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Abstract 

X-ray diffraction experiments complemented with numerical simulations reveal that two ceramic 

oxide materials, c-ZrO2 and MgO, under similar ion irradiation conditions, exhibit an unexpected, 

opposite response with varying the irradiation temperature. In fact, the final damage state is reached 

faster in c-ZrO2 with increasing temperature than in MgO. Rate equation cluster dynamics 

simulations show that defect clustering is favored in c-ZrO2 while defect annealing is enhanced in 

MgO. This contrasting behavior can be rationalized in terms of the asymmetry in the interstitial vs. 

vacancy defect migration energies. We demonstrate that these trends allow qualitatively 

reproducing the evolution with temperature of the experimental disorder.  
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The modification of matter upon interaction with energetic particles usually arises through 

the energy loss of 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, typically at lower 

temperatures. The effect of the irradiation temperature on the threshold fluence for such a phase 

change to occur has been, for instance, particularly scrutinized, mainly 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 ceramics that retain their crystalline structure under 

irradiation are much scarcer [19-22]. Among these materials, cubic (yttria-stabilized) zirconia (c-ZrO2) 

and magnesia (MgO), which have been examined in a wide temperature range, exhibit an 

unexpected, opposite response in irradiation-induced damage build-up [23,24] with increasing 

temperature.  

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 such as the crystalline structure and the ionicity of the 

bonding (MgO having higher ionic character). However, at a fixed temperature, they behave similarly 

under ion irradiation: in both materials, one observes a continuous damage accumulation process 
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which starts with point defect creation and culminates with the formation of a network of tangled 

dislocation lines [23,28]. The two materials do not undergo a phase change and they both retain their 

crystalline character. This process is the same irrespective of the temperature. Nonetheless, 

strikingly, the two materials exhibit an opposite behavior with respect to their response to changing 

the irradiation temperature [23,24]. Indeed, as partially demonstrated by Rutherford backscattering 

spectroscopy in channeling mode (RBS/C), with increasing temperature, the accumulation of disorder 

is accelerated in c-ZrO2 but it is slowed down in MgO. In fact, RBS/C permitted the determination of 

the fluence at which there is a dramatic change in the defect nature, namely from small point defect 

clusters to dislocation loops [23,24]. This change is frequently referred to as a second step in the 

damage accumulation process and the corresponding transition fluence decreases with temperature 

for c-ZrO2 while it increases for MgO. This result is illustrated in Fig.1 of the Supplemental Material 

[29].   

In the present Letter, we rationalize this unexpected and opposite behavior in the two 

materials with respect to the irradiation temperature and correlate it with the dissimilar diffusivities 

of the irradiation-created defects. We performed X-ray diffraction (XRD) measurements that indicate 

an even more subtle difference because the behavior in temperature is shown to depend on the 

fluence (i.e. number of ions per unit surface). The experimental results are qualitatively reproduced 

using Rate Equation Cluster Dynamics (RECD) calculations which allow us to conclude that the key 

property that leads to the different damage accumulation kinetics is the asymmetry of the defect 

migration energies between vacancies and interstitials. 

{100}-oriented c-ZrO2 and MgO single crystals were irradiated with MeV Au ions, respectively 

(the nuclear and electronic energy losses where equivalent for both materials). Irradiations at 80 K 

were performed at the Instituto de Fisica of the Universidade Federal of Rio Grande do Sul, while 

irradiations at elevated temperatures were carried out at the SCALP facility [30]. More details can be 

found in [23] for c-ZrO2 and in [24] for MgO. Ion fluences ranged from 5x1012 to 5x1015 cm-2 for c-ZrO2 
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and from 5x1012 to 2x1014 cm-2 for MgO. The same ion flux, 5x1011 cm-2.s-1, was used for irradiations 

of both materials.  

