Hsas 11
2025 4F 11H

wEERMISEIIE

RARE METAL MATERIALS AND ENGINEERING

Vol.54, No.11
Nov. 2025

https://doi.org/10.12442/j.issn.1002-185X.20240387

—

AR Bi X Zr-INb & £ 7E 400 CHAFA
I J&8 PR 14 BE B 2 )
|4, MER Ee, AR GiM. AT, MWL R

(1. b RE MR, B 200072)
(2. Rig K% s E SSE =, 1l 200444)

W OFE: ARSI BN B S R AR R, AT Zr-INbxBi 4 (x=0. 0.35F10.85, FiESE, %) fE
400 'C/10.3 MPaid &I B AT N . G5 REW, #I00.35% Bi B8 5003 Zr- INb & & i & vt A, (HEE— 588 i Bi
T (0.85%) WBAS BRI R R . TEMAIEDS 7345 53R W, 7301 0.35% Bi Xt Zr-1Nb 5 <6 1 85 AR A S A1 R
SHEAT AR R, TN 0.85% Bi 2 & 4T h-Zr Bi,Fe 5 A, I HLIMH] hep-Zr(Nb,Fe), AT H o S A A AL U0

FRICR M S REW, w5 Bi & & N8 G R ki e

WAL =2 24T, — 5 B R B R 2 b R B

BT RLREERG N, ATEBAL R PR RE s I h-Ze Bi,Fe U IR 7 2L 1) R B IR 77 A Bi/Fe K147 BIE 28 22 2 FLAUAL 74

m-Bi, O, &l Fil 5045 7 T IR AL B AR AT, AT Jg kg o

EE: BiA4s Bi; MEMMERE; SRR
FEEEDHES: TG146.4'14 RAFRIRAS: A

NEHS: 1002-185X(2025)11-2879-11

1 5 §

B 4 DR AR T IROSCRT /D  J 2 R re JS
TP BE R U SRR 3, K YA S B HEAZ SRR A 55 1) 1 A A
RIS R R 52 VR A B 1A% S N HE AR P it
{10 28— BF e, JHL 50 R 1 RO AR 5 M R B HE I K AR e
BATHRCHE . BE S 5T 0K M T2 52 ma gkl o
AN ERREZ " AT DR E R
FE, SRR R] B HT DA BRARAZ FR AR, e B A & TR T
Jo§ P R LA B AR

NbENEEWE IR, T LRSS &4 CLTi.
ALSE R SO0 FC FEF v e 1 f 55, R0 IR R A 2
[ & [ M5 (Zr-1Nb-0.160, Jii & 7 50, %, FED A 41
M A TR b BE B S5 A0 T Zr-4 (Zr-1.58n-0.2Fe-0.1Cr) &
&4, H Ze-1Nb A 4 1T J63 T ik R AT A AR K R B 7
] o W/ B A 2t 3 mT LA B 4 (1 i 763 e v
KA REAL, RV 2 81 58 N R AE Zr-INb & 42 B 0) Jk
filh N A A 4 o0 3% DLE — 20 o536 G 4 1 T T ol
. £ 1EZE TN Cu.Ge S Y BiXf Zr-1Nb & 41} /i
TP B ) M A S LML . AR 5 T I 1 3
HEI0ERY 40 EEUUEVETE a-Ze P 1Y AFAERT
A 03 Zr- IND A 4 (S b BER1, T 24 8 o (1 1 2

i HER: 2024-11-15
HLWH . FZEE S A (2022YFB1902402)

B 0 2 L DA SR AR AT e, TRk —
o Ze-INb & 4 T JEE ik BEAE AN K, EE & P2 AR
FE R R BSOS AL 32 AL L DY
AEARE ML\ ZrO, S om AL | S i 2 2R AL AL ) o
Y BOERZLH] . 5K IRCRI 2= L S B 57 3R BN 0
/b Cu AJ LR & MS & 42 7E 400 “C fi1500 ‘C/10.3 MPa
GRS T B . TR RSSO ENA ) Cu AT LA
BN AR A IR R R T, T AR E DU 5 (D Z5H 1Y) ZrO, 55
A E AR (VY 5 AR S 2 LD 5 9iE 22 G801k S 3 R 4 2 ) U5
PR, B8 i B Tk B . X2 RN R t-ZrO, S B
JE3 ol 1) 3R AT 20 T B AR RS TR B AR () 45 44 1) ZrO, (B
B AR A D  t—om AR P2 A (2 5% AR
K 2 5 B AL B AN B S SR T R, o) S8 A 1 B803%
FEAER R RN, Xu 78 i 3 DFT 155 — 1 5
HH 3R B Cu i B AE m-ZrO, i 7t AT DA = i AL 3T
FrE (ZrO, fiy FEsm AL , PHITEE ST 1, AT 32
B A A T ph e . 5 B 7E Ze-INb & & [0 264
Wi/ B Cu W& H ) HANA-6 (Zr-1.1Nb-0.05Cw) & 4=
WRILH T 005 I HE T el RE® . Zhang SR IR
I Ge AT LASEZE Zr-1Nb £ 42 7E 360 'C/18.6 MPa 2 B T /K
FH B P 1A AR A S AR R ) 5 A o P VAR R R 7
AT R R N B S I R R B Rl ZH 2L AL

