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Abstract

Ceramic materials have become widely used in various fields of material science, and ceramic oxides
such as cubic zirconia (c-ZrO,) and magnesia (MgO) are candidate materials for nuclear energy
applications. For the corresponding in-service conditions of these materials, there is a crucial need in
studies at moderate or high temperatures of the physical phenomena underlying the damage build-
up under irradiation. In the present work, we show, using X-ray diffraction, that these two materials
exhibit similar damage accumulation process under ion irradiation at fixed temperature. However,
they display an unexpected opposite damaging rate to changes in the irradiation temperature. In
fact, as the temperature is increased, the final damage state is reached earlier in c-ZrO, while it is
delayed in MgO. Rate equation cluster dynamics simulations show that defect clustering is favored
over defect recombination in c-ZrO,, but the situation is reversed for MgO, explaining the observed
opposite response to temperature of the two materials. This contrasting behavior can be rationalized
in terms of non-equivalent interstitial versus vacancy defect migration energies in MgO. We finally
demonstrate that these results allow for a qualitative prediction of the evolution of the experimental
irradiation-induced disorder with temperature, henceforth potentially reducing the cost in selecting

and developing ad hoc materials.
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I. Introduction

The modification of matter upon interaction with energetic particles arises through the
transfer of energy from the incident particles to the atomic nuclei and/or to the electrons of the
target [1]. This process, referred to as irradiation, may lead to defect generation and subsequent
microstructural changes. These effects may have beneficial or detrimental implications in many fields
of applied materials science such as advanced electro-optical devices [2-4], engineered
nanostructures [5-7], strain engineering [8-10], nuclear materials [11-13] and space exploration
[14,15]. The physical phenomena underlying the damage build-up under irradiation have been the
focus of research for several decades, but there is still a need for comprehensive studies at moderate
or high temperatures that correspond to most of the in-service conditions of actual relevance.

In the context of ceramics, important for many of the applications above, much work has
focused on the behavior of materials that undergo amorphization upon irradiation. The effect of an
increase in irradiation temperature on the threshold fluence (number of particles per unit surface)
for such a phase change to occur has been particularly scrutinized in oxides and carbides. The
primary observation was a delay or even a complete suppression of the amorphization process with
increasing temperature owing to enhanced dynamic defect annealing (see e.g. these comprehensive
papers [16-18]). In contrast, studies of the effect of temperature variation on the response of
ceramics that retain their crystalline structure under irradiation are much scarcer [19-22]. Among
these materials, cubic (yttria-stabilized) zirconia (c-ZrO,) and magnesia (MgO), which have been
examined over a wide temperature range, exhibit an opposite response in the temperature
dependence of the irradiation-induced damage build-up [23,24]. This unexpected opposite behavior
is the subject of the paper study.

Cubic zirconia and magnesia are two materials that have received particular attention, owing
to their potential applications in nuclear energy (both fission and fusion) [25,26], and, in the case of
zirconia, as solid oxide fuel cells for high-energy-density portable power supplies [27]. The two

materials exhibit significant differences including the crystalline structure and the ionicity of the



bonding (MgO having higher ionic character). In spite of these differences, at a fixed temperature,
they behave similarly under ion irradiation. In fact, in both materials, one observes a continuous
damage accumulation process: this process starts with point defect creation and then, at a transition
fluence, identified by Rutherford backscattering spectroscopy in channeling mode (RBS/C), the
disorder increases as a result of the formation of extended defects (in majority of large dislocation
loops) [23-24]; disorder finally culminates with the formation of a network of tangled dislocation
lines [23,28]. The two materials do not undergo any phase change and they both retain their
crystalline character. This process is the same irrespective of the temperature. However, the two
materials display an unexpected opposite damage build-up rate to changes in the irradiation
temperature [23,24]. Indeed, as partially demonstrated by RBS/C, as the temperature is increased,
the accumulation of disorder is accelerated in c-ZrO, but it is retarded in MgO. The corresponding
transition fluence at which this increase in damage occurs decreases with increasing temperature for
c-2r0O,, while it increases for MgO. This result is illustrated in Fig.1 of the Supplemental Material [29].

