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Current Status and Perspectives of Study of

Zircaloy Cladding Waterside Corrosion in LWRs
Motoe SUZUKI and Teruo FURUTA

Department of Fuel Safety Research
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaradki-ken

(Received October 2, 1992)

Extended burnup of LWR fuels has been required recently. One of
the most important factors limiting the extension of fuel burnup is
foreseen to be waterside corrosion of fuel cladding. In this corrosion,
major problems exist in nodular corrosion in BWR and irradiation-
accelerated corrosion in PWR.

Extensive studies on these problems have obtained a large amount
of knowledge and some corrosion-resistant materials have been developed,
while there is still significant amount of unknown factors of corrosion
under irradiated condition.

The present report reviews the current status of studies of
cladding waterside corrosion, and discusses the direction and

priorities of corrosion study.

Keywords: Zircaloy, Cladding, Nodular, Accelerated, Corresion

Hydrogen, Water, Chemistry, Irradiation
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1. T LI

HAETIE. BHI454E (197 048) KBWRHMOHARETFHRE (k) HH1SEVE
AR L. IS PWREORAESD () FE1SESEREMHL T2, 1991
fF£1 2HMETBWR2 18, PWR20EA4 1 BOBKBREFPEERLZIT>TWVD,
IE. BARREFCLORENEER (BAHN) B3 3GWELENEERDONZT%
EHDBIIE-TWD,

CHIZE LR VEBKFEBREOFREZIBIC]L 0 0FEEBA THWEY, MRORVWEL D
PLTHO AN MEEAREOEEBILZ. Fig., LIKRTEBHTHE. BEOWRIY)
HOEIZE L BH SN, BEERABUICLEBVED L. FIOEEOKH 1 0FERICEN
TR BB TERIF T, BEREOREHEER 1 0 0 ALY DAL FENEICHEAT
bl zoTnad,

CTHOEINEHERE IO, b BENEFOBASEROBEPOEND L TESN,
BAFENEFHRBOIRA SO IHESERICHEZ2LDEEASNTWHHRE. BAFO
SELBEDON TN S,

BAFREOBEL L L TId. BREELPHTREOE 2K 2BHFERLOBA. B
Uy EEROESHHOBE,»S. BNy T L L BRAREY (MO X) BEOERSERS
NTVD. SREELICEZBMEY A ZL2X IOV TIR, PWRTFig. 2 (a) . B
WRTFig. 2 (b) KRSNS XS REHGTHON, BHBEELIC L > TEFEVSH LY
BZZEBFINTNED, I510, FRYOBLERTES LHifFIhD. LEd-T. BB
OEBREELIISROEECREL L ->T5.

BEOEMEELLED 2 L TRIMSIBLLSHEHIESV., LA Fig. 3IIRT
& A ICFREEDRO BB L 2 M BEEKMEAOMN. FPOERIIEDFPHAM
HROBIIPEBEARL v FORALY) v EHED 2 ) —TRIE SRRV y b -REHE
YR (PCT) . P FREBOBMICHE > REHEE ORERRCEMITEE OZ{LFOR
EREREELAOHNRTFL LTHFETS, chHORMPEFLERLZERLHERIIOVWTO
BHELHO A LTRSS TVETHIT 2L L bRART — 7 L&V THEOR2EYE
BRTEZZEIREEELRDSND,

shoOMEIIHL ., BFBRETHEBLB20E. BEEDONTVSBWR THRHESHK
BEMEES0GWd,/t, PWRTHREEAKSEREEL8GWA/ tEITOREMTHD .
2107 L EOBMRSEELICEL T, HEEOKAREE O BEEHRE T 5328
HRERTTHDEFMEENATVD,
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A HEEOKNEESEEREIN. ZOWMARIERNCLHEINICEDHONTND, D&l
3. P SERHZ DN 2 AT EREHELE L THSR KEMEERR (AST
M) FROERTHLBEAADI L. BARFBENIET S RERFNFS (ANS) LEEF
FHEE (IAEA) FROKRFBCSVWTLERBEELPHEEORAL T — I LD
tywiaryBRTonEh, EMRIBURLNLZEPSLHEOEREY S pbN b,
AMEBIE. Ao/ EEEOKNREMRORRERAEL . S&T O XEWFEOHM,
HICEABHOMBRIC oW, MEORBREMATHERBIITLS L 2BNE L TELDE
LOTHD,

