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The epitaxial and homogeneous irradiation induced re-crystallization of amorphous MgAl2O4 was studied
by means of continuous Frenkel pair accumulation in the molecular dynamics framework. Present results
point out that the re-crystallization induced by Frenkel pair accumulation appears in both cases to be
thermally enhanced but non diffusive. It is governed by a local rearrangement of each point defect in
the homogeneous case, while spontaneous Frenkel pair recombination process in the crystalline part
or at the interface drives the re-crystallization in the epitaxial case.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Magnesium aluminate spinel MgAl2O4 is considered in the
nuclear industry as a potential inert matrix for minor actinides
incineration [1] due to its excellent radiation resistance. Radia-
tion-induced behavior has been studied extensively using both
experimental techniques [2–6] and recently numerous atomic
scale modeling [7,8]. It has been observed that the amorphous
(A) state may re-crystallize into a defective rock salt (NaCl) struc-
ture under electron irradiation [9]. The re-crystallization has been
observed to occur both at the amorphous/crystalline interface by
epitaxial (E) growth or directly in the A region by nucleation and
growth.

Radiation induced crystallization from amorphous state may
play a decisive role in the radiation resistance of materials. In fact,
it has been observed [10] that the irradiation flux and temperature
may be tuned to bring on either ion beam induced epitaxial crys-
tallization (IBIEC) or ion beam induced interfacial amorphization
(IBIIA). The rationalization of IBIEC has been done first by using
the classical nucleation and growth theory [11] and then recently
with microscopic models [12] based on the balance between the
evolution of crystallization due to point defects produced by irradi-
ation and the diffusive Frenkel pair (FP) recombination. The effect
of ballistic displacements induced by radiation is often invoked
as a driving process for the re-crystallization [9] at low tempera-
ture. This effect is nevertheless not included in current models.

In this study, we precisely focused on the ballistic displace-
ments effect upon the homogeneous and epitaxial re-crystalliza-
ll rights reserved.

: +33 1 6908 9221.
tion of amorphous spinel under non-diffusive annealing condition.
The non diffusive annealing may be due to the spontaneous Fren-
kel pair recombination process or the local relaxation of point de-
fects. The ballistic displacements were simulated by continuous
cation Frenkel pair (FP) accumulation in the molecular dynamics
(MD) framework.

2. Spinel structures

At low temperature the normal spinel (N-spinel) crystallizes in
the Fd3m (227) space group. The magnesium ions are at the tetrahe-
dral sites 8a while the aluminum ions are at the 16d octahedral sites.
The oxygen ions are organized as an fcc sub-lattice in the 32e sites
(see Figs. 1 and 2). Upon increase of temperature, the cation sub-
lattices are disordered [14]; with anti-sites i.e. Mg/Al site inversion.
The perfect disordering in the cation sub-lattice is attained for x =
2/3 in Mg1�xAlx(Al2�xMgx)O4. This will be referred as the disordered
spinel (D-spinel). When all the Mg ions lie in the 16d octahedral
sites, the tetrahedral sites being filled by Al cations, the structure
is called as inverse spinel (I-spinel) and can be written as Al-
[MgAl]2O4 [15]. Note that the oxygen ions keep their own site 32e.

As already mentioned, a defective rocks-salt structure has been
observed under electron irradiation. It can be described using the
other fcc sub-lattice built up by the 16c sites (see Figs. 1 and 3).
Both interpenetrating fcc sub-lattices 16c and 16d and the 32e
sub-lattice form a defective rock salt structure when the Al and
Mg cations are randomly distributed in the 16c and 16d sites.

Finally, there are two other tetrahedral special sites (48f and 8b,
see Fig. 1), that are interstitial sites for spinel as well as for the defec-
tive rock salt structure. They mainly remain empty during all the
simulations performed; and will not be considered in the following.
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Fig. 1. Schematic representation of the partial spinel structure in the (100) plane.
The (a) and (b) symbols indicate the axis of the conventional cell. The A, B and
oxygen (O) sites of the N spinel are plotted (see the text for details) along with the
octahedral vacancies (16c) and tetrahedral vacancies (8b and 48f).
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3. Simulations details

3.1. Molecular dynamics simulation of the states of references

The study was done in the framework of empirical potentials
molecular dynamic (MD) simulations with the two-body short-
range ionic interactions fitted by Morooka et al. [16]. They are com-
posed of a Buckingham potential and a Morse potential that com-
Fig. 2. Structure of the normal spinel from a [001] direction (left side) and the total radi
represent oxygen, aluminum and magnesium, respectively. (For interpretation of the refe
article.)

