
Dynamical process of defect clustering in Ni under the
irradiation with low energy helium ions

K. Ono a,*, K. Arakawa a, N. Yoshida b

a Department of Material Science, Interdisciplinary Faculty of Science and Engineering, Shimane University, 1060 Nishikawatsu, Matsue

690, Japan
b Research Institute for Applied Mechanics, Kyushu University, Kasuga, Fukuoka 816, Japan

Abstract

Dynamical process of defects clustering in pure Ni under the irradiation with low energy (typically 5 keV) He� ions

has been studied by in situ electron microscopy. E�ects of the ion energy (0.5±20 keV), ¯uence, ¯ux, depth and irra-

diation temperature on the formation of interstitial type dislocation loops (I-Loops) and bubbles were examined. The

density of I-Loops sharply increased with the ¯uence, but was slightly dependent on the ion ¯ux. It is demonstrated that

the formation of I-Loops at room temperature is promoted 3±4 orders magnitude higher than that expected in the case

of no assistance of helium atoms on the nucleation. These results suggest a possible nucleation mechanism where

helium±vacancy complexes trap the self-interstitial atoms and act as nucleation sites of I-Loops. By irradiation with 20

keV He� ions, SFT were formed even at room temperature, coexisting with I-Loops. Bubbles are formed preferentially

inside of I-Loops, and by more heavy irradiation, they coalesced or interconnected, leading to a characteristic channel

structure. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Plasma facing materials in a fusion device will be

exposed to high ¯ux- low energy-plasma ions such as

helium and hydrogen isotopes and then store high den-

sity defects and exposed ions. These cause a detrimental

surface erosion of the materials and have been the sub-

jects of numerous investigations [1]. However, little in-

formation is available about the dynamical process of

defect clustering under the irradiation with low energy

helium ions, where the defect clustering should be

strongly a�ected by the injected ions through their in-

teractions with point defects, in comparison with a high-

energetic-ion irradiation where the displacement cascade

is essential.

For Ni irradiated with helium ions, thermal desorp-

tion spectroscopy [2], nuclear reaction analysis [3] and

theoretical calculation [4] gave worthy information

about helium di�usion and the trapping or detrapping at

radiation induced defects. More information about the

nature of the radiation induced defects is, however, nec-

essary. TEM observations were valuable to reveal the

microstructure change after the irradiation [5,6]. How-

ever, knowledge about the defect clustering process under

the irradiation with He� ions, which allow quantitative

discussion, and its energy dependence is still poor.

Recently, we have shown the usefulness of the in situ

microscopy experiment of Ni under the irradiation with

low energy hydrogen ions, and pointed out the e�ec-

tiveness of hydrogen in the nucleation of I-Loops [7]. In

the present work, e�ects of irradiation with low energy

helium ions on the defect clustering in Ni are studied by

an examination of in¯uences of the ion energy, ¯uence,

¯ux, depth and the irradiation temperature.

2. Experimental procedure

Materials used in the present work were pure Ni of

99.997% nominal purity supplied by Johnson-Matthey.

Disk shaped specimens formed from the material were

pre-annealed at 1200 K in a high vacuum furnace and
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electrochemically polished for electron microscopy. The

specimen was irradiated with He� ions in an electron

microscope, type JEOL-2010, by an ion accelerator

connected to the microscope. The incident angle of the

ion beam to the specimen surface was about 70°.

Defect clustering processes under the He� ion irra-

diation at several temperatures between room tempera-

ture (RT) and 873 K were continuously monitored and

recorded on VTR tapes or photo plates. The typical

energy of He� ions was 5 keV. It was varied from 0.5 to

20 keV and the ¯ux was from 6.4 ´ 1016 to 6.4 ´ 1017

ions/m2 s. The number density and the depth distribu-

tion of the defects were measured from stereomicros-

copy of weak beam dark ®eld images.

3. Results

3.1. I-Loops formation

Typical electron micrographs which show the mi-

crostructure evolution in Ni irradiated with 5 keV He�

ions at RT are shown in Fig. 1. As seen, the clusters

appeared above the ¯uence around 3 ´ 1017 ions/m2 and

are identi®ed to be I-Loops. The number density of I-

Loops sharply increased with the ¯uence until their

overlapping becomes signi®cant and they converted to

high density dislocations above the ¯uence of 1020 ions/

m2. I-Loop formation pro®les for two di�erent ¯uxes,

6.4 ´ 1016 and 6.4 ´ 1017 ions/m2 s, are also compared in

the ®gure. It should be noticed that the increase of I-

Loop density was slight at RT, even if the ion ¯ux was

increased from 6.4 ´ 1016 to 6.4 ´ 1017 ions/m2 s.

