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50 keV [1] Ne™ £ £ 3% 55 £ & 1 40 A0 B W {5 29 78
100 nm, 190 keV ) Art FEARAE i Hh 40 A1 HI (B 2
7£ 200 nm, ¥J7E TEM R W& (1 B VGl . 18
TEM THR4E &L (AT R g = (111) B 1I7H
HBEE €111 = 70 nm, JHIEFKLSEH 2—31), M
FEHE W82 X e B FEAE 140210 nm. K TR
Je FIRE SR A ARAT, LA B T 208 T 19
BT 51 AR RE AR R B SR TEM X 55
FHENJG PIRE S SR AT iR R, Rt
AT IEAT AL SR,
#1 BTEARKSH

Table 1. Parameters of ions implantation.
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Fig. 1. Distribution of ions implanted in aluminum

versus sample thickness calculated by SRIM.
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EE N 30 keV, FIE A 1x10'7 ion/em? ff) Het
EANEY S, B AEA S N FEL-Tecnai F20 [
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BTSSR BT G 1 X AT AR ARk, SR
ek BN 2 i, B2 (a) N H T FAR IR AT
B, iR A Het NG &4 KBRS
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50 nm

P2000m.
(e) 1 min (f) 1 min

2 7 Het #H 2 UL 200 keV HL ¥ HUER AT JR L X
A T RTSERE AL () SIBHTESL (b) SIEERE
B (c) FRIRHTIE DX TATSHER; (d) 4IRS X i T AT E
s (e) FRIBERIA1; (f) 48I)5 STEM &

Fig. 2. Changes of morphologies and selected-area elec-
tron diffraction patterns in Hetimplanted aluminum under
200 keV electron beam irradiation: (a) morphology before
electron beam irradiation; (b) morphology after electron
beam irradiation; (c) electron diffraction pattern before
electron beam irradiation; (d) electron diffraction pattern
after electron beam irradiation; (e) dark field image after
electron beam irradiation; (f) STEM image after electron

beam irradiation.
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Hh S R R TR, R e RS AR IR e RR
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W IE S AT (scanning transmission electron
microscope, STEM) {4, STEM K4 & i1 JE 4 £
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R EE. XTLEEH3A A STEM AR, RILA G R A
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RESE B LT AR R SO AR A R OB, 23R
TR AE DX IR A 3 12 XS it PR T8 S AN 3.
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0.1917 nm, R = 0.1465 nm, R4 = 0.1282 nm,
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T 18] #H di1q = 0.23381 nm, dogp = 0.20248 nm,

0c 07

(b) 20 min
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3 AR R IR IR BIE 200 keV HL T AR
T E X TRTHAERZL  (a) SR TIHRIE
A (b) &AL AR E; () /A R T R AT
(d) AR T REE S

Fig. 3. Changes of morphologies and selected-area

electron diffraction patterns in argon-implanted and
neon-implanted aluminum under 200 keV electron
beam irradiation: (a) Argon bubbles before electron
beam irradiation; (b) argon bubbles after electron
beam irradiation; (c¢) neon bubbles before electron
beam irradiation; (d) neon bubbles after electron beam

irradiation.

5 nm~!
R

K4 3 Art ST IREE RS 2 AT S b e
Fig. 4. Calibration of diffraction rings of Art implanted

aluminum after electron beam irradiation.
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doso = 0.14318 nm, dsy; = 0.1221 nm, doyy =
0.1169 nm, X b6 A] HIGR Z1E 5% LA, #0722 (AT
SR IR {111}, {200}, {220}, {311} i1 {222}
i [ 5. R Aht P~ SRR T = A 1) 22 et T S 0 2 ph 4
BRI, FFAN R H L OB 7 AR ) S A R
g .

EHet 887 1 5 N FEI Tecnai T20 ) TEM
T, A H 80 keV HL ¥ W AR MR I M R A LT
T B R S e X FL AT SR AR AR AL, G 1B 5 TR,
15 80 keV HLF AR IR N, B 40 Kk 70 min 55
HJE, [T SR AR A BRI, R R
SRR K e AT S PRI X F AT SR AR AR A
i BE AT AT S AERE. IX UL 80 keV I HE ¥ B4R FEA
RE A0 R AR B R T B2 ik

- ,

(a) 0 min (b) 70 min

5 nm~!

