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Table 1.  Conditions of neutral beam irradiation.

gn PR TR AB WL GER TR

R /MW-m?) BT JE/KV 102 m? /T
WK1 WK 10 H 29 3.4 1000
PW1 PW 10 H 29 3.4 1000
WK2 WK 8 H+6%He 27 6.7 800
PW2 PW 8 H+6%He 27 6.7 800
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8. R 2Na 1E HL -5 AR AR A v Ot 4
v, AR BT R 2 BER 2 220 ps, BEANIER REUT
B2y 2 x 109, I/ BE R GEHR2E, PRIESE
Yok A HERG. A PATFIT T2 5 % 5 A i i s,
T8 2 R U5 800 I A5 B AN (] 1 P A 54 B X
o7 R

7T E R B = AR B 5T T T R OR
SIS A TR R DBS . il fdf
2Na fERIEHFHURIR, m2l Ge #0483 B TG
SR ), 8 AR A AR b A B e A I R
P AREE. 5 H S SECR W S 806 1F HL
BOGIEHATRAE, Hoh S S80E Ul 511 keV lrh
YT (510.2—511.8 ke V) Sl R4k (499.5—
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Ao A BLPH DX RR 3, % 7 SR A8 FH T 007 4685 TR
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R 3 Frg. X EE AT, R 32
/NF0.01 eV/A, fEEZ2/NT 5.0 x 106 eV /atom,
f A R R A 0.02 GPa, e KIEF 0%
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7 4l DO T A ] B A 8\ T AR ] B AL 5 XM A7 AE 25 oL
f, & AR as iR, s fidh SN A.
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3 HERGAM
3.1 HFmEREERESH

K15 R [R 4R IR AR T DU 4 5 1 2R T
B E 1(a) FE 1(b) /il AR WK il PW
PSR TEDE R, R BN B 1(c) M
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* 2 (ISR

Table 2.  Detailed parameters of dislocations models.

Dislocation Type Slip plane(z) Bugers vector[b] Dislocation line[y] b-y Angle/(°) Intact/ps  Vac.1l/ps
SCREW (101) (111)/2 (T21) 90 106.5 196.4
EDGE (101) (111)/2 (111) 0 133.9 197.2
*3 AR
Table 3. Detailed parameters of grain boundary model.
GB Type b GB Plane Rotation axis Angle/(°) Intact/ps Vac.1/ps
TILT 5 {015} 2 (100) 22.61 142.2 204.8
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Bl 1 K& SEM B (a) AKfEIE WK MG (b) KB PW
FE&L; (o) 48 FRAE & WKL (d) 8 AR PWI; (o) 4R AL
i WK2 (45 b A 2 202 DX 8l R 8 750 K )5 (f) i BEOAE o
PW2(47 LA (e))

Fig. 1. SEM images: (a) nonirradiated Sample of WK;
(b) nonirradiated Sample of PW; (c¢) sample WK1; (d) sam-
ple PW1; (e) sample WK2 (The upper right corner is a par-
tial enlargement of the red box area); (f) sample PW2 (The

same as (e)).
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G AL A B HE A G G 2 U S R
I, SR TR T AR ER AR 2 4N
AR ARG N i P B, AR TSR AR S ARk S i A
2R 061 R g s B G A A X LG R 1(e) AN
F1(f) KRB, £ H+6%He 58 18T, BIFEE G2
PR S FLEEH, RN AR F il R SR 3R
JEE 4. Temmerman 45 P30k R L,
FCAF 58 2 BHIZ Y A0 32 8 0 Hhy 30 2 i DO S 5 .
3 SR R R AT LA H R WK BT FLZS 1
R PW2 BER, RVEHI & 4RSI U
RN, RPN A5 SGHEA TR IE.

