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Study on High Temperature Steam Oxidation Behavior of Chromium
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The author aimed to contribute to the analysis of the accident behavior of coated
cladding with improved oxidation resistance by chromium (Cr) coating on the outer surface
of conventional zirconium alloy fuel cladding, and investigated dependence of the oxidation
behavior of Cr on the steam flow rate and on temperature. Coated cladding is being
developed as one of the Accident Tolerant Fuel (ATF) claddings, and it is important to
analyze the behavior of coated cladding under accidental conditions with high accuracy in
the purpose of safety evaluation, for which the oxidation kinetics of Cr in high temperature
steam is necessary. In this study, based on the results of oxidation tests in high temperature
steam using a thermobalance, an oxidation kinetics for Cr in the temperature range and
steam flow rate that encompass the conditions of considerable accident was proposed. The
results can be used for future analyses in analysis codes such as SAMPSON, thereby

contributing to the development of coated cladding.

Keywords: ATF, Cr Coated Cladding, Severe Accident, Oxidation Kinetics
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S — R R BT CRAE LI R FH AR, F iR (Accident Tolerant Fuel:
ATF)DOBRFENEED HI T\ D, BB Ly b OB Ofh, REHEEE MBI OBIR AT
TWDHN, ZOHRTHRERDO VNV a =0 A(Ze)GaREEE OFRimIZ, L0 MErEO &y
s7uab(Crua—T 47 Lica—T 4 v JHEE ORI, MEKREE KL (Pressurized
Water Reactor: PWR)~O R DOEAZ B L THED LN TNDH D, Cra—TFT 4 7 DOF
k& LTI, Cr 2 4078 8 R i |2 #1758 5 (Physical Vapor Deposition: PVD) -2 Tk DA,
ok 72 Cr b2 B ERM RE ISR E ST 53—V AT LA ERILTFA v FEHEDOFE
TORNE K OFRAEM 2 F T OHmHIKIE K F(Loss Of Coolant Accident: LOCA) {5
TR DRI T TV D 220,

w5 1 71 B 5 4% (Organization for Economic Co-operation and Development : OECD)
A= T DO JF 1B (Nuclear Energy Agency: NEAIZ B\ TiL, ATF BEF IR 5 % EHEET
ZM%&E5% Y QUENCH-ATF v ¥ =7 b 2021 0 bE S 20, 27 a7 k
WZBWTIE KA Yo — A2 —= TR K% (Karlsruhe Institute of Technology: KIT)?
QUENCH Jfiz% C, ATF #8E 2 v CTHRUE L 72 B BHE SR 2 - T Sl aliiR
EEBIEFERT A TH D, ATF #EE & L ke —7 4 v VB E 2T 2518 T
HY | FEHAEOERFLIN T 72— R TOMRFT 2175 X F~—27 bR SN TW D, [FERE
Offfr 2 — R L LT, ()= —i & TARIERT A B L 72 SAMPSON 7386 Y |
INEHNTORCTF =V ~OZ MNP B 2 b b,

ZHVE TO LOCA HLBEABR DFE R 2.8.6. 110121408985 a—F ¢ J BB IINEIC
L DMHSC, Cr & Zr OIFRIEIE 1334 CHITE TOHESUSIZ K DMICE D £ TIE, Sl
D Cr A—7 4 7 SATE DB Ei K EKUTRE SNBIEEURRAE T D, DF D ZOH%E
WZBWTIX, M TH 2L Zr &3, Cr @ THhR#ESN DL 72D, KRAKICEREIITBEI N TER
fELIZK WERIEL 2D, 2072, T OIREHIPFADORMIZIIT 5 BB ORIz
LN CIE Cr O b HERAEH WD Z & 725, Cr OB LEHERIZONWTIZT 7 AR
T 71— %L X —)T(Commissariat 1’ énergie atomique et aux énergies alternatives:
CEA)® J.-C. Brachet & 23 SCHFH A K OVH & ORFFERETRIC OV THE 10 L TV 52, A
LD E D 72 < ( E 70 OWALEHEER ORI & 72 2 LR ST OFEME R R 5L TW
5, A51% QUENCH-ATF v ¥ =2 hTOXRYF~— 7 @i %2 SAMPSON % O fiffT =
— RZHWTIT 9 BBIZiE, Cr O L ZEEh >V TIRE SRR KM B2 O M F M &
EMT L, TS BLRERZ MR L BT 2 — FICEATLOILERNDH DL EEADN
2o

