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Abstract

Cubic yttria-stabilized zirconia possesses a high stability against radiation. No amorphization of this material has been
observed, even at high ion fluences leading to the production of a large amount of defects. Nevertheless irradiation with
energetic particles may induce microstructural evolutions and phase transformations. In the present paper we demonstrate
that a cubic-to-rhombohedral phase transformation occurs in yttria-stabilized zirconia implanted with He ions. This trans-
formation consists in a rhombohedral deformation of the cubic cell along the (111) directions due to residual stresses

induced by implantation.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Cubic stabilized zirconia is one of the most prom-
ising materials for use as inert matrix for actinide
transmutation or immobilization [1]. These applica-
tions are based on refractory properties, high chem-
ical durability, ability to incorporate actinides and
excellent radiation stability. Pure zirconia has three
polymorphic phases, with the following phase tran-
sitions [2]:
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The cubic phase has the fluorite-type structure
(CaF,). The high-temperature phases can be stabi-
lized down to room temperature by doping pure zir-
conia with other oxides such as Y,03, CaO or MgO
[3]. In the case where the doping species is yttria, the
cubic phase is stabilized at room temperature from a
concentration of 8 mol% Y,0;.

Nuclear fuel matrices are submitted to severe
radiative environment which can induce structural
and microstructural evolutions leading to a modifi-
cation of the material properties. In pure zirconia,
a monoclinic-to-tetragonal phase transition was
observed under ion irradiation [4-9]. The displacive
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character of this phase transformation was particu-
larly investigated within the Landau theory ap-
proach [10].

The present paper reports a new phase transfor-
mation induced by He ion implantation in cubic
yttria-stabilized zirconia (CYSZ) which might affect
the physico-chemical properties of the material when
used as actinide-bearing matrix.

2. Experimental procedures

Cubic zirconia polycrystals with 10 mol% Y,O;
were supplied by the Saint-Gobain-Desmarquest
company. The specimens were polished with a 1 um
diamond paste to an optical finishing and were then
annealed at 1400 °C for 10 h with a slow cooling
down rate. Annealed samples were implanted with
120 keV He™ ions at room temperature at the IRMA
facility of the CSNSM in Orsay. Various fluences
from 10" up to 5 x 10'® cm 2 were used, which cor-
responds to He concentrations from 0.05 up to
2.7 at.% respectively. The Monte-Carlo SRIM2003
code [11] provides a value of the He-ion projected
range (R;,) of 410 nm with a range straggling (AR},
of 110 nm.

Irradiated samples were analyzed by grazing-inci-
dence X-ray diffraction (GXRD) using a X’pert Pro
MRD PANalytical diffractometer with the Cu K,
radiation and an angle of incidence of 2° to probe
the implanted layer. X-ray patterns were recorded
from 27° to 130° (26) with steps of 0.02°; the acqui-
sition time was 10 s per step. In addition, residual
stresses were determined by GXRD using the sin® ¥
method [12]; the (331) peak of cubic zirconia was
selected and recorded for several values of ¥
between —50° and +50°.

3. Results and discussion

Fig. 1(a) presents GXRD patterns recorded on
zirconia polycrystals before and after He implanta-
tion at a fluence of 5x 10'® cm™2. Only the diffrac-
tion peaks corresponding to the cubic structure
are exhibited on the unimplanted sample. A new dif-
fraction line appears in the low-angle side of every
diffraction peaks in the case of the He-implanted
sample. A zoom of the 58-64° angular range pre-
sented in the inset of Fig. 1(a) clearly shows the
presence of an additional peak. Fig. 1(b) shows a
comparison between experimental GXRD data on
He-implanted sample and the pattern calculated
by LeBail fitting.

Analysis of the diffraction patterns with
PowderV2 [13] and the GSAS package [14] indicates
that the new diffraction peaks may be attributed to
the formation of a rhombohedral phase. The cubic-
to-rhombohedral (¢ — r) phase transformation con-
sists in a rhombohedral deformation of the YSZ
cubic cell along the (11 1) directions. Using the whole
pattern LeBail fitting, following values of the rhom-
bohedral lattice parameters are obtained for the
highest fluence used (5 x 10'® cm™?): @ = 0.36670(9)
nm and «=59.7° (Z=1) or ay=0.36526(2)
and cg = 0.89998(9) nm (Z = 3) in the equivalent tri-
ple hexagonal cell; the rhombohedral cell vol-ume is
0.1040 nm>. As a comparison, the cubic zirconia
phase before implantation has a parameter
a = 0.51400(2) nm, which gives a volume of 0.1018
nm? for the primitive rhombohedral cell. Thus, the
volume of the rhombohedral cell produced by He
implantation is larger by about 2.2% than that of
the primitive rhombohedral cell of unimplanted sam-
ple. Furthermore, after implantation the remaining
cubic phase has a cell parameter which increases
between 0.51442(2) and 0.51481(2) nm with increas-
ing ion fluence. Fig. 2 shows that the ¢ — r phase
transformation is exhibited for the samples
implanted at 5x10'°, 10'® and 5x 10" cm™2 (but
not at 10" cm~?). The area of the diffraction peaks
due to the new phase increases with increasing flu-
ence from a few 10" up to 10'°cm™, and then
decreases slightly at 5 x 10'® cm 2.

