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Abstract MgAl,O, is commonly found in the normal
spinel structure with the Mg®" ions located in tetrahedral
sites and the AI*™ ions occupying octahedral sites. We use
atomic-level simulation to characterize the effect of
inversion on the elastic and thermal properties. Cation
ordering and volumetric changes tend to affect the structure
and properties in opposite ways, thereby compensating
each other up for up to 50% inversion. For higher inver-
sions, volumetric effects dominate. In the case of the
thermal conductivity, the effects of changes in the elastic
properties and thermal expansion essentially cancel over
the entire range of inversion.

Introduction

Oxide spinels are versatile compounds that are used in
electrical, optical, mechanical, and magnetic applications
[1]. For example, Mgln,O, is a promising transparent
electronic conductor [2], while MgAl,O,4 has been proposed
as a matrix for the storage of radioactive waste generated in
the nuclear fuel cycle [3]. MgAl,O4 has also been proposed
as a possible component of an inert matrix fuel (IMF) system
[4, 5]. Key performance metrics of IMF systems include
good radiation tolerance and high thermal conductivity.
Spinels are known to be very radiation resistant and their
mechanical properties are also robust under irradiation
[6, 7]. This radiation resistance, particularly of MgAl,Oy,,
has been attributed to both a high interstitial-vacancy

P. Shukla - A. Chernatynskiy - J. C. Nino -

S. B. Sinnott - S. R. Phillpot (PX)

Department of Materials Science and Engineering,
University of Florida, Gainesville, FL 32611, USA
e-mail: sphil@mse.ufl.edu

recombination rate [8] and to the ease with which they tol-
erate cation anti-site disorder while still maintaining crys-
tallinity [9, 10]. It is therefore of significant interest to gain a
better understanding of inversion and to characterize the
elastic, thermal expansion and thermal transport properties
of spinel-structured oxides as a function of the anti-site
disorder, or inversion.

Spinels belong to space group Fd3m (No. 227). The
general formula for the spinel compounds is AB,0,, where
A is usually a divalent cation and B is a trivalent cation. In
our case, A is Mg” and sits on 8a tetrahedral sites, while B
is AI>™ and occupies the 16b octahedral sites. The cubic
unit cell thus contains eight formula units for a total of 56
ions. This unit cell can be considered as consisting of eight
cubic subunits as shown in Fig. 1. In the fully inverted
structure, all the occupied tetrahedral sites contain B ions,
while one half of the octahedral sites contain A ions; the
other half are occupied by B ions. For an excellent review
on the spinel structure the reader is referred to the paper by
Sickafus et al. [11].

For AB,O,, inversion involves the exchange of A and B
ions and is quantified as the ratio of the number of A
cations sitting on B sites to the total number of A ions in
the system. Different spinel-structured materials exhibit
different degrees of inversion, depending upon the cation
radius ratio and their charges [8]. To elucidate the effect of
inversion on elastic and thermal properties, it is desirable to
scrutinize the system over the full range of inversion.
However, there is no single spinel material that experi-
mentally spans the whole range of inversion from normal
(i = 0) to completely inverted (i = 1). For example, nat-
ural MgAl,O,, which has been equilibrated over geological
times in the Earth’s crust, has an inversion value close to 0
[10]; however, synthetic samples exist over the range of
i ~ 0.1-0.3, with the degree of inversion depending on the
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Fig. 1 Cubic spinel unit cell with Mg (blue, medium sized), Al
(green, small) and O (red, large) atoms. The unit cell is divided into
eight subunits with Mg tetrahedral (blue) and Al octahedral (green) in
alternating sub-cells (Color figure online)

synthesis process [12]. To achieve i ~ 0.3 a sample has to
anneal for a few minutes at sufficiently high temperature
[13, 14]. Higher degrees of inversion (i ~ 0.6-0.7) can
also be achieved by neutron irradiation [8]. By contrast,
MgGa,0;, is typically found with i ~ 0.5, while MgIn,O,
is generally fully inverse (i ~ 1.0) [15].

Since no single system manifests the full range of
inversion, in systematically characterizing the properties it
is difficult to decouple the effects of inversion from those
of changing the composition of the system. Atomic-level
calculations and simulations provide the ideal vehicle to
separate these effects. Therefore, in this article we char-
acterize the structure, elastic properties, thermal expansion,
and thermal conductivity of a single spinel system over the
full range of inversion from i = 0 to i = 1. We focus on
MgAl,O, as a suitable model material.

