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R 70580 F3 SR J5 000 iR 5 K He YR 45 )@ Ti W He M AGARAR L Tt s AURE TS0 7 45 7 oK (1 52 T
BEAT TWEFE. 5, WU T He AR B Ti WA FITRBEALHIRZS, 135 He WHITEAR L 53 AR FRSED)
MR RE R AU, I He 8 DiR B L VR FE 1 Nz i A2 K, AR AR IUNZ A /N, 1E 2 He 1R 1S K3
2.6 nm I, “FIAERFAEIEA FE M. SR)E X 54T He WA Ti A SRR IR AR T OB AL FEREAT 145
U, KIUANF) IR B A He 160 A <2 J& T PRR TR SR T 75 22 ) i i B AT AR K Z2 001, IR ORTE He WRBRIR, BETBUIT
i R F L RSB . (BN FITRLEE T He JR-1 (UREBOGE AR BUH WL 2250, BesGd Re LT b fa) 58 p. e Jm i id
X He ¥ P9 38 s s AEL B D5 ) Ti MR I Pk s B REAT Gt XS b, iR 1 <) Ti AR A He W HOREOHLARD: 24
He M A #E B 38K T3 B 77 Ti MR PR RN, He U224 Ti MR HR, ML He J-115 BRI

KR 200, AR R, &8 Ti, 51315
PACS: 61.66.-f, 65.80.-g, 71.15.Pd
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M T 0T B PR 1, 1) A S8 7 iR AR HE T 462 8
o He BB IONLEEZEAT IR AT, Rk, Bl —
o) @R, TR T 5> 18 )1 # AU TR i 6. Wang
2 OIS =0 4 )8 Pd RIS R AL He IR
UL FEREAT T, 453 1 He B R 5 HIR B
KA. Zhang %5 UL E R AN E R He B )8
Ti R AR BOL R M EE, 7R T He RS L
K/NFIFT & BB R LR R &R, His o 730 1%
Ji it 4 TR R R SR AT T DT A
TEREEBRESHANH He/V HHEFI R R, LLEAHE
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IR T Moo 5 HAEARII R R, JF BL Oy AL &S 1
LIEHPRE TR, RS U8 B T AR T i
HURSEAT N, K15 T HUERR R, JFARERMIES
27 R REIE BRI ATRAE Y, X<
J& b He @ MR ALAT AT OWAH LEE I FE L R
BTG A I TR, HE2 R H A
NIk, 58T EE AR X He Y0 M <5 Jo8 2 11 R T80T
1 K BRI S ORI B R DRI BT IR A
it

G JE Ti b T BATREE =R T AR
AR TR () e e AR AR s 100, B Lo — i
HAIE R () B4R 518 T T2 R4,
I, ASOK LG8 Ti/E N %, R 738) /)
FONEX IR SR % & )8 Ti W He il (AR &
580 N R TR RE S5 5 T A7 R I E AT W 7T, I AU
NFERHE 7~ 42 R AR A He V8 PRI ZLRE TEOHL 2L

2 ML TT

A 30 AR R R B O &
oy T B 71 % B LB Lammps  (large-scale
atomic/molecular massively-parallel simulator).
ST TR ROV E N TT 850, K/ANZT
102 A x 118 A x 93 A, JL4% 64000 MEF. AL
t [100] A1 [001] 77 A 251K F A AR 5, [010] T 17
¥ 5 A A S AR [100] K [001] 77 473
X 7S i ZR I @ Bl % ¢ BT R, [010] 7 AR BT
afTEE M T 1), BRKEN V3a/2. &8 TR+
Z 1) R AH ELAE FH RN R T 7775 (embedded atom
method) P AR, Ti i 7 He JET 2 1011
18 P 30@ I 58 — MR L7 i i 1 2

V(r)=e K?)m —3.21 (C?) LT SNCY

Hrf e =0.02617 eV, 1o = 4.7288 A. He JFi T2 []
(A LA F SR ) Lennard-Jones 7 F 34 22 $ik

o= {2}

Hrh e =0.000876 eV, o = 2.559 A.

