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1) (FET RS A6, HEE /5% 5N TREE R E Akl s, Jbal 100083)
2) (ALFRHECR MR 5 TR AR, Frph PR RG-S AL AT, dE3T 10083)
3) (DKW ERRL 5 SH AR 52 B gt g8 e =, :DL 430072)

(2015 4E 9 A 21 HYEI; 2016 4E 1 A 25 HILBIE R )

KHI 15 keV, I 1 x 10'7 /em?®, IR 600 ©C 2R TN, 4373 LAY B 70 205 X 483 1 4 T 43
135 VAR A2 S U BEAE i LB E NS T, B0 SR RS IO S #2324k, DA T MRS 1 S A3 IO AR AT
PR AR, SR i 7 R e SR B T R i B P B A T SRR L R O R LT RO SR i T B
T 2 5N B 3 T S A 8 A RO 2T S SR AE AR SO S5 Ay AL P O P

KHEEIA: 45, hRERIRE SR T, A, Ba
PACS: 78.70.-g, 78.90.+t, 21.90.+f

1 5 7

AL TRAL N RE AT T Y S SR R 2 —
[f 7] 55 25 1R F1 K} (plasma facing materials), B EL
PN 55 B8 TR B [ AR R I ADRE, T2 A0 i E 4%
HIEE—EE. 55 DL 8 (3410 °C) T MEEF L =
TR e HANS H LI FEAL R KA RN A
5 RS PTRR AR 2 D30, A O A% TR AR i N HE [
b #4% AR 5256 HE (international thermal-nuclear
experimental reactor) & AR EZRIEHE (DEMO)
PRSP 5 — BE T ) S5 B T AAADRL, HAm IS0 F
KA WA A U R U7 (B AR 5 K 0 e
B AR Ul e MG U A G R — LR ) 4 L
FH B A2 B DR =1 AR SR R e A K B R 4
(RAH AR E BRI M RLE T, B
RIHATINRE L I VR, SR PR B3 T i
IKEE. TAERS AP RMA N, — & 5P RkE R 5 1 1Bk
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SR, R E S8 A B K (swelling),
FEAERGT LIEARBIA TS E M, —RAMIN R
(He-embrittlement), 7] FL#E 5 300} AE 2 | gk
A Wiy SRS TR P 55 7 i Sl 25 A8 /)N, SNG4 7™ = 5 IR
RAHES KM B AR 2 1. AR, SRR R
1A AT i 45 K BN Ay ) B B, AT L
WSEFRLER B9 B B8 SRR

Hl, R THE5EE 7RSS
IR 2. A SO Y DR ) B 2 e o 4 - e B K
L E &, AR5 E R 7 e B2 0F 78 B Al < 7
5 D2 PR 5 5 T30 1 A A L (110 keV,
0.1% He), PAKASCAE 5 2 T 31 56 45 SR 1
b, AR H P SRR R 15 keV. MK E AR T,
DAH AR 55 BIF 50 2088 1 0 B 1 2R THT 4514035 DA W
P37 S LB i BRI NS T, BEAUAE TR A e
15 keV. il BEEUE 124 T RS R TOUE 45 F A
b, LT RS T 5RO BAE R, SR
HL 7 R UEE (SEM) JRAE & 7 IR 3 41 2 7Bk (FIB-

s« [E K B S SRR S R R R (ikHE S 2010GB109000, 2014GB123000) % B8,
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SEM). &t 7 R4S (TEM). s PSS T 2
B (HRTEM) &7t FBUil S &2 B FiE AR 5%
THT ST Al 35 40 TR0 2 M) % 3 9 7 65 Al R 45 A ¥ A R 1)
ER.

2 SERAK R %

AR A B o R 8 A 1) AEW
(> 99.9 wt%), >4 5 mm x 5 mm x 0.5 mm,
KB B, 2) A WES BHEFS(RES
T (FIB) il £ [ FE f, Mo B2 #80M), R~FA
3 pm x 10 pm, JEEE/NT 50 nm. #3113 BRI
REENEL.

