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N O FEM o M, KA a-Zr(0)ZE; WENE p-Zr
2. o-Zr(O)JZ MMM 2, SRIRE & &Mk R
P, BB MM BBIERGF, R #EHE, ik LOCA &
BEMNREEES SR g-Zr EREE RN & &5
KIGHE A B E s hrP . BT/ LOCA T T
A ERAE oop FHAAMFIR O 1R & 4 KR [H
W, MEHGET O FEM LA, oop HARRES
mPH, HBEPHAS A &R A a—p FARTIE K O FasE
1 0-Zr(0)Z . TELS € WA AR FEFIRT ) S 40 T, 85
HGa1 o-Zr(0)E M EEAIIR T ZrOy/a-Zr FHHIH]
IR, B SRR PR RS ZE B
4 O oA ME RS O My BUT N DI R,
BT O fE8 & & Y BUR R a-Zr(0) 2 E 1
BRE. GRS EEEERR TR g-Zr ENEE
A S mE, Wk, W TRES A SR
Fr M Tl LOCA FH b2 A vERe kUL, A
AAEH S &P BAT MR A L E

AW IE I A Sn & 2 HE A &L
LOCA TH TR mim A& AR A E & &5
A1 O B A S S SRR TR IR B2, B
7 Sn FEXMEE & mIRAE AT MW, DK
Sn JLEX O TEEG &Y BAT MMM, Fi, R
AT H—MEETEIE O EfG &P
PE, LK O 5ME Sn R Z MM EIER, 46
RIGFI I EHRIT T Sn X O 7 Zr &4 h i iuT
R K i 28 SR AAT A RIS I AL

1 5%

KH 2 MR Sn & &M SHI12 M Zr-4 8554,
BRI &Ry e ZE VG OB AR R A TR
AT 24 kg b (FFEE) BRERBE. 8.
B ARSI AR B . AL 28 A LA R EER O T
Hil %% % 2.8 mm JERIA I TSR 485 R B kT
PIEE T R4 2.8 mm ERMVIE K 20 mm
x120 mm MK FEARAE M, 4T 580 'C/1 h AR K,
I 2 YA FLAL 580 C/1 h AR KA ELE 0.7 mm,
TRAFLE T RN 50%, HA&HHT 560 C/2 hiB K.
BKEES (<3x107 Pa) FWrdilbsr, MUGEK
Aib TR i HR B AE AR R 0 BN 10%HF+45%HNO;+
45%H,0 W& RIS IR YE, DR T 5 R .
K H RS & 55 5 A R 1 K 6 1S (ICP-AES) 43 #T
BEMS, TR BIRSERRR S TR 1, g
RER R LRI G .

K U)W 51 % 47 (10 & SARM V) E R 15 mm
x10 mmx0.7 mm [ FREES, HFREEER AR

x1 RBEASEHHS

Table 1 Chemical composition of the experimental alloys

(w/%)
Alloy Sn Fe Cr Zr
SH12 0.79 0.24 0.09 Bal.
Zr-4 1.43 0.26 0.11 Bal.

1. mim AN EMNWIRIEAE Setsys evo TGA/STA [F] 22
- R E A BT, R R AR A
WE M (TGA) Thit. #iTmE R AHRE
I, Sl N i A GO & BRORRE B, R TR
AFEf s RAFTARIT, $hET 2R & IR A
(<5x10° Pa); RH D MM E M KE
A 60 Ty AHXTREN T0%HITRE A (70%
AR ZE T H+30% G0 55 A A0 IR B R0 AH X
EHEREEZE (41 h) FIFG SRt L.
MBS BN 2 B Hh, E&IHES LU
10 C/min W EIN#4E] 60 'C, fRIE 1800 s, FLA
50 °C/min MR 2NN BB e iR FE, BRI AR A
T AR . AT TR F I iR 2R R AR
N 1000, 1050, 1100, 1200 C, &AEE TR
RIS (B 392 3600 s, RFASIIER 2~3 . R
BRGSO R I AR A B 2k
170 Hr.

