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Abstract

Damage structures in a single crystal Al2O3 sample irradiated at 923 K with simultaneous triple beams of H-, He-

and O-ions with respective energies of 0.25, 0.9 and 4.7 MeV up to a ¯uence of 2.7, 3.5 and 5.5 ´ 1020 m2, were ex-

amined by cross-section electron microscopy. High density dislocation loops are formed to a depth of 2.4 lm and the

loop density increases with increasing depth. Cavities are observed in bands with the swelling peaked at depths of 1.4,

1.9 and 2.3 lm for H-, He- and O-ion implanted regions, respectively. The growth of cavities is most pronounced in the

O-ion damaged region with a maximum size of 13 nm and a density of 2±3 ´ 1023m3. In a sample annealed for 1 h at

1273 K after the irradiation, cavities grown to an average size 40 and 60 nm with a maximum of 70 nm were observed in

He- and O-ion implanted regions, respectively, and the density was decreased by about two orders. Ó 1998 Elsevier

Science B.V. All rights reserved.

1. Introduction

Alumina (Al2O3) has been proposed for electrical

insulators and diagnostic materials in fusion reactors,

because of its excellent electrical and optical properties

[1,2]. In the fusion reactor environment, the generation

rates of H and He in Al2O3 are estimated to be 170±190

appm/dpa (dpa; displacement per atom) [3]. The e�ects

of displacement damage under the coexistence of He

and/or H atoms upon the damage structure have been

studied by simultaneous multiple ion beam irradiation

techniques [4±8]. However, synergetic e�ects of atomic

displacement damage with H and He atom production,

under fusion reactor simulated environments, have not

been clari®ed yet.

In the present study, we have investigated the damage

structures in Al2O3 samples simultaneously irradiated

with beams of self oxygen (O) ions, and hydrogen (H)

and helium (He) gas atom ions, and after a post-irra-

diation anneal at a high temperature by a cross-section

transmission electron microscopy (XTEM). The results

are discussed in terms of the implantation rates of H and

He atoms per dpa using the depth pro®les of swellings

measured for the as-irradiated samples.

2. Experimental procedure

The material used in this study was single crystal

alumina (a-Al2O3). The results of chemical analysis of

the materials have been reported elsewhere [9]. Disk

samples of 0.2 mm in thickness and 10 mm in diameter

with surface perpendicular to (0 0 0 1) planes were

polished optically ¯at and then annealed at 1273 K for

4 h under air by a furnace, followed by cooling in the

furnace with a rate of 2°C/min.

Irradiation was carried out using the ``triple ion beam

facility'' in Takasaki Ion Accelerator facility for Ad-

vanced Radiation Application (TIARA) at Takasaki-

establishment of JAERI. The sample was irradiated with

simultaneous triple ion beams (0.25 MeV H�, 0.9 MeV

He� and 4.7 MeV O2�) up to ion ¯uences of 2.7 to

5.5 ´ 1020 ion/m2 at 923 K (0.4Tm). The ion energies

were so chosen that most of O-ions stop around a dis-

tance of 2.2 lm from the incident surface after traversing

the H- and He-ion implanted regions. The depth-de-

pendent displacement damage levels (displacements per

atom, dpa) associated with the ion irradiations were
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determined with the TRIM89 Code [10] using a thresh-

old displacement energy of 40 eV [3]. Table 1 summa-

rizes the irradiation conditions and damage parameters,

depth pro®les of which are shown in Fig. 3(c). This ir-

radiation with triple ion beams makes it possible for H

and He atoms to be implanted with synergistic dis-

placement damage levels as high as 1±1.5 and 4±5.5 dpa

for H- and He-ion implanted regions, respectively.

After irradiation, a specimen for TEM was prepared

using the cross-section method: mechanical grinding and

dimpling to a thickness of about 20 lm, and ion milling

with 6 keV Ar ions using a liquid nitrogen-cooled stage.

TEM observation was performed for the as-irradiated

sample and that annealed for 1 h at 1273 K, using a

JEM-2000FX electron microscope operating at 200 kV.

The foil thickness was estimated by counting the number

of equal thickness fringes from the foil edge. The defect

density and diameter were determined using micro-

graphs with ®nal magni®cations of 1.1±2.2 ´ 105.

3. Experimental results

3.1. Microstructures after irradiation

The cross-section microstructure of Al2O3 irradiated

with triple (H�, He� and O2�) beams at 923 K are

shown in Fig. 1. The damaged region extends from the

position very close to the ion-incident surface to a depth

of 2.4 lm (Fig. 1(a) and (b)). A high density of dislo-

cation loops is formed to a depth of 2.4 lm and the

dislocation density increases with increasing depths,

while the average sizes decrease from �150 nm near the

irradiation surface to smaller sizes for larger depths. The

range of depths where loops are observed is comparable

to the predicted end-of-range for O-ions. No distin-

guished features indicating separate damage regions due

to implanted H- and He-ions are discernible in the dis-

location structure.

