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Table 1 Nominal composition of zirconium alloys in service and under development for water-cooled nuclear reactors

Alloy Component, w/% Country Note
Zr-2 Zr-1.55n-0.2Fe-0.1Cr-0.05Ni USA In service
Zr-4 Zr-1.55n-0.2Fe-0.1Cr USA In service
ZIRLO Zr-1.0Sn-1.0Nb-0.1Fe USA In service
M-ZIRLO Zr-0.67Sn-1.0Nb-0.1Fe USA In-pile test finished
X5A Zr-0.5Sn-0.3Nb-0.35Fe-0.25Cr USA In-pile test finished
M5 Zr-1.0Nb-0.160-25 ppm S FRA In service
Q12 Zr-1.0Nb-0.5Sn-0.1Fe FRA In-pile test finished
E110 Zr-1.0Nb USSR In service
E635 Zr-1.2Sn-1Nb-0.4Fe RUS In service
HANA-4 Zr-1.5Nb-0.4Sn-0.2Fe-0.1Cr KOR In-pile test finished
HANA-6 Zr-1.1Nb-0.05Cu KOR In-pile test finished
NDA Zr-1.0Sn-0.1Nb-0.28Fe-0.1Cr-0.01Ni JPN In-pile test finished
MDA Zr-0.8Sn-0.5Nb-0.2Fe-0.1Cr JPN In-pile test finished
M-MDA Zr-0.5Sn-0.5Nb-0.3Fe-0.4Cr JPN In-pile test finished
N18 Zr-1.0Sn-0.3Nb-0.35Fe-0.1Cr CHN Under study
M-N18 Zr-0.8Sn-0.25Nb-0.35Fe-0.1Cr CHN Under study
N36 Zr-1.0Sn-1.0Nb-0.3Fe CHN In service
Cz1 Zr-0.75Sn-0.2Nb-0.35Fe-0.15Cr-0.05Cu CHN In in-pile test
Cz2 Zr-0.9Nb-0.15Fe-0.01Cu-0.120 CHN In in-pile test
SZA-4 Zr-0.8Sn-0.25Nb-0.35Fe-0.1Cr-0.05Ge CHN Under study
SZA-5 Zr-0.7Sn-1.0Nb-0.2Fe-0.05Cu CHN Under study
SZA-6 Zr-0.5Sn-0.5Nb-0.3Fe-0.015Si CHN Under study

M-: modified
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Table 2 Secondary phase precipitate types of domestic
zirconium alloys

Alloy Precipitated secondary phase

nig  CL4-Zr(Nb, Fe, Cr),"*), C15-Zr(Nb, Fe, Cr)o" ",
(Zr, Nb),Fel

N36 B-NbFP"?9, Zr(Nb, Fe) " 2%

cz1 Zr(Fe, Nb).P%, Zr(Fe, Cr, Nb),*", Zr;Fel*® !
CZ2 B-NbFE?, Zr(Nb,Fe),!%

SZA-4 Zr(Fe,Cr),®), ZrsFel

*3 HAsHE_HMRASEHMELETE
Table 3 Crystal structure and stoichiometry of precipitates

encountered in zirconium alloys“?

Precipitate Crystal structure Oxidation
ZrsFe Orthorhombic At MOI
ZryNi Tetragonal At MOI

Zr,(Fe,Ni) Tetragonal At MOI
S-Nb bce Delayed
p-Zr bce At MOI
ZrCr, fcc Delayed

(Zr,Nb),Fe fcc At MOI

Zr(Fe,Cr); fcelhep Delayed

Zr(Fe,Nb), hcp Delayed

Zr(Fe,V); hcp Delayed

MOI: metal-oxide interface
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Table 4 Free energy of oxide formation of zirconium and selected alloying elements*?

Element Oxide (product) Oxztrj;giaﬁgase (metacI)Zatom) oxide form;irgﬁlle(ge(rgm)g?];f oxygen)™ p(Oz)/Pa
Cr Cr,0s Cr 0.75 -628 2x107%
Ni NiO Ni 0.5 -354 1x102%

NbO Nb 0.5 -707 2x107%

Nb NbO, NbO 1.0 -688 2x10™%
Nb,Os NbO, 1.25 -678 4x10™

FeO Fe 0.5 -444 1x10°%®

Fo FesO4 FeO 0.67 -446 4x10°%
FesO4 Fe 0.67 -444 3x10°%

Fe,0s FesO4 0.75 -417 4x10%

Zr Zr0; zr 1.0 -965 8x10°%°
VO \Y; 0.5 -739 2x10°%

\Y; V,04 VO 0.75 -724 3x10™®
VO, V203 1.0 -639 3x10™

cu Cu,0 Cu 0.25 -239 6x101°
CuO Cu,0 0.5 -214 7x101°

Mo MoO, Mo 1.0 -464 8x103!
MoOs MoO, 1.5 -435 8x10™"

H& & ZrFey) Annand %5 K H RO AE R AL 78 J7 vk A
VRS I FE I RAE, H TG ME — B S e A AR
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2.2 Zr-Nb(Cr)-Fe 8/ By fE it

T B A & B S n R N — OB e > B 2R
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Fig.1 Formation of iron oxide at the surface of Zr-1.0Fe as a

function of time!*®
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Fig.2 TEM-EDS analysis images and EELS spectrum of Zr,Fe after corrosion: (a) element map of Fe, (b) element map of Cr, (c) HAADF

image of a oxidized Zr,Fe SPP, (d) SAED pattern of Fe shown in Fig.2a, (e) EELS spectrum showing the SPP body and areas of Cr

deposits??!
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Fig.3 Summary of oxidation behaviour of SPP

W 5E L (R R B AT 1 a-Fe 14525 i) t-Z2r0, A28, 4E
R[] m-ZrO, ¥:74% .