PLEMNS ., AR TIEL, Cr OFIBKAKT CTORILRERZ . iR E S5 IRE K
UK R R ORI THEEEITT V., £ ORERICHES W TR EXOME LT - 72,
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2.1 &k
AEHIWR) = 7 a /O ME 99.9 %Dl 7 1 A (Cr) DR 2 L7z, ZEEF O ~FE1E 2.0 X 50

x50 mm Th o728, ZHEGEINT L. Fig.l 17T 2.0x 10X 10 mm OHFikt & LTkt
BRICH W=,

Fig.1 Pure Cr specimen after cut in 2.0 X 10 X 10 mm

2.2 BB 51

#i Cr O EEAKEK T CORILEE 23T 5729, Netzsch #HHIOEKFE, STA449 F3-
JN26 Jupiter & H TR 28R R R baER 2 540 L 7o, £ 72, Rtk oK &K 56 A 24 & HC9800-
JIN26 # VT, # A 60 COKER A FAEI T RBRICH W, KEKF ¥ V7 H AL LT,
FIEE 99.99 %L EOT LI (An)ZE H Wiz, ZHIZE > THLALER 60 COKEREET
Ar T A BZBRBEOF v R — (BN L TRLRBR AT - 7=,

LLFICAKREROFER EENVHOBRIZOWTHEMAEZR RS, £, HDIRE TTK) TOREFIK
AT ePa)NILL FOXTH 255 22,

es=611 X exp 117.27 X (T - 273.16) / (T - 35.86)} (1

FARSURDIREG AN S | KEKDEE o kgm3)TUTFOXRNTEZ HLD,
,OV:MVx 95/(1000]7?7) (2)

Z 2T Myl3k o5y 1 5(=18.02), RIZKUIAEL 8.31J/mol K TH 5, Ll EDA(1), Hi(2)
B Ar T AHRO JF % 60°CITHIEE L7 /KZKOEAHIE, 0.007199 mol/L & FHHT 52 &
MR D,

AWFFETIEM Cr OB LZE B O KAKIKBKFELZ AT 2720, MEKEAXEZGLT v
VHADFE)E 4 KBS TEREZIT -, TEARBPIIRERICKAKRE O KIGNED
HALBANIH RN, HRERPERER DO Ar ¥ 2% 20 mL/min OREE CTRKEENHEA
L CEBRZIT o7, Table 1 IZKELXKLOT VI OMEFEOFMEEE LD DH, RPITIFIKRER
Fr U 7L LTOAr HAJEZR L TWDR, KEEREHO Ar T 2L &35, ®iC
20 mL/min OiETHIREA L TWAH7=D, Ar OF /L&, i, EICE L TUIXFE D Ar F A
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LEBLEMNL TS, RBRT v o =8 AIN D KEROER Y720 OF VKO EFD
DFE A 60°CITHIE L2 KEJE TOKKKDENALIE KELZ T v VT O Ar H AW HE T
Lz, ERBIEREOBNMEREY 720 e SN EAEOHEIL, ZOEAKROMEZRER T
D HEFE2.0 x 10 X 10 mm = 280 mm2) TRRT 25 Z & TRDO -, WMHOFHFEITRBRT v o 3 —
ZHEA 26 mm OMEE L CIiiENHHE LT,

Table 1 Atmospheric condition for oxidation tests

Available
Mass flow Molar quantity Velocity (m/s) Partial H:0 on
(mL/min) (mol/s) pressure (hPa) surface
(mol/m?/s)
Steam carrier |y Ar H:0 Ar H:0 | Ar H.0
Ar gas*®
38 4.56x106 | 4.32x105 | 1.88x104 | 1.97x10°3 96.8 916.4 0.0163
76 9.12x106 | 7.14x10% | 3.69x104 | 3.26x1073 114.7 | 898.5 0.0326
280 3.36x10°5 | 2.23x104 | 1.33x103 | 1.02x102 132.6 | 880.7 0.1200
490 5.88x10% | 3.79x104 | 2.32x103 | 1.73x102 135.9 | 877.3 0.2100

*Mass flow of the protective Ar gas (20 mL/min) should be considered separately in addition.