AT ARG B A S S e R R I B I S R 728 S
FAB IFAT N, AR A B )t 2k, e
TR B B I SR A 1 B e 2 3 IR IR ) AR Ak 3 R O 1 o i
Ao R (1) SR IE 9N S A IS 3 AN AL IS 8] 22 8] 1)
9\%/%’ EIJ

Aw = K 1" (1)

NTITES AN A, B (D) B
XHOE A, B

InAw=InK, +nlnt 2)
X, Aw NEMME, mg/dm?; K, NEALHEFH
., mg'(dm™-s)"s n NEMAMERKEE: « NEML
WA, so 28] InAw-Inr IR RHIZR, BOMEZ, H
LMRIRR N n {8, #FERIN InK, {E.

YIRS BT 7E 18 kW D/MAX2500V B! X 5 4R 175
X (XRD) E#EAT, $ESVEHN Cu #E Ka 2k, T1E
HE N 40 kv, TAEHACH 250 mA, 6 E
5°/min, FHFEME 20 9 20°~120°,

XF JRAERE S DL R s R 28 R S A SR AT
AR EE AR, BT A A S XD-1000TMC/LCD A &
TORE BEAX,  AXCES R Sk N TR A1 O 136° 45 <6 7 B8 X
VUL HE SR AT, BEEE TR AR
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F

in(0
HV=0.102§=0.102x2Fsm(?)=01891? ©) Egy = E(25,.,,0)= E(Z1,.., )= E(0)=E(Sn)-j ()

X, HV A4EREEE, MPa; F OAINEEM, N; S
NEIRER, mm®; d NEIR ML N EARTFHE,
mm; 6 AENIA EKTHRA, (°).

MEHAT T 500 g, MEB K 10 s. AT D
WEIERN R ZE, BHEeFEMEEET OM Al
JrmdiE 10 ML E WA, JFRBCEFME, B3
B4 WML o AR ARORE R 22 il T DA e B e i 28 X
FNEEEREEPAETENEN, 78 Sn TEXNE
T 28 A S B R

KH Keyence-VHX-100 $h3 5B %t 2 &4
e i 28 VR A S I R AT SR, IR AN [ B
HLZE, i Sn GEMNEEG S EIEATANNAY
Heisem . R A 54 EPMA-8050G 37 K it o 7484
AR o 8 A T R AT S (WDS) ST, FE
ST S &

K H T % 2 R B it (density functional
theory, DFT)P*UfysE — v JHH J7ik, @id VASP
(Vienna ab-initio simulation package)* % {4} k17
FARTHE, SRR BRR T SURR B2 3 ALl (general
gradient approximation, GGA)P* N Perdew-Burke-
Ernzerhof 2 B0, B BCR AP M S4B A,
BWTRES N 400 eVe N THFF O R Zr R0
(vacancy, Va)Ll J Bt Zr i1 1) Sn Ji ¥ E8: 4k
MraEtE, THE TEANIMIE GRS TERGRER TR A X
pa I I

- . . a . . . b

=1, 0 e i) 0

n—i—j
(5)
b, n AR Ze BB HY Ze JR 735G @ B
) Va BN j BRI Sn B Zr JR T
o Ering M Etsuny 7 W8 O JR A2 T (8] B Az B A0 B 4
KB IARRKEHBE ;s E(Zr,..,0) M E(Zr,..;10) 73 7))
XFRL O Ji A Tk A fy a] Bt A RN B 46 o7 B I (1) 44
REBE: E(Zr,.)~ E(O)F E(Sn)7r 7 i i ) &
A€ 1 O BT MIBEREA 1A Sn T HIRER .
RNTHEF Sn X O 7E Zr "y BUT MR, B
de, T BN EHE S 7 45 1 (hep)a-Ze AR O 35 S5 4
(bee) B-Zr B H BHATAL, hep-Zr B S H
¥oN: a=0.3227 nm, ¢=0.5175 nm, bcc-Zr 1%
WHON: a=b=c=0.3596 nm. RGHE 54 1 Zr i F
) hep B (B 1a~1d) Al 54 A Zr JE T 1) bee Hi
(H le~1h), f£ hcp-Zrss AN bee-Zrs, #8 A 11
H O i ¥ £ T /I & 8] B (octahedral interstice
position, oct) . Y [f /& [H] B (tetrahedral interstice
position, tet) ) B #t /i & (substitutional position, sub)
IR RRE . R R@ MK G)73ait 5AF O 18 Bk
3Bk AL I EEA R, AR T R 2 th. R
205, OAT 3 MALER, O ERREI N A,
a-Zr O i T oct (LB HIARRERAK, B-Zr H O £
F tet 7 B 1 g P

c . __d

oPYHD O

Bl 1 Zrss BEH M O JEFIERB M 1) 3 P
Fig.1 Supercell of Zrs4 and three positions of O atom in Zrss: (a) hep-Zrsa, (b) hep-Zrss-Oger, (¢) hep-Zrss-Oyer, (d) hep-Zrss-Ogyp,

