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Abstract We present a review of our past works and some new results on the molecular dynamics simulation of La2Zr2O7 pyrochlore phase transitions under irradiation. The transition sequence observed experimentally from ordered pyrochlore to disordered ﬂuorite then to amorphous is reproduced. New results, including simulations of electron diﬀraction images, are given on the relationship between oxygen and cationic disorder. We ﬁnd that there is no need to call upon preliminary oxygen disorder to reproduce the experimental diﬀraction patterns. Thermokinetics of the transitions are simulated by the continuous accumulation of cationic Frenkel pairs. The increase of the amorphization dose with temperature and the existence of a critical temperature are obtained. The leading role of Zr cation disorder is highlighted.  2006 Elsevier B.V. All rights reserved. PACS: 31.15.Qg; 34.20.Cf; 61.72.Bb; 61.80.x; 66.30.h Keywords: Pyrochlore; Molecular dynamics; Amorphization; Radiation eﬀects



1. Introduction Pyrochlores form an isostructural family of general formula A2B2O7 where A and B are metallic cations that can be either trivalent and tetravalent or divalent and pentavalent, respectively. This family has recently been the subject of numerous experimental and numerical studies [1], based on its scientiﬁc interest and potential technological importance. Indeed some pyrochlores are contemplated as inert matrices for industrial and military grade plutonium incineration or nuclear waste disposal. From a more fundamental point of view, they exhibit a range of behavior under irradiation, depending on their composition. Some readily amorphize (e.g. Gd2Ti2O7 [2]), other transit ﬁrst towards the ﬂuorite structure then amorphize with huge variations of the critical ﬂuence for amorphization depending on the compound (e.g. from 0.6 dpa for Nd2Sn2O7 to 4.4 dpa *



Corresponding author. Tel.: +33 1 69 08 92 85; fax: +33 1 69 08 68 67. E-mail address: [email protected] (J.-P. Crocombette).



0168-583X/$ - see front matter  2006 Elsevier B.V. All rights reserved. doi:10.1016/j.nimb.2006.11.019



for Ho2Sn2O7 under 1 MeV Kr+, at room temperature [3]). Others, among which most of the zirconates [4], never reach the amorphous state, which means that they only experience a crystalline phase transition from the pyrochlore to the so called disordered ﬂuorite structure (see below) without any subsequent amorphization. Lanthanum zirconate (La2Zr2O7) is the only known exception in the zirconate series. Indeed, after the pyrochlore to ﬂuorite transition, it amorphizes at low temperatures for doses around 1–2 dpa [4–6]. Available experimental data on the behavior of this material under irradiation include measurements of the variation of amorphization dose with temperature as well as transmission electron microscope (TEM) diﬀraction patterns along the transition path under irradiation. In the past few years, we have used numerical simulations within the molecular dynamics (MD) framework to study at the atomic scale the behavior of lanthanum pyrozirconate under irradiation. This paper is primarily built as a review of our former papers on the subject [7–11].
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However some new information are provided to clarify or highlight certain points. Altogether we are able to provide a complete picture of the behavior of La2Zr2O7 under irradiation. This picture relies on MD calculations only. It reproduces qualitatively and quantitatively the experimental observations. Indeed the sequence of phase transitions is reproduced and its details are clariﬁed, the thermokinetics of the transitions are simulated, namely the increase of the amorphization dose with temperature and the existence of a critical temperature are obtained within MD simulations. This allows us to rationalize the behavior of the material by exhibiting the physical phenomenon that pilots it. The present ensemble of works therefore constitutes a case study that may be generalized to other materials subject to phase transitions under irradiation. The criteria of applicability of the exposed methodology are discussed at the end of the paper. We start by recalling the characteristics of the empirical potential that has been used throughout the whole study. The second part deals with generic studies, meaning the studies that can be performed for any ceramic under irradiation, and then simulations of displacement cascades and Frenkel pair (FP) recombinations are presented. The rest of the paper exposes the results of speciﬁc studies that have been designed especially for the case of lanthanum zirconate. One tackles successively: • the clariﬁcation of the disordering sequence under irradiation, with some new focus on the relationships between oxygen and cationic disordering in the pyrochlore to ﬂuorite transitions and the simulations of TEM diﬀraction patterns allowing for direct comparison with experimental results; • the behavior of La2Zr2O7 under high concentrations of point defects which proves that the transitions can be induced by point defects; • the accumulation of cationic FPs which gives access to the thermokinetics of the transitions and allow comparisons with the experimental variation of the amorphization dose with temperature. Finally the results are analyzed and rationalized in terms of cationic FP recombinations whose kinetics proves to be the controlling parameter of the observed transitions. 2. Empirical potentials Empirical potentials of the Buckingham type are used to describe the bonding between atoms. The same parameters have been used throughout the whole study. They satisfactorily reproduce the three phases of interest: pyrochlore, disordered ﬂuorite and the amorphous state. Pyrochlore is an ordered form of the cubic MO2 ﬂuorite-like arrangement of atoms. Cations build a fcc network, with La and Zr lying along the opposite diagonals of the faces of the cube (see Fig. 1). The oxygen sub-lattice is cubic with an intrinsic vacancy surrounded by Zr atoms, in such a way
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Fig. 1. The A2B2O7 pyrochlore structure separated into cation and anion sublattices. The 8a site is an oxygen structural vacancy.



