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Fig. 1. Sketch map of the positions of point defects in
aluminum cell (O stands for octahedral interstice; T
stands for tetrahedral interstice; S stands for substi-

tuted site; V stands for vacancy).
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2 AME S ERBERTLRALRT R M SR SE R () Al-Alr; (b) fRALE I Al-Alr; (c) Al-Alo; (d) HRALE Al-Alo;

(e) Al-Aly; (f) LR Al-Aly

Fig. 2. Crystal structures of native point defect models before and after optimization: (a) Al-Alr; (b) opti-
mized Al-Alr; (c) Al-Alp; (d) optimized Al-Alg; (e) Al-Aly; (f) optimized Al-Aly.
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Table 1. Structural parameters of perfect and native point defect models before and after optimization.

di/nm d2/nm
&R a=b=c/mm a=p8=v/(°) AR A/ %o
ftkar  RMLE fterr AL
565 Al i 0.8098 90 — — — 0
Al-Alp 0.8300 90 0.1753  0.2421 0.2863 0.3954 7.69
Al-Alp 0.8280 90 0.2025 0.2561 0.2863  0.3622 6.87
Al-Aly 0.8072 90 0.2863  0.2804 — —0.98

N T RN FEBAAE sk B T2 SR M B RESE, A
SCNTERBERI A BEREAT T 0. FEA 5 B AR 2R He
DL R, RO TE RURE P 45 (1) ZUBEAT 5 2

Er = Eqet — Eper — Z Nifdis
(1) b Ep SR TE BURE, Eaer o B R B D &
RE, Eper MPLARMLEBE, n, vl M b S 7458 hn
B B H (BN IE, B ), e N R T
ez gs. AL RN AL (Fm3m) 1
B AV T RE B 3 AR s Bk B 1 T B RE
TR IRWME 2 PR, ATLLE 1, AAE RSB R
JRAES N AL, 2R W SR BE B RE IR A, HLAS 7 i

(1)

BERTH A 55 50 9 LUBe i 2. T LU T A
RE T R B3 77 RS 10 Xk 2 e P2 E AT 0 I, RID LA oK,
R TR S P th B TR P 3R 2 15 B 45182
Dt > Do > Dy, SMEEEE R 458 2L
AR, AL REIZE /N T 8] B R T R R
AE, X5 2GR 45 18 AT &

2 AL BRI R RE

Table 2. Formation energy of native point defects.

B Alp Alg Aly
T BiRE /eV 3.3165 2.4512 0.6481
SEIA — — 0.67 [23]
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(1) £ 2 UL W T 3 AR AIE R B 1) T/ R 2 R Ny
Dr > Do > Dy.

R3 AL BRI 4 A e
Table 3. Binding energy of native point defect models.

& SEEALME  ALAlr  AlAlg  Al-Aly
diffie/eV 3.7305 3.6300 3.6444  3.7096

3.1.2 He#kl4

FE 5 AL £ B B A 6 S AL BN He JR 1,
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Hes. MALERBIMLEMSH IR 4 fR. HE AT
%N, He SR [ 5 SURAMS H BUR EA FFREERIIG R, H
H Her SEUNIEIIE R K, Heo X2, Hes R S8
RIS, 3 A A AR PR S B PRI AE O AR A 15
A A, He JRF 15 FL A ABIT ) AL 7 2 18] (1 6 55 g
DA K% [) B S~ T A 1) DY TR A A\ T AR R K g 38
B3R, H Al-Her R R 1 ey, ro HI3GIE KT
Al-Heo R R. HFERNE, RE Hes 5 H AT
(17 Al J5 72 (B PR BE B 9s/), (H 5 5 8505 JL k4R iR
() ALJE T2 (8] (1 PE B 386 K, Fe AT A5 il A% o 4000
K. [FIREHE, fn 5 R AR Gk A AL B AR BRI Bk [
325 SR 11 W 28 SR ) T o T2 G 11 B R E, 45 SRR
Dt > Do > Dg, He J&-F7E g 4% o 5 A7 (148 5 it
RS >0 >T.

