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The response of zirconium carbide to heavy-ion irradiation at room temperature has been studied by Xray diffraction, ion channeling and transmission electron microscopy. Below 5  1014 cm2, we observe a build-up of elastic strain with increasing ﬂuences. At this threshold ﬂuence the strain is released and important dechanneling appears as well as visible TEM damage. With increasing ﬂuence, this damage is found to spread in the material deeper than the depth of direct damaging by the ion beam. These experimental observations are reproduced and explained by Density Functional Theory informed Rate Equation Cluster Dynamics simulations. Simulations show that the response of ZrC upon ion-irradiation is driven by the diffusion and clustering of interstitials. The two-step evolution seen in experiments stems from the growth of interstitial clusters with a concomitant starvation of the smallest clusters induced by the continuous accumulation of vacancies. The damaging of the material beyond the range of primary damage is driven by diffusion of interstitials. © 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction Ceramics prove to be a key class of materials in numerous ﬁelds such as information and communications technologies, environment, transportation and energy. Regarding the energy ﬁeld, the use of ceramics, principally oxides and carbides, is widespread in the nuclear industry. For this application, materials evolve in a speciﬁc, harsh environment and are inherently submitted to various sources of irradiation, e.g. by neutrons, ﬁssion products and alpha particles. Therefore, it is mandatory to determine the behavior of these materials in this particular environment. For this purpose, a lot of investigations are carried out where materials are exposed to external ion beams delivered by particle accelerators that allow avoiding radioactive safety issues to accelerate the aging process and to control the irradiation parameters for parametric studies. Then, complementary experimental techniques, such as Rutherford Backscattering Spectrometry in the Channeling mode (RBS/C), X-ray diffraction (XRD), Raman spectroscopy photo or
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iono luminescence Transmission Electron Microscopy (TEM), are used to get a good knowledge and understanding of the materials behavior upon irradiation. Results obtained during the last decade clearly show that ceramics which do not amorphize, i.e. those which retain their crystalline structure, exhibit a complex and non-monotonic behavior upon increasing irradiation ﬂuence in the nuclear energy-loss regime (i.e. when projectiles mainly lose their energy through ballistic collisions with target screened nuclei). This is the case for cubic zirconia (ZrO2) [1e3], magnesia (MgO) [4], and urania UO2 [5]. For these materials, it has been shown that at low ion ﬂuence, XRD evidences a noticeable increase of elastic strain, while the disorder level remains very low as measured by RBS/C; in the same time, TEM reveals the presence of so-called black dots which are small defect clusters. Above a given threshold ﬂuence, a strain relaxation is observed, concomitantly with a signiﬁcant increase of the disorder level; at this stage, dislocation loops form and eventually give rise to a network of tangled dislocations. For non amorphizable ceramics, one therefore observes a two-step damage build-up (note that an additional step may appear where an apparent decrease of the damage level is measured by RBS/C, that is associated with a reorganization of the dislocation network e.g. in
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MgO [4]). Comparable rise then decrease of lattice parameter associated with delayed appearance of TEM damage has already been observed a long time ago in neutron irradiated ceramics (see the review by Wilks [6]). Another relevant feature that is observed in some materials (e.g. UO2 and MgO) is the formation of deep damage that builds up well beyond the estimated depth of direct damaging by the ion beam. Some other materials (ZrO2) do not exhibit such in-depth damage. At present, only a phenomenological model (multi-step damage accumulation, MSDA [7]) allows reproducing that speciﬁc non-monotonic damage build-up. The model considers that each step can be ﬁtted with a single-impact model, but there exist transitions from one step to the other that are related to a dramatic change in the defect structure, and thus in the material microstructure. Neither speciﬁc nor complete multiscale simulation of the behavior of these materials under irradiation exists. In the present work, we study experimentally the response of zirconium carbide (ZrC) to ion irradiation. Due to its combination of good metallic (high thermal and electrical conductivities) and covalent (corrosion resistance, refractory character, mechanical properties) bonding, it is considered as a potential coating and oxygen gettering material as well as an inert matrix for advanced nuclear fuels in high temperature reactor concepts [8]. We use a powerful set of complementary techniques (XRD, RBS-C, TEM) to characterize in detail the microstructure of the irradiated material at various ﬂuences spanning 3 orders of magnitude inﬂuence (from 3  1013 cm2 to 3  1016 cm2). We observe a behavior that follows that described above. We then use Rate Equations Cluster Dynamics (RECD) grounded on ab initio Density Functional Theory (DFT) calculations to show that the complex behavior upon ion irradiation of non amorphizable ceramics can be rationalized in terms of creation, diffusion and clustering of mobile defects. Our simulations are focused on ZrC but the simulations should be directly transferable to materials close to ZrC, like TiC. Moreover we expect the designed conceptual framework to be applicable to other ceramics. Section 2 presents the experimental irradiation setup, the characterization techniques and the obtained results. Section 3 describes RECD, the DFT parameterization of the major input parameters and the obtained results. Finally experimental and numerical results are compared in the last section. The qualitative and semi-quantitative agreement allows us to uncover the atomic scale mechanisms responsible for the evolution of ZrC under ion irradiation. 2. Experiments 2.1. Experimental setup The samples used in this study are {001}-oriented ZrC single crystals supplied by MaTecK GmbH. Crystals have a very good purity, 99.99%. No oxygen contamination was put in evidence by using the 16O(d,p1)O17 nuclear reaction (deuteron energy of 900 keV, detection angle of 150 and a 12 mm thick Mylar shield in front of the detector). However, perfectly stoichiometric ZrC does not exist. In our samples, a lot of native carbon vacancies are present even before irradiation, with an estimated ZrC0.9 composition. This stoichiometric ratio was maintained after ion irradiation. Ion irradiations were performed at the JANNuS facility (CSNSM in Orsay and SRMP in Saclay). Irradiations were carried out at room temperature (RT) with 1.2 MeV Auþ ions at ﬂuences ranging between 3  1013 cm2 and 3  1016 cm2. In order to avoid a channeling effect during irradiation, the sample holders were tilted by 7 with respect to the samples normal surface. The projected range of Auþ ions obtained from SRIM [9] is ~150 nm for ZrC. The SRIM-predicted damage (i.e. displacement per atom, dpa) peak is



