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Lattice strain in irradiated materials unveils a prevalent defect evolution mechanism
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Modification of materials using ion beams has become a widespread route to improve or design materials for advanced applications, from ion doping for microelectronic devices to emulation of nuclear reactor environments. Yet, despite decades of studies, major issues regarding ion/solid interactions are not solved, one of them being the lattice-strain development process in irradiated crystals. In this work, we address this question using a consistent approach that combines X-ray diffraction (XRD) measurements with both molecular dynamics (MD) and rate equation cluster dynamics (RECD) simulations. We investigate four distinct materials that differ notably in terms of crystalline structure and nature of the atomic bonding. We demonstrate that these materials exhibit a common behaviour with respect to the strain development process. In fact, a strain build-up followed by a strain relaxation is observed in the four investigated cases. The strain variation is unambiguously ascribed to a change in the defect configuration, as revealed by MD simulations.

Strain development is due to the clustering of interstitial defects into dislocation loops, while the strain release is associated with the disappearance of these loops through their integration into a network of dislocation lines. RECD calculations of strain depth profiles, which are in agreement with experimental data, indicate that the driving force for the change in the defect nature is the defect clustering process. This study paves the way for quantitative predictions of the microstructure changes in irradiated materials.

Introduction

The use of ion beams over a broad range of energies is well established as being a powerful tool to synthesize 1, 2 , shape [START_REF] Som | Nanofabrication by Ion-Beam Sputtering: Fundamentals and Applications[END_REF][START_REF] Yao | Focused Ion Beam Systems[END_REF][START_REF] Lang | Nanoscale manipulation of the properties of solids at high pressure with relativistic heavy ions[END_REF][START_REF] Ochedowski | Graphitic nanostripes in silicon carbide surfaces created by swift heavy ion irradiation[END_REF] , test 6, 7, 8 and references therein and modify the properties 1, 9, 10 of materials.

Research and applications of ion beams encompass advanced electro-optical devices [START_REF] Huang | Helium-ion-induced radiation damage in LiNbO3 thin-film electro-optic modulators[END_REF][START_REF] Theodoropoulou | Unconventional Carrier-Mediated Ferromagnetism above Room Temperature in Ion-Implanted (Ga, Mn)P:C[END_REF][START_REF] Redondo-Cubero | Analysis of the stability of InGaN/GaN multiquantum wells against ion beam intermixing[END_REF] , engineered nanostructures [START_REF] Som | Nanofabrication by Ion-Beam Sputtering: Fundamentals and Applications[END_REF][START_REF] Yao | Focused Ion Beam Systems[END_REF][START_REF] Zhang | Nanoscale engineering of radiation tolerant silicon carbide[END_REF] , strain engineering [START_REF] Potapenko | Nanoscale strain engineering on the surface of a bulk TiO2 crystal[END_REF][START_REF] Gupta | Engineering strain, densification, order parameter and magnetic properties of FePt thin films by dense electronic excitations[END_REF][START_REF] Guo | Strain Doping: Reversible Single-Axis Control of a Complex Oxide Lattice via Helium Implantation[END_REF] , nuclear materials [START_REF] Li | Role of Antisite Disorder on Preamorphization Swelling in Titanate Pyrochlores[END_REF][START_REF] Was | Emulation of reactor irradiation damage using ion beams[END_REF][19] and space exploration [START_REF] Mozumder | Charged Particle and Photon Interactions with Matter: Chemical, Physicochemical, and Biological Consequences with Applications[END_REF][START_REF] Pearton | Ionizing Radiation Damage Effects on GaN Devices[END_REF] . In most cases, the desired goals are enabled by the energy transfer from the energetic particles to atomic nuclei and/or electrons of the target [START_REF] Nastasi | Ion-solid interactions: fundamentals and applications[END_REF] . Usually, deposited energy leads to defect generation and damage accumulation. These phenomena are sometimes desired, e.g., when the material resistance is tested or to improve the materials physical properties which includes mechanical 1 and optical [START_REF] Huang | Helium-ion-induced radiation damage in LiNbO3 thin-film electro-optic modulators[END_REF] properties; they may also be a drawback, for instance in ion doping processes. In any case, understanding the mechanisms of damage formation and accumulation in materials as a result of energy deposition clearly appears as a crucial task to tackle.

