3T 6, 20244F11 7 TWRFEFEWCH TR ) o E RO
Vol.37 No.6, Nov. 2024 JOURNAL OF NINGBO UNIVERSITY ( NSEE ) o E AR TR T

DOI: 10.20098/j.cnki.1001-5132.2024.0312

D

B AR ZE il e X S B e 1) LA B A A

x| B ra, # AT
(CTURFE VRS J12822 08, Wil T35 315211)

HE: SRR O o fed RS MAAL, § TARE & B A RIEIRRSE, BALF Bk~ Pt N
FAR TG B BAC) AT 409 3R E Ao b AR 25 Yk, B A @R B A AR P L
ZAER RGN ARGEAG AR DL TR A BT R AT RS KB, eI T AL
TR, PR E AR Ao B K R ) 6 S AR R R SR oy AR, AT A
AL BRI G A KA RGO Yh, BR2ET (DEERERBAAE-NERTHEL
PR R, XA AR EBA TR A BxP AR, LR (1121 < 1126> £ E A B WE R K
1R SR IR, Q)RR RIAK, TR MG ERERT, MAH TFAMBRRE, Q)EE

e T AL o AR R 8GR o B G 2T SAL B A e £ K R R AEAE .
KEEIA: & Fah AR RAMBIY K AR &

FE4SZES: 0343.1

BE(Zo) A Al T H RAFRIDUIRIERE . TS
Tl P AT b R SRR T )3 I A% S HE Y
HES R ST AR B A S R AR, £y
LKB Fm AL KA, ST, &R T
e SRR, B b g SR T BE A TR
AR T BT L 20 L AV A it S Bl o 7
1R 224 S0k B R 2o A A BR e, T8 e b S A
FTTTE R, B T AR A7 150 FBE R Dy 449 1 46
Ji2FVERE.

RTINS, S e B B ARk N )
o B AL R4 R s, 32 50 AL i R R 1
R ECL nE 1 R, aiE A S HES s
W,E¢ﬁ%%$$%%ﬁﬂﬂ2<mn>ﬁ@$

{121 < 1126 > Rifizsfhfn {1122} < 1123 > &
%%%“, B AR AE A B R ARTE LS, 78
HELE AN T A v S R AR i, 2288 S AR T B B
ARSI EW RN JERIS, BN
Az,

O FE 22 T A s TR T SRR AE

XHERARERD: A

MEHS: 1001-5132 (2024) 06-0061-06

FIREUG B Kim 25752 7 5 e 7 S S e B 10
P A2 i DXOULER 21 i Y AR ) AR P 0T0E . Kumar
B EE FALAL S 1Y Zre- IND A5 4 ibRE i, Lk
TR LYK BIROR A SE R 22 Ak, IFfE2R
f AN ST ER 2 S AL PITTTE. Tondro 251
L A AR S A R OC B RIS A A L, T
S8 T8 TP AR A BB X S B A AT s, R A
23 2 v I JR AR T IX e ) Sk B AR AL AR 2
LU e v A K, SR R e o7 i ) S
MR SR . H Y I SE 50 RAF TGN 2B A s
03 S U B S AL P i A K B OF B R iA
IR BRI FAH A 2R A () SR TR, T
FLALA )2 A A% D12 5 | RS i SRy R 1 4.
AR H R AT, i ) T AR
TR 2R TR, SR AR, AR ST R 0 RN
J155 LA B il B i ) ) SR B s, 3RS
MR E A AT RRIR K, I 4B 225 o Ak
TEAZ AR R 52, Ry 28 i T BB 6 =)
A RN Y R 2 e

S

ﬂ

Y Fs HHA: 2024-03-15.