72¥ it f % 76 mL/min ([ZFRE L 72 BRIZEUBHR 1 IS 415 H20 OE/1410.0326 mol/m?/s
1L, ZHVE TIZEE 5237 > 72 MDAMitsubishi Developed Alloy)#78%& & O Cr 2—7
THEEOBRIHBROBELIZERCETHS 29, - hE Tiitbiviz K4 KIT ©
QUENCH Jifi g% & W 72 BRI BHE A (R & I 7= LOCA FifEkBR OB o kAR A Bk, 45
£ 0.05 mol/m2/s TH 5 24, DF D AHFIE TORERRMESLMIL, 2N E TOEKFHAHE
BT HAEEHER KRB 2 WiE T 5 L 52 5,

BLRBRICB VT, EFRETTF v o X—NOLEKEHEH L Ar T ATER LIZ, T D%,
HIUE T DIEEETAr HAHF T 20 C/min OFIEEETME L7z, BEEZLZEIELHTZDHE
TR T 5 min fRFF L2, KEKAZEASE, —ERBEREL, BHL U7 REFRE R 2 R
L7tk KIBKDOEANEEIE L, £D%KIT Ar HAH T 40 C/min T 600 CF CTHIESE7=0
HHEKRGHA LEIRICE TR Lz, @iEAZERT TORREREMIL 7200-72000s & L, BB O
—ERFHRE L 650 T 6, WBREE O LREE TH 5 1150 COHPH THRE L, Eirrir-o
776



JAEA-Research 2024-018

2.3 WRALalER 1% O R

Fe bRtz OB OFEN & U CHMBIBIEE K VT ~ 3 AT K 2 B k)& O AGHT 2 17 -
7o F oAb RBRAT R OB A DK BRI & Z AT 2 72D FHRBCEE 5> 7 #E (Thermal
Desorption Spectrometry: TDS)IZ & 5 KZEWHE Z1T -7z, AKFRREX, HE 99.995%LL LD
AR Ar 77 2 % 50 mL/min O & CEA A ET v o —H T, BB 7 & FEE#E 100 C/h
TERAH 1000 CETHIE L, Z DM, 5min I & IE BT TORI T AD I E1TU,
HIE HZ A S V72 K 38 0 BARE A 2 3l L 7=,
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3.1 EIRAKR L PR a B 20 FHERE F2 5% 0 30BF o 2EAm i 5

ET, KAKIEEE 76 KT 490 mL/min (23X E L7254 T, 650-1150 CO AR 20 h £+
Fi9 o il 0 U7z, Fig.2 I {biirtg ORBfr OBl 5 E A 773, Fig.1 1ZR Lo
ERBRETORBR A X Em NS BEERZ R LTV, BERBRZITWFhoRE T R me
feiEc@bi, BikalZZ L Tz,

650 C 800 C 900 C 1000 C 1050 C 1150 C

76 mL

/min

490 mL

/min

Fig.2 Picture of specimen surface after oxidation tests in steam, in each condition

F72 Fig.3 IZ—f1& LT, 490 mL/min ®/KZEGH T, 650 T 1150 CT 20 h fRFF§ 518
BB ZAT o> T B ORE TR LN, T~ U0 OfERER~T, AL TOmRLRER%
ORBIEBHD T~ N TIE, WINBIFIERIC AT MARELNTZ, b DT <
AT MV, ZIE TORETRINTND Cr203D 7~ 2 AT L2520 L —E 572,
AL T OB % M Cr OFRBIERE AR L2 biE, WIhd Cr0s Tholo &5
bbb,

Cr 490mL/min 650°C/20h
260 - Cr 490mL/min 1150°C/20h

8 3 8

Intencity (a.u)

J
[
[=]

210 -

200 300 400 500 600 700 800 900 1000 1100 1200
Raman shift (cm?)

