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Bt 55 AL A A U5 45— P BRIV 1328 3T Ay o DA B2 N 2R BB VR e SR IR A 7 1 I, g
J5 ) B A 5 NS AR AE I B K ) 2 —. AH B AR g Re YR T 5, ket TR UR
B, Re R AR PR B2 BTz AL R Re W] g AR e ML SR AR R I B, H i
1% %4728 e TS BB B v MU AH 2 AR R R0 3 0 — 5 (1) 22 4 [ il 1 A AT
TR ACE R e A EUR R RE, R R AR e BT AN T AR IR B, RAT X N,
JsURHiF R EUOR, TBCRE R M i LS P 2 A e Qe AR AL BRI, RCR AR BERAN O A
RNFAKRAEVE T KN T P —, LI AT RF S % R AR, X Al vk NS 1 1 1)
AE U5 0] AT R ML R L

T HAE, B 1 B A% R AR BEUS AW FUAN Wy EUAS SRR 0 i, ok ) 2 [ o FA A%
RARLEHE (ITER) TR D& TR KM ), ARG B AR RSB T 11
TR LR AZ R AR, T AR A b A7t pe G U ] L. H 2 Tl s A A 2R A 52 30 M v ) 4
AFAEAR 22 0 75 il R 1) T AL, G v A 355 4 i 3k ) 2 1 i I 4 () B OB L, DL R B A
AR NS 2 AR RE IS AT. AR BRI R R RE A B R A T o
PERET F0 70 TS I T 4 58 R B A% B I S A AR U1 1) P £ w5 A 22 4x k. W] BLR,
R BRI BE— R e TN HE A8 # AL LR REPE RE (1) 32 T B8 B8 AH O, 7 2R AR Js W v,
SERIMPRLE A B R 14 MeV b -5 DL S 98 R B 1 (10 4 o, IR A 45 )
LI R Ll o RE BT 28 D B 4 A R B e 10% A5 DL b OF Boas R A FLAR AR )
ARG, 248 WA U R BEW 2 HAE ) 2 R e E 2K (Shimada et al.
2007).

R R 77 27 1 e 55 i RS0 26 D) AH D% i TR N A2 8 B 2 B v R b+ 5 4 o
FHELAE R B AA R B L g 27 R DA R S ) L A2 AR A R ek A T 403 477 280 Y. 2 224
FE AR S5 5B A7 77 A T i BRI B DL B P R S N AR IR L A MR 2% TR R e
R 52 W

G B MR D) 27 1 BE 1) 80N A0 45 4 L (irradiation hardening) 48 fEMEAL (ir-
radiation embrittlement). ¥ MiF AL (irradiation creep) FI4E M Y% 57 (irradiation fatigue)
. SO EEGRARIR (T < 03T, T MBS S ) AR RGRE T, R
TR A A AR TR R P 3 B R R A AT R R, AR R N 2 AR K B s e
TR, X m Re R 1 R AR ) 5755 ), S5 KRR S 2 o T S, 25 i
2 L SR P A B I T K B A BT (primary knock-on atom, PKA), X 48547 J5 1
T8 Itk — 2 R R R A i I R s AL T R 2 R B B 5 ), W TR BR T (interstitials). 2%
fi7. (vacancies) P45 (dislocation loops, DLs)~ J=%5 VY[ {4 (stacking fault tetrahedrons,



M E -, R, R, B, BUERES - SRR RL ) A T B I R A R 3

SFTs) 1733 (voids) 5. 76 BEFNHE B E BRI TG S0 T (R B0 5 B 5478 dpa,
TR T ¥ B B, THC LT A (FCC) MR A (1 32 S0 5 248 200 2 2 5 DU T A4k,
AR SLTT AR (BCC) A48 1 3 Sk B 2 A7 B 2R =24 T S R A ) v I (B TR
o303 5 B 2 v ), e Bl At LS TR I B A7 AE (Osetsky & Bacon 2001, 2003; Osetsky
et al. 2000). 1E A i T 3K 28 A48 IR G I HOAA A2, M B2 AN B0k A B VR AR TR I, HE
PN TS 1) 32 BIRE 52 3 B RS 0, DA T 5K R 8 s 5 e 3 g A PR, IR RAE AL L 4R
FEME AL FN DD 4k R %L (strain-hardening coefficient) T F#%5 (Beyerlein et al. 2013).

A UL R B0k < RE ) 2 M BE S i B T — A M B 22 RO )
FERONE i ROBE L BE R 1 55 Al 4 Tt RO AH B AR I 2 503 R R 00 i A &5 4, T
JI AT e RE RSE PR ke e, 2 17 00 S22 K FRD it MR i T R o 2 5% W B ) R 22 R £
DI RE. BRI, T RS 2R G0 M Oy A A AT A G e 503 < e A R g A PR RE, A
ANTA) RURE T Je e R AL B9, AE T A A S 4 BERE R A0 DL B R il I, S ST AN
[F) RURE 22 1) R BB 2%, AT NS A R4 8k (00 2 SR ) 2 PR BE BB AT A 801 23 A ANl Oy 17 vk
RERE Wl 2 ) 2 Pk e SR I BUde FEADRE, RN IR Z 40 BB 10 T8 15 AL, R 7R AR AR
TEAR T HLER, FFRIF 5 <6 Jm AR ) R A AT by, SR 1 o 30 41 ok [ A AT 5T ) 4R
ey

8 AR R BRAE AL 40 B T 4O 3 AN REEIIRIE ST Jot 7~ RO (TOW = )« ki
U (W2 IR) T2 f R (R ZIR). FEAN TR R, e AR A i 20 A A O 32
WFS )7 AT BE (Wirth et al. 2004), 41 B 1 Fros. 7887 OB, & F 1 5 ik 2 A 5 %
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EASEAUL, 2R — PRI B TH S 23 1 3l S A A ik RO, BB AR R SR O F U
WAL SR O T A 2N IR AR, AR T IE S T A I R AR R R B AE 2 U, &
JeE PR 52 46 U (10 ) 22 Pk REAT 9 T2 B S L B MU EME VT A U5 . 1% 0K 0
MSEIG LI B A AU BB B AR 3 AN Ty T 23 H i L A A0 Ok T < A R AR IR A1
i FER R T o R A I S I g e

2 SRR RRE LAY L6

S50 WL 2 I 9 <6 R A R R A R0 e T L B T RE R TR . 20 Al
WITT 46, <5 A4 Rk 0 RN 32 W 5 S AT IR SR (Blewitt et al. 1960), B4 S 4%
4 KU T B PRI AN W 3 25 R0 O g, nads S L 1 2 PMBE (transmission electron microscope,
TEM) F1471 4% b% 8 B4 8i (scanning tunneling microscope, STM) %5 ¥ H I, A AT #i HE
it o a1 i 5 S0 RO A TR DGR TR N T, K M BRI TR 1 3 A DL R )
PRFZ W D 25 PERE I 52 IX 3 AN J7 TH A 4 AH OC 1 52 98 i 5T A

2.1 ERREAEE

B MR L TR R, iR A T 2 T R 2% R BB 5 A, EL B R Al
HHE S R/NCL LA FAEAE 5 4 AR A DL R AT 5%, FE 4 IR K g da b BE,
PRI AL T f ol g 2 B0 Gl B R A 7. 8 T o I T PR 3 A, A U R L ) o 11
FATTR, MO0 S7T7 SRR R o AR R R 2 DA A 0 8 A7 A T AE T /0 57,7 4
PRI A4 L rh e B S8 T 3 5 SR E AT O, T J2 B BB I AL, 2 i DY 1 42 B 221
HRBFAZE A (Osetsky et al. 2000), W1 B 2 Jrow. il B 45 v i, i B ol g 2 002 D230 11
TEXAFAE. BEAb, 3 1 18 A S 3 25 A7 200 1 7 2. AR FA BT 23 Sk P 23 o B 60 ) i
I, ) J T A R 2 A R Tt i e SR A 4 B T k. 2 DY AR — e DY
PRGF IR BB, — SO0 T, H— BB RAEAR S RRE. BLAk, Sl S A L, A4 R} 4
Ky 275 Jr o R G A 2R 5 e 50N B, R T 0 R AR THC SE T BRI S, USRI A AT
TE K T8 1) S 1 45 4, {H s B B 475 CLZ B DU T 32 (Nita et al. 2004; Yu et al. 2013),
& 3 s

A R B 1) 5 B S e R 1 S R & DI ¢ &R (Osetsky et al. 2000, Singh et al.
1997). 448 MR RN, S (B2 B AR JZ 05 DU T 4A%) % 5 5 i ) R e A S e 1
K Bl 4 R W, 250 MR Sk ) — 5 BN, o B 8 B2 ek BRI, it A i R 4k
SN, e B A 2 81 A B LA BB SAEAE. IR AN, AE— 8 R R RN, AR A AR
i DU T AR PR RO I 2 ) ) AR A AR DS, — SR D0 R J2 8 DY T A4 ) K /NAE 23 nm, 7
AR R /NE 10nm 2247 (Fabritsiev & Pokrovsky 2007, Fabritsiev et al. 2004).

AT TR W, A R i 4 10 R0 5 B R B4 R A7 5% (Nita et al. 2004, Nita



M7, RES, R, AR, BOSEE - S ARE ) 2 1 BE I i SR 2 5

& 2

BB EE B, (a) A48 3R (Brimbal et al. 2011). ARAXJ & & o /R W AL BT A (b) B4E T
R (Briceno et al. 2013). B3 & B ¥ /R W BRAL B A

3
25 AR R 45 PR BTG B 4R AR (Yu et al. 2013). BRAVT B AW IR & B BT &

et al. 2005, Rose et al. 1997, Sharma et al. 2013, Sharma et al. 2011). ik X} 44 5 44
BRI LSS IS B9, NATT R BB A &ioRL ROST RIS, AfRE 1A 3508 1) 5k B 5 85 < Bl 2 AR AT,
2 RE RS /N Tl S RT3 . 491, 0B 45 T e o) 4 oK A R 4R A
FEOEAT B R IR AL, RIS A ES RN T 15 nm B SR ST /N T 30 nm
B, AN B RE b AN S A AE SR BB (Rose et al. 1997), W1 B 5 Fios. JR AR5 40
v 51 48 I T R, R T Tl o 28 R A L DU A O T, (EL IR B B R B AR S 2
] ) I 2 /N 22, DRI 44t A ORI HE IR B 1) U R B2 (Nita et al. 2005). 4
b ML 52 IR S TR I B 8 R 2 BT DAL AR 48 22 PR AR, 32 B TN A R R A
KPP &f FEECAT]. 52 & FE IR0 i s ™ A (R e B A1 A0 5 2 AT 4% 31 i 7k i e R i, i
FEAE B AT it bz o e 74 1) 5 2, AT AR B HH I () P4 BRI i (Alsabbagh et al. 2013,
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(a) ALBEFHBEEZERBERTH XA (Rose et al. 1997). FRAVT & & ¥ /R i iR AL
Fif; (o) sk ®E 5 F &R EREE KA (Yuet al. 2013). JRAU)T B AW REH A

Matsuoka et al. 2007). X T-2% S RHTT 5, Gl b % R 5528 0 52 18] 1 )5 BE A K, B
25 JEE B R gk /), B T R B 8 R AR & I T k2> (Yu et al. 2013), W1 B 5 s, 1X 15001
AR R A — T I B A RO, T 2R 52 2 OG

o FRLR B X R L g 2 T i 1) R W) B R B (10 T 2 DA IR B A DG, TR, U A B I RS
BRI, B FE 23 B 4T 4L (pinning) 4F H IF LA AL 8 1) 4k 2208 B, MM 3 B0k fe Al
A XA TR] sk B T 5, BELAS 07 485 05 A% 1) R 59 BB 0 A AN TR] IR, [R) R, Ji R80T e B 5 47
BORH ELAE T G 5 55 AT B K 2 (Fabritsiev & Pokrovsky, 2007, 2009, 2011). {51 41, i@ it



MR, e, A, AR, BUEREY © SR MRL ) A T B I R A 7
Xt AU LA KA (1 5 e A REREAT AN [RIIELE 2% A5 1 10 T A MEREIT 9, AT B 43
T i, G5 BEs BELASH (7 65 T A 140 B8 010 K i s, RV P vy, 0 A2 00 5 7 g o B e a1 BIL
i 44 B B8 K (annihilation) (Fabritsiev & Pokrovsky 2007), Wl B 6 7.

