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VRFAE O o ZEIRAT I IO R GO 5 &5 3, R 4
RS T 0 37 )7 (face-centered-cubic, fee) 4@
AR LT (bee) 4 Ja I 90 ) 32 A v e WL IR 2k,
MR 2 HoAl bee 4@ M BHE SO TEAIRFTT. JCHZ
B BB, SCE I A WA, AT RHR D .

e — P EZE bee X EM B, FARME s g
AR R R R L R SR A, R4 TR M
TRHURERZ GIREAG G 2 HiE. JF B 2%
SRAR S N HME R H LG RARE . ABIF ST BT bee 4
JEES AR S, M 2 ROZHEE L) i (QC) A4
J7%, XPESAE AR R 1) 11 2 RS0 v dife g A= B A
A 1) AT T AL . R RPE 7R bee &8 W
(1) 11 2 LA ) 06 PR VE B BOR SUR I (AL AR TE A%« K
WAEIS, JFE B S MR s HOU AL, X
NS I TION T 20 R S0 T ff AH DG 40 KA R e JoiT 6
AATHEEE .
1 HHEEE

HEE LAY BT ik — M2 ROEHEUE R,
LT Tadmor! Wi H o % J7 i i % 0 JE AR K A BR G 7
By F 3 15 TR G R R . AR TR AR FE R /N ) IX
BT MR A, TSR SR AR AR TR R LA
R DX 3 U0 A Jd - AT TH 8, DUERIEAS FE . QC
T VEAE REVHE A B0 O B X 3 i - A8 A PR ] I, KT
TR R, A T IFREREE, KRR R AR
B R T R GE, il SN

ARSI HBR R E W 1 PR, BIRET x
Ay J7 1R SFE 4 200 nm, ERERL PR EEUT x U7 [ F
TE— 4K 100 nm (40K G0 A RS I 108 78
SR 2 REEJTERAR AL B s 130 1 2B K
1 NMER, GeWS A RO BRIL AN, S
INRGUEAE R o ARG S B AT X R H TR 7 R
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BT bee-W i 1T R LR R K Bor &
Fig.1 Schematic of the bec-W crack mode and loading
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K BRI R . rie 8RN I 2 A F X3, il n g
B GAT, Tz J7 1k R L S 4 . BRIR
gk e SRS, ARG R R B ME S E, SRS
R RTINS S AH OGRS

FEAR AL TT 45 8 b AR S5 R T, e LT RS A
(110} THFN {112} 1fT o A 1A%, A0 A 1 &
) [ R {110} 1, WIARZRLU¥ B W UT[111]J7 1)« 1
b, B x, ys 2 7 0405008 s x[111], [ 110], 2[ 112],

T3 B2 A0 I 77 ¥ K Dt 1 3 o OR A i Jit 1 1] 11
AHHAEH D7, RGERT IR fe & b s 0] (9 AH TR 94
o AR QC BLRUKH MR 7 #2 Jonhnson
A5 NUOH (8 ¢4 377 i PR 45 R 1N J5LF #4 Cembedded
atom method, EAM). #R#E1% EAM # 0] DU H 554
B A H B R . a=0.31650 nm, 3 ANJhATSRE R
K € =532.6 GPa, C},=205.0 GPa, C4=163.2 GPa.
T I SCHR[ 7m0 LA 2085 0 5k o B0 S U0 Hd . 381
Ay P BT A S Y B

SRS A, Bi% BAM #5 H
BB s i s v £y, R ZEE RV . T
b, ZARECE A R, RS TRl P MEA R B bee
P 1) LS 2R AT N