AR Sk 4w Ak N B — i e X 4 9 1 T
JEF 2B, FRAEMLIX 3 M BEHLIA T4 T He R, %
B He . Wik 1 7R, He i TR B 0 2 M BRAK,
He VOHIIRRE b AR R 1 B B3R5 He il HH 0 2 [1]
IBE B RN, He il H r 2R, Hedl LTS 5

RABHRERHZNE)ETTiEZHEE N, WA X
AKt=h—r.

b

1 (MTRE) S Tifk R He iR & (I X 8AQ
FeE, AGXIEAE Heifd)

7E He 0 7 LSS, 1 26 & He M MI1A R it
A7 708 3 i TR, A JF 2R S R B AL IS0 B T 7 A 1) He J5
T2 R S A AR RIS, SR )5
5B A FIRE He M 48 Ti R &R i &R T = 2
BRI, FEE I AT ORI AL B A AL
WS T He VTR A R R s e, N T
TSI TR AR B 4 He YRR 245 R I 5o, A
BLALLH He ¥4 r 3BT N 1 nm, HNESH 723
AN He i 7, Bl Hedl N He i T 52 % H HL 4
3.

3 HEREAAM

e, @B E IR T He TE S8 Ti WA
RIEZALHIIRES, 155 He WHITEAR L K28 A FREEY)
R LR (AL LA SR JE 5 AT He i1
Ti R R AR AR T s A RE AT R, 45 34
[l R B2 Ak He ¥ M 4 J T AR IEUTT 75 L1 i FHIELE
LeANFNEEE S He JR 7 HUREEGE ;)5 I8 1L %] He
T P9 SR AN e BT < J T3 B oK ok B HEAT
G xt Ll HA T 48 Ti R P He ¥ (1RO

3.1 ER TAERELL He BT

N TR FUUR B X 4 @ TR N He i3 11 52 1,
o H He WU & 8 Tifk R4EFFE =R, FFHH
NVT 24550410 ps, i HIABFARES, 4R K
M He VIR BEAE, H R WA A, a1 &l 2 Br
N M He W IRE hTE2.2—3.0 nm VU HE A B, £
7o TG HORARIE AR A Bk, HAAORFERTRRME
AR 2 h/NT 2.0 nm B, He ¥ 3R AR AR A ER
&, EETSBREIM T RERK, B Hell 54
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JE R TH 22 (B (1 Ti 8 2 B AR i T AR i
FR, EHFTA I He JE T L& 7E S @R (4
He IR h 24 1.5 nm B, He 075 5t 78— BLi (8] 5
FRoa 2L, He J5 0 s s 0 4 4 9 R ik
k. FTLLE I T 48 Tiik N He WA 2L 1 SR
FE91.5 nm. WELE U, f£4)8 TiRH ~ 1.5 nm
PR N, AeA Heitlf71E, A Heifl— HE)IA
AN X, A2 R ik, X5 55 E S B 13
% 23 —5.

Kl 3 R T A 1.5 nm Ak He A 2L
2 (a) N He W EWIMIES; (b) ~3.2 pshf, He
18 O BRARAR BRI, 8 L 07 1 42 8 i 2 HE
HEt; (c) N 7.4 psif, HHIHH He [T W& B AEA

ikt K (d) N 10 ps B, He Ji il i i%E# He il
K5 45 J& 2 T )l 3 Bl K BRI H oK. He WRURETEUHE
FARK, BSOS AR UF-AE — Wk H] 58 5.

Fhb, AT 2 I T A AR BE AL He ¥ 58
AR AR AT T g, g5 R E 4 FTR.
BT He il T 4B N IAT A S SUEIRES T w4
AN, He v P9 30 e 5 AH 24 1, SUCASBEA A R A AZ IE
MRS TR, Bk P

N
NkgT 1
p= — o F). (3
VH9+3VH6<ZT > ¥

=1

A, P NHe W K58, N oA He i AN kg
NP IR 2T, Vige N He {AR, v, 5 F; 43504
He Ji-7 2 [B] )25 BS ANAR ELAEFH /7.