Fig. 3. Structure of the rock salt spinel from a [001] direction (left side) and the total radi
symbols.
plete the Coulomb interactions. Those potentials properly describe
the thermal expansion as well as the elastic properties as a func-
tion of temperature for MgAl2O4, but also for the end-members
MgO and Al2O3.

We further checked Morooka’s potentials by evaluating the rel-
ative energies of the different solid state phases that may appear in
MgAl2O4 under irradiation. This evaluation is necessary as unphys-
ical stability between the different phases may lead to unphysical
evolution of the structure under Frenkel pair accumulation. For
example, the structure may spontaneously transit towards the
amorphous state under FP accumulation if its relative energy is
lower than the N-spinel. The physical properties as well as the ra-
dial distribution functions obtained for each phase of spinel will
also be used as references for the on-line analysis of the evolution
of the structure during the accumulation of FP.

We used super-cells built up by doubling the lattice parameter
of the conventional cell along the three crystallographic directions,
obtaining a 448-ion cell, except for the case of epitaxial re-crystal-
lization. Thirty (30) different random configurations of the I-spinel,
D-spinel and NaCl-spinel were generated and the lattices were
relaxed by static energy minimization. Their relative energies, vol-
umes and bulk modulus, were obtained by averaging over the
thirty different configurations. We have also calculated the physi-
cal properties of the amorphous spinel (A-spinel). It was generated
al distribution function calculated at 300 K (right side). Red, blue and green spheres
rences to colour in this figure legend, the reader is referred to the web version of this

al distribution function calculated at 300 K (right side). See Fig. 2 for the definition of
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by quenching a 448-atom super-cell from 6000 K towards 300 K
with a linear cooling rate of 10 K/ps at constant pressure. This last
method has been demonstrated to be suitable [17] for the A states
generation. The properties of the A-spinel at 0 K were then calcu-
lated by static energy minimizations of the obtained A structure
at 300 K.

The calculated relative energies of the different phases of spinel
have been reported on Table 1. The N-spinel is the most stable,
while the A structure is the least stable state. The calculated values
are also in agreement with the available ab initio data [18]. Further-
more, we got consistent evolution of the bulk modulus, with a clear
decrease for the A-spinel. As for the volume, it shrinks starting
from N-spinel towards the I-spinel. More details on the relative
stability of the four different crystalline states are available in a
separate paper [19]. Concerning the A-spinel, the swelling is
underestimated (+2.3%) when compared with various experimen-
tal values obtained at different irradiations conditions [20], being
roughly 20%. Notice that Yu et al. [9] observed a shrinkage of about
10% when A-spinel is re-crystallized into a NaCl structure. The cor-
responding calculated value here is 3.6%. Finally, the bulk modulus
of A-spinel is by far lower than that of the N-spinel, in agreement
with the elastic softening due to amorphization observed by Deva-
nathan [21].

The N-, NaCl- and A-spinel calculated structures and their total
radial distribution functions (RDF) were reported on Figs. 2–4. Vi-
sual inspection from a [001] direction shown in the three figures is
sufficient to identify the structures. The NaCl-spinel shows almost
no cation in tetrahedral sites that makes a clear difference with the
N-spinel. Of course, the A-spinel shows no apparent structure
which can be easily identified visually. The total RDF of N-spinel,
Table 1
Physical properties of the different phases of spinel calculated using static energy
minimization

Volume (Å3) Bulk modulus
(GPa)

Energy
(eV/
ion)

Energy (eV/ion)
Ab initio [18]

Normal (N) 519.60 192.5 0.000
Disordered (D) 516.60 (�0.3%) 193.7 (+0.6%) 0.047 0.036
Inverse (I) 514.30 (�1.0%) 202.0 (+4.9%) 0.054 0.039
Rock salt (NaCl) 512.97 (�1.3%) 153.4 (�20%) 0.144
Amorphous (A) 531.60 (+2.3%) 139.9 (�27%) 0.183

The properties were averaged over thirty (30) random configurations for D-spinel, I-
spinel and NaCl-spinel. The normal (N)-spinel has been taken as a reference for the
energy differences between states. The percentages refer to N-spinel structure.

Fig. 4. Structure of the amorphous spinel from a [001] direction (left side) and the total ra
of symbols.
NaCl-spinel and A-spinel are very different from each other, too.
The N-spinel shows sharper peaks compared to the NaCl-spinel.
The total RDF of the A-spinel (Fig. 4) is almost flat for distances
higher than 4 Å, as expected. Those differences will be used for
the on-line analysis of these states.

In summary the relative energies, the total radial distribution
function and the visual inspection of the structure may be used
to identify the transition of the spinel structure under cation Fren-
kel pair accumulation.