Andreozzi et al. [12] reported the effect of temperature
on cation ordering in MgAl,O, and concluded that inver-
sion increases from i = 0.18 to i = 0.29 between 600 and
1,100 °C. Suzuki et al. [16] reported a transition temper-
ature (T, ~ 627 °C), around which thermal expansion and
bulk modulus show discontinuities. They also reported a
change in the Griineisen parameter around 7. In addition,
Suzuki and Kumazawa [17] reported a change in the
coefficient of thermal expansion with temperature. How-
ever, no experimental study has been able to unequivocally
separate the effects of temperature from inversion because
temperature largely determines the inversion.

As previously noted, calculations and simulations are
ideal tools to elucidate the effect of inversion. Density
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functional theory (DFT) and Monte Carlo (MC), along with
molecular dynamics (MD), have been used to investigate
the effect of inversion on MgAl,O,. For instance, Ball et al.
[10] used MD to show that the lattice parameter decreases
with inversion in MgAl,0,. Consistent with this study and
also with experiment, DFT calculations by Seko et al. [18]
found that inversion leads to an increase in density. Using
MC, Lavrentiev et al. [19] found that the degree of inver-
sion increases with temperature. Another MC simulations
by Seko et al. [18] also reported that the degree of inver-
sion depends on temperature. Thibaudeau and Debernardi
[20] used DFT perturbation theory to determine the phonon
spectra of normal MgAl,O, and calculated the Griineisen
parameter, which matched well with experiment. The only
simulation work that investigated the effect over the entire
range of inversion was by Li et al. [21], who showed how
cation ordering affects the mechanical properties, but
provided no explanation for the observed behavior. In this
article, we have extended the study of Li et al. [21], by also
characterizing the thermal transport properties. One of the
key performance metrics of candidate IMF materials is the
thermal conductivity, which should be at least as high as
that of UO,, the currently used nuclear fuel [22]. The
degree of inversion of MgAl,O, increases under irradia-
tion. However, the effect of this inversion on thermal
conductivity has not yet been determined: we do so here.

Simulation methodology

The ions in spinel are modeled as point masses that initially
sit at crystal sites with formal charges (gme = +2,
gal = +3, go = —2). The interactions between the ions
are described by the Coulomb potential supplemented by a
standard Buckingham potential [23] for the short-ranged
(up to 16 A), mainly repulsive interaction:

— C:
Ajiexp A [ 1
E I

The Buckingham potential is described by three
parameters: A, p, and C for each species pair. For these
simulations the parameters are taken from Ball et al. [10]
and are shown in Table 1.

There are various numerical techniques that effectively
compute the Coulomb energy; we use the charge neutral-
ized direct summation method [24] because of its compu-
tational efficiency.

The elastic properties of normal MgAl,O, were calcu-
lated and compared with DFT calculations and experiment
[21, 25] (see Table 2). Other experimental studies have also
reported similar values [16, 26, 27]. It is evident that the
elastic constants and moduli calculated with the potential
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Table 1 Buckingham potential parameters (Mg and Al interact only
via Coulombic repulsion)

Atom,—Atom, A (eV) p (A) C (eV A%
Mg-O 1279.69 0.2997 0.00
0-0 9547.96 0.2240 32.0
Al-O 1361.29 0.3013 0.00

Table 2 Comparison of elastic constants, bulk modulus, B, and shear
modulus, G, for normal MgAl,O4 as calculated by DFT and in
atomistic simulations with the interactions described by the Ball
potential

Prop. (GPa) Exp. [24] DFT [21] MD
GGA LDA

Cyy 282.5 249 274 405

Cip 154.9 140 152 212

Cyy 154.7 140 159 186

B 197.4 176 193 276

G 109.2 98 110 136

are larger than the experimental values or those determined
by DFT; in particular Cy; is larger by more than 40%, which
has a corresponding effect on the bulk modulus. This
overestimation does not affect, however, the validity of our
study, whose aim is to capture the trends in the thermal and
mechanical properties as a function of inversion, rather than
to make quantitative predictions. As discussed in the results
section, the qualitative trends in the mechanical properties
are very well captured, matching the results of the DFT
study by Li et al. [21] and another MD study by Chartier
et al. [28].

