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Table 1 Test parameters of high-temperature steam oxidation

Temperature/ C Timels
1000 1000 2000 3000 4000 5000
1100 300 500 1000 1500 2500 3000
1200 500 1000 1500 2000 2500 3000

AR AT TS, ATLAE, CrijZ a8, K
TAAL RaUEmmgmeiG, HiREE Zr 54854k
RS 6 Ry, TLAmILIR. Rar, #5560, Cr
%R RGN 12~15 pm. Li 25 APSRH A% s
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Fig.1 SEM morphologies of as-received Cr-coated Zr alloy claddings: (a) surface, (b) cross section, and (c) scratch
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Fig.2 XRD patterns of the Cr-coated Zr alloy cladding
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1100 ‘C/3000 s A11200 ‘C/3000 s &ALHE 52 MK S
T8, S MBEA BT R FE R Cr /O, & &
BCLEXS B Cry0s3, 5 XRD 43 #r4h SR —3.

4 NEAGILE 1000 °C, AL ] 435124 1000,
3000 F1 5000 s B} Cr i 285G Mo Maimms, £ 3
91000 ‘C/3000 s ALK i sE 1 EDS s 73 #rét Ao iH
BRI 01, R /MR Cr iR E AR AL, A — 2 Cr04
[, 2 4 NEACIRE 1000 ‘C, S ALEFE 1000~5000 s Fif
CriRJZ8MZ 3 JERE, w5, AL [ H 1000 s ZEK
% 5000 s Bf, Cr,O5 JZF¥EEH 1.46 um 3N %

2.95 umo,

5 NEALIRE A 1100 C, AL 4519 300,
1000 F1 3000 s Hf Cr REE:& &AL,
1100 ‘C/3000 s % ALAF: it ik EDS iz A4l R WK 3.
H R A1, 1100 CHEAHE SO ZURHIE 5 1000 T4
RE AL, BT — MY 3 5 80% Cr03)Z. K5
NEMIRFE 1100 C, % fLif[A] 300~3000 s B i =6 7%
Cr03 JZF¥JRLE, HHERTT A, LR IS 4 3000 s
i, Cr,03 )2 LA 6.68 um.

6 NAEALIEE N 1200 C, AL A4 5 500

3 HMJE CriRk2E & 4 5aRIE SEM 5T
Fig.3 Surface SEM morphologies of the Cr-coated Zr alloy claddings after oxidation: (a) 1000 ‘C/3000 s, (b) 1100 ‘C/3000 s, and (c) 1200 C

/3000 s

*2 FiiECrARHEEEE5ERE EDS SITER
Table 2 EDS point analysis results of Cr-coated Zr alloy claddings surface after steam oxidation marked by P1-P3 in Fig.3 (at%o)

Position P1 P2 P3
(0] 53.14 59.36 59.59
Cr 46.86 40.64 40.41

lOO_pm

100 pm

Kl 4 1000 CHAMJG Crix B4 4B 7 METH SEM 3T
Fig.4 Cross-sectional SEM morphologies of the Cr-coated Zr alloy claddings after oxidation at 1000 °C for different time: (a, d) 1000 s,

(b, €) 3000 s, and (c, f) 5000 s
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#*3 HE CrisBEES&EF5EEE EDS S inER
Table 3 Cross-sectional EDS point analysis results of Cr-coated Zr alloy claddings after steam oxidation marked by P1-P10 in Fig.4-Fig.6 (at%0)

Position Cr ] Zr Others
P1 42.10 57.90 - -
P2 97.50 1.31 1.19 -
P3 1.79 9.35 87.56 1.30
P4 42.81 57.19 - -
P5 97.30 1.06 1.64 -
P6 1.86 9.20 86.41 2.53
P7 43.17 56.83 - -
P8 96.66 1.75 1.59 -
P9 51.37 2.47 34.89 11.27
P10 0.08 23.96 74.61 1.35

&4 1000 CHEILRE CriABRHEAEE% Cr.O; R THEE
Table 4 Chromia thickness of Cr-coated Zr alloy claddings after oxidation at 1000 °C for different time

