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Zr-a % & ERM (T R

FHeE! IkE 22 KK T4 R OEEE KE ZARAH

(o E LR A AL S A= ST, 4RFH 621999)

(20144 4 A 8 HIgH; 2014 4 7 A 5 HIREMA)

BHENTT NI Ze RILBRIBYE S ) Sk, L) T2 S AR AR SR TR R TS Ze B N
T RD A 18] 827 37 S B CAOM T A WL, %ok G R4 R 0 0 FH 24 i B A VP LA B (R R} 2 SRR
. R 7 JEALAT SRR &5 & 3 M A (EPSC) BT T Zr-4 & & R4 ARAT R, Ingkor s
FUARUEEFE 77 1) e 4. A5 rh Al AR T PR 75 BSOS e AT S A7 SR A 43 AT S0 S F B (TEM) T 43
Mriskia s, EPSC AT LUE B4 AR AR &8 N RR AU, JF Bk 5485 a0 th TEM sk, ot
FW: B RBN (< 0.55%) I, A {1010}(1120) ((a) ) W A6HE T SA1E M, BEE B R A B, HE
T B /R B 5E, HLARET {1011}1(1123) ({(c + a) &) W ME A K FAEm {10103(1120) ((a) ) W #, >

BEHER {10111(1120) ((a) B) F1 {1012}(1120) ((a) %) G FE tHAFAE.

RUEIA): B, BT RALATST, R BRI, AL

PACS: 61.05.fm, 62.20.F—, 46.05.4+b

1 58 =

Zr RGBT B D iR IR
405 BE 70 9 Tt P BE AL 7 3 B L A R
SRR A, R R Tk Ak T TS B A
JHZ IR . Ze B S AR NS RARME F B, FL7E
HMERIREE (A 5 S AE N B AT N B
WiV A4 H AT A i, Ok R BIMPRL IR 22 4. BRI,
WFF Zr & < A2 AN TR B0 R 7R 25 T AL
JICAEN B AR R LB %7577 (hexagonal close-
packed, HCP) 454 ] Zr 7 W EIRFE (76 K) E 5
(room temperature, RT) &4 s R (< 500 °C)
B 2P ) A A S R 0L R
mn AR, R AR SRR A] PR AH LA FH 2 5 B 1)
L I I s P R e S G I s A
I, AER PP AL Ze B L5 <8 S R B N ) 0 A
FE B FLROR AR AL BE, X JL AR A% B8 71 A0 FH 75 i
(R HERA P AT E B R SR N FHANME.
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AT S R R 22 R T R 4 R T G
SREEA ) AR SRAE M 5 A RL A 3 = 4R A B T
T KB R 35 80 77 J5 T At 32 SR 10— 18], g
% H ¥ (elastic-plastic self-consistent, EPSC) 51
Al DR G 40 & v A7 5 Hdis, e S g S b
TAE R G0 (WA R 2R AR5 W AR s i Tk 10— 230,
TV I A2, EPSC A AR5 T 25U
K (SRR ST 1025 pm), 5 55407 S & X I3
(T x 2.52 x 2 mm?) 7 55 1 R B A /. A
A 7 IR AL AT S B 45 EPSC#LL, 7] LU Fi i
BRI R S50 A0 S S R AL, o8 s gh A KL
ITEARHLEL. Z 7k AR A 2 R ] 5 (a4l
)45 M UM REEAARAE B (BRI T ) < R A7
G3HT (W FEA BHE SN T S mi )37

HHl, 8T Zr & 475 RT JAR X 82 e 10 1 B
(< 500 °C) N HIHLAFEAAT N EIT e T HUBA L
(W 78 AR P20 T 96 Ze A 4 O 46 TR AR 4T
(O H 72 [ AL 46 T8 A2 4T ) BB 58 A3 X 2.
BH T 5 70 1 4 FF o0 0 28k ke B (OG0 H: 2 J5 A7 i 2%