located at 70 nm with no damage beyond 250 nm as we can see on Fig. 1. Samples were characterized by XRD, RBS/C and TEM. XRD experiments were carried out at the CTU-Minerve (IEF, Orsay); for a complete description of the setup, refer to e.g. Ref. [10]. The wavelength of the X-ray beam was 0.15406 nm (Cu-Ka1 radiation) and the beam divergence was 180 arc-second. qe2q scans were recorded on the 400 reﬂection of ZrC located at a 2q ¼ 81.9 . Elastic strain, which is a relative variation of interplanar distance, was then deduced from XRD peak shift using Bragg's law. The RBS/C experiments were conducted with the ARAMIS accelerator at CSNSMOrsay using a 1.4 MeV 4Heþ ion beam. The detector was positioned at 165 with respect to the incident beam direction. The energy resolution of the experimental setup is about 14 keV. The damage depth distribution in the Zr sublattice was extracted from the analysis of RBS/C spectra with the McChasy Monte-Carlo simulation code [11] using the basic assumption that a fraction, fD, of Zr atoms were randomly displaced from their original lattice site during irradiation. Samples for TEM observations were manufactured by David Troadec (CNRS, Lille, France) by Focused Ion Beam method (FIB). A small intensity (down to 100 pA) and Ga ions were used for thinning. A subsequent cleaning process with low intensity (50 pA) low energy (7 kV) was performed. TEM investigations were obtained with a conventional CM20 Twin-FEI (Philips) at SRMP (CEA-Saclay) operating at 200 kV and equipped with a LaB6 crystal as electron source. It was used to analyze the point defects clusters formed under the shape of dislocation loops. The CCD camera used to take pictures is an Eloïse Megaview II. Samples at two ﬂuences were analyzed: 2.6  1015 and 3  1016 cm2. 2.2. Experimental results XRD qe2q scans are displayed in Fig. 2a. Based on numerous previous experiments [2,4,10], the XRD patterns reveal the presence of a defective but still crystalline irradiated layer at all ﬂuences, indicating the absence of amorphization. An irradiationinduced tensile elastic strain (Fig. 2b) appears at the lowest ﬂuence considered (5  1013 cm2), as evidenced by the scattering signal observed at low 2q angles. At a ﬂuence of 2.4  1014 cm2, elastic strain reaches a maximum (~0.45%). The shape of the XRD patterns is drastically modiﬁed above this ﬂuence, similarly to what has been observed in other irradiated ceramic materials [2,4,5]. Beyond this ﬂuence, elastic strain is relieved to a much lower value. Random and aligned RBS-C spectra are displayed in Fig. 3a. All random spectra exhibit a plateau starting at 1200 keV which