Fig.3 Typical Raman spectrum obtained on the surface of the pure Cr specimens after

oxidation test in high temperature steam
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Td 54 80 wt.ppm (ZH#ZT 5 & /NS VWMEE 2o T2,

H content (wt.ppm

Fig.4 History of H desorption during measurement on pure Cr specimens after oxidation

History of H desorption

during Thermal desorption spectroscopy (TDS)

TR ERERATZ OR Cr B A 0, TDS JEFITH LT, KR EDOREK
fEEE T, 2 2 THOW B bR ORBR A 1X 76 mL/min O/KZESKH T, 650-1150 CO4
RREIT ST b D TH D, ED EFIT BV KEE DB ENHEINT 51 &
AETORBELE LD D,
R TCHRRKOKFZELRSTZD, ZRETIZHE 2D LoV aA 4 (Zeyd) DZIE M TOK
FEOK bwtppm EREETHY . £72 1000 CT 4 min D FEiEAKZER PEEL R % O 27

--------- As received

650°C/20h

800°C/20h
900°C/20h
1000°C/20h
1050°C/20h

400

600
Temperature (°C)

800

1000

1150°C/20h

test in high temperature steam with Ar carrier gas flow rate at 76 mL/min

H contents{wt. ppm)
= 8] w E= w ()] ~

o

As received

Fig.5 Hydrogen content in pure Cr specimens after oxidation test in steam with carrier Ar

650°C/20h

gas flow rate at 76 mL/min

800°C/20h 900°C/20h

1000°C/20h

Pure Cr specimen ID

1050°C/20h  1150°C/20h

LR EE 1000 C DR
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3.2 FRfb 25 8 o FEAM A% S

Fig.6 X ' Fig. 7 IZZ N Z N D KZERIE &S TOmLRERIC 51T 5 B2 M@ b &) O
Azt WESEWEE, B X2EEEMTIRWVVER o TnWd, £2, £nEho
B OAANZ LR 2 73, BRI & D EEHINAS LAY VRIR T ORMEREBIC IV TiE, &
R RGE O % T E A& MNA gL L, FFIZ 76 mL/min O 544 Tl 650, 800 CT, 490 mL/min
DEAFTIE 650, 800, 900 CTEHENHAITE L HHRF A b,

F72Fig.6 & Tx KT 25 & [F UIRE SR THIED 490mL/min DA 123 T 76mL/min
DALY bEEHENMARE L RH5HEMB A LT,

76mL/min 76mL/min
5 -1150°C
— 40 —~4 —1050°C
£ 30 £ 3 ——1000°C
@ 20 @2 900°C
£ = ——800°C
=10 24
——650°C
0 0
0 14400 28800 43200 57600 72000 0 14400 28800 43200 57600 72000

Time (s) Time (s)

Fig.6 Mass gain profile obtained in the high temperature oxidation test on pure Cr specimen
with steam carrier Ar gas flow rate at 76 mL/min. Right side is an enlargement to show

detail of the profile at lower temperature

490mL/min 490mL/min
50 5 1150°C
—40 —4 —1050°C
E 20 €3 ——1000°C
@ 20 @2 900°C
£ £  anne
210 <, 800°C
—650°C
0 0
0 14400 28800 43200 57600 72000 0 14400 28800 43200 57600 72000
Time (s) Time (s)

Fig.7 Mass gain profile obtained in the high temperature oxidation test on pure Cr specimen
with steam carrier Ar gas flow rate at 490 mL/min. Right side is an enlargement to show

detail of the profile at lower temperature
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JEFIFOBERFEHICE L TINETITOR TV AR, BEE—H 1 IR EIFRICE
WD EIR T, BB OREIZA A EE OB K%, M CHIET 5 Z LRSS T
% 28, EOHERFELMF = — FTOFM S, ERFH TEIRICET 2 & TIThbh 2 Z &R
%\, £72%< O LOCA Bl TlL, #EERE S 1200 ‘CE T 300 C/min THIET 55
TR EFT > TV 5 711141517 [GERIC Ko Y KIT © QUENCH Jiigk % F > 72 Bk k4R
B % 7z LOCA HEGABR OB O FRHE S RIFE Th 5 29, Fig.6, 7 IR LSRR TIX
FFIZ 800 CLAFDIRE OLE . ML X 2 EEHMITEEE Cfafnd 2 Z L REn, =0
7= O AR T OM Cr OFRLEEY O FFM L 2 Bfll £ CO®PHTITH 2 & TH4y &l L7z,