2. UIHuALADEE

2. 1 RIDEER
DN AOKIZEBBERIGIE.
Zr + 2H,0 = Zr 0., + 2H, (1)

LRbEN, FHICERIWAREI L 2= ACHEEEBHD .
UAAOA-2BLU-40BE (Bl KCBReHEHOBKREF i g. 421R7. Kt
ERWI RSO ROERO 1 /3820 L2 1/ 4RANCR> THMT 255, RIDE
BnE< 25 icoN. RISHEICHES L TERMICHEN TS X510h%5. ZOB{LEROER
HINOEL BB L WD, BEMOBILEIZOD TESE. FEtt0H» 2B umBEAOEE
LI THDH, BREIESHORARILESHBICIAREIN O, FEL L LIIH
MoORLERIEC BE L), ABLOBEELRZIIKDNS.

FULa=wATIE. BRE BEBEBELSHECBEORLERICELLL, #E. BHELT
HREOBEL D, CHEREER (H2WIMEER) EW,

UNHOA TREEHEABRCIZCOLI BRI LMBLVS, ILhufEHOBFENEER
5NTVD,

- ORILESIC N 2RI, BREO. RIGHED 1./ 3RAICLES S BHIONT
W, AR (AW) PER (Ko R (t) e TRATHREN D,

AW3=K .- t (2)

1>, RICHENSRL 25 BBAUR, Nb. EBHEN (t.: RIDHHE»>SBBAZTOR
R LIgoOEAME (AW.) BREERIZERL. ¥H (K) tEES0ERMEMN (AW,)
BRWT,
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LfdioT. FETIREBAFIEN MY 2HEL LT, MEEEE0E 252 U100

EEEOKNRASEERAN, 7 OWRR RN LHINCEDSNTN S, COL T
. EL SSRGS UL TSy AT AERAHE L THS R KEMESISHS (AST
M) EREOAETRLEHANC L . BAFREIC T 2 KERT IS (ANS) PEEER
FHEE (1AEA) EREOARICHE T OEREELOREEORAS 7 —v I LEENO
yigryBREonzh, BHRASESFENEI LIS OLEEOEESES S bbb,
AWEBE. YL 04 REEOKNBETEOTEKEFEEL . 587>~ & HEOBA,
i A0 S\ . IEORRL A R T 5 C L EENE LTE LD R
LOTH D,

2. DI HaLDEE

2. 1 Rib#EER
U AOKIZEBBERIGIE.
Zr + 2H,0 = Zr 0, + 2H, (1)

LEROEN, FEHICERINARED L 2= MCEENEDD S

UNAHOAL - 2BI0-40BAE (Bt) RICELFHEOBKREFig. 421077, Bt
EEMIIRICIICIRIGEMO 1/ 3RV LI 1 /4 REICR> THINT 245, RICH
BIOEL 25150, RISKEICHS L TEREICHEN TS X 51045, JOR{LBROER
BIAOTELEBHE VS, BEMORILERXLLTESYE. REE0H 2B umEHROERE
BLETH2, BERIEEHOROMIEESHRBICIIRFIh 000, FRL L HITH
WoORILEREBRE LD, B oBERLR2IZEDND,

FoNaZo AT, BEE. BERLEESSRICHEORLIRICELL. #E#. BEELT
FREDOPEL D, CHEREER (H2WIMEER) Wi,

UNHUA CIERERRICZ 0L R B Z0nS, DL {EHOBFERESZX
S5NTND,

- ORILEEIT N T 2 RERIL, BBHO. RIGBEO 1/ 3RAICLESIBHIONT
W, AR (AW) PER (Ko LR (t) e TRATEREZN S,

AW3=K .- t {2)

T, RIEENSREL 228BAUE. b, BHEE (t.: RDHE>SEBBLAFE TOR
R LI OEEME (AW:) BRICHEICHERL., B (K) LEBSOERMEMN (AW:)
ERAWNT,
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AW=K; (t—t:) +AW: } (3)
AW:=75. 3exp (—1100/RT)
TREND,
Hillner? . Fi g. B¥ CRIFARBREELHV. (2) k¥ (3) AZLUTOLIZ
B5zTwab,
AW3=6, 36x10'"exp (-27. 095/RT) - t (4)
AW=1. 12x10%exp (=24, 895/RT) - (t—t:) +AW: (5)