Fig. 1. SRIM simulations of 1.2 MeV Auþ ions in ZrC. Left: number of created defects per seconds for a ﬂux of 1  1011 cm2 s1. Right: right Auþ normalized distribution.
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Fig. 2. Left (a) qe2q scans recorded in the vicinity of the (004) reﬂection of ZrC crystals irradiated with 1.2 MeV Auþ ions. Curves are shifted vertically for visualization easiness. Right (b) Elastic strain (εN) deduced from XRD curves presented in (a); solid and dotted black lines are guide for the eyes, and the dotted line indicates that the elastic strain is relieved. The solid grey line represents the transition ﬂuence determined by RBS/C (see Section 2.2).



corresponds to the backscattering of analyzing particles from Zr atoms. A strong decrease of the backscattering yield is observed in the main axis direction, due to the channeling effect. A small disorder signal is present at low ﬂuences up to 2.8  1014 cm2. The disorder becomes signiﬁcant only above this ﬂuence. Fig. 3b shows the variation of fD as a function of depth extracted from the ﬁt of RBS-C data with the McChasy code. fD is rather small at low ﬂuences; it increases markedly for ﬂuences larger than 2.8  1014 cm2 to reach fD ~ 0.6 at 7  1015 cm2 and saturates for higher ﬂuences. Moreover, as it can be also noticed on the RBS/C data of Fig. 3b, a shift of the damage peak towards greater depth (from 160 nm to about 350 nm) is exhibited at increasing ﬂuences. Consistently with XRD results, even at the highest ﬂuence used (3  1016 cm2), ZrC is not amorphized upon ion irradiation. TEM images are shown in Fig. 4. They show no evidence of cavities whatever the ﬂuence. Fig. 4-a shows image from a virgin sample of ZrC. Black dots due to Gaþ ion irradiation from FIB preparation can be noticed. Fig. 4-b corresponds to the ﬂuence of 2.6  1015 cm2, and shows the damage dispersion from the surface to 250 nm in depth. Fig. 4-c holds for a sample irradiated with the ﬂuence of 3  1016 cm2 and evidences the extended dispersal zone from the surface down to 400 nm. The experimental results reported above indicate that the response of ZrC to irradiation follows a two-step process. Below a given ﬂuence (fc), elastic strain accumulates while little or no damage is detected by RBS-C. Then, above fc, a transition takes



place during which the elastic strain relaxes (see Fig. 2b), damage appears in TEM micrographs and the disordered fraction fD measured by RBS/C rises sharply. A ﬁt of the variation with ion ﬂuence of the maximum of fD according to the multi-step damage accumulation (MSDA) model indicates that the threshold value of fc is 5  1014 cm2. This two-step process is similar to what has already been observed in other non-amorphizable ceramics (ZrO2, MgO, UO2) [1e5,12]. Moreover, as it was observed in MgO [4] and UO2 [5] (but not in ZrO2), both RBS-C and TEM data show that the damage spreads in depth beyond the theoretical damage proﬁle presented in Fig. 1. 3. Rate equations cluster dynamics simulations 3.1. Conceptual framework and ab initio parameterization Rate Equations Cluster Dynamics (RECD) aims at simulating the evolution of a population of objects through chemical rate equations, in a mean ﬁeld approach. We use the CRESCENDO code described in detail by Jourdan et al. [13]. This code deals with the evolution of the concentration of clusters of vacancies or interstitials through their creation by irradiation and growth or shrinkage by emission or capture of mobile clusters. We use the 1D version of the code which considers homogeneous slices of the material parallel to the irradiated surface allowing exchange of mobile clusters between adjacent slices. As it will be detailed



Fig. 3. Left (a) RBS-C spectra recorded in random (ﬁlled circles) and axial (open symbols) directions on ZrC crystals irradiated with 1.2 MeV Auþ ions. The energy of the analyzing beam is 1.4 MeV Heþ ions. Right (b) variation of fD as a function of depth extracted from the analysis of RBS-C spectra with the McChasy code (lines superimposed to the spectra) in (a).
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Fig. 4. TEM Images, from left to right: virgin, 2.6  1015 cm2, 3  1016 cm2.