2.2 ERRERFERAYE L

e T e A PO A L JE DT AR R MR B LR R RL B 5 RS K AT 5%, bk R A
PEAZ TR IS, T8 A% A i b ol e 0 AH HLAE TR B B s Ab 1) 32 7 ANz IR AL A 5 B
FHEL A 2 B3 ol B 1R SR 2 DL R Bt a4 (S 48 0 8 38 30 e B I, e By vl E A
AR hy H A 28 7R FR e I 0 T ABE K, A A A R DA T A R R R ) PR (Mat-
sukawa et al. 2008, Matsukawa & Zinkle 2004, Robach et al. 2006). W1 B 7 i/, 24
VU T A L5 9 B8 A B AT LA DA o) RE 3 B0 B 2K (Robach et al. 2006), AT BE Y
B g 2 0 (Frank) 38 (Matsukawa et al. 2008). J2 45 DU 1HI 4 4F T 48 8 47 45 AH H.4F
M, WAL IE AR O, RIAL S 5 i B A AR I A P 30 AN 2 822 T B8 6 i ) 2% 2
(Briceno et al. 2013, Matsukawa et al. 2008), &l B 7 7.

BV R R 2 A7 A g B 2 1) AR AH B A T B AT AR s A, X B U 4m U
(IR RHAE AR 845 AF R TE BE B B (defect-free) [P B 1 (dislocation channel), M1 H
I BE Rk (deformation localization) %8 YEAZJE (de la Rubia et al. 2000). SEFr I,
A5 7 A P R B 1 22 1) £ 93 A S AN TR B, S T 57 8 R S 11 T e B 1 5, 3
PITAE Y- — P AE {111} A1 {100} ~F~ 1 X0 2 4 DU i 443 Ao 1 D 1 44 0 sk g i 7, 26
AH I (1) 2 4 D 0 5 0 A2 7E {111} “F1 (Osetsky et al. 2000). X T B AL &, 7EA
[ () i A A 2R, TR B AR 2 AT AR AR, QIO 57 5 S5 A0 1) A A2 B AE {111}

& pure Cu, RBT-6, T,,=80°C L= T =80°C

& 250 4= @mipure Cu, SM-2, T,,=80°C _,1'
ol ; . i

S & pure Cu, RBT-6, T},,=80°C, ann ‘."_‘-’"
<200

@ pure Cu, RBT-6, T},,=150°C

= 150 oo A" o o

& 6

Bl G4 BAE R B R BCR IR #9 K & (Fabritsiev & Pokrovsky 2007). RALT &
R o R RR AL BT A
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&7

BRWEARS SR B &K A EKTAL4 1) 7 (Briceno et al. 2013). JRAX
)3 Z R v IR RR AL BT A

(110) W # R B3, 70327 S5 10 A A N A7 B 1 R I AE {111} (110), {111} (112) F1
{111} (123) WHE R, b nl W, REIEE R EIALH 5 BATRE 0 23 1) 43 A 1 S Fa AH B
VEH B AT B B 3 R k. e — AR BEAR T 0 7 A% 1 b (9 B B 5 i 7% A i AH B AR
R R A B K, AE 25 T J A B 038, [ I B8 A7 4 i 52 380 1) BHL ) 4 R RIS, X R A 4
W HETE A [ B8 2 RS 5, A PR AR T AL R X O 5 5 R A, TR thil e
BE SRy 3 (R SR AR TE (de 1a Rubia et al. 2000), 41 B 8 Frx.

e Ah, WAL B B 1) Fl 5 A ottt B PR A AR LA S e 8, 6F T 52 A RS TR 4N b
B, 52 K5 d SR 2R, SR P SE T 5 S0 B A 2 1T B b ST R O, XRS5 3
i B P R ST i S 1 DX P (R B T 2R, T R A I Bl B DXk, R 1 I 7 0 A AN 1)
AY 14 T2 55 W BB AE SR 1AL (Nita et al. 2004, Nita et al. 2005). [F]#EE 25 5
MEREeR, 28 i SR A B 2 5 G B AH AR, SEERIFIE R WY, 2 i St ek 2Ol T
B CERBE A, 201 B AR A RE P BB 35 B (Yu et al. 2013), 41 B 9 B,

2.3 BRI N FIERERI R T

o TR B4R 2 0 0 2 P BE D 5% AT AN 2D SIS TAE I WF T (Blewitt et al. 1960,
Sharp & Makin 1965, Singh et al. 2012, Singh et al. 2001, Singh et al. 1995, Singh & Zinkle
1993, Victoria et al. 2000, Zinkle & Singh 1993), == I 4 8 MR R B . 48 M5 R 252 6 44



M E -, R, R, B, BUERES - SRR RL ) A T B I R A R 9

& 8
R E WAL 48 @ ¥ (de la Rubia et al. 2000). BAX )T B 4% 1 B H B &

9
B ER S AR 2 5 FAE R F B RIK (Yuet al. 2013). BRI B RIERE R T A

A K LR 7 22 PERE A5 M. AEARIE AR SR BRI, 5 PRS2 4 U 10 0 225
P 2 BRI B A AL | R TG DL S T AL AR A%

X T N7 5 S R < SR AAORE, R A A e 4 b o 4 LA O A PR, A
SO N7 B AR 1R < R ORE AT SR ABL R A SO, S K 25 (Simgh et al. 2001, Singh et al.
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a 400I b 300
OFHC-Cu 0.3 dpa OFHC-Cu
t Tin=320K 250 0.2 dpa
300 0.1 dpa 0.1dpa |
® |_ 0.01 dpa < 200 0.01 dpa AR
3 2001 e i < 150
R R
B E 100
100
Tw=205K 50 To=Toun =373 K
[ S i i i | 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
N2 /% NAE /%

& 10

(a) 4R B9 5 B8 51 A7 B0 7% h 4 (295K) (Singh et al. 1995). ARAX T B Bof /R BAE BT A
(b) 4 B9 4% B8 K7 #7 I 7% # 4& (373K) (Singh et al. 2001). ARAL I & B of /R W RRAL BT A

1995) 8 3o of 4 AR £ 5 <A BEHEAT T — R SR IS, e I B A e R 0 8
FRLIC) e e 2 ) 25 AN B TF, [ IS R4 B0 S e 1 2 AN B, 4 ol A 224 e TR R
IS (i B 007 58 B K T 0.1 dpa), ARFSS I i I s 0 R B i IR 5, B it RS A
(post-yield dropping/softening), 21 Bl 10 Fras. A8 Juf JIi i oAl 1) 32 42 Jgt IR 246k R
HEBAVEAR TN, 4 I B 2 BELAS B2 5 (R0 A%, AR R i AR A g BT, BT AR 29
)L LA 1 B8 A7 % R e 863 VR 2 2 S R e B ) BEL A B 0, 2 0 A% 1A B L 8 9D,
M T - SIS A7 B W B BT s 1R A B e/, B i R RS Y )R BRI LS. (EAS
TR, XA AT 50 R B I — 8 N A2 R A, SEBR bk e e s ) IR B Y
JIEACK B TP AL 0 58 4 B e K B Bl I g FR 9 /N RS i 1 5 - B0
) N g BRGNS N, o B AR R AT, O KON R BN Y ) R I T A
B I T ) S, WA 2 H DI e IR RO B Y T B OISR 2 TR R R I, KRk
e FRJ 8 RS L 20 I g 1) S5 M K A7 5 S B ) S 0, o b B et R RS 1 ) T e ) 3R
%.

FEAR L SETT G5 K (< Jm A e, Bk B FL 5 o I A )2 AR, B 22 09
5 (Jiao & Was 2010; Lee et al. 2001a, 2001b; Luppo et al. 2000). i i AH 5 s 46 ]
TR W, A0 S5 S5 R < S MORE 2 B IR DL 1) ) 2 1k e 0 S5 S5 R AR FE AR
AL, G T P o TR o () A 5 ) Yk ) PR A R SR ML I, R U DL R R )
THOUL &35 60 0 i JE 280 7t A AR L PR S ), 4n [ 11 s,

PR TIOUE 25 A6 DL B i Rt 1R RS el i A A AT 0 25 1R 5 ). 0 T Rt i RL T 55
A R RS BRI, AR IR AL 28 S 2 B PP RL RS — B (Victoria et al. 2000), W1
12 Jroi. H 2 2 SRR I/ I, A PR £ 258 g 32 38 RS D 3R R S . 9 2, 40 45
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a 400 b "
350 1 b T =Tt =293 K 400 i Tin=Tiest=523 K
300+ 1
£ 950 it 2 = 300
= [al
<200 = A
R 1. Fe, A4 ~ 200 1. Fe, AHRH
3 150 2. Fe, 0.0013 dpa R 2. Fe, 0.008 dpa
100 3. Fe, 0.0017 dpa £ 3. Fe, 0.0014 dpa
4. Fe, 0.33 dpa 100 4. Fe, 0.034 dpa
504 5. Fe-12Cr, A4 5. Fe 12Cr, A4
¥ 6. Fe-12Cr, 0.2 dpa 6. Fe-12Cr, 0.2 dpa
[(] T T A T B R R S S P 0 s . 5 ; = i : i —
0 5 10 15 20 25 30 0 10 20 30 40 50

NAE /%% 7E /%%

& 11

(a) X% BB WY RL A7 b A% #h 4 (293 K); (b) #K48 BB N A7 B 7% i 4 (523 K) (Luppo et al.
2000). MRAX 3 & B e /R IR BT A

a b _ i
125k oy = Cu(100) A |
e 118 r{g:) = Cu(100) 4@
] L - . - : nm
£ 100 £105
-E 75k E 1 h‘?
y - R
> | e = Fu
% 50 - = =7.9%10"dpa % » s B el
b ==++=6.6X10"dpa = '
= o5 - =3.9%10%dpa E 102 . .
: 1 | ppmormns. = A -
ol o #3813 X 10" dpa A s Y oempx |
0 0.25 0.50 0.75 1.00 1.25 1.50 100 1000
AR Bk /nm
12

(a) 3 547 B9 42 V8 R H7 B2 h 4 (Victoria et al. 2000). ARAT YT & B o /R W BRAL BT A5 (b)
Rt At Bt B 5480 B R A7 B9 B (Kiener et al. 2011). WRAUT B 4K IR & H fT &

