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The radiation-induced damage in Cs-implanted cubic zirconia at room temperature has been investigated
as a function of the fluence (from a few 1013 to a few 1016 cm�2) by means of XRD measurements. These
experiments allowed determining the maximum strain and stress experienced by the damaged layers as
well as the strain depth profiles. The radiation-induced elastic strain, localized along the direction normal
to the implanted sample surface, is positive. It induces an in-plane compressive stress which reaches
�1.6 GPa before relaxation. This strain essentially comes from ballistic collisions generating intersti-
tial-type defects, but a contribution due to Cs incorporation into the matrix should also be taken into
account. XRD data have been confronted to results previously obtained by RBS/C and TEM experiments.
A strong correlation between the evolution of the normal strain and of the disorder level measured by
RBS/C is clearly established. In particular, the relaxation of the stored elastic strain takes place concom-
itantly with the microstructural evolution evidenced by the RBS/C damage build-up and imaged by TEM.
Besides, the width of the strain depth profiles indicates that the strained layer is broader than the dam-
aged thickness revealed by RBS/C and TEM analyses.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

One of the major challenges to build a sustainable future for nu-
clear energy production is the significant reduction of the nuclear
waste amount, especially the highly radioactive minor actinides.
For this purpose, it is planned to incinerate the actinides directly
in nuclear reactors. One key to perform this operation is to use
an inert matrix fuel (IMF) as transmutation matrix in which acti-
nide oxides form stable solid solutions. Refractory oxide ceramics
are the best suited materials for this application. Among the possi-
ble candidates, yttria-stabilized cubic zirconia (YSZ) is considered
as one of the most promising IMF since it satisfies the crucial crite-
rion of high radiation resistance. Indeed, it has been demonstrated
that this matrix does not undergo any phase transformation or
amorphization upon low or medium-energy inert gas implantation
or irradiation, even at high damage level [1–3]. In addition to the
high radiation tolerance, another essential property that must pos-
sess IMF is the ability to confine radiotoxic fission products, and
especially caesium which has revealed to be one of the most dele-
terious elements for the crystalline matrix integrity. Actually,
amorphization of YSZ was only observed after Cs implantation
and tentatively attributed to the inability of the host matrix to
accommodate the large crystalline lattice distortions induced by
the presence of implanted huge Cs ions [4]. It was also shown
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[5–7] that the diffusion and release of Cs ions implanted into YSZ
are strongly dependent on many parameters such as the Cs con-
centration in the doped region, the implantation or annealing tem-
perature, the presence of other foreign atoms (e.g. iodine), the
damage level of the host matrix. These results clearly emphasize
the importance to study the behaviour of Cs-implanted into YSZ
and the associated structural damage, in order to definitely assess
the qualification of this material as IMF. Our group thoroughly
aims to investigate this issue [3,8,9]. Very recently, we presented
an extensive study concerning the microstructural evolution,
examined by means of Rutherford Backscattering Spectrometry
and Channelling (RBS/C) and Transmission Electron Microscopy
(TEM), of Cs-implanted YSZ as a function of fluence and tempera-
ture [10]. Hereafter are briefly reported selected results obtained
at room temperature (RT) which constitute the starting point of
the present work.

At RT, the damage build-up with increasing implantation flu-
ence was observed to evolve by discrete microstructural transfor-
mations. Actually, a multi-step process, which is commonly
observed during low or medium-energy ion implantation
[1,11,12], was established, involving three successive but dramat-
ically different microstructural transformations. At high fluence
(�5 � 1016 cm�2), amorphization of the damaged layer occurs, pre-
sumably due to the high Cs ion concentration incorporated into the
zirconia matrix. This final stage is not treated in the present study.
At the very beginning of the damage build-up, the virgin crystal
transforms into a defective crystal due to ion bombardment. Small
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radiation defects are created and induce the formation of tiny dis-
torted nanometer-sized domains (see [10]). Then, at intermediate
fluences, i.e. at a �8 � 1014 cm�2 transition fluence, Utr (which rep-
resents �3 displacements per atom (dpa)), this damage accumula-
tion leads to a microstructural transformation. Actually, relaxation
of the structure occurs by the formation of new defects, namely
‘misfit’ dislocations, at the interface between the distorted do-
mains and the undamaged surrounding matrix. At a few
1016 cm�2, the domain and dislocation density saturates while
the damaged layer broadens. This microstructural modification
was tentatively attributed to the reduction of the elastic energy
stored in the damaged layer. The present paper aims at proving
this assumption.