below, the major input data of RECD are the properties of elementary (point) defects in ZrC, i.e. their formation and migration energies as well as their tendency to cluster. We take these pieces of information from ab initio DFT calculations described below. One should be aware that the complete reproduction of the microstructure evolution of irradiated materials is a tremendous task because of the complexity and imbrication of the various phenomena taking place as well as the number of microstructural features one would have to consider. Thus, in order to apply the RECD framework to ZrC we made some simplifying assumptions. As explained in the previous section, ZrC samples contain a huge concentration of carbon vacancies, orders of magnitudes larger than any concentration of irradiation created carbon defects. This leads us to assume that the amount of carbon vacancies created by irradiation is negligible compared to native vacancies and symmetrically that the created carbon interstitials will always be created so close from a native carbon vacancy that they will readily recombine and disappear. This allows us to focus on the evolution of the concentration of zirconium vacancies, interstitials and clusters to describe the behavior of ZrC under irradiation. We can therefore use the mono-elemental modeling included in CRESCENDO. A second important assumption for the calculations is that the only mobile clusters are point defects: vacancies and interstitials. The RECD framework stipulates that the concentration of clusters of a given size evolves due to their own growth and shrinkage as well as the growth (resp. shrinkage) of clusters one size smaller (resp. bigger). Let us focus on interstitial clusters. They grow either by the addition of an interstitial or by the emission of a vacancy and shrink either by the emission of an interstitial or by the addition of a vacancy. The evolution of the concentration of interstitial clusters made of n mono-interstitials (In) depends therefore on eight terms (see Fig. 5).



Numerically, the evolution of the concentration of In in each slice therefore follows the following equation:



dCðIn Þ ¼ GIn þ JIn1 /In  JIn /Inþ1 dt



(1)



where GIn is the so-called source term describing the direct creation of such clusters by irradiation and JIn1 /In is the total ﬂux between clusters of size n1 and n. This ﬂux has an interstitial (JIIn /Inþ1 ) and a vacancy part (JIVn /Inþ1 ).



JIn 1/In ¼ JIIn1 /In þ JIVn1 /In



(2)



Each part has a absorption component (driven by a factor b) and a thermal emission component (driven by a factor a).



JIIn1 /In ¼ bn1;I CðIn1 ÞCðIÞ  an;I CðIn Þ



(3)



  JIVn1 /In ¼  bn;V CðIn ÞCðVÞ  an1;V CðIn1 Þ



(4)



The absorption term depends on the concentrations of the captured mobile and capturing immobile species, while the emission efﬁciency depends only on the concentration of the immobile emitting species. Stationary solution of Fick's law of diffusion leads to the following expression for the absorption factor



  bn1;I ¼ 4pDI rI þ rIn1 þ d



(5)



In this expression DI is the diffusion coefﬁcient of monointerstitials, rI and rIn1 are the radii of mono-interstitials and clusters and d is the capture distance. Detailed balance enforces the following relations between b and a:



Fig. 5. Schematic evolution of the concentration of clusters containing n interstitials (In). Flux components coupling In with clusters containing one less (In1) and one more (Inþ1) interstitials are indicated by arrows on the left and the right. Flux components due to mono interstitials (resp. mono vacancies) are indicated on the upper (resp. lower) parts of the ﬁgure. a and b indicate the emission and capture ﬂux components respectively.
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an;I



bn1;I ¼ exp Vat:







b En;I



!



kB T



(6)



In this expression appear the temperature (T), the atomic volume (Vat) and the binding energy between the mono-interstitial and the cluster. This energy is counted positive for an effective binding of the interstitial to the cluster. The equation for the evolution of the concentration of monointerstitials is slightly more complex. First as they are mobile species, their evolution depends on the possibility of their emission and capture by interstitials or vacancy clusters (second and third terms in right hand side of equation (7)). Second, they can recombine with vacancies to annihilate (last term of equation (7)) and ﬁnally the association and dissociation of two mobile monointerstitials to form a di-interstitial (I2) has a speciﬁc factor 2 (fourth and last term of right hand side of equation (7)).