(&) bee-Zrss, () bee-Zrsa-Ooc, (g) bee-Zrss-Orer, and (h) bee-Zrsg-Ogyp®”
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E£ 2 O 9 HFE hep-Zrss FA bee-Zrsy FH 3 FHLE (oct, tet,
sub) % 7 K i B 45 R

Table 2 Calculation results of oxygen atom in three different

positions (oct, tet, and sub) of hcp-Zrss and bce-

Zrsi¥\(eV)

Supercell Total energy Formation energy
hep-Zrs4Ooct -466.792 9.222
hep-Zrs4Oye -466.360 -8.790
hep-Zrs3Osup -453.208 -4.083
bee-Zrs4Ooct -465.411 -9.999
bee-Zrs4Oger -465.810 -10.398
bee-Zrs3Osup -456.136 -9.129

RIE, FEMLEEAE EREAT AL, X Zr R
(vacancy, Va). Sn F1 O WA BAEH#AT I — it
B, BRERITE 2.6 TTHEAT VEAN LI

2 FKWHEFR

2.1 ESmRESEkmAHZE

K2 8 2 Fha S TEAFNREE N Esh 5 i 2k .
RIER (2) 2411 InAw-Inz 1156 R LI EBFRIN 0
M InK, fHF TR 3 . B 2 ik 3 WTUEH, &
1000~ 1050 A1 1100 CEiRZAS AN, 2 FiEEn
Al SRR, R A — IR EAE T, B E AR
oW (BIL-EL) Bt 1200 CHElRAES
AT, SH12 & &5 sl 112 KA — R AT,
B BRI 26- B LR A, Ze-4 SEME MBI

ERRKAETY, HIEHENE. EENELRERET,
SH12 &4 Mt min & LRI T Zr-d4 & 4.
2.2 SHHEDESREMNZRER

B 3R 4 25008 SHI2 Fl Zr-4 & & EANH 6
TR A S A AT S A . A 3 R 4
ATUVEH, BEERER &, A AR R, £
1200 ‘C W & £ % . SHI2 M Zr-4 & & 1F
1000~1200 °C &y 28 < 48 Ak J5 Bk i oy M AR ) = =
L, WANEN 20, 2. AR HLN O Bl
a-Zr(0)Z, WEMHERFZRANAE 2t
(Prior-p); BEERER &, G&FMIE Zr E5
AR B T, [FRT LI FRAR . 7E 1000 C il 285
RIS, SHI2 &4 a-Zr(O)ELkitL Zr-4 &4
LR, R B-Ze AR ELEI BEAR s 7E 1050 C il 28
SPEM)E, SHI12 &R B-Ze M I L Zr-4
A4k HLE 1100 A1 1200 CHEiRZES P EMLE,
SHI12 Ga&H e g-Zr I LLHILE Zr-4 G&m. X
LB Sn XL G & iR A A S B R
Me, S I 5 T AR 2 o 40 T 8 1T AR U
2.3 |ILERHE

BT 2 MG EAE 4 MR SR A S E S R 5
XRD iEEMIE, PrULARGH T Zr-4 544 1200 C
ER R AL E I RE S XRD BHE, WK 5 fis. K
PHAMEEE] m-ZrO, CEERIEND KRR, & EoR
H t-ZrO, (M558 FH M MRENE, SR
ATREX 5H BT Zr0, & & IKA K.

800

1400

—=— SHI2 a —=—SHI2 b
Q —o—7r-4 1200 —e—1zr4
g 600} 1000l
%D 800
= 400
'S 600
2 200t 400¢
S 200}
Of ¢ ) ) ) o
0 1000 2000 3000 4000 0 1000 2000 3000 4000
2000 3500
—=— SHI2 c —=— SHI2 d
o —o— Zr4 3000F —e—Zr4
£ 15007 2500}
g 2000}
_S 1000F
3 1500}
5001
Of ¢ ) ) ) Of ¢ ) ) )
0 1000 2000 3000 4000 0 1000 2000 3000 4000
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Bl 2 2 M o i 28 U AR IR AL 3600 s 3 B -1 [A] il 28