TUWRFFH (BT ML) ML http:/journallg.nbu. edu cn/
EL2WMB: ERAKRFFIS (12272192) 5 #LA ARFEIS (LY22A020002) ;

FE—1E: XRM, B LUAE, FEVO N ZREZY ISR E %, E-mail: 13287081741@163 com
MEBIEIES: R, PR, FEMS I 2 REZ YRR 4. E-mail: xiechao@nbu.edu.cn



62 TP RFF (BT R ) 2024

{1012y < 1011> =

{1121} < 1126 >

z {1122y <1123> ¢

ARFRRGEN y ISP TR o Bl X {1012} < 1011 > 2845, x %1% 2 $43 P-4 1T [1010] wh A [1210] whil, T
{1121} < 1126 > Fl {1122} < 1123 > Z8A4:, x Sl % 2 5405047 F [1120] & 11 [1100] f ).

1 a-Zr FELERRS

1 $HEENSHE

75 b S AR S A U B AR L X R A A% 4
Hay, HEF= AR 1 AR B0 T LR 1 A DO U O L
mE 2 FR, d RZEEKEE, m RZEGIEEE, 250
5 x Iy ms e M. 22 RoFEUN, TR
HEnN, H2ENEEL 2 Bl AT, 2R
V9 655 - T 57 78 T) R Ak 132 S T 42 751 g
v G AT TR o Bh, xBS LA 1. «-
Zr SR AR H ¢/ @' =1.5925 , Hidr o' Fla’ 43 )
FORIF SRR ¢ AN a SIAHSR IR T Z (B B A0 EE. A%
P e T 22 a5 3T ) Je ff o (3R 1), A PUR
T 5R EE 2R Al V) AR T E o = 2arctan(s /2), o
sERT ARG BT VIR A (R 1), RV z=x+
iy=pe’ LTz =pe’, z,=pe’ +de”, z,=
pei(p +mei(1[+¢)/2 & Z4 — peiﬁ +dei9 +mei(n+(p)/2 E/‘J l—a%
BESN N . —o . —ofo. X, xfy HE
FARRR AT p RN O R ABAR Ay e R F AR 4K
i NHEECRAL, i=V-1,

B2 mEmRTFENESR

K4 Muskhelishvili' ¥ i s bk &2 #agip, 7
b o, o, Mo TR R E o(2)
MY (2) FR,

o, +0, =20 (2)+D(2)],

o, —io, =[P(2)+¥(2)+(z-2)P'(2)],

A (o) TR () HHEEG @'(2) = d[@(2)]/ dz.

(1

Rl a-Zr PERAERERGSH

SR {1012} < 1011 > {1121} < 1126 > {1122} <1123 >
o /(°) arctan(c'/ (\/ga’)) =42.61 arctan(2¢'/ a")=72.57 arctan(c'/ a") =57.87
s 0.17 0.63 0.23




% 6

FEJCRRR -, 18 55 DU 5 14 1 ) 37 5 35
PR IR R A

D(z)= VTa)(ln(z —-z)-In(z-2z,)+

ln(z—z4)—ln(z—z3)), 2)
w(z) :@ Z A B %4 ’
2\z—z, z—-z z—z, z—2z
Ao v By =— L B
2n(1+v) 2(1+v)

PP v ONIARA L.

AN I 2 8 1 R Fick §BUE A | Sore
R EE 25 7 R K IS T O e e L 5T
TENRACIREE T IS R EAR &, SRF7E 600K
T, Imin B9 BAKEEZRN 100 pm, 2T
T T IS S v A P A A ST 1 gt RS,
DAL b S AR 25 Ak 1) i B A R R A (R) R e Ah,
PR A it AR RUBEAR /DN, YR A F8 F 5 i tho, p Z20

el SN R A AN OB ks Wk = Dk

J:—D-VC—CLELVJO, 3)
3RT

A DA TR PR HRL: Vv OB
B, CRHEETFUEE, R WIIRWES T RHIFR
SCIREE; 1, s s h &R T I R R IR, o,
ML —ARAE R V(o, /3) Fon K I T8 R
X R, o, /3=0, =41+v)Re[P(2)]/3,
Hrp, Re FRRIIEHER.