1

5 nm~—

(c) 0 min (d) 70 min

K5 7k Het fArPEU/UAE 80 keV LT AR M AT S TN
S X TATIERE (o) SRIEATRITESL; (b) SIS
B (c) FRIEAT L TRIAERE; (d) FRIUR LT RTINAERE
Fig. 5.

area electron diffraction patterns in helium-implanted

Changes of morphologies and selected-

aluminum under 80 keV electron beam irradiation:
(a) TEM image before electron beam irradiation;
(b) TEM image after electron beam irradiation;
(c) diffraction pattern before electron beam irradia-
tion; (d) diffraction pattern after electron beam irra-

diation.

2R N 30 keV, 1 x 1017 ion/cm? 1) Het
Ja, FHEAN190 keV, 1 x 1016 ion/cm? i Art, TR
TRA SRS, 75200 keV HL T SR T B3 4
SRR HT R AT AERE AR A I 1 6 Fros. oL R
HRIR & R 2 N8, RAT1E50—100 nm,
A KRS IE B LA 9K, I B AN &
A2 L4 IR N, 252 50 min B3R
WG, RE AR TE SN R B AR B A AL,
ARMERT 5k X B AT R IR R, AR

B H EUHLAE 200 keV HEL - HRER R R A AT R
L7 2 AT A, — 5, X —sRiR S R M 2
AT ARG E RO T AR IR R RE R A
TN, R R AT RE S N I RUR R
Ky Ty J7 HHZ S 45 SRR SE T 4lidn dh e AE i 7
AR T AR 2 AL IF A R 2 5L
VERRAR 1 2 IR PITIE R

(b) 50 min

(a) 0 min

(c) 0 min
6 I Het M Art [8HIR G U THAE 200 keV HL
THAER TS (a), (b) Jeifs X H AT AERE (), (d)
Fig. 6. Changes of morphologies (a), (b) and selected-

(d) 50 min

area electron diffraction patterns (c), (d) in He™T
and Art implanted aluminum under 200 keV electron

beam irradiation.

M E IR SEEG 25 BT H0, 3 Het, Art Fll Net 45
IR M AR AL AE TEM R 485 200 keV HL T3
IS, RS 5EUER IR IS, /I
158 L IX 304 [X T S AR F B B B A AT S AR AR
Z MRATESIERE. T R AR R R A T
TREHA 2 IS A58 S0 B 30T Al AR A i P45 B T B .
SR, 5 2 A2 A8 25 U g 4l 8 v e N R S 56
FHEL, PSR 3 N7 38 A B SR B 1
FIEANFE S x 1017 ion/cm?. — 5 H, X2 HTA
FTE 7 57 o = LU AR, 1 BT A s AR
NE T HARAE RN 30 keV, KEBZ B T-#R1E L 48 1
TEM HIEAE, R T —/hisr. B—Jm, Ehk
AARAE Sl R AN [ D01 i SR G R B [ I A 4l
R BEEARRAE A O R, 3 SRR
S G R I TR
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ARSI Het #8590 I 2 SUIAE 80 keV LTI
RN A2 BATH IR, RHAIBAEE TR
5 T BRI BT B AR AE — AN TR 1 RE R
{8, 76 7R AR BURE, A2 DU A 1 & &
AR AR X TR AR R L

Fah, REIRA S DA AE BT R R
T RFEE A MR 2 BATH A U AR A
1 s 70 F - S BRI 51 A R TR R BB A
BRM. 20 20 80 4EAR, V2 23 B ok 25 K
PSR ENARER BT T A 25 O ) SR AR
g AN S8 Sy s WD W RN b R A ) K € 5 Kt
Donnelly [ Fl Cox 25 120 i H [ 236 P4 19 % 755
151.15—3.5 GPa. ALy Het, Art fl Ne™ £59
BRI W2 B S IRMAT S B8, H2 L
TR SCHR [4, 20] 192 DL R 45 A I ASO R R AU
FRA 5 TSI % 7~ 5 78