In Fig. 2, the areal number densities of I-Loops

formed by irradiation with 5 keV He� ions under the

constant ¯ux of 6.4 ´ 1016 ions/m2 s at RT, 473, 573,

673, 773 and 873 K are plotted as a function of the

¯uence. As seen, the density decreased with increasing

irradiation temperature. Even at 473 K, a signi®cant

decrease in the I-Loop density was seen. At 873 K, the

formation of I-Loops under the ¯ux of 6.4 ´ 1016 ions/

m2 s was scarce.

Fig. 3 shows depth distributions of I-Loops formed

by irradiation at RT and 673 K, respectively. In the

Fig. 1. Evolution of I-Loops with the ¯uence in pure Ni which was irradiated with 5 keV He� ions under the ¯uxes of 6.4 ´ 1016 ions/

m2 s (upper photographs) and 6.4 ´ 1017 ions/m2 s (lower ones) at RT.
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lower part of the ®gure, the corresponding dpa- and

apa-rate (He� ions/atoms s) depositions calculated by

TRIM code [8] are compared. It should be noticed that

the peaks of the I-Loop distribution at RT are located

around 10±30 nm, which coincide with that of helium

ion deposition. The I-Loop density in this region in-

creased sharply with the ¯uence in the early stage of the

irradiation. I-Loops were located gradually in larger

depth at higher temperatures above 470 K. At 673 K, as

seen in the ®gure, they were formed in the depth 10±70

nm with the peak around 35 n.

3.2. Bubble formation

Bubbles are remarkably formed at temperatures be-

tween 573 and 873 K by irradiation with 5 keV He� ions

to the ¯uence above about 1 ´ 1019 ions/m2. They ap-

peared preferentially inside of the grown-up I-Loops, as

seen in Fig. 4(a). With the increase of the ¯uence, the

number density of the bubbles increased and they fre-

quently appeared along the dislocation lines converted

from I-Loops. Above the ¯uence about 2 ´ 1020 ions/m2

at 673 K, the helium irradiated area was ®lled with high

density bubbles and dislocations. At the ¯uence of

5.9 ´ 1020 ions/m2, these bubbles coalesced or became

interconnected and grew to a characteristic channel

structure as seen in Fig. 4(b), which leads to surface

blistering.

Fig. 3. Depth distributions of I-Loops formed by irradiations at (a) RT and (b) 673 K. Calculated apa- and dpa-rate depositions are

compared.

Fig. 2. Areal number density of I-Loops versus the ¯uence. All

are irradiations with the constant ¯ux of 6.4 ´ 1016 ions/m2 s at

the temperatures denoted, except (d) with the ¯ux of 6.4 ´ 1017

ions/m2 s at RT, as seen in Fig. 1.
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3.3. Energy dependence

For comparison with the above results of 5 keV He�

ions irradiation, the energy of He� ions was changed. By

irradiation with 0.5 keV He� ions, high density I-Loops

and dislocation networks converted from the I-Loops

were also formed at room temperature, although higher

¯uence than the case of 5 keV He� ions was necessary.

By irradiation with 20 keV He� ions at room tem-

perature, stacking fault tetrahedra (SFT) were observed

in a thinner part of the specimen, coexisting with I-

Loops, as seen in Fig. 5, although SFT were never ob-

served by 5 keV He� irradiation.

4. Discussion

To make clear the quantitative di�erence in I-Loop

formation pro®les between the present results and a case

of no helium e�ects on the nucleation, we have calcu-

lated concentrations of vacancies CV, the self-interstitial

atoms CI, helium atoms CHe, helium±vacancy complexes

CHe-V and I-Loops CL, as a function of the irradiation

time and the depth from the specimen surface, and

compared the results with the present experimental re-

sults. The calculation was numerically made according

to the nucleation kinetics in electron irradiated pure

metals [9], using the dpa and apa rates which are given

by TRIM code [8] (for example, dpa rate� 2.5 ´ 10ÿ4/s

and apa rate� 1.3 ´ 10ÿ5/s in the depth 10±20 nm), the

migration energies of the self-interstitial atoms 0.15 eV

[10], vacancies 1.2 eV [11] and helium atoms 0.35 eV [12].