FAASTR, SR BEXTIN E] i) S EON E, B SFE
IR R

0=-V-J. 4)

BREICARK @), 715

pvic—pctu Vo, =0. (5)
3RT

NTFER, KSR 2 T C NG
IF AL I FHRIE C, R TF/NRT 28, BB &
FEBRIRE),

DV*C-DC,

VH
3RT

B IR EsUs, B —AEFF L
TR, MR SR AR — AR,
AT T A AT o R P S S AT R A e K, P A
P iz n Rk B A C . BEX(o) i riE U

Vi, =0. (6)

XUBREBH, 45 B S A S BB Xt S AT 52 e B SR A AT 63
C=Reg(z)+C, PV pea(2), 7

3RT
L g(z2) A—fbT k%K.
W¥RRARKT), TFshac=c,, i
v, (1+v)

C= Re|:Cw + CjOC 3RfT(D(Z):| . (8)

2 HRE5HH

PR B S L 20729
R2 oZr IRIISET BSH

2R BE iR
ToIFIn AW E C, 100 107
MR E 80 GPa
HEL/N AL 0.33
SIREECR 8314  J(mol'K)
YR T 600 K

mm>mol™

SR TAER T RER AR, 1670
SETHERPROTHALD  145x10° m*s
K d 50 nm
AR m 5 nm
Wz, =60 nm, 135 {1012} <1011> 7=
KR FICE AN AR = (& 3 Rl 4). Y
28 AR VR A SR N g 3 A A A 2 (B 3),
MR T Y B 32K R Iy R, SR
PS) Y SHE A 2t BLR A, (U T R AR
PRI R AL [T 2, F 2 B
BRI XIS FAR R 2, Mz, (A U T
MRBEARTICT5 AL, U2 by A H B i,

on/MPa

I12

16

B3 {1012} <1011> ZEFEKN H=E



64 TP RFF (BT R ) 2024

C/C.

1.5
1.3

10.9

0.8
0.7

20 mm 0.6

0.5

B4 {1012)<1011>ZEREENSRKE=E
P b DX IHOG T 22 R

RXTEE z, RS [R) AL B 5 | 1) v B 2E
5z, SSAESCHT 0 AN O~ 2 i, HERe m/ 4 R
AR AL TC R AN ER E(E, 45 E 5 sy
0 =0}, 3 MP2E il R0 N s Ak iy 2k BE (22 0148
K. M6 =3n/20F, 3 R RS TR AAb
JEAHZE R B, BRI (1121} < T126 > 25
B JETH % e #h R HL b As VD AR R, 3 ] 4 PO )5
S RE IR, S AN RS PR E L. 8 (1012}
<1011> ZEFEF {1121} < 1126 > Z8 AL, {1121}
<1126> 25 fh R R S s VI AR K, 2351 5 /&) 1
JIRREE, M3l & ) ST 4.

1.5

14 L = {1012}<T011>7Z5 4,
13k o {1021}<1126>25
’ a {1122}<1123>28 %
- 1.2 .
& 11+ :
a
N T A
EQ 09 F
L
0.8 F
0.7 F
0.6
05 1 1 Il 1 1 1 1 J
0 n/4 w/2 3n/4 w Sn/4 3n/2 Tn/4 2n
6

Bs5 3HMERMETU =0 A LENSKE

K6y HBRT 60=3n/2F, {1121} <1126 >
25 i R I Jr) S ST 8 4 RSSO R K A
RONE. P rh i Sk ] B A 2 A BN, B K
3 E B0 FR) ), Sk A R R s HEUE R

oo

/N, FHTETRT UL, 47 BRSO o S0 g B2 DX i)
R 2 DX, K I g A JRE R0 DA AR A i
73 X 3 iz 22 R KON g DXL SR RS 8T HE
SEX RN RSN Y B R A, FERSAS TR B9 O
AR 7NN 3 o JRE A0 A AR i 1 ) LT TR 3
A (R A WA S R X, RS A
A L A