X ROT A 80nm F| 1500 nm 4R A 0 AT RS I 0 2 P e s, A B TR
FAAE— AN S0 RS, 2 8 RO /N T Il J RS I, RS 20 B 8t 1) ) 2 1k e 3 3
PR R, A MR A 52 i m DL > RS OR T il SRS I, 4 JERE A0 K 1 32 3 LA,
B ROST  2e 0F g 2 MR R LTI A 5 I (Kiener et al. 2011), 401 B 12 s, SEFr
b B RSB /AN IS, 75 THI R A 350 57 B Y5O A i R M o R e AR A Bk A
3 737 I oKL P 08 67 R R 5 2 38 R e ST PR S W, KA S I el AR I
N T S5 S50 AR P IS ) i DA R ot o 2 IR, IR A B A 17 4 R B ) S iy iy LAAF
FEIXAE I 50 RAT, 250K RO T il 50 RO IS, B0 ) 2 PR e 7 o Z HL B
T F (dislocation source limitation mechanism); >4 & F ]S K F- I 53 RT3 0 220
P T Pl A B e R R TR A AR e
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250

N pure Cu & Ni
200 [} "'wt — & pure Cu, dose ~0.1 dpa —

il
e
dose ~0.1 dpa e

150 #pure Ni, dose ~0.1 dpa

100

Thost="Tirr B |

& IR 7/ MPa

at
@]

0.2 ) 0‘.3 ; ) 0.4 ) ) 6.5
Vb
13
I8 JE x4 B RE AL 0 % e (Fabritsiev & Pokrovsky 2011). kR A3 & B /R W BRAE B &

[

(=2
—
o

=

= 60%, A1
50+~ 53%, A4 CuB2,CuB1AIMOB

£, SM-2 reactor, T}, = T}, = 353 K
=4, RAEH

“a MOB le
" CuB2 448, 0.0013 dpa
e 404 :H"‘\._ ; CuB1 E
>~ o R, = i & 4t 0.0098 dpa
E\i— 30+ J‘}m o ﬁ 10° = 44, 0.1150 dpa
- ", - x>
® 20 5Ty, = —
[ B "3 ) T
10§ g 0.0098 dpa - ES T
| 0.1150 dpa 0.0013 dpa [
lor 1o 10 100 10 10° 5 010 012 020 025 D0 0%
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35
i FIE /dpa S AR
14

(a) MEEEEEEERENXZR (Fabritsiev & Pokrovsky 2003). FRA T Z Bk RO
R AL BT ﬁ; (b) MR T AL 2 45 IR x % (Fabritsiev & Pokrovsky 2003). R AL
V3 % B R R BT R

TR AR 2% R WM R I A SR A AT Ay . T A A (R 4% A T S 7 4 e A
HEAT BN RS ST, AATT A BT AR R) PR SR A fF T I, 3 B 1) b 2 A0 i e
I FEBE 59 (Fabritsiev & Pokrovsky 2007, 2009, 2011), &1 B 13 Frzn. 2B 525K
S5 A A DA SE RS 2% (Singh et al. 2001, Singh et al. 1995) )48 I S0 45 A (W
11 JioR), MR AR AE 0.1dpa JF BB A 205K 72 373K B, i i3 ) 0 A
300 MPa | [ 21| 250 MPa e 47, 745 5 6k B AH T AR H (058 99 55 07 485 BT AL 1R B SRS
O, LB T v, A AN 52 BT Aot L 2 A 8 11 R e (R B, AL o R SR o BELAS T
CAIPAE =4 i

TR T 2 3 BUb Rl R RO AL LA, 38 25 5 | 4 FRUIE 16 RN Dh it 4k 3R 4001 BEAIG (Fab-
ritsiev & Pokrovsky 2003, 2009, Odette et al. 2008, Odette & Lucas 2001). M 14 1]



W, REd, R, sEEd W], BOSEE o SR ARL ) A A 1 e R AL R 13
LAt A e A ORE 0 2 JRE A1 A B DI A 28 EOROR e L I A S 35 1) 1 B, O ELX
SEMAEE L AR H S B IK), TREIE HY BT it 5 A0 P ARk A0 2 [7) I 42— 1R 5t € A1)
PE, SXHEA REORUE S5 1) 22 42w e, P DA R R RE FLAT I 4 R s RV e SO AT B

AT LRI T 1T 50 T4 R R 10 T8 B 8 DL R TG R R 250 g 2 M RE S I
SEUG T HE e, R LA Y, A MEORE AL S5 AREAS S 1R B AR SR L UL & DL R AR A I3
(i R AR SR8 ) 55 DAL 3 s DDA G, X AN [ ity A 8 40 (1 < AR (1T Lo 3775 45 1) %
ARSI G5, S AR o — B, EE AR OO 45 R e AR AR A I, AR TR
R PR A A W] B AR, BEAE LT SRR AN K BOR I A e, AT I 45 10 1 < J AL JRE B
AL T4 58 2 dn AR 8 IR D 22 VERE, B W32 40 i A RO EE ] & S RS2, kL Y
I8 PR R 5 A [ A 2% N 10 22 i P RE I Sl 2 R /D, PRI HE R PR TR
EIE G MR ] 5 IR SE e PEAN A, WORE BRI FEAE SO MO R i R HS. X RAT 2R 2R
FTHT R A KA AR, AR AT A 2R A S A G R AR R AT R (K AR SRR, [ I
A2 AR SEE JEE P fE R, A RAT AT R AP PR R 9 fE 10 R B 5 A
o ATLUR B, FR AR S m AR D A MR R S T 2 D 3R AT G, S B A AN
[Fi) 5 R AR AE AN R F FEPAR G 1 10 0 22 PR B, REAT B X5 A4 Rk A JERE A 250 e DAL 2L
TRER, T D AIE 5T BETE R (R 04 PR 3 (1 Aff ) S 10 552 06 4K 0

3 EREMRERBELEERL

<z e AL B A S R S 0 0 S PR R T DU S 56 1) D5 ik LR UL, (B < AR
2 e BE LT a7 i SR T S5 Al e o LA K% 4 e o 1 AO0HE 2 2 PR s A R AR AR e 4
I I S 56 5 ORI A8 o0 RORE AR 4 W RORE, B R REAU, S A AT 58 A4 ) A s AL
s VA QU1 PR e o v A G V= ] O /S RPN T P il o 7 e [ 7 N i 1
P, AT Y R AR T S5 5 20T S b e s AR £ [ SOW LB R O wl e, M v e T 22
HUE R I VE S 2> 173 J1 %% (MD) BRI 45 5) J) 2% (DD) B4l 43 18l ) 22 A5
e e ARG P U A SR T (7 8o 1) 2 TR AT ELAR Y, A6 KL 5 (8] #4507
B R PR LA b, AN [ 2R 23 b (KWL 5 EAT B0 0 2 v B, T 3 A AL 10 A B Ak R
SR AT Ge v 0 A, AT AR BTS00 R B 10 WA B (U SR s i R N )
). R B ) SR AR S _ERIE SUA A A DL R R W ) S AT D
FOAT 2K T3 3, A8 i PR AR 2R T RE RS BIE (7 0 g R B AR B4 T 0 L S0 4 e 52
e LU PR P8 2 W 0 2 e TR 5 X R Rk g 2 P 1 i 2 S i G A7 A DL R
ety S FRIAR EL A P, TR A =75 T X A4 e A O B R R0 R F 9 e B AT A 4 4z
H 55 i B AH ELAE i B g o AR EL A T LU P Sl X A ) 0 2 P E 1) 2 .
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(a) BAE Y E AR 5B A M EAEA; (b) B4 W ERS 7] B AL 4548 B4R (Osetsky et
al. 2005). WAL & B v /R W R AL B A

3.1 fIfE 5 REEEER

B MR A A S AR T A A I S RE N B A B, AR SR R S,
L A 2 77 A KRR TR ot g I BELAS A7 i R TR A, AT 3 S50 R A 1) 7 A4 fHL ot i 5 i
5o NATVAR AME BB S 007 5 5 e B AH LA R iR o R o 5 (B 1 T v, A AT el LA
O 25 BRI AL A 5 0 B AH B A AR I R, AT A N 8 R FE 807 1K) 47 B AT B

T 5 1 3 S ARSI 5T 36 B, T4« SEAT  DL TR A A A 2 A DY T A4 A
H AR AR R0 (Lee et al. 2007, Lee & Wirth 2009, Wirth et al. 2002). & 528 04
TN 21 2 DY 1R B T B A A L RO R AR 2K (Matsukawa et al. 2006, 2008),
R 23 3 7 S A5 AU R W 2 A DU AR e S5 A 85 A BAE G <& — RN E A 1Ak,
IF Hix sty tb il i i 22 48 AL I 247 5% (Lee & Wirth 2009, Osetsky et al. 2006, Robach
et al. 2006). 11411, Osetsky %5 F H 43 13l J) S BAUM 5T 1 J) A7 5 MOEAT 85 L5 248 DY 1l
PRI AR EAE FH, R IR E 45 B2 B DR/ o TUART S5 A8 3l 52 LA SN 280 1 A8 4 1) 5% i 25 )™
Az 5 FfR] 8 R 2 IR, Gk B S 20 KL ok B A A T e LA B R B A D S Al 28 2R R
FE 5515 T2 (Lee et al. 2007, Osetsky et al. 2006), W B 15 Frox. JRAIT &5 52 f AR i
WL AL SR A, A= 2530 3 43 1 8l ) S B R IR, YR A B 5 A A DU T A 9 2 — O
VE FHAR ME 5 S0 b 1 B e ARV oK T DA 248 3k 28 IR — R BB 4% () A LA A R A ke P
R EPE K (Lee & Wirth 2009).

