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Pyrochlores, a class of complex oxides with formula A, B,07, are one of the candidates for nuclear

waste encapsulation, due to the natural occurrence of actinide-bearing pyrochlore minerals and
laboratory observations of high radiation tolerance. In this work, we use atomistic simulations
to determine the role of surfaces, chemical interfaces, and cation disorder on the plutonium im-
mobilization properties of pyrochlores as a function of pyrochlore chemistry. We find that both
Pu3t and Pu*t segregate to the surface for the four low-index pyrochlore surfaces considered,
and that the segregation energy varies with the chemistry of the compound. We also find that
pyrochlore/pyrochlore bicrystals A,B,07/A% B, 07 can be used to immobilize Pu3t and Pu*t either
in the same or separate phases of the compound, depending on the chemistry of the material.
Finally, we find that Pu*t segregates to the disordered phase of an order/disorder bicrystal, driven
by the occurence of local oxygen-rich environments. However, Pu3+ is weakly sensitive to the oxy-
gen environment, and therefore only slightly favors the disordered phase. This behavior suggests
that, at some concentration, Pu incorporation can destabilize the pyrochlore structure. Together,
these results provide new insight into the ability of pyrochlore compounds to encapsulate Pu and
suggest new considerations in the development of waste forms based on pyrochlores. In par-
ticular, the phase structure of a multi-phase pyrochlore composite can be used to independently
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getter decay products based on their valence and size.

1 Introduction

The treatment of nuclear waste in the energy cycle poses a critical
problem, as long-lived fission products and actinides remain ac-
tive for thousands of years!. One approach to treating that waste
is to encapsulate it in a matrix made of complex oxide materials,
such as perovskites, zirconolites, or pyrochlores2. Pyrochlores,
of formula A;B,07, in particular are a promising candidate for
waste immobilization, due their high tolerance to radiation’?,
and the natural occurence of actinides-bearing pyrochlores26-10,
These natural analogues suggest that pyrochlores can accomo-
date actinide species for extremely long times and have spurred
the great deal of laboratory work that has occurred during the last
four decades. Because of their natural stability, pyrochlore phases
are a major component of Synroc-F!1, a version of a composite
material incorporating several oxides, each of which is targeting
the immobilization of a specific element 12,

Early experimental efforts focused on titanate pyrochlores, as
the natural minerals generally contain Ti!3, which were found
to amorphize easily!417. Thus, the focus shifted to zirconate
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pyrochlores, which are much more tolerant to radiation”-%18:19,

Investigation of Pu in solution in La;Zr,O; showed that pluto-
nium can take either the 3+ or 4+ valence states in this mate-
rial, with Put always occupiying the A (La*t) site, and Pu*t
substituting on either the A (La*") or B (Zr*t) site20-22, Those
results were complemented by computational studies that deter-
mined the defect chemistry and solution energy of Pu3* and Pu**
in Gd,Zr,07%3. A more comprehensive study?* that looked at
a wide range of pyrochlore compounds found that the chemical
composition of the material affects the defect chemistry, just like
it dictates many properties in pyrochlores including tolerance to
radiation”-8, structure23, jonic conductivity26-27, and defect sta-
bility28. Although the work of Cleave and coworkers24 eluci-
dates crucial solution mechanisms as a function of the material’s
chemical composition, the effect of the chemistry on the ability
of solutes to redistribute in a complex material, for instance the
behavior of Pu at surfaces, remains to be determined. Moreover,
while complete amorphization was shown to drastically alter the
immobilization properties of pyrochlore matrices2:39, the influ-
ence of cation disorder, which is the dominant radiation-tolerant
mechanism for radiation-tolerant compositions, has been over-
looked. In addition, the promising properties of composite mate-
rials motivate the investigation of chemical interfacial effects in
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multiphase materials. As such, pyrochlore/pyrochlore bicrystals
are a simple model of composites more generally, and may offer
further insights into immobilization strategies.