An inverted structure could be created from the normal
MgAl,Oy structure in two different ways: (i) the Al and Mg
cations could be directly interchanged or (ii) the Al ions
could move to vacant tetrahedral sites while the Mg could
move to vacant octahedral sites. The DFT calculations by
Gupta [3] showed that direct cation exchange is energeti-
cally more favorable. In our simulations, we therefore
simply exchanged randomly selected Mg and Al atoms to
generate the inverted structures. Since we do not have
experimental information on possible ordering in inverted
structures, we generated ~ 7,000 structures for each
inversion value via random cation interchange, identified
the three lowest energy structures, and used them for our
subsequent simulations. The large number of structures for
each inversion maximizes our chances of identifying the
energetically most favorable structure.

To optimize the structure and determine thermal
expansion, we used lattice statics and lattice dynamics at
the level of the quasi-harmonic approximation, as imple-
mented in the General Utility Lattice Program (GULP)

[001] direction

E—

Heat source Heat sink Heat source

Fig. 2 Schematic of 3-D periodic simulation cell for thermal
conductivity simulations

[29, 30]. The thermal conductivity was calculated using
MD methods. The thermal conductivity simulations mimic
a simple experimental setup with one end in a heat bath and
the other in a heat sink. The cooled and heated regions are
placed at the center and end of the periodic cell, respec-
tively, thereby setting up two identical heat currents, as
illustrated in Fig. 2. This methodology is explained in
detail by Schelling et al. [31]. The temperature gradient
(VT) for a given heat current (J) is determined, from which
the thermal conductivity (k) is calculated using Fourier’s
Law:

J=—kVT. (2)

Effect of inversion on structure, thermal expansion,
and elastic properties

Defects play a major role in materials properties. In the
spinel structure, the connectivity of oxygen sublattice
remains intact during inversion, though the oxygen ions
may displace from their positions in the normal structure.
Thus, the cation distribution governs material properties
[3]. To investigate the effect of inversion on the cation
distribution, we started with the simplest system: one anti-
site pair. The Mg ions are larger than the Al ions; thus Al
on a tetrahedral (T) sites generates a compressive stress,
while Mg on an octahedral (M) site generates a tensile
stress. Due to the asymmetry of expansion (M sites) and
contraction (T sites) in cation—oxygen bonds, these local
stresses have different magnitudes. Figure 3 captures the
effect of the spacing between the cations in an anti-site pair
on the formation energy for a single anti-site pair. It is
evident from Fig. 3 that the anti-sites prefer to be in close
proximity. This is physically reasonable since when the
anti-sites are close to each other they form a stress dipole,
thereby largely compensating each other’s strain fields.
Figure 4 shows that the lattice parameter decreases with
increasing inversion in a manner similar to that reported by
Andreozzi et al. [12]. This increase in density with
increasing inversion can be qualitatively understood in
terms of a simple picture of the bond strength as a function
of bond charge. In normal spinel, a T site is occupied by
Mg " with four O~ neighbors, while an M site is occupied
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Fig. 3 Formation energy for single anti-site pair as a function of the
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Fig. 4 Effect of inversion on lattice parameter

by A>T with six O?~ neighbors. Each cation shares 1/2 ¢~
with each neighboring oxygen on both T or M sites. On
inversion, AI’* on a T site has four neighboring oxygens,
so it shares now 3/4 e~ with each neighboring oxygen, an
addition of 1/4 e~ per bond. Similarly, Mg>" on the M site
has six neighboring oxygen ions thus sharing 1/3 e™, a loss
of 1/6 e, compared to non-inverted spinel. Thus, the
decrease in Al-O bond length at T sites is larger than the
increase in Mg—O bonds at M sites. This in turn should
produce an overall densification of the spinel upon
inversion.