C/C,
1.5
1.4
\ 1.3
4 ]
\"o 112
/"\ N 111
v 00 1.0
- e - 0.9
0.8
R |
0.7
20 mm 0.6
0.5
(a) VA8
C/C,
1.5
1.3
<\ /\,
.. 1.2
P ~
| T 1.1
\ I o 1 1 1 4 10
— .. — 0.9
0.8
~ .,
0.7
20 mm 0.6
0.5

(b) KN I RN
Be6 {1121l<1126>EREHBPSES
TRFFER AR FEAE, 2R R RS, LSRN ]
EK%?¥E¢%%@E%%§%.@7%%E%,
2R, SRS AT AR S . A 2R
A B B, 2R AR ) ST R 2, T
z, Fl z, AL A AR X IR 7S 5 8 i S AL B T TE . 16
WIFE AL S i b, UM N A8 5 | 1 25 AR TR T
K, SRR AR SR S AT, SRz E M



5 6 11 XURBH, A5 Bl i AR SRk B T S M 20 1 55k S 3 A 65

Ybr i, DA T BEL RS oA A 1 ) 2R A A 7 5 1)
AT i 25 A i R ).

C/C.,
1.4

24
2] 1 1.1

X Zil

10.9

0.8

20 mm

0.6

(a) m/d=0.05

C/c,
1.6

“@ 112

y .
L» 4 11.0
9. '

10.8

0.6

20 mm

0.4

(b) m/d=02

B 7 AEEKE (1012} <1011> ZEFEiHH
EERNSRERE

3 #ig

AR S5z FH 1) B DU AR T R AE 2 v DL R = AR
Al T B, 32 P Y T S R Ay i R AR 5 | i
1) JRy 8 0L 7 45 LA K S 1 1 7l B 4 et A
PAd T AW R RIE X, 0 T RO [ 2R
Al FR G [ 28 K F X S AR P 2 fn A K 1)
s, BASLAT FEL58:

(WTERL S4B B ERT, 22 i 2P S e
IR RE SR E W BRI 5 oA, = DL AR
H {11213 < 1126 > 25 54 R R B K df ks Y078 45

7

5 A B 4 S A AT, T R 2
.

(2) S I3 Fp it A R AT T s v e A R
22hh, HURR 2 B SR T I, 2P0
JER PR, i S5 1 27 it A o A1 PP R R
R F et T B RIIE R, RN A
AR

FEATH A

SE30Wk:

[1] MOTTA A T, CAPOLUNGO L, CHEN L Q, et al.
Hydrogen in zirconium alloys: a review[J]. Journal of
Nuclear Materials, 2019, 518:440-460.

[2] ZINKLE S J, WAS G S. Materials challenges in nuclear
energy[J]. Acta Materialia, 2013, 61(3):735-758.

[3] GROSSE M, STEINBRUECK M, LEHMANN E, et al.
Kinetics of hydrogen absorption and release in zirconium
alloys during steam oxidation[J]. Oxidation of Metals,
2008, 70(3):149-162.

[4] SUMAN S, KHAN M K, PATHAK M, et al. Hydrogen in
Zircaloy: mechanism and its impacts[J]. International
Journal of Hydrogen Energy, 2015, 40(17):5976-5994.

[5] KERR M, DAYMOND M R, HOLT R A, et al
Observation of growth of a precipitate at a stress
concentration by synchrotron X-ray diffraction[J]. Scripta
Materialia, 2010, 62(6):341-344.

[6] CAPOLUNGO L, MARSHALL P E, MCCABE R J, et al.
Nucleation and growth of twins in Zr: a statistical study
[J]. Acta Materialia, 2009, 57(20):6047-6056.

[71 KIMJ S, KIM S D, YOON J. Hydride formation on
deformation twin in zirconium alloy[J]. Journal of
Nuclear Materials, 2016, 482:88-92.

[8] KIRAN KUMAR N A P, SZPUNAR J A. EBSD studies
on microstructure and crystallographic orientation of
8-hydrides in Zircaloy-4, Zr-1% Nb and Zr-2.5% Nb[J].
Materials Science and Engineering: A, 2011, 528(21):
6366-6374.