In this work, we used molecular dynamics simulations to in-
vestigate the segregation of Pu?t and Pu** to the surface of four
low-index pyrochlore surfaces, as well as to chemical interfaces in
A;B,07/A} B, 07 pyrochlore/pyrochlore bicrystals. We found that
Pu segregates to the surface of pyrochlore crystals for all surfaces
considered. We also found that pyrochlore/pyrochlore bicrystals
can be used to immobilize Pu waste, and that the material can be
designed such that Pu3t and Pu*t segregate to the same or dif-
ferent phases (phases are to be understood as different chemical
composition or disorder level in this paper). Finally, we consid-
ered the effect of radiation on the immobilization properties of
pyrochlores by determining the segregation tendencies of Pu in
a mixed order/disorder system. The role of disorder is critical
to the design of an efficient encapsulation matrix, since radiation
due to Pu a—decay will inevitably occur and alter the structure
and properties of the material over time.

2 Methodology

2.1 Defect chemistry of Pu in pyrochlore

The solution reactions of Pu3* and Pu** in pyrochlores, through
Pu;03 and PuO,, respectively, were elucidated by the means
of empirical potentials by Cleave and coworkers?*. Although
many solution reactions are possible, notably through creation of
charge-compensating oxygen or cation interstitials and vacancies,
it was found that the most favorable reaction for Pu>* incorpora-
tion is the simple substition reaction Pu’* < A3t in agreement
with experimental findings22, for the whole range of pyrochlore
compounds A;B,0; considered:

Puy O3 +24,% — Ar03 +2Pu§, (@D

Henceforth, the Kroger-Vink notation3! is adopted: A4 * and Bp*
denote the defect-free pyrochlore compounds; Pus* and Pug”
the compound with one charge-neutral Pu’t < A3t and Pu*t «
B*" substitution, respectively; Pu$ the substitution Pu*" «» A3,
which has charge +1; O/ to an oxygen interstitial, with charge -2.
The charge and stoichiometry-conserving substitution mechanism
for Putt, Pu*t < BT,

PuO; + 2B} — BO, +2Puj, 2)

is also the preferred reaction for most of the studied pyrochlore
chemistries. In rare occurences, more complex mechanisms in-
volving oxygen interstitials O;, antisites Ag, and incorporation of
Pu*t on both the A and B sites, are favored over reaction (2).
Examples of when other reactions are preferred include in the
A>Sn,O7 series, for A= Gd — Lu, the A,Zr,O5 series, for A = Sm —
Gd, and Gd,Pb,O7 (no A cation smaller than Gd was considered
for Pb and Zr). For these compositions, the preferred reactions
are:
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Table 1 Parameterization of the Buckingham potential used in this study

Interaction A (eV) p(A)  C(eV/A®) Ref.
0% -0+ 9547.96  0.2192 32.0 EH
La3t-0%~ 2088.89  0.3460 23.25 35
Sm3t-02~ 194444  0.3414 21.49 35
Gd3t-0*~  1885.75  0.3399 20.34 35
Tb3+-02- 1818.0  0.33845 14.33 36
Y3t_02- 1766.40  0.33849 19.43 35
Ho*t-02—  1726.29 0.33776 10.76 36
Yb3t-02- 1649.80  0.3386 16.57 35
Ludt-0?%- 1618.8  0.33849 19.27 35
Ti*T-0%~ 2131.04  0.3038 0.0 35
Mo*t—02—  1223.97  0.3470 0.0 35
Hf*t-02- 1492.60  0.3478 7.6 37
Zrit-02- 1502.11  0.3477 5.1 35
Pb*t-02- 1640.34  0.3507 19.5 35
Pu3t-0%2~  1150.745 0.3743 11.48 24
Putt-0%2~  1762.840 0.3542 12.10 24
4PuO, +4AJ +2Bj; — 4Pu} +2Ap + O] +A,B,07, 3)
4PuO, +2A5 + 2By — 2Pu} +2Puj; + O/ +A,B,07, 4

with Eq. (3) only favored in stannates for A = Er, Yb,Lu. In ad-
dition to being less common, the difference in energy between
these complex mechanisms and the substitution mechanisms is
small (<0.2eV)24. For this reason and for simplicity, only the di-
rect substitution mechanisms, Eqs. (1) and (2), were considered
in the present work.

