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Cubic zirconia single-crystals (yttria-stabilized zirconia (YSZ)) have been irradiated with 4 MeV
Au”*" ions in a broad fluence range (namely from 5x 10'* to 2x 10"°cm ?) and at five
temperatures: 80, 300, 573, 773, and 1073 K. Irradiated samples have been characterized by
Rutherford backscattering spectroscopy in channeling mode, X-ray diffraction and transmission
electron microscopy techniques in order to determine the disordering kinetics. All experimental
results show that, whatever is the irradiation temperature, the damage build-up follows a multi-step
process. In addition, the disorder level at high fluence is very similar for all temperatures. Thus, no
enhanced dynamic annealing process is observed. On the other hand, transitions in the damage
accumulation process occur earlier in fluence with increasing temperature. It is shown that
temperature as low as 573K is sufficient to accelerate the disordering process in ion-irradiated
YSZ.© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4874795]

. INTRODUCTION

Exposure of materials to severe irradiation coming from
highly energetic particles usually appears as a detrimental
process since it is generally accompanied with defect crea-
tion leading to (micro-) structural changes and eventually to
materials properties degradation. This is currently a central
topic in the area of nuclear energy generation where materi-
als must face irradiation by products of fission or fusion reac-
tions (e.g., neutrons, fission fragments, recoil nuclei). In the
case of fission, one of the main issues is the safe encapsula-
tion and management of nuclear wastes extracted during the
reprocessing of spent fuel. Two options, not exclusive from
each other, are currently explored: (i) immobilization (prin-
cipally for long-term geological disposal) of high-level
wastes in suitable solid materials named waste forms' and
(i1) reduction of plutonium and minor actinides inventories
(but not fission products) using inert-matrix fuel (IMF).2
IMF could also be a waste form for direct disposal after one
cycle of burn-up and/or a transmutation target to decrease
the radiotoxicity of minor actinides.®> Candidate materials for
these applications must satisfy a few mandatory criteria such
as structural stability and efficient radionuclides confinement
under irradiation (see, e.g., Ref. 4).

Cubic yttria-stabilized zirconia (YSZ) is a ceramic mate-
rial with the same crystallographic structure (fluorite) than
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that of oxides of actinides, which makes it really suitable for
incorporating Pu and minor actinides as solid solutions.
Moreover, YSZ exhibits a very high radiation resistance, sug-
gesting potential use as an IMF. This radiation resistance has
been demonstrated in a series of experimental studies where
the irradiation environment has been simulated with external
ion beams”'? or also via computational approaches.'*~'> All
works put forward that YSZ maintains its structural integrity
up to very high irradiation levels (~100 displacements per
atom, dpa). No amorphization has been detected, except
when a significant concentration of particular atomic species
such as Cs is introduced in the crystalline lattice,m’17 but the
required Cs concentration (~8%) is well above that expected
in an IMF. When YSZ is irradiated in the nuclear energy-loss
regime, it exhibits a multi-step damage build-up,>'*'® each
step being characterized by a predominant type of radiation
defects. For instance, in the first step, small defect clusters are
preferentially formed; these clusters turn into dislocation
loops in the second step and eventually a network of tangled
dislocations is observed at the end of this step.'®'® A third
step also takes place at higher fluence but it depends on the
nature of the irradiation particle. When no specific ion (such
as Cs or noble gas) is used, a specific microstructure revealing
an apparent, partial recovery of damage is observed.'® Hence,
YSZ accommodates the radiation damage by undergoing
microstructural transformations that allow maintaining the
long-range order; however, it has been shown that collision
cascades severely affect the short-range order.”’ Worth men-
tioning is that the majority of previous works on ion-
irradiated YSZ have been carried out at or below room

© 2014 AIP Publishing LLC
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temperature (RT) and only very few studies were devoted to
the investigation of the damage produced above RT.'>?!%2
Exceptions are the works that dealt with the particular topic
of gas bubble precipitation.”***