* HER L JE R RS (S 2012M521715) FIE K B AR HEE (it S: 91126001, 11105128, 51231002) %1 BB

T BHHSEHE. E-mail: lihongjia_caep@126.com
© 2014 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

236101-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.63.236101
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 63, No. 23 (2014) 236101

$eH) M BRAR PR, AH G IR RIF AT AR R A
JERE. ARSCULT 2 A8 ) Zre-4 & 5 B TR R,
P b TR A AT 5 1R &5 & EPSC AU 7 V5 51
B R 4T A AT O, g 5 O i ELAROE B 5 )
JE4f (through thickness compression, TTC). F|H
A SR AL 75 B T8 (electron back-scattered
diffraction, EBSD) MR ZEAT 24 I8 4k 73 4T S 32 5
HL 5% (transmission electron microscopy, TEM)
WPk EIEE. Wi EPSCEAL & 7 AL AT
SHEUR T 455 TEM 20 M, 22 6lE B as h Zr-4 72
RT N EGRIE AL,

2 X B
2.1 MoE&

A SIS B Ze-4 5L B AL A 8 8 i
FEBE, 77 AT ASTM-B352 br v, Pk T2
NEZE K, HAE NS x 1073 Pa, 1B KIREN
580 °C=+10 °C (ffi&5 h). HALZEH Y (wt%) N
1.38Sn, 0.24Fe, 0.11Cr, it | 43t/ T0.05 wt%
fIHf, C, AL, N, Nb %058 K F B IO R Zr. K4
B R FH VI EN B AR §1) %, #F5RSES I ASTM
E8-04 hrifE. FE &b =477 a1 52 S FLAR R B 7
[ ¥ 1A] (normal direction, ND), 5 ND 1 H 1
AN T5 18 53 5 A #L ] (rolling direction, RD) A4 7]
(transverse direction, TD). £ &7 [EINE:RE E 1N
WAL (KB 15 kN) B HLMR RS, e 480 52 [
FETEAE M B EARN 5 mm, =810 mm (B 1 (a)).

2.2 HFE{LELELTEISEIE
o T R AL G AT B SIS AR R R N ) T

7 59 3% X (residual stress neutron diffractometer,
RSND) b5 FEMbrH Kdh FiEEREAN
4.7 x 10% n-em~2.s71 3 HEE Ad/d < 0.25%, BC
£ [RRE 65 7K B 500 kg THEF 0.5 m P £0.3 m.
Hh AL AT SR S B0 v TR R e (B AL BR S
Ji [, IR RIND) He 48, B i 1 v 7 AT S AR AR A
T x 2.5% x 2mm®. {ESEI AR T, B AT A
R K JE 7 18] R FF £ N Sk SRR R 00 25 v 1), B O
WEAT S R & QP AT T In#k Iy 1al. w7 A X T
B il A7 B O F R = K B RSND B 4 1 /A Ji
frma e B R E i 1 (b) froas. AT HE A
il SRR AL R, R4S R A T

S8 (B 1 (b) FE). RSND i B (5 38 54 25 i (1)
Si (311) i b, 2 KA A 58, X ) - DK
K 1.587 AL & 477 5T 04 B 5 5 THT (0002) 4
[ (1011)#ETH (1012) FHENT (1013), JL&E 7 74
TEAR &N AT g, TR B e = 0, 0.26%,
0.36%, 0.49%, 1.72%, 4.29% F17.94%, & 458 %N
3.3x 1074571,