X X dCðIÞ ¼ GI  JIIn /Inþ1 þ JVI n /Vnþ1  2b1;I CðIÞCðIÞ dt n>1 n>1  bV;I CðIÞCðVÞ þ 2a2;I CððI2 Þ



(7)



The recombination efﬁciency is governed by:



  bV;I ¼ 4pðDI þ DV Þ rI þ rIn þ d



(8)



Equivalent equations can be written for vacancy clusters [13]. As noted above, we use the 1D version of the code where the space is divided in homogenized slices. Mobile species (mono-vacancies and interstitials) exchange between adjacent slices by diffusion (see Jourdan et al. [13] for implementation details). In practice, in the present calculations, slices are 31.7 nm thick normal to the surface. The above equations depend on a small number of parameters: - The diffusion coefﬁcients of mono-interstitials and vacancies. Zheng et al. [14] calculated the formation and migration energies of these defects. They used the VASP code [15,16] in the DFT framework with a Generalized Gradient Approximation functional as parametrized by Perdew, Burke and Ernzerhof [17]. In particular they found energies of 5.4 eV and 0.47 eV for the migration of vacancies and interstitials, respectively. We checked the value of these energies with our own DFT calculations (see below). Diffusion coefﬁcients are obtained from these migration energies assuming a constant prefactor of 1013 Hz. - The tendency of defects to cluster appears in the binding energies related to a and b parameters. To obtain these binding energies we performed DFT calculations using exactly the same DFT framework and code as Zheng et al. VASP [15,16]: calculations were performed using a 3  3  3 supercell containing 216 atoms in its defect free conﬁguration. From calculated energies with one or two defects, we extracted energies of 0.25 eV and 1.2 eV for the binding of two vacancies and interstitials, respectively. On the other side of the cluster size spectrum, the binding of a point defect to a large cluster is known to tend to the formation energy of the point defect. To connect these two limits we use a capillary law [13,18]. - The radii of clusters are deduced from the assumption that vacancy clusters are spherical cavities while interstitial clusters are (100) planar dislocation loops. Note that the inﬂuence of the functional form of these radii is found to be quite marginal. - The recombination distance d is assumed to be constant for all cluster types. With DFT calculations we checked that the ﬁrst neighboring vacancy and interstitial are in unstable positions while a recombination barrier exists for the second neighbor
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interstitial-vacancy pairs. To account for the possibility that this barrier may be lower than that existing between more remote defects, we chose the recombination radius to lie between 1 nm and 2 nm distance between vacancy and interstitial sites. We ﬁxed it at the ﬁrst neighbor distance between regular zirconium sites in ZrC (0.39 nm) The last term appearing in the evolution equations is the socalled source term which describes the creation of defects directly by irradiation. We reproduced the evolution of ZrC with the experimental irradiation conditions used in the experiments: 1.2 MeV Au ions at room temperature. The particle ﬂux has been ﬁxed at its experimental average value of 1011 cm2.s1. Calculations rank from 1011 cm2 to 1017 cm2 thus bracketing the experimental ﬂuences. Cascade simulations have shown that ion irradiation-induced primary damage consists of point defects or very small dislocation loops [19]. As a crude approximation we approximated the source term by a simple creation of mono vacancies and interstitials. The amount and depth proﬁle of this source term have been deduced from SRIM [9] calculations in which we used displacement energies calculated with the same empirical potential [20] as in cascade simulations [19]: 92 eV for Zr and 61 eV for C. SRIM calculations do not consider the in-cascade recombination evidenced by MD simulations [21e24]. It is usually found that about one third of the defects predicted by SRIM survive for cascade energies beyond a few tens of keV. We therefore divided the number of created zirconium vacancies and interstitials by a factor of 3. Note that the present modeling of the irradiation neglects two effects. First, while electronic energy loss is naturally accounted for within the SRIM code to determine the implantation and defect proﬁles, its possible effect on the microstructural evolution is neglected. Such an effect has been documented in ceramics [25]. However zirconium carbide being a metal, one can reasonably expect that the effect of electronic energy losses is negligible. Second, the possible effect of the implantation of Au ions during irradiation is not considered in the present simulation. Such effect might be important at the highest ﬂuences used, i.e. far from the transition ﬂuence. At 1014 cm2 the maximum Au concentration is less than 104 per atom. 3.2. Simulation results RECD simulations provide the concentration of all clusters as a function of time t (or equivalently ﬂuence) and space, i.e. a distribution in size of vacancy and interstitial clusters is obtained for each slice of the material. Dealing ﬁrst with vacancies, one can note that, for all ﬂuences, negligible clustering takes place. The total concentration of vacancies is almost equal to the sole concentration of mono vacancies. However the concentration of vacancy does not evolve linearly with time indicating that it deviates from the simple accumulation of mono vacancies. Indeed recombinations with interstitials are very active and they slow down the rise of the vacancy concentration. At the lowest ﬂuence (1011 cm2) half of the created vacancies have recombined with interstitials. The concentration of vacancies then follows a power law as ~t0.6 up to very large ﬂuences (above the maximum experimental ﬂuence of 3  1016 cm2) where saturation is ﬁnally reached at a high value of 5.1021vacancies per cm3 for the maximum dose of 1017 cm2. Beyond the range of the source term, the concentration of vacancies remains zero. The evolution of interstitials is more complex. Fig. 6 shows the concentration of interstitial clusters as a function of their size for ﬂuences ranging from 1011 to 1017 cm2 for the second slice. This
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slice corresponds to a depth lying between 30 and 60 nm, i.e. at the maximum of the source term. The ﬁrst point to be noted is that, even at the lowest ﬂuence, interstitials have started to cluster, the most common cluster at 1011 cm2 containing 3 interstitials. When the ion ﬂuence increases several features can be observed: - The distribution of the cluster size shifts towards greater values. Correspondingly, the average cluster radius increases steadily with ﬂuence. At a depth of around 45 nm, it starts from 0.2 nm at 1011 cm2 and reaches 18 nm at 1017 cm2 (see Fig. 7). - The maximum concentration of clusters decreases but their total concentration slowly increases with ﬂuence. It ranks between 2 and 4  1017 cm3 (see Fig. 7). - The concentration of small clusters decreases with increasing ﬂuence (Fig. 6). For a given cluster size the concentration evolves as follows (inset of Fig. 6): initially no such cluster exists. After some irradiation time, clusters of this size start to form and they accumulate up to a maximum concentration for some ﬂuence; then, the evolution starts to invert: the concentration of such clusters decreases at the expense of larger clusters. Equivalent quantitative evolutions are observed for all slices corresponding to the damage peak, i.e. from the surface to 120 nm. Deeper in the material, slices experience a much smaller direct creation of defects. The source terms at 200 nm and 300 nm are 15% and 1% of their peak value, respectively. Beyond 320 nm no vacancies or interstitials are directly created by Au ion irradiation. Nevertheless one can see that interstitial clusters are formed deep in the material. While their concentration remains smaller than that calculated at the damage peak, their average radius increases to comparable values. A delay in time can be seen for obtaining a given size of cluster: the deeper the slice, the latter a given radius is reached. 4. Discussion A ﬁrst important point to mention is that the very different migration energies of vacancies vs. interstitials provide an explanation for the huge difference in the clustering behavior of these defects. The high migration energy of vacancies leads to negligible