A4 Fe LR JGHE S it fE 4,
ZrsFe Wit Fe Lt Zr S JE 0 BEE JE RO HEAT, Fe
] 55 AH AR T H O A RO AR A K, RS B
R Fe TRFTMEHE: £ZTESR
H, Fe FAEAHX THETTREBHEM, BT Fe i
P HUAE 77 Nby Cr 5, 25 — A 8t 72 Hh 9 0= 4
B Fe X, HrtHi Fe i FREM a-Fe, 5 t-ZrO, f¢
AR R R, ML t-ZrO, B nfase, & Tis
& TGS ik, X RS A SRR Fe LR W EH
3 FZHP Nb TEMEMITH
3.1 pB-Nb SE_tHHIE M

Zr-Nb R#: A 4 B A2 B-Nb, KA
S xt L E AT O EE W, Kim 2P b
Bt T Zr-1.5Nb &4 1) p-Nb 5 —AH7E 360 C,
18.6 MPa 2l /K H1 [ JE AT v, K I B-Nb 55 —HHH 5L
FAALRLE ND R B 5 t+-NbO, B &Y, SR 5
55 AR — 0 AL R SR, RS A R A
ek, HaxF& Nb MR M~ R4 EDS
ER, B E R A RAE . R EDIR R T
Zr-2.5Nb & 49 1) p-Nb 5 —#H7E 500 ‘C, 10.3 MPa
R AT R, AR R I B-Nb 5 —HTEH
1A I IE A% t-NbO, A4 Nb F S E AL IR &4, R
J& R A8 AR ALY, U5 & Nb R A
YIAE TR v A PR R IR TR AL B - Yilmazbayhan
2B 5L T Zr-2.5Nb & 4w K B-Nb %% — HI#£ 360 C,
18.6 MPa 4li/KH 5 4AT A, B-Nb 25 A0 B LAk
BCE Nb HE S A, &3k A R A%
fift. JEUE B-Nb 25 A0 0 B R MRS, T
DRl /b B 2% 5 1 2 ) Zr(Nb,Fe, Cr), 55 — AH kL &

RIMA L, Bl p-Nb fE 8L 2 HE 48
JTLE, RAEHGEMIESESRER, SHE AR
JE BB ST 7 Bt 7 7 A AL

Pé&heurCEIHI 5L T Zr-1.0Nb & 4 1) B-Nb 3 — #H
FERSA —[BIE& K (360 C, Li &84 5~10 pg/g, B &
M 650 pg/g, O, H&E<1/1000 pg/g) & AT A
RKILE O/M FLHZ) 0.4 um kb, 77785 A AL B-Nb
M BEE O/M FH 0.35~2 pm [ S-Nb 55 M4
1% T JE LA . Matsukawa Z5P9RF 98 T Zr-2.5Nb &4
") -Nb 25 —H#i{r 360 ‘C, 18.6 MPa, 2.2 ug/g Li, 500
ng/g B /K A AGAT N, R ILAE AR s O/M
FLH %1 50 nm [ B-Nb KA T A4k, H %Ak
t-NbO,, it EELS i€ i &k dib X 35 Nb [ fir &
D +5, A P A S AR B A Nb,Os, 17 HIX F Nb,Os
HEAHEMT B 2ro, . AT, 7F LiOH
KR H B-Nb 5 A vl =) R k& Nb,Os,
I Bl 2 T el N TR iE K T T A

AT R K Ak S R B R, 2 OO R B A
7 Zr-1.0Nb-xBi & 4:7F 360 ‘C, 18.6 MPa 4li /K # A1l
LiOH /K% (0.01 mol/L) AT N . KILAE
ali K Rk 200 d 5, AR B-Nb B A R il
P9 Nb R & ALY AT t-NbO,, H B-Nb 25 — 4
(0 16 P % L a-Zr FEARS . 7E LIOH /KiE W, K
PG 14 d 5, 7E O/M FLTH A B-Nb 26 — M1 &
b 72 M) A t-NbO, Al m-Nb,Os V& & 4 - iX Ut B 7E LiOH
IR AR08 N t-NbO, IR 65 i, AT {485 & &8
Wik . Huang 2517825 — BRI B-(Nb,Zr) 55 — #]
B 5 W) & 4 90Nb-10Zr( i & 4> #t, %)W 7 1 1F
360 °C, 18.6 MPa, 0.01 mol/L LiOH 7K ¥ i t i) J& nh
179, KBl 90Nb-10Zr & &AM A IE SR~ 3 2
ZERY . R NBUE m-Nb,Os, o IA] 2 40/ 35
J7 45K r-LiNbOs dm ki, #x4hZE A KHE r-LiNbO;
LIRS RL, S 4 s . LIOH A7 £ ff
3 m-Nb,Os gk 22 1T I B (3K 2), M FE T B-Nb
FEAE LIOH 7K ¥ W Hh J ot 52 Jim Bk