The inversion in a sample is mainly controlled by the
temperature. Thus, experiment cannot separate the effects
of temperature and inversion on material properties (e.g.,
elastic properties, transition temperature, bond length, and
volume). In simulation, however, these two effects can be
manipulated independently. Since the experimental data
span a narrow range of inversion (i = 0.16-0.29), we
compared the change in the lattice parameter for the same
range of inversion to our MD data. Experimentally the ratio
of the T = 1,173 K, i = 0.25 lattice parameter to the
T=2873K, i=0.18 is 0.9998 [12]. This suggests that
inversion negates the expansion by temperature increase.
From Fig. 4 we see that at 7T = 0 K, the i = 0.25 system
would have a lattice parameter of 99.95% of the i = 0.18
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system. However, the effects of thermal expansion are such
that the ratio of the 7= 1,173 K, i = 0.25 lattice param-
eter to the T =873 K, i = 0.18 is 1.0015; thus the con-
traction associated with inversion (see Fig. 4) and the
thermal expansion almost cancel as they did experimen-
tally. This strongly suggests that the simulations are cap-
turing the same fundamental physics as the experiments.
Furthermore, the trends observed in experiments [12] and
in DFT calculations [18] are similar to those in the MD
simulations. As we shall see this densification with inver-
sion affects other physical properties of the system.
Figure 5a shows the cohesive energy of MgAl,O, as a
function of inversion. Consistent with the normal state
being stable, the energy increases with inversion. From this
data, it is possible to determine the formation energy for
each additional anti-site; this is shown in Fig. 5b. It is
evident from Fig. 5b that up to i ~ 0.375, the energy
required to form new anti-site defects is almost constant.
Equivalently, it can be said that at these low inversion
levels, existing defects neither make it easier nor harder to
form additional anti-site defects. Conversely, beyond
i = 0.375, it becomes significantly easier to form new
defects, with the defect formation energy decreasing by
~25%. This decrease in formation energy can be under-
stood in terms of the effects of the anti-site defects on the
local strain. At low inversion, the local strain produced by
interchanging Mg and Al cations is small, and is easily
relieved, thus not affecting the formation energy for the
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Fig. 5 a Cohesive energy as a function of inversion and b anti-site
formation energy as a function of inversion
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next anti-site pair to form. As the inversion increases,
however, cation disordering increases and structural
relaxation is not able to relieve the strain dipole. Such un-
relieved strain dipoles lower the energy required to form
strain dipoles of opposite orientation. As a result, the anti-
site formation energy actually decreases. This complex
effect of inversion is also reflected in the elastic properties.

For a typical solid, the bulk modulus increases as the
system becomes denser due to the rapidly increasing
interatomic repulsion. Based on this argument, we would
expect the bulk modulus to increase monotonically with
inversion. As the crosses in Fig. 6 indicate the behavior is
actually more complex, the bulk modulus initially decrea-
ses slightly, levels off, and then increases rapidly above
i = 0.5. A similar strong dependence of the bulk modulus
at high inversions in MgAl,0O, was also reported by
Chartier et al. in their MD simulations [28].

The volume dependence of the bulk modulus can be
understood in terms of the separate contributions of
inversion to cation ordering and to volume change. To
dissect these effects further, each contribution was studied
separately; such a separation is not possible experimen-
tally, but is straightforward in simulation. First, the volume
of the system was fixed to that of normal spinel and the
bulk modulus was calculated as a function of inversion,
thereby picking out the effect of the cation arrangement on
bulk modulus (filled circles in Fig. 6). Initially the bulk
modulus decreases with inversion, but then it levels off.
We already know that inversion causes shortening of AI-O
bonds and expanding of Mg-O bonds at inverted sites,
respectively. A similar effect of decrease in bulk modulus
with cation disordering was experimentally observed in
MgTi,05 [32]. In the case of single crystal MgTi,Os, the
decrease in bulk modulus was attributed to different com-
pressibilities of weaker Mg—O and stronger Ti—O bonds
and the way in which octahedra are arranged. Even though
MgTi,Os and MgAl,O, are structurally different, the
behavior of cation disordering are analogous in that they
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Fig. 6 Bulk modulus as a function of inversion, separating out the
volumetric and cation disorder effects

both display weaker Mg—O bonds under cation disordering.
Since this is primarily responsible for lowering bulk
modulus in MgTi,O5 for low inversions, it is most likely
also related to lowering of bulk modulus in MgAl,0,. The
levelling off of bulk modulus with inversion suggests the
limited effect of weak Mg—O bonds in MgAl,O,4, as
compared to MgTi,Os5 [32]. This also suggests that there is
an increasing effect of Al-O bonds with inversion. Since
the shortening of the AI-O bond has precisely the opposite
effect, we see a small increase in bulk modulus.

Second, the bulk modulus for normal spinel was cal-
culated as a function of volume (filled triangles in Fig. 6).
Using the relationship between the degree of inversion and
volume, we can plot the volume dependence of the bulk
modulus as a function of inversion to which that volume
corresponds (see Fig. 4). It is evident from Fig. 6 that
decrease in volume increases the bulk modulus monoton-
ically, consistent with the usual behavior of crystals. To
capture the combined effect of volume and cation ordering,
the average of these two is taken as an estimate for the
dependence of bulk modulus on inversion. As the triangles
in Fig. 6 clearly show, this prediction matches the actual
simulation results reasonably well. In particular, it shows
that the volumetric effect negates the effect of cation dis-
order essentially up to i ~ 0.375. For higher degrees of
inversion, further cation disorder has little effect, while the
volumetric contraction leads to an increase in the bulk
modulus. The other elastic properties were calculated as a
function of inversion, with results qualitatively consistent
with the DFT calculations by Li et al. [21].