Fig. 7. Total concentration of clusters (in cm3) as a function of their average radius (in nm) for various depths (in nm) and ﬂuences (in cm2). Continuous lines connect various doses for a given depth. Broken lines connect various depths for a give dose.



diffusion, so that vacancies do not move in depth beyond the area where they are created by the source term and they do not cluster. This last result is consistent with the absence of cavity in TEM observations even at very high ﬂuences. Conversely, the low migration energy of interstitials leads to a large diffusion coefﬁcient so that they move rapidly after creation. These movements give rise to the three following phenomena: - The recombination of interstitials with immobile vacancies; - The clustering of interstitials to form larger defects; - The long-range diffusion of mono-interstitials. The evolution of interstitial clusters is as follows: there is an initial kick off of the interstitial concentration at extremely low ﬂuences. However this increase in concentration is counterbalanced by the accumulation of both vacancies and larger interstitial clusters that create more and more traps for mobile interstitials. Detailed analyses of the ﬂuxes between interstitials and vacancies (not shown) indicate that the major source of pumping for the interstitials is the increasing concentration of vacancies. This decrease of the concentration of small clusters is not uncommon. Indeed, for metals. It has been predicted long ago by simple kinetic equations [26]. However the present case exhibits a peculiarity. In most materials the concentration of monointerstitials and vacancies rapidly reach a steady state [26]. In the present situation the steady state of the concentration of monointerstitials has not been reached yet even for the largest doses. Concentration of mono-interstitials therefore continuously decreases, leading to an effective interstitial starvation. The decrease of the concentration of smaller clusters after the initial rise proceeds from the same phenomena. Their nucleation is inhibited by the decrease of available mono-interstitials and these smaller clusters are pumped out through trapping of mono-interstitials, thus contributing to the growth of large clusters. Simulations provide a rationale for the experimental results. 4.1. New insights on the two-step damage evolution



Fig. 6. Concentration of clusters as a function of the interstitials number for integer ﬂuences (from 1011 cm2 to 1017 cm2). Inset: evolution of concentration of clusters of 2 nm as a function of integer ﬂuences.