Damage accumulation in irradiated materials is commonly studied through the analysis of phenomenological parameters such as the damage fraction in Rutherford backscattering spectrometry in channelling mode, the intensity variation of Raman spectroscopy lines or the Doppler broadening of positron-electron annihilation peaks [START_REF] Zhang | Advanced Techniques for Characterization of Ion Beam Modified Materials[END_REF] . These parameters convey information regarding random lattice displacements in the materials but establishing a connection with the actual defect structure and density is not straightforward, neither is the quantitative comparison with computational modelling. Besides random lattice displacements, defects also produce correlated displacements, i.e. lattice elastic strain, the analysis of which can provide essential information regarding the nature and the concentration of the defects [START_REF] Rao | X-ray diffraction analysis of concentration and residual stress gradients in nitrogen-implanted niobium and molybdenum[END_REF][START_REF] Decoster | Implantation-induced damage in Ge: strain and disorder profiles during defect accumulation and recovery[END_REF][START_REF] Bachiller-Perea | Study of the initial stages of defect generation in ion-irradiated MgO at elevated temperatures using high-resolution X-ray diffraction[END_REF][START_REF] Boulle | Statistical nature of atomic disorder in irradiated materials[END_REF] . Moreover, direct and quantitative comparisons can be made with the information derived from computational data [START_REF] Boulle | Statistical nature of atomic disorder in irradiated materials[END_REF][START_REF] Debelle | Interplay between atomic disorder, lattice swelling and defect energy in ion irradiation induced amorphization of SiC[END_REF] . X-ray diffraction (XRD) is highly sensitive to the atomic displacement field within the crystal, and hence is a dedicated tool to measure the strain consecutive to ion irradiation.

Current state of knowledge and issues addressed in this work

Since the early 1980's, research works dealing with the study, by XRD, of the strain induced by ion (or even neutron and electron) energy deposition have covered a wide range of materials, including mainly semiconductors [START_REF] Decoster | Implantation-induced damage in Ge: strain and disorder profiles during defect accumulation and recovery[END_REF][START_REF] Speriosu | X-ray rocking curve study of Si-implanted GaAs, Si, and Ge[END_REF][START_REF] Servidori | Characterization of lattice damage in ion implanted silicon by multiple crystal x-ray diffraction[END_REF][START_REF] Partyka | X-ray diffraction and channeling-Rutherford backscattering spectrometry studies of ion implantation damage in AlxGa-xAs[END_REF][START_REF] Lacroix | Mechanisms of damage formation in Eu-implanted GaN probed by X-ray diffraction[END_REF][START_REF] Turos | On the mechanism of damage buildup in gallium nitride[END_REF] and insulators [START_REF] Guo | Strain Doping: Reversible Single-Axis Control of a Complex Oxide Lattice via Helium Implantation[END_REF][START_REF] Nakae | Irradiation induced lattice defects in UO2[END_REF][START_REF] Spino | Lattice parameter changes associated with the rim-structure formation in high burn-up UO2 fuels by micro X-ray diffraction[END_REF][START_REF] Yang | The discrepancies in multistep damage evolution of yttria-stabilized zirconia irradiated with different ions[END_REF][START_REF] Debelle | Comprehensive study of the effect of the irradiation temperature on the behavior of cubic zirconia[END_REF] but also, though more recently, metals [START_REF] Gupta | Engineering strain, densification, order parameter and magnetic properties of FePt thin films by dense electronic excitations[END_REF][START_REF] Papamihail | Fe + ion irradiation induced changes in structural and magnetic properties of iron films[END_REF][START_REF] Yun | Characterization of high energy Xe ion irradiation effects in single crystal molybdenum with depthresolved synchrotron microbeam diffraction[END_REF][START_REF] Ullah | Swift heavy ion irradiation-induced modifications in structural, magnetic and electrical transport properties of epitaxial magnetite thin films[END_REF] . In all these works, two steps in the development of strain are observed. In the first step, particle irradiation leads to elastic strain build-up. The nature of the second step depends on the material. On the one hand, some materials (such as pyrochlores) undergo a crystalline-to-crystalline phase change [START_REF] Turos | On the mechanism of damage buildup in gallium nitride[END_REF]40,[START_REF] Sattonnay | Phenomenological model for the formation of heterogeneous tracks in pyrochlores irradiated with swift heavy ions[END_REF] ; in most semiconductors, long-range atomic order is progressively lost, eventually leading to a complete amorphization [START_REF] Decoster | Implantation-induced damage in Ge: strain and disorder profiles during defect accumulation and recovery[END_REF][START_REF] Speriosu | X-ray rocking curve study of Si-implanted GaAs, Si, and Ge[END_REF] . In both cases, strain measurement is no more possible in the initial structure which has disappeared. It is yet worth mentioning that the study of the strain evolution in irradiated silicon allowed to point out radiation-enhanced plastic flow in this material [START_REF] Volkert | Stress and plastic flow in silicon during amorphization by ion bombardment[END_REF] .