2.2 Potential model

All the results presented in this paper were obtained by the means
of empirical potential calculations, utilizing the Buckingham po-
tential form for short-range interatomic interactions:

V(r)=Axexp (—%)—i-[—67 (5)

where A, C, and p are adjustable parameters. Formal charges
are adopted, and the Coulomb interaction is calculated via the
Ewald sum technique. The parameterization of the various A3t—
0%, B*t-0%~, as well as Pu>*-0%~ and Pu*t—0? interactions,
is summarized in table 1. The set was derived by the Grimes
group at Imperial College, and fitted against the same 02~ -Q%~
parameterization, ensuring consistency of the set as a whole. The
LAMMPS code 32 was used to perform the calculations.

Although the Buckingham form is rather simple, forbidding no-
tably any charge transfer between ions, it has been widely used
to study the properties of complex oxides, and has been repeat-
edly demonstrated to reveal physically meaningful trends in these
types of materials, in agreement with experimental7-® and density
functional theory33:34 results.
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2.3 Pyrochlore surfaces

In order to look at the segregation of Pu?t and Pu** to pyrochlore
surfaces, we consider four low-index orientations: (100), (110),
(111), and (112). Due to the structural complexity of py-
rochlores, the construction of dipole-free surfaces respecting
the pyrochlore stoichiometry is non-trivial, and described else-
where38. The constructed surfaces were annealed and relaxed,
and we used the lowest energy structure found for each orienta-
tion (labelled as (100)-a, (110)-a;, (111)-c;, and (112)-b,, re-
spectively in Ref. 38). Independently of the chemistry, it was
found that the surface energies rank, from highest to lowest:
(100) > (111) > (112) > (110)38. Each A3* atom was replaced
with a Pu?* atom, and the whole structure relaxed to obtain the
energy of the Pu’*-"doped* structure as a function of position of
the Pu ion. The robust steepest descent method was used for the
relaxation algorithm. The same procedure was used for Pu**, in
which Pu*t was substituted on B** sites.

2.4 Pyrochlore/pyrochlore bicrystals

We constructed pyrochlore/pyrochlore bicrystals by juxtapos-
ing two 4 x 4 x 4 unit cells, creating a 4 x 4 x 8 supercell of
AyB,07/A%, B} 07, with periodic boundary conditions (PBC) in all
three directions and a (100)/(100) interface. This construction
ensures a stoichiometric simulation cell. Further, for simplicity we
assume a fully coherent interface. We considered a set of A/A’ and
B/B’ chemistries, covering an extensive range of ionic radii from
0.977 (Lu**) to 1.160 A (La**) for the A site, and 0.605 (Ti**) to
0.775 A (Pb**) for the B site, see Fig. 1. The ionic radius of Pu*
for an eight-fold oxygen coordination (CN=VIII) has not been re-
ported, however it can be estimated based on the the increase in
ionic radii of other 3+ cations from CN=VI to CN=VIII (0.12—
0.13 A39), and an increase of the radius of actinides compared
to lanthanides in the same column by 0.02-0.05 A. We therefore
estimate the radius of Pu3* to be about 1.10-1.13 A (in between
Sm>* and La**t), an estimation further justified in Sec. 3.2. In to-
tal, about a hundred different bicrystals were considered. It is to
be noted that some of the compounds studied are experimentally
observed to adopt structures other than pyrochlore2°: disordered
fluorite, 6-phase, monoclinic pyrochlore, or combinations of sev-
eral forms. However, the pyrochlore form is at least metastable
with the Buckingham potential for these chemistries, and such
compounds are here considered as limiting cases. Sn**, which
possesses a more covalent character than other B chemistries, was
ignored due to the inability of Buckingham potentials to repro-
duce this feature. Similarly, Ru which is known to take either
the 3+ or 4+ valence, was excluded from the set of chemistries
considered in this work.

The lattice mismatch was accomodated by relaxing the box di-
mensions as well as the atomic positions before the substitution.
However, for some cases the effect of strain was also investigated
by scaling the dimensions of the compound with the smallest lat-
tice constant to the size of the largest compound. As was done
with the surfaces, substitutions Pu’t <> A and Pu*t < B were
performed at each atomic site, and the whole sample relaxed.