2 (MTIR) AR AL He 5874 10 ps 5 HITES (P B GERARER SR Ti )8 7, HEBREKAK He 1
F) (a) 1.5 nm; (b) 1.6 nm; (c) 1.8 nm; (d) 2.0 nm; (e) 2.2 nm; (f) 2.4 nm; (g) 3.0 nm

3 (MTIRE) BN 1.5 nm 4t He BN SR O (K I CERAEAR SR Ti i 7, WEOIRENAE He A T)
(a) 0 ps; (b) 3.2 ps; (c) 7.4 ps; (d) 10 ps
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AR AL th 2 B AL A A AL 3, (B S FF) S Bl TR S5
IR N, AARZE/N, IR R T 2.6 nm i, A
M FEACRFFAE 5.7 nm® Ze . X BRI I i A
K2 18 i T AT PR

3.2 HeBEREERATHRERIE

T He VO 7E T AR F R A RE O 30 47
T, K S E AR E He i 48 Titk R FHRE
TRV, HAE MRS T IR — By ), W% He 2
PR, RIURATESEE T BT RERK KA S W R
R He JEAE B N L T RIS, B fES
FR T AEE AL, JUF A2 B e sORE I

B 5 45 T N [RD R B A He ¥ M 4 J8 44 YRR T
T % W B AR (s SR E). MBS AT LR ), &
A & He WL 78 FE R OK, BT 75 1R I 57188 50 L 22 vy
ALKl 2R R o AN B TR B, He VIR TR
1.5—1.8 nm u [ P, MZRRHERIR/N, BIBEE R
01 nm, AT T 06 FURE RO E R 38 -+ LI R
3 TR B, He IRFEAE 1.8—2.0 nm B P, #hk
RER SR, RIBEE R I01 nm, TR I
FHRE R BN LE R A, BERIE Kk

B, 43HARE KT 2 nm §) He i 3E47 FHE R, RIf#E
WA R M TR 2 K08 1000 K, &8 Tidiks 2
LR B A P B, He M EAE KA, X
T 5t P D DR H 2 5 i T A T AR

800
. 700}
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B
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5 He it I 42 J Ti P RERCHIK B 5 1162 He 3075
FE AR,

e G X He R 7 B9 B g0 2 34T T B 7T,
P64 H TR N 1.8, 1.85 F12 nm Ak [ He i 4>
AE FC I FUREIGHIR FE T FTRE IS HE 1) He Ji7 - £k bt
TR A2 4. AT 6 AT DU H, & il 0L ORI
T FEFEAR — B, YIAEL 30 ps A 1] 38 FE YR8 43
He i M& @A N kit 2. B o6 NiaE S
H TSRS B0 He V6L P RE O 26 B8 1) [A] (1) A2 4k
Wi 5 I R] R 5, R TR 1 JeAE 2—3 ps I [A]
T AN 0 /ps 21 150 /ps, 18 BT R IE(E; A5
TEHE T RINZ)10 ps B H) P9 LBk R B IR /N
AP PP B ) AR, BT IR O R
T EFE T He VAR 3RECK, 1R 2 He 11
5 BN BRI ) W& B AR s v th 2% J5
M, He s NIRRT OAKRZ, KA ERS
JaI TR T3, DR SR 0 et T S B k)

—=—1.8 nm, 323 K
—e—1.85 nm, 513 K
8001 4 9 nm, 720 K
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[}
o

Hel5 RS
IS
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[=}
o

0 5 10 15 20 25 30

o
T
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I PR G FE T R HCI) He Ji S S5 F ) 1) 25 b R 2
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3.3 &8 Ti™ He BRMRBMNIEMR

N T 1A 4 R T He i FOREZERTROLER, 43
SR AN [ & BE 1 Ti ¥ J2 78 300, 400, 500, 600 F
700 K il BT M ek am B AT T U, IR gt
TR 2.0F14.0 nm ) He 076 A FIRE R E
SRR