ZoT. AWREARRE (mg/dm?) . RESEEE. TitdiE. 3658 (H) T
BB |

UNATA -2, IhHOA - ARNTEEAREY. YN T LAOBRRIGEIZIERFL
THY . BILOEE. Bk TERENSHEERNZ ¢ 0 B{LEPOBRDOZER
FEABLT, 0227 20H BEHLTRIESETEENTNDS, 2D BILRPOER
7oA vELBENEL . Tt vELOBBESKEL 7 4 VELRBEONRENK
FNeEBSETC TS,

2. 2 A%
RIGHENEL ho7 2ATEL 2BBIC VT, UTOX S LHERVH L,
(1) SBREEHCESNINIRILEBISEE THL2»EABTH L rIMLICERLEREE
U3, 2OB&ETHHPilling-Bedworthtl (%) 51, 56 THHZ b, BLEFICHE
ETBEMSTIIELD . HIRIUBETHNASRET S I LI LD,
(% : SBOEH V. E2HOTHWESBETSBILE L THDDEB V. L 2R
DEBE Va2 D= Vo Vak LTERZNS)
(2) BLBIOMERE F 2 BRRLIZE S,
(3) BAPICEILEICNDATNSGKESSAERENICHEL . BILEEHRETLI LK
£%.
UL, BIE. chBionTORMRERDRC EORBELOPITEL > TidWiE L. Bt
BEOSSHEIC VLTI, RADHE» SEFRCIERBHOFESELOONTED, 24
5 DOBEBIIONWTOHRISEBONIbDEEX LN,

3. BWRICH T B KABE R

3.1 JYai5—BE
BWRIZHEHZNTWAREEESOYLIOA — 213, Table 10&54H{L¥ERD
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AW=K; (t—t:) +AW. |
AW:=75. 3exp (-1100/RT)} } '3
THEND,
Hillner®ld., F i g. B URTHEARBERLZHN. (2) RU (3) AzUTO LI
5zxTn3,
AW3=6, 36x10!"exp (=27, 095/RT) - t (4)

AW=1. 12xX10% xp (—24, 895 /7RT) » (t—t:) +AW, (5)

2T, AWREBARHME (mg/dm?) . RREGRER. TedEE. tidlE (B) T
HB,

UNHEAL -2, VAU —4IRTBHARIGL., YA T AQRBRIGLEIZFRL
ThHo . BILOBEIL. BLick-o THRRENDHAEERNZ r O {LEF ORMFEDOZER
FEELT, 02 £ 0H BEHL THESEGLEEINTND, 250, B{LETOER
ot vELBENSEL. VoA vELOBBESKE L, ££T7 A Y EARBEONESK
FNEBIEBELCEIIE D,

2. 2 BB
RSB - 2ATEL BRI OV TR, UTOX I LHEHBH S,
(1) £B/BEFTMARINIBLLEBSBETH 2 2EILBETHL rBBLICERGERLE
Ld., 2OBETHSPilling-Bedworthtt (x) #81. 56 THEZem s, BIHLBEPIZR
EFIEMCHICLD . HIBRIBETHNYFRET O EIZL S,
(% : SBOBEE V.2 HOTWESBRTFUPBIEDE LTEDLER V. EER
DBV EDHE=Vor/ Vo LTERENS)
(2) B{bEORER It EHERLICL S,
(3) BHAEPCEELEICHDATNSKENSIERENEEL . BIUBEEBEET I &K
£Do _
UL, BE. oo o0 TORRERDR EORBIEL WP IEEE > Tidn i, B
BOgSEIECOVWTIE. EOME»SEASCIEGABOFEESELOSNTED. N
5 DERICOVWTOHRESEBONZLDEEZLNS,

3. BWRIizH S A /KAEIE BT

3.1 J¥Ya25—-BE
BWRIZEHAZNTWA2REEESOYIL O — 213, Table 1054 {LERT
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E=rhh, chbBTable o0 T RT L O KEEEL B OBWRTHERENRTVS.
SDEAnREOLE THEEEANEY AN, - 2 BREOANERL. PWRTHERAENT
NWHUL AN, —ADBELELVE i g. 62 1CHAINLHERT X D ISR TR DR
&, Hb., BRI RBIL ot A VRIOSREEFL, 0, AR Y- )y FUET
GOEERETRL. Fig., TOORTLONBIESL Y ORICEELTWS /225 —TF
FALIFZNAMAEE LD, £HL. BEOEERTE. THRINICEVWERARLEESZD ST
ZHbH 5. 1