The effect of inversion on thermal expansion is shown in
Fig. 7. In a similar manner to the bulk modulus, the ther-
mal expansion is only weakly dependent on inversion up to
i ~ 0.5, above which it decreases rapidly. In particular, the
bulk modulus and the thermal expansion are related
through the Griineisen relation:

e
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Fig. 7 Coefficient of thermal expansion as a function of inversion
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where C, is the specific heat and y is the Griineisen coef-
ficient, which measures the anharmonicity of the inter-
atomic interactions. Using simulated values of o, C,, and B,
y is calculated using Eq. 3. The dependence of 7 on
inversion is illustrated in Fig. 8 and suggests that inversion
affects y in the same way as it affects B and o, i.e., it is
largely unchanged up to i ~ 0.5, above which it changes
monotonically. The average value of y ~ 2 is consistent
with the value of 1.7 reported by Andreozzi et al. [12].

We recall that a key performance metric of a nuclear
fuel or inert matrix is a high thermal conductivity. We have
thus determined the thermal conductivity of spinel over the
full range of inversion, thereby sampling the full range of
environments that could be present in a spinel inert matrix
over its entire service life in a reactor.

The calculated thermal conductivity can depend quite
strongly on the size of the simulation cell by effectively
limiting the mean free path of the phonons. To determine
the infinite simulation cell size limit of the thermal con-
ductivity, we use the methodology of Schelling et al. [24].
In this method, systems of various lengths in z directions
were simulated for thermal conductivity. A careful analysis
yields the system size dependence on thermal conductivity,
which is given below as Eq. 4.

1 1 4P 4
K + . (4)
where k is the thermal conductivity of system size L,, k., is
the thermal conductivity in the infinite size limit, and P is a
constant. Accordingly, a plot of 1/L, versus 1/k, yields a
linear relationship, the intersection to y-axis of the plot
gives K.,. We performed the system size analysis in our
thermal conductivity calculations for all the spinel struc-
tures. As Fig. 9 shows in each case the simulation data are
well fitted by Eq. 4. The infinite system size extrapolations
to 1/L, = 0 are taken as our best estimates of the thermal
conductivity. The resulting dependence of the calculated
thermal conductivity on inversion is shown as diamonds in
Fig. 10. The rather weak dependence of the thermal con-
ductivity on inversion is quite surprising when viewed in
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Fig. 8 Dependence of the Griineisen coefficient on inversion
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terms of the thermal transport properties of defected
ceramics materials. In particular both experiments and MD
simulations of fluorite structure materials (e.g., yttria-
doped zirconia and hyperstoichiometric UO,) have shown
a strong decrease in thermal conductivity with even quite
low defect concentrations [33]. The key difference between
the spinel case and the fluorite structured materials is that
here disorder only involves anti-site defects, while for the
fluorites the disorder involved oxygen vacancies (zirconia)
and oxygen interstitials (urania), which presumably affect
the phonon properties and hence thermal conductivity
much more strongly.

We can understand this inversion dependence in a
quantitative manner, by recalling that the thermal con-
ductivity is given by [34]:

24 ()3 (k5\*  ©°
~Z B) Ma—.
10 2 \n) M )

Here, kg and h are Boltzmann and Planck constants,
a’ is the volume, M is mass per atom, and ©® is the
Debye temperature. Equation 5 is based on the Debye
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approximation, which assumes every phonon mode present
in the system is acoustic and contributes to the thermal
conductivity. It fairly well captures the picture for very
simple systems but as the structural complexity increases,
the actual thermal conductivity values deviate from the
predicted values. For our system, even though Eq. 5 cannot
be expected to quantitatively predict the thermal
conductivity, it still should still capture the qualitative
picture of how thermal conductivity changes with inversion.
In Eq. 6, the Griineisen parameter (), lattice parameter (a),
and ® may all vary with inversion. The dependence on
inversion of y and a were discussed above. The dependence
of the Debye temperature on inversion arises from the
changes in the density, p, B, and shear modulus (G) and can
be determined from

w6\ (1 /38 446\ 26\ 7\

0= 2 (22 (¢
2ﬂk<Vm> 3( 3p > +3<p> ’
(6)

Together, a, y, and ® are used to calculate the
dependence of x on inversion. Proportionality constant in
Eq. 5 is calculated by normalizing x for i = 0 to value
determined from the simulation; the same proportionality
constant is used for the thermal conductivity at all
inversion values in Fig. 10.