In this study, the strain/stress state of Cs-implanted YSZ crystals
has been investigated by means of X-ray Diffraction (XRD) mea-
surements. The strain depth profiles and the maximum stress
experienced by the damaged layers have been determined. The
methodology used is described in details elsewhere [13]. The over-
all XRD data have been discussed in the light of the results previ-
ously obtained by complementary techniques, namely RBS/C and
TEM [3,8,10].
2. Experimental

2.1. Ion implantation and ion beam characterization

The specimens used are h1 0 0i-oriented cubic yttria-stabilized
zirconia single crystals containing 9.5 mol % Y2O3, and synthesized
by Crystal-GmbH. YSZ crystals have the fluorite structure (Fm3m)
with a0 = 0.5145 nm (as determined from XRD measurements) and
q = 5.9 g cm�3 (this value is issued from the refinement of a X-ray
reflectivity curve). Implantations and ion beam characterizations
have been performed with the JANNuS facility of the CSNSM-Orsay.
Implantations were performed at RT with 300-keV Cs ions fluences
ranging from a few 1013 to a few 1016 cm�2. An incident beam an-
gle of 7� was used during implantation to avoid any channelling
phenomenon. Monte Carlo simulations using the SRIM code [14]
were implemented in order to determine the corresponding nucle-
ar energy loss (dE/dx)nucl profile. In addition, the experimental Cs
depth distribution in the 3 � 1014 cm�2 Cs-implanted sample was
determined by RBS and the damage profile in the Zr sublattice
was extracted from RBS/C measurements.
Fig. 1. h–2h scans recorded in the vicinity of the (4 0 0) Bragg reflection of virgin
and 300 keV Cs-implanted YSZ single crystals at different fluences. For visualization
purposes, each curve is multiplied by an arbitrary factor. Note that the intensity
plotted in logarithmic scale is also displayed as a function of the normalized
deviation from the reciprocal lattice vector (�qN/H(400)), which is equal to the elastic
strain in the direction normal to the surface sample.
2.2. XRD

XRD measurements were performed in the Bragg reflection
geometry (horizontal scattering plane) on a four-circle Seifert
XRD-3000 goniometer (at the PhyMat, Poitiers) using a line focus
Cu X-ray source. A Ge (2 2 0) double-crystal monochromator and
a 0.1 mm primary slit provided a parallel and monochromatic
(k = 0.15406 nm) incident X-ray beam and a 0.07 mm detector slit
allowed a 2h angular resolution of 0.01�. Symmetric h–2h scans
were recorded in the vicinity of the (4 0 0) Bragg reflection
(2h(400) � 73.575�) of the (fluorite-type) zirconia, which ensured a
relatively high resolution due to the high scattering angle.

The formalism used in this work is described in [13]; it is here
restricted to the study of planes parallel to the surface, i.e. {1 0 0}
planes. It has been demonstrated that the radiation-induced strain
in low-energy ion-implanted materials is localized along the direc-
tion normal to the implanted sample surface. To determine this
normal strain, only symmetric h–2h scans around (h 0 0) Bragg
planes are required. Indeed, in this case, the reciprocal lattice vec-
tors corresponding to the {1 0 0} planes and the deviation vectors
from these reciprocal lattice vectors are collinear and have a nor-
mal component only. In this study, these vectors will be labelled
as H400 and qN, respectively. Fig. 1 represents the result of such
scans for the virgin and as-implanted samples. It must be men-
tioned that on the curves corresponding to the implanted zirconia
samples appear fringe patterns. Their fitting allows determining
the normal strain depth profile as shown below. In this study, h–
2h curves were simulated by using the GID_sl web-based program
[15].
3. Results

Fig. 1 displays the h–2h experimental scans recorded in the
vicinity of the (4 0 0) Bragg reflection for virgin and implanted zir-
conia specimens; note that the (logarithmic) intensity distribu-
tions are also plotted as a function of the normalized deviations
from the reciprocal lattice vector. The quantity (�qN/H(400)) is
equal, provided that deviations are weak, to eN, the elastic strain
in the direction normal to the surface of the samples. The intense
narrow peak on the high-angle side of the scans (2h – 73.6�) and
corresponding to the unperturbed part of the samples is taken as
an internal strain gauge to quantify this normal strain. It must be
pointed out that the position of the last peak located at the lowest
2h angle of the XRD curves provides a good approximated value of
the maximum normal strain magnitude (emax

N ) exhibited by the
irradiated layer [13].

