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Abstract

Microstructure evolution of yttria-stabilized cubic zirconia (YSZ), ZrO,—13 mol% Y,Os, was investigated through
transmission electron microscopy under irradiation with electrons and/or ions. Anomalous formation of large defect
clusters was found under electron irradiation subsequent to ion irradiation, such as 300 keV O*, 100 keV He* and 4 keV
Ar™ ions. Such defect clusters were not formed solely with ion irradiation. The extended defect clusters possess strong
black/black lobes contrast, and are observed preferentially around a focused electron beam at or near dislocations at
temperature less than 520 K. The defect clusters were transformed into dislocation network when they reached a critical
diameter of about 1.0-1.5 pm, and processes of nucleation, growth and transformation were repeated under electron
irradiation. The defect clusters are assumed to be oxygen platelets induced through selective displacements of oxygen
ions in YSZ with electron irradiation. An important role of the accumulation of electric charges due to the selective

displacements in YSZ is also discussed.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Extensive researches have been made toward the de-
velopment of inert matrix fuels (IMFs) to utilize and
burn excess plutonium in light water reactors (LWRs)
generated from spent UO, fuels in LWRs and nuclear
weapons [1]. Rock-like oxide fuels (ROX: multi-phase
ceramics consist of yttria-stabilized cubic zirconia (YSZ),
alpha-alumina and magnesium aluminate spinel) [2,3]
and cermet fuels (a metal-ceramic composite in which
YSZ particles are embedded in zirconium alloys, stainless
steel, and other metals) [4,5] have potentials as forms for
IMFs. In both forms, YSZ is the most probable candi-
date for a fuel phase, which contains plutonium.

Recent radiation studies revealed that YSZ is ex-
ceptionally resistant to radiations with fast neutrons and
energetic ions, especially to amorphization [6-9] and
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volumetric swelling [10-12]. Under the radiation in pile,
zirconia based IMF is exposed to a wide variety of ra-
diation, such as by fast neutrons, fission products,
electrons, gamma rays and alpha-particles, including
self-irradiation from actinides with a wide range of en-
ergies up to ~100 MeV. Those radiations induce si-
multaneously primary radiation damage processes of
displacement cascades, isolated Frenkel defects, elec-
tronic excitation, and so on, to evolve microstructure
changes. Recent radiation damage studies have shown
that the formation process and the stability of radiation-
induced defects in some ionic and covalent ceramics are
highly sensitive to ionizing radiation and/or subthresh-
old displacement damage [13-16]. Under such radiation
environment, enhanced migration of point defects and
the dissolution of defect clusters have been observed. It
is, therefore, worthwhile to investigate the effects of ‘soft’
spectrum radiations, or electronic excitation and low
energy recoil radiation, for the understanding of the
nucleation-and-growth process of defect clusters in YSZ.

In the present paper, microstructure change in
YSZ irradiated with energetic ions and/or electrons is
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reported. Anomalous formation of large defect clusters
is shown under electron irradiation subsequent to ion
irradiation. The characteristic features and formation
process of the defect clusters are described, and the role
of ‘soft’ radiation spectrum on the radiation damage
process of YSZ is discussed.