3.2 IERFEZEMIEOHN
3.2.1 EWRFELFGEM

B 2 25 TSR B T AS [R) 2 A e R i 43
A 1L, RS S 1E H XA A Y G o A
B, A A% b AR A BB AT, 1E T X
AL B R DX IR YA A TP AR AR S N IE
T BAEAS LA, I H AR 5583 fiAg dhas v
AN FF A AR R 2 197 ps(BAaSE). 2440 i X 4
VRECE A AR TR, & SR AR 2 R

o= X

K2 ERFERSM  (a) S04 (b) S5 IREOE 2R T (o) L4 PAFAE — D= AL (d) B AP AALE— DR T (e) M A

(f) PR E— A2 AL

Fig. 2. Positron annihilation distribution: (a) dislocation; (b) hydrogen atoms are scattered in the dislocation; (c) dislocation with a

vacancy; (d) vacancy with a potassium at dislocation; (e) grain boundary; (f) grain boundary with a vacancy.
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MR TN R R Z) 155 ps, X&H AR TR
R T A, (25 A 7 v o 28 5 B K BT,
A AR FIES B AR, 4 R T2
it DS (o7 P R S, 5% B8 7E 255 o7 BT 178 DU T 4k s/ \
TR AL, Y23 i SR FECE AR 6 M, &
FIRAE N FF A EBRZ R 126 ps, 1124 2)R T
IKE] 7T A REEM R ZY 104 ps, %45 RS Troev
S5 B R R S5 ALY . 2 A IE B T AR AL
PG A (SR AR, AL
FRIEH A2 116 ps, B ECh 9 i), B
SRTEA SO ) U145 H Y FEI N R IR B FR, (H
fEERFEUE R 35 B A SR s Al HAR R
{6290 168 ps; 8 i+ A 20t 256050k 2 Fil

9 HORR B IE HL T H A fE 4 W 298 116 Fl 145 ps. 1E
LT -5 B RO a8 [ AR 56, 23 o A1 3%
B TF F, 75 i B 2 0 R <98 R T ok 881,

300

-a V1

—o— V1+Hel

—A— V2

—¥- V2+4Hel

—- V2+4K1
V9

—— V9+Hel

—o— [H]BEfL

250

200

Lifetime/ps

150 ¢

100 bz-ees o0 er—r—r—o-r— 1 @1
10 15 20 25 30 35 40

H

B3 b A BB Y IE W T A

Fig. 3. Positron lifetime of H-related defects in tungsten.

> V9+H1
—o— [H]pfiL

150
104 ps
100 =771 . T

10 15 20 25 30 35 40
He

Lifet ime/ps

-5 0 5

B4 B rh S BB Y IE W T A

Fig. 4. Positron lifetime of He-related defects in tungsten.

3.2.2  ERTFHGEMIKLE RS

R T RGBS A i S U DG B T AL
XFali H AN H+6%He H M o 4 BE 9 29 B0 RE 5 A4l
BRE SR T IE H R R A A R, S5 R ANk 4 Fr
G, M PATFIT A4 1F H 5 3 B A i kA 7
fifi, A2 2 BRUE R JE A5 B A5 m A g o R
A, Hod r 22 0IE R TR G, e iEas
. i@ (9) AR

R4 R IR T AR AT

Table 4.  Positron lifetime of irradiated samples.
5 T1/ps I /% T2 /ps I /% Tm /DS il /ps
WK1 133.0 + 1.8 62.1 + 1.0 325.1 + 3.5 38.0 +£1.0 205.9 4+ 2.4 92.79
WK2 132.1 + 1.3 70.6 + 0.7 360.4 + 3.5 29.4 4+ 0.7 199.2 + 1.9 95.23
PW1 123.1 +£ 1.3 70.8 £ 0.7 343.3 £ 3.3 29.2 4 0.7 1874 + 1.8 94.22
PW2 144.0 + 1.8 66.2 + 1.0 340.4 + 4.1 33.8 £1.0 210.3 + 2.6 95.75
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(A1 A2, PATFIT B4 (10 it 3% 25 3 2
ST PSR R, RIMBESERE i h RA7 A —Fhik
B, T AR R a0 b, U I L B R
A i 1T L] — 233 R R 1)