1 WHEEMNRERTESE (ueg/g)
Table 1. The main impurity elements in W (ug/g).

Ca Fe Al Mo Cr Ni Mn

W 1903 827 528 221 12.8 5.6 4.6

5

.
#9

1 BRI N E 2% - s B R i = Il (L) o
1, BHMESS; 2, B THEANL 3, JFXRBE; 4, #HA
45, 5, mAERL TN E; 6, /7 BRI BUR /1 A
7, RN X HEE; 8, S HonH B 9, WL
Witk 10, —HOTHIESE; 11, #oEERHAE; 12, £4
FUSHEE EU; 13, TEM

Fig. 1. Schematic diagram of the accelerator-electron
microscope interface facility at Wuhan University:
1, Tandem accelerator (2 x 1.7 MV); 2, ion im-
planter (200 kV); 3, switching magnet; 4, X-Y scanner;
5, high-energy implantation chamber; 6, Rutherford
backscattering/channeling; 7, particle-induced X-ray
emission analysis; 8, electrostatic quadrupole binary
lens; 9, deflecting magnet; 10, magnetic quadrupole
binary lens; 11, X-Y scanner; 12, on-line RBS; 13,

transmission electron microscope.

RS TR IS0 2 78 BODOK 5 ) 38 2 Bt fin i
A - E P & Rk T, B PR, %3 E
B2 x 1.7 MV HFIE #s . 200 kV B EAMLA
200 kV TEM £ %, J& 3 [E 25 — & Il % - i BE I
MU E . ASES E R A I 200 kV & FEAML,

B2 fios L8 IR VA BIAR I 7 AL s IR, 1840
SREREELIHAAE TSRS T B FURKR
PR 020 KV, A HLE 0—200 kV.

SIS K 445 A1 TEM A i[RI 64T 203 1
TN, TENRA AR 2 fird1), A5 400 58 48 HE v 1) 1 )
HETARMELE Z B A RE R (215 keV)\ =ik
2B RS AR BB 47 8. JF s SRIM #4257
BEATH 2 VN IR FE SR FE 73 A, SRIM =&
R E T (10 eV—2 GeV) 7 [Fl 44 7 52 21 1) BH
1E Je FLHHFE o A ek 0. SRIM A2 5 | i AN £ 72
JFE#H . SR (tables of stopping and ranges of ions
in simple targets) FI 4D IT 5 AN [F] ey E N 1
SRR 19 43 4fi; TRIM (the transport of ions
in matter) /& — Fl Monte-Carlo B I 575, E Ag %
IREFREMENE TEREM i), Jrgn =t
B ZEEM T HEANE TS MR TR E
ORES - A

S 13
10 T 12 e
—aaE—— [_—H— D_ _i__ -]'——_‘___,_h

B2 BFEANSHEDLD 1 BT 2, Wik
3, HUEEL; 4, G 5, FHSEA; 6, FHIHEAKL; 7, WA
JGBR; 8, WEBFMCE; 9, BURAEMES T3 10, 5 HOUR &N
WA 11, ZReRUSGES; 12, X FA#E; 13, Y
#5514, iR

Fig. 2. Schematic illustration of ion implanter: 1, Ion
source; 2, extraction electrode; 3, single lens; 4, di-
aphragm; 5, electrostatic steerer; 6, inhibiting elec-
trode; 7, variable diaphragm; 8, magnetic shield; 9,
dual-focus magnetic analyzer; 10, cylinder accelera-
tion tube; 11, electrostatic quadrupole triplet lens; 12,

X scanner; 13, Y scanner; 14, deflector.

F2 A TIENTE KM
Table 2. The experimental conditions of He ion im-

plantation into tungsten.

feiE /keV 7 /em ™2 HE/°C

15 1 x 1017 600

3 ERER
[EFIEANLH SRIM 2 F1EH

B TR NS (1 SRIM K40 45 5 L 36 3 %
K 3. HAEr &, 2415 keV ZUE AN T, A E T

3.1
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()7 35 5 F5 A 439 A, 37 5 L BT R T R BE £
50 nm. B, BT 23.1% M E T B B AR
T3 AR A (1.6%) iE I8 B IR A, 75%
LB RS T # B A A TR AN S T AR A
Ik 47, X R RIRRL IS B, R4 R R
5 JR TR, FUE TR B ARy A 4k
BN — R, TR A RS S BT A B
55 HAMAS SR 7 BEAT Rl ESUBRLR R,
BT T ERAS A S5 T BBl RE R AL TR, (B D i
FES NS TR R A K, JE TR
FRER, SAEE N R A B R T 2 A
AN 5 R AR U1, e 3 g, P3RS B

Atom distributions (a)
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Fig. 3. (color online) Simulation results using SRIM after

0

15 keV He ion implantation into tungsten: (a) Atom

distributions; (b) ion ranges; (c) collision events.