The XRD measurements were performed with a Philips X’Pert PRO MRD diffractometer 

equipped with a standard Cu tube. A monochromatic (Cu K1 radiation) and parallel beam was 

obtained by using a multilayer mirror at the output of the tube followed by a four-reflection Ge(220) 

monochromator in asymmetric configuration; the resulting primary-beam divergence is ~18 arcsec 

(0.005°). A three-reflection Ge(220) crystal analyzer was placed in front of the detector to improve 

the angular resolution. Symmetric θ-2θ scans were recorded in the vicinity of the (400) Bragg 

reflection of the rock salt magnesia structure (2~94.058°) and of the fluorite zirconia structure 

(2~73.575°). These θ-2θ scans were fitted with the dedicated RaDMaX program that allows one to 

obtain the strain and disorder depth profiles in irradiated materials [31]. The disorder, which is the 

parameter of interest in this work, is linked to the so-called static Debye-Waller (DW) factor that 

damps the coherent scattered intensity due to the presence of defects in crystalline regions [32 and 

references therein]. This disorder is directly related to the nature and density of the irradiation-

induced defects. Note that when DW=1, the crystal is perfect and when DW0, the crystal is 

severely defective. In the following, we plotted <(1-DW)max> as a measure of the disorder level which 

has the advantage of increasing as the damage increases, improving the interpretability of the data. 

The average is performed over a +/- 50 nm wide region around the damage peak (MeV Au ions do 

not have a constant energy-loss over the entire projectile path) in order to smooth out fluctuations 

which are frequently observed in the XRD determination of this parameter [32]. 

Rate Equation Cluster Dynamics simulations treat, in an homogenous framework, the 

evolution of the concentration of a population of defect clusters formed by either vacancies or 

interstitials through rate equations. These equations describe the creation of single defects by 

irradiation, and the growth or shrinkage of clusters through the emission or absorption of mobile 

species, which are restricted to single defects in the present case. We used the 1D version of the 

CRESCENDO code; a complete description of this code can be found in [33,34]. 
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A brief summary of the method is presented here, the reader is refereed to [33] and [34] for a 

complete description of the Crescedo code and to a previous study on zirconium carbide [SP] for a 

more detailed presentation of the present simulation set-up. Focusing for instance on interstitial 

clusters, the evolution of the concentration 𝐶(𝐼𝑛) of clusters 𝐼𝑛 containing n interstitials is driven by 

the difference in growth flux from cluster In-1 to In (𝐽𝐼𝑛−1→𝐼𝑛  ) and shrinkage flux from In+1 to In (𝐽𝐼𝑛+1→𝐼𝑛  

). Each flux is the sum of two parts corresponding to the interstitial and vacancy mobile species. Both 

parts have a absorption component (governed by a factor ) and a thermal emission component 

(governed by a factor α), e. g. for the growth flux due to mobile interstitials : 

𝐽𝐼𝑛−1→𝐼𝑛
𝐼 = 𝛽𝑛−1,𝐼𝐶(𝐼𝑛−1)𝐶(𝐼) − 𝛼𝑛,𝐼𝐶(𝐼𝑛)    (1.) 

The absorption component depends on the concentrations of the captured mobile and capturing 

immobile species, whereas the emission efficiency depends only on the concentration of the 

immobile emitting species. The absorption factor  

𝛽𝑛−1,𝐼 = 4𝜋𝑍𝐼𝐷𝐼𝑑𝐼−𝐼𝑛−1    (2.) 

In this expression 𝐷𝐼 is the diffusion coefficient of mono-interstitials which depends on their 

migration energy, 𝑑𝐼−𝐼𝑛−1  is the capture distance of an interstitial by a cluster of size n-1. The 

efficiency factor (ZI=1.1) accounts for the elastic interaction between dislocations loops or lines and 

mono- interstitial. The elastic interactions of vacancies with clusters being comparatively negligible, 

this term does not appear in the corresponding equations for vacancies (Zv=1) []. Detailed balance 

enforces a relation between  and α which involves the binding energy between the mono-

interstitial and the cluster[]. 

The equation of evolution of the mobile mono-interstitials or vacancies is more complex, e.g. for 

interstitials I1:  

𝑑𝐶(𝐼)

𝑑𝑡
= 𝐺𝐼 −∑ 𝐽𝐼𝑛→𝐼𝑛+1

𝐼

𝑛>1

+∑ 𝐽𝑉𝑛→𝑉𝑛+1
𝐼

𝑛>1

 

