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Abstract

In situ TEM observation was performed on yttria-stabilized zirconia during 30 keV Neþ ion irradiation at room

temperature, 923 and 1473 K, respectively, and annealing was performed after irradiation. The observed results re-

vealed clear difference in morphology of damage evolution depending on irradiation temperature. In the irradiation at

room temperature defect clusters and bubbles were formed homogeneously at random, and defect clusters were formed

earlier than bubbles. In the irradiation at 923 K bubbles and dislocation loops are formed heterogeneously almost at the

same time. Moreover, bubbles existed almost only on the loop planes but were almost invisible outside of loop planes in

the early stage of irradiation. In the irradiation at 1473 K only bubbles were formed and they grew remarkably with the

increasing ion fluence. In annealing remarkable growth of bubbles were observed when temperature was raised from

1373 to 1473 K.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

As safe disposal of surplus plutonium from light

water reactors and nuclear weapons, burning plutonium

as rock-like fuels in light water reactors has been pro-

posed [1–3]. These fuels are planned to be composed of

the inert matrix materials such as yttria (Y2O3) stabilized

zirconia (ZrO2) (stabilized zirconia for short), spinel,

alumina, composite materials made of these ceramics

and plutonium. The rock-like fuels should be designed

to satisfy the requirement of a chemical stability and a

high resistance to radiation damage over a wide tem-

perature range and under severe irradiation conditions.

Stabilized zirconia is considered as principal candi-

date materials because of their high radiation stability.

No amorphization was observed in stabilized zirconia

under neutron or ion irradiation to a high damage level

[4–7]. Furthermore, even under conditions such as

1.5 MeV Xe ion irradiation at low temperature (20 K),

no amorphization was obtained [8]. These results indi-

cate that stabilized zirconia has strong resistance for

irradiation. Concerning the volume swelling, stabilized

zirconia showed negligible swelling under fast neutron

irradiation [9,10]. On the other hand, volume swelling

due to bubble formation under He or Xe ion irradiations

in a transmission electron microscope (TEM) was re-

ported to be 1% and 4% for the highest doses applied at

923 and 1473 K, respectively [6]. Very limited informa-

tion is available, however, for swelling of stabilized zir-

conia due to ion irradiation. These studies focused on

studies of irradiation by neutrons, light ions (e.g. He), or

heavy ions (e.g. Xe). Nothing is known, however, for

studies of irradiation with ions with medium weight,

while fission products are in wide range of atomic mass.

Therefore, studies of irradiation with ions with medium

weight are interesting from the fundamental viewpoints.

In this study, 30 keV Neþ ions were used. Energy of

ions was adjusted to stop large part of implanted ions

within specimen with the thickness of several tens nm
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which is typical thickness for TEM observation. Dis-

placement damage also occurs within this thickness.

That is, the aim of this study is to observe efficient

damage evolution with synergistic irradiation effects

under the condition where implanted atoms and formed

point defects such as interstitials and vacancies exist

together. To clarify the effects of irradiation temperature

stabilized zirconia were irradiated at room temperature,

923 and 1473 K, respectively. Some specimens were

annealed up to 1473 K after irradiation to examine an-

nealing effects.

2. Experiments

Yttria-stabilized cubic zirconia specimens containing

21 mol% of yttria were used in this study. The specimens

suitable for TEM observation were prepared as follows.

Disks with 3 mm diameter were cut off from wafers of

0.2 mm thickness using ultrasonic cutter. Such disks

were then dimpled in the center part to the thickness

of 30 lm. Perforation was achieved in the center part of
disks by 5 keV Arþ ion milling with an incident angle of

20� to the surface of disks. Final thinning was performed
with 2 keV Arþ ions at an incident angle of 15�. All
thinning was done at ambient temperature. Ion thinned

disks were annealed at 1573 K for 5 h in air.

Irradiations and in situ observations were performed

in a JEM-2000F TEM coupled directly to a 40 kV ion

accelerator. In this instrument ion beam was incident to

the specimen surface at an angle of 60�. Irradiating ions
were 30 keV Neþ ions, which were selected by using a

mass-selecting magnet at an ion flux of 5� 1013 cm�2 s�1.