Fig.2 Isothermal oxidation mass gain vs time curves of the alloys at different temperatures for 3600 s in high-temperature steam:

(a) 1000 °C, (b) 1050 C, (c) 1100 °C, and (d) 1200 C



* 1066 ©

G E A R

52%:

®3 2MEEETRBETHELINEZFSHHUESER
Table 3 Fitting results of oxidation kinetic parameters of the

alloys at different temperatures

Temperature/ Transition In[K,/mg'™
° Alloy point/s (dm*"-s)"] "
SHI2 2684 ~0.26 0.92
1.29 0.63
1000 -0.73 1.06
Zr-4 2720 hotts 060
SHI2 3100 0.27 0.89
1.77 0.64
1050
_ 3033 0.21 0.90
1.73 0.64
SHI2 3159 105 115
1.84 0.70
1100 -1.05 1.15
Zr-4 3150 1.83 0.70
~0.18 1.03
1200 SHI12 3181 2.63 0.65
Zr-4 . -0.48 1.05

2.4 FhAEHREEENENEE

Zr-4 R SHI12 4 4 IR 46 FF & 10 2 Shs 52 43 51
171.2 1 137.1 MPa. 2 P& & A R BE =i 28 U
105 LR B R B AR A i 2B ln B 6 Fion . R H

2B E =T 1050 CH, B B-Zr BT # b
Kk, pRSHHBECRE/N (B 3 FE 4D, S
DN 2 Tl s A ke PR A, PRI T 1100 A1 1200 °C
re il 28 A IR F G a-Ze(0) 2 1 2 1 il
. HE 6 nlH, BERENAS, SHI2 64 o-
Zr(0) )z 1 B AR B2 S T s JE A, 1050 °C I i
K, fE 1000 F1 1050 C4ALJG 5 B-Zr |2 1) 2 f il
JERARBWUA K Zr-4 H4& a-Zr(O)EME p-Zr |2
2 R SRR K. R 4T 2 A SR
GEFE S FIAE 4 AR RE e iR 28 SR R R I R R
EZEMEAHV. HE 4 7H, miRE 8N ERT
T TR TR R L R AR R s BN IR B Y R 2R
SEMFEN, a-Zr(O)EBIE p-Zr JZ 1 5 RO
Fs 1200 C i 28 EAFE S AH V0204 HS
LRI Z R K, X 1000~1100 °C /& il 28 <4
tHIFE S, AW «-Zr(0) E ik & i B-Zr 2,
AHVgy1.zrg YINIEAE, BI SHI12 & 4344 K B s
R Zr-4 Wm. XERERBARKAKEDN
SHI12 & &Rk b 7 H &S ErNA.

Bl 3 SHI2 & & 7EA [FlE & iR 28 VAL R OM 21
Fig.3 Cross-section OM microstructures of SHI12 alloy after high-temperature steam oxidation at different temperatures: (a) 1000 C,
(b) 1050 C, (¢) 1100 C, and (d) 1200 C (a-Zr(O) is oxygen-stabilized alpha zirconium, and prior-f phase is also a-Zr that

was transformed from the f-Zr matrix during cooling)

4 Zr-4 G RN E iR A RS E MR OM H 2
Fig.4 Cross-section OM microstructures of Zr-4 alloy after high temperature steam oxidation at different temperatures: (a) 1000 C,

(b) 1050 °C, (c) 1100 ‘C, and (d) 1200 C
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Fig.5 XRD pattern of Zr-4 alloy after high temperature steam
oxidation at 1200 'C
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Fig.6 Microhardness of alloy matrix after high-temperature

steam oxidation at different temperatures: (a) SH12

and (b) Zr-4
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Table 4 Difference in microhardness (AHVgsqi2.2-4) between
the SH12 and Zr-4 alloys before and after high-

temperature steam oxidation (MPa)