The present paper aims at studying the effect of the irradi-
ation temperature on the behavior of cubic zirconia. For this
purpose, YSZ crystals were irradiated with 4 MeV Au”" ions
in a broad fluence range (from 5 x 10'* to 2 x 10'®cm™2) and
from liquid nitrogen temperature (80 K) up to 1073 K. Using a
combination of several experimental techniques, namely
Rutherford backscattering spectroscopy and channeling
(RBS/C), X-ray diffraction (XRD), and transmission electron
microscopy (TEM), a detailed characterization of the irradia-
tion damage is presented. Mobility of irradiation defects is
clearly found to play a key role in the microstructural changes
observed in irradiated YSZ.

Il. EXPERIMENTAL

The samples used in this study are common YSZ single
crystals ((100) orientation) containing 9.5 mol. % Y,O3, syn-
thesized by Crystal-GmbH. Prior to ion irradiations and
RBS/C measurements, all samples were coated with a con-
ductive carbon layer (thickness ~10nm) to avoid charge
effects.

Ton irradiations were performed at five temperatures
(80K, RT, 573K, 773K, and 1073K) with 4MeV '7Au*"
ions. Irradiations at 80K were conducted at the 3 MeV
Tandetron of the Instituto de Fisica of the Universidade
Federal of Rio Grande do Sul and irradiations from RT to
1073 K were performed at the ARAMIS accelerator of the
CSNSM at Université Paris-Sud in Orsay. Irradiations were
performed 7° off the normal of the surface crystals to avoid
channeling phenomenon and a beam raster system was used
to ensure a uniform ion irradiation; besides, in order to mini-
mize target heating, the ion current during irradiation was
maintained under 0.5 A cm 2. The mean projected range
of Au particles has been estimated, based on SRIM calcula-
tions,”” to be Rp~530nm with a range straggling
ARp~ 140nm. Ton fluences ranged from 5 x 10" to
2% 10" ecm™?%; the corresponding conversion factor for the
dpa at the damage peak is ~4.5 x 107'> dpa cm?, as deter-
mined by SRIM calculations using threshold displacement
energy of 40eV for both Zr and O sublattices. Therefore, the
dpa ranged from ~0.02 to ~90.

RBS/C experiments were carried out in both random
and channeling (along the (100) axis) geometries by using a
“He" beam of 3.12 MeV. The detector was placed at a 165°
angle with respect to the beam direction. The energy resolu-
tion of the experimental setup was about 16keV. Damage
depth distributions were extracted from the analysis of
RBS/C spectra with Monte-Carlo simulations performed by
using the McChasy computer code®® and assuming that a
fraction of atoms (fp) are randomly displaced from their reg-
ular crystallographic position.

XRD measurements were performed with two different
apparatus that are described in Ref. 27 and references therein. It
is worth mentioning that a parallel and monochromatic
(A=0.15406 nm) incident X-ray beam was used and the 20

J. Appl. Phys. 115, 183504 (2014)

angular resolution was at least of 0.01°. Symmetric 6-26 scans
and reciprocal space maps (RSMs) were recorded in the vicin-
ity of the (400) Bragg reflection (20~ 73.575°) of zirconia.
0-20 scans were fitted with a dedicated computer-code pro-
gram already presented in Refs. 28 and 29. The formalism used
in this paper is the one presented in Ref. 30. It is worth remind-
ing here that (—gn/H 00y = €x) Tepresents the elastic strain in
the direction normal to the surface of irradiated samples. The
disorder parameter derived from the simulation of the XRD
curves is the so-called static Debye-Waller (DW) factor,
exp(—LH),z&29 which varies from 1 for a perfect crystal to O for
an amorphous-like structure; in the present work, the quantity
(1 — exp(—Lp)) is plotted for an easier comparison with the
damage parameter (f) obtained by RBS/C.