On the other hand, in materials that retain their original crystalline structure, the microstructure is nonetheless also severely affected, and two situations, that at first might seem conflicting, are observed as far as the strain evolution is concerned. In the first situation, a strain saturation phenomenon is noticed at high ion fluence (number of ions per unit surface) [START_REF] Partyka | X-ray diffraction and channeling-Rutherford backscattering spectrometry studies of ion implantation damage in AlxGa-xAs[END_REF][START_REF] Lacroix | Mechanisms of damage formation in Eu-implanted GaN probed by X-ray diffraction[END_REF][START_REF] Turos | On the mechanism of damage buildup in gallium nitride[END_REF] , and it is ascribed to a balance between the strain induced by interstitial and vacancy defects [START_REF] Partyka | X-ray diffraction and channeling-Rutherford backscattering spectrometry studies of ion implantation damage in AlxGa-xAs[END_REF] or to the trapping of point defects at stacking faults [START_REF] Lacroix | Mechanisms of damage formation in Eu-implanted GaN probed by X-ray diffraction[END_REF] . However, it is worth mentioning that in most cases, the difficulty of analysing the complex XRD data at high ion fluence is likely one of the reasons why a saturation was assumed. In the second situation, which is the most widely observed 15, 25, 33-36, 38, 39 , a strain relaxation is measured. The most common explanation for this strain relief is the formation of extended defects. Note that when irradiated at intermediate temperatures, amorphization is delayed or even prevented in semiconductors like Si or SiC, and strain relaxation also takes place by dislocation formation [START_REF] Ellingboe | The production and stability of implantation-induced vacancy excesses in silicon[END_REF][START_REF] Raghu | Variation of ion-irradiation induced strain as a function of ion fluence in Si[END_REF][START_REF] Boulle | The amorphization of 3C-SiC irradiated at moderately elevated temperatures as revealed by X-ray diffraction[END_REF] . But this conclusion on the origin of the strain relaxation is based on additional observations with other techniques such as transmission electron microscopy (TEM) for instance 32-34, 36, 38 . Besides, owing to the different sensitivity of experimental techniques (e.g. XRD vs. TEM) on the nature, size and concentration of defects, demonstrating an indubitable link between a given defect structure and the measured strain level is a real challenge.