As Fig. 10 shows the dependence of the thermal con-
ductivity on inversion determined directly from the MD
simulations and from Eq. 5 are in reasonably good agree-
ment. Our trust in the qualitative picture offered by MD is
strengthened by the fact that the value of kx ~ 13 W/m K
at 500 K by MD compares very well with experimental
result of ~ 15 W/m K of Burghartz [22]. In particular, the
simulated and calculated values both predict that the
thermal conductivity of the fully inverted system should be
very similar to that of the normal spinel structure [22].

The thermal conductivity calculated from MD does
show a shallow minimum at i ~ 0.5, not predicted from
the anharmonicity analysis alone. Since inversion leads to
volume change and cation disorder, it is necessary to probe
both to understand this unusual behavior. To capture the
volume effect in isolation, we kept the volume constant at
the i = 0.0 value and generated structures for inversions of
i=0.5 and i = 1.0. Similarly, we generated a normal
structure with the lattice parameter of i = 1.0. The thermal
conductivity values are plotted in Fig. 11 and compared
with simulated values from Fig. 10. The data points
essentially overlap, indicating that the effect of density on
the thermal conductivity is negligible. To capture the effect
of cation arrangement on thermal conductivity, approxi-
mately 7,000 different structures with random arrange-
ments of cations were generated for each value of
inversion. The thermal conductivities were calculated for
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Fig. 11 Density effect on thermal conductivity for i = 0.0, 0.50, and
1.0

three different structures: the lowest energy structure, the
highest energy structure, and one structure with an inter-
mediate energy. The variation in the thermal conductivity
values between these three structures was <1%. This shows
that the degree of inversion affects the thermal conduc-
tivity, but the precise atomic arrangements do not.

The minimum in thermal conductivity as a function of
inversion can be attributed to the degree of disorder in the
system which, for the fluorites, led to a significant drop in
the thermal conductivity [35-37]. This disorder can be
characterized by the number of different configurations of
the defects in the lattice. For example, for i = 0, Mg and Al
occupy tetrahedral and octahedral positions and there is only
one way to arrange the cations. For one anti-site pair, in one
unit cell system, one Mg can be in any of the 16 possible Al
sites and also Mg can be chosen in eight different ways. The
multiplicity of these possible arrangements with inversion
can be expected to have an impact on thermal conductivity.
Figure 12 captures the variation of the number of possible
arrangement for each cation site with inversion. As we can
see, there is a maximum in the number of different defect
arrangements at i = 0.67, at which point the system would
display the maximum number of different scattering envi-
ronments. If there were no other effects, we would thus
expect this to result in a minimum in the thermal conduc-
tivity at i = 0.67. The thermal conductivity is actually a
minimum at close to i = 0.5 suggests that the disorder on
the A sublattice actually affects the phonon scattering more
strongly than the disorder on the B site. This can be
understood in terms of local strain produced at inverted
sites. As previously discussed, the T, sites experience
greater strain than the My, sites and thus affect material
properties to a greater extent. As inversion increases, T4;
experiences more chemical disorder; at i = 0.5 half are
occupied by Mg and half by Al; above i = 0.5 they become
more and more populated by Al ions.
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Fig. 12 Combinatoric analysis of the number of distinct Mg—Al
exchanges possible in 2 x 2 x 2 unit cell as a function of inversion

Conclusions

In this work, we have investigated the effect of inversion
on the lattice parameter, elastic properties, and thermal
properties of MgAl,O, by atomic-level simulations. The
decrease in volume with increasing inversion was consis-
tent with experimental findings. We observed that the anti-
site formation energy is constant up to i ~ 0.5. This was
also reflected in the small change of bulk modulus and
thermal expansion coefficient up to i ~ 0.5. The anhar-
ominicity in the interatomic interactions was calculated
from the thermal expansion coefficient and bulk modulus,
and was found to be only weakly dependent on the inver-
sion. This also led to the very weak dependence of the
thermal conductivity on inversion. Small decreases in the
thermal conductivity for intermediate values of inversion
were attributed to phonon scattering from the anti-site
defects. It was also found that the Al-O bonds at inverted
sites affected material properties to a greater degree than
Mg-O bonds. The near invariance in thermal conductivity
as a function of inversion is particularly significant for
nuclear application, since it means that the thermal con-
ductivity will remain essentially fixed under all realistic
radiation and storage conditions.
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