2. Experimental details

A rod of man-made single crystal of fully stabilized
cubic zirconia from Earth Jewelry Co., which contains
13 mol% Y,0; (YSZ), was used in the present study.
The crystal was aligned nearly to a <1 1 1> orientation
and cut into plates with 0.5 mm thickness followed by
mechanical shaping to transmission electron micro-
scopy (TEM) disk-specimens with 3.0 mm in diameter
and 0.12 mm in thickness. Wedge-shaped electron
transparent specimens were prepared by dimpling and
Art-ion thinning processes from the disk specimens. A
part of the specimens was annealed in air at 1670 K
for 7.2 ks to eliminate defects, which were induced
during ion-thinning process. Those specimens were ir-
radiated with 300 keV O" ions at 470 K to O" flu-
ences of 5.1 x 10'7-5.1 x 10"® m~2 with an O* flux of
2.5% 10" m~2s!, or with 100 keV He" ions at 870 K
to a He™ fluence of 1.0 x 10* m~? with a He* flux of
3.0 x 10'® m~2s~!. Ton-irradiation of 300 keV O* ions
and 100 keV He* ions were respectively performed in
a TEM-accelerator facility at Takasaki Ion Accelera-
tors for Advanced Radiation Application (TIARA) in
Japan Atomic Energy Research Institute (JAERI) and
in a disktron-type ion accelerator at Kyushu Univer-
sity. The Monte Carlo simulation of SRIM-2000 [17]
revealed that most of 300 keV O* ions and 100 keV
He" ions penetrate the specimens at thicknesses less
than ~200 nm, where TEM observations were per-
formed in the present study. A value of 40 eV was
used as mean displacement energy for Zr and O ions
of YSZ for the calculation. The displacement damage
rates yield by 300 keV O* and 100 keV He™ ions were
estimated to be 1.2x 1073 and 1.1 x 10~* dpas~!, re-
spectively at a depth of 200 nm with each ion flux
described above. These ion-irradiated specimens were
subjected to electron irradiation with energies from
100 to 1000 keV at temperatures from 370 to 600 K in
a High Voltage Electron Microscope (JEM-1000,
JEOL Co. at HVEM Laboratory of Kyushu Univer-
sity) and TEM-accelerator facility (JEM-4000EX,
JEOL Co. at TIARA in JAERI). The electron irradi-
ations were performed with a focused beam with a
beam diameter of around 1-2 um. The electron flux at
the center of the focused electron beam was around
10 m~2s”'. Microstructure change was recorded
in situ in TEMs during electron irradiation either on
films or through a video system.

3. Results and discussion

Fig. 1 shows a typical example of bright-field (BF)
images of defect clusters in YSZ irradiated with 300 keV
O" ions at 470 K at an O fluence of 5.1 x 107 m~2,
corresponding to 2.5 x 1072 dpa at a thickness of 200
nm, followed by irradiation with a focused 200 keV
electron beam at 370 K. Defect clusters with strong
black/black lobes contrast are formed with size up to
~300 nm in diameter, preferentially around the focused
electron beam. This indicates that there exists strong and
long-range stain field around the defect clusters. It is
important to emphasize here that these defect clusters
were not observed in YSZ irradiated solely with 300 keV
O" ions at 470 K up to an O* fluence of 5.0 x 10'® m—2,
and that they were observed after subsequent electron
irradiation with a focused electron beam. Analogous
defect cluster formation was observed in specimens ir-
radiated at 470 K with a 200 keV electron beam subse-
quent to 100 keV He™ ions at 870 K at a dose of 0.6 dpa.
Similar to the microstructure observed with 300 keV O
ions, no extended defect clusters, except tiny dot con-
trast features, were observed in specimens when irradi-
ated solely with 100 keV He™ ions.

Fig. 2(a)-(d) shows microstructure in YSZ irradiated
by a focused electron beam at 470 K with different en-
ergies ranging from 100 to 1000 keV. Ion irradiation was
performed with 300 keV O* ions at 470 K ((a)—(c)) or
4 keV Ar' ions at ambient temperature (d) prior to

Fig. 1. Extended defect clusters formed in YSZ around a 200
keV focused electron beam of 200 keV with a beam diameter of
~1 pm. The specimen was irradiated at 470 K with 300 keV O"
ions to 5.1 x 107 m~2 followed by 200 keV electrons at 370 K
for 210 s with an e~ flux of 1.3 x 102 m2s~!. The focused
electron beam was illuminated around the center of the photo.
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Fig. 2. Electron-energy dependent microstructure of YSZ ir-
radiated with a focused electron beam subsequent to irradiation
with ions under bright-field conditions (a)—(c) and a dark-field
condition (d). Irradiation conditions are: (a) 100 keV electrons
at 470 K and 300 keV O ions at 470 K, (b) 200 keV electrons at
470 K and 300 keV O™ ions at 470 K, (c) 400 keV electrons at
470 K and 300 keV OT ions at 470 K, and (d) 1000 keV elec-
trons at 470 K and 4 keV Ar* ions at 300 K.