2 EIER

2.1 ik

Fl QC J7dunt ik 11 A AL BE R BEAT B0 . )
FRANMBSE, x 7RISR 0.01 nm, N4
T 320 4 MRAEBULEE A, W] LAIRAS -4 B it 2
Bl 2 B . R4 #oer o # gk, v DATT 204 11 B934
FE BT U BGOSR P i 2 ARG B . FERIIRBY L, 7%
ANEE SR 4Lk, BT AR e b, A
2a It . AT LA /R )46 I 205 By R SE AR B
BV IE, EIRIEG A s B A a A ik 2 1.89
nm, BSR30E ) A R, 6 U K/ 1528.1
eV/mm, BEH&HIM T AN BMES: A HZ)E
R —AIECE, B RRIEIC. £ A i )E, Mz
AHAR L T 2 AN HT A R aT CLAIBIAE A B LUE &

R RLIAEREERNITRESSEE
Table 1 Calculated value based on EAM potential and expe-
rimental value of elastic constant for bee tungsten

W elastic constant Cn Ciz Cus
Calculated value based on EAM/GPa 532.6 205.0 163.2
Experimental value/GPa 522.4 2044 160.8
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Fig.2 Loading-displacement curves of mode II crack of tungsten

GeAR TG HE NIRPERY B o B PR B Y. 1R 28 A 47 5 1
IO, il 2b B,

MK 2b Hn] DUE , 7SR PERT B, R B £
B Il 7T 2 ARk . 1 ARBEH LA A S
LA R M 1.89 nm Nz K 1.90 nm B, 2547 A 1 5k
Th, HELT BN, 1 1528.1 eV/inm %A 1513.3
eVinm. Bl )5, BfrbfAG 0 B 0 gk s s ok, ihgk
HAR SR BT 4 S N 2.41 nm InEk F 2.43
nm (R, i g I A, A AR X 2 AN gk
SRR B, 1913.90 eV/inm FREE T 1897.30
eV/nm. ZJaMhZedkel 2 Bk LI, HANE
LT 2.69 nm, M2 I 3 AR AR A
2.69 nm JNF| 2.71 nm BRI R, A FIE M 2088.10
eV/nm %% 2067.20 eV/inm. 7E55 3 ME A2 )G, i
ddke ek BT, AN T 0.15 nm J5,
I R BE S M2t S L, AN e S
Bt i A B S, AR BT AE JAS AT ]
Wahn, tAAAREEAE 2290 eV/inm MiiT, AEE 2300
eV/nm. HMATLLAW RGO L ANRPH RS, &
BRREU R AETTR.

2.2 REFEEL

AT RS &b O & 3RS T R 4 2 WA

Blo TG I Gt o B, WSS AN NP B R A

BB, REFFUA AR B L K BT A #5 ith 2 (&
2) & Sk RN Y. 1R SR S0 A i Ji 1 45 A8 7 Ak A L THOU
BLHEL

TEAIE BB B, R GUR 3 B T 1) it 1 AR A I A
Wi, SR S A ) I 7 AR S B S S AL,
HEA KA T 2R Wt AR R TR
K], BB bee 43845 I 1 J2 M AE A G AR ORI RE
Pz, MAFLIEFN 1.38 nm I, HEURIE 1K
ETAAEE, R 3 Fos. A AR A7 B R
HEUR W) 0.5 nme A FEIEE] 1.71 nm I, REH
Ui AT 2 AN, IS RS g B AT I R
TESNE 4 P . Sei 2 AN AN AL S 53l B s R AL
Ui 0.55 A1 1.92 nme. A4 R H I 3R BH 28 500 i 128 W
WENIB AT B B

AR B AT Mg, e 20 A SZHr, BRI
/INF1.89 nm. #EAr/N T 1528.1 eV/inm B, g3tk
oA EZ, HB A SLEI&A KA. Bt a] L
WA RGAE A FBLHTE 3 PER B, A 2R A REAN
IR B B T OML I SR 1 B R BUR B, AEAL A I
2] 1.89 nm Z |, G0 O A AN A= A E 3,
Bl 4). ol WD BEARAE A 5B AR . NI
M B AT DU 2 0 48 ar 6 % i 26 VR AR IR 15
KB ST T IR RO, A #A

K3 REERIEIAIIA A AL A B R B K (6=1.38 nm)
Fig.3 Schematic diagram of initial partial dislocation at crack tip