Cross-sectional TEM samples of irradiated crystals were
prepared by mechanical polishing down to electron transpar-
ency by using the wedge technique. Final polishing was
done with colloidal silica commercialized by Escil.
Conventional TEM observations were performed in Orsay
with a FEI Tecnai G*20 transmission electron microscope
operated at 200keV. To avoid charge effects during TEM
observations, an ~5 nm thick carbon layer was deposited on
the surface of the lamellas.

lll. RESULTS
A. RBS/C

Figure 1 shows RBS/C spectra registered on YSZ
crystals, before and after irradiation at various tempera-
tures and ion fluences. For clarity reasons, a few selected
spectra are presented only for three irradiation tempera-
tures (80K, 573K, and 1073 K). However, these three
temperatures are representative of the whole temperature
range investigated in this paper. In addition, it should be
mentioned that results for RT and (partially) for 773K
have already been published in Refs. 18 and 31, respec-
tively. The spectra registered in random orientation display
a plateau (below 2600keV) and a peak (around 1000 keV)
which correspond to the backscattering of analyzing par-
ticles from the Zr and O atoms of the target, respectively.
Note that the O signal is enhanced due to the existence of
the “He('°0,'°0)*He resonant reaction at 3.038 MeV.
Spectra registered in channeling orientation on virgin crys-
tals obviously exhibit a much lower yield than the random
ones. Spectra registered in channeling orientation on
ion-irradiated crystals show, as compared to those for vir-
gin samples, an increase in the backscattering yield
(around 2200keV) due to the creation of a shallow dam-
aged layer. A comparable evolution of the spectra with
increasing fluence is observed for the different tempera-
tures, i.e., the backscattering yield increases with fluence
(up to 3-5x10") without reaching the random level.
However, this apparent similarity exhibits a major differ-
ence that is readily noticed when comparing the spectra
corresponding to crystals irradiated at the same fluence,
namely 10" cm™?: rising the temperature leads to a signif-
icant increase of the backscattering yield. It should be
stated that a decrease of the backscattering yield was
measured for fluences higher than those presented in
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Figure 1 (as already clearly evidenced in Refs. 18 and 19)
but, since this third step is not the central point of the pa-
per, the corresponding spectra are not displayed for the
sake of clarity.

RBS/C spectra were fitted (lines in Fig. 1) with the
McChasy Monte-Carlo code?® in order to extract the damage
depth distributions presented in Figure 2. The calculated data
confirm the above statements. First, irrespective of the irradi-
ation temperature, the damage profiles have a similar shape,
with a thickness comprised between 1 and 1.2 yum and a peak
located around 500nm (in agreement with SRIM predic-
tions). Second, fp is very small (~0.1) at low ion fluence
(2% 10" cm™?) and does not exceed 0.5 at high fluence
(3-5 x 10" cm_z). However, at a given fluence, for instance
10 cm ™2, fp equals 0.1 at 80K, 0.3 at 573K, and 0.4 at
1073 K, suggesting that the disordering build-up is acceler-
ated with increasing temperature.

50 T T T T
80 K + virgin
v 2x10"
40 o 10" u
o 510"

YIELD

1000 1500 2000 2500
50 T T T T
573 K +  virgin
v 210"
40 _ o
o 5d0%

YIELD

1000 1500 2000 2500
50 T T T T
1073 K + virgin
v 210"
40 o 10" |4
i o 310"

YIELD

1000 1500 2000 2500
ENERGY (keV)

FIG. 1. RBS spectra recorded in random (stars) and (100)-axial (open sym-
bols) directions on YSZ crystals irradiated with 4 MeV Au®" ions at indi-
cated fluences (cm~2) at 80K (a), 573K (b), and 1073K (c). Analyzing
particles are 3.07 MeV “He”" ions. Lines are simulations of RBS/C data
with the Monte-Carlo McChasy code.?®
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B. XRD