3.2. Re-crystallization simulations

We have used two different starting states for the re-crystalliza-
tion process induced by Frenkel pair (FP) accumulation. The start-
ing structure for the homogeneous re-crystallization was a 448-ion
A-spinel previously obtained by quenching using the procedure al-
ready described. The A-spinel was checked to be stable in the tem-
perature range of 30–1800 K for simulation time of 1 ns. An 896-
ion super-cell composed of half A-spinel and half NaCl-spinel vol-
umes was used for simulating the epitaxial re-crystallization. We
use the NaCl-spinel instead of the N-spinel ground state structure
as it has been shown elsewhere [19] that the steady state under FP
accumulation is the NaCl-structure. This interfacial configuration
was confirmed to be stable in the temperature range of 30–
1000 K for a simulation time of 1 ns.

The irradiation induced re-crystallization of the amorphous
states of MgAl2O4 has been simulated by means of continuous cat-
ion FP creation in the amorphous phase and on the interfacial con-
figuration with MD simulations in the NPT ensemble, using a
method similar to the one used by Crocombette et al. [13]. In both
cases, the cation Frenkel pairs are introduced one after another. For
each FP introduction, one cation was randomly chosen and was
displaced (its coordinates only were changed) randomly to an
interstitial site. In the amorphous spinel, the interstitial is defined
as a site located further than 1 Å distance from any other atoms of
the cell. This process was done in the temperature ranges defined
above, depending on the starting configurations. The target tem-
perature was strictly maintained using a Nosé-Hoover thermostat
in order to remove the excess of thermal energy produced by the
introduction of FPs in the system. Such a method avoids any local
heating caused by the FP production in the cell throughout the
simulations. We assumed 1 ps and 10 ps for the time intervals be-
tween subsequent FP introductions. They correspond, respectively,
to dose rates U of 5 � 109 and 5 � 108 displacements per cation per
second (dpc/s) for a 448-atom cell. Those values of U are far higher
dial distribution function calculated at 300 K (right side). See Fig. 2 for the definition



Fig. 5. Left: Evolution of the cell parameter (black line at the top of the figure), radial distribution correlation function F (green line, shifted and renormalized to meet the
required scale, see the text for the definition) and enthalpy (black line at the bottom figure) as a function of the dose r (in dpc, displacement per cation), for a dose rate / of
5 � 109 dpc/s, starting at 0 dpc, from the A state of the spinel at 300 K. The black, green and red horizontal lines indicate the reference enthalpy (bottom) and cell parameter
(top) values for N-, NaCl- and A-spinel, respectively. The homogeneous re-crystallization is indicated by the vertical green line at 4.2 dpc. Right part: radial distribution
function (RDF) of N-spinel and A-spinel at different doses corresponding to the left part. At 0 dpc, spinel is in the A state, while it is in the NaCl structure at 4.5 dpc. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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than the maximum dose rate that may be attained in experiments
(10�3 dpa/s). Such short time intervals between FP introductions
prohibit any long range migration, while it allows the FP to recom-
bine spontaneously or to relax each defect locally. The analysis of
the evolution of the cell structure as a function of dose D was done
just before each FP creation. The structure analyzed is conse-
quently the one obtained after relaxation of the previous FP crea-
tion during the interval of FP introduction. The transition of the
structure was identified first by visual inspection, as the different
phases may be easily identified (see Figs. 2–4). The analysis of
the structure was checked by following the evolution of the enthal-
py and the cell parameter (or the cubic root of the volume) as a
function of dose. We also cross-controlled the analysis using the
total radial distribution function (RDF). The average RDF was calcu-
lated by averaging 10 different analysis steps before the concerned
value of dpc. The full crystallization of the cell was deduced by cal-
culating the difference between the averaged RDF shifted by 10
times the period, using the following function F:

FðtÞ ¼
Z 10

r¼0

X10

i¼1

RDFðr; t þ iþ 10Þ=10�
X10

i¼1

RDFðr; t þ iÞ=10

�����
�����dr;

where r is the radius (in Angström) of the RDF, t is the time (in per-
iod of FP introduction). Such a function F(t) remains constant when
the RDF is unchanged as a function of time. It shows a peak when a
change occurs in the RDF (e.g. transition from A- towards NaCl-spi-
nel, see Fig. 5 for an illustration).
4. Crystallization induced by Frenkel pair accumulation

