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Table 1 Composition analysis results of Zr-xSn-0.35Fe-0.15Cr

alloys used in the experiment (wt%)

Alloy Sn Fe Cr Zr
0.5Sn 0.51 0.37 0.16 Bal.
0.75Sn 0.75 0.33 0.17 Bal.
1.0Sn 1.05 0.37 0.16 Bal.
1.28n 1.19 0.37 0.14 Bal.
1.5Sn 1.57 0.38 0.16 Bal.
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Bl1 Zr-xSn-0.35Fe-0.15Cr & 4 7E 800~1200 C AUZEVTo& 1 F 416 0.5~3 h 3 & [ 2%
Fig.l Mass gain curves of Zr-xSn-0.35Fe-0.15Cr alloys oxidized in steam at 800 °C (a), 1000 °C (b), 1100 °C (c), and 1200 °C (d) for different
durations: (a) 3 h, (b—c) 1 h, and (d) 0.5 h
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Fig.2 Mass gain vs. Sn content curves of Zr-xSn-0.35Fe-0.15Cr alloys oxidized in steam at 800 °C (a), 1000 °C (b), 1100 °C (c), and 1200 °C (d)
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%2 Zr-xSn-0.35Fe-0.15Cr & £ 7E 800~1200 CHAHHE KN HFLEESH
Table 2 Oxidation kinetic fitting parameters of Zr-xSn-0.35Fe-0.15Cr alloys oxidized in steam at 8001200 °C
Condition Alloy Transition stage Transition point/s n InK /[In (mg""/dm*"/s)]

Before the transition 4430 1.07 -2.81
0.5Sn First transition 0.72 -0.94

Second transition 8914 0.51 0.57
Before the transition 4836 0.87 -2.24
0.75Sn First transition 0.68 -1.14

Second transition 9628 0.50 0.14

Before the transition 4690 0.95 -2.72

800 °C/3 h 1.0Sn First transition 0.70 -1.31
Second transition 9481 0.50 0.05
Before the transition 4784 0.87 -2.24
1.2Sn First transition 0.68 -1.19

Second transition 9491 0.50 0.13
Before the transition 4498 0.87 -2.24
1.5Sn First transition 0.71 -1.34

Second transition 9102 0.51 0.10

Before the transition 2435 0.95 -1.02
0.5Sn First transition 0.78 -0.19

Second transition 3229 0.57 1.41

Before the transition 2425 0.95 —1.08

0.75Sn First transition 0.79 -0.18

Second transition 3218 0.56 1.40
o Before the transition 0.93 -1.34
1000°C/1 h 1.0Sn After the transition 2411 0.79 -0.55
Before the transition 2258 0.97 -1.10
1.2Sn First transition 0.81 -0.26

Second transition 3150 0.58 1.32

Before the transition 2333 0.95 -0.95

1.5Sn First transition 0.76 0.09

Second transition 3241 0.51 1.34

Before the transition 0.80 0.75

0.55n After the transition 416 0.59 1.89

Before the transition 0.75 1.13

0.758n After the transition 357 0.56 2.22

. Before the transition 0.73 1.30
1100°C/Th 1.08n After the transition 662 0.55 2.32
Before the transition 0.78 1.06

1:28n After the transition 480 0.59 2.18

Before the transition 0.79 0.97

1:58n After the transition >4l 0.57 2.23

Before the transition 0.98 0.14

0-55n After the transition 184 0.82 0.98

Before the transition 1.00 0.26

0.758n After the transition 241 0.75 1.68

o Before the transition 1.00 0.27
1200°C/05 h 1.05n After the transition 259 0.75 1.67
Before the transition 0.97 0.40

1:25n After the transition 381 0.74 1.78

Before the transition 1.00 0.36

1.58n After the transition 217 0.78 1.58
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401.5.374.5 mg/dm*; #I LT 0.5Sn & &, AR 4T & 41
ALIE FE RN T 6.1%412.4%-0.1% F11.3% , N E fi
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F3 Zr-xSn-0.35Fe-0.15Cr & 4 /£ 800 C /A IR 3 h JE RS #KIHi 1) OM 5
Fig.3 OM cross-sectional morphologies of Zr-xSn-0.35Fe-0.15Cr alloys oxidized in steam at 800 °C for 3 h: (a,, a,) 0.5Sn, (b,, b,) 0.75Sn,