B 7 Bt o8 T Z Pk s B i J 4 R
Bl 7R DUE H, o R ol LR R ) KT 38 K, B iR
JE () TF e i B ARG, 40 400 K R, JEFE 4 0.6 nm [
&R Z Pk~ 10.96 GPa, 1M/EE N 1.5 nm
f) 4 8 v 2 I N3 11.56 GPa; B4 1.2 nm [
SIREE, ZiR TPUKEE N 12.5 GPa, (H 430
THE 2700 K I, 98EEFEACHE] 17 9.3 GPalifi. 5
Ab, W 73BT LUE Y, AE LR 2RI 2 1 Sk
BT, UTiHEMEEt KT 1.6 nm i, Hprskis
FERFEARREEAAR. X IELFRRE T 2 2 2 1 = 36
N He IR h KT 2.6 nm I, H A #5585 481
SUERRE— AN RUE E M. X2 BN Y He L HI IR
FER/INGS, e E 5 4 )@ 2 ok s ), He
TN 4 I A% (5 R 8N B B B BT DAYE He Y2
MBI SRAE R T, AT IKFR R, Helfd
2 K P [0 Bt o JFE pAy 35 s 5 7 A — o R B T R il
LR, B He IR FIINIR, 48 W2 Pk is
FERRSRAE R, T LA He Y AT 2K 25 LR ER /N 24
HIREEIXE) 2.6 nm 5, @YK EE LT A H ek
A5 PR He 0T J L 45 08 di A& I 5 IR FR B2 AL B
B (T8 A8 2 B A B AR LR R AN AR, AT 52 5 He Y0
(100 PN 50 s 5 A R 4 OR AR AE — N R A P Il (X
HRHB TARAIM KRRt =h - 7).

I
[}
N
8_
J%( —=— 300 K
;_L‘% 61 —e— 400 K
B o4t —— 500 K
—v— 600 K
2r — 700 K
0_

0 0.5 1.0 1.5 20 25 3.0 3.5
EE/HIIJ

K7 ARNEE T Ti )2 RHUk o B i 5 2 AR 1L

X FE N 2.0 F14.0 nm [ He 38 43 51 7 300,
400, 500, 600 F1700 K & FE T s 55 AR R i i

FARWME S Fro. N T 7 fEHEL, 1818 (a) 45
TIERESY A8 0.9F13.2 nm (1) Ti # 2 1Pk 58 B
WH i L AR A 3, SRR, R 2R K R
He 0 () 4 35 e s B IELEE AR 4k 11 8 (b) Tz iR
F£292.0 #14.0 nm ) He AR IR FE 2L S

19 m ¢t =0.9 nm, TiyEkEMR
&0 ® t =3.2 nm, THKER
g 1 A =2.0nm, HelflJEir
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;'72
10 b g
B A v
H gl h
o=

A
I e
E T N
E o
7 (a)
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i /K
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Heffl A8 /nm?

6.5 F

6.0 |
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/K
B8 (a) R T He it 5 38 5 4 % 98 % 10 5;
(b) TR FE &b He MR RE RO

M8 (a) FT LA th, Bl T, AH R R
Ti 2 PUik o g R RME T, HIEE/N, T
T, He V6L 5 1 6 IR P T = 1m0 1 B, ELER B /DS
() He ¥ N FRFE S BE P22, 1 560t He 0 K 9 it i, F
FHEi T AR A AT . B Hedfl By
£ J T 2 PR B 5 5 T R P T v TS, FE iR R
HXF He Y 457 R B2 A B ek 55, LBl & FE T e
SIE N He Ji7 123 5 R 21, PRI He Y50 & [
e A% PRI % 2 PR B K, WL R AR A i s,
8 (b) s, HIREE RN He AR ik o 2.
FrUA, 75 R AE T, W EE B R, He VI N 3 9%
15 3] 1) 22 ff FURE TR A B KR, [ R B T 1 o B U
ESad =R AN =k