Figure 3 displays 0-26 scans recorded in the vicinity of
the (400) reflection for YSZ crystals irradiated at various
temperatures and ion fluences. Here again, it is worth men-
tioning that only a selection of XRD scans for three irradia-
tion temperatures are presented but the data have been
collected for the two other temperatures (RT and 773 K) as
well. All XRD curves exhibit an intense narrow peak on the
high-angle side that corresponds to the unirradiated part of
samples. For the irradiated samples, and for all temperatures,
an additional signal is observed on the low-angle side; this
signal comes from the irradiated part of the crystals. This
finding indicates that the irradiated region is under tensile
strain in the direction normal to the surface. Moreover, the
asymmetrical intensity distribution in this region indicates
the existence of a dilatation gradient associated to the
energy-deposition profile of Au®" ions. With increasing ion
fluence, the signal from the damage region first moves
towards lower angles, indicating an increase of the tensile
strain. Then, the fringe pattern vanishes and the scattered in-
tensity dramatically decreases, indicating a strong increase
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0.5 F — 0™
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04 | — 5x10'°

03 | E

02t (@)

0.1 lﬁ |
—_——d :
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FIG. 2. Damage depth distributions corresponding to simulations of RBS/C
spectra presented in Figure 1.
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FIG. 3. 0-20 experimental scans (dots) recorded in the vicinity of the (400) reflection for virgin and irradiated YSZ crystals with 4 MeV Au*" jons at indicated
fluences at 80K (a), 573K (b), and 1073 K (c). Solid (red) lines are best fits with the dedicated simulation program?glg Labels correspond to the ion fluences

(expressed in cm~2). Curves are shifted vertically for visualization purposes.

of random atomic displacements. This change is ascribed to
the re-arrangement of initial defect clusters into extended
defects with a new configuration (see TEM results below and
discussion) which strongly distort the crystal lattice. Note
that this mechanism seems to occur at all temperatures.

Simulations of XRD data are also shown in Fig. 3 (solid
lines). It can be noticed that a very good agreement is
obtained between simulated and experimental data. Note that
even curves corresponding to high-fluence irradiated samples
are well fitted (for which no fringe pattern is recorded). This
possibility was not used by authors in previous works and, as
described hereafter, it has a dramatic influence on the inter-
pretation of the XRD results. The strain and disorder profiles
obtained from the simulations are shown in Figure 4. Strain
profiles (Figs. 4(a), 4(c), and 4(e)) show that, in agreement
with the qualitative observation of the XRD curves, the max-
imum strain level increases with increasing fluence for all
temperatures. In addition, it can also be observed that the
width of the strained region increases with ion fluence. For
the last fluence, at all temperatures, the strain profiles exhibit
an unrealistic oscillating shape in a region around the dam-
age peak (plotted as dotted lines in Fig. 4). This behavior can
be understood by examining the disorder (1 — DW) profiles
displayed in Figs. 4(b), 4(d), and 4(f). Indeed, in addition to
an increase of the disorder level and to a broadening of the
profile with the fluence, at the highest fluence (and for all
temperatures), the disorder level appears to be very high
(>0.95) over a large thickness (~1 pum). This finding indi-
cates that the YSZ crystals in these regions are so defective
that their diffracted Bragg intensity is virtually nil, i.e.,
almost no X-rays are emitted from these regions in the sym-
metrical 0-20 configuration (and for the (400) reflection). As
a consequence, no physical strain value related to these
regions can be obtained by XRD. This simple observation
explains the occurrence of an apparently unphysical behavior
of the strain in these regions. While the strain in the most de-
fective region cannot be monitored, the strain at the dama-
ged/pristine interface can be accurately determined. This
point is addressed in more details in the discussion section
and particularly with the strain build-ups.