(c,, c,) 1.0Sn, (d,, d,) 1.28n, and (e, e,) 1.5Sn
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K4 Zr-xSn-0.35Fe-0.15Cr & 4:7E 1000 ‘CZ&7THEIR | h o BRI ) OM B4
Fig.4 OM cross-sectional morphologies of Zr-xSn-0.35Fe-0.15Cr alloys oxidized in steam at 1000 °C for 1 h: (a,, a,) 0.5Sn, (b,, b,) 0.75Sn,

(c,, c,) 1.0Sn, (d,, d,) 1.28n, and (e, e,) 1.5Sn
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JE 1) 56.2% 1 56.9%; 1.0Sn~1.5Sn £ 4= (9 P 1 8,44 Ji
JELE o5 B g A AT A R P 1 51.9%~60.6% » a-Z1(0) JZ J&
JE o i A AR T PR P ) 39.6%0~48.1%

& 6 7] LLE H, 5 800~1100 ‘C4AALAH EE , 1200 C
() 48 A0 FR BE e K, 5 R0 A R B AL THD e Zro, 2 AN
0-Zr(O)JZ XA G M e JRASAE 1200 CHEEG 4T B

K5 Zr-xSn-0.35Fe-0.15Cr & 475 1100 ‘C AV PHEIR 1 h 5 BE#EIH Y OM 50
Fig.5 OM cross-sectional morphologies of Zr-xSn-0.35Fe-0.15Cr alloys oxidized in steam at 1100 °C for 1 h: (a,, a,) 0.5Sn, (b,, b,) 0.75Sn,
(c,, ¢,) 1.0Sn; (d,, d,) 1.2Sn, and (e, e,) 1.5Sn
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A LEHAL0S hJF LA SERL, 1IX A B RS T Ml 287K A
)5 & i b3 EWEER] ZrO, FE M a-Zr(0) 2 B
%o HE7d A HT, 7E 1200 CERTAEMOS hE, S MG
G AR R A — 5, 7E 104.5~115.4 pm 2 7], A
R L9 E 28%~34% ; a-Zr(0) /2 JE B b AN Rk 1 1)
LB AR ZEAN K, 7E 65%~T72% i A 5 3% 158 B Sn %o 45 &
il RV A AR IR -

3.3 #HESHMEEETNORE

O FERS A 4 a-Zr M p-Zr BRI 9T BRE 11 555 & 4

[0 AH 2247 N A Bt e i A8 VR R MR RE B DDA G . ik %
0.5Sn Al 1.5Sn & 4 7E 1000 C 7875 7 AL J5 B b i 8 T
AR X 4 O £ B kAT 434, AR FE Sn %t O 8T A i)
SO o o3 BT AR R P B G SRl ] 8 ANk 3 B
R S MFE I FTLAE H, 2 i & AR M A Z 1)
Zr:0 L #9241:2, 8 Zr0, 2 0.5Sn & 4 7E 1000 ‘C 7575+
A G a-Zr(0) 2 1) O & & 73 71l 2 18.3at% « 9.9at% Fl
6.8at% , 1.5Sn & &AM 5 a-Zr(0)EHF I O & &0 Hl A
21.3at%- 16.3at%A1 9.2at% , 1.5Sn & 4= 1 a-Zr(0) X 35 A
F AL & A KO & & & T 0.5Sn & 4 50.55n & &1
1000 C 7575 P AL 5 B & B-Zr JZ 19 O 7 8.0 3.9at%, 1