The XRD curves displayed in Fig. 1 are very similar from
3.75 � 1013 cm�2 up to 7.5 � 1014 cm�2 fluence, i.e. in the fluence
range corresponding to the first step of the damage build-up. They
show three important features: (i) the XRD signal arising from the
damaged part of the samples is located at lower angles relatively to
the peak corresponding to the undamaged region. This indicates
that the perturbed layer is characterized by a larger lattice param-
eter, thus it exhibits a positive (tensile) normal strain; (ii) the posi-
tion of the last peak located at the lowest 2h angle moves toward
lower angles when the fluence increases. This shift signs a rise of
the maximum normal strain magnitude (emax

N ); (iii) the fringe spac-
ing shrinks with increasing fluence, pointing out an increase of the
width of the strain profile. At �5 � 1015 cm�2, i.e. above the second



Fig. 3. Experimental h–2h scans (black lines) on the (4 0 0) Bragg planes of Cs-
implanted YSZ at different fluences and corresponding simulated curves (red lines)
obtained from the strain profiles shown in Fig. 4. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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structural transition, the fringe pattern disappears. The remaining
very wide peak corresponding to the damaged part of the sample
must be ascribed to diffuse scattering arising from a highly defec-
tive crystalline lattice. Moreover, this scattering signal dramati-
cally moves closer to the unperturbed zirconia diffraction peak,
revealing a large strain relief. This has already been observed under
different irradiation conditions in YSZ [16] and also e.g. in pyroch-
lores [17].

Fig. 2a presents the evolution with the implantation fluence
(and with the damage dose expressed in dpa) of emax

N directly ob-
tained, in the range where fringe patterns are observed, from the
position of the last peak on the low-angle side on the h–2h curves
displayed in Fig. 1. It must be mentioned that this value is the sum
of two contributions, as described in [13]: (i) a ‘‘free” strain due to
a volume lattice change induced by the radiation defects, and (ii) a
strain arising from the thick undamaged layer reaction. It is worth
noting that the total maximal normal strain emax

N is already�0.5% at
the lowest investigated fluence (3.75 � 1013 cm�2 to 0.16 dpa) and
reaches a value larger than 1.2% just before Utr. Fig. 2b displays the
corresponding biaxial in-plane stress rmax

k experienced by the
damaged layer, calculated as described in [13]. It must be noted
that this compressive stress amounts to a huge level of approxi-
mately �3.6 GPa just before the formation of the relaxation misfit
dislocations. Moreover, at Utr, the corresponding (hydrostatic)
stress, which arises only from the defect-induced lattice volume
change, reaches �4.8 GPa. This positive value is indicative of an
expansion of the zirconia lattice due to the creation of radiation-in-
duced defects, and its amplitude directly reflects the large defect
concentration.
Fig. 2. Evolution as a function of the Cs implantation fluence and of the damage
dose (expressed in dpa) of (a) the maximum elastic strain XRD (emax

N ), and (b) the
maximum in-plane biaxial stress (rmax

k ) exhibited by the YSZ implanted layers. The
size of the symbols corresponds to the error bar. Solid lines are just guides to the
eyes.
Fig. 3 shows the best fits obtained from the refinement, with the
GID_sl program, of experimental data corresponding to three dif-
ferent implantation fluences selected before the (main) structural
transformation at Utr (i.e. before the fringe pattern disappearance).
It can be noted that the fringe periods are well reproduced by the
simulated curves. Therefore, the proposed simulated strain depth
profiles (see Fig. 4) reasonably reflect the shape, and especially
the width, of the strain profiles present in the implanted layers.
The choice of the depth scale is discussed hereafter. It is worth
mentioning that, in the present case, no static Debye–Waller factor
[18] has been introduced, which explains, considering also that the
experimental resolution has not been taken into account, that the
proposed simulated curves do not perfectly reproduce experimen-
tal intensities. As shown in Fig. 4, whatever the implantation flu-
ence, all implanted crystals exhibit a strain depth profile
presenting the same overall shape which roughly describes a broad
Gaussian-like curve. However, the maximum strain level increases
with the fluence, as expected from data of Fig. 1, as well as the
width of the profiles, in agreement with RBS/C results and TEM
observations [10].
4. Discussion