Fig. 5 presents XRD-RSMs for YSZ crystals irradiated at
the same fluence—10'> cm ™~ *—but at three different tempera-
tures. A similar comparison of RBS/C spectra pointed out an

acceleration of the disordering process with temperature (see
Sec. III A). This statement is confirmed here. The RSMs are
clearly different and can be attributed, based on previous
works,'%?’ to different steps of the damage build-up: the map
obtained for the sample irradiated at 80K (Fig. 5(a)) is the
characteristic of the first step of the damage build-up, the one
recorded for the crystal irradiated at 573 K (Fig. 5(b)) rather
corresponds to the beginning of the second step and the last
map for the crystal irradiated at 1073 K (Fig. 5(c)) matches
that expected at the end of the second step.

Fig. 6 presents XRD curves recorded on YSZ crystals
irradiated at RT at two fluences and the curves corresponding
to these crystals after annealing (in Ar atmosphere) during
30 min at 1073 K. A shift of the scattered intensity towards
the Bragg peak of pristine YSZ (with no broadening of this
latter) is readily observed for both fluences, indicating a lat-
tice recovery. This result was also verified by RBS/C (not
shown here) and will be addressed in Sec. I'V.

C. TEM results

Figure 7 displays TEM images recorded on crystals irra-
diated at RT and 1073 K at different steps (as identified for
RT irradiations, see Refs. 10 and 18) of the damage build-
up: Figs. 7(a) and 7(b) reflect the first step, Figs. 7(c) and
7(d) correspond to the beginning of second step and Figs.
7(e) and 7(f) are the characteristic of the end of the second
step. Images for RT irradiation show the formation of small
defect clusters in the first step of the irradiation process
(Fig. 7(a)), followed by the creation of dislocation loops
(Fig. 7(c)) and finally a network of tangled dislocations is
observed (Fig. 7(e)). A more complete description of these
microstructural changes is addressed hereafter. Identical
defects and microstructures are observed for irradiation at
1073 K, as clearly evidenced in Figs. 7(b), 7(d), and 7(f) that
correspond to the first step, the beginning and end of the sec-
ond step, respectively. It can thus be reasonably assumed
that these results also hold for the intermediate temperatures.
An analogous microstructural evolution has been reported in
recent works in other fluorite-type structured ceramic oxides
irradiated in similar conditions, such as in CeQ, irradiated
with 500keV Xe at 800 °C (Ref. 40) and in UO, irradiated
with 150keV Kr at 600 °C and with 1 MeV Kr at 800°C.*!
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FIG. 4. Strain ((a), (c), (e)) and disorder ((b), (d), (f)) depth distributions
corresponding to simulation of XRD curves presented in Figure 3.

IV. DISCUSSION

Change in the irradiation temperature may affect the
damage creation and recovery rates, as readily demonstrated
in strontium titanate (STO),32 silicon carbide (SiC),33’34 and
some pyrochlores.®> These materials exhibit very low dam-
age level when irradiated above a threshold temperature

J. Appl. Phys. 115, 183504 (2014)

whereas they otherwise undergo amorphization. The radia-
tion behavior of ion-irradiated solids is generally assessed by
determining the damage accumulation build-up, which is the
variation of a given disorder parameter with the ion fluence.
Figure 8 presents the evolution of the damage level obtained
by RBS/C; experimental data are fitted with the multi-step
damage accumulation model (MSDA)36’3'7 already used to
account for former experimental results obtained on, e.g.,
ion-irradiated zirconia,16 SiC,38 and pyrochlores.39 Briefly,
this model assumes that the damage accumulation process
occurs in several (n) distinct steps, each step being triggered
by the destabilization of the current structure of the material,
and the successive structural transformations are described
by a direct impact mechanism. Fits to RBS/C data with this
model are represented by solid lines in Fig. 8. Three steps
(n=13) are required to interpret results obtained for all irradi-
ation temperatures (note that irradiation at very high fluence
was not performed at 573 K). In addition, except at 80 K
where surprisingly the maximum damage at the end of the
second step is found to be lower than that at RT, the overall
damage level is slightly decreased with increasing tempera-
ture over such a large temperature range. In other words, no
temperature-enhanced dynamic annealing is observed in
YSZ and a same multi-step disordering process occurs in this
material whatever is the irradiation temperature.

