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Reaction of Zircaloy-4 Tubes with Steam as
Studied by X-ray Diffraction
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To confirm the inner surface oxidation behavior of the
zircaloy cladding which will be brought about by rupture and

steam oxidation under LOCA condition in ILWRs, we made zircaloy

-4 oxidization experiments in stagnant steam and inh a mixed
steam/hydrogen atmosphere at high temperatures, and studied
principally the oxide scale by X-ray diffraction.

Two different scales were exhibited: in one, monoclinic ZrO2
phase alone, and in the other mixture of monoclinic and tet-
ragonal ZrOZ.
In the metal/oxide interface, metastable 2r0 phase was inva-
riably detected.

In the tubes with high absorbed hydrogen content, there was

precipitate hydride of G—ZrH1 5 in the metal phase.

Keywords : X-ray Diffraction, Crystal Structure, Zirconia,
HYdrides,LOCA, Oxidation, Hydrogen,Absorption,
Zircaloy-4, Fuel Rods Light Water Reactor,
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B HE) OEELHIEALT DN T S, O D e n b8 S IZES S 210, ©
BBk H A ERNANEN T E, 2OE 112Zr0 Cl, - 8BH, 0 #ROHIC LD HH
F7r0, #1FD, S IAAEE -V IV OBRL, 100A BOBBTEELT LICLD
50 ¥BEOES R Zr0, 2BEAIE TS, £ IOMB AR L R TORESE, |
FEZr0, OFER OBFHARNT S, $222r0Cl; - 8H, 0% NHy OBRP oHTiH &
S TIERE Zr0, 20, BABC LV EFRZO, & 100 BEK TR T D, S THES
i Single domain OEJF &K TF & Poly domain EFENF THAHEOLTBAZETHS
:&%ﬁﬁb,dmmmwﬁﬁuoﬁ‘4fyﬁxﬁ%tbt$5ct%ﬁbﬁo%3u¢ﬁ
FHSHC LD Baddeleyite ( BFIERICE L ZrO, DA Fo8miES )1 100% E%
£72r0, £750, Specpure ZrQ, HEALLEP /ol AR LG BH A dBES 120
C, PHFEHE] X 10 nvt(Fast) TH b, - DBaddeleyite IEH S ZrOgl& L L
7ol E LT AR OBRALIEH LT 5,

ut®ﬁ%%%§%cmi-m%ﬁﬁé%%ﬁ$?@méﬁé:&m;@%ﬁzw—4t®
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chiometric IRELEZON DM, TORECEFIBERSZIO, DEMRICDNT &R
FHBATIVEL, CABDI EMS Fig— TmR LESFRZIO, DEKBOE VL, K
HRECREIAKER, TR Zry 4 PRI okERE L CABEBRNHE LEALDLC
EMEHETHS D,

Pc R ALIE AR L7 Zry — 4 2 E O XS EHEE T3 (Fig —5) ZrO ORI R ZHE L
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Schonberg 51 Zr &EEIETARE TR LTS, Z10 OB EHILE O L1 Ot
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REOF — T LA (Fig—12) OREN S ZI0L T AT EBESTH S ) JOZIOBET
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FTAHIiEARM ChORTRARIE T ENET L, L LSEORIE T 37°30
Mm@ L S BEIRRER VE LIcZ Tchd, FaBEMBEIC L SH8MAE Tl Photo
— 1 ERTRAHHD LB DNE S -V HRENL, ZORKILT00(W)ppm O KR &S
ELTWEDTHS, 32730 wRbhillHR L PP E i KEEOHEFEL Fig—
10 DRI TR Uic, Thd s 32°30' DNl OMENEEKIBCLIODELLTNE D
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AR, 0ZrHx Mo nf & S84 Table —4 b oo Lz, BLEOREH B 32°30% &
GABFREOZIAX MO AL L2 D EFMTE I ENRLETHS I,

5. i
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LOCARIELE LB &4 EE Lz, KESIKLZZry — 4 BEORBERBIEZK
F-KRIJBESHATORGF T TCOER (EHRZr0, ) L —HL TS I &4
foo RIGERHORTHEHBRZI0, 3 Zry 4 BEXHOBRIEERTIRNTH -1, £LTC
O F g2 Baddeleyite & & <—%& Lz,
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BIIIESIES T LI UVERFGRZIO, OLKRBAREOKEEHE LMHEHEGE SR