Phase Original 1000 C 1050 C 1100 'C 1200 C

a-Z1(0) -34.1 334.2 800.0 605.7 -55.3

Prior f-Zr - 254.4 179.6 - -

2.5 FUMREEENESE

2 Fh 4 7E 1000 A1 1050 °C i iE 2% < AL R 1 4%
FEALMA G EN R R 7 fE 5 iR, WTLLE
H, ARFEMELEZESRR Zr:0 i 1.2, Bk
ZRAK, N Z2r0,JZ; SHI2 &4 1E 1000 CHiE &
REWER) a-Zr(0O)Z A & &N 28.07at% (L 3 4
B s T EME, JERD, Zr-4 H4 NN 26.01at%;
SHI12 &4 7E 1000 CHEiRZAZSENEMIR g-Zr EH
A EN 18.42at%, Zr-4 H4& NN 10.21at%. SHI2
HEAE 1050 CHEiRZATAMNEN o-Zr(0)E A E
BN 26.77at%, Zr-4 5404 17.82at%; SHI2 &4
fE 1050 CriRZREMENE -Zr EME S EN
18.04at%, Zr-4 &4 NN 8.59at%. XL 2 Fhik
JEEA G & BRI AL, SHI2 58P A SR
BieT Zr-4 G4, X585 SHI2 &85 R
WA T Zr-4 B &M R A .

2.6 Sn¥t O ZEFERY BT MAE—EFREMAR

N T HWEFE hep-Zr Al bee-Zr H4 4 6% Sn. O J&
T M ze JRPEAL (Va) ZIRIMAEAER, HET
X SRR (B T eRe, BEI AT T Sn R XA
G O Ry B . BRI S, HE T 0-Va.
Sn-Va. Sn-O P Sn-O-Va KT flfE -

2.6.1 O-Va Mt

BARBERN TR . 4 Zrsy @M E8 1 A Zr R
T, HE 1A Va, [ O R A% Va it 1 AN 4R
RO E, ARYE BB T 545 3, hep-Zr HIEEL
oct L&, bee-Zr FikI tet 2B ; hep-Zrsy 1 bee-
Zrsy FAMLH ] Va-O 282 A 8 Fiok. tHH T O
JR 5 H 88 — B = 48 Ji T 2347 (the first to third near
neighbor, 1 to 3 nn)fZ B L5 G AR LR, WRIEARK
@it — SR B ERE, FHERNE 6 Fin.

HEE 6 W&, WA hep-Zrs, & bee-Zrsy
R O JEF15 Va Z [ HITE el fifl, R BIRIBT
O ETHEXEMNES Va &R SBH#AE, O
FF5 Va g G RREn, Bk O JEFE Zr b
%5 Va 454 ; Va I8 =048 oct i B A —IL Al
tet 7 B & O J& T A TE hep-Zrss Fl bee-Zrsy i fa
SEMIALE . UiBH O R Va A EAE MR 5 9 # 1 B
AR,

2.6.2 Sn-Va & ft

TE hep-Zrs, HEMEHK Zr JE- T B #e 5% Sn, [FEF7E Sn
(I AR B b B Jd 1 A Ze JR TR 1 MR TE4L,
hep-Zrsy 1 bee-Zrsy EEMIH T Sn-Va {7 B X4 A Wikl 9
B, V5T Sn-Va fEAN R B B IR R AR, HREE
ARG —BBEFEERE, FESERWE 7 Fir.
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SH12-1000 'C Zr-4-1000 C SH12-1050 C Zr-4-1050 'C

Oxide

Prior f-Zr

K7 2 Fha s A0S BB T A S R AT AR R AL

Fig.7 Oxygen content point analysis marked positions on the cross-sectional of samples after oxidation

®5 BE7P2HMEEESBERSELENEBEARSMNENESS
Table 5 Oxygen content of different analysis positions of the cross-sectional of samples after high temperature steam oxidation in

Fig.7 (at%)

Position SH12-1000 'C Zr-4-1000 C SH12-1050 C Zr-4-1050 'C
Oxide 1 73.70 77.89 80.28 70.81
Oxide 2 72.08 71.95 72.38 67.31
Oxide 3 67.48 72.09 72.24 71.00
a-Zr(0) 1 31.27 26.59 27.14 20.94
a-Zr(0) 2 25.38 22.19 24.14 19.30
a-Zr(0) 3 27.55 29.25 29.02 13.21
Prior-f-Zr 1 20.80 10.44 17.64 9.71
Prior-f-Zr 2 15.01 9.03 17.33 6.64
Prior-$-Zr 3 19.46 11.15 19.15 9.42
b % 6 hcp-Zrs, M bee-Zrs, FHI Va-O HHEEAMITEER
Table 6 Calculation results of Va-O interaction in hcp-Zrs,
g%:hm o and bce-Zrss(eV)
:x:ii :ig Supercell Total energy ~ Formation energy
xj_’ , hep-Zrs3-Ogc-1nnVa —-458.453 -10.995
hep-Zrs3-Oo-2nnVa -458.422 -10.964
hep-Zrs3-Ooc-3nnVa -458.503 -11.045
K 8 hcp-Zrsq M1 bee-Zrs, T O-Va £ B X bee-Zrs;-Oye- InnVa -458.249 -11.691
Fig.8 O-Va positions in hcp-Zrss and bee-Zrsa: (a) hep-Zrs;-O-Va bce-Zrs3-Oe-2nnVa -457.267 -10.709