electron irradiation. Large defect clusters are seen in Fig.
2 at all electron energies from 100 to 1000 keV, although
irradiation conditions, that is, ion species, energy and
irradiation temperature, are different from each micro-
graphs. It should be noticed that low energy electrons,
such as 100 and 200 keV, induce the defect clusters in
YSZ. Further interesting feature is that these defect
clusters were preferentially formed in thick regions of
specimens. This indicates that the defect clusters are not
formed through a surface dominant process but through
a process occurred in the bulk of the specimen.

Fig. 3 shows temperature dependence for the for-
mation of defect clusters. Large defect clusters as shown
in Figs. 1 and 2 were observed at temperatures of 470 K
(Fig. 3(a)) under 200 keV electron irradiation subse-
quent to 300 keV O™ ion irradiation at 470 K. However,
no nucleation of the defect clusters was observed under
200 keV electron irradiation at temperature higher than
520 K (Fig. 3(b)), whereas the defect clusters formed
below 520 K grew at higher temperatures than 520 K.

Fig. 3. Bright-field images in YSZ irradiated with 200 keV fo-
cused electron beam subsequent to ion irradiation with 300 keV
O* ions at 470 K at an O* dose of 5.1 x 107 m~? at electron
irradiation temperature of 470 K (a) and 520 K (b). No for-
mation of defect clusters was observed at 520 K and higher
temperature.

The nucleation regime of the defect clusters is, therefore,
less than 520 K, and it suggests that the mobility of the
point defects included in the defect clusters, which will
be discussed later to be oxygen interstitials, is very high.

A sequence of the growth process of the defect cluster
is shown in Fig. 4 at 470 K under 200 keV electron ir-
radiation. Ion-irradiation condition is equivalent to that
of Fig. 1, and the flux of electron beam was estimated to
be ~5x10”' m~2s! (electron beam was not focused
during the record of the growth process through the
video system). Fig. 4 shows that the defect cluster grows
with increasing irradiation time, accompanying strong
black/black lobes contrast ((a)—(d)). The growth rate of
the defect cluster was estimated to be ~1 nms™' from
the growth process of the defect (from (a) to (d)), illus-
trating the very fast growth rate. At micrograph (d), the
defect contrast is seen to change from black/black lobes
to dislocation networks in a very short time ((d)—(e)).
Several segments of dislocations are generated after the
transformation (e), and continuous electron irradiation
induces new several defect clusters possessing the anal-
ogous contrast to (a), preferentially at or near disloca-
tion lines (a few examples are indicated by triangles in
(f)). These new defect clusters are seen to grow with
electron irradiation. An interesting feature of the growth
process of the newly induced defect clusters is that they
are again transformed to dislocation lines after the
growth process, as one example is indicated by triangle
in (h) and (i). Namely, the defect cluster is found to
repeat the growth, transformation from black/black
lobes to dislocation lines, and re-nucleation processes
under electron irradiation in an originally formed defect
cluster. The critical diameter for the transformation was
around 1.0-1.5 pm if the defect clusters exist rather
separately from other defect clusters. In the case where a
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Fig. 4. Growth process of a defect cluster in YSZ under 200 keV electron irradiation at 470 K with an electron flux of ~5 x 10?!
m~2s~!. The specimen was irradiated originally with 300 keV O* ions at 470 K at an O fluence of 5.1 x 107 m~2 followed by a focused
electron beam (electron flux at the center of the beam was ~102 m=2s7!) at 470 K to nucleate the defect cluster. Real electron-
irradiation time from the microstructure of (a) is shown at each photo. The diffraction vector is g = 220.

defect cluster exists in the vicinity of other defect clus-
ters, the critical size is smaller (an example is seen in Fig.
5(h) and (i)).