T 55 0 B AR IR AL R TR TR A ELARE T, AR AN D031 3 ) S AU U
5T (Drouet et al. 2014, Nogaret et al. 2007, Terentyev & Bakaev 2013, Terentyev et al.
2013), Wi B 16 F1 B 17 Frox. — Bl 7 85 28 5 A4S 1A BAE -5 LA R R DL KA
B PR BT (V)75 BB SRR ) A7 00, JL R ReAT (1) MRS R R AEBIYL, (2) AR %
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a . b

S | mdamy

:*-":»’7"":‘*-*
ey

& 16
B WEARS LA EER B X & X (Saintoyant et al. 2007). (a) Ops, (b) 20 ps,
(c) 22.5ps, (d) 25ps, (e) 100ps, (f) 140ps. HRAL )T & Btk /R BRAL BT A

AL

{48 5L 8 3 4 B AE A (Terentyev et al. 2013). fRAX )3 & B v /R 1 kR #L B &

AR Sy Al T I RS IR B (3) AL AR A B (Nogaret et al. 2007).
3.2 MREEFREMEEIER
T MR B BR T 5 AL A AR F LUAh, B 2 6L B 5 S 52 e O HL o 3 )
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BB o S A % R (Beyerlein et al. 2013). BT & B /R W R4 B A

SR RE, T S WA K R T A Y R B, S8R A ) R o R R BRI (Bai &
Uberuaga 2013, Bai et al. 2010); & MG [E 2 51 5 A9 B AT (Beamish et al. 2010;
Campand et al. 2008), i S R A B B P A ) B 2 S R T R R R S KR
JE FEAIC (Borovikov et al. 2013), [F) 448 HE Gl B 25 3 B028 5 AL IVITEH (Song et al. 2014).
I [T S ok [ P Ah S T B B S A AR 231 3 ) S Lt g

ST i S BT S 0 <5 R AR v R R R 03 A, T RIE 9 R A 3 AR v A 1 ST
J5 G R R RERAR 00 37T G5 R AL RE. 1 ik T i S5 AR, NN 2 RIS T AR
(Sugio et al. 1998). £ (Samaras et al. 2002, 2003)+ i (Bai & Uberuaga 2013, Demkowicz
et al. 2010, Demkowicz et al. 2008, Demkowicz & Thilly 2011) SRR d SN dE R B
[P MR: XE A0S 7 M RN S, EZELLER (Perez-Perez & Smith 2000) by 2. RV k)
PEAS —FF, (L 0] 48 [ B 1D 56 0 2 — BSO8R e A KR I Lk B RS A6
L sl B B 50 0 B A bE 2 R A, BRI BE 2 5 3T A% 80 i A e, TRD I e S B
R RO R TS B0 2 ok A 8 g A T A 8 PR XA BTG T R P S A
R 7 1R85 5, DT A A ke B R 2 5 300 5 s — 2 V5 A T2 B AR  PA AR0 J22  DU 1 A £14
B b, WL — 2 I PiiE AEH (Bai et al. 2010, Beyerlein et al. 2013) , 41 & 18
IR,

il FAE WSO A BB DL, ) 2 R R o A R 8. A Ay i o &% 1 1 44 Y
S BEADRL, <5 B R U A MR R AT ST R AT B R S AR T R B A0 ST
7 G5 R A fh F 00 5 R S R, R I 2 SR R B U, R R R M K
R, BT A SR WAL PR e R B 2 S A iy S0 B AR A BN B, AN TG 453 i R F ) 2 1 o A
B (Borovikov et al. 2013). {E 54 H 4, 48 S & 5019 0 24T M BE 58 A WIRIOT 46, 54
FEAR 22 ) UL A 7, 52 8 RS 5 1) 2 0 0 2 Pk g 45

M E, AT T RUR R REROIRES, T RE DR FE LA BOFRUEAAAE. R EIA
SRR N 3 AE I, 8 R A SRR M R A AR, AT S R R A B
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19
IE PR B AL R LA (Campaiid et al. 2008). R E X E W EF 2 H

o R I RS, N A I B A R R I, LS R E MR R R R AR R AT
I 731 3 D) A AL, WE T TR PR R X A N PR T ) S, e LA B T A
PET, A T BT B sl ST T 2 (0 A S 0 LR 3R IR A AR /DN, X AT e IR Ol
T A 1) B SR A R TR R RO R R A, T A A SN A S T B B E IR, WL
19 (Campané et al. 2008). Ay T AT 5 M SR [0 2 fh AR 530 M, A A5 40 1 0 44000 37 7 &5
Hey Bk T 2 i R T R T A R REIE A, R (1) R AN A 2 7 A R B 1) R B [
I AE BT D) 3 AR LT S A2 28 5 BB R LR 3R, IR SR 2R ST (2) 2Rt b
F1R 28 JH R B T BB TR A% BRSSP (Song et al. 2014).

3.3 BREREMME N FIEENZE

Li 55K H 73730 J1 28R 7 i 90 T 4 BN S A AR 1K) 0 2% 4T 0 (Li et al. 2013,
2014), %R R FT L Bl 1 N % I AT gl K 2, JEE A 11705 MR, AR
) 2 T AR AR O R o PR S A I AR DRGSR B D B AT A
R 4555 7 2 R VA T, i B 20 Pros. 7R GRS BRI B0 T, S a3 2
B AL AR B, b )R AR 5 iDL 3 HOF R A A, i LA AEA S
LA, i RO B o 3 SS0RR 0 A 1) A PSS R A 5O T 4 TS Bt A 0 67 114 384 Jon o
A5 RS Y0 T e Ay A ) i 22 7 0 386 o — B DS, B 21 TR, BRIEET S, P
R (0 SR AR T I T AT A AR {111 (112) TR R IR, (65 B E Ak, A7 n)
TEAZ IF AR ke, AT ol ALK 54 o 0 114t I 2 7).

SR FH A ) g 2 RS ADL SR AT 2 T S5l B K A 1 O 25 P i 110 5% W) % 3 3 0T 4R 4
A 14 20T Bt (Arsenlis et al. 2012, de la Rubia et al. 2000, Khraishi et al. 2002, Li
et al. 2011). 4, AATIRI 048 B J) 2 (10 7 32 2 BRI T A0 7.7 45 K Bk A R AL
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64 = = KM w
0.2 keV ...r'-- ]\
0.5 keV [ Y
£ 47 1.0 keV _.ll';ﬁ“‘: i |
U 2.0 keV “ﬂl . me |
S 24 - 50keV “H,I = 1 B
=
= 6.0 keV ‘_,Hl"
04 7.0 keV -
-2 ; ; ’
—0.02 0 0.04 0.06 0.08
e
20
AE PR AR R A7 ML R 1 4k (Li et al. 2013). ARAR )3 B Bof R M RRAL B A
a b g0
6L g "
o m - %
064 F W SRR & 75 I ~Ja
@] Q & L] &
o | T R I8 T
P Z 70
¢ - ;
EGO‘ !‘II-'I"l '- §65 +E
~ % =y S 1
& 53 b ., ¥ ]ﬁ W E AR
* e AT IR
. ; H ’ " 60 Lt " . i "
0 10 20 30 40 0 10 20 30 40
c d g0
65 BRI
& L | i & AR,
Y 6o p * S I‘:.
F = a
§ 55 L E i
N v 65 F
H L “T;‘
= 0T e s = wl +2
45 W ORARIRE A 1 &
'l Il B i i 55 i i i A L A 'l
0 100 200 300 0 100 200 300
I H B H

& 21

BN R RS KR (Liet al. 2014). AT X EHEF 2 H

(PIHLER LA K TG i B 1) 47
AR R

WAL BT A

BB R FE (Arsenlis et al. 2012), 41 B 22 fT~. %4

SR 1.3 um E{’J_Lﬁﬁi ﬁEP@/‘T%BﬁAi’J’Uﬁ?EE’Ju!E LA B
E. BEA IR B (D250 %5 B2 1 AN BT

P A PR, 3 Al 1 Jon 223 Wi FE R0
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a 1200 " " . . . b
—2.64%10"m"|
8.15X10%m™
——3.61X10" m I
e 1.63X 10" m ™|
8.15X10"m""}

s A
e

12 1.6

& 22

(a) %3 B8 ¢k B9 I A7 7% 1 % (Arsenlis et al. 2012). WRAX VA & B o /R W RAE BT A (b) &
B B B R A Fo {48 3 (de la Rubia et al. 2000). FRAX VT B 8 H R & H BT &

TR = 1.63X10" m™*  GRFEEEEE = 3.61X10* m™*

R

BLFEHE =8.15X10% m™®  BLFEHEE = 1.63

23
T E MBI EE TR R (Arsenlis et al. 2012). AT F B /R BRAE BT A

FAREER it I 2 g 23 B 22 38000, JF HLSALBR 3R 3 BE KT 3.61 x 102t m~—3 I, Wit sl W s 4%
FERL i i s n A AW R BRI D T AN BORBILAR b 23 B 3= A i s B, AT 23 M
TR S AR IR R BB AR TN A DL, A B 28 W LU Y, AR AL A 1Y
ERT 3.61 x 102 m=3 I, BAVEAR 22 MUK 10 38— A AR T e A DAy vy 58 )y #8 A £ 2
PEAZIE, JF HLAE (112) ~F- 10 s W] R K Jo s Bl I8, S5 b, £E (112) i 373 39
J3d R, BT CAAEIZAN - 1] L PR e e K 5 8 2 0 S 8 E 2K, — BB B T 4 A AR K
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FE LV 1] L8 RS A7 05 38 B (K01 A2 B DK 1 B, IXFERS 2 BCZ MR ) B 0 1R B, TR I
77 A SRR A PR SR A AR T I B e B P 37 A

AT T BELRIR TR B AR AU 5 200 7 i T i s A R TROOL L D A T
X G5 R RS E AN ) 2 I B AR S . 3 e (R AU v B A R sl A P A B
e, [ I A Bl T B S ol [ 06 AR 200 0 2 PERE R S ). W LA HY, e T o 1 B 110
AL A2 MR A 5K 15 R0, A e A2 B PR AT I 2 5 1 A8 (64 e A2 2% (R AT
HAER, T I S AOUE R RE PR i e RISz 8 1) 36 4 5 S0P R AE 25 RS B AR 4 T
B A BRSO 1R 7 TR 0 LA PR LB, 8 S N7 AT O A R R B 7R DL B BT
R TR PR AT B 3

4 ERMREERELAIERRE

e S I U SRR AL (R &5 2R 3 AT A G I AR TE DL, a3 A D% 8 R A Ak 2 18
AR SR T A R 2SR, I 0 i e o X R R g A M RE R I AT AT B
HIF 1R Py A0 P A A B A 0 3 B SR B VS B AE 0.3 T LUK o IR TR I 22
SRR AV BT PR IRAE AL B BB R, AT o) O = 2R: (1) 2 R RO 4 Ik [
L5 5 U S A 10 2R PR PR A RS 20 2 A 20 A0 S I R IR e o 2 g e R
BRI R, EE A RERTIR AT RAE BN I8 R b (08 I8 0 2447 05 (2) ZE AL gedh A
SR VE PR () o R R AR R 2 TR A A 2 S B e R R P BB AR R T
ANABE NS 3 A B4 4 0 A RS A AT Ay, T LA o 57 i 26 P52 Rk s 8% 82 ) D A R, T A
AT R IR T e Al s PR R R ) S AT D, AR BT 2 RS e S 0 R 2 R A LA
(3) A M AT R R 2R A A T A SR MR R PR Al b, B 1R P 8 T T R
L5 A7 A 1R 223 ) AT EL A P, R A s 2t 4 3 A sl B s A ) ) 22 PR e R Wi O R, T T,
K o3 0l A 41X = ORI ) 2 BN A

4.1 BRENLERE

BT LIRS WAL 52 58 RS g 2 P ) SR L, DA A A S s A5 3 B T AR Y Y
AR HECRE A0 R Y SR A R A R I B PRI S (Blewitt et al. 1960, Kojima et al. 1991, Lucas
1993, Odette & Frey 1979, Singh et al. 1997). 4@ Rl 25 W )5, KW,
Je R R ) 25 BTV, D T A ST O A R R U e R A 2 TR IR, DA R T 3T
R F XA (dispersed barrier hardening, DBH) #5724 Y DA Ay 48 RG0SR I 148 TR
S Bea X v B AL B TP BEAS, 75 58 2 7 (155 FE BB HEZE T (Orowan 1942), %5 REAg AL X Ji il
ML NI

7= o/ ubvV'Nd (1)
For, e B0 b 23530 A R BT DDA R RME RS SR KN, N d g ) 2 kB R RN K