In the present work, we rationalize this strikingly opposite response of the two materials to
the irradiation temperature and correlate it with the relative diffusivities of irradiation-created
defects. X-ray diffraction (XRD) measurements indicate that in addition to the temperature
dependence, there exists, in c-ZrO,, two fluence regimes in which the material response differs. The
experimental results are qualitatively reproduced using Rate Equation Cluster Dynamics (RECD)
simulations which allow us to conclude that the key property leading to the different damage
accumulation rates is a difference in the defect migration energies between vacancies and

interstitials.



Il. X-ray diffraction and rate equation cluster dynamics theoretical background

As one of the objectives of this study is to compare disorder parameters derived from XRD
and RECD, a brief presentation of the theoretical background of both methods is mandatory to
understand the meaning of the presented data.

XRD theory

The disorder, obtained from the fitting of the experimental data with the RaDMaX program
[31], is the parameter of interest in this work. The XRD-derived disorder is linked to the so-called
static Debye-Waller (DW) factor that damps the coherent scattered intensity due to the presence of

defects in the crystalline lattice [32 and references therein]. This factor is expressed as follows:
DW=Idu-p(u)eXp(iQu) (1)

where Q is the diffraction vector (Q = 4msin/A, with 0 the diffraction angle). The displacement field
consecutive to displaced atoms can be conveniently described with the vector u, where the
displacement u; at a given site j is determined by the probability distribution function (pdf), p(u), of
the random variable u. The DW factor is thus the Fourier transform of p(u), i.e. its characteristic
function. p(u) captures all the statistical information regarding atomic displacements. The DW factor
parameter is therefore directly related to the nature, density and spatial distribution of the defects
[32], and it also depends on the probed hkl reflection. It is important to understand that the DW
factor does not correspond to absolute values of disorder, but rather that its evolution, from a
perfect (DW=1) to a severely defective (DW—0) crystal, provides a measure of the variation of the
disorder level for a given system. In the following, we use the quantity <(1-DW),.> as a measure of
the disorder level which has the advantage of increasing (from 0 to 1, by definition of the DW factor
[32]), as the damage increases, hence simplifying the comparison with other measures of disorder

(like the damage fraction commonly used in RBS/C).



RECD theory

In the present study, to perform rate equation cluster dynamics simulations, we used the 1D
version of the CRESCENDO code, restricted to the case where only single defects are mobile in a
homogeneous framework. A brief summary of the method is presented below, and the reader is
referred to [33] and [34] for a complete description of the code and to a previous study [35] for a
more detailed presentation of the simulation set-up. Focusing on interstitial clusters, which are of
primary interest in this work, the evolution of the concentration C(I,,) of clusters I, containing n
interstitials is driven by the difference in rate (J) of cluster growth from size I,.; to I, (J;,_,-,) and in
shrinkage from /,,; to I, U1n+1—>1n)' Each rate is the sum of two contributions, corresponding to the
interaction with mobile monointerstitials and monovacancies, respectively. For each mobile defect,
there is an absorption component, governed by a factor £ and a thermal emission component,

governed by a factor a. For example, the growth rate due to mobile interstitials reads:

iy, = B, C (1) C (1) -, C(1,) 2)

w11y n,l
The emission term depends only on the concentration of the immobile emitting species, whereas the
absorption term depends on the concentrations of both the captured mobile and capturing immobile
species. Importantly, B is expressed as [33]:

ﬂn—l,] = 471'211)1“,171%1 (3)

In Eq.(3), D; is the diffusion coefficient of mono-interstitials which essentially depends on their
migration energy and d;_; __ is the capture distance of an interstitial by a cluster of size n-1. The bias
factor (Z,= 1.1) accounts for elastic interactions (i.e. enhanced capture rate) between dislocations
and mobile interstitials, and it has proven to be fundamental in the modelling of the evolution of
irradiation defects [36-37]. The exact calculation of this bias factor involves complex calculations of

elastic interactions [38] and is beyond the scope of the present paper.