This journal is © The Royal Society of Chemistry [year]

2.5 Pyrochlore/defect fluorite bicrystal

Pyrochlores (A;B,07) are a superstructure of the parent fluorite
structure (B4Og), distinct from the latter by having two cation
sublattices and a vacant oxygen site. When the cations are ran-
domly exchanged, the oxygen quickly disorder as well4?; the py-
rochlore is fully disordered and can therefore be described as a
defect fluorite structure, defective in the sense that one eighth
of the oxygens are missing and the two cation species are not
equivalent. A transformation from ordered pyrochlore to defect
fluorite is a key consequence of irradiation on many pyrochlore
chemistries®#1:42 and thus understanding how disorder influ-
ences Pu distributions is critical. A order-pyrochlore/disorder-
fluorite mixed system was constructed by juxtaposing two 4 x 4 x
8 unit cells samples, one where the cations are ordered (i.e. in the
pyrochlore structure), the other where the cations are randomly
assigned on each site (i.e. defect fluorite). The resulting sample
has dimensions ~ 2 x 2 x 8 nm> (4816 atoms), and a (100)/(100)
fully coherent interface. In a disordered pyrochlore, the oxygens
are no longer tied to a particular cation site43. A consequence of
this flexibility of the oxygen sublattice is that there is no dominant
ground state for a disordered pyrochlore, instead, multiple states
almost degenerate in energy are possible. In order to account for
this statistical distribution of states, the following procedure was
applied: the as-constructed structures were minimized by relax-
ing both the atomic positions and the box dimensions, and sub-
sequently equilibrated during 50 ps at 3000 K. After the initial
equilibration, five independent 10 ps runs were performed at the
same temperature, the resulting structures quenched to OK during
20 ps runs, and finally the atomic positions relaxed. This proce-
dure yielded five independent structures, all representative of the
order/disorder material, in which the oxygen distributions within
the disordered phase are different. The Pu substitution was then
performed on the minimized structures.

Although it was recently revealed that short-range order exists
in disordered pyrochlores#4, we expect that fully random cation
arrangements, such as those used here, accurately capture the
behavior of these materials given that, for instance, random de-
fect fluorite structures are able to reproduce the order—disorder
critical temperature of pyrochlores 44,

3 Results

3.1 Pu segregation at pyrochlore surfaces

The atomic structures for the four low-index surfaces considered
in this work are shown in Fig. 2. Because the surfaces were con-
structed using a slab model, for each surface slab there are two
surface structures in the simulation cell. For each surface ori-
entation, the results for Pu’t and Pu** segregation are shown
in Fig. 3 for Gd,;Ti,O; (GTO) and Gd,Zr,07 (GZO) pyrochlores,
two chemistries known to exhibit significantly different behav-
ior — notably in disordering tendencies’**>. For all surfaces and
both chemistries, it can be seen that the solute (Pu) always seg-
regates to the surface of the material, which is not surprising
as similar behavior has been predicted and/or experimentally
observed for solutes, impurites, or dopants in many other ox-
ides: MgAl,04%7, U0, 8, Ce0,%, Sn0,°0, Zr0,%1, Mg0>2°3,
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AlL,035%%5 and Cr, 055156,