TSt 4 S T 0.06. B3 (a) TEN R T
ANESALAS I B 0 A AT R, 2T AL T B
VENRE BRI A K, BN B K8 e X
FEAR, XN R B T A R 2 R Bk AR
RGBS ).

#3 SRIM B4R
Table 3. Simulation results using SRIM after He ion

implantation into tungsten.

R R
AB T T4/ A 439
T 2B TR L/ % 22.6
Bt R T L ) % 1.5
GRS TG L 47
PSS TR S R T 0.06

WS s B IR T )P 1Bl BE f eV 36.5

3.2 R|NBTFEAMEREHREHIF M

B SRAR S S HE P, T [ 55 1 T ARG IE 52
B REE (D keV) RIRE AR T, AL
I 18] A 7E R A BER 2 (< 1 pm) AR MR K
E, K 3B BER TS0 Ak 24 L R, &
PRI S e A 2

3.2.1 #mil (pores)

P 4 0 518 1 v N A 3R T AT A B 3R T R S
K. 5RENZE T4 (K4 (b)), feE
H15 keV, FIEA T x 1017 /em?, A 600 °C 2
B ENE, AR A P, AR AREL
E AR L (B 4 (b)—(d)). B 4 (c) eitar 4,
R RKALAEN0.43 pm, F&/N N0 nm. H EAEN
0.1—0.2 pm FIAFL &7 40%; B A48 0.2—0.3 pm i
YHFL 5 37.1%; EAF N 0.3—0.4 pm (47L& 17.1%
(El5).

W 13 T AT B — AN A FLF A FIB AR 5 AL
PIIF SRR TE SR, i 6 o, 7EFLIR 3R
B R T5 R — A HAR 294 339.4 nm 1 IE AR 45 H).
FMASHIRE J9 339.4 nm, F64E 4 232.2 nm. %
S 77 A P g S BT He S5 76 59 55 44 o AN I g AR
R, AR He J8 TR R LR R 2% K
I, Ko EREL
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K4 (MTESR) ZE TEARGEEREMILKIESRE (o) FEHEET; (b)—(d) G
Fig. 4. (color online) Morphology of W before and after Het implantation: (a) Before He

implantation; (b)—(d) after Het implantation.

50%

40%

30%

20%

10% |-

0%
0 0.2 0.4
L2 /pm

5 RMISLIAAFLE A E
Fig. 5. Helium pore size distribution results obtained

by nano measurer.

Be6 SILEmAL FIB-SEM B (iR} 55° £4)
Fig. 6. Cross sectional FIB-SEM micrographs of the

helium pore (tilt angle is 55°).

3.2.2 A& (blistering)

HIE 7 RA, R TR A, BREESR
T 2 B K B (1 FLIR BL AL, A8 JR 83 A7 8 K [ 5%

M, EWA RS2 54 (b) 1.68 pum x 0.70 pm;
(c) 0.51 ym x 0.77 pm; (d) 0.56 pm x 0.81 um;
(f) 1.11 ym x 1.22 pm.

M 7 (a) S8 iF AT A, oA AR TR N B K
B 5, RSO R KL~ 044 um, f/D K
0.1 pm. HAEZEHN0.1—0.2 pm 1L 5 40%; BH&
90.2—0.3 pm L5 34%; B H0.3—0.4 um
9L 5 16.0% (B8 (a); HEIT(e) gt it T H, fix
KALAZEN0.71 um, H&/NAN0.12 pm. H P HAE
0.1—0.2 pm [FL 47 18.3%; EHAEN0.2—0.3 um
(9 FLIR &7 45%; B 428 0.3—0.4 pum (9L 5 23.3%
(K8 (e)).