+2(𝛼2,𝐼𝐶(𝐼2) − 𝛽1,𝐼𝐶(𝐼)𝐶(𝐼)) − 4𝜋(𝐷𝐼 + 𝐷𝑉)𝑑𝐼−𝑉𝐶(𝐼)𝐶(𝑉) − 𝜌𝑍𝐼𝐷𝐼𝐶(𝐼)  (3.) 
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The first term in the RHS of the equation is the source term which reproduces the production of 

defects by irradiation (see below). The penultimate term is the recombination flux which depends on 

the sum of the diffusion coefficients of interstitials and vacancies. The last term denotes the 

elimination of mobile interstitials on sinks of the microstructure. Finally, the other terms form the 

clustering fluxes of interstitials towards interstitials or vacancies clusters. The formation of a di-

interstitial has a special form, the factor 2 coming from the fact that the two species which cluster 

are mobile 

In order to apply the RECD framework to c-ZrO2 and MgO, we had to make, rooted in the 

properties of zirconia and magnesium oxide, some simplifying assumptions that are discussed 

hereafter. First, we considered only the cationic sublattices because cations are the rate limiting 

species in the diffusion processes in c-ZrO2 and, in this material, there is a significant concentration of 

structural oxygen vacancies in pristine crystals as a consequence of the yttrium stabilization. In MgO, 

the properties of both anion and cation defects are very similar [cite e.g. Uberuaga PRL], so there is 

no loss in generality just considering the cations. Second, we approximated the source term by a 

simple creation of monovacancies (V) and monointerstitials (I), and the rate of defect creation was 

determined from SRIM [35] calculations using 40 eV and 55 eV as threshold displacement energies 

for c-ZrO2 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) [36,37]. 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 value by a factor of 10. Defect creation fluxes (GI=Gv)were then 4x1018 cm-2.s-1 for c-ZrO2 

and 1.9x1018 cm-2.s-1
 for MgO. We emphasize that, beyond the defect creation fluxes, the only 

difference between the models for c-ZrO2 and MgO are the defect migration energies. 
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Figure 1: Disorder level, averaged over a window centered on the peak of the implanted damage 
profile, determined by fitting the XRD θ-2θ scans reported in [23] for c-ZrO2 and provided in Fig. 2 of 
the Supplementary Material [29] for MgO. The disorder is given as a function of the ion fluence and 
at the indicated temperatures for a) c-ZrO2 and b) MgO. In each figure, the blue line indicates results 
representative of a low fluence regime while the red line represents a high fluence regime. 
 

Figure 1a shows the disorder level at the maximum of the damage profile for irradiated 

c-ZrO2 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. 

However, for all temperatures, two regimes can be identified. At low fluence (less than ~2-3/nm2) 

the disorder decreases with increasing temperature, while it increases with increasing temperature 

at fluences greater than ~2-3/nm2. This point is highlighted when examining the values of disorder at 

two particular fluences indicated by the vertical dashed lines in Fig. 1a (the blue line is at 2 nm-2 and 

the red line is at 10 nm-2). It is thus worth mentioning that the higher the temperature, the faster the 

final damage state, when the disorder saturates, is reached in this material. Note that in the present 

case complete disorder does not imply an amorphous structure: the samples retain their crystalline 

structure but the high level of 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-ZrO2 and MgO [23,24]. 
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Figure 1b shows the disorder level measured for irradiated MgO single crystals versus fluence 

and for the same four temperatures as for c-ZrO2. The minimum disorder in MgO is higher than in c-

ZrO2 because of a lower intrinsic quality of the MgO crystals. Note that the investigated fluence range 

is smaller in MgO than it is in c-ZrO2, but it is sufficient to catch the whole disordering process up to 

saturatrion. The trend in the disorder evolution with fluence is similar irrespective of the 

temperature with a progressive increase until complete disorder. One can observe a slight change in 

the slope of the disorder curves at intermediate fluences but overall, at a given fluence the disorder 

level decreases with increasing irradiation temperature over the entire fluence range. Therefore, 

similarly to zirconia, the disorder at low fluence decreases in magnesia with increasing temperature. 

However, opposite to c-ZrO2, the level of disorder induced in MgO at higher fluence diminishes with 

increasing temperature. That is, the behavior of MgO is constant versus temperature: higher 

temperatures lead to less disorder, regardless of fluence. While this happens in c-ZrO2 at low 

fluences, at high fluences, c-ZrO2 exhibits the opposite behavior. Therefore, within the experimental 

uncertainty for some data points, the final damage state reached at high fluence always occurs 

sooner for lower temperature irradiations in MgO, in complete contrast to the result found in c-ZrO2 

(and despite a similar defect generation sequence occurring in both materials at fixed temperature 

[23,24,28]). 