Oxidation time/s 1000 2000 3000 4000 5000
Average thickness/um 1.46 1.67 2.72 2.73 2.95
Standard deviation/um 0.34 0.25 0.29 0.40 0.33

Zr

Zr

Zr
Zr0O

5 1100 CHEAMJE CrixZH:& A7 MERII SEM B3
Fig.5 Cross-sectional SEM morphologies of the Cr-coated Zr alloy claddings after oxidation at 1100 °‘C for different time: (a, d) 300 s,
(b, €) 1000 s, and (c, f) 3000 s

%5 1100 CEfRE Cr 4BRHEEEE%E Cr.0: B EHERE
Table 5 Chromia thickness of Cr-coated Zr alloy claddings after oxidation at 1100 °C for different time

Oxidation time/s 300 500 1000 1500 2500 3000

Average thickness/pm 2.50 3.25 4.59 5.08 6.11 6.68
Standard deviation/um 0.30 0.34 0.39 0.56 0.45 0.34
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2000 F1 3000 s Bf Cr RE#:A &6k mE,
1200 ‘C/3000 s % ALFF i1 AL T EDS £ /346 R W3R 3.
W RS, FUIRE T &, o iR B R E Cr k)2
5 Zr G4 HAR I X EOY B Cr-zr B8z . 1t
B, AT I 5 RN, WTREE 7 A2 K
N CrOs 2. B4 Cr 2. Cr-Zr HY 82, Zr 543
UL N EE ZrO, J7 . 3R 6 NEAMIREE 1200 °C, AL
] 500~3000 s i iR 258 Cr03 2 PR, mIH, &
AL [E] 3 i 42 3000 s B, Cr,04 JZ 1A 10.88 um.
Liu 25 APShgs s M s 745 T Zr-4 B e R
MmHl% Cr iRE (=5.7 nm), FMAFARZ TR,
1000 °C/3600 s %k fa R AN EEAS), H OIM
(oxide/metal) FtIHA77E 25 EEEE I, [FRS Cr-Zr
HY -8R F I RRES: . 355 a-Zr(0)2 . Maier 2 A\
WL AER T ET ZIRLO™ A &5 RS % Cr k2
(~24 pm), FHJZFEXSIHEAXT A, 1200 “C/1200 s %
b5 OIM Ftingh & KIRFEREAAAE KRG O/IM Fi
RY 5 FHRMENFGE, FIIA R R &
W FCET X A AR 0 R, e T Cr &)@ A0 Zr

BEREAMERE . RSN N HE SR A P
REREE, A5 RHERMEA KBRS T2 T
Zr-INb S4B EREH & Cr RE. HIBEEN
1000~1200 C. #Afki ]y 300~5000 s A%, ALFEsh
RHEERL) Cr,05 ZAXTEIE0, OIM FHHIATE K%
B R BB GRIG, WRE M Zr &EIA AR
1, R Cr ik 2 KA =PI R EEH O juE A
FHMNEEY WA Zr G a5, HECNIE R I E kRt S
T2 RO ZH ZUAR X o

& 7 7y 1000. 1100 A1 1200 ‘C#fH4E4L 3000 s i
Cr BEHA S AFTMENE EDS L. hE™m, &
7 Zr B AR NI AEAE — B FRSE Cr g, HBEEALIR
FEFh, CrlgsmfEs g, BEL . Wy, WA,
JEF S REERR, R RATER, ¥REREERK.
Uk, 3 FEEALIEEE SR, Cr JiF4E 1200 CHHAME
W ELE Zr HeRA RN R, B Zr T, Fe i T
T RLE @ A B b i (Zr B &3R5 /0 & Fe LR
Hyk, WTRIERF], 1200 ‘C/3000 s EALEE SRR LE
Cr-Zr 2, BRI B2 EH HUZ, 1 1000 “C/3000 s

10 pm
!