Nb,0s+2LiOH—2LiNbO5+H,0 (2)

g bR, & Nb 3 A MEAAT N5 E A&
FYIR G . FEAKF I R 2R A R T, B-Nb 55— AH
&= Nb JE &AL F1 t+-NbO,, {HAE LiOH
IR G sy, B-Nb 55—k S = W B ) 1) A8 b 4R
YA Nb RS ALY, t-NbO, m-Nb,Os Al LiNbO3.
AL, TE LIOH KA, B-Nb 5F AR 1A J6 oA st
AR EE R 2T, S8 Zr-Nb RESEAF
(0 S N T R Sl T I P2t N S S R = o
Jig b P o



2 H TAEMEEE: K HERORM 5T A4S A 4 R 28 AR il AT vt etk g « 759 ¢
Zr-0.3Nb-0.5Fe(Nb/Fe=0.6) Zr-0.7Nb-0.1Fe(Nb/Fe=7.0)
o Solution a ti+ Solution ow b .
Li* OH" Nb205 "_91":_’ L': ’L|Nb03 ateral [Lateral crack] ;' q
Li* oH Nb,Os 4,‘ s '\
/ B
]
precip nater |
T ’ﬁj
90Nb-102Zr 90Nb-10Zr “‘H] _
ilities leJ ITh
Oxide/metal
LiNbOg re-precipitating M l
fccppt
c
Solution . "
oygnpgkg~rm D5 4T 885 AT 0 440 O 2 44 ) o 2
g O_H_' Ve |__'* A ) ) ) . )
e A '.M,.l_-JNQQ.s.. FRECLISTT LiNbO; Fig.5 Schematic view of the precipitate evolution and oxide
S Nb2Os TR 2 microstructure of the post-transition!*®!
Nb,Os
90Nb-10Zr 90Nb-10Zr

4 90Nb-10Zr A 4:7F 0.01 mol/L LiOH 7k 71 360 C, 18.6 MPa
& kI A NI 22 T2 4 A T o 7 1

Fig.4 Formation schematics of the multilayered structure of the
oxide film on the 90Nb-10Zr alloy corroded in lithiated
water with 0.01 mol/l LiOH at 360 ‘C, 18.6 MPa: (a) 90
Nb-10Zr alloy is oxidized to Nb,Os as the major oxidation
products, (b) Nb,Os reacts with LiOH to generate LiNbO3,
(c) LiNbO; dissolves into the corrosion medium, leaving
pores in the oxide films, (d) facted LiNbO; re-precipitates

on the outer-surface of oxide film®

3.2 Zr-Nb-Fe £ = fHRIEH

Zr-Sn-Nb Z& &N Fe Ja RN 5 A0 3 2
N Zr(Nb,Fe),, {77E/b & 1(Zr,Nb),Fe, LAk Zr-Nb &
HaRENBEH DR Zr(Nb,Fe), 55 M, H&EE&H
RIS i G b A D B Fe 51k 110304,

HATIREETH N 25, CZ &5 [ SZA #7514
%iAAW§¢%ﬁ¢%%FaNbﬁ%(%%?l
WEE), EEeh SRS Nb =08 =M, Z3%K
m%%@%é%%ﬁﬁﬁw%%&ﬁ%é%%%%}
B MR, DR TS = 0 AR A R kAT
xof T R AL B A S B 2R AT A M LR
K, BB BOK & 0 58 2 6 Hh 78 2 0L FE ok 38 =8 777 18
S FLT B b v BEAR TIR4S Zr-4 & 45 . Cao 25BUx
PR JE B ZragNbygFess 74 O . Zr(Nb,Fe), 55 — 1 ) Rk
g3 FEAK P, R IS R S R AN 2 1A
A Fe,05v i ZHAEMAS A, LLENER
BIAJE =4, o 1o a] 2 4R S S
BE— BRI, HEN AT RE 2 Zr A Nb (FE Sk .
Ren 250078 320 “Cali/KFREE T % Zr(Nb,Fe), 55 — #H i
TIEIE, MAEAIR R B 4 Nb e & o &t AR 1k

AR/, M Fe (& &30, A Nb JG 276 & v i 2
M BRORE AR /N . IR & 25 002E 360 °C & A K AT
ZIRLO &< iy, [FFEA I Zr(Nb,Fe), % — 4 i Nb
B R LA, Fe MIAALY O RGE 1. Kim 2130
I B F Nb/Fe L8 & 44 5, F8HTE 360 C
gk, foc 510 (Zr,Nb), Fe 55 — M ALIRGE ,  Ji fd
PR K SR, ORBAR LIRS R B 7 3% T DA AR
5E t-Zr0,, e Eni 5 i B8, 1 hep 45 #9H# Zr(Nb,Fe),
S5 A S B A IR A R T T S e b e AR 2
(K 5).