Fig. 5 presents the variation with both the implantation fluence
and the damage dose (expressed in dpa) of the disorder level deter-
mined by RBS/C, and the variation of the maximal total normal
strain deduced from XRD measurements. It is worth noticing that,
at the lowest fluences, RBS/C is almost insensitive to radiation
damage, contrary to XRD which already reveals a relatively large
elastic strain level. Notwithstanding this difference, the two evolu-
tions appear strongly linked, and the elastic strain reveals to be, as
the fD parameter, a quantitative measure of the disorder level. The
two kinetics can be described as follows: (i) at low fluences, emax

N

first increases very slowly and, from �3 � 1014 cm�2, its augmen-
tation rate rapidly increases; meanwhile, fD exhibits a monotonous
and smooth increase; (ii) at a same transition fluence
(Utr � 8 � 1014 cm�2), both parameters display a sudden and dra-
matic evolution: fD strongly increases while the strain is relaxed.
It has been shown by TEM that the progressive rise of fD during



Fig. 4. Simulated strain depth profiles in Cs-implanted YSZ at different selected
fluences.

Fig. 5. Comparison of the variation as a function of the Cs implantation fluence and
of the damage dose (expressed in dpa) of the maximum elastic strain (emax

N ) and of
the disorder level (fD). Symbols are experimental data and lines are guide to the
eyes.

Fig. 6. Comparison of the depth profile of (i) the nuclear energy loss, (ii) the Cs
atoms, (iii) the damage and (iv) the elastic strain. All curves are normalized to the
maximum elastic strain level.

Fig. 7. h–2h simulated curves of the experimental data (black line) corresponding to
the 3 � 1014 cm�2 implanted crystal taking as possible strain depth profiles the
nuclear energy loss profile (blue line), the experimental damage depth distribution
(green line), and the proposed simulated strain profile (red line) (see Fig. 6). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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the first damage step arises from the formation of distorted nano-
meter-sized domains with a density increasing with implantation
fluence. Thus, the radiation-induced defects at the origin of the for-
mation of these domains induce first lattice distortions which gen-
erate elastic strains (and stresses) whose level increases with the
fluence. Then, at the transition fluence Utr, a huge strain/stress re-
lief along with a large increase of the disorder level (as seen by
RBS/C) occur, both phenomena being due to the formation of
(relaxation) misfit dislocations. Consequently, the assumption that
the structural transformation occurs to relax the radiation-induced
elastic strain (or stress) is here clearly confirmed. In other words, it
is demonstrated in this work that the elastic strain is a key param-
eter that triggers microstructural evolutions of YSZ under
irradiation.

Fig. 6 displays the depth distribution at 3 � 1014 cm�2 of the
damage (RBS/C), the Cs atoms (RBS), and the nuclear energy loss
(SRIM calculations). The profiles are normalized to the maximum
elastic strain. Usually, it is found that the strain depth profile over-
laps on one of the three above mentioned profiles [19–21]. Hence,
as a starting point, the experimental damage profile (fD), which is
here found identical to the Cs distribution, and the theoretical nu-
clear energy loss profile (dE/dx)nucl, were taken as possible strain
profiles. The corresponding simulated XRD curves are plotted in
Fig. 7. The poor agreement between experimental data and calcu-
lations demonstrates that none of these two profiles is appropriate.
In particular, the fringe number is not reproduced. Actually, several
fringes are lacking, which indicates that the width of these two
profiles is not large enough. However, their shape and depth loca-
tion are useful information for the determination of that of the
simulated strain depth profile (it must be mentioned that the abso-
lute depth location of a strain profile, as well as its asymmetry with
respect to its maximum, are undetermined from such XRD mea-
surements [22]). Actually, the depth scale of the strain distribution
displayed in Fig. 6 has been, for comparison, arbitrarily chosen con-
sidering that of the experimental damage profile. This proposed
strain profile gives the best-fit XRD curve plotted in Fig. 7. Its width
is much larger than that of the two other tested profiles taken
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separately, but it is roughly consistent with the thickness corre-
sponding to the sum of both contributions. This feature is found
for all the investigated fluences.