Fig.8 } " Fig.9 \Z /KK FE &2 76, 490 mL/min D354 T? 7200 s(2 h) £ TOELRERIC
B2 EEHEMEEE) OREE(LZRT, £, ZNETNOKOHANIERIK 2777, W
DUt BT IFfH & LI EESHIINT 2 81A1X 800 ‘CLA LD TIXH 6227223, 750 ‘CLL
TTOEREZMITHALNTRY, TO7H, LAEORRGIHE ER O IL, 800 CLL LD
EEREDOT =2 DR TITHZ L L LT,

76mL/min 76mL/min —11s0%C
20 3 — —1050°C
_ .25 ——1000°C
~ 15 ~
£ £ 2 900°C
oo [:Ts]
=10 poads o ——800°C
Q 4
£ s 1 —750°C
g 5 g
g =05 —700C°C
0 o M= ——650°C
0 1200 2400 3600 4800 6000 7200 0 1200 2400 3600 4800 6000 7200
Time (s) Time (s)

Fig.8 Mass gain profile up to 7200 s obtained in the high temperature oxidation test on pure
Cr specimen with steam carrier Ar gas flow rate at 76mL/min. Right side is an enlargement

to show detail of the profile at lower temperature

490mL/min 490mL/min 1150°C
20 2 —1050°C
5 15 o 2= ——1000°C
£ £ 2 "
» o 900°C
=10 = L5 e
I3 = I 2
5_ 5 S —750°C
9= —700°C
A o et S
¥ 0 ——650°C
0 1200 2400 3600 4800 6000 7200 0 1200 2400 3600 4800 6000 7200
Time (s) Time (s)

Fig.9 Mass gain profile up to 7200 s obtained in the high temperature oxidation test on pure
Cr specimen with steam carrier Ar gas flow rate at 490mL/min. Right side is an enlargement

to show detail of the profile at lower temperature
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Fig.10 (23 &% 38, 280 mL/min DA T?D 7200 s(2 h) F TOELRERIZ IS 1T 5 H BB
(AL B)ORE(LERT, WTNOBE L BENE VR, B X 2 EEINE R\ ER &
o TWb, £72, Fig.8, 9I1Z/r L7= 76, 490 mL/min Ot ED LA L i3 5 &, 76 mL/min
A B TR ZE SR SR AF L TR L EE S < 22 DA S 52T 5,

38mL/min % 280mL/min
1150°C
"‘TT 15 ~ 15 ——1050°C
E E
[:T4] p— o
% 10 ~10 1000°C
%5 %5 900°C
S = ——800°C
0 0 .
0 1200 2400 3600 4800 6000 7200 0 1200 2400 3600 4800 6000 7200
Time (s) Time (s)

Fig.10 Mass gain profile up to 7200 s obtained in the high temperature oxidation test on

pure Cr specimen with steam carrier Ar gas flow rate at 38mL/min and at 280 mL/min

Fig. 1112 38, 280 mL/min O &5 T 2 h £ TOMLRABRE OB OB EE 2~
Fig.2 OGA L REEIC, WTOREICHLREABILE CEDODNEREOICELL TV, 2 b
DR ORBETO T~ mr TV g Figd LRI CAXZ ARG L, dBEm
AR L72BEII VT d Cr0s TH D ERFBCTE 72,

800 C 900 C 1000 C 1050 C 1150 C

38mL

/min

280mL

/min

Fig.11 Picture of specimen surface after oxidation tests in steam, in each condition
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3.3 EAfb s =X oD B G S

Fig.12 I & &AM COmLRBRIC 1T 5 BEHMNERLE) ORI DV TR 2 REfH
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Fig.12 Mass gain profile on 0.5 power on time obtained in the high temperature oxidation

test on pure Cr specimen with steam carrier Ar gas flow rate at 38, 76, 280 and 490mL/min

