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Table 1 Oxidation kinetics laws followed by oxidation rate

index n values in different ranges
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0.85<n<1.2 Linear
250
a
o 200}
g
on
E 150
=
S 100+
2
= 50f 7r-0.5Nb
Zr-1.0Nb
ot Zr-1.5Nb

0 600 1200 1800 2400 3000 3600

1500 | c

o 1200

S

2 900+

£

S 600}

g

= 300r Zr-0.5Nb

Zr-1.0Nb

0Or Zr-1.5Nb

0 600 1200 1800 2400 3000 3600
Exposure Time, #/s

Bl 1 Zr-xNb & 44 & iR 900 T~1200 C 75 1HIR 3600 s FIEALEN J) 22 2k

KN 10 s, NTHAERIESE, GHALERES
OM 476 25 B AR T 10 240 U2 e 5 10 A T (0 1
fi, FRITHIE.

2 RIGHER

2.1 FREASEkIINZF

1 F12 2 434 H 7 0.5Nb. 1.0Nb Ml 1.5Nb &
& 1E 900~1200 C 275 H 4L 3600 s HIA S )2 il
LAZH. HE 1M 2 WA £E 900~1000 CZ&{<
FALRT, 3 FEEMELS I FR KA, E0W
LI (n=0.47~0.52); 1E 1100 CZ&HEALRE, 3
aESMAEN T F MR K ERS, 0.5Nb il 1.5Nb
HEMANB ¥ EE WYL - B LM

(n=0.67~0.70), 1.0Nb & <[5 A3 ) 8 G B4

B (n=0.88); fE 1200 CZVHEAEME, 3 F&EER
EAB R A 1 DO, AAGEN ) E
( n=0.88~0.99 ) # & N W ¥ Z& - H 4 M #
(n=0.61~0.63). A[ I, Nb & &%t Zr-xNb & & A 30
JIEFRER S S 2%, ELBEIR R A .

2 1 3 23R4T 1.0Nby 0.05Cr A1 0.2Cr
HE1E 900~1200 CZ&IR 4L 3600 s (1% 43N J1%
MLk FIZ %, dIE 2 f136 3 7l 4, 76 900 C AR 4
TEEF, 0.05Cr & &AM 1% 2 ML (n=0.59)

500

400 -

300

200

100

3000

2500
2000 |
1500
1000 -

500

Zr-0.5Nb
Zr-1.0Nb
Zr-1.5Nb

0 600 1200 1800 2400 3000 3600

d

Zr-0.5Nb
Zr-1.0Nb
Zr-1.5Nb

0 600 1200 1800 2400 3000 3600
Exposure Time, #/s

Fig.1 Oxidation kinetics curves of Zr-xNb alloys oxidized in high temperature steam for 3600 s: (a) 900 C, (b) 1000 C, (c¢) 1100 C, and

(d) 1200 C
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Table 2  Oxidation kinetic parameters of Zr-xNb alloys

oxidized in 900-1200 C steam for 3600 s

Temperature/ Transition InK,/In[mg""
C Alloy point/s (dm*"/s)" "
0.5Nb - 1.44 0.47
900 1.0Nb - 1.33 0.50
1.5Nb - 1.43 0.47
0.5Nb - 2.01 0.51
1000 1.0Nb - 1.88 0.52
1.5Nb - 2.03 0.47
0.5Nb - 1.66 0.70
1100 1.0Nb - 0.09 0.88
1.5Nb - 1.75 0.67
0.5Nb 778 0.41 0.99
’ 2.75 0.63
1.0Nb 1738 0.29 0.96
1200 ' 2.78 0.63
1.23 0.88
1.5Nb 429
2.88 0.61
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Fig.2 Oxidation kinetics curves of Zr-1.0Nb-yCr alloys oxidized in high temperature steam for 3600 s: (a) 900 ‘C, (b) 1000 C,

(c) 1100 °C, and (d) 1200 C
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Table 3 Oxidation kinetic parameters of Zr-1.0Nb-yCr alloys &
oxidized in 900-1200 C steam for 3600 s Table 4 Percentage of mass gain change for 0.5Nb, 1.5Nb,
Tempfcrature/ Alloy Transition point/s ln(lé,;fllzr/lﬂ[/rzl)gll]/"‘ ; 0.05Cr and 0.2Cr alloys oxidized in 900-1200 C
1.0Nb N 133 0,50 steam for 3600 s based on the data of 1.0Nb alloy (%)
. 0.53 0.59 7/C Fo.sno Flsnb Foosce Foscr
900 0.05Cr 1764 216 1.o1 900 ~11.34 20.16 45.63 10.66
146 053 1000 -9.91 -23.57 27.14 26.67
0.2Cr - 0.62 0.59
L.OND - 1.88 052 1100 8.35 -3.92 13.06 9.87
s -0.08 0.80 1200 2.01 -5.92 2.17 4.22
0.05Cr 1564 -1.40 1.01
1000 2.47 0.48
0.32 0.70 2.2 SUHEREFENZRER
o2cr S 231 110 PR AR AUL R, R SR A SR B P — T 4
—— - - 22 AEAMUE) 210, B, SRJE R O BUE R a-Zr(0)Z,
1100 0.05Cr . -0.96 1.02 Ol SR B-Zr AENETEEENIR o-Zr & (PR
0.2Cr - -0.61 0.98 FRIE B-Zr JZ, Prior-p), HAKM 5 Z45 05 AR
1.0Nb 1738 giz 8:2? DA i ) 2 D) AH 5N B 3~ 6 43 A Zr-xNb 454
021 0.96 A Zr-1.0Nb-yCr A 4 7E 900 CHl 1000~1200 C Z& i<
1200 0.05Cr 1828 227 068 SUIK 3600 s Ji5 HE BRI R4 AR A4, £E 900 ‘C 281K
0.2Cr 1628 g";j g‘zi AL, 5 BhE e e R b A B S R