JAERI-M 8649

PSIELE 8 DREE A0 & b - oo B LIEASHIEE LTz Zry— 4 REH 5 ZrOER M LI, TO¥
s2io i3 XEBEFE 150 TR FEREMEBIE L TWA ZrC,  ZIN & ORI HE Sz, &
—UIRFECLDRE, B, BROREET - 12, TORBRZry —4 KEE CERRNX
BEITH-To ZTy —4 BTIE Zry— 4 ORFRMEAE LY 7 } LTOEER P ORARER
L DREBFMAX L D EHW Ui, $R0ZHxMERM Uil OKFBH L&
BEHFBR2ALITHD, 0SB0 ARHNSOTH -1 Liw LIBIIE VBRSO
MEESHREBHICES TAAKER & ORBEEENED, TLCORFTROMNES, SFE LEM
s 0 ZrHx B O 111 HIC L AEHFM—K el &, dcBMEERy St L BbN D
BHREORCEND, Zry — 48D JZHx O g LRI L,
PlERXBEHEEL L3MEORETH 57, XSEAFREOBSEE, FED, BEL
RN ORI I & D AR QM AERE, BB, KT8, BTOEREM D I EATET
$5, CHOOEITAZEDHDIEICLHEFGE 210, OREMOEBO—KrHAINL LR

Do

i i3

C DEBREF K LT XBE R TEOMAE LS OBHE LT & -t EHKA i
B BIEERER EAMKR ZRANORFCARIVLEVZEETATE A
WER, KRS ABC TR & hfity 2 —2ERE EFBKEBE—K, ZLT
COWEDOBEAESZ T2V LAESHEEE B TR P FRFHEZE K
B ORMMEDEEIC L) BB OBE CCREDLET,

z & X M

1) Furuta.T  JAERI-M 6602(1976)

2) Furuta: T. Kawasaki S. J. Nucl. Sci. Technol.

3) Scott H.G J.Mater. Sci. 10(1975)1527

4) Domagala R.F and Mcpherson D. ]
J. Metals, 6 Trans. AIME 2003

5) Gulbransen E.A. and Andrew K.F
Trans. AIME 203(1955)136

6) Mccullough J.D and Trueblood K.N

- Acta cryst. 12(1959)507

7)  Ruff O. and Ebert F.

(1954)238



JAERI-M 8649

DB OBE LD 5 b - 1o BRALEAHEE Lz Zry— 4 REH S ZrO% Mt Lic, TO¥
S id XEBE T E 750 TS FEREHER LTS ZrC, ZrN & O¥RIASHRIZ LI, £
—SINFERIDRE, BE, BEOBRIBAT - o CORRZry —4 FEEICERESL
BHTH -1 Zry —4 BT Zry— 4 OAHFBRSEREILY 7 P LTV AEKX P SRARE
kDRSS TAAE oo ioh BRI Uic, S0 ZrHx HARM Li.Z OKRFEAG L
BEFBE2AZUTHYD, F0OILDIEEBOEOTH -7 L L s Ul O
MESZBNICE TNAKEREORBEEGENSD, TLCORFTROMES» SFHE LM
B o ZrHx MO 11l R X AEFR -H LA L, SAERBEEHE LFEHLEEDLND
BRELNIICENS, Zry —4 PO I ZAx MO MY EHE LI

PlERXSERFEFE L2HEOEETH LM, XREFREOBSRE, FEb, BEXQ
R ORE C & D&Y OB ERE, EB, BT, BRTOEMELME I EHHHET
BB, CHOORIFEED B ECIDENGZI0, DEECOBBO—HNBASLLLE

Do

i i3

C OEBRET I LT XY ORAE b LS OBE AT S - nEEREE LR
BE . BIEEFEE TARKR, ZREMSORECHRHOLRVEEERTITE AN
WK, KESFABIAR>TTF & - oot v 4 —2RAH EFRKE®E—K, £LT
C OREORE AL ATV RN EAE=HESEE B TR P FEFARER
B OBRMEDS Kb SEHOBECKRbLET, |

z F X W

1) Furuta.T  JAERI-M 6602(i876)
2) Furuta: T. Kawasaki S. J. Nucl. Sci. Technol.
3) Scott H.G J.Mater. Sci. 10(1975)1527
4) Domagala R.F and Mcpherson D. ]
J. Metals, 6 Trans. AIME 2005
5) Gulbransen E.A. and Andrew K.F
Trans. AIME 203(1955)136
6) Mccullough J.D and Trueblood K.N
' Acta cryst.  12(1958)507
-7) Ruff O. and Ebert F.

