，

Appendix　A．　The　present　results　show　that　low　alloy

steels　behave　with　a．signi且cant　margin　f士om　the　refbrence

crack　growth　curve．s　under　BWR　and　PWR　coolant　condi－

tions．　However，　some　results　indicate　a　poor　margin　by

inHuential　variables　such　as　a　high　sulfur　content　of　the

steel，　high　DO　concentrations，　stagnan田ow　and　tempera－

ture　dependence．　Damage　acce．leration　due　to　CF－SCC

interaction　may　also　be　expected．　The　present　results　also

．show　a　strain　rate　effect．，　which　may　be　a　proble．m　fbr　the

design　fatigue　curves　in　ASME　Sec．　III．　Some　data　are

expected　at　points　below　the　de．sign　fatigue　curves　when

the　components　have　cyclic　loading　at　strain　rates　lower．

th盆n　that　used　irl　laboratory　tests，　Tedious，　time．一

consuming　tests　have　to　be．　perfo㎜ed　to　prove　the　com－

plete　dependence．　Basically，　there　is　no　factual　correlation

between　the　design　fatigue　curves　and　the　fatigue　lives　of

actual　components．　Thus，　material　data　that　falls　below

the　design　curves　does　not　mean　that　damage　to　the

component　will　occur．　Since　LWR　components　con一

structed　to　date　possess　a　wide　variety　of　material　c．ompo－

sitions　and　coolant　conditions，　the　possibility　of　such

inHuential　conditions　existing　should　not　be　ignored．

Quantification　of　material　behavior　under　these　environ．

ments　must　be　envisaged．　Fruitful　results　from　these

efforts　may　bring　about　further　development　of　the　safbty

of　nuclear　energy、

9．Concluαing　Remarks

　　　　NRIM　has　so　far　contributed　to　the　study　of　EAC

problems　of　LWR　structural　materials　especially　in　the

field　of　engineering　data　acquisition　for　a　decade，

However，　recent　general　trends　of　the　materials　research

lead　us　to　shift　our　interests　to　the　fundamental　research．

This　seems　indeed　to　be　one　of　the　directions　fbr　the

development　of　the　EAC　research．　Technical　issues　which

can　work　as　a　breakthrough　fbr　the　relevant　research　are

．as　fbllows：1）Development　of　micro－electrodes　available

in　high　temperature　water　for　the　evaluation　of　water
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chemistry　in　local　e翻vironments　at　corrosion　plt，　crack　tip

and　crevice．2）Quantitative　anaiysis　of　the　alllount　of

hydrogen　and　identificatioll　of　the　difドusion　path　oギ

hydrogen，　which　arises倉om　the　caξhodi．c　reactlo翻in　high

temperature　water，£o　clari牽y　the　mechanisrn　of　hydrogen

embrittlement　Fu曲ermore，　following　f慌ure　works　are

expected　fbr　fur£her　developmen重of　the　analysis　of　EAC

an（至　data　acquisi£ion．　One　呈．s　£he　e至uc童da£ion　of　the

elementa至process　of　Iocal　darnage　and　the　other　col嶺puter

simulaξion　based　on　knowledge－databases．　The　fbnner

ahns　a重clarifying　the　initiation　process　of茎ocal　dalnage

through　the　wide　ra礁ge　analysis　from　macroscoplc£o

atomic　levels　by　using　scanning　Probe　microscopy　such

as　scanning　tunne豆ing　lnicroscope　and　atom　fbrce　micro－

scope　comblned　with　e正ectrochemical　procedures．　The

董atter　may　extend　to　the　estlmation　of　material　streng芝h　in

hlgh　ternperature　water　by　comp嚥er　simula£ion　based　on

the　knowledge－databases　especially　ln　the　case　oでtime

consulning　experhn．enta茎works．　The　a濃hor　beheves　that

these　efforts　wou豆d　contributeξo　the　ftlrther　devel．opment

of　ma£erlals　sclence　and玉・esearch　i翻£he　fie茎d　of　EAC

problems．
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