710, 2« HORESEH) a-Zr(0)EM a-Zr(O)+E p-Zr 1
52 3 2450 (F 3al~3cl fIE Sal~5¢c1); BE# Nb
A Cr &M, REETIE -Zr HIRR) &L HIE K

(& 3a2~3¢2 FIE 5a2~5¢2). £ 1000 CZE5 AL
G, 5 FhE SRR M ETI T Y Bk 3 28 (]

BEE SALIRE T &, A n XS S himiR R
AACERE R S AR IR ES, 7E 1200 'C FALME, A4
J A3 FO 52 T 3 AN B i

3 0.5Nb. 1.ONb Fil 1.5Nb &4 1E 900 CZEIS - IHIR 3600 s f5 1 1) 42 4 20 41
Fig.3 Cross-sectional OM images of 0.5Nb (al, a2), 1.0Nb (bl, b2), and 1.5Nb (cl, c2) alloys oxidized in 900 C steam for 3600 s

(Fig.3a2-3¢2 are the enlarged images of middle area in Fig.3al-3cl, respectively)
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Fig.4 Cross-sectional OM images of Zr-xNb alloys oxidized in steam for 3600 s at 1000 ‘C (al-cl), 1100 ‘C (a2-c2), and 1200 C (a3-c3):
(al, a2, a3) 0.5Nb, (bl, b2, b3) 1.0Nb, and (cl, ¢2, ¢3) 1.5Nb
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Fig.5 Cross-sectional OM images of 1.0Nb (al, a2), 0.05Cr (bl, b2) and 0.2Cr (cl, c2) alloys oxidized in 900 C steam for 3600 s

(Fig.5a2-5c2 are the enlarged images of middle area of Fig.5al-5cl, respectively)
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Fig.6 Cross-sectional OM images of Zr-1.0Nb-yCr alloys oxidized in steam for 3600 s at 1000 ‘C (al-c1), 1100 ‘C (a2-c2), and 1200 C (a3-c3):

(al, a2, a3) 1.0Nb, (b1, b2, b3) 0.05Cr and (c1, 2, ¢3) 0.2Cr

dal~4cl F1E 6al~6¢1), HEEH a-Zr(0) /)R B-Zr
LFH AT, BN a-Zr(0) A “HRIRE N J7 3k
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5 MG S BT Y ZeO, JE AT a-Zr(O)+J5 B-Zr
JE A (K 4a2~4c2 FIE 6a2~6¢2), BURIESEH) a-Zr(0)
EAFHI, a-Zr(0) “FEREN” MIEEER, F
FAR MK a-Zr(O)FI R p-Zr JZHEATIX 4. £ 1200 C
AR EANSE, 5 FE SR MMETS S Zro, M
POR 8RR 26K a-Zr(O) 2 4H B (Bl 4a3~4c3 F1E]
6a3~6¢3).

R S AP A E Zr0, MBRIRIE SE 0-Zi(0)

JZEEERIZE ), W] LA BT BTER I & &0 2 56 O 97 ik
52 o BHT-7E 1000 C J PA b Z& 75 A0 5 IR 3%
T I R RVE SIS, HMAIESIWmE 7 s, B
I8 5 I P T v X PRI R L, 4R ZrO, 2 R R
FirZzE. B, RSNEH T 5 FEELE 900 CTHEIR
HhAAL R R SR ZeO, AIEUIRESE 0-Zr(0)Z 1R
% o HH3R 5 AT RN, Ze-xNb A & 5 AR & B3 5 Zro,
YIRS a-Zr(0))Z 1 JE FE MK Z) /MK A 1.0Nb &

4 >0.5Nb 54 >1.5Nb &4, 5K 4 1 H B &R
IR ERE M S5 R & . W] Nb X O 7E 45 344 b
B S LB R AR X T Zr-1.0Nb-yCr & 45K
Ui, 0.05Cr #1 0.2Cr &4 1) ZrO, )= E 1.0Nb & & 1)
—, {HI 0-Zr(0)ZEEHIL 1.0Nb &4 K1E5£, i
B Cr 22 ik O 7R85 AR T i Hi.