T ZE TR LM Cr b O & i S F SR COMALEEE T — 2 026 | Sl R el
L7 BLEEE B kp D%, IBEOWEICX LT ey b LK% Fig.13 127, i) i
HE 490mL/min OEEIZWTNORE TE kL DEN RS EVME & 2o fe, izt
B, BEILRKOTOMEIZONT S, Cre0s DFEE : 522 glem® & LTHE L, FERIC7 7 > b
L7ze FRCmIROIR B TAMIIED kp DEITSCHME L 0 HARVMER & 72> 7,
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Fig.13 Arrhenius plot of the oxidation kinetics (k) estimated in this report and in a
literaturel®
Pl IR B kp DIRERIFEITIUTOT L= 2N TE LD LN D,

ky=Aexp (—Q/RT) (3)
Z 2T kp BRI CREBE U 72 FR AL B E £ (g2/mY/s) . ATEER. QIEMEL =3/ ¥ —(J/mol), R:
7 A ES 8.314(J/mol/K), T : #axtiiEM®) Th 5, Table 2 (2 Fig.13 ® 7 T 7 136 KD 745 i

BRI TOEHA LTEE =R LF—Q 2L L DD,

Table 2 List of constant A and activation energy Q on each steam flow condition

Availabl
Steam carrier Ar Velocity Partial I\{faé)a;)ne
gas flow rate (m/s) pressure ? ¢ A Q
. surface
(mL/min) (hPa) (mol/m2/s)
38 1.88x104 96.8 0.0163 5.001 x 104 174868
76 3.69x104 114.7 0.0326 1.678 x 108 212564
280 1.33x1073 132.6 0.1200 1.897 x 105 185751
490 2.32x103 135.9 0.2100 1.961 x 105 182135
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ARIFGE T ONBIBLERE R KO T ~ 36 BT OFE R0 & bl % OB i 121X Cr20s O
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Cr OKELZ T TOMRIL TOKRERAIIU FORXTEE D,

2Cr + 3H20 => Cr20s + 6H  (4)
OF D KFERAREIT, Cr OMLRICHHIT 5720, BILERSDRITIIEKEREEL DR,
AR CRIE L7zfl Cr s D R OKFEWIN &=L, FitESAF2Y 76 mL/min T 1000 “C/20 h
DOERALFRER T OFREHERLIZ X 2 EEHINITK 10 g/m2) TH LK 7.4 wt. ppm TH D, KIZ
A L ToRBRETHREHICRIN END ERE LA, AR ORERAE RO T Tl KOk
B 50 g/m)DOBFATH, KEWINEITH 37 wt. ppm L7425, ZOMHIL, ZHETOHET
RENTWD Zr GaROREIHEE OF MR TORFRAERN HARE SN DRI EIZ K

LTHINSWEEEZBND 29, £7, KFEWILED 800°C THINT 5 DIL, Zr TDOKRKFEL
IUZBAT 2 E 0@ 200, Cr OKBWRIUZEE T 5 @i 30 & ORIFIE T O b & O ) 5
FHMIFER L EZOND, —J7, 1050°CLL ETOKRFBWINEDWR D 1T, WU & 5B b~ D ik
H & DAY FZIRE TEL L TV D ATREMENR B 2 bivd, £72. Cre0s BIZ L VW KFEF D
BEREF~OWINBIME ENTWDH AL B X DN DED, Gl A T =X LMo TIE, &4
BOIENNETH D,

4.2 P8 O RIFHEAFMEIC DV T

P Al SR BRIR B | AR A U T S 1 < 72 DI & 7 o 723, KA E DY 490 mL/min @
4T 20 h £ TOBALRBRZ1T - 7284, 900 ‘CLLT Clkmb &2 fafn+ 2 A R o,
BANCHER U DG A b RO, ZHE TOMIET Cr OE{LTARK L 72 Cra0s 723 1400°C O &k
BREE P CIIXMTICART 5 2 EBRENTWD 289, ZOFERKOBIOFTE VIR T, AT
v LA DO KRR EAFHKF TD 800CTD Cr DAEFENHREINTND Z LENDL A
? 900 CLLF COERMOBALABR CHREED Z & 03 & - FREME N HER KD, T 0704
BEBRICIESSHFEEZITV., TOAREIEICOWTHEAET D BERH L L EZDBND,

FIR TR ESETICB O CHHCEE L B2 5N D 2 FEMRE £ CORRLRBRE R % g4
% & WAL L &Y 76 mL/min LA E O TiE, WD E WOER L Rl is B A3 3 ME R 23 S
57, Fig. 13 ICARBE DR LR T — & % B s CHEBR U 72 B b B 22 kp DR FE D iR
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