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Atomistic simulation of amorphization thermokinetics in lanthanum pyrozirconate Jean-Paul Crocombettea兲 CEA-Saclay, DEN/DMN/SRMP, 91991 Gif-Sur-Yvette, France
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共Received 28 September 2005; accepted 22 December 2005; published online 31 January 2006兲 The kinetics of amorphization in La2Zr2O7 pyrochlore is investigated using molecular dynamics simulations. Irradiation damage is simulated by continuous accumulation of cation Frenkel pairs at various temperatures. As observed experimentally, La2Zr2O7 first transitions to the fluorite structure, independent of the temperature, and amorphization occurs at low temperatures. A model fit of the simulated dose-temperature curve reproduces experimental results in the literature, with a low temperature amorphization dose D0 = 1.1 displacement per cation and an activation energy Eact = 0.036 eV. Present simulations indicate that point defect recombination can control the temperature dependence of amorphization driven by point defect accumulation. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2171651兴 Under irradiation, ceramics may experience amorphization, i.e., loss of long range crystalline order. This phenomenon has dramatic consequences on the macroscopic behavior of the material, as many mechanical, chemical, or physical properties are greatly altered in the amorphous state.1 One experimentally observes that, for a given material subject to amorphization, the irradiation dose needed 关as measured for a given irradiation in particle fluence or more universally in displacements per atom 共dpa兲兴 to reach the amorphous state varies with temperature. Starting from a low temperature value, the dose increases with temperature and then diverges at a so-called critical temperature, beyond which full amorphization becomes impossible.2 Rationalizations exist for this behavior, based on assumptions about the mechanisms responsible for damage accumulation and triggering of amorphization.3–5 They rely either on the existence of some direct impact creating amorphous areas within the collision-cascade track,3 or on the accumulation of point defects.4,5 However, from a fundamental point of view, the atomic mechanisms of amorphization are still unclear, especially regarding the thermokinetics of the processes. Molecular Dynamics 共MD兲 simulations have shown that single displacement cascades, depending on the material, may produce tracks of various nature ranging from fully amorphous 共e.g., zircon case6兲 to assembly of disconnected point defects 关e.g., in UO2 共Ref. 7兲 and SiC 共Ref. 8兲兴. But the temperature dependence of amorphization in ceramics has not been investigated using atomistic methods. In this letter, we present a MD study of lanthanum pyrozirconate 共La2Zr2O7兲 amorphization processes, simulated by continuous cation Frenkel pair 共FP兲 accumulation at various temperatures. La2Zr2O7 belongs to the pyrochlore structural family that is becoming increasingly important due to potential applications of some of its members, especially as possible a兲
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nuclear waste containment materials.9 Among zirconate pyrochlores, La2Zr2O7 is unusual, as it is the only zirconate that undergoes amorphization under irradiation. Experimentally, this amorphization occurs below room temperature and is preceded by a crystalline phase transition from pyrochlore to disordered fluorite in which both the anion and cation sublattices are disordered. Previous MD studies on this compound10,11 have shown that cascades produce point defects only and that the two phase transitions of lanthanum zirconate can be reproduced by concomitant introduction of cationic FPs. In the present work, an initial transition from pyrochlore to disordered fluorite is obtained, as observed experimentally, followed by an amorphization process at low temperatures with an amorphization dose that tends to increase with temperature and eventually diverges. Good qualitative agreement is obtained for the low temperature amorphization dose 共D0兲 and the so-called activation energy for recovery of amorphization. These simulations highlight that the increase of point defect recombination with increasing temperature may control the variation of amorphization dose with temperature. Empirical potentials of the Buckingham type are used to describe the bonding between atoms.10 These potentials allow a satisfactory reproduction of the pyrochlore, fluorite, and amorphous phases and their respective energy differences.11 An initial 704 atom pyrochlore structure box is constructed by duplication in each direction of the 88 atom pyrochlore unit cell. Cationic Frenkel pairs are introduced one after the other, and the structure is continuously allowed to relax at constant pressure and temperature. For each Frenkel pair introduction, one cation and one empty interstitial site are chosen randomly, and the cation is displaced to the empty interstitial site. The time between two subsequent FP introductions is 0.5 ps, which corresponds, for the time step of 1 fs that is used, to a FP introduction every 500 simulation
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FIG. 1. Concentration of defects 共left scale兲 and energy per atom 共right scale兲 as a function of displacement per cation at 400 K.



