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Fig.2 TEM brightfield images of as-received Zr-1.0Sn-1.0Nb-0.1Fe plate samples (a—b) ; SAED patterns of two ribbon axes corresponding to the

second phase P2 in Fig.2a (a,—a,) ; SAED patterns of two ribbon axes corresponding to the second phase P3 in Fig.2b (b,-b,)
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Fig.3 EDS analysis results of the second phases in the pristine

Zr-1.0Sn-1.0Nb-0.1Fe alloy marked in Fig.2
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Fig.6 Corrosion mass gain-exposure time curves of Zr-1.0Sn-1.0Nb-0.1Fe alloy in 360 °C/Li+B aqueous solution (a,, a,) and 400 °C/steam (b,, b,)
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Fig.8 SEM fracture images of the oxide film in Zr-1.0Sn-1.0Nb-0.1Fe alloy at 400 °C/steam
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Fig.9 Cross-sectional microstructure and EDS analysis results of the oxide film of Zr-1.0Sn-1.0Nb-0.1Fe original plate samples corroded in 360 °C/

Li+B aqueous solution for 70 d: (a) HAADF image; (b) enlarged image of the yellow boxed area in Fig.9a; (c—f) corresponding EDS

element mappings of Fig.9b; (g-h) position and results of EDS line scanning of line OP1
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Fig.10 Cross-sectional microstructures and structure analysis results of the oxide film of Zr-1.0Sn-1.0Nb-0.1Fe original plate sample corroded in
360 °C/Li+B aqueous solution for 70 d: (a) TEM brightfield image; (b) TEM darkfield image; (c) magnified TEM brightfield image of
Fig.10a; (d) enlarged HRTEM image and FFT image of OP1; (¢) magnified TEM brightfield image of Fig.10a; (f) enlarged HRTEM image

and FFT image of Fig.10a; (g) magnified TEM brightfield image of Fig.10a; (h) magnified HRTEM image and (i) FFT image of OP3

Oxidefilm

OP5

11 Zr-1.0Sn-1.0Nb-0.1Fe & 4 AL bl 75 360 C/Li+B K IR 1 70 d ()AL IR TI HAADF [ ) &2 EDS ST 3R T 1341
Fig.11 Cross-sectional HAADF image (a) and the corresponding EDS element mappings (b—f) of oxide film of Zr-1.0Sn-1.0Nb-0.1Fe-irradiated
plate samples corroded in 360 °C/Li+B aqueous solution for 70 d
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Fig.12 Cross-sectional microstructure and structure analysis of oxide film of Zr-1.0Sn-1.0Nb-0.1Fe irradiated sheet samples corroded in 360 °C/
Li+B aqueous solution for 70 d: (a) TEM brightfield image; (b) TEM brightfield image of OP4; (c) enlarged HRTEM image and FFT

pattern of OP4 in Fig.12b; (d) EDS line scamning results of OP4; (¢) TEM brightfield image of OPS5; (f) enlarged HRTEM image and FFT
pattern of OP5 marked in Figl2c; (g) EDS line scanning results of OP5
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Fig.13 Microstructure and elemental distribution of oxide film in the original Zr-1.0Sn-1.0Nb-0.1Fe plate sample corroded at 400 °C/steam for 70 d:

(a—b) HAADF image and enlarged image of local oxide film cross-sectional microstructure; (c—f) EDS element mappings of Fig. 13b;
(g—h) EDS element mapping results of line 1 and line 2 marked in Fig.13b
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Fig.14 Microstructure and structure analysis of oxide film of original Zr-1.0Sn-1.0Nb-0.1Fe plate sample corroded at 400 °C/steam for 70 d:

(a) TEM brightfield image of cross-sectional microstructure of oxide film; (b—c) TEM brightfield image of SPP1; (d—e) HRTEM image of

OP6 and corresponding SAED pattern; (f) local magnification of cross-section of oxide film; (g) TEM brightfield image of OP7 and OPS;
(h—i) HRTEM images of OP7 and OP8
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Fig.15 Microstructure and structure analysis of oxide film of irradiated Zr-1.0Sn-1.0Nb-0.1Fe plate samples corroded at 400 °C/steam for 70 d:
(a—b) TEM brightfield image of oxide film cross-section and local magnified image; (c—d) TEM brightfield image, HRTEM image, and