M E -, R, R, B, BUERES - SRR RL ) A T B I R A R 21

N ol SRR BESRE S, PR IR AN [R] B0 e B TR sk, SRS IS, — T
TR TALE IS o ~ 0.3; EEF VIR o ~ 0.2; T o ~ 1. {H 2T 51 XA
REI LA FITIU A e} rh 3 U ke S S0P Jee IR 12 ) 8 8 i oS Jt iRm0 24T
Jei e RAAC I G, 3T )51 DCRE AR A R O AN BE 45 H AT Y. 1R BEAR AR, Dy b, AT 7 f
R4 TAER AL I (Blewitt et al. 1960), “F #2542t 1 W B 2K 55 U 4L (cascade-
induced source hardening, CISH) B¢ (Singh et al. 1997), 2 3= 5 HALZ A 4 46 5 2L
(09 Je R g BT ok BTk 22 o8 — LA (Frank Read) 7 48 8 78 58 B4 1 o DUBOR H
RLA. AEJE SEI0 2R B, W B 2 K675 3 YA A A R O F AN BEAR I 1R 138 — 28 5 AR 4
M) %# 1k BE (Robach et al. 2003), [F] I 3% 44 7% 1848 UM, 15 46 BRI B 10 OC &R (Singh
et al. 1997), B HAT — & (1) Jmy FR A
4.2 RRRRIREEHRE

LA, 4 T B A Rk TN i P < e AR B W g 2 g, AT URAEAL SE Y
i R P8 (Asaro & Rice 1977, Hill 1966, Hill & Rice 1972) FI3& Al I 2% 18 45 M i
AEONE FR 52 W), 1T A e TR T R B BEAR R O HLAE SR BT L AR
235 ey A5 D] 2% 000 i T < Jos ) 2 P RE ) S M. A% 8 et AR SR B A BV B S SO R R
VPR TS, 1R R o IR SR N AR R — i R T IR 9E ) (Hutchinson 1976, Peirce et al.
1982)

3 =0 ) Tsen(r®) )
Forb, 5o B om 53 ) 2 2575 N AR I N AR AR AU AR B, T SR A DNV B AR BT Y )
& S VIR ) (CRSS), RAEALHTEAH N 1 % R I AL M 5 2 BE. X T 4% 4 o
BEE AL B0 FR) s A R PR B AR 55, I S 00 I ) — R B A5 A T A 1) it BEL ) (lattice
friction)ro~ 7 55 AH FAE IR AL AS T A IR B ) 70 (B2 A M 2% T IR 85 ) ) (back stress))
A B2 AL Al 2 R 0 A At g 7 () 52 W0 7o, R AR RS R0 (Hall 1951, Petch 1953, von
Blanckenhagen et al. 2001, 2003) 5% 2% & A4k} o 28 5 S 520 (Lu et al. 2009). 4%
PR S8R N, A7 8 e B AR L T S O 2 18 B A R R I ) LA A T g, e TR
sir VR S PR R s S DY g 1 — OB AT o Ay

78 =110, T, TS, T (3)

TN THT, ] B[R AT A Sk O T R A 2 1 B B TR AT S .

TE B I DX PR A AL ) 6tk b, AT S IO 37 7 4 WA RLEE ST T 3 T
B RE (10 T A B P B (Arsenlis et al. 2004). fE %A A4 R) o R SR UE T A7 S 2
T PR AR LA FH RA S A 5 e B (s D T ) AR AR L, 9 HL AR 2R AR A e o ot J32
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Sl 3 R /INA 5 T) e 2 a4 R 7 £ S8 A e R v DR e AN AR T e g s
AR R R S5 RoT R a8 &, AT M 1200 2 & I 1) Sz A ) 22 kg,
I HBe 8 58 1 1 b5 SE 0 B0 LA, Re 8 A7 R0 20 i A AR AL I B 5, OF ELASE AL e 22 B
A R ) )8 T L R TR AR R sk o R TR I A3 R 1T R, I S 56 W ¢
5358 )3 A R0 5 SR AHIE TS

oo WA AN A5 O e TR T AR T R AR 1) THT O 3777 45 R R ) A TR A R AR TR (K-
ishna et al. 2010). 1% 8 I\ A Il 5 U1 Y. ) 35 BEAYE T A7 485 AH ELATE H BL S AT 5 -5 6k b A
BAEH, JF EHL IO S A5 A0 A A T — o A BEE A, A R ROBE M 22 R, 1%
PRI B Bt (00488 3R AR A T M T D PR 8 D 22 AT A, 0 360 i PR A AR S it Ml Ak
LA IR AT S W sh N AN AR 4SS & BRITHI 5k, AT R Z R BRI T 48
Z A 1) 0 S PR RE, O B A DG S I6 45 R W) 5 B, AR R I — 5 1) A B

75 3L P VR AR I (g At 2 AT T A R TR S AL N7 R RHEH P i R e A
B, S BT T AR AR (0.05 < T)/Ton < 0.2) TR REG 5 5 J AR A7 1) 4 AR AL
WA (Krishna & De 2011). %M RLK i 500 1 ) 73 A FAAH G MIFRTG 5 P 73, o 4
TE IR RIS o Fh A7 e 2RI o R T R, T AR S D 20 SR T R R k. i
AR Hr, B MG g e PRI RE A O, AE — e TR LAY, Il O I A R R
T T BN, AT 3 A o ek R P R R LT R S I g R TR B0 ) S
I, I L AH < S50 2t W 5 LU

W A A 22 5 T IR R AL 7T S R REEE ST T IO R LR I PR HESY (Patra
& McDowell 2012, 2013). % RIAN 53550 25 18 1 48 HE= A6 1) A G5k s T2 6 A B on 433t
FE I AL A, 3B 23 A7 T 46 U AR (Bullough & Wood 1980, Matthews & Finnis 1988).
A ES AW #% (cross-slip) (Rhee et al. 1998) FIf7 #i2£%% (dislocation climb) (Mansur 1979)
A5 DR N AL ) 2 P e AR TR 5% . S 5 A PR OC T IR A, BB R A S T
A = A 1 R A B R AR TE I G, I LB TN 1) 7 W 2 i TR A RS S B B
B AE R TR TG RS R D R (R S O T O

DA B0 R o 0 S0 A 2R 0 o R RE e 280 1 %5 18 380 A 00 ) AR R M PR HE S A
FERT AT B B R v, AN R A A AH EL AR G 605 7 i T ke g 00 67 44 3 3l 1) BELAG 4
J3, AT B 4% A B0 T RSE A 0 . 7 0 6 85 32 S A el R v, A2 B I A% — il 5 B30 TR
S ER PR R B B P O ) S, A A ik o T B 28 A T T AN T AR, IX 4 S BOR R
KT SRR BB AR T B G DL S 2 e ) e ik 38— s N B e R R B Y ) T R
(AR L. R 7 b i P O A 20 o PRl o 30 5t P b 2 P U ) A R %, A
FLANBE MG A7 0 1 1 38 4 U e o g 9 A 7 0 100 2 ) AH T A T e S 56 U 5 R 5 {1 A6
PR, 5 W AR AR B A B S RRRAE S T, TR R R R AR E BT R R, T LA
G B 55 A R RH LA R AT AR R 0 0 R, A T B o A e Bk B 5 A7 B R AH




M E -, R, R, B, BUERES - SRR RL ) A T B I R A R 23

YER, FCAR AR HTIR 23 ) v o 2007 LA 2% R e Ab, S AN o ROPE () 4 FEAS A 56 3% 31 %
A2 A RE 0 2 o 01 5 RO WA A0 R A% S0 A BR e T S5 3%, (B ARHR 02
A PR IT I VA B T AR A B A B R A B AN AR B U 8 W ) 2
(Taylor 1938), 1M1y W& 1 foRr 2 18] 3~ 1) DA K i 5 45 DR 3% S B0 B g 70 A1 AN B3 5 1
(Wang et al. 2010a), [F] I A RICE K THE AR — 2 2 B RS 73z s,
111 32 7 B AR B A AR RORE T BOR AT FE 2 3, s 3 Bk A9 R (Coulibaly
& Sabar 2011, Paquin et al. 2001, Paquin et al. 1999, Sabar et al. 2002).

4.3 EREFKERE

e, ELAE Sl Ak 0T A4 0 N7 7 4 A R T /0 37 7 4 R () B R R BB T AR
(1) % B AR 5Kk S A 7Y (Barton et al. 2013, Xiao et al. 2015a), #4175 18 T A7 8538 (14
O SZ TR RE AR 2 B ) A DY T AR (IO 705 AR R S SRR ) W R A
F 2 B AH EL AR T, 18 T RE 8 A 280 B AREA0L 52 Jh IR i ARk R A S 1 AR TR I 7 A 1) Jm) F AL
IPEARTE L. G B 24 o, A4S I A 1 1T Ly i B BT 78 AR A T A AT N, T RS A
W o5 5 R I R AE A ELAE T A AR T RS T TS A B BRI AR R AT AT I AL S
RLA PR A AR T AN 2 Az 2 08 T A%~ 1 - 2 i DU T A4 B 6 5 AP TP AT I,
DUK AT L% — 28l T 2 A0 DU AR B AT — 58 1 LA i B2, T DAAE X AR IS 00 T A2 S
28 DU T ARATS A7 AE A B AE F I %6 (Krishna et al. 2010). " [0 DU Gy 37 5 &5 440 4y 451
A A R A A R PR LA P2 [ IR0 B ROST 2000 R JEE 280 I 0 A e A ) 2
RE 1) 5 MR, JC T A0 N7 J7 45 48] 1 8 FE A A 5K S A5E 2R W WL 22 2% SR (Barton et al. 2013).

A58 IR L 375 G5 MR RE R S B8 A2 1) DY T A BELAG AR T, v B8
Z o P, HREEAEAL RN ] R8N (Xiao et al. 2015a)

Tg:bu\lhdZNo‘:Hﬁ 4)

Ferp ha FE G B AE AL 55 55 ZR B, Na A2 BB RE A1 T (0 2808, 6 2 B DU I AT 55 Na =
4. N FIHP G 5 S8 A7 B R 1 Bk, e R

N®=n*@n" (5)

i
HP = Nyeedaet (I — nP @ nP + P2 65nP @ nf) (6)

A Naor T daer 73 90 A2 i B A4 25 B AT /IS, m@ T mP 43 3l 2 3 B8 A7 i R 65k B e i ~F
I L ) B, 68 T BN TS, P, A A B A R AR A BEZE (Krishna et al.
2010). WEIS S EAMHT, 72 (4) h, N R HY (4557 KRG 2 ne B nf SPATH
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P A

PO B AR 5K B N B 52 B Sl BARR AR 1 703 ) 07 ), 10024 n® A1 nP ASSPAT IR A7
BrRR Tk E N B B FE R AR I Y11 7 W (Wang et al. 2010b); M) EEE X |
OHT, 24 n R nf SPATIE, N R HP (045 5328 70 A7 B R e 583 1100 ABE 3% 48 floh 53 82 iy 24
n® Fl nf ATATHS, N R HP (8945 726 70 A B R [ 1 32 5 B BAR i 50 (4)~ oK
(6), 24 n> 1 nf ANFATHS
N<: Hﬁ = Ndefddef[l — (no‘ . ’I’L'B)z] (7)
KRR, 24 n> F nf PATH
N®: H* = PJ, Naetddet (8)
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il o 2 JEE TR VR A A, g 7 AR R gl o 1) 2 TR A ELAE AT O, DRI, i S5 T FR H i B
FEPRZN (Barton et al. 2013)