A

| $5 mm
FE4E JE4R
TlO mm

|
: AIPR TR Q//ND

ND
)—, TD
RD
1 (a) FERUR S JAKR R (b) o7 5 R 4 T 53

o OR L S ERURE AR 7 B 5% 25 2 K% RSND L

6 /IR (3 L

UL 2, A ORI JE AT T AT S R
W& Zo-4 4 4 10 45 T A8 PR RE I, BEAS S G I 2
R IO A R AN SO DA TE) x b A R
FHERE R x B AT R AR x Zr (1 7 IR W A T
=2hx (4x10° n-em™2.571) x (% 2.5% x 2 mm?)
% 0.00795 cm™ = 9.0 x 109 n, B I ik i} [A]
W, Zr-44 &Y 9.0 x 1084 b 7 (th T RE & A
32.5 meV), 3 H Zr-4 & 4 i8R 9] & g 554K PO,
DR o, R 7 97 56 0 51 S ) i R A 40 AR AT A
ANt

3 EPSCHEA K ¥ mK£%

EPSC# #! & T Hill-Hutchinson H & 7
2 20271 R ep AL 2025 A kL, RS SR
ASTE ) J i A b, BPRRE B AR5
HRRP R UG 23045 S EBSD Wi, 75 A K
(pole figure, PF) 1 2 7w, 1E 8 EPSCHE LK)
WMNZH. Ir-4 G E&VIELN N HCP &
cHIy ND HiA, FE1H TD A +(20°—40°) fmi%. 1E
EPSC AL 8 A 1 2R A4 S 2 72 TG BR K 1 33
SYEEARAY TR, BRI R R R AR T SRR AR
SILE P AR TG BR K 38 5 B AR A )
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AH EHAF FH DL YE P Eshelby H 18 )5k % on 19, %
A A BT B e A 5Ty £ A AR R SF 38 . ARSI AT
i 31 1) EPSC B AL 2 AR S 3 T Turner 25 28]
F¥ % ) Fortran-77 fig 4, #2 7 # H 219 A K L&
15T Hutchinson 27 [ TAE. Zr B 5 (K 3 v R B
S 38 1 004 Fisher A1 Renken 2 f) TAE45 3], RT
N HNC = 143.5 GPa, Cip = 72.5 GPa, C13 =
65.4 GPa, C33 = 164.9 GPa, Cyy = 32.1 GPa.
ML RS AR 0 Voce B HEIA, B s
MR RGN o3 VIR 75 5 doki 4 B 20 BY
DINAZ T 8] [R)58 B ik, i A ns:

95
=715+ (17 +6iI") <1 — exp <—7_2F>> , (1)
1

A, 75, 05, 03 M7g + 75 73 AR WIAA I 573 U
D3 AU B A S 3 S A 3 R A s HE I 23 D)
273, EPSCHER i AR 28 45 1Y) 6k £ 38 1 xt 1 it
PEAT S O 1) 5 k0 B X AT B Ze B AR B
WEAE (FEAP R W 4.27), B NBE RGN
5, 1, 05, 03 IR ARSUE B 0L rh 7 SR AT ST
P13 2.

(0002) (1010)

0 = fe/ME

E1

6.91 = A

DU W

TD

2 (MFPER) Zr-4 A &R MY EBSD PF (R1E
FoR fm I AR FERE)

4 HREW®

4.1 [EZEMERERAMTEL

RT N, Zr-4 &4&1F TTC )5 R % WM
77 -RLAR 1 2% (o-e Bh2R) FAE Ak 38R b 28 40 P 3 BT
N, AR BN R R/ REAR A Ry 5k R g AR (B
J1/RAEFe LA —1), i i B R 512 MPa. S50
15 1) 2 L g - AR i 22 ) T R 4R 06 2 AE AN TR
I T AR i B R B vh 1 T S TR I 82 7 4 st
R, FANEAZYY B o B AL AT S B o B4 B
N, AT S U (R AR G R e R T AR T AR Ak
il 5 Fros. 4 FAE 5 AT LUE B, FLH (0002)
7 S Vg 5 B B AR U B AE TTC I3 7 iU &%
BARG A, XS R R 2 s AL

800
600
[+
s}y
& 400
3
bt - — - %
200 EPSCHf
— - — EPSCHEI(W Jih)
0
0 2 4 6 8 10 12
BV /%
100 (b)
. 80F
[a B
9 60t
F od0f
20
0 -
0 2 4 6 8 10 12
FAE ) %
3 (a) LI A EPSC #4453 8|1 Zr-4 & 41 TTC N

