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bee-W H1, WF5E T He JAE A& W H DL A &
FL¥ 3[211](110) A1 X 9[110](411) &b iy itz K K AL
il BFFE ] He 10 UK RS A Y Bl 2
% 53 NZdE &, Zhao 55 PO S — M
JEERAIFSE T He JFUTAE bee-W H IR it g LA B &%
AhE. 5L He 78 bee-W H ELA 815 (11 itk
fE, N 6 eV £47; He 55 He £ bee-W P LA H
MZEEHE (KT 1 eV). Bk, He ATLITE bee-W H
R RERAZ. [FI, 51 He 1 80% #Y 7l BEALHI
AP, —FhR 2 A s aS 05 A He WRAZALH,
F—FZ T He i 7Ry il s 4. A TAEWFIEY
SR E MO, DLT f## He 719 R A He
T AZA R AL AL

2 ML &

ARSCR -8 15205 ik, JF e I 56 R TR
i Sandia [FIZ S50 4 B I AR N1/ 705
EHU#F LAMMPS (the large-scale atomic/molecular
massively parallel simulator) #4745 2. [a] A5,
L T IALEAE OVITO (open visualization tool)
X2 RHEAT AT AR B2 X T B AR EAE R, 4
MPEH T H Ackland il Thetford®!, Beck?! ) &

Juslin Al Wirth! J¥ %& i 3 pR £k i i8 W-W,
He-He 1 W-He (A0 HAE /. 3R H ZBL #ok 4
IR A 22 ()3 TR ) AH EAE PO X S R B
MIET, TR T AR AR R 55—
PEIRIRT S5 AT 5 B, I RERSER H A b 1
rH R A R R B A L. FEREAUL He YLZE S W Y
A% KRBT TR R A 400y x 404y x 40ag %
128000 R F HIALIL & T, P ap & bee-W 1R
M H B FEBF5Y He 90 76§ ALY 3[211](110) 1
Y 9[411](110) &b % R, 3 5l H TR R A
139.56 A x 107.43 A x 109.65 A% 103680 4~ it
TH160.15 A x 104.45 A x 102.95 A% 108790
MEFBE T AR R, EheE
i J12% (molecular statics, MS) J7 i B AL 1R &
it B RS SRS, TEIRE A 300 K DA KE
RAER NPT REE T B ESM G AT, 51A
SR R ] Xie 85 (171 SC Rk Hp 4 10 33 %
RI4g—> He JR 5 AJG AR 274 5 ps.

T, iz T Wigner-Seitz 5 6kt [
ST W HBRBREF, F Dislocation analysis
(DXA) 4387 7 35 4y e s 45 27 [ EE, A T 5
He W78 A% 1 K30 ik 5 2 AR B a] A Ak ks
#OM (1) XA He a i Rk, A (2) 2UIHE He
My 22 (1) XA (2) i n R He il
t He MY, 0,5 B35 0 A He [ F 1R
Ji53 e, 2, MV FIRE L Voro++182 )7 B SRIFHY
%5 i He JE T Voronoi 5 HAAFI L & He i rp
BT He JR T Voronoi R MARFHZ FII.

1 & , : :
P = W;QZ [o11 (2) + 022 (1) + 033 (7)), (1)

R = /V)(4n). (2)

3 #R53

3.1 HeBERREWHEERLGHBIZEK
KiELIIE
3.1.1 He#®A¥®ZH W bPaamMmkk
T WF5E He WOAE Sy AAL KK, et
5T He WAERA S W KR, Wikl 1 iR,

UKLy 0.072 ns I, 55 W Bl & T A
144~ He Ji 7 R AEIE K He 158 I 7 28 B IFBF

046103-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 69, No. 4 (2020) 046103

1A W A EBR R (W-SIA) (B 1(a)). &
He JR FI4RZEINA, He R BIAE 2 W H
[i) Bt J 5% 4, 24 He JR B9S850 in 2] 30 B,
He HREJREAT 5 41~ W A [ BR FRE I [111]
J7 1 HES (B 1(b)). AR [H] 2h 0.256 ns B,
He & A 51 4~ He i+, AR BA 14 1
W A RIBREF, Jf Hax st W H [ B R T R LI AL
T 1/211) SrAEER (K 1(c)). Fifi 5 #5540 st [ frg 3
I, iz 1/2 (111 AEEEERRTR W B BRIE A0
B 15 A4S, IR0 [111) Jrmads 1A, e
TERR RS HE 2R punching-loop AL 17 (K] 1(d)).