Strikingly, although crucial for the understanding of the behaviour of materials upon irradiation, it appears that the description of the strain development process in irradiated materials is not precisely documented and understood. Furthermore, while numerous materials were already studied, they were all tackled separately and with different approaches; no work until now has dealt with several materials in a unique study using a consistent approach. Besides, it must be noted that the XRD analysis of irradiated materials at high fluence is not straightforward, owing in particular to the associated high disorder level that suppresses the specific features of XRD signals and prevents a reliable determination of the strain (see e.g. [START_REF] Decoster | Implantation-induced damage in Ge: strain and disorder profiles during defect accumulation and recovery[END_REF][START_REF] Bachiller-Perea | Study of the initial stages of defect generation in ion-irradiated MgO at elevated temperatures using high-resolution X-ray diffraction[END_REF][START_REF] Lacroix | Mechanisms of damage formation in Eu-implanted GaN probed by X-ray diffraction[END_REF] ). In the present paper, we specifically address all these issues by implementing an approach based on the use of a single experimental technique, namely XRD associated with a numerical simulation procedure [START_REF] Souilah | RaDMaX: a graphical program for the determination of strain and damage profiles in irradiated crystals[END_REF] , combined with two complementary computational methods, namely molecular dynamics (MD) and rate equation cluster dynamics (RECD). We focus on four materials: uranium dioxide (UO2), cubic zirconium dioxide (c-ZrO2), magnesium oxide (MgO) and zirconium carbide (ZrC); these materials exhibit various crystalline structures, bonding characters and defect properties (see Supplemental Material 47 ). Monocrystalline samples have been irradiated in the 80 to 573 K temperature range to demonstrate the generality of the obtained results, but in the same energy-loss regime. Owing to the ion-energy range used (500 keV to 4 MeV), in the four cases, the energy deposition to the target-atom electrons, although it can be of the same magnitude as the energy transferred to the target (screened) nuclei, may be considered as having a weak influence on the defect generation process. Therefore, defects are predominantly produced during elastic collisions with the target atoms, and an estimation of the so-called ballistic damage is provided by the displacement per atom (dpa) parameter. The dpa parameter is directly related to the elastic energy-loss and to the number of ions impinging on the material (the fluence) and allows comparing a characterization parameter (such as the strain, as illustrated in the present work) determined under different irradiation conditions. It has been calculated with a dedicated code named SRIM (Stopping and Range of Ions in Matter) [START_REF] Ziegler | The Stopping and Range of Ions in Solids[END_REF] that allows simulating ion/solid interactions (in amorphous structures) using a universal interaction potential.

We hereafter investigate the irradiation-induced strain development process in these four systems (i.e. different materials and irradiation conditions). Some differences are observed between experimental and computational results (these differences are addressed in the Supplemental Material 47 ). Nevertheless, we shed light on the complete strain variation process by connecting the strain state to atomic defect structures, and furthermore, we unambiguously demonstrate that a wide range of materials exhibit the same characteristic behaviour, irrespective of the irradiation conditions and material properties. This statement is illustrated in Fig. 1 that displays the variation with dpa of the strain level 49, 50 as determined from XRD measurements. It clearly appears that in all cases, a two-step process is observed, with first a strain build-up followed by a strain relaxation (the difference in the strain magnitude and dpa level at which the relaxation takes place is related to the intrinsic characteristics of the materials, such as, e.g., the point defect mobility and the type of bonding). This strain development process is investigated in detail hereafter.

Strain development process at the atomic scale: a combined MD and XRD investigation

In order to catch the atomic details of the strain development in irradiated materials, we first focus on UO2. In this compound, it has been shown by MD simulations of collision cascades [START_REF] Van Brutzel | A collision cascade is a large number of successive elastic collisions involving numerous target atoms and initiated by a primary knock-on (target) atom after an incident ion transferred it enough energy to induce this collective displacement phenomenon[END_REF] that the primary defects formed during ion irradiation are point defects 52 . Therefore, in order to mimic the ballistic damage without having to compute overlap of collision cascades, the Frenkel Pair Accumulation (FPA) technique was used, since it has already been proven very efficient to emulate irradiation damage in several materials [START_REF] Debelle | Interplay between atomic disorder, lattice swelling and defect energy in ion irradiation induced amorphization of SiC[END_REF][START_REF] Crocombette | Atomistic simulation of amorphization thermokinetics in lanthanum pyrozirconate[END_REF][START_REF] Chartier | Key role of the cation interstitial structure in the radiation resistance of pyrochlores[END_REF][START_REF] Soulié | X-ray diffraction study of the Y2Ti2O7 pyrochlore disordering sequence under irradiation[END_REF][START_REF] Chartier | Early stages of irradiation induced dislocations in urania[END_REF] . At different steps of the FPA process, XRD patterns were generated from the MD cells using the Debyer program [START_REF] Wojdyr | Debyer software[END_REF] , as already implemented in SiC 27 and pyrochlores [START_REF] Soulié | X-ray diffraction study of the Y2Ti2O7 pyrochlore disordering sequence under irradiation[END_REF] . The black curve in Fig. 2 represents the corresponding strain variation as a function of the displacement per uranium atom (dpU), which is equivalent to dpa except that oxygen atoms are disregarded in the estimation of this parameter, because only cation Frenkel pairs (FPs) were created (more details can be found in [START_REF] Chartier | Early stages of irradiation induced dislocations in urania[END_REF] ). Note that the observed oscillations are simply due to bursts of FPs that have not yet been relaxed. We first observe an overall increase in the strain, and at a threshold dpU level, strain relaxation takes place. The analysis, using the DXA modifier of the Ovito code [START_REF] Stukowski | Automated identification and indexing of dislocations in crystal interfaces[END_REF] , of the defects present in the MD cells at different irradiation levels reveals that their structure and density dramatically evolve during the whole irradiation sequence. It is not in the scope of this paper to provide a detailed mechanism of these defect changes, but it must be mentioned that such a mechanism, which involves the transformation of partial into perfect dislocation loops, has been described for fcc materials [START_REF] Hull | Introduction to dislocations[END_REF] . More importantly, the defect evolution is at the origin of the strain variation, as qualitatively described hereafter and quantitatively confirmed in the next section. At the beginning of the process, obviously, FPs are generated and these point defects are thus clearly at the origin of the strain build-up. Rapidly, different types of interstitial dislocation loops (shown in Fig. 3a) are formed due to interstitial defect clustering; these defects still strongly contribute to lattice strain.