2% PRk, #E Zr-Nb-Fe =7t — M, Nb t&
i B R AL, T AEE Fe Jo R R IR 2 R B A AL
Bk R A E A . BRI S0 6 Zr-Nb-Fe 55 AR (1
JE5 DR 7t 2 R R TE ALK IR 8 R LSS Zr-Nb-Fe KL+
(1) EDS Bgr 53 M, B T AT S Nby Fe JuR AL
B ES, HE2RZBHITEHS No TRINESS
W AR A AT A, LIOH KAk 2230885 F 55 — M 0 )%
AT AT TR A . AR Nb/Fe L2 45 HIAS [
5 — m,amb&h”—Wﬁfﬁm%ﬁﬁ,Eﬁ
i JEg ik vk R 0 22 5, AR SERE TSR AE Nb (108 bl F2 ik
7 F EELS %57t AL F BB — B R 7T, T
AR SR 5K o Nb 705 B LR

4 B %
R LR T E NSNS Nb. Fe B &4 05—
AR PRI 7T, R RRE B AR R K e AL B S M

RHIJE e AR AR 1 8 B
BRI B B 5S4 ki, Wi
S5 AR I RO A it A 5 g T LAAT] 2 B R e g R
B — S5 AR AR R, DR R DT T v i 1
J1E T SR E LR i R, AR A [R] T B AL AN [ 5
PSR AR, B ER BB 2 — ARG P R R



760 » WA & EMEE TR

52 3%

HUERGT T & &5 AR Fe TR IB AT A,
ZrsFe 2 A Fe JURARN T34k Zr f7/EREIR AL, —
JTCEE G4, Fe JUE M 28 AHR Y HBUF ALK Fe 03,
BEZE 5 rhif [R) 380, SRAS Fe,O5 S7EFE MR AT H HfHiE
WMEBEK K, =08 Fe % H (Zr(Fe,Cr),
Zr(Nb,Fe),) ™, 25 ZAHME I R Fe 200 ¥ HICRSE,
Hrib iy Fe PRt & RER a-Fe, 5 t-ZrO, LRI %
R ALELF t-Zr0, HINARE, PRI VEIGSR: FRHE SR
oy FEAVEA Y bR AEA i E B A, Fe AL FE R ARAE
Zr. Cr 8 Mem)a, JEMr=R &4 FeOs.

I Ja A T B A 458 A Nb JC R I AT N,
W 78 FEAEAS [F) KA 2 IR BT B i ML B o B-Nb £ 417K
FAF TR, 5 A Y N Nb R SR
FTt-NbO,; fE LIOH /K¥EWH, & Nb AW &1E Lit
125 T i@ K& ) AE & LINDO;, S8 Zr-Nb &4
S i PERE AR 25 . 7E =0 Nb 28 A, Nb 1k
mi A 5 58 A IR A AR 45 R A G, IR Nb/Fe 1) fec-
(Zr,Nb),Fe 9 J& g 2, (HZ& T DLARGE t-ZrO,, $25
iR JE e 1k % 5 17 =7 Nb/Fe EL IS Zr(Nb, Fe), HBLAE Si1L
5 R PR JE e R A1

SR, H AT SR SRR AE — L8 [ /L, PRIR A0 T

1) EAFME SRR, BT RInE s f
SRBNEZ R, ATREGAIEZ R M ()
3 A T) 45 K4 A [R] B8 25 K AR R B o AN ), 78 85 ok s X
DAL T 5 ok 17 A B8 A I R4 B g, R R T
FlEE A, RS MR 2 1) ot R 4Lt & 7 —
SE T B N AR AL, BYOR 5 A 2 B A (R S5 A S T Y 2R
THILEAF . R, ETTT I N R R AR A
55 AR AR B AL B 7t 07 2T BE Y SR DR 5 A e
W2, BT EE AR R D vk TR i — P e,
TE R — A 55 AR E A7 WF 7 8 AT S AT g
SR 5 R R A R 45 4

2) fEEMICEMMATTTH, Fe 1 Nb JGERAESE —
FHA AL, BT A 2R, 5 ™= P 1 25 44 %
SE5YMBAAEE RN, ARV Z 8 DR %
BT, Nb R AN R F R AT
N, AR B Nb E A I 2 B I FE koL ] )
FRMEIEAF R, 3% Nb 5 AR A Tr
T B i Fe ok, AR AR TR IR T RUE B
(R 7T A A% AP B

3) BLA WA FL T BOWE AR AE /N R+ - E Li A1
B 7EE i EF, H AT #S & &8 b Li A1 B AH 56
WA= . Hih, B RS Feu Nb L&z M
A JE T R EENLE,  SZELE 7K HE AL 52 A R} B iR 5 el
PERTEEVEAL, AT B — D R AT T AE