Elastic interactions between dislocations and vacancies are comparatively negligible, thus the
counterpart term does not appear in the corresponding equations (Z,=1) [36-37]. Finally, the

equation governing the evolution of the mobile mono-interstitials is:

dc(1)

:GI_ZJII—H +ZJI£—>V
dt e~ n n+l e~ n n+l (4)

+2(a2,lc(12)_IBI,IC(I)C(I)) _4”(Dl +DV)dI—VC(I)C(V) _pZIDIC(I)

with D, the diffusion coefficient of mono-vacancies. p is the density of intrinsic sinks within the
microstructure and hence, the last term in Eqg. (4) denotes the elimination of mobile interstitials at
dislocation or interfacial sinks. The first term in the right-hand-side of Eq. (4) is the source term which
represents the production of defects by irradiation (see below). The penultimate term is the
interstitial-vacancy recombination rate that depends on the sum of the diffusion coefficients of
interstitials and vacancies. Note that the formation of di-interstitials has a special form, the factor 2
coming from the fact that both species that form the cluster are mobile. Finally, the remaining terms

represent the reaction rates of interstitials with both interstitial and vacancy clusters.

lll. Results and discussion

I11.1. XRD experiments

Figure 1a shows the disorder level at the maximum of the damage profile (the profile is not
flat because MeV ions do not have a constant energy-loss over their entire range) for irradiated
c-ZrO, single crystals as a function of fluence at four temperatures: 80, 573, 773 and 1073 K. An
increase in the disorder is observed with increasing fluence irrespective of the temperature. More
interestingly, for all temperatures, two regimes can be identified. At low fluence, i.e. less than
~2-4x10™ cm?, the disorder decreases with increasing temperature, while it increases at greater
fluences. This behavior is made clearer when comparing the values of disorder at two particular
fluences indicated by the vertical dashed lines in the figure (the blue line at 2x10* cm™ and the red

line at 10" cm™). Values along these lines are plotted in Fig.2a. Clearly, the higher the temperature,



the faster the final damage state (i.e. when the disorder saturates) is reached. Note that in the
present case complete disorder does not imply an amorphous structure: the samples retain their
crystalline structure but the disorder (due to extended defects in the crystalline matrix) extinguishes
the coherent part of the diffraction signal which is redistributed as diffuse scattering around the
Bragg peaks. Such diffuse scattering clouds are readily observed in reciprocal space maps of
irradiated c-ZrO, and MgO [23,24].

In contrast, Figure 1b shows the disorder level determined for irradiated MgO single crystals
as a function of ion fluence for the same four temperatures as for c-ZrO,. The investigated fluence
range is smaller in MgO than it is in c-ZrO,, but it does capture the entire disordering process up to
saturation. We also note that the disorder levels found in MgO are different from those observed in
c-Zr0O,, but as explained above and in [32], it is not meaningful to compare absolute values in
different materials owing to the definition of the DW factor. Rather, it is the trend in the evolution of
disorder with fluence that is relevant. The same trend is observed with varying temperature as we
observe a progressive increase in disorder until complete disorder in all cases. Although the increase
in disorder is monotonous, to compare with zirconia we identified low and high fluence regimes
characteristic of MgO, as indicated by the two dashed lines in Fig. 1b at 9x10** and 7.5x10" cm™. In
these two regimes, and as shown in Fig. 2b, the XRD-derived disorder decreases with increasing
temperature irrespective of fluence. Therefore, similar to zirconia, the disorder in the low fluence
regime decreases in magnesia with increasing temperature but, in contrast to c-ZrO,, it also
diminishes in the high fluence regime. That is, for all fluences, damage accumulation always
decreases with increasing temperature in MgO, but not in c-ZrO,. This is dramatically illustrated in
Fig. 1, where the disorder curves at different temperatures cross as a function of fluence in c-ZrO,
but do not cross in MgO, and in Fig. 2, where the curves both have negative slope in MgO but
opposite slopes in c-ZrO,. As a consequence, within experimental uncertainty, the final damage state

reached at high fluence always occurs earlier for higher temperature irradiations in c-ZrO,, in



complete contrast to MgO (and despite similar defect evolution occurring in both materials at fixed

temperature, as revealed by RBS/C and transmission electron microscopy - TEM [23-24,28]).
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Figure 1: Disorder level averaged over a depth window centered on the peak of the irradiation
damage profile. This disorder was determined by fitting the XRD 8-20 scans reported in [23] for c-
ZrO, and provided in Fig. 2 of the Supplementary Material [29] for MgO. Disorder is given as a
function of ion fluence and temperature for a) c-ZrO, and b) MgO. In each figure, the blue dashed
line indicates results representative of a low fluence regime while the red dashed line represents a

high fluence regime.
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Figure 2: Disorder as determined from XRD experiments as a function of temperature, at low and
high fluences characteristic of two regimes in the damage accumulation process (see Fig.1), in a)

c-Zr0O; and b) MgO.