With increasing the dpU level, the dislocation loop size and density increase, as illustrated in Fig. 3b.

Loop interactions eventually lead to the formation of a network of tangled dislocation lines, and to a considerable reduction in the loop density (Fig. 3c). This last defect transformation of dislocation loops into dislocation lines is at the origin of the release of the elastic strain, since the dislocation lines induce only a very weak elastic strain (but they generate heterogeneous strains that are usually referred to as microstrains); the effect of the different types of defects on the lattice parameter change is discussed in the next section. Our MD simulations therefore provide an explanation for both the strain build-up and strain relaxation processes in irradiated UO2. In Fig. 2, we have also plotted the experimental XRD data from UO2 single-crystals irradiated with 20 keV He [START_REF] Debelle | Strain and stress build-up in He-implanted UO2 single crystals: an X-ray diffraction study[END_REF] and 500 keV Ce at room-temperature (RT). For both cases, the expected two-step strain development process is found (as partly shown in Fig. 1), and it is precisely what we observed with the MD-FPA technique. In addition, both the strain level and the dpU value at which the strain relaxation takes place exhibit a good agreement between experimental and computational data (a complete comparison is given in the Supplemental Material 47 ). It is worth mentioning that the MD calculations were performed to be as general as possible and were not specifically designed to reproduce these two sets of experiments.

Therefore, these results show the validity and the relevance of the MD calculations and of the corresponding data analysis.

The elastic-strain experimental data were derived from the simulation of the XRD curves (see Supplemental Material 47 ) of irradiated UO2 crystals using a dedicated computer code [START_REF] Souilah | RaDMaX: a graphical program for the determination of strain and damage profiles in irradiated crystals[END_REF] that allows obtaining accurate strain depth-profiles. The 500 keV Ce irradiation is presented as an illustrative case (Fig. 4a). To simulate the curves at high irradiation fluence, input from the MD calculations was needed: the strain was thus allowed to decrease and to potentially reach zero in the initial region of maximum damage as a consequence of dislocation line formation (at the expense of dislocation loops). In Fig. 4, at low dpa level, the maximum strain is located close to the surface, and the strain plotted in Fig. 2 (and also in Fig. 1) is associated with this region. At high dpa, the strain is indeed relieved in this region. This strain relaxation observed in the strain profiles has not been shown before due to the lack of tangible evidences of such a process to occur, which is now filled by the present MD-FPA results that provide a clear picture of the complete strain behaviour and catch the detailed atomic scenario of the associated defect-structure changes.