5 B 2

B RE RS e R O AU SR e K HE G < ) AT
FATM, HORUELE AR 450, TR
S5 TH AT AR e B BS A R ek R R . BT ALER S
() kAT R, ATD 5 B — B RN FE RO RBE 56 — 4
P IR . B A IATS (TKD). 5 FiREHE
MrER (APT). ERZER IEZE N 7 B58 (ACTEM)
25 T e 5 5RO IR M AL HOR B O iz BT D e
BE R AR S U, AT 4 Ok B T R A Gt < R A R
AU A T AT RIS, JERE T SR 1 3R - )5 2
FORFE, ARG T TR A B RAE SR . AT
WA R P H ik 2 S s ol AR T B, SEBx
Li. B A O FRITR N & H AL, FSLILEE AR
LB S = 5 T R M . B A& R BAR 4y
i, MEL—JCEKEE AR R LB 7S Ok, HH S
P B 2 J0E AR LR, 7E AR 4 T 1R [
WL O L 5 A RS T AR R

S 3k

[1] Arima T, Miyata K, Inagaki Y et al. Corrosion Science[J],
2005, 47(2): 435

[2] Cox B. Journal of Nuclear Materials[J], 2005, 336(2-3): 331

[3] Motta A T. Journal of the Minerals, Metals & Materials
Society[J], 2011, 63: 59

[4] Zhng Yin(5k %), Zhang Cheng(5k ), Yuan Gaihuan(iZi{
J9t) et al. Rare Metal Materials and Engineering (% 4 J& #4
5 THE)[J], 2019, 48(8): 2507

[5] Liu Wenging(Xll 3 FR), Zhou Bangxin(fdFR#r), Li Qiang(Z
5#) et al. Nuclear Power Engineering(#3) 71 T.#£)[J], 2003,
24(3): 215

[6] Idarraga I, Mermoux M, Duriez C et al. Journal of Nuclear
Materials[J], 2012, 421(1-3): 160

[7] Zzhou B X, Yao M Y, Li Z K et al. Journal of Materials
Science & Technology[J], 2012, 28(7): 606

[8] Zeng Qifeng(® % %), Zhu Libing(4 i £%), Yuan Gaihuan(3=
B 4e) et al. Nuclear Techniques(#% 3% A)[J], 2017, 40(3):
030 602

[9] Liu Qingdong(XJFK4), Zhang Hao(3k %), Zeng Qifeng(®
%) et al. Journal of Mechanical Engineering(H1# LF2 2%
#)[J], 2019, 55(8): 87

[10] Yao Meiyi(#k3% ). The Effect of Alloying Composition and

References

Heat Treatments on the Corrosion and Hydrogen Uptake
Behaviors of Zirconium Alloys(& 4 B4 S Kb BE Sk & &
J&5 o AN R &UAT SN B2 ¥ B 42 )[D]. Shanghai:  Shanghai


https://www.sciencedirect.com/science/article/pii/S0010938X04001982
https://www.sciencedirect.com/science/article/pii/S002231150400875X
https://link.springer.com/article/10.1007/s11837-011-0140-0
https://link.springer.com/article/10.1007/s11837-011-0140-0
https://link.springer.com/article/10.1007/s11837-011-0140-0
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?flag=1&file_no=20180515&journal_id=rmme
http://qikan.cqvip.com/Qikan/Article/Detail?id=7892854
https://www.sciencedirect.com/science/article/pii/S0022311511010270
https://www.sciencedirect.com/science/article/pii/S0022311511010270
https://www.sciencedirect.com/science/article/pii/S0022311511010270
http://www.cqvip.com/QK/84252X/201207/42811820.html
http://www.cqvip.com/QK/84252X/201207/42811820.html
http://www.cqvip.com/QK/84252X/201207/42811820.html
http://qikan.cqvip.com/Qikan/Article/Detail?id=671608756
http://www.cjmenet.com.cn/CN/article/advancedSearchResult.do

%2 W

FAEMEEE: K HEPORMEL 7E 8 & b 38 AR AT SR SU ik SR

* 761 -

University, 2008

[11] Abriata J P, Bolcich J C et al. Journal of Phase Equilibria[J],
1982, 3: 34

[12] Barberis P, Charquet D, Rebeyrolle V et al. Journal of
Nuclear Materials[J], 2004, 326(2-3): 163

[13]Thuvander M, André H O. Ultramicroscopy[J], 2011, 111(6):
711

[14] Hong H S, Moon J, Kim S J et al. Journal of Nuclear
Materials[J], 2001, 297(2): 113

[15] Gong Weijia, Zhang Hailoang, Wu Congfeng et al. Corrosion
Science[J], 2013, 77: 391

[16] Dong Y, Motta A T, Marquis E A. Journal of Nuclear
Materials[J], 2013, 442( 1-3): 270

[17] Luan B F, Chai L J, Chen J W et al. Journal of Nuclear
Materials[J], 2012, 433(1-3): 127

[18]Huang J, Yao M Y, Gao C Y et al. Corrosion Science[J], 2015,
99: 172

[19] Chai Linjiang(¥¢#KiT), Luan Baifeng(ZE1Fi &), Zhou Yu(F
) et al. The Chinese Journal of Nonferrous Metals(+ [Ef
4 8 2 3R)[J], 2012, 22(6): 11

[20] Qiu Risheng(hl H #), Luan Baifeng(Z&{i %), Chai Linjiang
(E#K1T) et al. The Chinese Journal of Nonferrous Metals(*
I 4 )8 %4k [3], 2012, 22(6): 11

[21] Harte A, Griffiths M, Preuss M et al. Journal of Nuclear
Materials[J], 2018, 505: 227