FFT pattern of OP9; (e—f) TEM brightfield image of OP10 and local magnified image; (g—h) HRTEM image of OP10 and FFT pattern;
(i—j) EDS line scanning results of OP9 and OP10
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J L 7 AR K B RS A ) 2 B AL 4 R B B, AT T BTG
JF X 72 A s o R ) B DR 4 AR BT R B R
A 1) Zr-1.0Sn-1.0Nb-0.1Fe % 4 7F 360 ‘C/Li+B 7K ¥ il
WS ik 70 d S, 7E BE B AL IR A R T 1.40 pom CHR B8 77
F45145 5 0.01 dpa) ) Zr(Nb,Fe), 55 — M th 58 4= A s 4k,
H MGZ S ZAH 28431 45 2 b (B 9ho) ] 1, 3E B4k B 48
S8 A% H X Ze-4 & 4 1) Ze(Fe,Cr), 1T Ne &
T 5 A 5 BRI AT, B2 HE R A B 2.7 dpa B
Zr(Fe,Cr), 5 —AHFF 4R A AR R S A7 i 75 AH [
FE R A# FH 2 MeV it 148 1 52 7 dpa I, Zr(Fe,Cr), A 4/
TRFF A, X U0 B 5 B 4 A B R R R AR
# s Yan SCV R LS5 R R ATE AR IR T, 4 5E
IR B 2958 100 K B, Zr(Fe,Cr), 55 — AH Ak & 4k 10 952 45
FIE )N 1 dpa, 5 = il 8 R AH L, 7E 770 K 4% 16 7 =
N 11 dpa B BL & ATATI SR PR FF 45 i, 3 UIF SE 5 R
BRI R SR E A L R T, LG ER S R
TF 21 FUE 20 3 20 AR S A R R 2 4R
HH Y, FE A I 5 2 A 5T A A7 TR R T HE S h-
ZrO S5, 1% S5 R AE 5 dpa N B TR IRVER . A ik
RABEIRA T 7 5 B4, Zr(Nb,Fe), B J Zr(Fe,Cr), %
' Fe 55 —AH 81 T 18] B Fe G 5 1M T B PR 368 o 4% 45 F 7E

WS SRS Bk, 85 & L BB, 204 Zr
(Nb,Fe), 7 A 3F & 4k 1 I PR T RE 2 ol T HL 8 % 45 4
JI 51 4R B AR d A . A SIR A AE 360 C/Ar R I T
BEAT, R 1 RBLEE AR RAE S 58 IR AR AU RE AR
ZEA K, X AT e A2 R O il B A T iR AN IS K
i 75 585 — AR 2 B4R IR AL R AR s BN, A R T
R IR AR A T < TR Pk RE Y S M AL 7 Lk —
LT

FEJE e R v, T DRSS — B e R A T AR Ak
o 55 —ARAE AR S AL I RN AR B TR BAR T
R HEEAS TR 1, X R e R R R
Hde HAR AR, 28 A 2R T Fe Nb (971
FHIRSCHRIRIE T Fe 19 0% 2 L Nb SR 14518, T
RN AR B 28 1 B BOY S AT R 3 B AR AR T
3, B Fe U RPN, 855 <5 rp i 28 —MFE BEAS S Ak
Fr I RE DL R RE R AR S AR T T 2 18] PR 45 B A R
HEAEH, BT A M E T RE . 58 AR
MR 8 W Fe 55 T0 3R ) 55 —AHAMYHIL, S 45 07 L e
B AR A 2 R B8 — AR ARG E 1, dE T — 0 S BULE
fift. HBEFRMIEY, LR — VA AR LR AL X8, 2
{32t 2V PR TR 8~ N 10 96 T 51 A HERSE £ B B

F1EMH70 dERINENIREHBATE _BENITA

Table 1 Oxide film microstructure and second-phase oxidation behavior of samples after corrosion for 70 d