FAN, R EE N 2.0 nm AL H He W 58 th 4k 5
JEBE 0.9 nm 1) Ti 38 2 505K 55 5 il 28 48 K A1 %2
RINAZ IR AL FRTE 700—800 K 2 [8], iX 5K 5+
25 IR FE A 2 nm 1Y) He Y85 24 T 75 100 I UL 2
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720 KARFEE. T AR BN 4.0 nm () He ¥ & 58
2k 5 BN 3.2 nm 1) Ti )2 PUok 5 FE fh 28 12 KA
A2, RIAL MR ALPRTE R 1000 K 4, 1X 8517
TR SR KT 2 nm i He WO BEAT THE, BI{E
1 R IR E TR 20T 1000 K, &)@ f ks Bl
JREBIEALI, He W13 A R A 2L I I S 75 &
M THT TR 43 47 0T CATS HE 4518 2 B VR B AR 1) He 2
JE 5 it 26 5 3 b A R R FE () T 2 5 BE it 28 4
W, He W5k 2 KA MR, Ha 2 Ui Ti 2 1
PR 5 A 2 DS 4% He ¥ 4 3B R 3R 45 6 R I BF
JE - PRy, He Y8 240 Ti 2%, B —4&E
H: He {0 54k & H B0 F1183E, He i 78 It
BRI 2, He VR AEMZY. HEAT s (R A8 AR R
XoF R FEE Ah He Y0 2R e 75 1A) I SR8 TSGR FEE

4 % #

FIFH 537 80 )1 AR 7 250 L 5 He TR
2548 Ti N He Y@ MARAR L e 5 A RS TR0 72 45 7 THI
WK MEET T, &5, PR EE T Heiufe
&8 Ti WA AR AL IR A, RILE i 784y 5t 74
J&, TREER/INR IR He 6 FHER AR AiER A, FLIRFE
N 1.5 nm (1) He ¥ 28 i 50 27 ot 74 0ok F2 10k AR i 4,
He P4 30 1 555 il 18 5 386 Joge i 386 K (H IR R
T 2.6 nm I, FaRERHFEARRERAE 10 GPa /it M
S, He IR AR B IR 5 38 iz iy, iR KT
2.6 nm B, ARFINEEALRFEE 5.7 nm3 £ 4. A5,
XL He V1) Ti PR RIEWREEAE R B 72
HBEAT T BEH0, R B e AT A BE VR A 1 He Y R AE
24 W TR ORI He YR 28 hn#a s, HAH
TERE N R JBOE R B A — B, $4E 20 30 ps I [H]
JUTKs 403 He JE 7R 25, s, 83X He V2
PR SR AN 7 48 Ti 2 bk ok B T 4
TR LG, RIS Ti i EBUok sa g /N T35 F 7 He ¥fa
PR BRI, He Vgh 2% Ti 25, FE— &
$2 He ¥l 5 & F B 3R 1 1380, A He JR 7153 2R
i, T8 7 428 T4k N He MR TEONLHE.
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A molecular dynamics study of temperature and depth
effect on helium bubble released from Ti surface”
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Abstract

Using molecular dynamics simulation, the effects of temperature and depth of helium bubble on volume, pressure
and releasing process of helium bubble in metal Ti are investigated. First, through studying the states of helium bubble
at different depths at room temperature, the variation regularities of volume, pressure and releasing process of helium
bubble with its depth are acquired. The results show that with depth augmenting, the pressure of helium bubble increases
gradually, while the volume decreases, but these two parameters are kept at some level when the depth is greater than
2.6 nm. Then, the evolutions of model system with helium bubble at various temperatures are simulated. The critical
temperatures of helium bubble released from Ti surface at different depths are greatly different. On the whole, the critical
temperature is in direct proportion to depth. But the releasing rates at different temperatures are almost unanimous.
Finally, the mechanism of helium bubble released from Ti surface is explained on the basis of statistics and analyses of
pressure of helium bubble and tensile strength of the metal thin film above the bubble. It is found that helium bubble
would tear the Ti film above it when the pressure in helium bubble is greater than the strength of Ti film, and then

helium atoms will be released from the metal.

Keywords: helium bubble, isotope of hydrogen, metal Ti, molecular dynamics simulation
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