(0=1.38 nm)
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K4 R MARMHEREE (6=1.71 nm)
Fig.4 Schematic diagram of partial dislocation at crack tip

(0=1.71 nm)
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LERLAE A A 1.89 nm (& 2 i fr B8 M4 rh i A
RO BRI 1A, BIR] BLNR SR b
7 I PO S B, FEREUITHYZY 3 nm bR A T8 1
NENEETER, WK 5 Pros. iz B 4L K
2 AR B ISR 1 AT L A AR . AR
N T AT L S e e A SR B I 5 B R I PR FOW A
Ji: WAL IIIE N, RO T A (] ) 5
NG, FREBEWTIG N, 240k BN 47 6 1 AE AR
KL T NG i e XA A I BERE AL AT AL A £
EARBL, BRI 2R R R A SR AR . BT N 4K
g, TR SR AR Sz I, 5 R RGO T
RAT AL . AL I R T KR fE
5, AW RIS BT RIS, 0 B A A A 2
RISEIRT B o A IR A% R W] R AR BLIE

BEE LA g Ak 2k, T DUACHL A (0 4 (0 A0 B 2%
R, AL 2 ) 5 I B RGO B U5 ) RS o AE
Rl R e, AR AR 1 AR RO ISR .
FERBILE] 2.0 nm I, (74T ORI EE 3 R QU b 4.03
nm A&, WA 6 Fros. BEJS AL IS B A 2218 .

gREnE, R LR BRSO T 2 gk BT A
Sl A . AR EIER] 2.42 nm I, KA 2 A
ARG, W T BioR. O 2 MLERTIZ LA
1AM SUR G 2 1], B RGN 2.73
nm AL E . BB, 2 M7 A A% 2SR AR S 1 B 25 23 331
N 2.73 F15.90 nmeo 55 2 A ALE T AL L R BT
s (82> LB fAHX R . K 2 1) B Ak
U, BT R T R sl BB PR s 2 A AL
o 1 2 1) 5 B L 5 0 I RO RUBE Jit 5B 8 TR A I 52

K5 51 AR

Fig.5 Schematic diagram of the first dislocation nucleation

Ko 251 XA ASSER (6=2.0 nm)
Fig.6  Schematic diagram of the first dislocation emission

(6=2.0 nm)

K7 2B RERE (6=2.42nm)
Fig.7 Schematic diagram of the second dislocation nucleation

(0=2.42 nm)

TESR 2 NS AL G, 2 AN AR A 38 1) A A
WK 8 Frome 5 1 AN HE R 224400 5.70 nm
Wb A 7.62 nm Ak, B 2 ANAALE M 2.73 nm Ab G
£ 3.57 nm b TEES 2 NEATRTRZET, 1 N4
HIE RN e . e 2 N EEE, 2 M
PEAE Y R AW B IE g . XU, 3 2 AN TR
A 1 AR IR s, (23 T 1 AN
RS Mtz (K 2) B Rl X35
Al LRI, 7R M 2.41 nm F] 2.43 nm [F13X 2 AN NS,
BHZE LI T 2 NoEM . MBOWL IR 7 B 43 1 vl %

R, .

P.. e

K8 H 2 KALEE AR R E R (6=2.43 nm)
Fig.8 Schematic diagram of the second dislocation emission

(0=2.43 nm)
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MR M5 1 YT BT I (R Ao I 5 02 55 2 ANV AR TR T
o TSR 2 YT BT I B0 I 5 ) A 2 AN A 1
Ko ULV, B T ALAS AL RS AN, LA R 5
WARREER, E2W RN EATH NP

IbJE, 2 ANAALES A ) & R GUR b 1) 7 1) 18
8, AHMEEARE S . B EIAR] 2.70 nm 1,
RAETH 3 AN IEING., A5 AL E B I
PH R LGURNG L) 2.3 nm &b, WK 9 iR, SEaE
g (B 2) f C s Ab 5 BEARRT R o