and (b) bce-Zrs3-O-Va bee-Zrs3-O-3nnVa -458.243 -11.685
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@ Valonof Sn
@ Va3mnofsSn

Bl 9 hep-Zrss Fl bee-Zrsy H 1) Sn-Va 47 B X}
Fig.9 Sn-Va positions in hcp-Zrss and bee-Zrss: (a) hep-Zrss-
Sn-Va and (b) bece-Zrs,-Sn-Va

HE 7 /4, TWHE a-Zr G2 p-Zr ', Sn BT 5
Va [A TR CRES N, B Sn JET5 Va &&0d
S E, Sn R TS Va 4R,
Ut Sn FFLE Zr v A S 5 Va di A Sn U — LAk
B =T E & Va 2 37E hep-Zrs, Fl bee-Zrsy
R R E A
2.6.3 Sn-O % M4t

1E Zrsg BN 1A O JiF, R O JiF
AR BB EIMA 14 Sn J&F, hep-Zrsy, F1 bece-
Zrs, ML Sn-O £ B X Al an i 10 Fow, iHET
Sn 5AFEALE O(octs tet. sub) AHHAEF A R &
e, MR ARG G — LR R A, RS R
Wk 8 Fin.

% 8 Al A, ANIRTE hep-Zrs, B & bee-Zrs, O
5 Sn FIJEREI A fUE, £ O 5 Sn A dEH
SH#AE, 05 Sn &AMEREN, Wik O 7E#:
EEHTESY Sn 46 O AT oct fZEF sub i E
3 B % N hep-Zr Al bee-Zr HHcka & 4544 .
2.6.4 Sn-O-Va &%t

TE Zrs, FBMORAEN 1A O, R 7E 00 41 B 7
BN 1 SnJiF, FAE Sn (25— HIL AL B 1
AN Zr J]RF 2L, hep-Zrsy Al bee-Zrsy #8 il K Sn-O-
Va i 8XF i 11 s, 8 T Sn-Va-O(oct.
tetv sub) &L AR, HR4E A 2 (4) M (5) T A5 2T B
A, MESRWER 9PN,

R 7 hep-Zrsg ¥l bee-Zrs, 1 Sn-Va tHEEAMHEER
Table 7 Calculation results of Sn-Va interaction in hcp-Zrs,

and bce-Zrss(eV)

Supercell Total energy ~ Formation energy
hep-Zrs;-Sn-1nnVa -443.061 -6.809
hep-Zrs;-Sn-2nnVa -442.921 —6.669
hep-Zrs;-Sn-3nnVa -442.857 ~6.605
bce-Zrs;-Sn-1nnVa -443.181 —-6.288
bee-Zrs;-Sn-2nnVa -442.438 =5.545
bee-Zrs;-Sn-3nnVa -444.334 -7.441

Bl 10 hep-Zrss F1 bee-Zrsy H ) Sn-O L B X}
Fig.10 Sn-O positions in hcp-Zrss and bee-Zrss: (a) hep-Zrss-
Sn-Oger, (b) hep-Zrs3;-Sn-Oye, (¢) hep-Zrs-Sn-Ogyp,
(d) bee-Zrs3-Sn-Ogt, (€) bee-Zrs3-Sn-Oye, and (f) bee-
Z15,-Sn-Ogyp

< 8 hcp-Zrsy # bee-Zrsy P Sn-O HHE/EAMITE L
Table 8 Calculation results of Sn-O interaction in hcp-Zrs,

and bee-Zrsy(eV)

Supercell Total energy Formation energy
hep-Zrs;Ooc-Sn -463.077 -14.801
hep-Zrs;Oge-Sn -462.569 -14.293
hep-Zrs:Ogup-Sn -453.841 -13.979
bee-Zrs300c-Sn -461.836 -14.460
bee-Zrs30te-Sn -462.032 -14.656
bce-Zrs;Ogub-Sn -454.580 -15.601