7 SRRy - B R (b) il =2 h 2k

(0002) (1013)

(1011) (1012) s
_/\J\M Nae /\7.94%
_/\/\M /\w f\ 4.29%
% JW AN ’L 0.49%
A —/\/\m AM [\ 0.36%
/\M 0.26%
M L,
30 35 40 45 50 55 60 65 70
20/(%)
B4 TTCHEI 2 i 7 AL 48 77 41 B (20
g apith)
1800
1600 |
2
2 1400
§ 1200 |
=
= 1000 |
g
1& 800 F
I 600f
400 F
200 :
0 2 4 6 8
WA %
B5  TTC N I7 =T 7 [ T 10 AT 50 56 3 [t 2 S 7
A3 (RAE AL
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A E IR — 2 (3 (b)), FL, MEHER AT
FEFF RIS 2 R PR KA e, MRS AS & R
R AR,

(0002) (1010)

0 = Je/ME

El

3
5

7
7.76 = KA

(a) 0.49%

0 = Jr/ME

1
3
5

5.84 = frAfE

(b) 1.72%

0 = J/ME

7.44 = FeRME

(c) 4.29%

/IME

0=t
1
3
5
7

7.81 = e KAH

(d) 7.94%
™D TD

K6 (MTIEE) TTCIM#E F N TFERMN Zr-4 & &
FEMEIEBSD PF (a) e = 0.49%; (b) &€ = 1.72%;
(c) e =4.29%; (d) e = 7.94%

NT EHEE Zr-4 & &1 TTCIN#E 5 T
M ZRE AL, FRATTRE AN [T A% 5 A b i T AR SR AL
) EBSD &AL, M5 PF 40 6 fras. /5B B i
I, TEHI & R AT A R (1 EBSD URE RS, BT
FE S BIFIR, 229 50 A 2 D) A b, AR e
& ARAIE I B T 9 ND-TD T (B R E 1 (a) FE),
I, A3 BIAS RS &R 1 PF 7E S 16 0 b 7
i1 A B T 1 A (AR BRI AR B AR
M GARRAS B e, WIEL 6 (a), (d)). B PF AL
T Hb A 3 & L) 2 AT R AR A BT (0002) W
5 1H ND 43 A0 9 17 TD A i fie 55, B 6 AL & 1) 3
I, BT (0002) B ACRKR R Aa HL ), FE A 4R P i
Al N 77 7 (RD). B 6 (b) F () HH LT (0002) #0k
£ 5% B e 5 R S D) #) 7 20 % RSND | e 4% 1)

AN T 2B 2R G AE KT A e 4 A T TR SR AR
SEXT AR (RIS EAS A P R I A A i (0 B 1], 2R
K1 (b) TI) A

4.2 EHEBTHNIENEE DT

FH AN 5] & TH] AT 5 08 AR 4 5 52 1K) AR A T DL g
PRI BT P BEAFAE TR AR R, d ] 5 AT BLAE 3
FETH (0002) 7 55 06 538 B FE A AR $6 BHAE TTC
BT T A 2R A HETHT (1011) 77 5 e o 2
TR, LR AT REAEAEHETD {1012}(1120) ((a) 2Y)
YR RHET {1011} (1123) ((c+ a) BY) Mg #2; HE
T (1012) AT (1013) 177 5T W iR JiT K A8 A s 95 ik
A8, UWHHET {10121(1120) ((a) ) ¥ #£ 1
B ot BN, MR Zr J Ze 4 4 (¥ 70 28 B g 29
B W15 B 50 45 L B—224300 ) RT 176 TTC Nk
75 RF, A {10103(1120) ((a) B W B E S K
A, HETE {10113(1120) ((a) B W BB AR AE,
FLTH {0001}(1120) ((a) B WM AERE. 44
DA E 4 #r, EPSCHLAL b & 5 T AR o A
M {1010}(1120) ((a) B) W52 #EM {1011}(1120)
((a) BY) ¥ 7% HETET {1012}(1120) ((a) BY) ¥ 7% A4
[l {1011} (1123) ((c+a) ) 1B F. BIWAEZE
W o-e 2k (B 36048 B 7 AR il (1 R0 77 4 5t 11
15T, AT LA1S B8 AN T AR A5 2UAE A [R] 98 1 7 AR &
THES (7)), 5B H 2 1
HI. HE 7R LLE R, YRR ERN (< 0.55%) B,
FET {1010}(1120) ((a) )W FEdC = S1EH;
FBRPE T AR B0 RGN, HETH MR8 1A 1, I
HAHETH {1011}(1123) ((c + a) B) W ER KT
FEM {1010}(1120) ((a) ) i Fe, WAFLE/D 2 HE
T {1011}(1120) ((a) %Y) AL {1012}(1120) ((a)
) EH.