2y
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o (1)

X PNSIHNIE S, v NERETK AT, r ASIEY
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FEANHet, FEN Art 2B R @& IR & S AR SIHAE
LT SRR R AT 2 2 10, AR A A 2 % R T
W6 (a) Fros, $m kvl DUA Wy Act 3 Nk #2 fE
it A B 0.3T 0 —0.55T 0 (T HFE S £) 1210
RITE B K Z94E 200300 °C. XA H TN Art i,
B HRAEIE 10 pA, BRI EE, &1
VENBT P2 A2 1 B AN 8 S By 3 38 3o B 5 A o 4R A
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9 (TR SN A N AN 48 38 75 ORI — 7 52
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BARK, (B2 H B BATTIIR AT AAF 2] — 2L H R, ik
41, Ghariba % [2°) 2 5 e 7K JAE 68 45 209006 1 A
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%, IS LAY Rt B KAE.

4 % #

& 525 AF T R NG 8 5 AR i N Het
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AN 2 TR
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Abstract

In the early 1990s, Japanese scholars unexpectedly observed that single crystal changes into polycrystal in deuterium-
implanted aluminum under electron irradiation, but never found the same phenomenon in the hydrogen-implanted
aluminum. However, previous study of our group has proved that the polycrystalline phenomenon can also be observed in
hydrogen-implanted aluminum during electron irradiation. In this paper, the behavior of inert gas bubbles in aluminum
under electron irradiation is investigated, aiming to further explore the effects of ion species, electron voltage and
the pressure of bubbles on the anomalous heat-releasing reaction of bubbles induced by electron irradiation. In the
experiment, the transmission electron microscope (TEM) samples of pure aluminum were implanted with Het, Ne™, Ar*
respectively by ion accelerator at room temperature. The TEM is used to in-situ observe and investigate the evolution
of microstructure and the change of selected electron diffraction patterns of gas bubbles during electron irradiation. The
results show that gas bubbles form in aluminum sample after ion implantation. During 200 keV electron irradiation
TEM results show that the three kinds of inert gas bubbles all coalesce, grow up and bust separately. Finally, lots of
nanoscale black dots appear inside them. At the same time, the electron diffraction patterns change from single crystal
diffraction spots to polycrystalline diffraction rings. The dark field images indicate that the diffraction rings are induced
by these black dots. Moreover, from the characterization of the diffraction rings, it is known that these black dots are
pure aluminum rather than aluminum oxide. Therefore, the possibility that the diffraction rings result from aluminum
oxide is eliminated. It is assumed that a certain kind of heat-releasing reaction should happen when the gas bubbles
are irradiated by electrons, which leads to the poly-crystallization of aluminum after electron irradiation. However,
while helium bubbles are irradiated by electrons with an energy of 80 keV, no diffraction ring is observed after electron
irradiation. The same phenomenon as that in the case of helium bubbles irradiated by 80 keV electrons is observed. When
helium and argon mixed bubbles with polygonal shape are irradiated by 200 keV electrons, no diffraction ring is observed
after electron irradiation either. The reason might be related to the energy of the electron beam and the pressure of gas
bubbles separately. There should be a threshold value of electron voltage for the heat-releasing reaction. In addition,
the pressure of the gas bubbles is also a key factor for the heat-releasing reaction. The heat-releasing phenomenon of gas
bubbles reminds us of the sonoluminescence phenomenon. By model calculation, it is predicted that there is a plasma
core in the bubble during sonoluminescence. According to the hint from researches of sonoluminescence, an assumption
is made to explain the mechanism of heat-releasing reaction of gas bubbles during electron irradiation. It is that the
implanted gas in high pressure bubbles in aluminum is excited into plasma during electron irradiation. When the energy
of plasma in the bubbles is accumulated to a certain degree, the plasma is extinguished suddenly. In this process, a lot

of heat is released to melt the aluminum, thus leading the aluminum to recrystallize.
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