Oxide film Proportion of The second Distance from the

Second-phase

Sample State thickness/  columnar phase serial outer surface/um Second phase o ) Elemental diffusion
oxidation behavior
um crystals/% number (dosage/dpa)
Oxidation to Fe and Nb diffuse to
OP1 0.83 Zr (Nb,Fe), .
amorphous phase the matrix
Oxidation to
OP2 0.56 B-Nb
amorphous phase
Original 1.67 84
ZIRLO 360 °C/ The central region is
Li+B aqueous OP3 0.35 B-Nb oxidized to
solution amorphous, marginal
t-NbO,
Oxidation to
OP4 0.37/2.63 S-Nb Nb spreads
amorphous phase
Irradiated 1.92 90 Unoxidized, Fe and Nb have no
OP5 1.40/0.01 Zr (Nb,Fe), . o
amorphous phase obvious diffusion
Oxidation to Fe and Nb basically
OP6 3.52 Zr (Nb,Fe), L
amorphous phase coincide
.. Oxidation to Fe and Nb basicall
Original 4.86 95 OP7 3.33 Zr (Nb,Fe), o Y
amorphous phase coincide
ZIRLO 400 °C/ -
Oxidation to .
steam OP8 393 S-Nb Nb did not spread
amorphous phase
Oxidation to Fe and Nb diffuse to
OP9 2.5/0 Zr (Nb,Fe), .
Irradiated 4.51 96 amorphous phase the matrix
OP10 4.51/0 S-Nb S-Nb Nb does not spread
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BT UL Fe B T4 WX Zr-4 & 4 Jig bk A% ) 52 i o
BRI, BT HEO T S AT 65 Tk BB RE M A K, RTINS
DR RS B8 AR R AE T AR A LA Fe & 4, BRI AR 5
3SR, AR R L R TR B EBRARAN A S
(T e PE e — e R (R B AN R B R 3
Ar' 5 6 Zr-Sn-Nb 4 42 i Ji Tl M 8 11 52 ) 75 25 6 AL
I PN R SR BU I3 AT B R 3R AT D 8

2 NAE 2 PR A S5 S AR o AR e R S AE
300 d WAL R . FHER 2 AT %0, 76 360 “C/Li+B AR
w4 RO B T JE Tk M R R R AN K, T 7E 400 C/ZRR
R RO A 4 I Tl FE A — e I REZRAE . Motta
ORI AL G | B el i e I
Markelov ZECO7ERIF 50 HE P9 58 I8 5 Ze-Nb R B85 A 4 1 i
PR AR I 30, 843 Nb &2 5 (185 B 4 DR HE R e oK
48 Nb M HUM 0T A BELAS T A 2 i HERE , R T sk
T AERE M. BT, B R I X N 0~
1.5 um, 5 HER FE B0, 1 5 b & G 7E 3 N IRAS L 72
T P ot 5 e TR I I R AT DR AR AT 5 S e 4 SR AN
71 JE& ot T S50 B 6T Ze-Sn-Nb & 41 T8 b 1k R A 52
B 1 TN, S i 70 d Ji5 , 8 RS 1R 4R e S b S5l s 11 o
FU AR ST 5 /D, i A U2 A 4 110 5 Tl b Dy e
FSC P SRS 5 o MR o (YRR A R T X G S
PPk REFEAE RO . R TR R A S O LD E
R F B ATAEE & b, BRI SRR D, % B S
R0 - 12 DL 14~ 15t B2 E . X E R
GEBE DL R R R T I et 70 d R RO T SR B 4 ERE )
FEEUE, FALIE P RSO IR T JE AR FE B /D X W] BB AR 4
HEOEFE S B N S5t IR AR T Bk B 0 32 A 75 4

%2 FE1300 d A Zr-1.0Sn-1.0Nb-0.1Fe & £ ARG A B p R
BRSURERSHENEEE
Table 2 Oxide film thickness of original and irradiated Zr-Sn-Nb
alloys in different corrosive medias after corrosion within
300 d (um)