Figure 4 summarizes the resulting segregation energies, using
the lowest energy at each of the two surfaces in a given slab to
compute the segregation energy. Because annealing may render
slightly different atomic arrangements at the two surfaces in a
given slab, different segregation energies may be observed at each
surface. If this is the case, the average value is reported, and the
difference reflected by error bars. The value for the (110) surface,
which was not changed after annealing38, accordingly has no er-
ror bar; in other words, it exhibits a fully symmetric energy pro-
file and identical energies on both surfaces. From Fig. 4, trends
common to all surfaces are extracted: the segregation energy is
higher for Pu** than Pu?*, and higher for GTO than GZO. In or-
der to further investigate the role of chemistry on the segrega-
tion energy, two additional compositions with a smaller A cation,
Lu,TiO7 (LTO) and Lu,Zr, 07 (LZO), were considered. The seg-
regation energies for these compounds are also summarized in
Fig. 4, confirming both trends: Egee[Pu’*] < Egeg[Pu**] and the
higher segregation energy to titanates surfaces as compared to
zirconate surfaces. For each surface, and regardless of the Pu va-
lence, the highest segregation energies are observed for LTO then
GTO. In contrast, LZO and GZO exhibit similar segregation en-
ergies, and the order alternates depending on the surface. The
higher surface energy of titanates3® offers an enhanced opportu-
nity for stabilization, though segregation energies do not always
correlate with surface energies#’. It is to be noted that the surface
exhibiting the weakest pu3t segregation ((110) in GTO) is not the
weakest for Pu*" substitution ((112) in this case). The surface
with the highest energy ((100) before Pu substitution) does how-
ever exhibit consistently higher segregation energies. More than
the differences in surface energy, the higher segregation energy
for titanates over zirconates, and Lu over Gd, can be explained by
the ionic radius difference between the species. Pu*t has a larger
ionic radius than both Zr and Ti (see Fig. 1), such that the atom
will preferentially sit at the surface, where more open volume is
available; in addition, the larger Zr ionic bulk site will accomo-
date Pu*t with more ease than Ti, yielding a lower segregation
energy for the zirconates. A similar explanation holds for Puit,
however the smaller difference in ionic radii between Pu’* and
the other A cations means a reduced mismatch in the bulk and,
as a consequence, a lower segregation energy. This explains why
the chemistry of the A-site, which did not affect the surface stabil-
ity 38, however has a significant impact on the segregation energy.

3.2 Pu segregation in pyrochlore/pyrochlore bicrystals

The role of chemical interfaces was examined by creating py-
rochlore bicrystals A;B,07/A,B07, considering a wide range of
ionic radii for the A and B chemistries (see Fig. 1). An exam-
ple result is shown in Fig. 5, comparing the segregation location
and energy of Pu*t and Pu*t in La,Zr,07/Lu,Ti,0; (Fig 5-a)
and La;Ti,O7/LuyZr,07 (Fig 5-b). (For simplicity, in the remain-
der of the paper, the bicrystals will be labelled according the the
cation species only, i.e. LaZr/LuTi, LaTi/LuZr.) In both bicrystals,
Pu’t segregates to the La phase, while Pu*t goes to the Zr phase,
in both cases the phase with the larger cation of the same va-
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lence. Interestingly, the segregation energies are similar for each
of Pu** and Pu** in LaZr/LuTi and LaTi/LuZ, revealing that the
B-chemistry is relatively irrelevant in determining Pu’* substitu-
tion, and similarly Pu** is not sensitive to the A cation chemistry.
We also observed that the segregation energy of Pu** is much
higher than for Pu3t (~ 10 eV vs. ~ 4 eV).

To further assess the role of chemistry on the segregation lo-
cation and energy, we surveyed a range of chemistries on both
the A site (AZr/A'Ti (Fig. 6)) and the B site (LaB/LuB’ (Fig. 7)).
From Fig. 6, where the A/A’ chemistry was chosen to system-
atically increase the ionic radius difference between A and A’
(Argy =rqy—ry=0.0 A for La/ La, 0.115 A for La/Lu), the following
observations can be made: i) the solute always segregates to the
phase bearing the larger ion of same valence; ii) the segregation
energy of Pu3* increases with Ar,; and iii) the segregation energy
of Pu*t is mostly insensitive to Ar4. In addition,we found the
the segregation energy of Pu3t in LuZr/LuTi (not shown here) is
small (~ 0.25 eV) similarly to LaZr/LaTi. Accordingly, results for
LaB/LuB’ (Fig. 7) show: i) the solute always segregates to the
phase bearing the larger ion of same valence; ii) the segregation
energy of Pu*t increases with Arg = rg — rp; and iii) the segrega-
tion energy of Pu’* is mostly insensitive to Arg, with an energy
spread similar as for Pu** in AZr/A’Ti.

By comparing the ionic radii of Pu** with the host atoms (see
Fig. 1), it is clear why the solute always segregates to the phase
containing the larger ion. The large Pu** will be more easily ac-
comodated in the position of a large cation, while its substitution
with a smaller cation will result in larger distortions of its environ-
ment to accomodate its size. A calculation of Pu*t segregation in
LaZr/LuTi where the lattice constant was fixed to that of LaZr (i.e.
LuTi strained) showed a 7% reduction of the segregation energy
compared to a fully relaxed cell, adding to the demonstration that
the small size of the B site makes it highly unfavorable. The size
argument holds for Pu* as well, however its size is closer to that
of the host 3+ ions, implying a reduced strain and, accordingly, a
smaller driving force to segregate to one chemistry over another.
As an aside, the Pu®* substitution induces a deformation of the
local environment away from the ion for all chemistries, except
for La*, where the local environment is slightly pulled towards
the ion. This observation validates the assumption made in the
methods section (Sec. 2.4) that the radius of Pu’>* with an eight-
fold oxygen coordination is in-between La and Sm.