 The hypothesis that was put forward to tentatively explain this major difference between 

these two materials was a difference in the effect of the irradiation temperature on the defect 

mobility [23,24]. In fact, if increasing temperature would obviously lead to an increase in the defect 

mobility in both materials, the clustering process was hypothesized to be favored in c-ZrO2 whereas 

the recombination process would be enhanced in MgO. Guided by this assumption, we performed 

preliminary kinetic Monte Carlo simulations which strongly suggested that the asymmetry in the 

defect migration rate could indeed be the key factor to explain this opposite behaviour. In order to 

validate this hypothesis, we developed a methodology for RECD simulations to determine the effect 

of the defect energetics on the evolution of the defect distributions in the two materials. 
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Based on the data reported in the literature, we used the following values for the defect migration 

energies: 3 eV for both V and I in c-ZrO2 [38,39], and 2 and 0.4 eV for V and I, respectively, in MgO 

[40,41]. Note that the value of 3 eV for c-ZrO2 is a lower limit of values reported in the literature (all 

obtained with empirical potentials); values of 5-6 eV are mainly reported but with these high values, 

RECD simulations did not show any defect migration below 1200 K. There are thus two key 

differences in the defect diffusivity between the two materials: (i) defect mobility is larger in MgO 

than in c-ZrO2 for both defects and, more importantly, (ii) the relative mobility of V and I is different 

in MgO but is similar in c-ZrO2.  

 In a first step, we determined, by RECD, two reaction rates for both materials at different 

fluences for a wide range of temperatures: the recombination (rec) rate between I and V, and the 

interstitial clustering (clust) rate. Figure 2a shows, in addition to the defect source term, these two 

rates for c-ZrO2 at two fluences, 1.5 and 10 nm-2 (these fluences are characteristic of the two regimes 

determined experimentally and defined by the vertical dashed lines in Fig. 1a). Although the rates 

start to be significant only at relatively high temperature (which is directly related to the large defect 

migration energies of 3 eV), it can be observed that for both fluences and for all temperatures, the 

clustering rate is larger than the rate for defect recombination. This result proves the assumption of 

favored defect clustering in c-ZrO2. For MgO, reaction rates are given in Fig. 2b for fluences of ~0.05 

and ~0.5 nm-2 (also characteristic of the two regimes identified for this material). Defect migration 

starts at a lower temperature than for c-ZrO2 (due to the lower defect migration energies). Note the 

logarithmic Y-scale which indicates a large range in the defect clustering and recombination rates 

versus temperature. More importantly, the rate of defect recombination is much larger than that for 

defect clustering for both fluences. This result demonstrates that defect recombination is favored 

over defect clustering in MgO.  

 As highlighted in equation (4.) the terms appearing in the evolution of mono-defects can be 

divided in three parts : the clustering, elimination and recombination fluxes. The first two terms 
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(clustering and elimination) depend only on the coefficient diffusion of the considered mono-defect 

while the recombination depends on the sum of both diffusion coefficients. Furthermore the 

clustering term involves for interstitials a bias term (ZI, see Eq2.) which effectively reproduces the 

attractive elastic interaction between interstitials and clusters. This bias term has proven to be 

fundamental in the modelling of the evolution of irradiation defects [43,44]. The present value of 1.1 

is a reasonable assumption commonly used. The exact calculation of these bias needs involved elastic 

calculations[] and is far beyond the scope of our present qualitative treatment. Considering these 

equations, it can be observed that, for c-ZrO2, the difference in the clustering and recombination 

rates is only due to this bias, 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 because the concentration of the latter is large as they diffuse much 

less and thus neither cluster nor eliminate. The recombination flux is therefore very high. As the 

recombination process takes place, the concentration of interstitials 
IC  drastically decreases and so 

does the clustering rate, explaining why it varies over several decades in MgO. 

 

 

 

 

  

Figure 2: Source term for defects (horizontal black solid lines) and recombination (rec, dashed lines) 

and clustering (clust, solid lines) reaction rates as a function of temperature for both a) c-ZrO2 and b) 
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MgO, at both low and high fluences characteristic of the two identified regimes in the damage 

accumulation process (see Figs. 1a and 1b). 