Zr

K6 1200 CHEAJE CrikZHi& & A RMEN SEM B3
Fig.6 Cross-sectional SEM images of the Cr-coated Zr alloy claddings after oxidation at 1200 °‘C for different time: (a, d) 500 s, (b, €) 2000 s,
and (c, f) 3000 s

%6 1200 CEMLE Cr ARH#E £ B8R CrO: B EHEE
Table 6 Chromia thickness of Cr-coated Zr alloy claddings after
oxidation at 1200 °C for different time

Oxidation time/s 500 1000 1500 2000 2500 3000

Average thickness/um 551 753 7.15 898 1041 10.88

Standard deviation/um 0.39 0.67 041 0.65 047 122

A1 1100 °C/3000 s AALFEMTT HUZ AR . KHE Cr-zr
MBI RS ERIZ 18, 55 Cr-zr B EENE /DR Fe 1)
Zr(Fe, Cr), Laves AH, i@ # A H A 03775 (face centered
cubic, fce) B HE/N 77 (hexagonal close packed, hep)
IRGERI &R IR A Y, AR AT, AR X 5%
Ko SR, ABEFEHF 1200 CEMLKM T Cr-Zr Bi 82
JEREVEH 1~3 pm, oo 60 76 B AR - g PR AT 2 i L
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K7 AFENRESES Cr ik 286 & A5 BAIN SEM R EDS Zii-H
Fig.7 Cross-sectional SEM images (a-c) and EDS line scanning (al-cl) of Cr-coated Zr alloy claddings after steam oxidation: (a) 1000 ‘C/3000 s,
(b) 1100 "C/3000s, and (c) 1200 “C/3000 s

N, MR, Cr-Zr R B Y TR E SRR L ANBCER Crigz (B 4.5 um) KRN 15

AERE A2, CrigEdiik LRy ERH, LI A% 600 s i,
2.3 CrizREsia i’-’uﬁﬂﬂfi'ﬂ%m W2 —M ZrO, 2 )& 1A 70~110 pm.
K 2RI, Cr i 5K &R RN TR N Arrhenius 77 #2 AT H T 2 A3 228 B S SR
X (D), B k%, i (b Pron, HE&EuirEst (5
2Cr(s)+3H,0(g)=Cr,05(s)+3H2(g) L s
AL, ASBiE 50 A] 3 T4 iR 2R E i R R Cr 5—"2:Aexp(—g) W
BE TR S, BpAT A (2) 5] 2 RT
A3 o In5—h2+&=InA (5)
dh 1 (5h (2)
dt h 2 H, A RTRETE 7, Q AEMBEIERE, R NEARSUE
h_2:5ht (3 WL T RNEAHEE (K. #K#E Arrhenius 77230 (5),
2 2
St AR BRI, R, 2 60 + 0
50 = 1200°C

AL ZE R A TN CriR)Z85E& e sem (FhEE
FERA Cr, WEEM BN Zr) mRi 28R SR, N4 EE
FAL I E R A, oA B AR S A E R VT
MR AGRR RS, BRIk, SR AU )Z R R Eh v
B T3 3~3K 5 AR, @ (3D
AL Cr03 EEE AR X R, HR L1 k%L
W&, 4R WE 8 . BRI, ARNERERMET,
Cr I ZE BN 7715 2B I Y 2N, 5 45 AT K8 AN[Elili BE 2 1 T A 2 R FE S A A R 0 & ith 22

B f. 4RT, Kashkarov 256 \PUSEH medik s T 24 Fig.8 Fitting curves of oxide thickness as a function of oxidation time
Crig)Z, HEALIREE AN 1200 C. &ALE AN 120 s /2 at different temperatures

Square of Cr,0O, Thickness/um’

0 1 1
0 1000 2000 3000 4000 5000
Time/s
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ARG Cr kR A E R HEOTREN:

2
% _ 0,099 exp(_242769
2 RT

Kashkarov 25 \PUAF 7t 45 BRI EH A Cr %2
(202 kJ/mol) AHXF T A 8L B F AR w8 Cr % 2
(177~183 ki/mol) H &% m i A uEfe, HbtsE bk
RETE ML . SR, AWHFLH Cr WREEAEIERE
242.769 kd/mol, FHAHHV:EJEFREMBRREIHE i
(CEA) #ill% Cri&)/2—% (240 k)/mol). [EH, FAHF
FRITRERE CEA BRI E & 4057250 5L
P AT R EE B2, 2k R % B Arrhenius B 0B 9 Fp
N HETEL, CriR)Z i 28I AR R L s & 4
ik 2 MRS, KW Crig 2 BERTHEES SRR
AR WREEEN 155 H BRI A 2R
YK, AT CATREN N B AR, SEETHRE
FE L OREUEREIR E R, BRI & b e A P RE
R Cr ik 28 A 5T,