Irradiations were performed at room temperature, 923

and 1473 K, respectively and all the irradiations were

carried out for 10 min, which resulted in a total ion

fluence of 3� 1016 cm�2. For these irradiation condi-

tions, the average range and depth of peak dpa of 30 keV

Neþ ions were estimated to be 29 and 20 nm, respec-

tively by TRIM calculation [11], using a calculation

density of 5.48 g cm�3. The calculated results are shown

in Fig. 1. In the case of the specimens irradiated with Ne

ions at room temperature and 923 K, these were an-

nealed in the TEM after ion irradiations to understand

the annealing behavior. Temperature was raised step-

wise at 100 K intervals from 1073 to 1473 K in a Gatan

single tilting heating stage. At each annealing stage

specimens were kept in constant temperature for 10 min.

Excess time for taking photos and raising temperature

was several minutes.

3. Results

3.1. Damage evolution by 30 keV Neþ ion irradiation

Fig. 2 shows sequential electron micrographs of

damage evolution in stabilized zirconia irradiated with

30 keV Neþ ions with an ion flux of 5� 1013 cm�2 s�1 at

room temperature. Tiny defect clusters were observed as

dot contrast at an ion fluence of 1.5� 1015 cm�2, as

shown in Fig. 2(a). Its size increased gradually with the

increasing fluence and turned to dislocation loops after

the ion fluence of 6� 1015 cm�2. Dislocation loops

overlapped and tangled after the ion fluence of 1.5� 1016
cm�2. Bubbles were observed at an ion fluence of

6� 1015 cm�2, as shown in Fig. 2(c). The bubbles grew

further to an ion fluence of 3� 1016 cm�2. Their diam-

eters were 1.5 nm at maximum. In the specimen irradi-

ated at room temperature bubbles were formed later

than dislocation loops. No amorphization was observed

under this condition.

Fig. 3 shows sequential electron micrographs of

damage evolution in stabilized zirconia irradiated with

30 keV Neþ ions at 923 K. Dislocation loops were

formed within the ion fluence of 3� 1015 cm�2, as shown

in Fig. 3(a) and its growth speed was much higher than

that irradiated at room temperature. Loops tangled

soon with each other at 6� 1015 cm�2. Interesting

structure of loops was found by detailed inspection of

Fig. 3(a). Tiny bubbles existed only on the loop planes

but were almost invisible outside of loop planes at the

ion fluence of 3� 1015 cm�2, that is, bubbles were

formed heterogeneously in the early stage of irradiation

at this temperature. Bubbles were formed in the whole

region at the ion fluence of 6� 1015 cm�2, as shown in

Fig. 3(b). Bubble size increased with the increasing flu-

ence. Their diameter reached 3 nm at maximum at an

ion fluence of 3� 1016 cm�2. In the specimen irradiated

at 923 K dislocation loops and bubbles were observed to

be formed almost at the same time at an early stage of

3� 1015 cm�2, as shown in Fig. 3(a).

Fig. 4 shows sequential electron micrographs of

damage evolution in stabilized zirconia irradiated with

30 keV Neþ ions at 1473 K. Bubbles were formed at an

Fig. 1. Distribution of dpa and implanted ions in stabilized

zirconia irradiated with 30 keV Neþ ions to a fluence of 3� 1016
cm�2. Calculation was performed by TRIM-code. (a) Damage

density due to Ne ion. (b) Depth distribution of Ne atoms.
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ion fluence of 6� 1015 cm�2, as shown in Fig. 4(b).

Bubbles grew with the increasing fluence, while their

density hardly increased. Their diameters reached 13 nm

at maximum at the ion fluence of 3� 1016 cm�2. It is

Fig. 2. Sequential electron micrographs showing the damage evolution of stabilized zirconia during irradiation with 30 keV Neþ ions

of ion flux of 5� 1013 cm�2 s�1 at room temperature, for the following fluence: (a) 1.5� 1015 cm�2, (b) 3� 1015 cm�2, (c) 6� 1015 cm�2,

(d) 1.5� 1016 cm�2, (e) 3� 1016 cm�2.