In order to analyze the nature of the defect clusters,
their diffraction contrast was taken with different dif-
fraction vectors of <220> system using an incident
electron beam closed to a [111] direction, and BF im-

ages of the defect clusters in a same area are shown in
Fig. 5. The contrast-free line of the defects is seen mostly
perpendicular to the corresponding diffraction vector for
three different 220 vectors, indicating that the strain field
around the defect clusters is isotropic on the (111)
plane. This implies that the defect clusters are not the
normal interstitial-type dislocation loops, as it is also

Fig. 5. BF images of the defect clusters of YSZ taki:n with three different diffraction vectors of (a) 220, (b) 022 and (c) 202 at the same
area. The incident electron beam is from nearly a [1 1 1] direction. The larger size in the defect clusters observed in (c) than in (a) is due
to the rapid growth of the defect clusters during photos record.
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suggested by the difference in BF images of dislocation
loops in previously reported ion-irradiated YSZ [6,7].

The observed defect clusters in YSZ shown in Figs.
1-4 are analogous to those reported by Baufeld et al.
[18] and Gomez-Garcia et al. [19,20], in which similar
black/black lobes contrast is observed under electron-
beam irradiation in fully stabilized zirconia with a
nominal concentration of 9.4 mol% Y,0O;. Baufeld et al.
irradiated YSZ with 1000 keV electrons at room tem-
perature and 473 K, and observed the defect clusters
preferentially along dislocations that were induced by
high temperature compression test prior to electron ir-
radiation. They concluded that the defect clusters are
prismatic dislocation loops of interstitial nature with a
character of a/3<111>{111}, and that the defect for-
mation is induced by aggregation of interstitials induced
through displacement damage with 1000 keV electrons.
Gomez-Garcia et al., on the other hand, concluded that
the defect clusters are ZrN precipitates (a large amount
of dissolved nitrogen was found in their YSZ crystal
[21]) induced by beam heating effects, since the defect
clusters were induced with a wide range of electron en-
ergies from 100 to 1500 keV.

Electron-beam induced displacement cross-sections
through elastic collision process, which is through Oen’s
table based on Bethe’s formula [22,23], are shown in Fig.
6 for Zr- and O-sublattice. Since no reported values are
available in the literature for the displacement energy in
YSZ, we referred a typical mean value assumed for
zirconia and pyrochlore (40 eV for Zr- and O-sublattice)
[9,24], and a reported value of UO, (40 eV for U-sub-
lattice, 20 eV for O-sublattice) having same CaF, crystal
structure [25]. The results of cross sections are, therefore,
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Fig. 6. Calculated displacements cross-section for Zr- and O-
sublattice in zirconia using Bethe’s formula [16] as a function of
electron energy. Values in Fig. 5 are from Oen’s Table [17].
Cross section is plotted with displacement energies of 28-48 eV
for Zr sublattice and 16-40 eV for O sublattice. The cross
section of Y ions is almost same with that of Zr ions due to the
close mass of the element.

plotted with a band of displacement energies of 28-48
eV for Zr-sublattice and 1640 eV for O-sublattice. Fig.
6 clearly illustrates that electrons with energy less than
900 keV hardly displace Zr-sublattice in YSZ, whereas
O-sublattice can be displaced with electrons around
100-200 keV. A value of 10°-10~* dpas~' is obtained
by using the cross sections in Fig. 6 as an elastic dis-
placement rate for O-sublattice with a focused 200 keV
electron beam at a flux of 102 m=2s~!. This indicates
that electron irradiation in the present study is a selec-
tive displacement damage condition for O-sublattice in
YSZ. However, it seems to be difficult to explain the
very high growth rate of the defect clusters, approxi-
mately 1 nms~! with an electron flux of 5 x 102! m=2s!,
solely through the corresponding elastic displacement
rate, or ~107% dpas~!. This suggests a possibility of
displacements of oxygen ions through an electronic ex-
citation process, as previously reported for anion sub-
lattice in halides and SiO, [26-28], although there have
been no reports to reveal such electronic excitation-
induced displacements in cubic zirconia.