Under ion irradiation, cubic ZrO2 and MgO exhibit a very similar overall behaviour as UO2 [START_REF] Debelle | Comprehensive study of the effect of the irradiation temperature on the behavior of cubic zirconia[END_REF][START_REF] Nguyen | Mechanical response of UO2 single crystals submitted to low-energy ion irradiation[END_REF][START_REF] Moll | Damage processes in MgO irradiated with medium-energy heavy ions[END_REF][START_REF] Bachiller-Perea | Damage accumulation in MgO irradiated with MeV Au ions at elevated temperatures[END_REF] . It has been proposed, using TEM, that irradiation defects follow the same sequence of transformation in c-ZrO2 [START_REF] Baufeld | Situ Study on the Generation of Radiation Damage in Cubic-Zirconia in the High-Voltage Electron Microscope[END_REF] as that occurring in UO2 (and molecular dynamics simulations showed an identical process in cerium dioxide [START_REF] Miao | The evolution mechanism of the dislocation loops in irradiated lanthanum doped cerium oxide[END_REF] ). A comparable defect transformation sequence was observed in MgO [START_REF] Moll | Damage processes in MgO irradiated with medium-energy heavy ions[END_REF] . Therefore, in the light of the strain development mechanism derived from the MD-FPA calculations in UO2, we provide a new interpretation of our experimental XRD data on c-ZrO2 (irradiated with 4 MeV Au) and MgO (irradiated with 1.2 MeV Au). We deliberately chose two different irradiation temperatures, low (i.e. 80 K) and intermediate (i.e. 573 K) for c-ZrO2 36 and MgO [START_REF] Moll | Damage processes in MgO irradiated with medium-energy heavy ions[END_REF][START_REF] Bachiller-Perea | Damage accumulation in MgO irradiated with MeV Au ions at elevated temperatures[END_REF] , respectively, in order to show the common character of the proposed scenario of strain variation. Note however that, at RT, XRD curves in both materials exhibit a similar evolution with ion fluence as the one shown in the present work for the two selected temperatures [START_REF] Debelle | Comprehensive study of the effect of the irradiation temperature on the behavior of cubic zirconia[END_REF][START_REF] Moll | Damage processes in MgO irradiated with medium-energy heavy ions[END_REF] . Similarly to the UO2 case, in the region of maximum damage we allowed the strain to decrease due to the disappearance of dislocation loops. The strain depth-profiles are presented in Figs. 4b and4c for c-ZrO2 and MgO, respectively. It is observed that the strain increases in the surface region at the beginning of the irradiation process. Then, the strain is relaxed at the initial strain peak with increasing dpa. Meanwhile, the maximum strain is shifted towards greater depth after this relaxation. These results are in agreement with those found in UO2. Consequently, the processes of strain build-up and strain relaxation presented for UO2 hold for c-ZrO2 (and most likely for all materials with the fluorite structure such as the binary transuranium dioxides) but also for MgO which has a different crystalline structure and ionic character.

Strain depth profiles and strain relaxation: a combined XRD and RECD approach

In order to determine the strain depth profiles (due to the non-constant energy-loss deposition) with the twofold aim of supporting the proposed mechanism for the strain build-up and relaxation processes and demonstrating that these latter can be generalized to a great variety of materials, we investigated ZrC (see Supplemental Material 47 for a comparison of the four materials characteristics). First, the XRD measurements were carried out on ZrC single-crystals irradiated with 1.2 MeV Au at RT at different ion fluences. The corresponding strain depth-profiles are plotted in Fig. 5a (experimental XRD data and associated simulations are presented in Supplemental Material 47 ). Results are analogous to those observed for the previously studied materials. In addition to the XRD experiments, we implemented RECD simulations (performed here in a mean field approach with the 1D version of the CRESCENDO code [START_REF] Jourdan | Efficient simulation of kinetics of radiation induced defects: A cluster dynamics approach[END_REF][START_REF] Jourdan | An accurate scheme to solve cluster dynamics equations using a Fokker-Planck approach[END_REF] ) to obtain, first, quantitative depth-profiles of the defect populations (which is not possible with the MD-FPA technique). Then, we developed a methodology to derive the strain depth-profiles from the RECD calculations (see [START_REF] Pellegrino | Multi-scale simulation of the experimental response of ion-irradiated zirconium carbide: Role of interstitial clustering[END_REF] for details in ZrC) using the theory of linear elasticity, in order to compare them with those obtained experimentally. It has been shown that in ZrC, vacancies are immobile at RT, and they remain as mono-vacancies. On the contrary, interstitials are highly mobile and immediately tend to cluster to form dislocation Using Eq.( 1) and the distributions of the defect populations, we computed the elastic-strain depth profiles at different dpa levels in ZrC (see Fig. 5b). At low dpa, the strain is maximum close to the surface and it increases with irradiation fluence until it starts to decrease, leading to an apparent peak shift to greater depth. This result indicates that the strain is primarily relaxed at the initial strain peak, i.e. where the interstitial production rate is the highest, thus ensuring a faster clustering and transformation into dislocation lines. With increasing the dpa level, the strain relaxation is more pronounced; meanwhile, the apparent maximum strain, which keeps on shifting to greater depth, also starts diminishing. These results match the findings obtained experimentally (Fig. 4a). There exists a difference in the depth scales that is discussed in the Supplemental Material 47 . On the contrary, notably, the strain levels are very close to those determined by XRD. Similarly, the dpa level at which the strain relaxation takes place is on the same order of magnitude as the one determined experimentally. Therefore, a good overall agreement between experiments and RECD simulations demonstrates that the proposed mechanism for the strain build-up and subsequent relaxation processes also holds for ZrC (and our methodology to compute the strain depth-profiles with the RECD technique is validated).