Fig. 3. Sequential electron micrographs showing the damage evolution of stabilized zirconia during irradiation with 30 keV Neþ ions

of ion flux of 5� 1013 cm�2 s�1 at 923 K, for the following fluence: (a) 3� 1015 cm�2, (b) 6� 1015 cm�2, (c) 1.5� 1016 cm�2, (d) 3� 1016
cm�2.

Fig. 4. Sequential electron micrographs showing the damage evolution of stabilized zirconia during irradiation with 30 keV Neþ ions

of ion flux of 5� 1013 cm�2 s�1 at 1473 K, for the following fluence: (a) 3� 1015 cm�2, (b) 6� 1015 cm�2, (c) 1.5� 1016 cm�2, (d) 3� 1016
cm�2.
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thought that such large bubbles cause serious swelling.

As for dislocation loops, complicated strain contrast

accompanied with thickness fringe contrast appeared

but these did not lead to stable dislocation loops. In the

specimen irradiated at 1473 K bubbles were formed but

stable dislocation loops were not formed.

The observed results show clear difference in mor-

phology of damage evolution depending on irradiation

temperature of stabilized zirconia irradiated with 30 keV

Neþ ions. As for bubbles, the higher irradiation tem-

perature is, the larger bubbles grow.

3.2. Damage evolution during annealing after Neþ ion

irradiation

Specimens irradiated with Neþ ions at room tem-

perature or 923 K were annealed up to 1473 K.

Fig. 5 shows damage evolution in stabilized zirconia

during annealing after 30 keV Neþ ion irradiation to an

ion fluence of 3� 1016 cm�2 at room temperature.

Temperature was raised straightly to 1073 K, and then

raised stepwise at 100 K intervals for 10 min from 1073

to 1473 K. Bubbles grew a little, while the temperature

was raised from room temperature to 1073 K, as shown

in Fig. 5(a) and (b). Then they grew gradually with the

increasing annealing temperature to 1373 K. They grew

noticeably while the temperature was raised from 1373

to 1473 K.

Fig. 6 shows damage evolution in the specimen dur-

ing annealing after Neþ ion irradiation at 923 K. The

bubble sizes were nearly the same during annealing up to

1073 K after the irradiation at 923 K. Bubbles began to

grow gradually with the increasing annealing tempera-

ture (1073–1373 K) and grew large by Ostwald ripening

or coalescence of bubbles when temperature was raised

from 1373 to 1473 K, as shown in Fig. 6(e). When these

observed results of specimen annealed up to 1473 K

after Neþ ion irradiation at room temperature or 923 K

are compared with those of specimens irradiated at 1473

K (Fig. 4(d)), significant differences are seen in the

process of bubble growth and its morphology. The

higher the irradiation temperature is, the larger bubbles

grow, regardless of the careers of irradiation and an-

nealing. Remarkable bubble growth is observed in the

Fig. 5. TEM image of stabilized zirconia during annealing after 30 keV Neþ ion irradiation to an ion fluence of 3� 1016 cm�2 at room

temperature: (a) as irradiated, (b) 1073 K, (c) 1273 K, (d) 1373 K, (e) 1473 K.

Fig. 6. TEM image of stabilized zirconia during annealing after 30 keV Neþ ion irradiation to an ion fluence of 3� 1016 cm�2 at 923 K:

(a) as irradiated, (b) 1073 K, (c) 1273 K, (d) 1373 K, (e) 1473 K.
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specimen irradiated at 1473 K, compared with the

specimens annealed up to 1473 K after Neþ ion irradi-

ation at room temperature or 923 K.

4. Discussion

In situ TEM observation of stabilized zirconia during

30 keV Neþ ion irradiation revealed damage evolution

behavior characteristic of irradiation temperature.