Beyond this similar overall behavior with irradiation
temperature, a major difference emerges from the compari-
son of the damage build-ups in YSZ. Actually, there is a sig-
nificant variation of the threshold fluence for the onset of the
second damage step when the irradiation temperature is var-
ied (except between 80K and 300K where no shift is
observed). Values of fluences for the onset of step 2 are
listed in Table I. For instance, this fluence is found to be
~1.2 x 10" ecm™? for irradiation at 80K and ~0.15 x 10"
cm 2 at 1073K. In other words, the higher the irradiation
temperature, the earlier is the transition between step 1 and
step 2.

Disordering build-ups derived from XRD data, i.e., the
variation of the disorder parameter (I — DW) and of the
strain level (ey) as a function of ion fluence, were also deter-
mined for all temperatures (Figs. 9(a) and 9(b)). A two-step
process (the third one is not accessible by XRD) is observed
concerning the disorder parameter (Fig. 9(a)) for the five
investigated temperatures. Besides, fluences (graphically
determined) for the onset of the second step are very similar
to those obtained from RBS/C measurements (Table I). An
equal apparent 100% disorder level is reached at high fluence
for all temperatures, indicating that, from the XRD tech-
nique, crystals at this stage appear severely defective (with a
most likely identical microstructure). Conversely, in the first
irradiation step, different disorder levels are observed, values
being lowered when the irradiation temperature is increased.
This result could be related to a decrease of the defect den-
sity with increasing temperature. The strain build-ups pre-
sented in Fig. 9(b) look different from those previously
reported by the authors'®?’ or by another group also working
on irradiated YSZ." In particular, as previously explained in
Ref. 29 and mentioned in Sec. III B, a two-step process is
still observed but no strain relaxation is reported in the
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FIG. 5. Reciprocal space maps recorded in the vicinity of the (400) Bragg reflection for YSZ crystals irradiated with 4 MeV Au®" ions at 10'° cm™2 and at

80K (a), 573K (b), and 1073 K (c).

second step. This difference can be explained by the fact that
the strain is no longer determined by a simple observation of
the XRD data, but derived from the simulation of the whole
experimental curves. Apart from the Bragg peak due to the
unperturbed crystal, the curves obtained on irradiated crys-
tals at high fluences display broad pseudo-peaks originating
from heavily damaged regions (1 — DW ~ 1) whose position
is not related to the actual level of strain in the irradiated
region. The simulations show that the strain keeps on
increasing at high fluence in the regions surrounding the
damage peak (Figs. 4(a)-4(c)). For this reason, the strain
actually continues to increase in the second step of the dam-
age build-up. This result holds for the whole temperature

-A/H 400 = &y (%)

0.2

(400)
0.6

0.4

as-irradiated

annealed

as-irradiated

INTENSITY (arb. units)

virgin

73.2 73.4 73.6

20 (deg.)

73.0

FIG. 6. 0-20 scans recorded in the vicinity of the (400) reflection for virgin
an irradiated YSZ crystals (lines) with 4 MeV Au" ions at RT at indicated
fluences. Scans recorded on post-annealed (30 min at 1073 K) samples are
also displayed (symbols). Curves are shifted vertically for visualization
purposes.