At all the temperatures considered (i.e. from 30 to 1800 K) and
whatever the FP production rate U considered, the A state of MgA-
l2O4 homogeneously re-crystallizes in the NaCl state when submit-
ted to FP accumulation beyond a critical dose quoted DC. As an
example, one may observe in Fig. 5 (left part) the evolution and
transition of the enthalpy, the cell parameter and the function F
as a function of r when FP are accumulated with 1 ps intervals
at 300 K in the A state. The total energy as well as the cell param-
eter oscillates during the FP accumulation up to 3.6 dpc, since
some very energetically unfavorable FP increase the both parame-
ter for very short time. The corresponding RDF during the accumu-
lation regime shows the A state (as an example is shown in Fig. 5
right part and quoted as 0 dpc for the starting A state). For both
energy and cell parameter, there is a clear transition at around
3.6 dpc to some energetically more stable state. The small peak
at 3.6 dpc of the function F indicates that this state takes a local
crystallographic modification. The corresponding RDF (4 dpc in
Fig. 5) indicates that the structure is partly crystallized since some
peaks appear in the range r < 8 Å. Visual inspection of the structure
shows that some parts of the super-cell contained small NaCl type
crystallites with grain boundaries between them. The main crystal-
lographic transition from the A state towards a full NaCl super-cell
occurs at 4.2 dpc, as the function F draws a significant peak. The
RDF function at 4.5 dpc (Fig. 5) shows more extended structural
correlation over 10 Å. This crystalline state remains stable when
subsequently submitted to FP accumulations up to 10 dpc. This re-
sult along with the results obtained in Ref. [19] confirms that a
steady state crystalline NaCl type structure has been obtained un-
der continuous accumulations of cation FP. This assertion is true in
the present simulation whatever the temperature or the dose rate
considered.

Since a NaCl type crystal is obtained by the homogeneous re-
crystallization, we next considered the epitaxial re-crystallization
of the A-spinel on the NaCl-spinel. Re-crystallization towards the
NaCl state was also obtained beyond a certain dose of FP accumu-
lation, at all the temperatures considered. No small crystallites
where detected in any of those epitaxial cases.

Using the criteria mentioned above for the re-crystallization
detection, the values of DC for the two different FP production rates
were obtained as a function of temperature, as shown in Fig. 6 for
the H (homogeneous) case and the E (epitaxial) one. A clear trend
appears that DC decreases with temperature. We recall that the re-
crystallization observed in the present simulations both for the H
and the E cases is not induced by any local heating since the target
temperature is strictly maintained and since the A states are stable
at temperatures considered for both H and E cases. No thermal



Fig. 6. Dose of re-crystallization of the A-spinel (homogeneous (H) case; left part) and of the epitaxial amorphous/ crystal spinel (epitaxial (E) case; right part) as a function of
temperature.
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diffusion of the point defects is allowed as the period of FP intro-
duction is too short (whether 1 or 10 ps). It means that thermally
activated crystallization rate and/or thermally activated annealing
(whether Frenkel pair recombination or local reorganization) con-
tribute to the re-crystallization process.

Furthermore, we can compare the homogeneous and epitaxial
re-crystallization doses DC, as the amorphous volume re-crystal-
lized is the same (448-atom amorphous cell) in both cases. One
can observe in Fig. 6 that the values of DC are far lower in the E case
than in the H case. This is consistent with the fact that experimen-
tal observation of H re-crystallization is very seldom. It also means
that E and H re-crystallization may be interpreted independently
in the present simulations. The other main characteristic of those
results is that the critical doses DC for re-crystallization depend
upon the FP production rate U. The higher U requires the lower
DC in the H case (DC /Ub with 0 < b < 1). This trend is reversed
in the E case (DC / 1/Ub with b > 1). It is, therefore, straightforward
that different microscopic mechanisms pilot the re-crystallization
of spinel in the homogeneous nucleation and growth and in the
epitaxial processes. Following the proposed model from Heera et
al. [12] (equation 15 in their paper), we may deduce that homoge-
neous re-crystallization is driven by the local reorganization in-
duced by the cation displacements while in the epitaxial case the
re-crystallization is governed by the Frenkel pair annealing.

5. Conclusion

We have shown in the present work that the homogeneous and
epitaxial irradiation induced re-crystallization can be simulated by
means of Frenkel pair accumulations in the molecular dynamics
simulation framework. The re-crystallization observed in the pres-
ent simulations is not induced by any local heating since the target
temperature is strictly maintained and since the A states are tem-
perature stable for both homogeneous (H) and epitaxial (E) cases.
Furthermore, no thermal diffusion of the point defects was allowed
since the periods considered for Frenkel pair introduction are too
short (1 or 10 ps). Consequently, ballistic displacements counter-
acted by non diffusive annealing are the mechanisms that kineti-
cally induce the re-crystallization. This is consistent with the
suggestion advanced by Yu et al. [9]. Finally, we have identified
the different microscopic mechanisms that govern the homoge-
neous and the epitaxial re-crystallization. The first one is mainly
driven by local independent point defects reorganization, compa-
rable the observation done by Delaye and Limoge in a Lennard-
Jones glass [22] while the last one is rather driven by FP
recombination.
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