WS 3 AN A 1 1) A G B 2S5 1) K
e B3 N AS R B R GUR 2.27 nm KGFF] T
3.38nm, 2 4 fiAEM 5.83 nm K5 F] T 6.83 nm,
B 1AM 1020 nm KR E] T 10.74 nm. 2 3 A4
RS I I SR Y T B B 2 (| 2) By C s
AR HR % o Ji T AR P IR S T 22 WA A 47 % i 2k e
P75 153 A0 VR % B2 0 T B BT N RO A TR AN ] 51
URBEATG A DR A ST A8 T A, 55 2 IR BRI A IR 4 7 485 39

Ak, “ALBIAE] 2.85 nm K, FEEE 3 AN
Wiz S RgeRm 2, FEERMERE 2.77 nm &K E
T 4 RMIAS TR RIS, Wl 10 Bios o B g 3500 55 1%
TR o 5 4 A AL AL AR G X B T 2 A
Mg (K 2) & D SMIERAE . MWL EB 4
RAT W, BEAG nE HEAT, AW B AL R T,
B URAL S TE A% 1R R AR BT N 1 AN AT A2 RS Ik 1) 1 A
BT A BRI R T SRR R LR — L, B

9 3 REMHEEREE (6=2.70 nm)
Fig.9 Schematic diagram of the third dislocation nucleation

(0=2.70 nm)
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K10 28 4 RS TEAZ R B (6=2.85 nm)
Fig.10 Schematic diagram of the fourth dislocation nucleation

(0=2.85 nm)

VIR L B AR o BT LA T AZ 1 ) By At A7 5 #8 2
In) 128 125 R GU Bt T 1) B AR

AR IE ] 3.00 nm I, FERGU SR T L) 2.85
nm &K AETH S IR TERZIS, WE 11 PR, 2B
5 ANANLEE I TR RN 5 2 1R R SRR N T A 0 s it 2%
(E2) I E ST 21k

TR 5 MIRTEE R EG, kaimik, wTLUE 3
S ARSI PO ML 0 B2 8, YA N A 3.20 nm
I, 5 ANALES AL A RS I () B2 43000k 6.26, 9.82,
14.50, 20.07 A1 24.50 nm. EIXAFY B AN 1%
PRI B B T B B gk (B 2) RBEI AR
BT LT A BN NS, B AN T
T HIERTDOA S B HEN T RS B, B
AL 1 PR EE B) DL AN A, TR RS
ity PR R B i A 31— o R S, BRSNS R A TT AR .
B RS INER A 3.30 nm I, QU N AR 1R 5 4
12 i, ARG CH—ERENTTR. & B,
FGL ) WA TR RN AT, A 2R S i i B 11
FERI, IR T RISy e () 32 A
3 HHSIR
3.1 Z{utgizzhihik

i1 QC kg H AR T R, HilHMERK
B, FTLLAE S W S BB L b 5 IR AL T A% A B
MG, ARG S 2B . Wit T el EgA

BT 5 s AR B (0=3.00 nmD
Fig.11 Schematic diagram of the fifth dislocation nucleation

(6=3.00 nm)

K12 gy K (6=3.30 nm)
Fig.12  Strain contour of the crack tip (6=3.30 nm)
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U Y I B B AR I R I 2 A 1 B A
FURSE, HAPEE s B — @ B, SO AE
S SRR R R, R 2 SR 1) AT R R
h T PP RS SR, DL R 2 1R A
S, AWFTOR S AR INEOD A B (33
SURMG IR B AT T BB BRSO, MO T 24T
B A B O IR AT B (2R o e BRI B rh 2 gk
o IR 5 AN A%, AT LASRAS 5 4 e 4 8 5
B G R M, WK 13 Pis.

MHTEEn 5, BN N, A S RS Bl H
Z RSk, RIUHAESE . MO IR SO0 R 7
argn, B3 g AE T A C B, G HARBEER
SIS T S IR I TEAZ AR S . 1 s B, D',
FA5E A B 1 2 B R D)5 B T AN A A 1 7= A . il UL,
AN (N A8 0 N A A B2 Bl s R AE DN, T A i 1 T A
SN IZ B I EER R R .