Corrosion time/d
70 190 300

Experimental condition

Original 2.38 4.66 7.58
360 °C/18.6 MPa/Li+B
Irradiated 2.21 4.78 7.46

Original 5.17 13.64 21.11
400 °C/10.3 MPa/steam
Irradiated 4.60 12.13 20.79

TS N B BT I8 % 5 BUR Tl g R ek A

XF 400 C/ZEVR TR 70 d 1 SR 46 B 24T TEM 43
My & B0 CE 13b) 5 75 58 — AH 3 A7 76 KZEE. Annand
LR B Zr(Fe,Cr), 28 —FHRLT i tH I L, F 2R
RNF Fe A E &AM, S EUSPPs HIZIK /NT Zr, B DATE
S B R /N A BRS04 ST AL A 4
W B-Nb 28— FH S AL AR N B 7 3% B AE S R
Nb,O, 5 A EAZ FAAFE M BRAR N T NAR Y7y o X L
FMEUE T Nb Fe 25 Tu 3 (W S8 2 2 BN A8, 1T
1358 AR B AR AE S, T80 7= A AR 3 T J ik
IS 3R AEAE R 3t — 20 el T o R . PRk, B
SRR HEFE T 1) 58 A B T Fe A0 Nb [) JE:44 1 47 B0
GRS A A B R A R e n R AT 5 32 SR
FH 5 3% A1 S A o 85 ek 1 A T R SR L R R IR

5 & ip
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2 T AHLEF bee-B-Nb 58 A FE AL BRIE A

2)7E 300 d (1 J& P [E] 4, 7E 360 “C/Li + B K&
Hh i REOGE A 4 TR ok P BB 52 W AN K 5 7 400 C/7RVA
o IR A A I o — e IR ZE A -

3) B A A A 1 T 50 26 BN R IR Rl & 7
O/M Ft [f A £H T G- 11 . 77 B A7 AE AR AT A7 A2 K IR A3 ) 282
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Effect of Ar’ Irradiation on Microstructure and Corrosion Resistance of Zr-Sn-Nb Alloy

Hu Lijuan', Qiang Yuanyuan', Zhou Mingyang®, Xin Yong’, Gu Zhiyuan', Shi Jin', Xie Yaoping', Xu Shitong',
Yao Meiyi', Zhou Bangxin'
(1. Institute of Materials, Shanghai University, Shanghai 200072, China)
(2. National Key Laboratory of Nuclear Reactor Technology, Nuclear Power Institute of China, Chengdu 610213, China)

Abstract: Irradiation can induce the formation of a large number of defects in the matrix and oxide film of zirconium alloys, thereby facilitating
the migration and diffusion of O* and corrosive media and accelerating the corrosion of zirconium alloys. To investigate the influence of
irradiation on Zr-Sn-Nb alloys, Ar" was implanted into the alloys at an irradiation in fluence of 5.1x10" ions/cm’. The original and irradiated
samples were subjected to corrosion tests in an aqueous solution of 360 °C/18.6 MPa/3.5 pL/L Li+1000 puL/L B (alkaline water) and in steam at
400 °C/10.3 MPa (neutral water), separately. The microstructure and the effect of Ar' irradiation on the corrosion resistance of Zr-Sn-Nb alloys in
different corrosion environments were analyzed by XRD, SEM, and TEM. The results indicate that irradiation can lead to the amorphization of the
second phase particles, among which the hcp-Zr(Fe,Nb), second phase is more likely to form an amorphous state phase than the bce-f-Nb second
phase. Furthermore, the second phase undergoes amorphization at the same time with element diffusion, and during the oxidation process of the
second phase, it experiences lattice mismatch with the oxide film, resulting in cracks extending from the top of the second phase to its sides.
Within 300 d, the damage dose of Ar ion irradiation at 5 dpa has little effect on the corrosion resistance of Zr-Sn-Nb alloys in the aqueous solution
of 3.5 uL/L Li+1000 pL/L B. In contrast, in steam at 400 °C/10.3 MPa, the stress relaxation during the irradiation process results in a reduction in
defects, which subsequently slows down the oxygen diffusion within the oxide film and decelerates the corrosion process. Therefore, irradiation
has a certain improving effect on the corrosion resistance of zirconium alloys.

Key words: irradiation; Zr-Sn-Nb alloy; corrosion resistance; oxide film; second phase particle
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