B R, B EEE15 keV. mAIEL x
107 /em? B S E T & ol 4045 S TN, SRIM A
SR (R 3) MR, AE TR SN 43.9 nm,
PRI, LIS ) A AT AE S 3R R AR R IR, 2
BB R S, /DRSPS0 IE I BEYL & F
MK, SFEM R MR, FE, HIRESAL
S5yt L 2 R R RT AR SN R R R TH 45 R
SO R T R RRE G R, AR AR
JE T BN K S R 20, B S0k B 4k 2 4 Jin el
SR Gl NN RN S o SN B ST N ]
T IA T 2L AR T AR B T AR S (B 6). 7ERRL
ROERTE T 7, 24/t T Y BE A 1 ok I ARt
0 JeE A i E IR A5 2% R A SR T RE I, B AT L 52 2 n
7 (b)—(f) fEAS 3R TH L B B R, B He iU
FIZHCOR, RO, 2GRN R+
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7 ABETENBESRETEEAFRTEREN  (a), () FESEMAKEE; (b)—(d), (f) FESEM i H
Fig. 7. Morphologies of helium bubbles after Het implantation in tungsten: (a), (e) Low-magnification;
(b)—(d), (f) high magnification.

10% (2) (b)
40% |

30%
30%

20% 20%

10% 10%

0%
00 0.2 0.4 0.6 O%O 0.3 0.9
42 /pm 42 /pm

K8 HmEBMIALESME  (a) Bl 7(a) MEGHHER; (b) B 7(e) MGITER
Fig. 8. Helium pore size distribution results obtained by nano measurer: (a) Statistics from Fig.7.(a); (b)

statistics from Fig.7.(b).

9 YA B T R ) (1)

Fig. 9. Schematic of the blistering on the surface caused by fracture between bubbles (161,
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A B (Wi R EE R, Tk AR A R, K2 AR
BE R . Forh ) BN BRI AR R AT AL,
BUOR B 2R) 2 77 A 1 IR . K& B AL
SRR R E SRR Y, R PRSI R B B 1 )%
PERE, JFSBOLE A TERER) T R

3.2.3 “RE” (fuzz) KK LEH

SCHR [17—19) B FE R, 4K ReE (JLTeV)s
7R R i (>1000 K) A AF TR E FEA
e, SEM IR ITE R 958" R (fuzz) B “27
IR (grass) GKE5H).

A SCKG R B (15 keV). I E NI x
107 /em?. & N 600 °C IR E T HEBEENE
FEAX 23 50 nm B H 32 B FBEFE & (3 pm x 10 pm,
JEE/NT 50 nm) I, FIFELRE] T 9B RN
KEER, W 10 (b) Fias. R, 751X S48 BoAR 4514

.1._11&1. :

BAFAE R B2, K23 1 B AR N 22.6 nm,
/NEAZRA 8.7 nm; FLLEZS IR A AN R 7 AR K =gl
KYGORFIEE. FATE B TEM AR 3k L ARxE
FAR B I T AT AERE 42 AT  HRTEM. =
TG 7 - 313535 5 8 T SRR S5 o T T BLE WX
BE i K R 2B 2 B ARG JT (bee) 4514 1)
R, HZHAE (110) ST EIEE d = 0.316 nm,
S R 0.447 nm 200, Kajita 25 1) HEN T A &
N50 eV, FHE > 2 x 102 He/m?, & > 1000 K
FAF T BB IRGOK G5 T B HLEE, dn & 11 fr
N, ASCHE TEM FE B B EFENAE T, HeR
S5 FAE] Tz

)RS FENEHES Y SR EPRHER
PR R S, (RN P AR R ) S A S R TR
He-V B1%, il FE AR A H KK 4] 7);

K10 AETEANREI R W ERRAKEBIRER () k1E; (b) FifE
Fig. 10. TEM micrographs of nanostructured W after He™ implantation: (a) Low-magnification; (b) high

magnification.

Surf. temp.: 1400 K, Ion energy: 50 eV

————
(a) .2900,90,900Q 906 9,0°000 0
660000 000 S0°6° 00 °© 00 0

<1x10% Het/m?