Increasing temperature obviously leads to an increase in the defect mobility, but the final
effect could be an enhanced clustering rate or an enhanced recombination rate. In previous work, we

put forward the hypothesis that the origin of the contrasting behavior between c-ZrO, and MgO



could result from a dominant clustering process in the former material versus a dominant
recombination process in the latter [23,24]. Guided by this assumption, we developed a RECD model
to determine the impact of the defect migration energetics on the evolution of the defect
distributions in the two materials. RECD results are presented in the next section.

111.2. RECD simulations

In order to apply the RECD framework to c-ZrO, and MgO, we had to make, rooted in the
properties of zirconia, some simplifying assumptions that are discussed in what follows. First, we
approximated the source term by a creation of monovacancies (V) and monointerstitials (I), which is
justified by molecular dynamics simulations that indicated that the majority of the defects formed in
a collision cascade in these materials are precisely point defects [39-40]. The rate of defect creation
was determined from SRIM [41] calculations using 40 eV and 55 eV as threshold displacement
energies for both sublattices (which are commonly used in the literature) for c-ZrO, and MgO,
respectively. It is known that this code overestimates the rate of surviving defects (because for
instance it does not consider intra-cascade recombination) [42,43]. A recent quantitative study of
irradiation defects in MgO as a function of temperature indicates that the actual defect creation
efficiency is in the range of a few percent; we hence divided the SRIM-predicted values by a factor of
10. Defect creation fluxes were then 4x10® cm™.s™ for c-zrO, and 1.9x10* cm™.s™ for MgO. Second,
as we could only treat one sublattice, we considered only the cationic sublattice in c-ZrO, because
cations in this material (like in UO,) are the rate limiting species in the diffusion processes (and also
because of the large concentration of intrinsic vacancies in stabilized zirconia). Likewise, as in MgO
the properties of both anion and cation defects are very similar [44], there is no loss in generality just
considering the cations, and that is what we did. Based on the data reported in the literature, we
used the following values for the defect migration energies: 3 eV for both V and | in ¢c-ZrO, [45,46],
and 2 and 0.4 eV for V and |, respectively, in MgO [41,47]. Note that the value of 3 eV for c-ZrO, is a
lower limit of values reported in the literature (all obtained with empirical potentials). Values of 5-

6 eV are typically reported but, with such high values, defect migration is hampered below high

10



temperature (> 1500 K) and therefore, RECD simulations did not show any significant variation in the
calculated parameters (i.e. reaction rates and disorder level, see section IIl). There are thus two
differences in the defect diffusivity between the two materials: (i) defect mobility is larger in MgO
than in c-ZrO, for both | and V defects and, most critically, (ii) the relative mobility of V and | is very
different in MgO but is similar in c-ZrO,. We want to emphasize that, except the rate at which defects
are created, the only major difference between the models for c-ZrO, and MgO is the defect
migration energies.

Our first RECD calculations dealt with the determination of two reaction rates for both
materials at different fluences for a wide range of temperatures: the recombination (rec) rate
between | and V, and the interstitial clustering (clust) rate (see Eq.(3)). As noted, these are the two
rates hypothesized to be very different for the two materials (and the elimination rate was verified to
be significantly lower). We analyzed only the clustering of interstitials because it has been shown
that these defects are the major source of the irradiation disorder, as evidenced by numerous RBS/C
and XRD results [23-24,28 and references therein] (to be clear, migration processes related to
vacancies were also considered in the calculations, these were just not analyzed in any detail). Figure
3a shows the two rates determined for c-ZrO, at two fluences, 1.5x10* cm™? and 1.5x10™ cm™ (these
fluences are characteristic of the two regimes determined experimentally and defined by the vertical
dashed lines in Fig. 1a). The defect source term is also given for comparison. It can be observed that,
for temperatures for which significant variations are observed (i.e. = 1000 K), the clustering rate is
almost constant but more importantly, it is larger than the rate for defect recombination. These data
hence support our hypothesis of favored defect clustering in c-ZrO,. Furthermore, this hypothesis
allows explaining the early transition in the damage accumulation process observed experimentally
in this material (see Fig. 1a) as this transition, as previously explained, arises from the clustering of
small-scale defects to form extended defects. The corresponding reaction rates for MgO are given in
Fig. 3b for the two characteristic fluences of 5x10™ cm™ and 5x10* cm™. There are bigger changes in