Ny
13 (N HON® ©)

Ferh, o i B K R H, 6 T AL TS S5 RIS N = 120 S (9) ATRUE Y, 7E 8
T PR 5k B V5 A 52 31 BT A 9 A% R AL RS2 e, O HL R 5 0 2 2 1) 1 .
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AT T D12 MEREWT T, RIAE — E M4 B & R AR AR AN I AR, 25 5 RO 7
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5 RE I WL RS BN ) S M, i 70 A B 0 S MR R 2R (1) AORER N AL B UK O
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et al. 2010) 45
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Horh, oy F oo 43 ZE TR IR i MR Y. ) FIAAREBE IR S R R L, d @A REIR) JLAT R
kA on R MOREEBC ST 2 WAL 0= —0.5, 5 (10) BRRF BV E R — 7 (Hall-
Petch) ¢ & (Cottrell 1958, Hall 1951, Li 1963). XF T ¥ # kL n — M —0.5 ] —1
(Kiener et al. 2011, Uchic et al. 2009). 7] LA 2, BEM LR S B, Hw IR ) #2
BN AHE, (AR R B, AR 2 S RO RO AL e AN R 2 AR A
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LA 2] Bt 2R I 2 R Tk %, 2 SR A % B 02D, Ok TRAIE A A2 8 1) A
BRSPS AR T, A S 3R Bl a0 20 B F e ROSE 8N T RS N (Kraft et al.
2010; von Blanckenhagen et al. 2001, 2003). AT, JOST RGN 6 A4 R i R Y. 7 ) DT ik TS
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1ub ‘ (11)
fﬁflnﬂ FAL iy

Horb s Bk MRV S, g = d/3 RATEE RS (Kraft et al. 2010). BEAL, dicki )]~
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AR /RN (Zhang et al. 2013)
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Forp, kg 72 SR TG 0% HL A TG G R A7 B B B 1K) ZR B, kg s B e 5 R A G ik o7
K FEL (Beyerlein & Tome 2008). ¥ B (1) b T2 T SUAL AR EE KB 1 39 98, DT A
VAN B LR B, AR W B BRIV S N ) 9RAIS, a0 B 28 Jras. BhAh, 75
5 PSE P A 2 5 Ve ik o %85 FEE ) VB A, R FEE 0 2 5 W R A B RE (1 AL

5 =, W BE TR AR A 5 5 W A B AH ELAE FH DA R A 5 i B A B AR R s g9, o Sk
B R IR, i B AL 5 55 R EL b £ BEUEL BE IR T v T B ARG, X R AR R R R, AL
2 0 I KR R P 2 AR AR By, DT T 5 1 A0 B 3o R B, AN 28 o,

AT E BRI T E N M O R AL B A T I B ST e BBk UG, H R 4R
HERE AL PR O A — & BT FU I R, A 0% 1 (K LR B IR 25 1F B4 i ik
AR RO 43 JE ARL g 22 I BRI s e, A HE AR AR AL . DhAE A R ECR B 1 Ik s S N
B LS R RSB AR T I G A ARE AR IR, B AT A AR AR AR AR 2 Ak 7 B e
TTAERIBIEST, L v i F ) o R e i PR 058 P PR A 2R L S UM R A 1) BE A
I3 M1 CLRAS TR S5 R A4 8L (Un gl oK R 28 b L) (R e 2 B R A5 Wl LU 31, 40 BB
TR PR AT 30 e W T 53 A 171 AR B FR) P 5 M B P S 2 1 2 R S 6 00 5 R 0 A 40
(P45 ARG AR, IR N T R 4 e 30 A 0 (R BIF 00T 7 A A4 R 2 A8 1) LB DA R vk
B3 1) e A FEORE e R A AR R ) R



W T, e b, B, BEA D, BEERES 4R MDRL ) 25 M S A R AL 29
5 RBE

<z PRI I D 2 R B VT 9 A [ A ) 22 AR R R 2 A0 C RS — 8 (0 A e, T
R SCU . BE BN BRI IT 0 T B AEROURRE, A AT A sl B (R0 B2 s Ak LA &
JC55 (7 4 58 4R AN &5 K AR ELAE T LB T80 AT A AEZ R, AAT]
XA Sl K 3 AR PR A A e AR A R G P S5 LA R ST IR T e B 1 IR
it 5 I 36 U 2 AR AL T B IO AW T R BB B T 55 68 0 AN BT 18 ot DA K% e T P i
PRI PRI AN IR 56 38, AU RO BE R N AT 5 Sl 4 18 3 P o e 80 8 P A1 I 18 20 BT Ll s x
ML 52 8 1 2 W 0 S PERE K BRI ST 4R I R (0 SR, JF D8 vk B AT I R P I
HE [ 2 A PR 4 (I W] 58 1) 52 56 SO0 AN B SOy, HA, i UK W 98 A0 G 1 Ly i
S H A

(1) et U B N i 2% 1R MR IO B T S PR A T — AR AR SO HE rp b R
T AL v AR RO R L A, DL, O R MR s 5 AF R, B AR} 2 M RE IR SR AT
FURAT R A R R e AR RE R i s USSR O 3, AEAN RS AE R, A T
AE R AEAC KBNS, [R] I A2 A 55 25 107 PR AR EL ATt 8 32w b kL2 0 0 22 i PE g, T A
REAERAYU . IR TT LA RS 73 M A, IS0 AT 5 2 ] G5 A BB 10 0 22 1
AR i g 1 )

(2) i JELHE Ao 11 SO AL BERTBE AR 70 A i I 20 I 3 88 (1 e A 5 A A A0
HRE AL, D% T4 HEAE Ak 4 BEDL B (P U0 O LU BOE I, JF HLER 4 A R o 58 3. H 2
A 2% 14 e AL ORI ST 0 A B, T8 KRS 7 1 3 ) 2 RAUL AN () ik 290 5 4 52 e TR
R R T (K T R 1 LA B st 7 B VR AR R I A R I 2RA T D 2 R R AT Pkl
PEH T AE.

(3) ek S e s g R B AT EL AR P R NI 9. 8 L S0 s < BELAVG 4 28 02 8 10 23 3 3L
e A AL, ) IR S 6 4 02 Bl 52 B BELAG 5 7T e A 2B AT HT A8 e R BL G, ATl e il sk
B gk e B IX AP AT A BL G Hs 3 BB RE AT R 98 J5E 1A T ks T A, AT 3
BRI YEARTEI ™ A2 RN 3 W A 5 e B A EL A F 1 % Ao B S80S 1 A <52 A R
2 HEE WA 1) 5 00 2 e B AT R

(4) GUK S A6 < Jem AR IR A D) 2 1R RE. BE A 3 4E SR 0K BRI AN K e, 7 L 4
K G5 G JE ADRL B A T A% 5 2 ORI g 24 PR B, TR I LA A v 1) R B AT L
(RO, T 36T 29t 2% B e P RS2 A B, G A PR B B 2 i AR D AR
YR DUAR R AR RE. (EZ X T 9K S < e AR IR AR RERIE ST AR 0 AT B,
A KA 73 7 Bh 7 2 W01 5 4 T ol B L ot P 0 2 A ) R TEL A P Oxsk JFE ML L £ 2 oA
A7 TR, TRV IS T 4 K 45 ) < Ja AR 1) D 2 P D B8 20 A I £
PEIL A,




30 5 2% beig Ji& %45 4. 201505

(5) < JE A KTy A e i M AR T 9 10 22 JOBEHE SR, A7 i <& J 44 kL g 27 1 g
(R 8 B S SRS 22 RORE i) i, 3 A T A RO IS st R (T
MJZE ) Z R REE (40U 2 k) BA S SR RUBE (AR T2 IR) 2122 F RBE (R L2 X)) 1
L DA R L JSE ) G o A O A 2R 8 28 RO I 2 R L g 2 A 1) TG ) R
FIAT FR G AT 0B g 25 88 T3 ik, R 3 3 At RUJE R 408 0 - it i LB TR ot A
T3 54T I IR AR AT 5 KBS EE T 5 R g PE

22, DR A RO < JE AR S R RS W AW AT AT VF 2 s AR IR N T O R,
XL PR R B AT W MR R 5, R S R, w0 AR E
S5, P 1T BRGNS B BE 00— 20 PR B R 5 5200 TAR R BE— 20 R,
K et BAT RAF I AV RE R DU B RE R AR TR o (0552 o I P 535 18 SI2 (1 S it

o ERAEFEREIRES T (11225208) M 4 05 2% & Wi H % 8.

2 % x #

Alsabbagh A, Valiev R Z, Murty K L. 2013. Influence of grain size on radiation effects in a low carbon steel.
Journal of Nuclear Materials, 443: 302-310.

Arsenlis A, Rhee M, Hommes G, Cook R, Marian J. 2012. A dislocation dynamics study of the transition
from homogeneous to heterogeneous deformation in irradiated body-centered cubic iron. Acta Materialia,
60: 3748-3757.

Arsenlis A, Wirth B D, Rhee M. 2004. Dislocation density-based constitutive model for the mechanical
behaviour of irradiated Cu. Philosophical Magazine, 84: 3617-3635.

Asaro R J, Rice J R. 1977. Strain localiazation in ductile single-crystals. Journal of the Mechanics and
Physics of Solids, 25: 309-338.

Bai X M, Uberuaga B P. 2013. The influence of grain boundaries on radiation-induced point defect produc-
tion in materials: A review of atomistic studies. Jom, 65: 360-373.

Bai X M, Voter A F, Hoagland R G, Nastasi M, Uberuaga B P. 2010. Efficient annealing of radiation damage
near grain boundaries via interstitial emission. Science, 327: 1631-1634.

Barton N R, Arsenlis A, Marian J. 2013. A polycrystal plasticity model of strain localization in irradiated
iron. Journal of the Mechanics and Physics of Solids, 61: 341-351.

Beamish E, Campana C, Woo T K. 2010. Grain boundary sliding in irradiated stressed Fe—Ni bicrystals: a
molecular dynamics study. Journal of Physics: Condensed Matter, 22: 345006.

Beyerlein I J, Caro A, Demkowicz M J, Mara N A, Misra A, Uberuaga B P. 2013. Radiation damage tolerant
nanomaterials. Materials Today, 16: 443-449.

Beyerlein I J, Tome C N. 2008. A dislocation-based constitutive law for pure Zr including temperature
effects. International Journal of Plasticity, 24: 867-895.

Blewitt T H, Coltman R R, Jamison R E, Redman J K. 1960. Radiation hardening of copper single crystals.
Journal of Nuclear Materials, 2: 277-298.

Borovikov V, Tang X Z, Perez D, Bai X M, Uberuaga B P, Voter A F. 2013. Influence of point defects on
grain boundary mobility in bce tungsten. Journal of Physics-Condensed Matter, 25: 035402.



M E -, R, R, B, BUERES - SRR RL ) A T B I R A R 31

Briceno M, Kacher J, Robertson I M. 2013. Dynamics of dislocation interactions with stacking-fault tetra-
hedra at high temperature. Journal of Nuclear Materials, 433: 390-396.