°Zr

Bl 11 hep-Zrsy Ml bee-Zrsa F ) Sn-Va-O £ B X}

Fig.11 Sn-Va-O positions in hcp-Zrss and bee-Zrss: (a) hep-
Zrs52-Sn-Va-Oqc, (b) hep-Zrs;-Sn-Va-Oyey, (¢) hep-Zrss-
Sn-Va-Ogyp, (d) bec-Zrsy-Sn-Va-O,, (€) bee-Zrsy-Sn-
Va-Oy, and (f) bee-Zrs;-Sn-Va-Ogyp
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# 9 hcp-Zrss 0 bee-Zrsy 7 Sn-Va-O B EERMITELE R
Table 9 Calculation results of Sn-Va-O interaction in hcp-

Zrss and bee-Zrsq(eV)

Supercell Total energy  Formation energy
hep-Zrs:Ooc-Sn-Va -452.880 -15.106
hep-Zrs;Ore-Sn-Va -452.404 -14.630
hep-Zrsi Ogup-Sn-Va -445.442 -16.042
bee-Zrs>Ooc-Sn-Va -453.521 -15.106
bee-Zrs;Oqe-Sn-Va -454.228 -15.813
bee-ZrsiOgup-Sn-Va -444.167 -14.138

1 9 %0, hep-Zrsy M1 bee-Zrsy ' Sn-O-Va )
TE RGeS N, R GEE PSR E, Sn-
O-Va 4G 2fER; O AT sub AL EA tet i B 5>
HXE N hep-Zr Al bee-Zr B Hcfa i 4544 .

3 S5 IHE

3.1 SnBENEGERERERSENITANEE

X 2 FE MRS, BT Sn [ RENE R
EH, SHI2 &4 (X Sn) HIEMEEERKT Zr-4 &
& (& Sn), TmEiRZAEME SHI2 G5 R
WAEEH R & T Zr-4 54 SHI2 & mEAS Ak
FHRATAESEST Zr-4 4. 555 DR E K&
AEEMNESER, vl E SR EE, Sn &
fE—E M EAIH O My #. #£ 1000~1200 C & i
A EAK, SHI12 (Zr-0.75Sn-0.2Fe-0.1Cr) b Zr-
4 (Zr-1.5Sn-0.2Fe-0.1Cr) A& MA L E /N, BPBE
X Sn HE—ERENELS SN ERAIE L
PERE, XATHES SHI2 &4 O [MIFER NI BUE B
KA s Zr BALEL 21O, B —EHI K R .

7£ 1000 F1 1050 CriR & H A, SHI2 &
SR p-Ze EIELHI L Zr-4 &4 FAK, TAE 1100
A 1200 CERZASRHTEAEME, SHI2 AE&FME 4
Zr MBI Zr-4 GE&F . ER—E %8 T,
SR p-Zr ARIHBI R RA 2 s —=& Sn i
=, Sn & o MfIkEILEPY, Sn G EME, R pZr
TR LL G R, — R EANR O & &, OFME o
M e eRP . B kAT =L R %
B] Sn x4 O M 8, Frih, X 2 AN 72 AH B
211, 7£ 1000 F1 1050 CriR &<, Sn MmO ()
P EMERRT Sn S EARG X R B-Zr AH I B3
Wi, THAE 1100 ‘CLL L, Sn Xt O M3 B 520 5t A B
o XULH Sn xR G E iR ARV A 1 B A 2]
A2 Mg,
3.2 SnX O Zr M HME MBIt EL RITiE

LW a-Zr &7 B-Zr ' Va HIREE O R T4

4, 1 H hep-Zr Al bee-Zr 1 O JETF1 Va 454 R
K/ANHY, BB O JRFAE a-Zr F1 B-Zr HHHIH HUHE &)
TR . L8 Sn-Va Ml O-Va &SR8, RILA
WX T a-Zr &5 p-Zr, O-Va Z545F /7t Sn-va &
58, P Sn BRI —MA D Va X O 74 3k
LR, HEEHSFR Va BInES S 0 R84,
M FE O JEFHF #. i Sn-O 1 O-Va 1454
11, RMAWHE a-Zr &/ p-Zr F, Ep(Sn-0)<
Er(O-Va), Sn fl O &5 454, Sn nlfE AR O 1Y
“BEBE, HHl O FEEE G &Y E. LE Sn-Va Al
Sn-O HIJE e, K Ep(Sn-O) <Ep(Sn-Va), KB
Sn-O W44 58 T Sn-Va M4iH . Ak a-Zr ibs2 B-
Zr, 4 O AT HBRA BB, Sn-O-Va 1454 Sn-0
ek Ao, YR Sn-O M4 & —CRE LAY N
W Va, M T EC Va IR FEBRAK TR O HIF #.