JY29—BET. BBRTA2PWRTRONDY—ERLELRD, RATAY - LHAEYE
AEEICENBLESEREND L EBHE T8, / V2T - BRIMKESED L RS
noHEd e, PEHIIBNTEELTWE Y2 BHAECEA L TRER/ V12—
AEREL TV =S, BEOSEHOBRSED 2 LIk h, FLVDEE IR0
B3z bicn20T. BEHRSEHBOBER»PSEHLETREZLLY,

EEELC L > TROEOOEVREZEORE. b, FARERHEE ) 229 -BAED
BAEX L OBEEF ig. 87, 99 RT. 2hHORDS, /Y27 BRTREOR
(PHEE (Bam) ORIEEIIIREEEICHL THIDT AMMERL. BEE (B. U. ) BX
B (t) $BAJ V2T -BLERE (AW) L OBICKRO & 5 2ERSERIIIRD S
nTnad",

AW= (B. U.)*® -t (n=0. 6~0. 8) (6)

3. 2 &EEEE OBk

Y2 -BEICHTAMRILEEEAMCTON. i, L hnA - 21007 SR
HRSTIUNLAOL -4, Zr—2. SND. HOZrEERICHTIMRLALND, yEA)
KBTSV —BARRIZ. 7T60-800KIZBIISF -+ A TRBLIThON. ¥
22 BOBAERBSTHNATVS, Cho0BEBR» S, / V27 -BACHTHLFHER, £
AW NTHMBEOREREICEAE BV ETECHTEY  OBREFICHANLHAF
Birbh, BEZHEBELONL TV S,

BRSO —2THBMTIZ2NT . BAMRE OBFRTIE. —RINICNAROERHE
B OLEHFICETIGENSSBHAEN LN 1O LORIREH S5, —FHTiddx DEKY
BNO L OWELHD. T, WETHLOBK. 22 AIBHEE L OBRFIIONTOH#
E1D 45D, SREHCHEREREZCBOSERABPRNICHARZE LS ZEPT
XHrahTnd?,

EEERIc >V TR, e oBEREZRLTFig. 1072, 11 BT L UER
DBEEXNTVD, Reidinger 51313 . YA OA MRS NDIr(Fe Ni)HE . Zr(Fe Ni)2

_47
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HEER L. X=(FetCr-1. 3N1) /244, 6Ni%z BNT A — & B W2 L HEITH T 2 5 ORE
FgcBExnS(Fig. 10)eLEH,. Fig. 11 THERBSHITRN. 2OZ &R,
J Va9 —BREOMANER LICHL THEERE L & IKRLUEREORErERLEEE5X
TWaZeRRELTWS,

)Y as—ERIE. HEXETEMMICERINS 2. SEABN LA Y—X, s, i
gy OBEIZ SN T IR N T & . BERIIE, 7. HEERERORUHEE O
BEEmOSEEL CRSaN:. 2O, EELIEREREZ O THELCRETSLDIZ. TR
TRERMNAIA—% (DA PEDLBENTELIRELLTHRAESINTWA,

SAi;=t:iexp {(-Q/RT})

22T, tOdEMEEAREMN (h) . T dEMEE (K) THD.

JERETERATIE. Fig. 12 {(a) WIIRTLIZZDNIA—FPRE{RDL )/ D
F—WASNEHZ N2 EEFEHENHOIINL T, BBEEETE. Fig., 12 (b) IR
FTEIICZDNT A~ BN WHEBRHARS D Z . LT, BEEOMEE £ bITHAN
BN T2 BREN T A~ S OEM NS RBERERL. BXE 10 PLUTETAEHE
BREOBMBSIMEENS 2 2 HB0 SN, TRt BB/ X —F & OB 2 UBR 2%
MRHSND,

LaLEass, BREEM T A—FDBEL TH THUBOIEFPRELS AR ZD,
COHMESHATAC L ERETER Y, T/~ MEEHETHFig. 12 (b) KEDHSH
Z2EHCEBEHTEDSNIME L B ZME AR TEEY, REQLIAHHHATLZLILT
ERNWEEINTNWDS,