[22] Wang Rongshan( F 3% 1l1), Bai Guanghai( 1) ), Weng
Likui($552.2) et al. Rare Metal Materials and Engineering(#%
4 JEM RS T[], 2014, 43(12): 3188

[23] Annand K, Nord M, Maclaren | et al. Corrosion Science[J],
2017, 128: 213

[24] Li Qiang(Z 5%), Wang Mingmin(YE W #&1), Xu Long(f& )
et al. Rare Metal Materials and Engineering (% 4 J&# K
5T FE)[J], 2017, 46(9): 2528

[25] Chen Jianwei( B # £ ). Quantitative Investigation of
Microstructure and Texture Evolution during Fabrication of
N18 Zirconium Alloy Sheets(N18 %5 & 4t 44 in L i 72 ik
WZH 21 % 23K 36 A% 1) %€ B 7T)[D]. Chongging: Chongging
University, 2012

[26] Liu Y Z, Zhao W J, Peng Q et al. Materials Chemistry and
Physics[J], 2008, 107(2-3): 534

[27] Zhao Wenjin(X 3 4x), Miao Zhi(# &), Jiang Hongman(#
%) et al. Journal of Chinese Society for Corrosion and
Protection(H 5l i 1 5 B 47 243 )[J], 2002, 22(2): 124

[28] Liu Wenqing(X3CJK), Lei Ming(F "), Geng Xun(Bk i)

et al. Transactions of Materials and Heat Treatment(#4 ¥} #

AEF2E4R)[J], 20086, 27(6): 47

[29] Liang Jianlie(Z# %), Tang Yiyuan(J##:#%), Yan Jialin(j™®
= Hk) et al. Transactions of Materials and Heat Treatment (71
AL B 22 4R)[I], 2009, 30(1): 32

[30] Luan Baifeng(Z51{f I%), Hao Shaoyan(i#f £43), Wu Weiran(=
F4R) et al. Rare Metal Materials and Engineering(%i 6 4 J& 4
5 THE)[J], 2019, 48(8): 2523

[31] Yao Meiyi(#k35 ), Zhang Yu(3k ), Li Shilu(ZEL4) et
al. Acta Metallurgica Sinica(4%: J& %R)[J], 2011, 47(7): 872

[32] Guo Xiaobo(¥/)Ni%), Zhang Jinlong(3k 4: &), Chen Bing([4
Iz) et al. The Chinese Journal of Nonferrous Metals (" 4
4 @ 2 3R)[J], 2018, 28(2): 340

[33] P&heur D, Lefebvre F, Motta A T et al. Journal of Nuclear
Materials[J], 1992, 189(3): 318

[34] Kubo T, Masayosi Uno. STP1132-EB Zirconium in the
Nuclear Industry: Ninth International Symposium[C]. West
Conshohocken, PA: ASTM International, 1991: 476

[35] Yang Zhongbo( 4% & ), Cheng Zhuging(#£ 17 %), Qiu
Jun(bf %) et al. Rare Metal Materials and Engineering (i
A4 @A RS TRE)[I], 2018, 47(3): 794

[36] Kim H G, Park J Y, Jeong Y H. Journal of Nuclear
Materials[J], 2005, 345(1): 1

[37] Barberis P, Ahlberg E, Simic N et al. STP1423-EB Zirconium
in the Nuclear Industry: Thirteenth International Symposium[C].
West Conshohocken, PA: ASTM International, 2002: 58

[38] P&heur D. Journal of Nuclear Materials[J], 2000, 278(2):
195

[39] Park J Y, Yoo S J, Choi B K et al. Journal of Alloys and
Compounds[J], 2007, 437(1): 274

[40] Toffolon M C, Brachet J C, Servant C et al. Journal of ASTM
International[J], 2008, 305(7): 224

[41] Averin S A. Zirconium in the Nuclear Industry Int Symp[C].
West Conshohocken, PA: ASTM International, 2000

[42] Proff C, Abolhassani S, Lemaignan C. Journal of Nuclear
Materials[J], 2013, 432(1-3): 222

[43] Chemelle P, Knorr D B, Sande J et al. Journal of Nuclear
Materials[J], 1983, 113(1): 58

[44] Toffolonmasclet C, Brachet J C, Jago G. Journal of Nuclear
Materials[J], 2002, 305(2-3): 224

[45] Chakrabarty D K. An Introduction to Physical Chemistry[M].
Mumbai: Alpha Science, 2001

[46] Proff C, Abolhassani S, Lemaignan C. Journal of Nuclear
Materials[J], 2011, 416(1-2): 125