range. The five strain build-ups presented in Fig. 9(b) can be
separated into two groups: 80 K and RT on the one hand and
573K, 773K, and 1073 K on the other hand. For the former
group (at low temperature), strain levels are high with values
~0.4% in the first step and ~0.9% in the second step. For
the latter group (high temperature), strain levels are much
lower with values ranging from ~0.1% to ~0.5%. This dif-
ference in the strain level as a function of the irradiation tem-
perature appears very similar to that recently reported by
Yang et al. who monitored the strain in YSZ irradiated with
jons of different velocities.'® They found that the strain level
in the first step decreased with increasing velocity, an effect
which was tentatively attributed to an ionization-induced
enhanced defect-mobility due to a larger electronic energy
loss. This interpretation could hold for the present results,
with thermal energy playing the role of electronic energy. At
low temperature, transition from the first step to the second
one takes place at ~10'° cm™? while at high temperature it
occurs at ~5 x 10'* cm™2. There is no progressive shift as
observed for the damage (RBS/C) and disorder (XRD)
kinetics because the strain is not monitored at the same depth
as a function of the ion fluence. These results indicate that
the strain relaxation is not the (main) driving force for the
formation of the dislocation loops, i.e., for the occurrence of
the second step of the damage build-up.

The first transition of the damage accumulation process
is shown to be associated with the transformation of black
dots into black/black lobes that eventually form dislocation
lines (see TEM images in Fig. 7). Yasuda et al.*? studied this
microstructure change mechanism and concluded, based on
earlier works from Baufeld et al.,42 that defects created in
the first stage of the irradiation process are seeds for disloca-
tion loops. More precisely, the following mechanism was
proposed:***? (i) interstitial point defect agglomerate and
(i) form Frank loops with Burgers vectors b = §(111) (i.e.,
dislocations bounding a stacking fault); (iii) these loops



183504-7

Debelle et al.

J. Appl. Phys. 115, 183504 (2014)

(f)

FIG. 7. TEM bright-field micrographs recorded on YSZ crystals irradiated with 4 MeV Au®" ions at 300K (top) and 1073 K (bottom) and at different places

(fluences) of the damage build-up plotted in Fig. 8. (a) —10" ecm™? and (b) —5 x 10" cm™

2 -2

correspond to the first step; (¢) —1.5x 10" em™? and

(d) —4 x 10" cm ™2 are characteristic of the beginning of the second step; () —2 X 10" em™2 and (f) =7 x 10" cm ™2 illustrate microstructure observed at the
end of the second step. Images were taken in the following conditions: (c) g =220, (112) plane; (d) g =220, (001) plane; (¢) g= 111, (101) plane; (f) g = 220,

(001) plane.

grow and transform into perfect (unfaulted) dislocation loops
via the spontaneous nucleation of a Shockley partial
dislocation according to the following equation £(112)
+4§(111) — 5£(110); (iv) finally, growth of these perfect
loops leads to the formation of a network of dislocation lines.
It is worth mentioning that the mechanism for the transfor-
mation of partial into perfect dislocation loops has also been
reported in irradiated ceria (see Ref. 43 and references
therein). Both Baufeld er al.** and Yasuda et al.** postulated
the existence of a critical defect size above which the actual
defect is not stable anymore and turn into a new, stable one.
This assumption has been supported by a theoretical model

0.5

°
~

o
w

DAMAGE FRACTION, f;
o
o

o
-

0.01 0.1 1 10
Au FLUENCE (10" cm?)

FIG. 8. Disordering kinetics (i.e., fp vs ion fluence) derived from RBS/C
data obtained for YSZ crystals irradiated with 4 MeV Au®" ions at the indi-
cated temperatures. Solid lines are fits to data using the MSDA model >’

developed by Ryazanov er al.** taking into account the
charge state of the dislocation loops to explain their instabil-
ity (hence their transformation into dislocation lines) above a
critical size. The critical size was found to be on the order of
a micrometer when the defect density is low and smaller
when the loop density increases (i.e., when the mean dis-
tance between loops decreases). Such a hypothesis of a criti-
cal size could perfectly explain the difference in the
threshold fluence for the onset of step 2 observed in YSZ in
the present work. Indeed, the shift of the transition fluence to
lower values with increasing temperature would mean that
the critical size is reached more rapidly. This is possible by
assuming that increasing the temperature induces a higher
defect mobility leading to an enhanced defect-clustering pro-
cess. In addition, such an increased defect-clustering rate
could also account for the decrease of the defect density
explaining why (XRD) disorder and strain levels decrease
with temperature. It is worth noting that this effect is already
operational at 573 K, a temperature which seems rather low
but is consistent with experimental observations of Baufeld
et al. of an accelerated defect growth above 473 K.** This
result confirms the high mobility of the irradiation point
defects in YSZ.