FHES T A — Y CREEZ AR oMFRicoW TR, Fig., 13YIERSN
5 EDICHIEHOER ORZ MBS TEYMOREBEEOSWASBREES DN . k.
A4 —4RONTUEYOAR S X ICELERZERASRENTNS Y, ZhoOKR
6, MAELEY L OMGRBENC L PEREND,

LaLahs, FHNOBREEZD L&, PHETHEOUR. BIlsEPETFICLLT
)y # A TORTREGOEIMLTEHORERSCERL 2T ETL2W. Fig. 88L
UFig. SIORTHBEEL /29— BRLOBRIZBNT, BERLLBIZ. T4bD,
P TESRSEZ 2 I ONBROHIEESTIHI SN TS, chid, BFIZL-T/Va
S-BASIBENE LR T I LS TE S, RIS gEER AN T, BHICL M
SO /¥ 29 —BRERSZHIC SO TR SMTONEER. SEPET ORI, /
V2T —BAOBEREREENASWENSH D LRI I N TERE B HD. IO
PR AP TFREIC L DTS ERELL . FEMEBE T5Fe, Cr, Nixik
DBHHE P ST R Y v ZANEBLTW . Fig., 108&kUFig. 11 TRaEN3
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BaRBRIIATARNTREOESO» SN2 L5127 MY v 7 ADMANSHEZND O T
TnhkFILONTNS,

LhL. /P29 —BRBOHER . BHERBRICEV TRERBEETRSINLLOPBE
. ZOFECLBRBBRECOVTORIC/ Y2 —ILOEROLET & DBRFKIEONTE
HIRFIZEO TV ZLbUBETHEEEZNTND,

3. 3 BRILENEE

Yau Sid, W ETANOMREHLHICTEMEL L THEDZOLOOERKIZIOW
THAEHEIRVWC EIGEEL. YA/ PICFET22BMILEY 6 BIc e BRLT
HNBEEARE ,, 20KE. 2B LEYOBRERENECREREBN E HBELII LY
DA IHRTLVETHD, ILhaf HorEDE THEE L SBRHLEMORREBEO X
SIThBEICLIELILERNWELE, 512, HOSERLEWE VLA 01 OEEE
iz L TaBRIGOTA & LTHREAT 22 e P ESRILAYSBILETCH DL &, BRI
BETCENWIRREB TS,

U2 —BEINT2ERTOEETE. ¥AROKBRPEELFEELERAZ Y 2L,
NGB BT AMESHERIIFig. 14RO RERLES O 2. X eREELT
REICHBEERZHL L IOREBRELPIIENT NS,

Y a5 BAOEER. /Y- EBORELEORRICIDHEHASND TN, Fig.
1S IIRTEIEBBESHDEZZS5NTVS2Y, ¥, YO —LBLESER SN
(a) . ZORRIEN (b) . BREEYEEOY Y v JATHEBELH (Fe, NidF)
DEEHENECS, T BETRETHKRA T U SBLIRTTRLI NPT WERT
JUa—VENBREL. BETAH. ¥ OREBMESEIES W R Bk L UBRIESES
(c) . TRBELEORESECZENSZLERDET (d) LEhbDTHL. &z,
)Y MEOREIRT Y v 2 ARNTES D, 2EEHEAMO T & I B2 R0
Wok, 2BV M)y 2ATOBRBRROBENBEE->TWAHZ L. BFMILEHELEOI
opingM/ Va—IEREEEEZRHLTNWSZERYMALPIIENE?Y, LES-T,
ZOEF I ENTHIR LRI L DT OBEEBESESR, b Yy 7 AP0EETER
OBEHSELRD. /Y29 —RAErNEHEh20bHHATEEEZEZION0D,
SFARVIFAD /) ¥ 27 —BRIIH T 5BRULPNLZHRES,S. Fig. 16T TEOR
BEBMOBLHSEL. vy 7 A0SERILEYEZGE L TREL KBESBLRPT
BEL. »o. KBESEDOILTHARLINEBEEMETZ2E T2ETAPRESNTY
520, Bt FRTIE. BEICK - TERT 2EI L HEHESRIC X 2BBEOR P EEET S
Y. RiSaEoERBRENEELESY, RACSBERLAYICEVT, AV —FEHREH
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REWEN L OWEERSEL . FRO/ Y27 —HAEIRREEEATHESNTE Y,
BRMEL KRR IR & U CEELREEEEL TwHEENTVE I L5, RORILHH
LRI TEL TS,