Brimbal D, Decamps B, Barbu A, Meslin E, Henry J. 2011. Dual-beam irradiation of alpha-iron: Heteroge-

neous bubble formation on dislocation loops. Journal of Nuclear Materials, 418: 313-315.

Bullough R, Wood M H. 1980. Mechanisms of radiation-induced creep and grouth. Journal of Nuclear
Materials, 90: 1-21.

Campana C, Boyle K, Miller R. 2008. Grain boundary motion assisted via radiation cascades in bcc Fe.

Physical Review B, 78: 134114.

Cottrell A H. 1958. The 1958 institute of metals division lecture—theory of brittle fracture in steel and
similar metals. Transactions of the American Institute of Mining and Metallurgical Engineers, 212:

192-203.

Coulibaly M, Sabar H. 2011. New integral formulation and self-consistent modeling of elastic-viscoplastic

heterogeneous materials. International Journal of Solids and Structures, 48: 753-763.

de la Rubia T D, Zbib H M, Khraishi T A, Wirth B D, Victoria M, Caturla M J. 2000. Multiscale modelling

of plastic flow localization in irradiated materials. Nature, 406: 871-874.

Demkowicz M J, Bellon P, Wirth B D. 2010. Atomic-scale design of radiation-tolerant nanocomposites. Mrs
Bulletin, 35: 992-998.

Demkowicz M J, Hoagland R G, Hirth J P. 2008. Interface structure and radiation damage resistance in

Cu-Nb multilayer nanocomposites. Physical Review Letters, 100: 136102.

Demkowicz M J, Thilly L. 2011. Structure, shear resistance and interaction with point defects of interfaces

in Cu-Nb nanocomposites synthesized by severe plastic deformation. Acta Materialia, 59: 7744-7756.

Drouet J, Dupuy L, Onimus F, Mompiou F, Perusin S, Ambard A. 2014. Dislocation dynamics simulations
of interactions between gliding dislocations and radiation induced prismatic loops in zirconium. Journal
of Nuclear Materials, 449: 252-262.

Fabritsiev S A, Pokrovsky A S. 2003. The effects of grain size and helium accumulation on radiation
hardening and loss of ductility of pure copper for ITER application. Fusion Engineering and Design, 65:
545-559.

Fabritsiev S A, Pokrovsky A S. 2007. Effect of irradiation temperature on microstructure, radiation hard-
ening and embrittlement of pure copper and copper-based alloy. Journal of Nuclear Materials, 367:
977-983.

Fabritsiev S A, Pokrovsky A S. 2009. Effect of irradiation temperature and dose on SHC of pure Cu. Journal
of Nuclear Materials, 386-88: 268-272.

Fabritsiev S A, Pokrovsky A S. 2011. Effect of irradiation temperature and dose on radiation hardening of
some pure metals. Journal of Nuclear Materials, 417: 940-943.

Fabritsiev S A, Pokrovsky A S, Ostrovsky S E. 2004. Effect of the irradiation-annealing-irradiation cycle on
the mechanical properties of pure copper and copper alloy. Journal of Nuclear Materials, 324: 23-32.
Hall E O. 1951. The deformation and ageing of mild steel. 3. Discussion of results. Proceedings of the

Physical Society of London Section B, 64: 7T47-753.

Hill R. 1966. Generalized constitutive relations for incremental deformation of metal crystals by multislip.

Journal of the Mechanics and Physics of Solids, 14: 95.

Hill R, Rice J R. 1972. Constitutive analysis of elastic-plastic crystals at arbitrary strain. Journal of the
Mechanics and Physics of Solids, 20: 401.



32 5 2% beig Ji& %45 4. 201505

Hutchinson J W. 1976. Bounds and self-consistent estimates for creep of polycrystalline metarials. Proceed-
ings of the Royal Society of London Series a-Mathematical and Physical Sciences, 348: 101-127.

Jiao Z, Was G S. 2010. The role of irradiated microstructure in the localized deformation of austenitic
stainless steels. Journal of Nuclear Materials, 407: 34-43.

Khraishi T A, Zbib H M, De La Rubia T D, Victoria M. 2002. Localized deformation and hardening
in irradiated metals: Three-dimensional discrete dislocation dynamics simulations. Metallurgical and
Materials Transactions B-Process Metallurgy and Materials Processing Science, 33: 285-296.

Kiener D, Hosemann P, Maloy S A, Minor A M. 2011. In situ nanocompression testing of irradiated copper.

Nature Materials, 10: 608-613.

Kocks U F. 1977. Theory of an obstacle-controlled yield strength-report after an international workshop.
Materials Science and Engineering, 27: 291-298.

Kojima S, Zinkle S J, Heinisch H L. 1991. Radiation hardening in neutron-irradiated polycrystalline copper:
Barrier strength of defect clusters. Journal of Nuclear Materials, 179: 982-985.

Kraft O, Gruber P A, Moenig R, Weygand D. 2010. Plasticity in confined dimensions. Annual Review of
Materials Research, 40: 293-317.

Krishna S, De S. 2011. A temperature and rate-dependent micromechanical model of molybdenum under
neutron irradiation. Mechanics of Materials, 43: 99-110.
Krishna S, Zamiri A, De S. 2010. Dislocation and defect density-based micromechanical modeling of the
mechanical behavior of fcc metals under neutron irradiation. Philosophical Magazine, 90: 4013-4025.
Lee E H, Byun T S, Hunn J D, Yoo M H, Farrell K, Mansur L. K. 2001a. On the origin of deformation
microstructures in austenitic stainless steel: Part [-—Microstructures. Acta Materialia, 49: 3269-3276.
Lee E H, Yoo M H, Byun T S, Hunn J D, Farrell K, Mansur L K. 2001b. On the origin of deformation
microstructures in austenitic stainless steel: Part II-—Mechanisms. Acta Materialia, 49: 3277-3287.

Lee H J, Shim J H, Wirth B D. 2007. Molecular dynamics simulation of screw dislocation interaction with
stacking fault tetrahedron in face-centered cubic Cu. Journal of Materials Research, 22: 2758-2769.

Lee H J, Wirth B D. 2009. Molecular dynamics simulation of the interaction between a mixed dislocation
and a stacking fault tetrahedron. Philosophical Magazine, 89: 821-841.

Li D, Zbib H, Garmestani H, Sun X, Khaleel M. 2011. Modeling of irradiation hardening of polycrystalline
materials. Computational Materials Science, 50: 2496-2501.

Li J C M. 1963. Petch relation and grain boundary sources. Transactions of the Metallurgical Society of
Aime, 227: 239.

Li W, Sun L, Xue J, Wang J, Duan H. 2013. Influence of ion irradiation induced defects on mechanical
properties of copper nanowires. Nuclear Instruments & Methods in Physics Research Section B-Beam

Interactions with Materials and Atoms, 307: 158-164.
Li W N, Xue J M, Wang J X, Duan H L. 2014. Mechanical properties of self-irradiated single-crystal copper.
Chinese Physics B, 23: 036101.

Lu K, Lu L, Suresh S. 2009. Strengthening materials by engineering coherent internal boundaries at the

nanoscale. Science, 324: 349-352.

Lucas G E. 1993. The evolution of mechanical property change in irradiated austenitic stainless-steels.
Journal of Nuclear Materials, 206: 287-305.

Luppo M I, Bailat C, Schaublin R, Victoria M. 2000. Tensile properties and microstructure of 590 MeV
proton-irradiated pure Fe and a Fe-Cr alloy. Journal of Nuclear Materials, 283: 483-487.



M E -, R, R, B, BUERES - SRR RL ) A T B I R A R 33

Mansur L K. 1979. Irradiation creep by climb-enable glide of dislocations resulting from preferred ab-
sorption of point-defects. Philosophical Magazine a-Physics of Condensed Matter Structure Defects and
Mechanical Properties, 39: 497-506.

Matsukawa Y, Osetsky Y N, Stoller R E, Zinkle S J. 2006. Destruction processes of large stacking fault
tetrahedra induced by direct interaction with gliding dislocations. Journal of Nuclear Materials, 351:
285-294.

Matsukawa Y, Osetsky Y N, Stoller R E, Zinkle S J. 2008. Mechanisms of stacking fault tetrahedra destruc-
tion by gliding dislocations in quenched gold. Philosophical Magazine, 88: 581-597.

Matsukawa Y, Zinkle S J. 2004. Dynamic observation of the collapse process of a stacking fault tetrahedron
by moving dislocations. Journal of Nuclear Materials, 329: 919-923.

Matsuoka H, Yamasaki T, Zheng Y J, Mitamura T, Terasawa M, Fukami T. 2007. Microstructure and me-
chanical properties of neutron-irradiated ultra-fine-grained SUS316L stainless steels and electrodeposited
nanocrystalline Ni and Ni-W alloys. Materials Science and Engineering a-Structural Materials Properties
Microstructure and Processing, 449: 790-793.

Matthews J R, Finnis M W. 1988. Irradiation creep models—An overview. Journal of Nuclear Materials,
159: 257-285.

Mecking H, Kocks U F. 1981. Kinetics of flow and strain-hardening. Acta Metallurgica, 29: 1865-1875.

Nita N, Schaeublin R, Victoria M. 2004. Impact of irradiation on the microstructure of nanocrystalline
materials. Journal of Nuclear Materials, 329-333: 953-957.

Nita N, Schaeublin R, Victoria M, Valiev R Z. 2005. Effects of irradiation on the microstructure and
mechanical properties of nanostructured materials. Philosophical Magazine, 85: 723-735.

Nogaret T, Robertson C, Rodney D. 2007. Atomic-scale plasticity in the presence of Frank loops. Philo-
sophical Magazine, 87, 945-966.

Odette G R, Alinger M J, Wirth B D. 2008. Recent developments in irradiation-resistant steels. Annual
Review of Materials Research, 38: 471-503.

Odette G R, Frey D. 1979. Development of mechanical property correlation methodology for fusion envi-
ronments. Journal of Nuclear Materials, 85-6: 817-822.

Odette G R, Lucas G E. 2001. Embrittlement of nuclear reactor pressure vessels. Jom-Journal of the
Minerals Metals & Materials Society, 53: 18-22.

Orowan E. 1942. A type of plastic deformation new in metals. Nature, 149: 643-644.

Osetsky Y N, Bacon D J. 2001. Defect cluster formation in displacement cascades in copper. Nuclear
Instruments & Methods tn Physics Research Section B-Beam Interactions with Materials and Atoms,

180: 85-90.

Osetsky Y N, Bacon D J. 2003. Atomic-scale modelling of primary damage and properties of radiation
defects in metals. Nuclear Instruments & Methods in Physics Research Section B-Beam Interactions

with Materials and Atoms, 202: 31-43.

Osetsky Y N, Bacon D J, Serra A, Singh B N, Golubov S I. 2000. Stability and mobility of defect clusters
and dislocation loops in metals. Journal of Nuclear Materials, 276: 65-77.

Osetsky Y N, Rodney D, Bacon D J. 2006. Atomic-scale study of dislocation-stacking fault tetrahedron
interactions. Part I: mechanisms. Philosophical Magazine, 86: 2295-2313.

Osetsky Y N, Stoller R E, Rodney D, Bacon D J. 2005. Atomic-scale details of dislocation-stacking fault

tetrahedra interaction. Materials Science and Engineering a-Structural Materials Properties Microstruc-
ture and Processing, 400: 370-373.