these rates at a lower temperature than for c-ZrO, (due to the lower defect migration energies). Note

11



the logarithmic Y-scale which indicates a large range in the defect clustering rate vs temperature. The
rate of defect clustering is much smaller than that for defect recombination for both fluences, again
in support of the hypothesis put forward earlier. More importantly, it decreases with increasing

temperature, explaining the delay in the transition fluence in the disorder accumulation process.
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Figure 3: Source term for defect generation (horizontal black solid lines) and recombination (rec,
dashed lines) and clustering (clust, solid lines) reaction rates as determined from RECD simulations as
a function of temperature for a) c-ZrO, and b) MgO, at both low and high fluences characteristic of

the two regimes experimentally identified in the damage accumulation process (see Figs. 1a and 1b).

As highlighted in Eq. (3), the terms appearing in the evolution of mono-defects can be divided into
three parts: clustering, elimination, and recombination rates. The first two terms depend only on the
diffusion coefficient of the relevant mono-defect while recombination depends on the sum of both (I
and V) diffusion coefficients. Furthermore, the clustering term involves, for interstitials, a bias term
(Z = 1.1 in Eqg. (2)). Considering these equations, it can be observed that, for c-ZrO,, since the
mobilities of vacancies and interstitials are identical, the difference in the clustering and
recombination rates is only due to this bias factor, which explains why the Y-scale is limited. More
importantly, in MgO, interstitials are mobile well before vacancies are and, therefore, the probability
for a mono-interstitial to meet a mono-vacancy is high at low temperature because the
concentration of the latter is large, a consequence of the fact that their mobility is low and thus they
can neither cluster nor eliminate at sinks. The recombination rate is therefore very high. As the

recombination process takes place, the concentration of interstitials ¢, drastically decreases and so
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does the clustering rate, explaining why it varies over several decades in MgO. However, such a huge
decrease in the clustering rate does not imply that extended defects, such as dislocation loops, do

not form (they actually do form, just at a slower effective rate than in c-ZrO,).

111.3. Direct comparison between XRD experiments and RECD simulations

The RECD simulations conclusively show that the existence or not of a difference in | and V
mobility plays a crucial role in the defect accumulation process in irradiated c-ZrO, and MgO over a
large range of temperatures, resulting in different dominating defect reaction processes in the two
materials: enhanced defect clustering in the former and preferential defect recombination in the
latter. However, the key question is whether these reactions are responsible for the contrasting
evolution in the damage build-up as a function of the temperature and fluence for the two materials.
To answer this question, we identified a disorder parameter obtained with RECD calculations that
could be compared to the disorder level derived from the XRD measurements. It is known that, in the
two fluence regimes identified in this work for both materials, dislocation loops are the main defects
formed [23-24,28,48-49 and references therein]. Theory of diffuse scattering from dislocation loops
indicates that the DW factor is proportional to the dislocation loop density times the number of point
defects in the loops to the 3/2 power [50]. Therefore, the disorder parameter determined from the

RECD calculations was computed as follows:
chlnmz/z (5)

cfn being the volume density of dislocation loops of size m where m is the number of interstitials

inside each of the loops.