The qualitative evolution obtained by RECD agrees with a large part of experimental results. First, it was shown that the elastic strain deduced from XRD diffraction begins to rise at low ion ﬂuence and then decreases above a given ﬂuence. This elastic strain is known to be mostly created by small (nanometric) interstitial clusters. This statement has been recently conﬁrmed by calculating the 2D scattered intensity distribution originating from virtual,
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large ZrO2 crystals containing different types of defects and comparing it to experimental XRD reciprocal space maps [27]. It was shown that small (0.5 nm in diameter) and extended (5 nm) defect clusters produce different, speciﬁc features in the maps that allow identifying them; in particular, small defects induce remarkable elastic strain. RECD shows that such nanoclusters are present at low ﬂuences. Similarly to the strain, the concentration of nanometric clusters ﬁrst increases with ﬂuence and then decreases at the expense of larger clusters due to small cluster starvation. Conversely, defects are visible by TEM only if their size is large enough. RECD simulations showed that such large clusters do not exist in the material at low ﬂuences and start to appear and grow only above a given ﬂuence (see below). Similar arguments hold to interpret RBS-C experiments though less directly. Actually, the sharp rise in fD during the second step of the damage accumulation build-up is concomitant with (i) the decrease of the strain measured by XRD and (ii) the appearance of visible damage on TEM images (also seen in MgO, UO2 and ZrO2), i.e. it is likely due to the formation of larger defects. Moreover, in a comparable material (ZrO2), an analysis of the damage level measured by RBS-C as a function of the energy of the analyzing beam was proven to be consistent with the creation of dislocation loops [2]. RECD results therefore agree qualitatively with the experimental observations. To go beyond the qualitative agreement, one should specify the minimal radius of defects visible by TEM. The exact value of this threshold radius for defects is difﬁcult to determine, but the smallest visible clusters in our TEM images have a radius of about 5 nm. Fig. 8 thus presents the total concentration of clusters with a size either smaller or larger than 5 nm. One can see that the small cluster concentration rises and then falls. At the ﬂuence where the drop takes place, larger clusters start to appear and then grow. The cross-over between the two concentrations is at 1.7  1015 cm3. This value is remarkably close to the experimental transition between the elastic strain and the damage detected by TEM or RBS-C which takes place at 5  1014 cm2. Traditional explanations of the experimental signals are conceptually based on the multi-step model used to ﬁt experimental data. This model oriented the analysis of experiments towards the existence of a transition in the defective state, i.e. a change in the nature of defects at the ﬂuence where the elastic strain is released and larger damage appears [7]. Present simulations show that there is no necessity to invoke an abrupt transition in the nature of damage to rationalize the experimental observations. The two-step transition in the damage evolution originates from the continuous growth of clusters by diffusion and clustering of mobile species, at the expense of smaller clusters, the concentration of which decreases at larger ﬂuences. 4.2. Explanation of the damage shift beyond the damage peak The long-range diffusion of interstitials explains the observation of damage beyond the depth directly damaged by the Au ion beam (see Fig. 1). Indeed diffusing interstitials create in-depth damage and allow clustering to take place beyond the area where they are created by irradiation. In simulations as in experiments, this indepth creation of damage is delayed in time (or ﬂuence) compared to the damaged area because only a small fraction of interstitials escape the direct damage area thus delaying the clustering and growth of clusters. To allow quantitative comparison between simulations and experiments, we assume that large clusters, i.e. of radius larger than 5 nm, should become visible in TEM experiments when their concentration exceeds 1015 cm3 in the calculations. This somehow arbitrary threshold has been chosen as follows. The width of TEM samples is about 80 nm; hus, the volume observed in the TEM images of Fig. 4 is about 1014 cm3
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Fig. 8. Upper panel: experimental strain and maximum RBS damage as a function of ﬂuence; lower panel: concentration of small and large clusters as a function of ﬂuence, threshold value ¼ 5 nm.