steps or roughly about 8 ⫻ 109 displacements per cation per second 共dpc/s兲. Between two subsequent FP introduction, the MD run proceeds with a Parrinello-Rahman12 algorithm to maintain room pressure and a Berendsen13 algorithm to maintain constant temperature. Different target temperatures were considered from 10 to 1500 K. The time parameter of the Berendsen algorithm that pilots the speed of the heat damping in the box was set to 25 fs. This somewhat small value is due to the high rate of FP introduction. Indeed, each FP introduces energy in the system, which has to be cooled down to the target temperature before the next FP introduction. The evolution of the crystal is followed in different ways. First, the atomic structure is plotted regularly for eye inspection. The total energy of the box as well as the concentration of the different kinds of defects 共vacancies, interstitials, and replacements兲 are also monitored. Defects are detected in the box under current study by direct comparison with the initial pyrochlore structure serving as a reference. Such direct comparison of the occupation numbers of the crystalline sites proves sufficient to properly define vacancies, interstitials and antisites. Only cationic defects are dealt with, even if experimental evidence exists that oxygen disorder may precede cationic disorder.14 However, we have shown previously that the latter control the oxygen defect states.11 Moreover, we checked that randomization of the oxygen positions among the 8a, 8b, and 48f positions do not induce any cationic displacement nor lead to amorphization. In the following, the results are presented and discussed in terms of evolution of these characteristics with the amount of FP introduced 共rather than time兲. As the box contains 256 cations, each FP increases the number of dpc by 1 / 256= 4 ⫻ 10−3. The longest runs 共5 ⫻ 106 time steps兲 correspond to some 40 dpc. The variation of defect populations and total energy 共kinetic plus potential兲 of the box are shown in Fig. 1 as functions of the number of dpc for a 400 K run. The evolution of the box can be described as a four stage process. Stage 1 共kick-off stage兲, dpc ranging from 0.0 to 0.1: The energy as well as the number of vacancies rise sharply. Stage 2 共accumulation stage兲: dpc ranging from 0.1 to 1.0: This second stage begins when the cation recombinations start to multiply. The number of vacancies saturates at a concentration of about 0.1, while the concentrations of replacements and antisites increase to 0.4 at 1.0 dpc. Visual inspection of the atomic structure during this phase shows a
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FIG. 2. Calculated amorphization dose for different temperatures 共circles兲. Triangles for temperatures beyond 950 K indicate that amorphization was never reached. The line figures the result of the fit with Eq. 共1兲.



progressive disordering of the cationic and oxygen respective arrangements within well preserved atomic rows. At the end of this stage, the atomic structure has completely transformed to the defect fluorite, in which cationic and oxygen lattices are fully disordered. Stage 3 共stability stage, dpc higher than 1.0兲: Starting from 0.8 dpc, the atomic structure may begin to undergo amorphization 共phase 4, later兲. In the absence of amorphization, one observes stage 3. The local concentrations of defects oscillate above 0.4 for replacements and antisites, and below 0.1 for vacancies and interstitials. Every cation is therefore in a defective 共or replacement兲 state. This is coherent with the fact that the number of dpc is by then larger than 1 so that all cations have been displaced from their original sites. Stage 4 共amorphization stage兲: During the defect accumulation process, the amorphization may or may not occur. When amorphization occurs, it is clearly evidenced by a supplementary increase of the total energy and concentration of vacancies, while the numbers of replacements and interstitials drop. Visual inspection of the atomic structure shows that the crystalline planes and rows are completely lost. The defect definition becomes irrelevant for these structures, and so the defect concentrations are insignificant when the amorphization is complete. After amorphization, no further evolution can be seen. We have arbitrarily defined the amorphization dose as the number of dpc at which the concentration of vacancies equals 0.5 共see Fig 2兲. The first and second stages of this evolution process are always present, independent of the temperature; and moreover, these first two stages are characteristic of the transition from pyrochlore to fluorite. The dose 共dpc兲 or cation Frenkel pair introduction needed to achieve the transition is roughly equal to 1 in all calculations irrespective of temperature. At higher doses, the occurrence of the stability and amorphization stages depends strongly on temperature. For very low temperatures 共10 K兲, the amorphization takes place rapidly after the transition to the defect fluorite structure 共about 0.8 dpc兲, i.e., just before the end of the accumulation stage. For intermediate temperatures, stage 3 proceeds until at some point the amorphization takes place. We observed that the number of dpc triggering the amorphization varies from one run to the other, even for the same target temperature. However, beyond this erratic variation, there is a clear
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TABLE I. Parameters of the fit for the variation of the amorphization dose with temperature. Comparison of present calculations with fits made in Ref. 16 on two experimental sets.