He fif [ 11 T 1% 66 S M 3R 1) 45 6 g 40 50l 91 1
RKOEMEG., FBEIA NIRRT, H4U%
AT ALSE T He Ji 1 1 H B A, BT LA SCHY 5
Hi DLHe 1 H B AE/E N AL A 00 EAE. A
S He i H HAEN —77.3179 eV, 5L
B —79.0471 eV PO LA 5 &) IR 2L N 2.18%.
5 AT A, Her TR BLRE I K, FHRAK X R Hep
Hes, B =F RIS FEE N Dr > Do > Ds,
He () GRS N S>0>T, 5 M S Ak 46 ) £
BRI —. NEARETTUE N, etk
58 19 Al-Heg, FLIRAK KN Al-Heo F1 Al-Her, AT
DA &5 6 BB 1 1 A1 FT LAAS HH He JR7 5 67 1AL 2
J 7 A S>0>T.

R4 He kAT E IS S K

Table 4. Structural parameters of helium defect models before and after optimization.

r1/nm ro/nm

&R a=b=c/nm a=8=v/(°) PRI /%
fetent k) fletens  tiAb)E
Al-Hep 0.8189 90 0.1753 0.2165 0.2863 0.3536 3.38
Al-Hegp 0.8176 90 0.2025 0.2284 0.2863 0.3230 2.92
Al-Heg 0.8101 90 0.2863 0.2852 — — 0.10

#5 He RIFEIITEHEE

Table 5. Formation energy of helium defects.

B Her Hep Heg

TERRE /eV 3.4068 3.2169 1.6194

6 HeSRIEBAINL SR
Table 6. Binding energy of helium defect models.

& % 5EE A Al-Her Al-Heg Al-Heg

Ziehe/eV 3.7305 3.5142 3.5200 3.5633
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DU AR R B S e 5 A4 &
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Table 7. Binding energy of interstitials and vacancies.

I B i1 Alr Alp Her Heo
Hafidiaft/eV 2.6684  1.8031  1.1393  0.9494
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E He 7E B i fase, AL I He EZAFAE T\
T A2 B B

B3 5o R AR I SR (a) Alo-Aly; (b) fRALEH Alo-Aly; (c) Heo-Aly; (d) fhALF
Heop-Aly; (e) Alp-Aly-Heo; (f) fiAbJE 1 Alo-Aly-Heo; (g) Heg-Alo; (h) k)51 Heg-Alg

Fig. 3. Crystal structures of compound point defect models before and after optimization: (a) Alg-Aly;
(b) optimized Alp-Aly; (c¢) Hep-Aly; (d) optimized Heg-Aly; (e) Alp-Aly-Hep; (f) optimized Alg-Aly-
Heo; (g) Heg-Alp; (h) optimized Alp-Aly-Heg.
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Fig. 4. Density of states of perfect and octahedral in-

terstitials systems.
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Fig. 5. Partial density of states of perfect Al, octahedral interstitials and their nearest Al: (a) Octahedral Al,

(b) octahedral He.
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) ALJE T, A 3p FUES FIEE 5 T Al-Heo
KA T, —15— —16 eV [ X 38 Py it 25 5 i g =
i He () 1s B8 T 578k, H He i 1s B 7 5] #2 4RI Al
JEF-11) 3s Al 3p L 75 It X35k Y B i AL i U, 3 W
EAZ IR T — & FIBGEIE R, (H2 BT IX 50
HL 3R /> AR A0 He J5 7~ 22 18] (09 40 B AF
SMUNISE 7 N
322 ENWER

DN T R LA M T T B 0 R R T4
FIRIgEm, ASCHHHT Al-Alp 7K &A1 Al-Heo 1A &R

- 7.681x10-2
- 4.326x 1072
- 9.704x10-3
- —2.385x1072

- —5.740x 102

- 5.681x102
- 2.826 X102

- —2.955x10"%

. —2.885x 102

. —5.740x 102

K6 Al-Alp fil Al-Heg & RV 2 4 BTG % E (a) Al-
Alp; (b) Al-Hep

Fig. 6. Charge density differences of Al-Alp and Al-
Heo systems: (a) Al-Alg; (b) Al-Heg.
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3.2.3 W&