34 5 2% beig Ji& %45 4. 201505

Paquin A, Berbenni S, Favier V, Lemoine X, Berveiller M. 2001. Micromechanical modeling of the elastic-
viscoplastic behavior of polycrystalline steels. International Journal of Plasticity, 17: 1267-1302.

Paquin A, Sabar H, Berveiller M. 1999. Integral formulation and self-consistent modelling of elastoviscoplas-
tic behavior of heterogeneous materials. Archive of Applied Mechanics, 69: 14-35.

Patra A, McDowell D L. 2012. Crystal plasticity-based constitutive modelling of irradiated bcc structures.
Philosophical Magazine, 92: 861-887.

Patra A, McDowell D L. 2013. Continuum modeling of localized deformation in irradiated bcc materials.
Journal of Nuclear Materials, 432: 414-427.

Peirce D, Asaro R J, Needleman A. 1982. An analysis of nonuniform and localized deformation in ductile
single-crystals. Acta Metallurgica, 30: 1087-1119.

Perez-Perez F J, Smith R. 2000. Structural changes at grain boundaries in bcc iron induced by atomic colli-
sions. Nuclear Instruments & Methods in Physics Research Section B-Beam Interactions with Materials
and Atoms, 164: 487-494.

Petch N J. 1953. The cleavage strength of polycrystals. Journal of the Iron and Steel Institute, 174: 25-28.

Rhee M, Zbib H M, Hirth J P, Huang H, de la Rubia T. 1998. Models for long-/short-range interactions
and cross slip in 3D dislocation simulation of BCC single crystals. Modelling and Simulation in Materials
Science and Engineering, 6: 467-492.

Robach J S, Robertson I M, Lee H J, Wirth B D. 2006. Dynamic observations and atomistic simulations of
dislocation-defect interactions in rapidly quenched copper and gold. Acta Materialia, 54: 1679-1690.
Robach J S, Robertson I M, Wirth B D, Arsenlis A. 2003. In-situ transmission electron microscopy ob-
servations and molecular dynamics simulations of dislocation-defect interactions in ion-irradiated copper.

Philosophical Magazine, 83: 955-967.

Rose M, Balogh A G, Hahn H. 1997. Instability of irradiation induced defects in nanostructured materials.
Nuclear Instruments & Methods in Physics Research Section B-Beam Interactions with Materials and
Atoms, 127: 119-122.

Sabar H, Berveiller M, Favier V, Berbenni S. 2002. A new class of micro-macro models for elastic-viscoplastic
heterogeneous materials. International Journal of Solids and Structures, 39: 3257-3276.

Saintoyant L, Lee H J, Wirth B D. 2007. Molecular dynamics study of the interactions between dislocation
and imperfect stacking fault tetrahedron in Cu. Journal of Nuclear Materials, 361: 206-217.

Samaras M, Derlet P M, Van Swygenhoven H, Victoria M. 2002. Computer simulation of displacement
cascades in nanocrystalline Ni. Physical Review Letters, 88: 125505.

Samaras M, Derlet P M, Van Swygenhoven H, Victoria M. 2003. Radiation damage near grain boundaries.
Philosophical Magazine, 83: 3599-3607.

Sharma G, Mukherjee P, Chatterjee A, Gayathri N, Sarkar A, Chakravartty J K. 2013. Study of the effect of
alpha irradiation on the microstructure and mechanical properties of nanocrystalline Ni. Acta Materialia,
61: 3257-3266.

Sharma G, Sarkar A, Varshney J, Ramamurty U, Kumar A, Gupta S K, Chakravartty J K. 2011. Effect of
irradiation on the microstructure and mechanical behavior of nanocrystalline nickel. Scripta Materialia,
65: 727-730.

Sharp J V, Makin, M J. 1965. Microstrain in neutron irradiated copper crystals. Philosophical Magazine,
12: 427.

Shimada M, Campbell D J, Mukhovatov, V, Fujiwara, M, Kirneva, N, Lackner, K, Nagami, M, Pustovitov,
V.D, Uckan N, Wesley J, Asakura N, Costley A E, Donne A J H, Doyle E J, Fasoli A, Gormezano C,



M E -, R, R, B, BUERES - SRR RL ) A T B I R A R 35

Gribov Y, Gruber O, Hender T C, Houlberg W, Ide S, Kamada Y, Leonard A, Lipschultz B, Loarte A,
Miyamoto K, Osborne T H, Polevoi A, Sipps A C C. 2007. Progress in the ITER Physics Basis - Chapter
1: Overview and summary. Nuclear Fusion, 47: S1-S17.

Singh A, Tao N R, Dao M, Suresh S. 2012. Repeated frictional sliding properties of copper containing
nanoscale twins. Scripta Materialia, 66: 849-853.

Singh B N, Edwards D J, Toft P. 2001. Effect of neutron irradiation and post-irradiation annealing on
microstructure and mechanical properties of OFHC-copper. Journal of Nuclear Materials, 299: 205-218.

Singh B N, Foreman A J E, Trinkaus H. 1997. Radiation hardening revisited: role of intracascade clustering.
Journal of Nuclear Materials, 249: 103-115.

Singh B N, Horsewell A, Toft P, Edwards D J. 1995. Temperature and dose dependencies of microstructure
and hardness of neutron-irradiated OFHC copper. Journal of Nuclear Materials, 224: 131-140.

Singh B N, Zinkle S J. 1993. Defect accumulation in pure FCC metals in the transient regime - A review.
Journal of Nuclear Materials, 206: 212-229.

Song D K, Li X G, Xue J M, Duan H L, Jin Z H. 2014. Irradiation-enhanced twin boundary migration in
BCC Fe. Philosophical Magazine Letters, 94: 361-369.

Sugio K, Shimomura Y, de la Rubia T D. 1998. Computer simulation of displacement damage cascade
formation near sigma 5 twist boundary in silver. Journal of the Physical Society of Japan, 67: 882-889.

Taylor, G I. 1938. Plastic strain in metals. Journal of the Institute of Metals, 62: 307-324.

Terentyev D, Bakaev A. 2013. Interaction of a screw dislocation with Frank loops in Fe-10Ni-20Cr alloy.
Journal of Nuclear Materials, 442: 208-217.

Terentyev D, Bakaev A, Osetsky Y N. 2013. Interaction of dislocations with Frank loops in Fe-Ni alloys and
pure Ni: An MD study. Journal of Nuclear Materials, 442: S628-S632.

Uchic M D, Shade P A, Dimiduk D M. 2009. Plasticity of micrometer-scale single crystals in compression.
Annual Review of Materials Research, 39: 361-386.

Varshni Y P. 1970. Temperature dependence of the elastic constants. Physical Review B-Solid State, 2:
3952-3958.

Victoria M, Baluc N, Bailat C, Dai Y, Luppo M I, Schaublin R, Singh B N. 2000. The microstructure and
associated tensile properties of irradiated fcc and bee metals. Journal of Nuclear Materials, 276: 114-122.

von Blanckenhagen B, Gumbsch P, Arzt E. 2001. Dislocation sources in discrete dislocation simulations
of thin-film plasticity and the Hall-Petch relation. Modelling and Simulation in Materials Science and
Engineering, 9: 157-169.

von Blanckenhagen, B, Gumbsch, P, Arzt, E. 2003. Dislocation sources and the flow stress of polycrystalline
thin metal films. Philosophical Magazine Letters, 83: 1-8.

Wang H, Wu P D, Tome C N, Huang Y. 2010a. A finite strain elastic-viscoplastic self-consistent model for
polycrystalline materials. Journal of the Mechanics and Physics of Solids, 58: 594-612.

Wang Y, Weissmuller J, Duan H L. 2010b. Mechanics of corrugated surfaces. Journal of the Mechanics and
Physics of Solids, 58: 1552-1566.

Wirth B D, Bulatov V V, de la Rubia T D. 2002. Dislocation-stacking fault tetrahedron interactions in Cu.
Journal of Engineering Materials and Technology-Transactions of the Asme, 124: 329-334.

Wirth B D, Odette G R, Marian J, Ventelon L, Young-Vandersall J A, Zepede-Ruiz L. A. 2004. Multiscale

modeling of radiation damage in Fe-based alloys in the fusion environment. Journal of Nuclear Materials,

329: 103-111.



36 5 2% beig Ji& %45 4. 201505

Xiao X Z, Song D K, Xue J M, Chu H J, Duan H L. 2015a. A size-dependent tensorial plasticity model for
FCC singlecrystal with irradiation. International Journal of Plasticity, 65: 152-167.

Xiao X Z, Song D K, Xue J M, Chu H J, Duan H L. 2015b. A self-consistent plasticity theory for modeling
the thermo-mechanical properties of irradiated FCC metallic polycrystals. Journal of the Mechanics and
Physics of Solids, 78: 1-16.

Yu K Y, Bufford D, Sun C, Liu Y, Wang H, Kirk M A, Li M, Zhang X. 2013. Removal of stacking-fault
tetrahedra by twin boundaries in nanotwinned metals. Nature Communications, 4: 1377-1377.

Zhang H M, Dong X H, Du D P, Wang Q. 2013. A unified physically based crystal plasticity model for
FCC metals over a wide range of temperatures and strain rates. Materials Science and Engineering

a-Structural Materials Properties Microstructure and Processing, 564: 431-441.

Zinkle S J, Singh B N. 1993. Analysis of displacement damage and defect production under cascade damage
conditions. Journal of Nuclear Materials, 199: 173-191.

(DTS2 B /Do)



M E -, R, R, B, BUERES - SRR RL ) A T B I R A R 37

Irradiation hardening for metallic materials

XIAO Xiazi? SONG Dingkun! CHU Haijian®* XUE Jianming?®
DUAN Huiling!?t

1State Key Laboratory for Turbulence and Complex System, Department of Mechanics and
Engineering Science, College of Engineering, Peking Universitity, Beijing 100871, China
2 HEDPS, Center for Applied Physics and Technology, Peking University,
Beijing 100871, China
3 Shanghai Institute of Applied Mathematics and Mechanics, Shanghai 200444, China
4 Department of Mechanics, College of Sciences, Shanghai 200444, China
5 Physics School of Peking University, Beijing 100871, China

Abstract Investigations on irradiation hardening of metallic materials have much sig-
nificance for the design of anti-irradiation materials and engineering applications. Both
irradiation-induced defects and gaseous impurities produced by nuclear reactions have dra-
matic irradiation effects on the mechanical properties of materials, which include irradiation
hardening, irradiation embrittlement and irradiation creep, etc. In this paper we are con-
cerned with irradiation hardening, i.e., the strength of materials increases with irradiation,
under low irradiation doses and low temperatures of T' < 0.3 Ty, with T}, the melting temper-
ature. Besides, other factors such as the grain size, the grain boundary and the temperature
affect mechanical behaviors of irradiated polycrystalline materials. The study of irradia-
tion hardening of metallic materials is a multi-scale problem, for which the macroscopic
mechanical behaviors of irradiated materials are determined by both the change of interior
structures with irradiation at micro-scale and the interactions among irradiated grains at
meso-scale. This paper reviews experimental results, numerical simulations and theoretical
models for irradiation hardening of metallic materials. Some scientific problems for future

study are also presented.

Keywords metallic materials, irradiation hardening, temperature effect, size effect, me-

chanical behaviors
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