0*+H:0+2e=20H"

HO.+e=0H +1,/20:

ZORIGHEE DR TOBFNLET (SBELAWE) SFEL. FHESX DIBHBLL.
BHESE L OB THESER LS. BILBEAOKE/S 4> OEACLD, BLBRO7 =4 2%
LT, |

O+20H =+ H-0
AL, B+0H =k+1,.2H:
ORISR 5. 2 DR, BINCSILERESHEIN, BILSIIESNT ) D2 -2
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Table 1 Ya#hodEBEEORY
(JIS H4751-1981)

_ = vihuA-2|vvhaA-4
7t * | Zr TN802D | Zr TN80dD
N Sn 1.20~1.70 | 1.20~1.70
& Fe 0.07~0.20 | 0.18—~0.24
gj Cr 0.05—~0.15 0.07~0.12
%4 Ni 0.03~0.08 —
| (FeCrNig#) | 0.18~0.38 | 0.28~0.37
Al < 75 <75
B < 0.5 £ 0.5
Cd = 0.5 = 0.5
x C =270 =270
Co =-20 = 20
Cu = 50 = 50
e Hf <100 =100
H = 25 = 25
2 Mn = 50 = 50
Ni - = 70
N = 80 = B0
(ppm) Si <120 =120
Ti = 50 < 50
W =100 =100
U = 3.5 = 3.5
Table 2 BWR—RAFIKDKEEBEER
b B TFEDE 4 | SE A T S
{a) @i#: (25°C) (pS/em) - LOLUF [ 10 LLF (1 LAk 10 skidiit <23MK0/4)
R (b) 5% (ClELT) {ppm) - 0.1 KUF § 0.5 BIF (0.1 KLk 0.5 k12 <2:8I/4)
Ed (e} pH (25°C) - 5.6~8.6] 5.6 LIF, 8.6kl b1z 24 BFMILLA
@) 2va (Si0: LT (ppm) 1 BT | S ET| —
Plie) ®92% (BO; 2L T) [ppm) 1-JF |50 BT | —
A | (1) TiEMh (0.45um7 4 A7 LHIKE RSB L) (ppm) | OSEUTF [10 BF | —
(g) IBFEE (022 LT) [ppm) 0.4 LIF — -
(i) W (25°C) [pS/cm] -— 0AIMTF ] —
" (by 1Z# (CLELT) [ppb) - 1 S
{e) pH (25°C) - 5.5~7.5| —
K@ w2 (Si0: & LT) {ppb) - 10 BF | —
(e} ZBAbith [ppd) - 15 LF | —
(I} BFM&E%E (0:&LT) [ppb) — 20200 | —
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Table 3 1 &RSHBAKELHEY

4 F H B H {1 *x 0 o# s BOE| E B @
pH .at 25T 42~10. 5*1
n B OR p#S/cm at 25T 1~40*1
S 5 ppm 0~4, 000*2 :
B A Fv ppm <0.05 <0.15 <0.05
Lot v ppm <0.05 <0.15 <0.05
B F R B ppm -=0.005 <0.1 <0. 005
HOfF oK OE ce~-STP/kg-H;0 25~35 =156 50 ~30
¥y F v L ppm 0.2~2.2
& B ppm sL0 <0.1

“:BL%%@%&&OE%&KIOTﬁi%.
2: 75 v PAERRC L DELTS.

Summary of Strip Alioy Oxide Microstructures 39)

Table 4
Sample  __Alloy
12,1 Zr-4
12.3 Zr-4
44.1 Zr-4
44.2 Zr-4
§31.1 zr-2
33.3 2r=2
§2.1 2r-2.18b
§2.3 zr-2.1Nb

*M « monoclinic, T = tetragonal.

Autoclave Inner Layer
Temp/Time Max. Grain

_Size, nm

429/144 15 T
475/2¢ 15 T, (M)
4297144 15 M, T
{75/24 20 M, T
4297144 50 M, T
475724 60 M, T
429/144 20 M, T
475724 - M, {T;

{ ) denotes very low diffraction intensity.