The macroscopic strain and the residual stress
sensed by the cubic cell were also estimated by the
sin’ ¥ method (Fig. 3). No stress is found in the
unimplanted sample. A compressive stress is obtained
in the cubic phase of the implanted layer. This stress
is already observed at 10'° cm 2 and it increases with
increasing fluence up to a saturation value of
—700 MPa at 10" cm 2.

The presence of both He atoms and radiation
damage leads to a volume expansion of the host
lattice in the surface region of implanted samples.
Moreover, some helium bubbles could also be
formed at room temperature at the highest fluences.
Since this volume expansion does not occur in the
underlying undamaged region of the material, a lat-
eral (i.e. perpendicular to the normal to the surface
of the sample) residual stress is created. Thus, a
compressive stress occurs in the implanted surface
layer and a tensile stress takes place in the undam-
aged deeper layer. The occurrence of this compres-
sive stress could be the cause of the ¢ — r phase
transformation observed in the implanted layer.
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Fig. 1. (a) GXRD patterns recorded on CYSZ before and after He-implantation at 5 x 10'® cm ™2 The inset presents a zoom of the 58—64°
region which exhibits both the K,;, K,, doublet of the Cu K, radiation, and a new diffraction line in the He-implanted sample. (b)
Comparison between experimental GXRD pattern recorded on CYSZ after He-implantation at 5x 10'® cm™ (crosses) and calculated
values (solid line) with a whole pattern LeBail fitting. The difference between both sets of data is shown in the lower part of the figure.
Vertical marks indicate the positions of Bragg reflections for cubic (solid line) and rhombohedral (dashed line) phases.

A similar ¢ — r transformation was previously implantation in zirconia. The same authors reported
observed by Hasegawa et al. [15] after N, ion also the formation of a rhombohedral phase on the
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Fig. 2. Evolution with the He fluence of the c-(331) diffraction
peak (cubic phase) and of the peak corresponding to the r-(322),
r-(311) and r-(210) triplet of the rhombohedral phase.

abraded surface of fully-stabilized zirconia. On the
other hand, Kondoh estimated, from aging treat-
ments performed on fully and partially stabilized
zirconia but without irradiation or implantation,
that the existence of a rhombohedral phase in the
ZrO,-Y,03 system is very doubtful [16]. He argued
that the hump observed on the left shoulder of
XRD peaks in yttria-stabilized zirconia is caused
by a lattice distortion due to short-range ordering
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Fig. 3. Variation with the He fluence of the residual stress in the
implanted layer of CYSZ.

(SRO) of oxygen vacancies. However, the diffrac-
tion pattern associated with SRO vacancies is con-
stituted of diffuse scattering with broadened and
ill-defined peaks. In our experiments the new peaks
are sharper than the large humps observed by
Kondoh, so that they can be attributed to a ¢ —r
phase transformation induced by the large strain
associated to He implantation.

Whether the introduction of He species or the
creation of defects (by ballistic processes due to
the nuclear energy loss of incident ions) contribute
the most to the ¢ — r phase transition evidenced
by GXRD experiments is still an open question.
In the former case the fraction of rhombohedral
phase would depend on the concentration of
implanted species (or on the concentration of He
bubbles), whereas in the latter case this fraction
would be related to the amount of radiation defects
(i.e. to the number of displacements per atom of the
target (dpa) induced by irradiation). The first
hypothesis seems to be more likely in the light of
recent channeling results which demonstrate that
the transition from a low to a high degree of disor-
der in stabilized zirconia implanted with noble-gas
ions is triggered by the defect formation for heavy
elements (Ar, Kr, Xe) and by implanted species
for light elements (He) [17]. Further experiments
with heavy noble-gas ions are in progress to check
this dilemma. The effect of the implantation temper-
ature will also be examined to investigate the influ-
ence of the gas-bubble formation on the ¢ — r phase
transition.
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4. Conclusion

Grazing-incidence X-ray diffraction experiments
on cubic yttria-stabilized zirconia polycrystalline
samples show that He ion implantation induces a
cubic-to-rhombohedral phase transformation. This
phase transition consists in a rhombohedral defor-
mation of the cubic cell along the (111) directions
associated with residual stresses created in the
implanted layer. The origin of the stresses is either
the introduction of a given concentration of He
atoms (which may form bubbles) or radiation defects
produce by implantation.
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