The dissociation energy of helium±vacancy complex is

comparatively large [13], so we assumed that the com-

plex is stable at RT, but pops out a helium atom by

absorbing a self-interstitial atom [14]. A representative

result of the calculation and the experimentally observed

I-Loop concentrations in the depth 10±20 nm at RT are

compared in Fig. 6. With the other examples of the

calculation, it is clearly known that the observed results

are much di�erent from the calculated results in the

following points: (i) The observed I-Loop concentration

is 3±4 orders magnitude higher than the expected one

from the di-interstitial nucleation model calculated. (ii)

Although the sharp increase of I-Loop concentration

with the ¯uence was observed, the increase in the cal-

culation is small. (iii) As seen in Fig. 2, the experimental

¯ux dependence of I-Loops at RT is slight against the

expectation of the calculation. (iv) Sharp distributions of

I-Loops with the peak around 10±30 nm at RT were

observed as seen in Fig. 3, while the calculated distri-

bution became more broad because of high mobility of

the interstitial atoms at RT.

Fig. 5. I-Loops and SFT formed by irradiation with 20 keV

He� ions to the ¯uence of 1.0 ´ 1019 ions/m2 at RT. Enlarged

®gure of SFT which was observed in a thinner part of the

specimen is inserted.

Fig. 4. (a) Bubbles which appeared preferentially inside of I-

Loops by irradiation to 3.8 ´ 1019 ions/m2 at 773 K. (b) Co-

alesced or interconnected bubbles with a characteristic channel

structure, which were formed by irradiation to 5.9 ´ 1020 ions/

m2 at 673 K.
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The comparison of these results suggests that trap-

ping centers of the self-interstitial atoms, which assist the

nucleation of I-Loops, are formed during the He� ions

irradiation and the density of the trapping center in-

creases sharply with the ¯uence. The nature of trapping

center is also characterized from the experimental facts

of the depth distributions of I-Loops shown in Fig. 3. As

seen, at RT, the observed peak coincides with the apa

rate deposition, not the dpa rate deposition. At tem-

peratures above 470 K, the distribution becomes broad

and the peak tends to shift into a deeper region. These

facts must be a result a�ected by the temperature de-

pended distribution of the trapping centers. Therefore, it

is most probable that the trapping center of the inter-

stitial atoms consists of helium-vacancy complex, be-

cause vacancies in Ni become mobile at around 470 K

and their complex with the helium atoms should become

mobile at higher temperatures.

The complexes of helium-vacancy should cause a

relaxation of the surrounding lattice and act as trapping

sites of the self-interstitial atoms which grow up to

I-Loops, unless the vacancy is fully ®lled with or over-

pressurized with helium atoms. Similar idea was

reported in Mo [15] and Ni [5]. The present work give

advanced experimental results which allow more quan-

titative discussion.

In the irradiation with 5 keV He� ions at RT, SFT

were never observed, in contrast to the irradiation with

20 keV He� ions. These facts suggest that a treatment of

the defect clustering process in the irradiation with 5

keV He� ions as a kinetic reaction process of Frenkel

defects and helium atoms is valuable. However, in the

irradiation with 20 keV He� ions, SFT should be pro-

duced even at RT by cascade e�ects and the escape of

the self-interstitial atoms to the specimen surface, as

similarly pointed out in Cu irradiated with He� ions

[16], but not in Ref. [5]. The radiation induced di�usion

of vacancies around the collision may also assist the

formation of SFT at RT.

The calculation by TRIM code [8] indicates that 0.5

keV He� ions irradiated to Ni produce several Frenkel

pairs per ion in the depth region of 0±2 nm and the

helium atoms locate in the depth 0±5 nm, although 60%

of irradiated He� ions are back scattered. This and the

present experimental results suggest that strong trapping

centers for the self-interstitial atoms are formed by the

irradiation, overcoming a disappearance of the self-in-

terstitial atoms to the specimen surface and should

support the present nucleation model.

Zell et al. [17] reported a temperature dependent

nucleation of helium bubbles in Ni, which was attributed

to di�erent mechanisms of helium di�usion at temper-

atures below 800 K and above. However, the present

results shown in Sections 3.1 and 3.2 indicate that the

existence of I-Loops is very e�ective to the formation of

bubbles below 873 K. Therefore, one of reasons for the

temperature dependent bubble formation should come

from the formation or existence of I-Loops below

around 800 K.

5. Conclusion

E�ects of the ion energy, ¯uence, ¯ux, depth and ir-

radiation temperature on the formation of I-Loops and

bubbles were examined. It was demonstrated that the I-

Loop formation was much enhanced by helium irradi-

ation. As a possible mechanism of I-Loop nucleation, it

was concluded that helium-vacancy complexes trap the

self-interstitial atoms and act as nucleation sites of I-

Loops. Bubble formation was also much in¯uenced by

existence of dislocation loops. High density bubbles led

to a characteristic channel structure.
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