In the irradiation at low temperature such as room

temperature, defect clusters were formed earlier than

bubbles in the early stage of irradiation, as shown in Fig.

2(a)–(c). It is thought that mobility of interstitial is much

larger than that of vacancy. These interstitials combine

and cluster smoothly, and these clusters turn to dislo-

cation loops in early stage of irradiation. Growing dis-

location loops act as efficient sinks for interstitials and

suppress density of interstitials. Excess vacancies in the

vicinity of dislocation loops aggregate easily and lead to

bubble formation by trapping gas atoms. At low tem-

perature, however, mobility of point defects such as

interstitials is low, compared with that at high temper-

ature. This results in a decrease of growth speed of de-

fect clusters in the irradiation at low temperature. Slowly

growing dislocation loops act as weak sinks for inter-

stitials and barely suppress the density of interstitials. In

the neighborhood of already formed defect clusters,

another defect cluster may be newly formed, resulting in

homogeneous formation of defect clusters.

In the irradiation at medium temperature such as

923 K, interesting morphology of damage was observed

at early stage of irradiation. By detailed observation,

bubbles were observed to exist almost only on the loop

planes, but almost invisible outside of loop planes at the

irradiation with an ion fluence of 3� 1015 cm�2, as

shown in Fig. 3(a). This implies that bubbles were

formed heterogeneously at early stage of irradiation at

this temperature. Bubble formation on loop plane had

also been found in the case of alumina irradiated with H

or He [12,13]. Such bubble formation may be common

feature in the ion irradiation at medium temperature.

About phenomenon like these, we suppose that bubble

formation at early stage of irradiation is promoted by

rapid growth of loops, namely, rapid growth of loops

absorbs many interstitial atoms. These result in large

depression of instantaneous density of interstitials in the

vicinity of dislocation line when it is moving. Depression

of density of interstitials raises simultaneously relative

density of vacancies in the vicinity of dislocation line,

which assists formation of bubbles in the periphery of

loops at early stage of irradiation. After all, loops leave

the formed bubbles inside the loops, because loops ex-

tend. Thus, in order that bubble formation are pro-

moted by rapid growth of loops, bubbles are formed

earlier at this temperature than at room temperature and

1473 K, as shown from comparison of image in Fig. 3(a)

with that in Figs. 2(c) and 4(b). It should be noticed that

feature of damage evolution in irradiation at medium

temperature can be observed only in the early stage of

irradiation. As irradiation proceeds this feature is blur-

red by growth, overlap and tangle of dislocation loops.

After the irradiation proceeds apparent damage mor-

phology in the irradiation at medium temperature re-

sembles that at low temperature, though there is

difference in size and density of dislocation loops and

bubbles.

At high temperature, such as 1473 K, mobility of

interstitials is extremely high so that large part of in-

terstitials may escape to the surface of the thin specimen

and the probability of decomposition of defect clusters is

high, even if defect clusters are instantaneously formed.

Therefore, formation of interstitial loop is considered to

be difficult. On the contrary, mobility of vacancies is

also high, but is not so high as that of interstitials.

Therefore the effect of the surface sink of thin specimen

is weak for vacancies, compared with interstitials. Va-

cancies can be combined with each other by trapping

moving implanted Ne atoms, and grow smoothly. Thus

bubble formation is preferable to loop formation at high

temperature, as shown in Fig. 4.

5. Summary

Results obtained in these studies are summarized as

follows.

The case of irradiation with 30 keV Neþ ions

1. In the specimen irradiated at room temperature, de-

fect clusters are formed earlier than bubbles and they

formed homogeneously.

2. In the specimen irradiated at 923 K dislocation loops

and bubbles are formed almost at the same time. Be-

sides bubbles are formed preferentially on loop plane

at early stage of irradiation.

3. In the specimen irradiated at 1473 K growth of bub-

bles are remarkable, but dislocation loops are not

formed.

4. During annealing bubbles grow. Especially growth is

remarkable, while temperature rises from 1373 to

1473 K.
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