__.27A4,

Duter Layer
Crystal* Max. Grain
_Size., nm  Stoucture

120
14¢
120
120
150
180
120
120

Major phase listed Eirst.

Crystals

X 32 XX XX X

{7
(1)
(T)
{T)
{T}
(1)
(T}
(T}



Table 5
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OUT-0F-

EFFECT OF DIFFERENT IMPURITIES ON
PILE CORROSION OF ZIRCALOY AT PWR 45)
Soecles Effect on Critical
Corrasion Concentratlon
Flueorides lncreases > 10 ppm F~
Chlerides moderate increase
at 40 ppm CI”
Chromates moderste Lncrease > 10 ppm Cqu=
Sulfates ng or only sllght [n=
crease at 200 ppm SO”
Nltrates no or slight decrease
at 80 ppm NOg~
Catlen-Resin moderate increase
2¢ vol. %
Anlon-Resin ng or only slight
effect at 20 vel. %
Cr203 shorter time to tran-
sitlon at 20 Vol. X
M10.NiFe,Cs sllghtly shorter time
to transition at
20 Yol. %
Fe50u no effect at 20 vol. %
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e—seBWR
140 +—

A—APWR
130 +—
120 4~
110 T
100 +
90

80 +

60

30 T

10 +

45 50 . 55 60 JT
(£ )
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POST-TRANS: Aw * kit
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POST-TRANSITION
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~==~ CURVYE CONNECTING DATA POINTS FOR A SINGLE SPECIMEN
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260-400°C
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(IRVE : 260~400°C)
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WP LINEAR RATE CONSTANT &
O+ CUBIC RATE CONSTANT, he
s00 - c.30
200 - 020
]
PRE-~TRANSITION
RATE CONSTANT
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Max. Oxide Thickness

. ! I
100} 4
911}
gor ]
6oL .
N iy
T1‘
20 n L : _
S
~ T — =
o | mm  wfy W
s} 10 20 CWd /¢ (U) g

Fig. 8 Oxide layer thickness on BWR fuel rods

{in the core centre, uniform and nodular)”

150 T T L] T T T 1

100

n
(=]

OXIDE THICKNESS, #m

0 30

ASSEMBLY BURNUP, MwWdskgU

Kwu* ‘ JAPAN
O Reaclor B Proving Test on the
+ Reactors A, C, D, Y Rellability for BWR

0O Reactors E, G 8x8 Fuel Assemblies
(Average Lift-off) (Measured by Metallography}
% : Garzarolli, F. and Stehie, H., Behavior of Core Structural
Materials in Light Water Cooled Power Reactors, presented
st IAEA International Symposium on Improvements in Water

Reactor Fuel Technology and Utilization, Stockholm, Sweden,
15~-19 Sept., 1986.

Fig. 9 BWR fuel nodular corrosion data.®
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O
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X
¢ ]
2000 4
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600 4 Sn = 51%
400 4
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T
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£
E 200 4+ X Sn = 21%
Sn = 1.2% Sn = 1.6%
100 4+
60 4 Sn (%)
QO =06
404 @ 1.2
+ 16 P ®) 4 )
¥ 17 O O
X 21
N 51
20 } 4 } $ } +
0.05 0.1 0.2 0.3 05 1

Fig. 10 Nodular corrosion weight gain, 4 W, from static autociave tests versus Parameter

X (o/o) ¥ = (Fe + Crz— 1.3Ni) - 4eNi

X for various Sn contents in d¢-annealed Type III material,'®
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) 1000& T T T T T LI T r LA T S T g O 3 T Y T T T T T 3 T T T T T T T v 5

5 : : KS i KTA ]
[ KS L KS _ ]

O R T4 T _ e KTA o oks ]

E’ I ol o NF NF » i NE®

E- L L L

&5 100f AQ SM t AO SM: AD SM SM AOD
: 'Y e . . ° b . ®

- [ r -

I s -

o I I

g 20P L —— R S S S
1.4 1.5 1.6 14 16 .08 .10 A2 .04 .06

Sn CONTENT, wt%

Fe CONTENT, wt%

Cr CONTENT, wt%

Ni CONTENT, wt%

(a) —Weight gains by 410°C/510°C rwo-step corrosion lests plotied against contents of alloying

elements.

« 1000 T T T L | w1000 ' !