(center image). Because of the defects induced by the FIB preparation of TEM samples, there should be many irradiation defects for them to be visible, hence the choice of 1015 cm3 in the calculations. Note that the results depend very little on the choice of this limit concentration. Indeed, Fig. 6 that the distribution of cluster sizes is peaked at its larger side, so that once clusters of a certain size are formed their concentration increases extremely rapidly with dose. Moreover one can see in Fig. 7 that when the average radius of clusters reaches 5 nm their concentration is always larger than 1016 cm3. The maximum depth at which clusters of more than 5 nm radius are visible is then shown in Fig. 9. One can clearly see that visible damage extends deeper in the material with increasing ﬂuence. The depth accessible varies continuously with ﬂuence, as observed in experiments. However, the calculated ﬁnal depth is underestimated compared to the experimental one. As exempliﬁed in the ﬁgure by the dotted line corresponding to 3 nm, a smaller value of the threshold value for visible clusters would lead to an earlier apparition of the clusters and a deeper reach at large ﬂuences. The underestimation, in the calculations, of the depth reach of damage may also be related to the fact that the only mobile clusters in the simulations are the mono-interstitials and vacancies. Taking into account the possible migration of larger clusters would lead to
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5. Conclusion The behavior of zirconium carbide under room temperature ion irradiation has been experimentally investigated. Data were interpreted in the framework of a two-step damage process with an increase of the elastic strain in the ﬁrst step and a sharp release of the strain concomitant with the appearing of TEM visible damages and large RBS-C dechannelling in the second step, similarly to that occurring in other non amorphizable ceramics [2,5]. The damage then increases with increasing ion ﬂuence and spreads deep in the material beyond the layer directly damaged by irradiation. We modeled these evolutions using simple RECD equations with reliable input data, obtained from DFT calculations, for the migration and binding energies of defects. We showed that the two-step evolution seen in experiments stems from the growth of larger and larger interstitial clusters with a concomitant starvation of smaller clusters induced by the continuous accumulation of vacancies. The simulations also reproduced the evolution of the indepth damage in terms of long-range diffusion and clustering of mobile interstitials. Beyond the case of ZrC, the present simulations allow making qualitative predictions on the observed behavior of other ceramics. Actually, considering that in-depth damage relies on the long range diffusion of irradiation created defects, it should appear only in materials where diffusion coefﬁcients are large enough to allow such defect mobility. This appears to be the case in UO2 [5] and MgO [4] but not in ZrO2 [2]. The large migration energies of cationic point defects in ZrO2 [29] are consistent with the absence of indepth damage and a shift to high ﬂuence of the apparent transition. Indeed large defect concentrations are needed to enable clustering which will trigger the starvation of sub nanometric defects and the appearance of large clusters. Acknowledgments



Fig. 9. In depth evolution of damage. Upper panel, experimental results: Depth where the RBS-C damage is maximum (circles) and deepest reach of visible TEM damage (squares). Lower panel, simulation results: depth reach of large clusters, i.e. maximum depth at which the concentration of clusters of radius larger than 5 nm (solid line) e resp. 3 nm (broken line) e exceeds 1015 cm3.



diffusion of damage further away from the surface of the material. It is worth mentioning that RBS-C also predicts that the damage spreads deep in the material (see the evolution of fD as a function of depth in Fig. 3b and the position of the maximum of fD in Fig. 9). However, the damaged area appears to spread deeper as measured by RBS-C than as measured by TEM or calculated by RECD. To explain this apparent discrepancy, one should keep in mind that the damage distribution proﬁle in Fig. 3b is the result of a ﬁt of raw RBS-C data. This ﬁt has been performed using the basic assumption that damage consists of randomly displaced atoms. It has been shown that this assumption leads to unrealistic damage depth distributions extending too deep in the material [5,12,28]. Recent developments of the McChasy Monte Carlo code take into account two sources of dechanneling: randomly displaced atoms and bent channels which aim at simulating dislocation loops. With such a more sophisticated description the in-depth spreading of RBS-C damage still appears but to a lesser extent [28]. The fact that damage can be produced in materials far deeper than the depth where they are directly created by the irradiation was already established. We conﬁrm such phenomenon in the case of ZrC. RECD proves that this far reaching damage is due to the long-range diffusion of mobile defects.
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