(1954)238



JAERI-M 8649

DA OHRE D 5 bd - oo BALESHEE L Zry— 4 BEM S ZrO %KM LIz, TO¥
ol XEE R 751 T2 TR AT LT3 ZrC, ZeN & OHBIAER L s, &
—CIHFER L DRE, EF, BEORIANT - 12, CORKRZry —4 REBICIRRASI
BHITH 10 Zry —4 BT Zry— 4 OOFTRBEAFEICY 7 + LT AEE L SBARHE
ek DHESB TR E ot EHME Lo S0 ZrHxMBARE L.l OKEMBIZE
ZEFRE2ALZITHED, FOIBDIFRBOGOTH -7 L LEENEVERRO
BEHSRBDCS TN KER - ORBEGSHD, T OEFEOME» SFHE LIcEi
BhodZix MOl Bt X 2EHFB—F L-C &, SHBERBEEE, OB EBDOLNS
BHREOhEI ENS, Zry —4 O IZHx O it LR L

P XBEFRE L 39EORETH S, XREAFME ORSBE  LEH, WEL
R ORIE I L D ERD ORMNNERE, B8, HTHE, BTFOE(EBEZA S I ENARET
BB, CHODRITAEDSC LI LVENGZI0, OEE(LOEBO—EMABRP INI LR

Jo

i 2

COEBATICE LTXBESYORNRS LS OHELT S - LEEMKR 1HRE
BE, AEEMRES EAMKR, EREMORMFCHEBAVLLEOVRZERFAITE AR
WER, KEAFRABI B -TFE- ¥y 4 -RERE BEFBREIME—K, TLT
COREOBREEEATOAEVBNELEZMERE B TR Pl FRFAEZ R
EOHMEOL KL SREORE CIKEDLED,

z E X W

1) Furuta.T  JAERI-M 6602(1976)
2) Furuta. T. Kawasaki S. J. Nucl. Sci. Technol.
3) Scott H.G J.Mater. Sci. 10(1975)1527
4) Domagala R.F and Mcpherson D.J
J. Metals, 6 Trans. AIME 2005 (1954)238
5) Gulbransen E.A. and Andrew K.F
Trans. AIME 203(1955)136
6) Mccullough J.D and Trueblood K.N
Acta cryst.  12(1959)507
7) Ruff O. and Ebert F.



8)

9)

103

11)

12)

13)

14)

15)

16)

17

18}

19)

200

21)

22)

23)

24)

25)
26)

JAERI-M 8649

Z.anarg.allegm, chem, 180(1929)19
Teuffer G.  Acta Cryst. 15(1962)1187
Schonberg N. Acta chem. Scan. 8(1954)
Honma K. and Furuta T., Private Communication
Barraclough K.G and Beevers C.].

J. Nucl. Mater. 34(1970)125
Edwards R.K. and Levesgue P.

J. Am.chem, Soc. 77(1955)1312
Nakayama T. and Koizumi T.

Trans. JIM 9(1965)472

Adam J. and Cox B
J. Nucl. Energ. Port A Reactor Sci. 11(1959)31

Gupta T.K., Longe F.F. and Bechtold J.H
J.Mater. Sci. 13(1978)1468
Scott. H.G
J.Mater. Sci. 10(1975)1527
Gupta T.K., Bechtold J.H., Kuznicki R.C.
J.Mater. Sci 12(1977)2421
Bailey J.E., Lewis D, Librant Z.M and Porter L.]J
Trons, J., Brit. Ceram. Soc. T71(1972)25
Mitsuhashi T., Ichihara M., Tasuke U.
J.Amer. Ceram. Soc. 57(1974)97
Hayes E.T and Roberson A.H
Trans. Electrochem.Soc. 96(1949)142
Holmberg B. and Dagerhamn T.
Acta chemica Scand. 15(1961)919
Hashimoto S., Iwasaki H., Ogawa S., Yamaguchi S., Hirabayashi M.
J. Appl. cryst. T(1974)67
Nakayama T. and Koizumi T.
Trans. JIM 31(1967)839
Wyckoff Ralph W.G
Crystal structures Vol.1 1963
JAERI-M 6602 _
Peason W.B Handbook of lattice spacing and structure of metals