A A7 5 B8, Ab 8 far 3 0 A7 45 47 K Peach-
Koehler M. J7, 2085122 1 F 2R3 Iy . [HEF, {7
B IE 52 2 T QU ity i BB A% BH 3 R A BHL D AR
Mo XN T8 T S8, okl DL R
eIz s 5 B R M. BEH &8,
GRS R s v AR T, ARRE AN, 4
LB RE RN, RIS . 18 6=1.90 nm
I, 1A RS (B 13 W AT, ZAeEE
WIUA -1 17 B A ZL S50 4.0 nm BT o 47 5 A% B ik
TRER, AR UIN ) B, N R A A RS 2RI 2
A SR 2 JE R a7 SR R 2
b RTiEsh . 2 6=2.42 nm I (13 F C'D), #h
LR BR A 7.6 nm, U IH UL IR BE I O B A AR I $h &,
W2 . 3 2 AL )G i B A
3.6 nm [T, WEARTEE 1 AN R, T

25
—The first perfect dislocation
g 20 —The second perfect dislocation
= —The third perfect dislocation
.g — The fourth perfect dislocation
‘315 —The fifth perfect dislocation
o
=
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-g 10
<
o
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K13 A fr (0 2 B s i 2 0% & £k

Fig.13 Movement of dislocations as displacement loading

51 ANRALEE XA 2 N BHASE . B 2 A
PLAETEAZ 2 5, RHAE mag &, R g gk T A 1
ALV . AR LA N, AR
FIRTIZEN T 1.72 nm, 55 2 N R aiiEsh 7 0.90
nm. Pl J5 , /i 2 ANMEASERE DT T L ] =X 2 gl ()
WE13 5 DD, HAKIFAEE . 2 6=2.70 nm 5
3 IRAPLAS IR RS (B 13 55 ED, 3 AN ETR
WINATIZE) . 5 3 AN AL WG AT A 2 AR 3.4 nm
BT, LOEE 2 AN RIaR i Ay BN 7228 3
AR RS ERRE IR, 3 AN kS 18 ) [ s
B, AR R 2 AR LL AR W) G O . Ry WL R A A A
N, ORI kAR — DN, i3
R B 2 TR

BE o, EAIR N ZE 2.85 A1 3.0 nm I, 205 K 4T
T ARG S A, Wil 13 TG, HFTR.
TEIX 2 AR RIS, &AL 1R I2 3 L% AT L
DA RS I S AR — B, P UKIE B T 3 45 18 3l R AH FL
RO P . FEEE S AN R 2 5, A i I
DU BERE . BTSSR, &AM tdz ), &
LA e B R BN, AR R AR TR A

WL 13 DA A E S AT B M2, S NG &
B R TS A B v & A A s A, U AL
WIS Z) R AE SRR R IE,  HOB A a8 e % 4
S BRSO R
3.2 BERMEEZMNEMEILITE

LA 25 S 10 34 7 7% it G A0 i 1 UG B R, A7
WA R N B BL bR & . N s o s A
SATAE AL St o WRAE SR B 22 B R 1Y, Ay
WG, 'C©EREEZR 3ATIMERM, e
T N 7135 # 1 Peach-Koehler (P-K) 77, ML H
RIS R P 4515 J1 (image force), LKA 451z
SN BT 52 0 A% S BERRL ) (Peierls 77). o, P-K /)
YRR B HE T 0, AT R B R A s B
807 B 2 A A R 5 B G (R T
Peierls Jj WIS B BHAG A7 H#5 12 BN IR . UX LA J1iA
B, AR E A RE R E, Wl (D) PR

Fox=F+Fp (1
o, Fex 4 P-K 1, Fi 81874, Fply Peierls 71,

BRI, AT AR g P-4 7 R SR A 4 T A% 1R A7
BHo HIEH 1 AN HKRKERA by, BRI
JE LB B EUu BE BN re 0T 1R — 4R
RGO A EE BE RN D) £, SCER[19]45 H T 4H
NS W

1b(1—vsin® @)
fa(”)zm (2
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o, b NTESFIICR R RE, vMENARALL . u A
MBI ORI, o NI T7 52407 m 1A .