E L KS ] _E o KS

S r KTA * S g . ‘

g L 12 ] nre *KTA
I NF

z |

o 100} A0 SM - & 100F  AD SM
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- : = b

z b £ [

o ] <

i 1 w i

r 20l . . : z 20 N
a5 .20 .25 .25 .30 .35
Fe+NI CONTENT, wt% Fe+Cr+Ni CONTENT, wt%

(b) Weight gains by 410°C/510°C iwo-step corrosion tests plotted against contents of Fe + Ni
+ Cr + Ni

. -Chemical composition of the materials rested.

Alloying Elements, wi%

Gas Elements, ppm

Specimen
Identilication Sn Fe Cr Ni (8] N "H
MA" i.5% 0.16 0.11 0.06 1130 37 17
MB* 1.63 0.16 0.13 0.06 10%0 37 16
MC* 1.46 0.4 0.10 0.05 1110 35 14
MD* 1.47 0.15 0.11 0.05 1110 36 16
AQ 1.52 0.13 0.09 0.06 1510 22 .
KS 1.45 0.14 0.1] 0.06 1310 46 .
KTA 1.50 0.15 0.11 0.05 1120 43 -
NF i.59 0.15 016 0.0% 1130 49 "
™ 1.54 017 011 0.08 1070 k1] .

* Average values of ingot analyses (from mill certificates}.

Fig. 11 &4 iEEHRLEREEOMEY
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(a) —Weight gains by 410°CISI0°C two-step corrosion tests plotted against number density of
precipiiates. .
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Fig. 14
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Weight gains of Zircaloy-2 samples as a function of oxygen content in tests

performed at 510°C, 1500 psig(102 bars) for 16 h.'®
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Step (a) Formation of initial
uniform oxide, Zr0; or
Z].'Oz_x

Step (b) Thickening of initial
uniform oxide

GRANULAR Zr0,
CRYSTALLINE

Step (c) Rupture of near
gtolchicmetric 2r0;
leading to direct
access of HzO to the
interface,.

NODULAR

PORES '
{GRANULAR) 0 + H,) Step (d) Repetitive formation

and rupture of Zr0;
leading to highly
porous, granular
Zr0;, which retains
corrosion hydrogen
and prevent repassi-
vation of the metal
gurface.

UNIFORM

E}

Fig. 15 Schematic showing the steps leading to the nucleation
of nodular oxide on Zircaloy.?
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AQEQUS . QUT-REACTOR — STEAM
SOLUTION .

( a ) - Potential drops hypochecical, {n the corroesion fllms under sceady staee
condleiens of corrosxion cuc-reactor in aqueous solutions and sceanm; a) [n the oxide o=
the alley macrix, b) fn the oxide on che macr{x and surface Incermetallics (SIM) ane
¢) in the oxlide on the matrix and subsirface Incermetallics (55IH).

BN .

L o _

=7 @+ oH
0 = 1 Ho+D
.': . = ."- 2
/ , 0 + Hy0 +2e
... b ;IZOH
HO\Z +e =
OH™ +‘E 0,

EIM
O Oxide

Oxide

v

"'IN“RE;‘\CTOR*’OxygenaLcd

Non—-oxygenated

{n-
(b) . Potentlal drops, hypothetical, Ln the corrosion fllos durlngdcorros:i:nﬁrioy
reactor under oxygenated and mon-oxygenated condiclons; a) In the oxide on
macrix and b) in che oxide on the matrix and enbedded intermetallics (EIM).

Fig. 6 HFARUFEARCE T Z2EA (KE)
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CROSS SECTION OF SURFACE
250x MAGNIFICATION

FUEL RGCD CHOSS SECTION
25x MAGNIFICATION

FUEL ROD SURFACE

( a ) Nodular Corroslon and Scale-Type of Crud Deposit Betwean Nodules

CROSS SECTION OF SURFACE- !
250x% MAGNIFICATION

25x MAGNIFICATION

AR Ty

FUEL ROD SURFACE

( b ) Crud and Oxide {(Formerly Nodular on CILC Damaged Fuel Rod

Fig. 17 Crud & / ¥ = 7 — & &Y
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Fig. 22 EFFECT OF COMPOSITION ON CORROSION OF Zry-4 AT 350C
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Radial metallography of the cladding on a 5 cycle rod, with peeled off area
and hydride concentration. *®
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