Eact 共eV兲 D0 Tc 共K兲



Present calculations



Ref. 16



Ref. 15



0.036 1.1 dpc 1094



0.02± 0.01 1.6 dpa 339± 49



0.04± 0.01 1.0 dpa 336± 16



tendency for the dose 共the number of dpc兲 needed to trigger amorphization to increase with temperature 共see Fig. 2兲. It ranges from about 1 to 2 dpc around 300 K and rises to about 10 dpc at 750 K. For temperatures above 1000 K, amorphization is not observed. In these cases, such calculations were continued up to 20 dpc and even 40 dpc for some test cases, and the amorphization did not happen. The present calculations therefore reproduce the behavior of lanthanum zirconate observed experimentally under irradiation. Starting from the pyrochlore structure, the material first transitions to disordered fluorite and then eventually amorphizes at low temperatures. The qualitative variation of the amorphization dose with temperature is also in good agreement with experimental results. To allow quantitative comparisons with the irradiation experiments, a model fit was applied to the calculated values of amorphization dose as a function of temperature and the results were compared with experimental amorphization dose expressed in dpa. It was assumed that the dpa value in the experiments 关as reported for 1.5 MeV Xe+ 共Ref. 15兲 and 1 Mev Kr+ 共Refs. 14 and 16兲 irradiations兴 can be directly compared to our calculated dpc. The fit was done using the conventional formula:3 ln共1 − D0/D兲 = C −



Eact Eact ln共1 − D0/D兲 = C − , k BT k BT



共1兲



where D0 is the amorphization dose at low temperature and Eact is a so-called activation energy. The results of the fit, made on all but one aberrant point 共7 dpc dose for 300 K兲, are given in Table I together with fitted experimental data.16 As expected from looking at Fig. 2, the calculated D0 value 共1.1 dpc兲 is in good agreement with the experimental values 共1.1 or 1.6 dpa兲, as are the activation energies. However, the critical temperature deduced from the simulation fit 共1094 K兲 is much larger than the experimental one 共around 330 K兲. However, Tc is dependent on the dose rate and can be expressed as:3 Tc = Eact/关kB ln共C/⌽兲兴, where C is the ratio of thermal jump frequency to damage cross section and ⌽ is the dose rate. Both Eact and C should be material constants. Assuming a value of C of 1015 dpc/ s, the high dose rate of the simulations 共8 ⫻ 109 dpc/ s兲 relative to the dose rate of the experiments 共⬃10−3 dpa/ s兲 suggests that Tc for the simulations should be about a factor of 3.5 larger than the experimental value, which is very consistent with the results. Thus, the simple amorphization model earlier provides rather consistent interpretation of the temperature dependence of amorphization for a difference in dose rates of 1012.



Generally, the increase of the amorphization dose with temperature is considered to rely on some thermal process activated at high temperatures. Many models exist for the thermokinetics of amorphization. Most of them 共see, Ref. 3 for a review兲 suppose the existence of some direct impact damage within the cascade track. These models cannot be used to rationalize the present simulations, as only point defects are introduced in the simulation box. Others,4,5 dealing with the accumulation of point defects, are more connected with the present situation. However, they consider that point defect diffusion processes are responsible for the variation of amorphization dose with temperature. Such processes do not happen in our calculations as the simulated time 共at most a few nanoseconds兲 is too small to allow diffusion processes. Our calculations prove that it is possible to obtain satisfactory thermokinetics for amorphization without calling upon diffusion processes, even in the present case of amorphization driven by point defect accumulation. Based on the present calculations, FP recombination processes are sufficient to control the amorphization behavior of lanthanum zirconate. Indeed in a separate study using the same MD simulation framework,17 spontaneous cation recombination as a function of temperature was calculated for La2Zr2O7 in the pyrochlore and disordered fluorite structures, and it was observed that the number of interstitial positions around a given vacancy leading to recombination increases with temperature, especially in the fluorite structure. This suggests that the activation of close pair recombination processes at higher temperature is responsible for the variation of the amorphization with temperature and eventually for the appearance of a critical temperature. Beyond the specific case of lanthanum pyrozirconate, present calculations suggest that point defect, nondiffusive, recombination processes may play a role in the variation of amorphization dose with temperature. 1
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