that LaO8 and ZrO6 polyhedrons are formed. Conversely, in the disordered ﬂuorite structure, cations as well as anions are randomly distributed in their sub-lattices. This leads to an occupation of 7/8th of the oxygen sites. The simulated amorphous phase of La2Zr2O7 has been generated by quenching from the high temperature melt. The interaction energy between ion types i and j can be expressed as follows: ! rij C ij 1 qi qj e 2 U ij ðrij Þ ¼ Aij exp ; ð1Þ  6 þ qij rij 4pe0 rij where rij is the inter-ionic distance, qi and qj are the formal charges of the ions (La3+, Zr4+, O2) and Aij, qij and Cij are adjustable parameters. Experimental data available for the ﬁt of the parameters are scarce. They were complemented by ab initio (from electronic structure) data calculated within the Hartree–Fock theory. Using the GULP code [12], a robust set of parameters (see Table 1) have been obtained for ordered La2Zr2O7. Structural and physical properties of pyrochlore are very well reproduced (see [7] for details). Moreover, special attention has been paid to the reproduction of the properties of the other La2Zr2O7 phases appearing under irradiation. Indeed it is of especially high importance that the correct energetic order of the diﬀerent phases is reproduced. The structural and energetic properties obtained for the disordered ﬂuorite and amorphous structures are indicated in Table 2. They compare satisfactorily with the data available for other pyrochlore compositions [10]. Displacement cascade calculations were performed in a cubic (8 · 8 · 8) supercell with the characteristic dimension ˚ , containing 152 064 atoms. All other simulaL = 129.66 A tions were done in a 704 atom simulation box built by Table 1 Parameters for the Buckingham potentials ﬁtted on experimental crystallographic data and Hartree–Fock calculated elastic constants ˚) ˚ 6) Interactions A (eV) q (A C (eV A Charges O–O La–O Zr–O



22764.0 1367.41 1478.69



0.1490 0.3591 0.35542



27.89 0.00 0.00



2.0 3.0 +4.0
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Table 2 Calculated data for the diﬀerent phases of La2Zr2O7 and comparisons with available experimental data on other pyrochlore compositions (see [10] for details and experimental references) La2Zr2O7 ˚ 3) V (A



Pyrochlore



Fluorite



Amorphous



315.4



311.0 (1.4%) +0.1%



341.6 (+8.3%)



Exp. Gd2Zr2O7 Gd2Ti2O7 B (GPa) Exp. Gd2Zr2O7 Gd2Ti2O7



+5 to +10% 191.4



DG (eV/atom) Exp. pyro-zirconates (Na, Ca)2Nb2O6(OH,F)



185.5 (3.1%) 13.7%



122.1 (36%)



0.093 
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