[47] Landolt B. Numerical Data & Functional Relationship in
Science & Technology[J], 1991, 5: 3091


https://link.springer.com/article/10.1007/BF02873409
https://www.sciencedirect.com/science/article/pii/S0022311504000273
https://www.sciencedirect.com/science/article/pii/S0022311504000273
https://www.sciencedirect.com/science/article/pii/S0022311504000273
https://www.sciencedirect.com/science/article/pii/S0304399110003505
https://www.researchgate.net/publication/245049856_Investigation_on_the_oxidation_characteristics_of_copper-added_modified_Zircaloy4_alloys_in_pressurized_water_at_360C
https://www.researchgate.net/publication/245049856_Investigation_on_the_oxidation_characteristics_of_copper-added_modified_Zircaloy4_alloys_in_pressurized_water_at_360C
https://www.researchgate.net/publication/245049856_Investigation_on_the_oxidation_characteristics_of_copper-added_modified_Zircaloy4_alloys_in_pressurized_water_at_360C
https://www.sciencedirect.com/science/article/pii/S0010938X13003624
https://www.sciencedirect.com/science/article/pii/S0010938X13003624
https://www.sciencedirect.com/science/article/pii/S0010938X13003624
https://www.sciencedirect.com/science/article/pii/S0022311513010738
https://www.sciencedirect.com/science/article/pii/S0022311513010738
https://www.sciencedirect.com/science/article/pii/S0022311513010738
https://www.sciencedirect.com/science/article/pii/S0022311512000153
https://www.sciencedirect.com/science/article/pii/S0022311512000153
https://www.sciencedirect.com/science/article/pii/S0022311512000153
https://www.sciencedirect.com/science/article/pii/S0010938X15003182
http://www.ysxbcn.com/paper/paperView.aspx?id=paper_23303
http://www.ysxbcn.com/paper/paperView.aspx?id=paper_23304
https://www.sciencedirect.com/science/article/pii/S002231151731245X
https://www.sciencedirect.com/science/article/pii/S002231151731245X
https://www.sciencedirect.com/science/article/pii/S002231151731245X
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?flag=1&file_no=20141264&journal_id=rmme
https://www.sciencedirect.com/science/article/pii/S0010938X17300173
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?flag=1&file_no=20150554&journal_id=rmme
https://www.sciencedirect.com/science/article/pii/S0254058407005287
https://www.sciencedirect.com/science/article/pii/S0254058407005287
https://www.sciencedirect.com/science/article/pii/S0254058407005287
https://www.jcscp.org/CN/Y2002/V22/I2/124
https://www.jcscp.org/CN/Y2002/V22/I2/124
https://www.jcscp.org/CN/Y2002/V22/I2/124
http://www.mhtcn.org/WKD2/WebPublication/paperDigest.aspx?paperID=54d1d86b-69be-418e-a821-9abd78ece425
http://www.mhtcn.org/WKD2/WebPublication/advSearchPaperList.aspx?ys=&ist=&ns=%E6%A2%81%E5%BB%BA%E7%83%88&us=&ps=&pt=&pks=&pc=&st=year&stp=&ds=&pcl=
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?flag=1&file_no=20180146&journal_id=rmme
https://www.ams.org.cn/EN/Y2011/V47/I7/872
http://www.ysxbcn.com/paper/paperView.aspx?id=paper_317457
https://www.sciencedirect.com/science/article/abs/pii/002231159290385X
https://www.sciencedirect.com/science/article/abs/pii/002231159290385X
https://www.sciencedirect.com/science/article/abs/pii/002231159290385X
https://www.astm.org/stp25523s.html
https://www.astm.org/stp25523s.html
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?flag=1&file_no=20160261&journal_id=rmme
https://www.sciencedirect.com/science/article/pii/S0022311505002436
https://www.sciencedirect.com/science/article/pii/S0022311505002436
https://www.sciencedirect.com/science/article/pii/S0022311505002436
https://www.astm.org/stp11382s.html
https://www.astm.org/stp11382s.html
https://chinesesites.library.ingentaconnect.com/content/el/00223115/2000/00000278/00000002/art00007
https://www.researchgate.net/publication/240365356_Oxide_microstructures_of_advanced_Zr_alloys_corroded_in_360_C_water_loop
https://www.researchgate.net/publication/240365356_Oxide_microstructures_of_advanced_Zr_alloys_corroded_in_360_C_water_loop
https://www.researchgate.net/publication/240365356_Oxide_microstructures_of_advanced_Zr_alloys_corroded_in_360_C_water_loop
https://www.researchgate.net/publication/240757170_Contribution_of_Thermodynamic_Calculations_to_Metallurgical_Studies_of_MultiComponent_Zirconium_Based_Alloys
https://www.researchgate.net/publication/240757170_Contribution_of_Thermodynamic_Calculations_to_Metallurgical_Studies_of_MultiComponent_Zirconium_Based_Alloys
https://www.researchgate.net/publication/240757170_Contribution_of_Thermodynamic_Calculations_to_Metallurgical_Studies_of_MultiComponent_Zirconium_Based_Alloys
https://xueshu.baidu.com/usercenter/paper/show?paperid=92c91de058d69086cf7211caaed85e14&site=xueshu_se
https://www.sciencedirect.com/science/article/pii/S0022311512003327
https://www.sciencedirect.com/science/article/pii/S0022311512003327
https://www.sciencedirect.com/science/article/pii/S0022311512003327
https://www.sciencedirect.com/science/article/abs/pii/0022311583901666
https://www.sciencedirect.com/science/article/abs/pii/0022311583901666
https://www.sciencedirect.com/science/article/abs/pii/0022311583901666
https://www.sciencedirect.com/science/article/pii/S002231150200911X
https://www.sciencedirect.com/science/article/pii/S002231150200911X
https://www.sciencedirect.com/science/article/pii/S002231150200911X
https://www.sciencedirect.com/science/article/pii/S0022311510008275?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0022311510008275?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0022311510008275?via%3Dihub
https://xueshu.baidu.com/usercenter/paper/show?paperid=f5981081bca18ddd86a3d44a5a51fd39&site=xueshu_se&hitarticle=1
https://xueshu.baidu.com/usercenter/paper/show?paperid=f5981081bca18ddd86a3d44a5a51fd39&site=xueshu_se&hitarticle=1
https://xueshu.baidu.com/usercenter/paper/show?paperid=f5981081bca18ddd86a3d44a5a51fd39&site=xueshu_se&hitarticle=1