B (6) AT (3), WA Crik)E
AHERETE AR, B

) (6

Ny

I

h=\/0.198exp(%)t 7
RT
10-6 —— Present study
~ —— CEA
T‘m 10 3 — Zralloy
NE 108k \
£ 10%
£ 107}
O \
£ 10™]
o
10"

68 70 72 74 76 78
TYx10* K*
K9 LR = 4 Arrhenius [

Fig.9 Arrhenius plots of parabolic rate constant

25N 1200 °C/2000s B, HIFFER (7) it
HA1E, Cr05 J2JE A 9.88 um, 156 SEIIE N 8.98 um,
PIEAHZE 9.50%, AbTArEsZiakl. Kith, ARuF7edss
HEBFRRM Cr iRZ M w2 A B ) F R g T
FEE T, R FE & M 2R e

NS Cr RZ RS 15T N R R)E
PEREEIR MU SHIE, A Fkb sty 7 1100 °C/30 000s
et 2R IR BIFFE RN, %N TR] E K %2 30 000 s
B, EEAGEIMEE Cr0;s EBifs ZAHRRIVE, JERE K
H AR S AR (1.5~7.5 um), SECLARERE
BWIEER, Zr G &5 X A A (1.0~5.0 pm),
MBS 4 10 Fras . e BT 50, BRSE i E ORGP M
i, HIRZE—MN ZrO, 2 & BE ATz /N T A BE TG IR = —
ZrO, 2R E, R CriE T AL Zr & &5
ke, [ 11 N FEBURATS (EBSD) RIAELR,
AT 5, Cr 2 A1 Zr(Cr,Fe), & 73 X 1835 73 41 % f 7t ZrO,,
H Cry0; 54k ZrO, 2 [ 4775 51 28 AL ZrOy. K,
ATCAVE R B, miR AR A R Cr i1 5 T
Vs zr e84, 5 Zr. Fe X Zr(Fe, Cr),
Laves #H .

L LRI AL, Cr 2 iR 28R AT I B A %
AW ] 53 2 BB, BN Cr i3 280 Sh 112447 816
PRI BN R A A fE P B Horp, BB L BB E
B R AR Cr i AL 5R A R Y B, K2R+ O
JRF I NERIER, TR SR AL R AR ARSI R
Cr,03 JZ, ARUFHIE K& O JEFH HUE Zr & &k N .
HULFE, CriglEhs zr H& AR M4 & X, Crik
BN #MEHEA, Zr FEFRsaM8E Cr ijE, Bk
Cr-Zr HIE2, Bl Zr(Fe, Cr), Laves A, 4% 4k i H
RN B2 O (0 1200 °CH, [ Cr Rt
W Zr B8RS AT R A, TS Zr(Fe, Cr),
Laves A, ML [RIEE— DAL KR, D& O JRFK

K10 1100 "C/30000s FAkJa Cr ik B8 & & M5 SEM FE51
Fig.10 Cross-sectional SEM morphologies of the Cr-coated Zr alloy claddings after oxidation at 1100 ‘C for 30 000 s: (a) outside of cladding

and (b) whole cladding
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v

11 1100 “C/30000s M) Cr iRk EHs & 4 MM EBSD 4047
Fig.11 EBSD analysis on Cr-coated Zr alloy claddings after oxidation at 1100 “C for 30 000 s: (a) pattern quality map, (b) phase map,