B ;.’55 o a{ZL((s)\

K6 Zr-xSn-0.35Fe-0.15Cr &

(b,, b,) 0.75Sn, (¢, c,) 1.0Sn, (d,, d,) 1.2Sn, and (e,, €,) 1.5Sn

100

7E 1200 CZ P PEIR 0.5 h SRR ¥ OM 50
Fig.6. OM cross-sectional morphologies of Zr-xSn-0.35Fe-0.15Cr alloys oxidized in steam at 1200 °C for 0.5 h: (a,

a,) 0.5Sn,
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Fig.7 Layer thickness ratios of Zr-xSn-0.35Fe-0.15Cr alloys oxidized in steam under condition of 800 °C/3 h (a), 1000 °C/1 h (b), 1100 °C/1 h (c),

and 1200 °C/0.5 h (d)
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Fig.8 O content point analysis diagrams of cross-section of different samples after oxidation at 1000 °C: (a,—a,) 0.5Sn and (b —b,) 1.5Sn
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Table 3 O contents analysis results of marked regions of the
0.5Sn and 1.5Sn alloys oxidized in steam at 1000 °C for

1 hin Fig.8
Location O content/at%
0.5Sn 1.5Sn

Oxide-1 62.9 63.4

Oxide-2 62.7 63.3

Oxide-3 62.6 62.9
Average 62.7 63.2
a-Zr(0)-4 18.3 21.3
o-Z1(0)-5 9.9 16.3
a-Zr(0)-6 6.8 9.2
Average 11.7 15.6
Prior-f-7 8.0 0.3
Prior-f-8 2.3 0.0
Prior-$-9 1.4 0.0
Average 3.9 0.1

I.5Sn & &F JLFEAKRME O, 7] W, 0.55n & &
R B-Zr EFHOEEET 1.5Sn &4 T MO &E, i
Sn 241 O M a-Zr—B-Zr FR 19 HY
4 S

Zr-xSn-0.35Fe-0.15Cr & 42 ££ 800~1200 °C 7% V5 1 4
Ak J5 B R A E B AR, A 4
N %} Zr-1Nb-xFe (x=0, 0.05, 0.2, 0.4) & 4 7£ 800~
1200 C i 2873 A AT A 90 Fh 459 21 i 5 SRR, LR
R 7E SC R A VE G 0 A, 1X B & 3R W1 R« Zr-xSn-0.35Fe-

0.15Cr &4:1E 800 “CZVRIHIR 3 h FHAMRIAN EEH 2 =
R 52 BN 20, Ml a-Ze 2 (K 3) , X 5 & & 78
800 CHALT a fHIX 5%, &4 1E1000 CA&VTIHIE 1 h
N MAEI N E [ Zr0, 2 a-Zr(0) 2 F & f-Zr+a-Z1(0)
REE 3 E ALK, o-Zr(0) &tk = DLHUIR N “FoiR 12
N2 Pt A (B 4D, A HOIR o-Zr(0) di A2 H 48 AL
i/ 4 J& CO/MD FLTH WL O F&5E a-Zr R, T “FR 2 N7
o-Zr(0) 1 T¥ B — J7 Tl /& 5 E AT R B B B-Zr s S BUAH
AN O KA AR A 9K s 53— J7 TH O %% BL 1 1 e
25 LW A T /R » e ARG T 346 368 114 i 22 b MG A T 6 ik
(B8 221K, 15 O 7E Zr Hh b ok Ty b 356 1 () SR A A5 B i)
B, FE1100 CHIKMER 1 h T 5Fh& Sk M
FEH Zr0, M a-Zr(0))Z 2 ZHL M L (K 5, X A H T
Sn & o AR E TG E , BEFE Sn & TF i, A B o AH L B3
K, I H OTEHEARA W BUE K o-Zr(O) M « & & 1E
1200 ‘CZJRMEIE 0.5 h FHAMEIN FEEH 2 JZH AL,
53 38 ZrO, Fl a-Zr(0) )2 (B 6) , R4 Zr-O A I, — M 7E
1000 C J LA BB, B-Ze AR AR E A BHEAEZIRAFIE T 5
O N R a-Zr(0) , H LA [l HEAS