EZ RN 4], 5, 1996 454 1, g R2EMEHFSTAT, il 200072, H3% :021-56338586, E-mail : 20820259@shu.edu.cn



« 2880 - A IEA S TAE 54 %
F=1 BETEX Zr-INb & £ E i 5E A0 220
Table 1 Influence of alloying elements on the corrosion resistance of Zr-1Nb alloy
Existence form of the
Element Content Effect on the corrosion resistance Effect mechanism Ref.

element in a-Zr

0.05wWt%<x<
0.2wt%

Solid solution

Improvement

Tetragonal phase stability; ZrO, [2.5.7]
grain boundaries strengthening ’

Cu Further increase in Cu content leads to

0.2wt%<x< Solid solution+Zr,Cu

Microstructural evolution of

slight improvement in corrosion resistance . [2,5-6]
0.5wt% SPPs oxide film
or even harmful effect
x=0.05wt% Solid solution Improvement
Further increase in Ge content, leads to Microstructural evolution of
Ge 0.05wt%<x< . . o . . ] . [2,9,14]
0.2w% Solid solution+Zr,Ge  slight improvement in corrosion resistance oxide film
2w
’ or even harmful effect
28 pg/gsx< . ) Microstructural evolution of
S Solid solution Improvement . [2,14]
570 pg/g oxide film
0.1wt%<x< Solid solution+Y- o Different diffusion rates of
Y L Deterioration ) ) [10]
0.4wt% containing SPPs elements in oxide film
Tetragonal phase stability;
Bi x<0.3wt% Solid solution Improvement microstructural evolution of [2,11-14]

oxide film

Note: * SPPs indicate the second phase particles.
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Table 2 Chemical composition of Zr-1Nb-xBi alloys (wt%)

Alloy Nb Bi Zr

0Bi 1.06 - Bal.
0.35Bi 1.13 0.36 Bal.
0.85Bi 1.15 0.85 Bal.
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Fig.l Corrosion mass gain curves of Zr-1Nb-xBi alloys exposed in superheated steam at 400 °C/10.3 MPa for 430 d: (a) natural number

coordinates and (b) double logarithmic coordinates
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Table 3 Corrosion kinetic parameters of Zr-1Nb-xBi alloys exposed
in superheated steam at 400 °C/10.3 MPa for 430 d

Alloy t,/d . K o n, y kf o 1 n,
mg"-dm"-d mg"-dm"-d

OBi 42 10.16 0.41 1.21 0.95

035Bi 70 10.60 0.30 0.53 1.05

0.85Bi 42 11.40 0.34 1.0 1.01
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Fig.2 TEM images and EDS analysis results of 0Bi (a,—a,) and 0.35Bi (b, —b,) alloys: (a,, b,) low magnification BF images of the alloys;
(a, a,, b,, b,) BF images of SPPs; (a,, b;) SAED patterns of SPPs; (as, b,) HRTEM images of SPPs; (a,, b,) FFT patterns of SPPs
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Fig.3 TEM images and EDS analysis results of 0.85Bi alloy: (a) low magnification BF image of the alloy; (b) BF image of h-ZrBi,Fe; (c) DF
image of h-ZrBi,Fe; (d—f) SAED patterns of h-ZrBi,Fe; (g) BF image of f-Nb; (h) HRTEM image of -Nb; (i) FFT patterns of 5-Nb
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K4 Zr-1Nb-xBi &5 2 1F 400 'C/10.3 MPa I AT TR h 42 F1 130 d Ff i (1 48 A0 BT 1T 351
Fig.4 Fracture surface morphologies of the oxide films formed on Zr-1Nb-xBi alloys exposed in superheated steam at 400 °C/10.3 MPa for 42
and 130 d