and (c-e) IPF maps

CrixZmA MmNy i, 5hEAET R Cr ikEdm A
(1) Zr JR TS5 T B E i 5 ZrO,, RITTRRR % BRI &
Cr )2 EDS Si/#irf O mE & i, 5 ckiiiE —l,
[ B 7T R ] 11 BTESE . #h 5 ZrO, 5 TR R “ R 1"
WIE, BN E O JEFIMEEY AR Zr A4k
Wik, TEERE Zr 682, W o-Zr(0))Z2. A, %
XTES 2 BB, B Cr ik Z 8B 115 AT AR TR B . —
Jilfl, CrOs EEEAK RN A FEEN KT S H Zr &
GFARTY Zr(Fe, Cr), Laves #1214 U Zr KA
BRSO (s FER(8)), AR Gk JR =4 Cr Ak
W) ZrO,p, FEL Cr03 |2 JE LK. Cr JZEREG M. F1—
HH, HATEEME R, Cno; EFESKESH—5
KA RetE Cnr R x9)), A AR R =,
FHL Cr03 JZ BRI 2 1L H.JZ FEIH -
2Cr,03(s)+3Zr(s)=4Cr(s)+3ZrO,(s) (8)

2Cr203(S)+H20(9):20r02(OH)2(9)+%02(9) (9

A E G RET RN FEFEH TR TR AR5 Cr
W Z A ST BRI L B, ST RR P
EESL I RAL B RS E TN A TOLR Cr IR
BURABE A, PAE O SN SAL B R4 i 555
B Cr 2B 11 AT N AR SR W B B A DG
KA, A HBAIELE RSP T I R Gibk i R 28R AL
W e RIEPIOMERAL, 3P RAE EIRFEH I Cr0s
AN Zr SEAE B SON B TR R DR I R REIR AT LEE,
NEEOFERRE ISR IER KR SR

3 4 g

1) AW FCR RS T 2AE Zr-INb & 4584k
KIEH & CriRE, WEWSEE, KL R
b, HYS Zr & &R 0ss 6 R, CrigZ R B 12~
15 pm,

2) S ALIEE Y 1000, 1100 A1 1200 °C, AL ]
4 300~5000 s ANEERT, Cr iR)2 5 /KFEIR N A R E %
Cr03 2, A RINHIRE—M O [T 8% Zr & &7k
PR AR Zr0, 2. [, Cr 2 miEARE N
B 1 I BB I BN, AR E RS S
K 2 MR, R CrigZrl BERAE SR
e 2 A TR

3) MEAIRE AN 1100 Ch, JEKA LR ZE 30 000 s,
HAERFEINEE Cr0; 5 Zr RAFMIER RN, FERE
BB AT AR AR R R EIR, Zr B4k
o X e Ak, H A B AT /N T A5 N BE TG
B2 210, ZEfE .

S 3k

[1] Saini S, Gayathri N, Sharma S K et al. Journal of Nuclear
Materials[J], 2020, 528: 151 894

[2] Ensor B, Motta A T, Lucente A et al. Journal of Nuclear
Materials[J], 2022, 558: 153 358

[3] Brachet Jean-Christophe, Rouesne Elodie, Ribis Jo& et al.
Corrosion Science[J], 2020, 167: 108 537

References


https://www.sciencedirect.com/science/article/pii/S0022311519308694
https://www.sciencedirect.com/science/article/pii/S0022311519308694
https://www.sciencedirect.com/science/article/pii/S0022311519308694
https://www.sciencedirect.com/science/article/pii/S002231152100581X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S002231152100581X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S002231152100581X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0010938X19322565

%1

PV ESE: Cr ixZ4 & 07 mii AT S sl 75 R

© 299 -

[4] Brachet Jean-Christophe, Idarraga-Trujillo Isable, Le Flem Marion
et al. Journal of Nuclear Materials[J], 2019, 517: 268

[5] Park Jung-Hwan, Kim Hyun-Gil, Park Jeong-Yong et al. Surface
and Coatings Technology[J], 2015, 280: 256

[6] Liu Jiahuan(X 5 ¥Kk), Li Zhengxian(Z=4+ ), Wang Yanfeng(F 2
&) et al. Rare Metal Materials and Engineering(}i & @+ kL 5
TFH[], 2021, 50(8): 3003

[7] Bai Guanghai(#1) "), Chen Zhilin(}%: £ 4%), Zhang Yanwei (5K 2
£f) et al. Rare Metal Materials and Engineering(#4 & &k 5
TEH[], 2017, 46(7): 2035

[8] Yeom Hwasung, Maier Benjamin, Johnson Greg et al. Journal of
Nuclear Materials[J], 2019, 526: 151 737