Kl 7 Zr-xNb-yCr & 4 FALKE bl 1) 83 A0 0T 35
Fig.7 Typical appearance morphology of oxidized Zr-xNb-yCr
alloys
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R5 Zr-xNb-yCr & & 7E 900 ‘CH 5P E K 3600 s FHEEmE
M Zro, FPAKIELE a-Zr(O)EHIEE
Table 5 Thickness of unilateral ZrO, and blocky continuous
a-Zr(0) in the cross section of Zr-xNb-yCr alloys
oxidized in 900 ‘C steam for 3600 s

#6 SHAETE 900~1200 CHERHITIR 3600 s [5 B BIMIER
(HV,2)
Table 6 Microhardness (HV,) of five alloys after oxidized in
900-1200 °C steam for 3600 s

AH\/a—Zr(O)—matrix/

Alloy Z1O,/pm Blocky a-Zr(O)/um Alloy HVezr0/9.8 MPa x9.8 MPa
0.5Nb 13.21 21.23 0.5Nb 166 35
1.0Nb 14.15 22.64 1.0Nb 223 76
1.5Nb 12.74 18.87 1.5Nb 177 28
0.05Cr 10.85 42.09 0.05Cr 310 174
0.2Cr 11.79 43.57 0.2Cr 368 211
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TRFE 2 BEA%, BRI SRR A AT P Y a-Ze(0) 2 3
TEYH/NIBR 2% IX 5 Ze-Nb A & 76 125 K G B 2% AR
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BIRRERY, 2WMENE, 0.05Cr &EEEML
FN 2 723 s WERAESE 1 WREEHT, S Ak SR 1
n {5 LR L A, FAREIZ) 1764 s B RAE 2 Ik
A, FALE) S E A LA . 7E 1000 C 2R
LR, 0.5Nb. 1.0Nb fl 1.5Nb & & Lsh B
SRR R, 0.05Cr A1 0.2Cr A& RIAE
BN RE - B & - B & Y&
AR, AE 1100~1200 CZVRHEAMRS, 5 Fié 4
A3 7] 5 Rk B2 2R P Bt AR R AR S
Y. i Ze-0 MEPTAT A Zr0, 78 1000 °C 4
KA m CRRDH —t (W) MM, dCEk[]
Al A m-ZrO, KIS E RN 5.68 g/lem®, LK RE N
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RHON 11X10° °C™', £ 1000 C IR P &AL, %
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RAEBWI IR, 1550550 i
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SN R IR 45 2 S O A R T, T
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R R . AT, A& mRERARITNE
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High Temperature Steam Oxidation Behavior of Zr-xNb-yCr Alloys

Zhang Feng', Hu Lijuan', Lin Yuchen', Chen Liutao®, Gao Changyuan?, Xu Shitong',
Xie Yaoping', Yao Meiyi', Zhou Bangxin'
(1. Institute of Materials, Shanghai University, Shanghai 200072, China)
(2. China Nuclear Power Technology Research Institute Co., Ltd, Shenzhen 518022, China)

Abstract: The high temperature steam oxidation behavior of zirconium alloys under loss of coolant accident (LOCA) is one of the issues
that needs to be focused on. Zr-xNb (x=0.5, 1.0, 1.5, wt%) alloys and Zr-1.0Nb-yCr (y=0.05, 0.2) alloys were smelted by non-consumable
vacuum arc furnace and then they were prepared into plate samples. The oxidation behavior of the five zirconium alloys in steam at
900-1200 °C under simulated LOCA conditions was investigated by a simultaneous thermal analyzer. And the microstructure and
microhardness of the samples before and after oxidation were studied by a metallographic microscope and a microhardness tester,
respectively. The results show that the oxidation resistance to high-temperature steam of Zr-xNb alloys does not vary monotonically with
the change of Nb content at 900-1100 °C, and changes with temperature; the addition of 0.05wt% and 0.2wt% Cr makes the oxidation
resistance to high-temperature steam of Zr-1.0Nb alloys worse. When the alloy is oxidized in steam at 1200 °C, the addition of Nb and Cr
has little effect on the oxidation resistance to high temperature steam of the alloys. With the increase in temperature, the oxidation kinetic
of the five alloys undergoes a parabolic— linear transition with multiple transitions. Finally, the mechanism that Nb and Cr affect the high
temperature steam oxidation behavior of zirconium alloys is derived from the following perspectives: the solid solution content of O in the
Zr matrix, the a<>f phase transition of the Zr matrix and the monoclinic (m) <> tetragonal (t) phase transition of the oxide film.

Key words: zirconium alloy; loss of coolant accident; high-temperature steam oxidation; microstructure; phase transition
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