On the basis of the discussion above, the most
probable explanation for the defect clusters is oxygen
clusters, induced by aggregation of selectively displaced
oxygen ions with electron irradiation. Taking the spec-
imen thickness (around 200 nm or less) and the diameter
of the defect clusters (more than 1.0 um in diameter) into
consideration, the defect clusters are not spherical but
probably are coherent platelets lying on {111} planes.
The defect clusters are, therefore, considered to possess
strong strain contrast as shown in Figs. 1-5. As a sup-
port of this speculation, a theoretical calculation of YSZ
has revealed that much stronger stress and strain fields
are induced around a charged oxygen platelet than a
neutral dislocation loop [29]. An electric field induced by
the accumulated charge in the defect clusters (oxygen
platelet) causes additional stress and strain fields around
the charged oxygen platelet, depending on the effective
charge of oxygen interstitials in the clusters. The induced
stress with the critical size of ~1.0 pm has revealed
nearly the equivalent stress to generate dislocations in
YSZ [30].

It should be noted here that the defect clusters were
also formed solely with electron irradiation (without
preceding ion irradiation) when a higher flux of electron
beam was illuminated at thicker regions of the specimen.
In other words, the preceding ion irradiation is not ab-
solutely necessary to induce the defect clusters in YSZ.
The ion irradiation is, therefore, considered to induce
dot-contrast defects and/or ‘invisible’ defects, which act
as nucleation sites of the defect clusters formed under
electron irradiation. Namely, ion irradiation is consid-
ered to play an equivalent role with preexisting dislo-
cation lines, where the defect clusters were preferentially
nucleated as shown in Fig. 4 and in Refs. [18,20]. A
difference on the radiation damage process between ion-
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and electron-irradiation is that electrons induce dis-
placements only in oxygen ions whereas ion irradiation
induces them for both ions. The ratio of displace-
ment rate for Zr ions to O ions with 300 keV O" ion and
100 keV He™ ion are evaluated respectively through
SRIM-2000 [17] to be 0.66 and 0.71 with an assumption
of Eq = 40 eV for both Zr and O ions, and 0.30 and 0.34
with Eq =40 eV for Zr and 20 eV for O ions. The se-
lective displacement damage conditions are, at this
moment, considered to influence the nucleation-and-
growth process of the anomalous defect clusters ob-
served under electron irradiation in YSZ.

The focused electron beam used in the present study
not only causes a high flux of electrons but also a con-
centration gradient of displaced oxygen ions inside the
electron beam. Such concentration gradient induces
the migration of interstitials from the center toward the
outside of the beam, and therefore the defect clusters
are considered to be formed preferentially around the
focused electron beam.

4. Summary and conclusions

Electron-beam irradiation subsequent to ion irradia-
tion has been found to induce anomalous large defect
clusters in yttria-stabilized cubic zirconia (YSZ). These
defect clusters possess strong strain field, rapid growth
rate (~1 nms~! under 200 keV electron irradiation at a
flux of 5x 10 m=2s7"), and are induced around the
focused electron beam preferentially at or near disloca-
tion networks and tiny dot-contrast defects. The defect
clusters are transformed from black/black lobes contrast
to dislocation networks when they reach a critical dia-
meter of 1.0-1.5 pm. Processes of nucleation, growth and
transformation of the defect clusters are repeated under
electron irradiation. A most probable explanation for the
defect cluster is the oxygen platelets, which are formed
due to the selective displacement of oxygen sublattice in
YSZ. The physical mechanism for the selective dis-
placement damage, that is, either elastic or inelastic
process, has not been clarified in the present study.
However, the present results suggest an important role of
low energy recoils and/or electronic excitation for the
radiation damage processes in YSZ, which induce se-
lective radiation damage in the oxygen sublattice of YSZ.
Another important feature of the damage process is that
the defect clusters generate dislocations through the
transformation at a critical diameter, and multiply the
defect clusters at and near the generated dislocations.
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