Cavities are observed to be formed from 0.3 to 2.4

lm in depth, and apparently in three bands with swelling

peaked at depths of 1.4, 1.9 and 2.3 lm for the H-, He-

and O-ion damaged regions, respectively. These depths

are comparable to the calculated damage peak depths

(Table 1, Fig. 3(c)), for the respective ion. However, ir-

regularly shaped and relatively larger sized cavities ob-

served at depths around O-ion's range are seen

distributed about 10% deeper than the O-ion's average

predicted range or the damage peak, and the sizes tend

to become smaller with a decrease in the depth. Cavities

around the He-ion implanted region are observed to be

aligned in the á0 0 0 1ñ direction. The cavity alignment is

observed for a depth region from 1.6 to 2.0 lm, which

agrees with the calculated region of depths for stopped

He-ions (Figs. 1(b) and 3(c)). Although the growth of

cavities is seemingly most pronounced in the O-ion

damaged region with a maximum size of 13 nm, the

cavity density is seen to be peaked at depths around the

He-ion's average projected range. This is because in

addition to relatively large cavities as observed with sizes

of 7±12 and 5 nm in the O- and He-ion implanted re-

gions, respectively, tiny cavities sized below 1 nm with

an exceedingly high density were observed at depths

from 1.5 to 2.3 lm.

The cavity densities and average sizes measured in 0.1

or 0.05 lm depth intervals are given in Fig. 3(a). The

cavity density is peaked at 3.5 ´ 1023 m3 around a depth

of 1.9 lm. In contrast, the average size is peaked around

a depth of 1.5 lm and tends to decrease with an increase

in depth or damage level, at least up to 1.8 lm. This is

understood by the fact that, in the cavity size distribu-

tions, more than 80% of the observed cavities are sized

below 1 nm for He- and O-ion implanted region of

depths: for example, one 10-nm sized cavity existing

with ten 1-nm sized cavities result in an average size of

less than 2 nm. Resultant swellings as obtained from

these size distribution are plotted as a function of depths

in Fig. 4, showing that cavity swelling in H- and He-ion

implanted region are less than 0.2% for damage levels

from 1 to 6 dpa. Moreover, swelling in the He-ion im-

planted region is observed to be depressed. Conversely,

the swelling around O-ion implanted region sharply in-

creases to 1%.

3.2. Microstructures after post-irradiation annealing

The microstructures observed in the sample annealed

for 1 h at 1273 K after the triple beam irradiation are

shown in Fig. 2. Note that a remarkable annealing of

the dislocation loops occurs for all damaged region of

Table 1

Triple beam irradiation (#95-09) conditions and corresponding damage parameters obtained by TRIM calculations

Energy/Ion

(MeV)

Flux (1016

ions/m2s)

Fluence

(1020 ions/m2)

Calculated value (TRIM)

Damage peak depth

(lm)

Peak damage

(dpa)

Average projected

range (lm)

Peak ion concentration

(at. %)

0.25 H� 1.6 2.7 1.35 0.05 1.38 2.0

0.9 He� 2.0 3.5 1.85 0.7 1.90 2.0

4.7 O2� 3.2 5.5 2.10 7.6 2.18 3.2
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depths of 0±2.4 lm (Fig. 2(a)) dislocation lines, mostly

grown to long segments, are distributed up to depths

around 3 lm.

Cavities extraordinarily grown to 50±70 nm at the

maximum size are observed for a region of depths of

1.7±2.6 lm (Fig. 2(b)), with the number density of cav-

ities being decreased to 1±2 ´ 1021 m3, smaller by about

two orders than that in the as-irradiated sample. This

indicates that cavities have coalesced remarkably during

the annealing, with a resultant swelling of maximum 8%

for a region of depths of 2.4±2.5 lm, for example. These

large cavities in these depths are observed to be slightly

facetted to form a hexagonal shape. Compared with

cavities grown to large sizes of 30±70 nm in an average

for He- and O-ion implanted region, the cavity growth is

less pronounced for depths smaller than 1.5 lm, where

damage levels are lower than 1.5 dpa.

Depth pro®les of cavity size and density measured in

the annealed sample for the same representative regions

of depths as above are given in Fig. 3(b), and resultant

cavity swelling as a function of depth in Fig. 4. An ap-

pearance of a large dip in the depth pro®le of swelling

around a depth of 1.3 lm indicates that, although cavity

growth in the annealed sample is seen to be dominated

by the accumulated displacement damage levels, as is

evidenced by a growth of cavities observed in a much

lower density in depths between the two swelling peaks

(Fig. 2(b)), the growth is also strongly in¯uenced by the

presence of implanted He-atoms.

4. Discussion

The present triple ion beam irradiation renders an

investigation on microstructural evolutions using one

irradiated Al2O3 sample for both hydrogen and helium

production rates nominally ranging from 0 to 2 ´ 104

appm-H/dpa and 0 to 5 ´ 103 appm-He/dpa, although

damage levels are restricted to be a narrow range of 1±

1.5 and 4±5.5 dpa, respectively (Fig. 3(c)). Separate in-

¯uences of H and He gas atoms under simultaneous

displacement damages have thus been examined.