* 762 -

Wit @A RS TR

52 3%

[48] Yang Lei(# #%). Analysis and Application on the Corrosion
and Oxidation Behavior of the Precipitates in Zr Alloys(#: &
4 58 A S i SR Ak I RE 9 BIF 9T B R F)[D]. Zhengzhou:
Zhengzhou University, 2016

[49] Garcia E A. Journal of Nuclear Materials[J], 1995, 224(3):
299

[50] Ren Y'Y, Yao H H, Hu J H et al. Scripta Materialia[J], 2020,
187: 107

[51] Cao G Q, Yang L, Yuan G H et al. Corrosion Science[J],
2020, 162(31): 108 218

[52] Lian Aojie(iE # 7), Ma Shuai(Z Ji), Li Qiang(Z* ##)
et al. Atomic Energy Science and Technology (J& 7 Bl 2 4%
A)[J], 2019, 53(3): 43

[53] Sayers J, Lozano P S, Ortner S R. Corrosion Science[J],
2019, 158: 108 072

[54] Hu J, Yang L, Cao G et al. Corrosion Science[J], 2016, 112:
718

[55] Li Cong(Z= 1), Zhou Bangxin(J& #5:3#7), Miao Zhi(#j &) et
al. Corrosion Science and Protection Technology (& i} =
iy HEAR)[I], 1996, 8(3): 72

[56] Kim H G, Choi B K, Park J Y et al. Journal of Alloys and

Compounds[J], 2009, 481(1-2): 867

[57] Li Qiang(Z= 3&), Liang Xue(® ), Peng Jianchao(# #1iR)
et al. Acta Metallurgica Sinica(%:J&@2%3R)[J], 2011, 47(7):
893

[58] Yilmazbayhan A, Breval E, Motta A T et al. Journal of
Nuclear Materials[J], 2006, 349(3): 265

[59] Matsukawa Y, Kitayama S, Murakami K et al. Acta
Materialia[J], 2017, 127: 153

[60] Zhu Li(%4 #i). Effect of Bi Addition on Corrosion Resistance
of Zr-1INb Alloy(Bi ¥ inxt Zr-1INb & 44t/ il Bt ) 5
)[D]. Shanghai: Shanghai University, 2016

[61] Huang J, Yao M Y, Gao C Y et al. Corrosion Science[J],
2016, 104: 269

[62] Gao Changyuan(f=; ). Study on the Corrosion Behavior of
B-(Nb,Zr) Second Phase Particle Alloys(s-(Nb,Zr)5s — A1
LA 4 JE M BEE 78 )[D]. Shanghai: Shanghai University,
2015

[63] Kim H G, Sang Y P, Lee M H et al. Journal of Nuclear
Materials[J], 2008, 373(1): 429

[64] Long F, Griffiths M, Yao Z et al. Journal of Nuclear
Materials[J], 2020, 534: 152 142

Research Progress on Corrosion Behavior of Secondary Phase Precipitate of Zirconium
Alloy Fuel Cladding in Pressurized Water Reactor

Wang Depeng *, Li Yifeng ', Liang Xue ?, Peng Jianchao ?, Li Qiang %, Yao Meiyi ', Zhou Bangxin *
(1. Institute of Materials, Shanghai University, Shanghai 200072, China)
(2. Laboratory for Microstructures, Shanghai University, Shanghai 200444, China)

Abstract: Zirconium alloy is the one and only fuel cladding material for pressurized water reactor (PWR) in full-scale commercial use at
present, and its water-side corrosion resistance is the dominant factor for the safety and economy of nuclear reactor. The trace alloying
elements (Fe, Nb, etc.) are existed in zirconium matrix in the form of dispersive secondary phase precipitates (SPPs), which have a crucial
influence on the corrosion behavior of zirconium alloy. The type of SPP for various zirconium alloys was compared in this research, and
then the corrosion behaviors and influence factors of typical SPPs were reviewed. The corrosion procedures of principal alloying elements
Fe and Nb within the binary and/or ternary SPPs were compared, and the difference of SPP corrosion products under different water
chemistry and the further effects on the corrosion behavior of zirconium matrix were also summarized. Meanwhile, the deficiencies of
current studies on SPP corrosion behavior were indicated. Finally, the future research vision of SPP in zirconium alloy was enunciated
herein, and advanced microstructure characterization methods will further refine the mechanism study on corrosion of SPPs bearing Fe
and/or Nb, which will provide theoretical support for the corrosion resistance improvement of domestic novel zirconium cladding
materials.
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