The measured positive strain is induced by defects which gen-
erate a lattice swelling. Different types of such defects can be
formed with the present irradiation conditions. Damage can arise
from ballistic collisions creating self-interstitial atoms (SIA) which
may cluster or remain as isolated point-like defects, or from the
incorporation of impurities, i.e. Cs atoms in substitutional and/or
in interstitial positions. The damage measured by RBS/C cannot
be attributed to the presence of Cs atoms, since (i) the Cs concen-
tration is very small (�0.13% at the maximum of the implantation
profile at Utr), and (ii) a weak increase of the Cs content cannot ex-
plain the huge rise of fD at the end of step 1. On the contrary, the
increase of the backscattering yield measured in the first step
can very likely be due to the presence of the distorted domains ob-
served by TEM which are induced by the creation of SIAs generated
by ballistic collisions. The re-arrangement of these defects into dis-
locations can then explain the sudden and dramatic fD evolution
above Utr. The situation is not that straightforward concerning
elastic strain measured by XRD. If the role of ballistic defects to
the strain build-up appears indubitable, the contribution of the
(Cs) foreign atoms cannot be ruled out. Actually, in the case of
small defects, the strain is directly related to the defect concentra-
tion, cj, through the equation [23]:

eðdefÞ ¼
X

j

cj
V rel

j

X
ð1Þ

where V rel
j is the relaxation volume of the defects expressed in

atomic volume unit, X. Note that e(def) is not the measured normal
strain, but the free strain only due to the defect-induced lattice vol-
ume change (i.e. without the component due to the substrate reac-
tion, see [13] for more details). Assuming an average relaxation
volume of 1 X for each incorporated Cs atom, the strain induced
by the presence of Cs atoms would be of the order of 0.13% at the
transition fluence and at the maximum of the strain depth distribu-
tion, as compared to a maximum free strain of �0.8%. Hence, Cs
atoms would contribute to �1/4 of the total measured normal
strain. This contribution cannot be a priori disregarded, and on the
contrary, should rather be taken into account. Besides, this contri-
bution could explain the increase in the augmentation rate of the
strain during the first damage step which is not observed for the
disorder level measured by RBS/C. Finally, the strain profiles would
arise from the superposition of two strain fields: the first one due to
a ballistic contribution generating host atoms displaced from their
initial crystallographic position (self-interstitial atoms), and the
second one due to the incorporation of Cs atoms into the lattice.
Nevertheless, more work is required to get better insight on these
two contributions to the observed normal strain profile.

5. Conclusion

The radiation damage produced in cubic yttria-stabilized zirco-
nia implanted with Cs ions at RT has been studied by XRD, and the
contribution of this technique to the study of ion-implanted mate-
rials has been demonstrated. It is found that the elastic strain con-
stitutes a direct quantitative measure of the radiation-induced
disorder level. The damage build-up as determined by monitoring
the variation of the strain exhibits two steps. An increase of the
strain experienced by the damaged layer, due to the formation of
radiation-induced defects, is observed in the first step. This out-
of-plane strain is positive and induces an in-plane compressive
stress which amounts up to �3.6 GPa at the transition fluence. At
this fluence, a dramatic strain relaxation occurs. This second step
arises from the formation of misfit dislocations and takes place
to reduce the elastic strain stored in the damaged layer. Further-
more, ion implantation generates a strain depth profile with a
width and a maximum level that increase with increasing fluence.
This behaviour is in agreement with TEM and RBS/C results.

The experiments presented in this study provide a strong indi-
cation that the minimization of the system energy, and particularly
the elastic energy, is a driving force for microstructural transfor-
mations of YSZ under irradiation to occur. This result should thus
be taken into account in further studies and for other materials
in the field of ion beam modifications of materials.
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