JAERI-M 8648

108 |8100°0/02000| 08210 |0BOOCECOO>EC00 > P2000>0I00 0> EEC000A 0I000> 01000 | {Of, HUBILIOD
IZ| N| H| O| O|PO|BA| 70 ad} N | M| 1L | 4usWal3
DE00"0{0100°C>{E80 00 1000 [G000 0>H00000-H00000>(£9000| 2€ 0 | 010 | 220 | 91 (GMMHUBIICD

ISJUN| JH | ND|{ 0D | PO | G | TV |Nwoatl UD | 84 | US| JusBWd[]
ﬂui
— e R i ——————

¥ - AOTedaTz 3JO uoTjiTsodwod TeOTWayD

T 2198l



JAERI-M 8649

Table 2

" (A) Group (1000°C, 10 min)

(VHQ/VH26> (Steam Floﬁ) (Weight Gain) (Ho Contehts) (No.)
; (ml/min) (mg/cm?) . “(ppm) .
0.12 0.1921 ” 5.54 20 253
0.36 0.0309 5.74 20 236
0.40 0.0169 .3.20 1530 270
0.42 0.0134 5.38 1680 224
0.57 0.0159 4.92 1700 261

(B) Group (1000°C, 10 min)

; 0.12 0.1921 7.59 20 257
| 0.36 0.0309 8.74 3950 241
0.40 0.0169 5.33 2710 274
0.42 0.013% 3.63 1260 228
0.57 0.0159 7.27 2190 265

(C) Group (1000°C, 5 min)

0.40 -~ 0.0169 2.00 650 271
0.42 0.0134 2.35 C 430 225
0.57 0.0159 4.80 1070 262
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(Monoclinic ZrOz)

d i(Calculation),

3.63
3.16
2.84
2.62

Table 6

d A(calculation) I

T

i

M

ZrO (NaCl type)

.647
.292
.621
. 382
.323
.146

d ﬁ(Measurment) NO.261 1

3.189 VS
2.855 M
2.634 M
2.554 W

d R(Measurement) N0.261 1

2.656 M
2.287 W
VVW
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Table 7

Tetragonal ZrO2

h k1 d &(Calculation) 1
101 2.995 S
00 2 2.635 W
110 2.574 W
I 112 2.134 VW
200 1.820
103 1.582
' Table 8

Zer {(NaCl type)

h k1 dA(Calculation) I
111 2.75 S
200 2.38 M
220 1.69 M
311 1.44 W
M 222 1.38 W
400 1.19 W

d R(Measurement) NO.261 I

2,971
2.
2.

d R(Measurement) NO.261

2.761
2.

63
58

38

W

VW

I

VW
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(333)
CuKa 15kV 2mA

] 29[
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Fig. 2 X—ray diffraction pattern of Si Single crystal
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v Zr0p (M)

'
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v

a7 28 28 30 31 32 33 - 34 35
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Fig. 3 X-—ray diffraction pattern of raptured zircaloy
tube under sumilated LOCA Condition .
CuKa, 35kV 15mA
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monociinic IrOz

‘ (1)

tetragonal " monoclinic Ir
Zr0, ZrOg { 100 )
{ 101 ) { 1)

at rupture opening
H2 + 610ppm

Counts / min

at 30mm
H2 : 360ppm

at 45mm
" H2 : 120ppm
| | I [
28 29 30 . K] 3
20 { deg. )

Fig, 4 X-ray diffraction pattern of zircaloy cladding mner

surface exposed to steam for 240 sec at 1100 °C
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Zr - 8ZrHiss
(100)  (t11)

A

Sample NO.

270

Fig. 10

(26)

33

Change of x-ray diffraction pattern of Zri,.s

in zircaloy oxidized in a mixed gas of steam

and hydrogen ,
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Fig. 12

Carbon | Oxygen
l Nitrogen (
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273 380 503

1 |
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Auger electron energy spectra of oxidized Zry-4
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Proto. 1

Hydrides in oxidized zircaloy—4 contaming 700wl ppm hydrogen,