The RECD-derived disorder in c-ZrO,, as a function of temperature, is shown in Fig.4a. As was
done for the analysis of the experiments, two fluences characteristic of the different damage
accumulation regimes have been examined. Qualitative agreement is found when comparing this
computed disorder with the XRD-derived disorder (see Fig. 2a). Importantly, the two distinct and

opposite dependencies of disorder on temperature for both fluences are reproduced by our RECD
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model. The RECD-derived disorder as a function of the temperature for MgO is presented in Fig.4b.
Experiments indicated a continuous decrease in the disorder level with increasing temperature,
irrespective of the fluence regime (see Fig. 2b). This behavior is reproduced in the RECD simulations.
In addition, the temperature range over which significant evolution in the disorder is observed
agrees reasonably well between experiments and simulations, providing some confidence that the
RECD model is indeed capturing the relevant physical behavior of the defects. Also important is the
fact that using, in Eq. (4), a power lower than 3/2 did not provide satisfactory results, meaning that

the disorder parameter is governed by a collective process affected by both loop density and size.
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Figure 4: Disorder as determined by RECD simulations as a function of temperature at low and high
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The RECD calculations presented in this work contain a number of assumptions, including
homogenous defect distributions, neutral defects (no electrostatic interactions), and immobile defect
clusters. In spite of these assumptions, they provide an explanation for the opposite response in
terms of damage build-up under irradiation with increasing temperature of the two studied
materials. Furthermore, they reproduce the experimentally-observed dependencies of the evolution
of radiation-induced disorder (and associated microstructural changes) on both fluence and
irradiation temperature. The key parameters in the calculations, the defect migration energies, are
shown to directly govern the relative contribution of clustering and recombination reaction rates.
More precisely, we showed that the dominant mechanism depends on the relative mobility of
interstitials versus vacancies. In c-ZrO,, the mobility of these two defects is similar, and thus,

independent of the irradiation temperature, defect clustering is favored over defect recombination
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due to the inherent elastic attraction of mobile interstitials to dislocation loops. In contrast, in MgO,
the relative immobility of vacancies as compared to interstitials results in recombination dominating
over clustering and, above all, to a decrease in the clustering rate with temperature. From these
results, we can rationalize the response of these two materials and explain why the damage
accumulation is delayed in MgO but is accelerated in c-ZrO, when the irradiation temperature is
increased.

This study highlights the fact that the role of temperature during irradiation is definitely
non-trivial, a consequence of the widely-varying rates of processes that compete at the atomic scale.
Indeed, except when cavities (voids and bubbles) are involved, an increase in temperature is usually
assumed to lead to an enhancement of dynamic annealing and therefore to a significant slowing-
down in the damage accumulation process. This is the case for e.g. silicon carbide (SiC) [51] and
strontium titanate (STO) [52] in which there exists significantly different defect mobilities, (see [53]
and [54], for SiC and STO, respectively). However, as shown in this work, depending on the defect
energetics, irradiation-induced microstructural changes can on the contrary be accelerated. That is,
temperature can exacerbate certain damage accumulation processes in some materials. This should
occur in uranium dioxide and other fluorite-structured materials for instance, because the mobility of
| and V defects is similar [55]. This prediction has been very recently verified experimentally. Indeed,
RBS/C measurements (shown in the Supplemental Material [29]) have been performed on Ce-
irradiated UO, at both room-temperature and 773 K, showing that just as for c-ZrO,, the final

microstructural state is reached at lower fluence with increasing the temperature.
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IV. Conclusion

In this study, we used XRD to determine the evolution of the disorder in c-ZrO, and MgO
upon ion irradiation as a function of both the ion fluence and the irradiation temperature. We
observed that, at a fixed temperature, the two materials exhibit a similar response in terms of
damage accumulation and microstructural changes (with an additional dependence on ion fluence
for c-ZrO,). However, strikingly, the rate of these changes is completely opposite when the
temperature is changed. In fact, the final damage state is reached faster in c-ZrO, and is delayed in
MgO when the temperature is increased. By performing RECD simulations, we provide an answer to
this intriguing result. As is well established, the microstructural evolution of irradiated materials is
driven by the defect diffusivity. However, the relative defect-migration energies of interstitial versus
vacancy defects drive the temperature-dependent behavior. It can thus be concluded that disparities
in defect mobilities can lead to very different responses to irradiation. For instance, a large difference
in the | versus V diffusivity leads to an enhanced defect dynamic annealing. Finally, we propose an
approximate yet revealing methodology, combining experiments and calculations, for the

characterization, modeling and prediction of irradiation-induced disorder.
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