[9] TONDRO A, TAHERIJAM M, ABDOLVAND H.
Diffusion and redistribution of hydrogen atoms in the
vicinity of localized deformation zones[J]. Mechanics of
Materials, 2023, 177:104544.

[10] J7MLE. L5 525 APRHY s AR TS 1 T HLEE ST
[D]. Kib: HIFGR, 2007.

[11] WANG Y N, XIE C, FANG Q H, et al. Toughening effect
of the nanoscale twinning induced by particle/matrix
interfacial fracture on fine-grained Mg alloys[J].

International Journal of Solids and Structures, 2016,



66 TP RFF (BT R ) 2024

102/103:230-237.

[12] VL4, Zr-Sn-Nb &4 fa5e % b S i L] K
5B TAMIGE[D]. K KHK, 2020.

[13] GOSS R N. Some basic problems of the mathematical
theory of elasticity (N. I. Muskhelishvili)[J]. SIAM
Review, 1964, 6(3):320-321.

[14] FANG Q H, LIU Y W, JIANG C P, et al. Interaction of a
wedge disclination dipole with interfacial cracks[J].
Engineering Fracture Mechanics, 2006, 73(9):1235-1248.

[15] DOMAIN C. Ab initio modelling of defect properties
with substitutional and interstitials elements in steels and
Zr alloys[J]. Journal of Nuclear Materials, 2006, 351

[17] TONDRO A, ABDOLVAND H. Quantifying hydrogen
concentration in the vicinity of zirconium hydrides and
deformation twins[J]. Journal of the Mechanics and
Physics of Solids, 2021, 148:104287.

[18] ZHANG Y F, JIANG C, BAI X M. Anisotropic hydrogen
diffusion in o-Zr and zircaloy predicted by accelerated
kinetic Monte Carlo simulations[J]. Scientific Reports,
2017, 7:41033.

[19] SARMA D S, AL-OTAIBI K M, MURTY K L. Tensile
properties and deformation mechanisms in zirconium[J].
Materials Transactions, JIM, 1992, 33(6):596-603.

[20] DESQUINES J, DROUAN D, BILLONE M, et al

(1/2/3):1-19.
[16] ABDOLVAND H. Progressive modelling and experimen-

tation of hydrogen diffusion and precipitation in

Influence of temperature and hydrogen content on
stress-induced radial hydride precipitation in Zircaloy-4
cladding[J]. Journal of Nuclear Materials, 2014, 453
(1/2/3):131-150.

anisotropic polycrystals[J]. International Journal of

Plasticity, 2019, 116:39-61.

Elastic potential analysis of hydrogen segregation affected by
twinning defects in zirconium crystals

LIU Chenyang, XIE Chao
( Faculty of Mechanical Engineering & Mechanics, Ningbo University, Ningbo 315211, China )

Abstract: As the cladding and core structural material of nuclear reactor, zirconium often works in high
temperature and water cycle environment. The hydride formed by electrochemical corrosion product entering the
matrix has significant influence on the strength and toughness of zirconium. In this paper, the plane elastic
complex potential method is used to model and solve the stress field caused by three kinds of twinning and the
stress-assisted diffusion of hydrogen in zirconium. The twinning is modeled by the wedge disclination
quadrupole. The hydrogen transport controlled by concentration gradient and hydrostatic pressure gradient is
treated as a non-homogeneous Laplacian equation. The results show that: (1) There is a highly concentrated
region of hydrogen atoms at both the head and tail of the twinning, and this region of hydrogen segregation is
symmetrical with respect to the twinning, in which the {1 151} <1126> twinning has the strongest hydrogen
segregation due to the largest lattice shear; (2) The higher the thickness to length ratio of the twinning, the higher
the hydrogen concentration of the twinning tip, the more conducive to the precipitation of zirconium hydride; (3)
The defects of twinning surface generated in zirconium processing have a significant regulating effect on the
nucleation and growth of hydrides.

Key words: zirconium; twinning; hydrogen segregation; stress-assisted diffusion; complex potential method
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