BEA S EAABN )5 SRR R BB 2 P, 5
TN A 4 v il AT AR BT, SFhE &R
800~1000 CHEIG G M A H [ RE b2 2 IR H 4~
H-EE PSR E AT AE 1100 CHHIR 1 h 5
SR VIR LR - B 28— B & S AL T, 18
1200 “C1ER 0.5 hJ5 WELH] 1 Kk i B L& 2k- B 2R
MM GR2) . — IRTEEAL BT B FE Y, 285 &
4 P-B N 1.56 AT H) Fl t-ZrO,—m-ZrO, AR {521,
RFUR ARG A IR A B0 B & S A R LS A ot
T R TR A 77 A, 5 30U S 28 VR 8 AL Ze-xSn-
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0.35Fe-0.15Cr & &ML 3 2 A3 )15 34T

B A AR = iR 28 IR I A A R A R T ZrO,
AR, B S a-Zr(0) 2 1 p-Zr 71 O W [E ¥ 5 97 B
MIGE A2 & BE Sn & B340, & & M A K
AR . AL R R S PP A &K T 1000 C
AL, 0.5Sn & & 1 Pt s il 2 VR A A AR B 2 5 T
F 1000 C AL, 0.5Sn & 4 1 1 i 8 28 V3 AL M B
B . IR 1000 C AL G RE T BB &, H 45 R
FIFRar, HRATA,S & &AM E 1 EE AR
B /NK RN 0.5Sn A 4 >1.0Sn & 4 >1.55n & & >
1.2Sn & 4 >0.75Sn & 4 » Ui B Sn X Zr B A AAT A7~
Az (0 B EL B B 4% 5 111 0.5Sn & 4 ZrO, JIE R JE 80K, 1k
i SRR 1 B Bk [ T Ze B4R A ZrO, 1 TR EB 43 i &
X ] FE 2 S E0.5Sn & 4 7F 1000 C LA R 2875 A AL i
R e Z YU AR E R R R . SR, Bl A
Tk B ) T 5 5 a-Zr ZEAR AT O 7 48  a-Zr(0) LA J Sn
TR O M a-Zr—B-Zr H R HTBOE 2 5 10 23 5 B
STIPAES e R A

HH SC ik [29-30] 7] &1, Sn B 7 (0.07 nm) 5 Zr & 1
(0.08 nm) PAEAHZE A K, H4E Wagner BR 16, Sn 55 1 7E 85
A4 DLE BB I AR AE AR FE R, 1B
T E I, — BN O WE B T AL T # A
WOHERKGEREAEEFEIEFAE. O atifE T
=, a-Zr B A hep ep iR 45 , f-Zr LA bee AR LMY, 0
5 98 a-Zr 1R\ THI A [B] B, 7F o-Ze H 1R (8] 95 55 5 K, A L
T a-Zr, O HBE G AL B-Zr HHHEY. Sn & et E L,
1E a t 5 AR HOY BB 4 [ A 1, B A T e T, B
SRR L o-Ze S5 K, R Sn 7E a-Zr H 1 [
JEE T i B PR T R T K, S B O Y B R ARG . Bl
S35 FE IR 4 TH AN Sn 2 B[ K, Zr-xSn-0.35Fe-0.15Cr &
GBI A S a-Zr (O (K 5) , iX AT AEE 0.5Sn &
£7F 1000 C LA 2875 P A I Jse T 4 A0 2 5/ N ) R AL
X BRI B — M SR R TSmOt A 4 O B T M)
SN R I, Sn A #I O FEES & &b #AE R - 1000 CZ7&
R EAE Ze FoAR 1 O B B IR SE R (K 3)EKWT, 1.58n
GaF oa-Zr(OAF FI O Em T 0.5Sn & 4, 1M J& B-Zr #
H O S B AMKT 0.5Sn &4, i —2D UL B Sn & S35 40

4 Zr-xSn-0.35Fe-0.15Cr &€ 7£ 1000 ‘CERPIER 1 h 52N
ZrO,REE
Table4 Thickness of ZrO, layer on one side of Zr-xSn-0.35Fe-
0.15Cr alloy after oxidized in steam at 1000 °C for 1 h (um)