N T ILE HLF A RD A AT
AR, A AL-Alg 7K R AT Al-Heo 14 & LA
K 5e 28 M HE4T T Mulliken 45 J& 23 1 [26], 45 54
K 8FTH. ARS8 AIH, 763 M AL J5 1 [A] 1 gt
iR AN IE, R AR 2 [ DS ER N . 5
N GRFE R F I, HAar AT 1 0 R A2 B B 2 Al
15 31 K B2 1) FRLART, X 43 AT T B A A 7E L 3p B
B, S5OEEENSNER 8 Heo KEDE
HfT, BOR S HRATIT I Al B M B R A3 (H
oy 3p HL T M) 3s PUE R . WA R KA, Al
AR I AL JE 7 2 (8] A (KT 58 608
HiL AP IR AR 22 T B AT R, 2R B L3RR
Wk, 1 Heo 45 3 e ARIT I AR T 22 [] f) 4 A
B 9 B AR HAE SR/, SR8 2 18] BT T
HHr /7, MR AR T e 8. x5 ZE 08
i B AT 4 R — 2

F 8 SEFE A\ HABRE A R 1 Mulliken i 5 43 Hr
Table 8. Mulliken population of perfect and octahedral defect systems.

Ll HF 5L - N
(A JRT HL 77 A 3 LA AR
s p
56 268 M Al 1.12 1.88 3.00 0.00 0.19
Al-Alg Alg 1.14 2.23 3.37 —0.37 0.59
AR Al 1.13 1.89 3.02 —0.02
Al-Heo He 1.94 0.00 1.94 0.06 —0.08
AR Al 1.19 1.81 3.00 0
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Abstract

Aluminum and its alloy play an important role in nuclear industry, where irradiation damage continually occurs
and significantly affects the structures and physical properties of materials: especially long-term « irradiation can lead
to the formation of helium bubbles and holes in the substrate. During the initial irradiation damage, point defects
are the major defects.Studying the point defects is of great significance for understanding the irradiation damages and
the mechanism of defect development. In this paper, three possible intrinsic point defects (Al vacancies, Al tetrahedral
interstitials and Al octahedral interstitials) and three possible helium defects (substituted He, He tetrahedral interstitials
and He octahedral interstitials) produced by initial irradiation damage in aluminum are studied by the first-principle
plane wave pseudo-potential method within the framework of density functional theory. The formation of the defects and
their effects on the stability of the system are compared through crystal structure, formation energy and binding energy.
Besides, the electronic mechanism is analyzed from the point of view of density of states (DOS), partial density of states
(PDOS), electron density difference and charge populations. It is shown that for the same type of defects, the greater the
lattice distortions, the lower the stability of system is and the more difficult the formation of defects. For the formation
of the same type of defects, the extent of difficulty in forming defects is in the following order: vacancies (substituted
atoms), octahedral interstitials, and tetrahedral interstitials. However, for the same sites, although the intrinsic defects
cause greater lattice distortions than the helium defects, they are in fact relatively easier to form, which indicates that the
difference between the bonding performances of Al and He plays a leading role in determining the interaction between
defects and the aluminum substrate. Besides, the results of binding energy and optimization show that interstitials
readily combine with vacancies, and Al has stronger combining ability than He. On the whole, interstitials mainly exist
in octahedral interstices, and both octahedral Al and He can cause some electrons to transfer to higher energy levels,
lead to some weakening of the covalent interaction between atoms nearest to the interstitials, and eventually reduce the
stability of the system. And further study shows that the bond between interstitial Al and its nearest atom features a
strongly covalent state, while the interaction between He and its nearest atom is dominated by van der Walls force with

weak ionic bond, which accounts for the lower stability of system doped with helium defects.

Keywords: Al, irradiation damage, point defect, first-principles
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