2E FTR, RIRTE a-Zr B2 B-Zr HIE LTI
ft: Ep(O-Va)<Ep(Sn-Va), EWk%E Sn [t O 7T 5
Va REJJHES, Bk Sn A5IEE Va 3R PRI 00
O ¥ #: Er(Sn-O-Va)i&/N T Ep(Sn-0), Kt Sn-O
S —EFRE L5l Va Wk BRI WA B
Ex(Sn-O)<Ep(Sn-Va), FrLL Sn &5 LH O 44, M
MBHAT O 7E&S I 8, X AT DA& BRAR R 1000 W 5%
F1 Sn 24 O fEEE & & HAR I B R A .

4 & it

1) £ 1000~1200 °C /=i 28 <A A, SH12(Zr-
0.75Sn-0.2Fe-0.1Cr) & 4 1P il 28 <A A M RE AR T
Zr-4(Zr-1.5Sn-0.2Fe-0.1Cr) & 4, VYUK Sn &
A DARR s B A G bt R A A R

2) AAbETH T Sn WM IGIER, SHI12 &4
R AR T Zr-4 &4, MsiRZASRE S SHI2
HEEENEHEERE ST Z-4 64 SHI2 6%
MmASENERETFNESEST Zr4 58 X
VLB Sn £ #I] O 7585 F Ak (9 Hl .

3) k5 Zr f Sn. Va. O AR EAER, A8
Sn tt O JRF /¥ Zr JR TR IS, Sn A&l
B Va IKERIREIK, HR Sn BESE 0 44, Ml
PHIS O 7fEESH I H. XAl LA B R FEMK Sn & i
Ja, B E S BT E AR R
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Effect of Sn Content on High Temperature Steam Oxidation Behavior of Zr-Sn-
0.2Fe-0.1Cr Alloys

Zha Xuepeng', Zhao Chenxi', Xie Yaoping', Gao Changyuan®, Hu Lijuan', Yao Meiyi'
(1. Institute of Materials, Shanghai University, Shanghai 200072, China)
(2. China Nuclear Power Technology Research Institute Co., Ltd, Shenzhen 518000, China)

Abstract: The high-temperature steam oxidation behavior of zirconium alloys is one of the issues that need to be focused on under
loss of coolant accident (LOCA). To study the effect of Sn on the high-temperature steam oxidation behavior of zirconium alloys,
SH12(Zr-0.75Sn-0.2Fe-0.1Cr, wt%) and Zr-4(Zr-1.5Sn-0.2Fe-0.1Cr) alloys with different Sn contents were used for high-
temperature steam oxidation tests at 1000, 1050, 1100 and 1200 °C, under simulated LOCA conditions. The microstructure of the
oxidized samples and the microhardness of the samples before and after oxidation were analyzed by OM, electron probe
microanalyzer, and microhardness tester. The results show that SH12 with low Sn content has better oxidation resistance to high-
temperature steam than Zr-4 alloy with high Sn content. This indicates that reducing the Sn content can improve the oxidation
resistance to high temperature steam of zirconium alloys. Before oxidation, the microhardness of the SH12 alloy is lower than that
of the Zr-4 alloy, while after oxidation the microhardness of the SH12 alloy matrix is significantly higher than that of the Zr-4 alloy,
which is consistent with the result that the oxygen content in the matrix of the SH12 alloy is higher than that of the Zr-4 alloy after
oxidation. This indicates that Sn has the effect of inhibiting the diffusion of oxygen in the Zr matrix. Through first-principles
calculations, it is found that Sn is easily combined with O, thereby inhibiting O diffusion in the zirconium matrix, which
reasonably explains the higher oxygen content in the oxidized SH12 alloy compared to the Zr-4 alloy.

Key words: zirconium alloy; loss of coolant accident; high-temperature steam oxidation; diffusion of oxygen; first-principles

method
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