. oo.oO.o.' O°'OO
‘0 0.0 o do

OO.O o.o 9OO°°°000 0O
"o PR .

~1x10% Het/m?

~2x10% Het/m?

— Original
...... surface

>2X10% Het/m?

P11 SR 6 5 4 1 4K S A B T Bt s 7 ) 1)

Fig. 11. A schematic representation of the fiber form nanostructure formation process

9,
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2) BEE 2R R & I, RMR 7Y B, S5
T I 9B AR B B 1) e Al 8 P52 R DT 2R 5 N
K T B RL 3 TR R I SR S0 DR T AL
S T e ST FEG ol U o 5 SR, T 3K 4R 4 2 2 B 9
B (fuzz) IRAAKRGERIHT “Fh 57 (seed);

3) A, AESRGEL  FLIR L NI SE SR IE I T 7, K
BRI R AN A I KOR, e BEM R
T, SEERMEHE— PSR —RENL ST
S0 MR BE AR T BRI “HER” (pillar-like) F)
HRGERY; BRAh, FESE R, B R T I AN BT
TEN, IR AW AR B R  BORR S 4 B 4
Koy Bhid FE 2 S EOMRN R A K, FEAR A4S 1 iR
PERE.

HA B 7 E NG RSB R B 5
HRTEM (K 12 (a) fIE 12 (c)) 740, 75 “4 B IREE

v TR
P

g "

K12 RETHENGESTIEK 95 454 HRTEM
(a), (c) Fifi; (b) A

Fig. 12. HRTEM micrographs of nanostructured W:
(a), (c¢) Low-magnification; (b) high magnification.

R AR KB R 3G I e 2 A Y TR R 2 &
BTEANS)E, AR R EER R T, W55
AR AL B SO SHR IR T, SR AT KRR A T
JCHRBT ARGNREE A, TSR WU SE AR 1
JEAH.

4 % #®

1) i SRIM 2 /5 B4l 1T B e &8 15 keV R
BE T NGRS R B SR FE A3 A, FLA5 R AR,
R T 1T B RN 43.9 nm, 75% LLEIRE T
HOERTERS h, AN SRS T3 AU A ek 47, TP
PR 208 - DSt 4 J5 1 0.06.

2) ASCKAEES F (5 mm x 5 mm x 0.5 mm) il
TEM Ff & 73 BT 208 TN, A e &
15 keV. 78 1 x 1017 /em? . 3G 600 °C. 4454
A FHENGERT AW NG DS FENG
30 AR R THIE J ™ B 40, F BN R E RS
NN R A FL, iR KAULAE N 0.43 pm, f/D A
90 nm, HAEZILI NI AFAERBR R il 28
TR 5, B AE 5 3 1 T8 BOK & 1R 2R BA AR,
JREEAAAEA FITAR 806, Hh i KRB0 B AR
Al 1.68 um; & T HEVEANS I TEM FF 5 5,
SAER TR BOK & “9 B IRIK S5 1, TEM 43
RGP KR A, RN, 7K S0 IR 4G
o) BAFAE R E R A AL, S RAIFLI EAR N 22.6 nm,
B/NEAN 8.7 nm; HAEANFLA BRI 5 47176 K&
YRR T IR,

SE
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Microstructure of medium energy and high density
helium ion implanted tungsten®
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Abstract

Bulk tungsten and tungsten transmission electron microscopy (TEM) lamella are implanted with 15 keV helium
ions at about 873 K to study the microstructure evolution. The samples are implanted to about 1 x 10'7 He'/cm?.
The projected range of the helium ion in tungsten is about 43.9 nm, calculated with the stopping and range of ions in
matter program (the SRIM code). The density of pores with diameters ranging from 90 nm to 430 nm is detected on the
surface of helium implanted bulk tungsten by field emission scanning electron microscopy. Blistering is also observed on
the surface of helium implanted bulk tungsten. The TEM results indicate that fuzz microstructure is formed in helium
implanted tungsten TEM lamella, and stacking faults and micro-pores are observed in the fuzz structure. Besides, the

density of nano-scaled helium bubbles is detected around the mirco-pores.

Keywords: tungsten, medium energy and high density He™ implanted, helium bubbles, microstructures
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