M Rice AEEFERY, 24 AE 2 5T K AL AL AT Y
R BT i v IR e 3 22 . DRSS I — AN P Al A
BB PO B T 5O IR ) ks R FERH ) (Peierls
71, AL R RE pe KA. B E R R AR
AT AN E A R 1/3~1/2, B AT LS 3] Peierls
Iy fo BT

1y
r—. (3)
Jo 2D

o,y A2 AT AN ESE SR B fE -
BF P-K 77, AN B E, k]
LA 2500 B R L 7 3 R BEAT VE 5o WA I 2 2 P
e IR G s Iy 3 A X, T el 1180 g
B, 74 T2 (0 P-K N fox M-
KII
fﬁO@Kﬂ=TOk&J=4JZ;
Forr, Ky M I7sRERT . HReRBCR CGRIUA
1) G BB gy i (] F e V(R CRIDANEROE J2 4 fiE
I, R AR, DX T35 1 MBI, £
G=D 0x=Vus (5)
MR R ) 7 g, W T2 I RVREL, ReRRINE Y
IS 358 B 7 SCRAT BLUR KA

(cos£+3cos3—¢) (4)
2 2

e nl L (6)
2u
H 0 R A4S 3 B g 58 B TR 1 5 AN AR E IR R BE IR K &R
Ky =+ 2uy, /(1-v) D

MR (7, W] BN AR E J= 4 e ) B R R o
ST AL AN N T 58 BE LA, AT v 5 P-K
ISP

K UL B 25 g ) v 5 AN AL i 1 i R X
(1), ATLAARILLR 5 R

JZﬂy“KI—V)( 9 3¢j

-~ | cos—+3cos—
42nr 2 2

(8)
1b(1—-vsin® @) +l.&
4n(1-v)r 2 b
T AR RO, REEBM 9=15°, &
JBASIATE S5 Qnfatbv=0.34. BIPIRLR 4=1.51X
10" Pa, ANFa5E ZHEAER Y =2.96 J/m?, 1K o &
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Multiscale Simulation of Mode II Atomistic Crack in BCC Tungsten

Du Hao, Ni Yushan
(Fudan University, Shanghai 200433, China)

Abstract: In order to have a better understanding of the fracture mechanisms of body-centered-cubic (bcc) metal, the multiscale
quasi-continuum method (QC) was employed to analyze the nano-sized crack of bcc tungsten. The mode II crack of tungsten (W) in {110}
planes along the [111] direction was simulated. The load-displacement curve and atom displacement images for each loading step were
presented. The generation of partial dislocations, the nucleation and emission of perfect dislocations and the movement of dislocations in
crack tip were observed. Simulation results show that partial dislocations will produce before perfect dislocation nucleation; each drop
point of the load-displacement curve corresponds to the nucleation and emission of a perfect dislocation; dislocation nucleation happens
several times along with the dislocation launching; the increasing number and rapid movement of dislocations eventually lead to mode 11
fracture. According to the simulation results, the curve of dislocation position vs displacement was presented, and the movement
characteristics of dislocations were analyzed. The results show that all the dislocations will launch after a new dislocation nucleation,
indicating that a new dislocation nucleation will promote dislocation movement, and dislocation movement will speed up with the increase
in the number of dislocations. In addition, the phenomenon and mechanism of dislocation in becec metal was analyzed according to the
theory of crystallology and Rice’ theory of unstable stacking fault energy. Finally, the forces on and between dislocation were discussed.
By calculating the force balance equation in microscale, the initial equilibrium position of the dislocation was forecasted, and the
movement mechanism of dislocations near the crack tip was explained, which coincides well with the simulation results.

Key words: multiscale quasi-continuum method; mode II crack; dislocation; stacking fault energy
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