1.0F om  —O— #EE{1010}(1120) ({(a))
—O— HEMi{1011}(1120) ({(a))

0.8 | —A— HEWI {1012} (1120) ((a))
—v— HEE{1011}(1123) ((c+a))

o 2 4 6 s 10
HE/%

7 WSAEINLE TTC BT R Zr-d £ &R H Y

B RGHER AR T A
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#1 EPSCHAREIME NI RGERENSH (BRI AR /B b TE)

W RR 75/MPa 75 /MPa 65 /MPa 63 /MPa

KM {1010}(1120) ((a) &) 50 / 40 10 / 10 5/5 0/0
HETH {101131(1120) ({a) #) 135 / 122 165 / 165 350 / 350 95 / 95
HET {1012}(1120) ({a) ) 197 / 182 170 / 170 600 / 600 260 / 260
HETH {1011}1(1123) ((c + a) ) 261 / 238 160 / 160 720 / 720 151 / 151

g = (0110)[0002] g = fo110)[0002] =
5 b e
\ \

10 pm ; > 10 nm

S A
S

" g = (01i0)3110)
\

10 pm - 10 pm

B8 (M) BERN1.72% I, g = (0110) [0002]
A1 (0110) [2110] T I BM P LEZHE  (a) g =
(0110) [0002] T4, (b) g = (0110) [0002] ¥+
LEEI%1E; () g = (0110) [2110] FHIWHE; (d) g =
(0110) [2110] T LIESHE (SR ELLRRWHE TN
(1120), ¥ RELARFERH T M (1123))

N TR EPSC B 1) 25 R 47 Sk, FRATT X
AR FE R34 T TEM I . ES AL &
HNL72% B, B H K Eg = (0110) [0002] F1
(0110)[2110] T KMl E M O R W15 1E
S5 (04 BE AR I (R LEFEL 8 (a), (B) B (c), (d)),
H W15 e 4 5 2 10 5% T W B 10 S 4 45 A 1S
B TR RFE S, BiE DAL R N . A
AL 7] B AT AR B AL B R TR A B4
B AE N ) EEE T, 4 OU S B (1) 2 4R Y
DL, W TH 0 37 2 AR 1R B R HOP 2544 1R 2K
B2 2 OR[H] g R R SRR AE T S AN A
(W EEE 8 (D), (d)). g - b # OFF A7 FE L mT W
FIHE (b Burgers < &), 1 LAE 1 Hb ) Wy 467 45 2
. fEg = (0110)[0002] T, {HET {1011}(1123)
((c+a) )W l, Hgbb Bk N46.7°,
HE8 (b) 1 g 50085 21 K A AH [F] (BIBR AL A7 45 ),
UE B iZHETH I B A7 AE. £ g = (0110)[2110] R,
I {1010} (1120) ((a) 2Y) W#% HEMT {1011}(1123)

({c+ a) ) 1EF HEM {1011}(1120) ((a) ) F4E
I {1012}(1120) ((a) 2Y) ¥gAE3 Nml L. 8] 8 (d) H
S SRR RE T ) (1120), AR LREREE
771 (1123), H5EI8 (b) )45 AT LA 15 Kb
R B AR 23 T REAEAE.