TABLE . Threshold fluences (in cm ™) for the onset of the second step of
the damage build-up in ion irradiated YSZ crystals. Values obtained from
RBS/C measurements derive from the fitting of experimental data with the
MSDA model**?” and values from the XRD technique were graphically
determined.

80K 300K 573K 773K 1073K
RBS/C 12x10"% 12x10"% 055x10" 045x10" 0.15% 10"
XRD 1x10%  1x10®  05x10° 05x10" 02x10"
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Finally, it is worthwhile to highlight that the thermally
assisted defect clustering process only occurs upon irradiation.
Indeed, after a thermal annealing at 1073 K during 30 min,
YSZ crystals irradiated at RT in the first step (10'° cm™2) and
at the end of the second step (5 x 10'> cm™2) of the damage
build-up exhibit a significant damage recovery. This finding is
illustrated for instance in Fig. 6 that presents XRD curves
recorded on as-irradiated and post-annealed YSZ samples. In
other words, post-irradiation thermal energy does not drive
the structure towards a more defective one (towards the right
side of the damage kinetics) but towards a less defective one,
unlike thermal energy brought during irradiation. This differ-
ence of behavior between temperature effects during irradia-
tion vs. after irradiation can be ascribed to static vs. dynamic
processes (for instance defect migration) and to equilibrium
vs. out-of-equilibrium conditions. More generally, differences
in the effects of ion irradiation vs. thermal annealing have al-
ready been pointed out in several cases, such as for atomic
mixing (for which heat of formation is modified under irradia-
tion, see, e.g., Refs. 45 and 46), formation of nanostructures,*’
and stress relaxation in sputtered thin films.**

V. CONCLUSION

Cubic zirconia single-crystals have been irradiated
with 4MeV Au’" ions in broad fluence (from 5 x 10'? to
2 x 10'¢ cmfz) and temperature (from 80 to 1073 K) ranges.
Crystals have been characterized by RBS/C, XRD, and TEM
in order to get a comprehensive understanding of the behav-
ior of this ceramic under ion irradiation.

Results show that whatever is the irradiation tempera-
ture, the damage build-up obeys a multi-step process (con-
trary to what is observed in other materials such as SiC or
STO). Each step is characterized by specific disorder and
strain levels corresponding to a well-defined microstruc-
ture. In the first step, small clusters of point defects are
formed which are seeds for Frank dislocation loops that
transform into perfect dislocation loops in the second step.
At the end of this second step, a network of dislocation
lines is observed, and in the third step dislocations reor-
ganize to form dislocation walls. Dynamic (i.e., inside col-
lision cascades) annealing is very efficient in YSZ but this
self-healing process 1is definitely not enhanced with

Au FLUENCE (10" cm)

increasing irradiation temperature; in fact, only a slight
decrease in the final disorder level is observed over the
broad temperature range. On the other hand, an increase
of the irradiation temperature provides a larger mobility to
radiation defects which presumably leads to an enhanced
defect clustering. This mechanism triggers the observed
microstructural transformations through the existence of a
critical size above which the defect nature changes.
Consequently, transitions in the damage accumulation pro-
cess occur earlier in fluence with increasing temperature.
It is worth mentioning that temperature as low as 573K is
sufficient to accelerate the disordering process in irradi-
ated YSZ.

These basic results should be taken into account when
considering YSZ as an IMF since temperatures higher than
573 K will be reached in fast neutron reactors.
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