 

The RECD simulations definitely show that the asymmetry in I and V mobility plays a crucial 

role in the defect accumulation process in irradiated c-ZrO2 and MgO over a large range of 

temperatures, with a complete opposite trend in the two materials: enhanced defect clustering in 

the former and preferential defect recombination in the latter. But can this opposite trend be used to 

reproduce the evolution in the disorder as a function of the temperature and fluence for the two 

materials? To answer this question, we identified parameters obtained with RECD calculations that 

could be compared to the disorder level derived from XRD measurements. First, it is important to 

mention that the irradiated crystals are characterized by a tensile strain principally generated by the 

presence of interstitial defects, as demonstrated in [23,45]. Second, at low fluence, where small 

defect clusters that do not interact are dominant, the DW factor is proportional to the number of 

point defects in the clusters [46], while at high fluence, where dislocation loops form, the DW varies 

with the number of point defects in the loops to the power 3/2 [46]. Therefore, one reasonable way 

to compare XRD and RECD is to plot, for RECD, the total number of interstitials at low fluence, and at 

high fluence the number of interstitials inside clusters with a size larger than a threshold value (i.e. in 

dislocation loops). Based on transmission electron microscopy experiments, small dislocation loops 

of a few nm in diameter can be observed in these materials [23,28]. We decided to monitor, with 

RECD data, the number of interstitials in clusters containing at least 10 point defects; this value 

corresponds to clusters of ~1 nm in diameter, which is slightly smaller than experimentally 

observable, but represents a compromise between a reasonable experimental size and a size for 

which significant effects are observed in the RECD calculations. It is worth mentioning that this 

approach of using two different types of defects and thus two different criteria to evaluate disorder 

in the RECD simulations is also consistent with the RBS/C experiments that reveal that the transition 

from the first to the second step of the accumulation damage process is the transition from point 

defect clusters to dislocation loops of a significant size [23,24].  
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The XRD-derived disorder and the RECD-derived disorder in c-ZrO2, as a function of 

temperature, are shown in Figs. 3a and 3b, respectively. In both cases, two fluences characteristic of 

the steps in the damage accumulation process have been selected (see the dashed lines in Fig. 1a). At 

low fluence, the XRD-derived disorder decreases with increasing temperature while at higher 

fluence, it increases. A qualitative agreement is found when looking at the disorder obtained from 

RECD calculations. In particular, two distinct and opposite dependencies with temperature for both 

characteristic fluences are reproduced.  

 
Figure 3: XRD-disorder and RECD-disorder as a function of the temperature in c-ZrO2 at low and high 
fluences characteristic of two regimes in the damage accumulation process (see Fig. 1a).  

 

Figure 4: XRD-disorder and RECD-disorder as a function of the temperature in MgO at low and high 

fluences characteristic of two regimes in the damage accumulation process (see Fig. 1b).  

 

Similarly, Fig. 4a and 4b show, for MgO, the XRD-derived and RECD-derived disorder as a 

function of the temperature. Experimentally, the disorder decreases with increasing temperature 
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irrespective of the fluence (note that the amplitude of the variations is lower than that for c-ZrO2, 

again because of the lower intrinsic quality of the MgO single-crystals). This trend in the disorder is 

reproduced in the RECD simulations. In addition, the temperature range over which significant 

evolution in the disorder is observed match reasonably well between experiments and simulations. 

From these simulations, it is unambiguously demonstrated that the asymmetry in the defect mobility 

governs the high-temperature disorder-level, and therefore the microstructural changes, in these 

materials. Furthermore, this study shows that the effect of increasing the temperature during an 

irradiation process is definitely non-trivial and may not lead to the supposedly obvious enhancement 

of dynamic annealing but, depending on the defect energetics, can on the contrary accelerate 

microstructural changes.   

In conclusion, this work reports a combined experimental (XRD) and computational (RECD) 

effort that aims at understanding the origin of the contrasting microstructural response of two 

materials, namely c-ZrO2 and MgO, under irradiation over a large range of temperatures. Indeed, 

whereas, at a given temperature, these two oxides exhibit a very similar response to increasing ion 

irradiation fluence, they evolve in opposite ways with increasing temperature for a given fluence. 

More precisely, experiments indicate that the final defective microstructural state is reached at 

lower fluence in c-ZrO2 as compared to MgO when the temperature is increased. In order to 

understand these opposite responses, we performed RECD simulations which clearly show that the 

defect clustering and recombination rates do depend on the defect migration energies and, critically, 

which mechanism dominates depends on the asymmetry in the migration of interstitials versus 

vacancies. Trends in the calculated levels of disorder agree well with experiment versus both fluence 

and irradiation temperature, indicating that the relative defect migration energy, which is the 

distinctive parameter in the simulations, is a key property in explaining the opposite behavior 

between the two oxides. Finally, this study provides an approximate yet revealing methodology for 

the characterization and modeling of irradiation-induced disorder. 
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