(a) (b) (c) @ @
-2,
0.072 ns 0.150 ns 0.256 ns 0.260 ns
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B AR Wb ST R A R0 400 A o 58 3 2 3o
Fig. 1. The punching-loop at the early stage of nucleation
and growth of helium clusters in bulk W.
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(b)
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@ W-SIA == 1/2(111) dislocation line

(a) 0.043 ns, 8 He, 1 SIA; (b) 0.120 ns, 24 He, 6 SIAs; (c) 0.125 ns,

24 He, 6 SIAs; (d) 0.466 ns, 93 He, 21 SIAs; (e) 0.469 ns, 94 He, 22 SIAs; (f) 0.470 ns, 94 He, 22 SIAs

Fig. 2. The nucleation and growth of helium clusters at grain boundary > 3[211](110) in W: (a) 0.043 ns, 8 He, 1 SIA; (b) 0.120 ns,
24 He, 6 SIAs; (c) 0.125 ns, 24 He, 6 SIAs; (d) 0.466 ns, 93 He, 21 SIAs; (e) 0.469 ns, 94 He, 22 SIAs; (f) 0.470 ns, 94 He, 22 SIAs.
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2[221]

I—b y[liO]

x[114]

B 3 GinrE W X 9[110](411) &b FAL i A K i e

@ W @ He

@ W-SIA

(a) 0.02 ns, 3 He, 1 SIA; (b) 0.1 ns, 19 He, 7 SIAs; (c) 0.5 ns, 99 He,

23 STAs; (d) 1 ns, 199 He, 44 SIAs; (e) 2 ns, 399 He, 121 SIAs; (f) 2 ns

Fig. 3. The nucleation and growth of helium clusters at grain boundary >9[110](411) in W: (a) 0.02 ns, 3 He, 1 SIA; (b) 0.1 ns,
19 He, 7 SIAs; (c) 0.5 ns, 99 He, 23 SIAs; (d) 1 ns, 199 He, 44 SIAs; (e) 2 ns, 399 He, 121 SIAs; (f) 2 ns.
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224351 3.27 F10.27 eV.
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0 0.2 0.4 0.6 0.8 1.0

Reaction coordinate

K4 B W HRIBRE T T ae 2
Fig. 4. Calculation of the migration barrier for a W crowdi-
on defect in bulk W.
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Fig. 5. Calculation of the migration barrier for a W crowdi-
on defect at grain boundary ¥.3[211](110) in W.
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Y 9[110](411) fHFAL He yHF 0 W H [BIB R T
MJETE He R EIE K — 258,

¥9[110](411)

Energy difference/meV

O 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Reaction coordinate

—o— [221]

Energy difference/meV

0 I 1 I 1 I 1 I 1 I
0 0.2 0.4 0.6 0.8 1.0

Reaction coordinate

K6 W H X9[110](411) &b B 4b i & B BR R F 19 12 5%
fiE

Fig. 6. Calculation of the migration barrier for a W crowdi-
on defect at grain boundary 9[110](411) in W.
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7 (a) B0 WA S030 Y JE 58 15 2 A2 BE R 9 22 Ak
(b) X3[211](110) & 540 S0 A H 5 5 2 12 Bifi B[] 9 224k ;
(c) X9[110](411) fh AL S0 Ay R 5 5 2P 28 B I T Y 22 4k
Fig. 7. (a) The radius and pressure of the He bubble as a
function of simulation time in bulk W; (b) the radius and
pressure of the He bubble as a function of simulation time
at at grain boundary > 3[211](110); (c) the radius and pres-
sure of the He bubble as a function of simulation time at at
grain boundary X 9[110](411).
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Table 1. Formation energy of frenkel defect pair in

bulk W and at grain boundaries.
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Abstract

Tungsten (W) is a potential candidate for plasma facing materials (PFMs) of fusion reactor. The helium
(He) produced in fusion reaction is insoluble and easy to gather and form to He bubbles in W, resulting in
embrittlement and degradation of the performance of the W matrix. In this paper, based on molecular
dynamics, the nucleation and growth of helium bubbles in the bulk and at >3[211](110) and X 9[110](411)
grain boundaries of W was studied. As a result, the growth mechanism of Helium bubbles at grain boundary of
W was different from in bulk. Helium bubbles in bulk W grow up by extruding dislocation rings. The growth
mechanism of helium bubbles at 3 3[211](110) grain boundary was as follows: Firstly, a small amount of W
interstitial atoms were extruded and emitted. And then the 1/2(111) dislocation line was extruded. Finally, the
1/2(111) dislocation line would migrate along the direction of [111] of the grain boundary interface. Moreover,
the emission of W interstitial atoms and dislocation extrusion of the helium bubble were not observed in our
simulated time scale at the >9[110](411) grain boundary. Then we used the NEB method to calculate the
diffusion barrier of self-gap atoms in the bulk and at X 3[211](110) and X 9[110](411) grain boundaries of W,
which explained the simulation results. The migration energy barrier of W self-gap atoms in the bulk and at
2.3[211](110) grain boundary was only a few to a few millielectron volts. So as long as W self-gap atoms
dissociated from the surface of the He bubble in the thermal relaxation process, they can be easily migrated out.
However, The migration energy of the W self-gap atom at the ¥ 9[110](411) grain boundary can be from a few
tenths to a few electron volts. Even during the thermal relaxation process, the W self-gap atoms dissociated
from the surface of the He bubble. It was difficult for the W self-gap atoms migrated out. Finally, the
correlation between He bubble size and stress released was given. Either in bulk or at > 3[211](110) and
2.9[110](411) grain boundaries of W, after the pressure of the helium bubble becomes stable with time, the
radius of the helium bubble would increase rapidly whenever the pressure dropped sharply. So there was a small
step on the curve of the evolution of the radius of the helium bubble with time. Thus, helium bubbles in W

could promote growth by releasing pressure intermittently.

Keywords: Helium bubbles, Tungsten, grain boundary, molecular dynamics
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