0 g+ ), )
d”(;‘t(t) = —Xana(t) + rn (), (7)

Horng (t) ,ng (£) 53518 ¢ B 20 1E HL - FE AR S Rl
FaSBIELH s Ao, Aa 4 IE LIS R 5F 285 )38 2
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No, NoA t =0 B2 IEHBEFREEH . HARRDEH
T AT

N(t) = Ny [11 exp <—:1> + Iexp (—T’;)] . ®)

Hr

1 =1/(% + k), (9)
T2 =1/ = T4, (10)
K

I, = ma (11)

W TE HLF HAr AR K

S Y A

T1 T2 I \m Td

b ol TEHL TR R AL

Xif FU A A5 B0 0 7 SRS R A i R gl R
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N GG 45 SR R W B340 g {7 100—160 ps
[ P B R R 2, i - AR A2
HARLL RS -A -2 MR A RS, X SE LG AL
FIRE N 71 TTHR—E PR . X B Al e W AR AR I T Y
FrriE oL, FE i PW2 15 75 (E 714 144.0 ps 1fif
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Fig. 5. Profiles of damage in PW and WK irradiated with
pure H and H+6%He neutral beam calculated with SRIM.
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Fig. 6. Profiles of particle concentration in PW and WK ir-
radiated with pure H and H+6%He neutral beam calcu-
lated with SRIM.
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Fig. 7. S-E distribution and fitting curve of irradiatered PW
and W-K.
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Fig. 8. Fitted S parameters versus VEPFIT for irradiated

samples.
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Fig. 9. S-W plots for irradiated PW and WK samples.
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Abstract

Pure tungsten (W) is a primary plasm-facing material (PFM) candidate because of its superior properties,
but it still has some drawbacks. In order to solve these problems, various methods have been used to improve
the performances of tungsten-based materials. Potassium (K) doping, as one of the typical dispersion-
strengthening methods for W materials, improves low temperature brittleness, reduces the ductile-brittle
transition temperature, and suppresses the recrystallization. Meanwhile, it also improves the thermal shock
resistance and fracture toughness of the material by introducing nano-sized K bubbles. However, this method
brings a large number of defects inevitably. In fact, the K bubbles and the dislocations which are pinned by
these K bubbles can affect the morphology and evolution of hydrogen (H) and helium (He) atoms in the alloys.
As a very sensitive method to detect vacancy-type defects in materials, positron annihilation spectroscopy is
used to study the irradiation damage caused by H and He atoms in this paper. The calculation of positron
lifetime shows that positrons are more sensitive to the vacancy-type defects. Bounding of H and He with
vacancies reduces the positron lifetime because of the increase of valence electron density. Combining the
calculated results with the positron annihilation lifetime spectrum (PLAS) results shows that the W-K alloy is
easier to promote the H atoms to release. Besides, it also more likely to form larger He bubbles which can be
estimated by positron lifetime values. The result is also confirmed by the measurements from the scanning
electron microscope (SEM) and slow positron Doppler broadening spectroscopy (DBS). The defects in the W-K
alloy such as K bubbles and their pinned dislocations can act as diffusion channels to promote the H atoms to
release, which gives rise to a smoother surface under the pure H irradiation. Meanwhile, under the condition of
the H+6%He irradiation, the K bubbles and their pinned dislocations in the W-K alloy become the capture
center of He atoms, promote their nucleation and grow into larger He bubbles. Moreover, under the action of
stress and temperature gradient, some of the He bubbles migrate to the surface and release, this process is

conducive to the recovery of related defects and the reduction of radiation damage.

Keywords: positron annihilation spectroscopy, neutral beam irradiation, potassium-tungsten alloy, potassium
doping
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