Equiaxed grain

K5 Zr-1Nb-xBi 3 521E 400 'C/10.3 MPa J FRAETTH I 1 42 d 4 it ) S B R AR T 6 T2 24 HA ADF & % %S ISZ ) EDS T3 [ 73 A1
Fig.5 HAADF images and corresponding EDS element mappings of the cross-sectional oxide films formed on the Zr-1Nb-xBi alloys exposed in

superheated steam at 400 °C/10.3 MPa for 42 d: (a) 0Bi alloy, (b) 0.35Bi alloy, and (c) 0.85Bi alloy
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#4 Zr-INb-xBi & & 7£400 "C/10.3 MPa id HFShE 42 dMELIEEE Gt R
Table 4 Oxide film thickness of Zr-1Nb-xBi alloys exposed in superheated steam at 400 °C/10.3 MPa for 42 d

Oxide film thickness/pum

Alloy Ratio of columnar grain layer/%
Total Equiaxed grain layer Columnar grain layer
OBi 1.86+0.14 0.46+0.04 1.40+0.17 75.4
0.35Bi 1.53+0.14 0.2440.04 1.29+0.15 84.3
0.85Bi 2.78+0.14 0.54+0.07 2.4+0.19 86.3

Nb

.

.
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Fig.6 HAADF images and corresponding EDS element mappings at the O/M interface of cross-sectional oxide film of the 0.85Bi alloy exposed in

superheated steam at 400 °C/10.3 MPa for 42 d: (a) region P1 and (b) region P2 (the regions P1 and P2 are marked in Fig.5c)
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Fig.7 TEM images of SPP1, SPP2, and SPP3 marked in Fig.6
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Table 5 Crystal structure and composition of h-Zr Bi,Fe SPP and its oxidation product in the cross-sectional sample of 0.85Bi alloy exposed
in superheated steam at 400 °C/10.3 MPa for 42 d in Fig.6 (at%)

Position Distance/pm Zr (0] Nb Fe Bi Phase Bi/Fe
SPP1 72.3 29.3 422 0.3 4.9 233 m-Bi,0, 4.8
SPP2 561.0 16.9 61.5 - 33 18.3 m-Bi,0, 5.5
SPP3 -378.0 55.1 16.4 - 11.3 17.2 h-Zr Bi,Fe 1.5
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Fig.8 High-resolution XPS spectra and peak fitting curves of the oxide films formed on Zr-1Nb-xBi alloys exposed in superheated steam
at 400 °C/10.3 MPa for 42 d: (a) element Nb in 0Bi alloy; (b—c) elements Nb and Bi in 0.35Bi alloy; (d—e) elements Nb and Bi in 0.85Bi

alloy
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Effect of Bi Addition on Corrosion Resistance of Zr-1Nb Alloy
at 400 °C in Superheated Steam

Tian Zhao', Yao Meiyi', Wang Haoyu', Peng Jianchao®, Xu Shitong', Xie Yaoping', Hu Lijuan', Zhou Bangxin'
(1. Institute of Materials, Shanghai University, Shanghai 200072, China)
(2. Laboratory for Microstructures, Shanghai University, Shanghai 200444, China)

Abstract: In order to explore the the effect of Bi addition on the corrosion resistance of zirconium alloys, the corrosion behavior of Zr-1Nb-xBi
alloys (x=0, 0.35, and 0.85, wt%) in superheated steam at 400 °C/10.3 MPa was studied. Results reveal that the addition of a small amount of Bi
(0.35wt%) can significantly improve the corrosion resistance of Zr-1Nb alloy, but further increase in Bi content (0.85wt%) can deteriorate the
corrosion resistance. TEM observation and EDS analysis on the microstructures of the alloys indicate that 0.35wt% Bi has little effect on the type
and size of the second phases in Zr-1Nb alloy, while adding 0.85wt% Bi can promote the precipitation of h-ZrBi,Fe and inhibit the precipitation
of hep-Zr(Nb,Fe),. Based on the microstructure observation and elemental valence state analysis of the oxide films, the deterioration mechanism
of corrosion resistance of the high-Bi-content zirconium alloy primarily involves two aspects. On the one hand, Bi*" increases the concentration of
anionic vacancies in the oxide film, which deteriorates the corrosion resistance; on the other hand, the diffusion rate difference between Bi*" and
Fe'* and the accumulation of local stress generated by the oxidation of h-Zr,Bi,Fe can make it easier to form micropores and microcracks around
the oxidation product m-Bi,0O,, thereby accelerating the corrosion process.
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