Alloy ZrO, layer thickness/um
0.5Sn 26.9
0.75Sn 20.1

1.0Sn 26.1

1.2Sn 24.5

1.5Sn 25.7

il 7 O Ma-Zr—p-Zr FHEL. 3E—D R 1 4E 1000 C
PLE RS PR, 0.5Sn S & himiR A AL TR
£, B Sn & BT RIE R T S

5 £

1)Sn & & 23§40 Zr-xSn-0.35Fe-0.15Cr #5 45 4 (147t
rla 2R e, H SR EH YA . ERMRIEE T
fIC Sn & & R I H BB iR AR AU R R FEBGE IR
FE R Sn & 4 R I H AU P iR AV TR e

D AR FE AL, 5 B A & A )% 3 A
P 2 R ) 2% - B 2 AR B 2R A, L R 4
TS R AR . {E 800 ‘CEAALI, 5 Rl & &AL
Bl 12 KA 2 R s 46 1100 F11200 C LR, 5 Fh& 4
A ABN D) R T AR BT 5 T AE 1000 C AL,
1.0Sn & & KA 1 IRGEA AT, HoR 4 Fh & & A3 71 %
KA 2 AT . R 58G 41 a-Zrop-Zr Am-ZrO,
- t-ZrO, M AR AT RAE FAFLHIA 5%

3)5 P 4 7E 800 C AL J5 , A fh I #K T 35 B ZrO,
Ml o-Zr JZH 75 1000 “C AL 7 St kT3 B ZrO,
a-Zr(O) M i f-Zr+a-Zr(0) 1R & JZ 2H i ; 7E 1100 C H AL
J ,0.5Sn F10.75Sn & 4 i A AT B ZrO,« a-Zr(O) F1 5
B-Zr+a-Zr(O) IR A JZ 4L E, 1.0Sn~1.5Sn A 4 FF 5 B A
H ZrO, Fl a-Zr(0) )2 W= S5 F 2L i s 75 1200 CE AL 5, 1
AR ) ZrO, Al o-Zr(0)JZ 2 1

H1.5SnE & H a-ZrOHF O & &M T 0.55n &
&, MR B-Ze A O B &AL T 0.5Sn &4, W Sn & &
BN T O M a-Zr—p-Zr T
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High-Temperature Steam Oxidation Behavior of Zr-xSn-0.35Fe-0.15Cr Alloys Under
Simulated Loss of Coolant Accident Conditions

Ma Qingchao, Yao Meiyi, Wang Jinxin, Hu Lijuan, Xu Shitong, Xie Yaoping, Zhou Bangxin
(Institute of Materials, Shanghai University, Shanghai 200072, China)

Abstract: Zirconium alloy cladding will undergo high-temperature steam oxidation in a loss of coolant accident to make it be brittle, thereby
leading to rupture due to absorbing oxygen, which will affect the safe operation of nuclear reactors. The high-temperature steam oxidation
behavior of Zr-xSn-0.35Fe-0.15Cr (x=0.5, 0.75, 1.0, 1.2 and 1.5, wt%) alloys at 800—1200 °C was studied by a synchronous thermal analyzer
equipped with a steam generator. The cross-sectional microstructures of the samples after high-temperature steam oxidation were observed by
OM, and the O content was tested by EPMA. Results show that the high-temperature steam oxidation resistance and oxidation kinetics of
zirconium alloys show a certain regularity with Sn content at different temperatures, which is mainly related to the action mechanism of a-Zr<«>
B-Zr and m-ZrO,<>t-ZrO, phase transformation behavior of zirconium alloys. As the oxidation temperature increases, the oxidized alloy samples
present a double-layer structure of ZrO, and a-Zr(O), accompanied by the appearance and disappearance of the mixed layer structure of f-Zr+a-Zr
(O), which is caused by the effect of O on the a<>f phase transformation. The increase in Sn content inhibits the diffusion of O from a-Zr to f-Zr.
From the perspective that the increase in Sn content affects the a-Zr<>f-Zr phase transformation and inhibits the diffusion of O from a-Zr to S-Zr,
the mechanism of the effect of Sn content on the high-temperature steam oxidation behavior of zirconium alloys at different temperatures was
discussed.

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