The present cavity formation behavior around the H-

ion implanted region di�ers from the previous observa-

tion [8]: small cavities formed inhomogeneously along

dislocation loops grown to a large size with a swelling of

0.3% dpa, which is about three times larger than 0.1%

dpa observed in the present sample around 1.4 lm.

Besides, formation of cavities along grown loops is not

so clearly observed. These features of homogeneous

Fig. 1. Cross-section damage structures in single crystal Al2O3 irradiated with triple (H�, He� and O2�) beams at 923 K; (a) a dis-

location component in dark ®eld image and (b) a cavity component.

1844 Y. Katano et al. / Journal of Nuclear Materials 258±263 (1998) 1842±1847



cavity formation with small swelling per unit dpa sug-

gest that an increased damage level due to O-ions tra-

versing the H-ion implanted region may hinder H-atoms

from ¯owing into loops and forming cavities along

loops, possibly through trapping at defect clusters (dis-

location loops) due to the energetic O-ion displacement

cascades.

In contrast with a disappearance of cavity formation

along loops in the H-ion implanted region, the forma-

tion of cavities aligned to c-axis, as has previously been

observed in alumina samples irradiated with neutrons

[11] and with simultaneous triple ion beams [5,8], is

observed up to a higher damage level of 4±5.5 dpa for

He-ion implanted region of depths. Swelling due to these

cavities is smaller than 0.2% (Fig. 4). Around a depth of

1.9 lm (corresponding to the peak He density), it is as

low as 0.01%, possibly due to an increased cavity nu-

cleation which would suppress its growth.

Cavity swelling per unit dpa may vary with the im-

plantation rates expressed as appm-He/dpa. Using

presently measured swelling data as a function of depth

along with the calculated depth pro®les of damage pa-

rameters (Fig. 3(c)), swelling rates de®ned here as

swelling per unit dpa are plotted in Fig. 5 as a function

of appm-He/dpa for He atoms implanted under the

concurrent damage due to O-ions. For comparison, data

against appm-H/dpa are also plotted in the ®gure. Al-

though data of swelling rates are scattered inevitably due

to poor statistics of counting number densities of cavi-

ties and steep gradients of He and H atom distributions,

a rough trend for cavity formation behavior under the

present irradiation is quantitatively exhibited: namely,

swelling per unit dpa decreased with increasing appm-

He/dpa up to a value around several hundreds of appm-

He/dpa, then changed into an increase. On the other

hand, increasing appm-H/dpa values from 100 to

2 ´ 104 leads to a very rapid decrease in swelling rates.

The increased growth of cavities observed in the

sample annealed at 1273 K for 1 h after the irradiation

signi®es that alumina, if it is subjected under a high

temperature around 1273 K after an irradiation to 4±8

dpa at a lower temperature, may swell as much as 8% in

the volumic fraction. The observed strain ®elds for

cavities in the region of depths suggest that cavities are

Fig. 2. Cross-section damage structure in Al2O3 annealed for 1 h at 1273 K after the irradiation with triple (H�, He� and O�) beams at

923 K; (a) dislocation component in a dark ®eld image and (b) a cavity component.
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bubbles over-pressurized due to implanted He and O

atoms. On the other hand, H atoms implanted to the

same concentration as He atoms, however, contribute

much less to cavity growth, probably through escaping

from the lattice by a much faster, pipe di�usion along

climbing dislocations during annealing.

5. Summary

The microstructural evolution in single crystal a-

Al2O3 due to the irradiation at 923 K with triple beams

of H�, He� and O2� ions, and in the sample annealed at

1273 K for 1 h after the irradiation, has been studied by

XTEM, and main results summarized are as follows:

1. Cavities were formed from 0.3 to 2.4 lm in depth,

and apparently in three bands with swellings peaked

at depths of 1.4, 1.9 and 2.3 lm for H-, He- and O-

ion implanted regions, respectively.

2. Swelling per unit dpa was seen to have a minimum

for appm-He/dpa ratios of about several hundred

for doses of about 1±5 dpa.

3. Increased growth of cavities occurred after annealing

for 1 h at 1273 K for He- and O-ion implanted region

of depths, which resulted in a swelling of 7±8%.

Fig. 3. Depth pro®les of cavity formation behavior measured in

the Al2O3 irradiated with triple beams at 923 K (a) and in the

sample subsequently annealed for 1 h at 1273 K (b) and depth

pro®les of damage parameters for the triple beam irradiation

obtained by TRIM89 (c).

Fig. 5. Swelling per unit dpa as a function of He) (a) and H)
(b) atom implantation rate in the Al2O3 irradiated with triple

beams at 923 K. Lines are drawn as a guide for the eye.

Fig. 4. Depth pro®les of swelling in the Al2O3 irradiated with

triple beams at 923 K and in the sample subsequently annealed

for 1 h at 1273 K.
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