[9] Maier Benjamin, Yeom Hwasung, Johnson Greg et al. Journal of
Nuclear Materials[J], 2019, 519: 247

[10] Bischoff Jeremy, Delafoy Christine, Vauglin Christine et al.
Nuclear Engineering and Technology[J], 2018, 50(2): 223

[11] Li Qing, Wang Yu, Du Peinan et al. Journal of Nuclear

Materials[J], 2022, 560: 153 496
[12] Fazi Andrea, Stiller Krystyna, Andrén Hans-Olof et al. Journal of
Nuclear Materials[J], 2022, 560: 153 505

[13] Lou Hanyi(##—), Wang Fuhui(E£4%<), Ji Lirun(FE3LiH) et al.

Acta Metallurgica Sinica(4:J& %#%)[J], 1989, 25(1): 6

[14] Meng Yan, Zeng Song, Teng Zhen et al. Thin Solid Films[J],
2021, 730: 138 699

[15] Liu Junkai, Cui Zhexin, Hao Zhe et al. Corrosion Science[J],
2021, 190: 109 682

[16] Fazi A, Aboulfadl H, lyer A H S et al. Journal of Nuclear
Materials[J], 2021, 549: 152 892

[17] Wu A, Ribis J, Brachet J C et al. Journal of Nuclear Materials[J],
2018, 504: 289

[18] Ribis J, Wu A, Brachet J C et al. Journal of Materials Science[J],
2018, 53(14): 9879

[19] Lillerud K P, Kofstad P. Journal of the Electrochemical Society[J],
1980, 127(11): 2410

[20] Han Xiaochun, Chen Chen, Tan Yonggiang et al. Corrosion
Science[J], 2020, 174: 108 826

[21] Kashkarov E B, Sidelev D V, Syrtanov M S et al. Corrosion
Science[J], 2020, 175: 108 883

[22] Cathcart J V, Pawel R E, McKee R A et al. Zirconium
Metal-Water Oxidation Kinetics. IV. Reaction Rate Studies, TRN
77-017423[R]. Knoxville: Oak Ridge National Lab, 1977: 1

High-Temperature Steam Oxidation Kinetics and Mechanisms of Cr-Coated
Zr Alloy Claddings

Liao Yehong"?, Peng Zhenxun?, Yan Jun®? Wang Zhanwei'?, Li Sigong"? Ren Qisen*?
(1. Insitute of Nuclear Fuel and Materials, China Nuclear Power Research Institute, Shenzhen 518000, China)

(2. High-Safety Accident Tolerant Fuel Engineering Laboratory of Shenzhen, Shenzhen 518000, China)

Abstract: The Cr-coated Zr alloy materials appear to be one promising short-term accident tolerant fuel cladding concept, due to their outstanding
high-temperature oxidation resistance and improved resistance to fretting wear. In addition, there are few barriers or challenges to be applied to
nuclear reactors for coated Zr alloy claddings. In this work, uniform and dense Cr coatings with thickness of 12-15 um were deposited by
magnetron-sputtering process on the outer surface of Zr-1Nb alloy tubes. Two-sided isothermal oxidation tests were performed in flowing steam by
synchronous thermogravimetric analyzer, at temperatures ranging from 1000 <C to 1200 <C and for oxidation time ranging from 300 s to 5000 s,
with the object of systematically studying the high-temperature steam oxidation behavior of Cr-coated Zr alloy cladding during reactor accidents.
Scanning electron microscopy equipped with energy dispersive X-ray spectroscopy and X-ray diffraction were utilized to characterize the
microstructure, oxide layer thickness, element distributions and phase of oxide scale to study the oxidation kinetics and mechanisms of Cr coating.
Based on these analyses, dense chromia scale is developed on the outer surface of cladding during steam oxidation, preventing the oxygen atoms
from diffusing into the substrate, to improve the high-temperature resistance of the composited claddings. In addition, the oxidation kinetics of the
Cr coating is nearly parabolic and the rate constants is at least two orders of magnitude lower than the Zr alloy, enhancing high-temperature steam
oxidation resistance of Zr alloy claddings.

Key words: magnetron-sputtering; Cr-coated Zr alloy claddings; high-temperature steam oxidation; oxidation rate constants; oxidation mechanism
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