Conclusion

We first exemplified through experimental XRD data (see Fig. 1) the prevalent development process of strain in irradiated materials that is defined by a strain build-up followed by a strain relaxation. This prevalent process is then rationalized thanks to modelling by two computational techniques, namely molecular dynamics Frenkel pair accumulation and rate equation cluster dynamics. These calculations allowed proposing a general mechanism for this two-step process.

Owing to their large clustering tendency, irradiation-induced interstitial point defects rapidly form extended defects (mainly dislocation loops). These defects, that induce a significant elastic strain (i.e. a lattice volume change), are progressively incorporated into a network of tangled dislocation lines, thereby inducing a substantial decrease in the strain rate and thus a strain relaxation. These results provide a description that reconciles previous studies on this topic. Moreover, the strain depth profiles associated to the non-constant energy deposition of ions are quantitatively determined by experiments and computations and both sets of data show a reasonable agreement. To finish, we provide a methodology combining experimental and computational work that can be used by the researchers involved in the field of ion-beam-induced effects in materials. 
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loops [START_REF] Van Brutzel | Classical molecular dynamics study of primary damage created by collision cascade in a ZrC matrix[END_REF][START_REF] Dederichs | Lattice theory of point defects[END_REF] . In the framework of linear elasticity, the strain induced by isolated vacancy point defects is proportional to their density (Nv) and to their relaxation volume ( rel V V ) [START_REF] Dederichs | Lattice theory of point defects[END_REF] , which is -0.1 atomic volume () in ZrC as determined by density functional theory [START_REF] Pellegrino | Multi-scale simulation of the experimental response of ion-irradiated zirconium carbide: Role of interstitial clustering[END_REF] ; therefore, vacancies induce a weak lattice contraction. For isotropically distributed interstitial-type dislocation loops, the strain is proportional to the self-interstitial density inside the loops (NI), each interstitial increasing the lattice by one  70 , which leads to a significant lattice expansion (that is however less than that induced by NI single interstitials having each a relaxation volume of a few  70 ). Finally, the total strain, , reads as:

Subsequently, in order to reproduce the strain relaxation process, we introduced a mechanism of dislocation loop interaction that leads to the formation of entangled dislocation lines; note that we also introduced a reasonable density of intrinsic dislocation lines, i.e. 10 9 cm -3 . This mechanism f dislocation line formation begins when dislocation loops start to come into contact, i.e. when their size distribution and density allow these interactions. At that point, the density of the dislocation lines increases, at the expense of loops, thereby strongly decreasing the strain rate and eventually leading to strain relaxation because the lattice parameter change induced by a dislocation line reduces to the dislocation core volume that is approximately that of a row of self-interstitials (hence much less than NI). This phenomenon is marginal for small dislocation loops but becomes significant for loops of radius ~ 1/√𝜋𝜌 𝑡 , where t is the total dislocation density accounting for loops and network dislocations [START_REF] Jourdan | Influence of dislocation and dislocation loop biases on microstructures simulated by rate equation cluster dynamics[END_REF] . Furthermore, as the size of the dislocation lines reaches the primary extinction length of X-rays (i.e. in the micrometer range), X-ray coherent scattering can no longer correlate atomic positions and elastic strain cannot be measured anymore (XRD peak shift is replaced by peak broadening). Therefore, for the RECD calculations, the volume change induced by the dislocation lines was set to zero. This approach mimics the mechanism evidenced by our MD simulations in UO2 and further confirmed in c-ZrO2 and MgO, and it allows a comparison with the XRD experiments.