5 % i

AR T R AL AT S BR 456 EPSC R,
F48 LUE IR A7 1 EBSD U & TEM 43 #r, X} Zr-4
AL TTCINE T 30T B2 15 1 e 23R
o B AR AT RHAT T VRGN EE I AT, RS
wr:

1) Zr-4 & <A TTC hIn# 7 20F B R R
512 MPa, Bl % 46 AR 2 (036 0, BRI 230 %
A RAEWN R,

2) FH EPSC AL 40 & v 1 IR AL 407 5 52 30 4
i, 7T LLE B LGS AR R AN, Zrd & &
ETTCH#E T T, BB ER /N (< 0.55%) I,
KT {1010} (1120) ((@) %) ¥ F5i2 = SEH; B
VLT AR B RGN, A TR 04 P R, T
HAET {1011}(1123) ((c + a) B) B HIER KT
FETE {1010}(1120) ((a) 2Y) ¥ H, AFLE/D R HIHE
T {1011}(1120) ((a) 2Y) F4ETH {1012}(1120) ((a)
).

3) F F TEM X & A= %8 14 T A% i k5 R A
AE g R ERAR, 4E ML m LS AT
UL A] DL W A7 8 ) Burgers 2% & b, 3F 1 X} AR 2
(R RE i HR P A2 T BB R A7 45 D 28 E AT 40 . JE I
XY PE AR BN 1L.T2% I FE Wit 4T g = (0110)
[0002] F1 (0110)[2110] T ) W 37 48 H1 o0 i 3 1B
MM, 56 0F T EPSC AR AL o A 45 1) % AR 55 5, R
1t g = (0110)[0002] T, BT LAWE%2 2 % L HEAT (1) b
N (1123) BUAL 4 76 g = (0110) [2110] T, bN
(1120) A1 (1123) FOA7 553 AT AL 52 3.
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RIS R R 2 5 TR 2B 3 5 LA

TEM SE5075 T 17 B AR T BE SR ARk e 5 T
FHEIHAE EBSD MR 7 Wi 8.
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Deformation behaviors of zircaloy-4 alloy under
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Abstract

Zirconium (Zr) has a hexagonal close-packed crystal structure, which exhibits elastic and plastic anisotropy. Internal
stresses can be easily generated in the rolling process and the subsequent plastic deformation process. It is critical to
evaluate the internal stresses and the deformation mechanisms of Zr alloy materials. The deformation behaviors of Zr
alloy influence directly its service life and safety. In this work, compression deformation behaviors of zircaloy-4 (Zr-4)
alloy have been studied by the in situ neutron diffraction technique combined with the elastic-plastic self-consistent
(EPSC) simulation. A compressive external load is applied along the thickness direction of the rolled plate, which is
called through-thickness compression. Electron back-scattered diffraction is used to analyze the texture evolution during
the plastic deformation. Transmission electron microscopy (TEM) is used to measure the distribution of the defects in
the deformed sample. The EPSC simulation provides the deformation mechanism quantitatively by fitting the in situ
neutron diffraction data, and the simulated results is confirmed by the TEM observations. Results show that when
the true strain is small (less than 0.55%), prismatic {1010}(1120) ({a) type) slip dominates; however, as the plastic
strain is increased, the percentage of pyramidal {1011}(1123) ((c + a) type) slip becomes larger than that of prismatic
{1010}(1120) ({(a@) type) slip, and the pyramidal {1011}(1120) ({a) type) slip and pyramidal {1012}(1120) ({(a) type)

slip may exist.

Keywords: zirconium alloy, in situ neutron diffraction, elastic-plastic self-consistent simulation, defor-

mation mechanism
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