The three observations made above — segregation of the solute
to the phase bearing the larger ion, increase of the segregation
energy with difference in corresponding (i.e. with same valence)
ionic radius, weak sensitivity to other cation in the composition
— were verified for 107 pyrochlore bicrystal compositions, with
A/A=La—Lu in the lanthanide series, and B/B’=Pb—Ti post-
transition and transition metals. We also found that the data can
be fit to a linear function of the ionic radius difference (regardless
of the actual chemistry) and provide accurate predictions of the
segregation tendencies in these bicrystals, see Fig. 8.

It is to be noted that these results were obtained by assuming a
chemical potential yy = 0; in other words an ion of the material is
taken away to infinitity, from where Pu is obtained (though, since
the chemical potential of Pu identically cancels when comparing
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reactions, this really defines the chemical potential of the cations
in the pyrochlore phase). The corresponding reactions thus are:

ion

Puj +Bot +By  —  Puj +B g +Bj, (6)
Pul +AFAY 5 Pul A A, %)

for Pu** and Pu’t incorporation, respectively. In these reactions,
the presence of the second pyrochlore phase in the bicrystal is
implied.

However this choice of chemical potential is not unique; for
example, another possibility would be to use the oxide and
sesquioxide phases of Pu and the element it replaces, similar to
the approach taken by Cleave and coworker’s work?4. To com-
pare Pu substitution into two different phases of pyrochlore, the
reactions corresponding to this second chemical potential are:

Pu; +BO,+Bg — Puj +B'0,+Bj, ®

Puy + %A203 +AY = Puy,+ %A’203 +Ax, C)]
for Pu** and Pu’t incorporation, respectively.

To understand how the trends presented in Figs. 6-8 depend on
the choice of chemical potential, we used this second approach to
calculate the preference of Pu for one or the other component
of the bicrystal (though, in this case, we considered each phase
in separate supercells, not together in one bicrystal structure with
an interface) with a limited set of compositions A,Zr,07/A5Ti, 07,
with A/A and A/A= La/Lu, La/Tb, Sm/Tb, Gd/Y, La/La, Lu/Lu,
for a total of 10 compositions. Thus, r4 —r; was allowed to vary
from -0.184 to +0.184. Comparisons of the results obtained us-
ing the two different chemical potential reference states for this
set of compositions are presented in Figs. 9 and 10. We find that
the trend that Pu*t segregates to the phase with the larger 4+
cation remains regardless of the chemical potential. Further, the
magnitude of the differences in segregation energy caused by the
A/A chemistry is similar with both chemical potentials. The case
of Pu3* is more complicated. With the first chemical potential,
Pu3t segregation is directly related to the size of the A and A
cations. However, for the second definition, Pu3* occasionally
prefers to go to the phase with the smaller 3+ cation. In fact, it
appears that Pu* favors the Zr-bearing phase for all the composi-
tions, implying that the B chemistry plays a role, in contrast with
results obtained with the first chemical potential. Further, the en-
ergy differences are much smaller with the second chemical po-
tential than the first. Thus, while there are still strong differences
in segregation depending on the A chemistry of the pyrochlore,
the dependencies on ionic size of the A cations is more compli-
cated for the second chemical potential.

3.3 Effect of disorder

One of the attractive properties of pyrochlores for nuclear waste
encapsulation is their resistance to amorphization, which is linked
to their ability to produce cation disorder in the form of anti-
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sites”. Such disorder will notably be induced by the a-decay of
Pu in the material 1%°7-°8 and making it therefore critical to un-
derstand the effect of disorder on the Pu segregation properties
of pyrochlores. We examined Pu segregation in GTO and GZO
order/disorder bicrystals, constructed as described in Sec. 2.5,
allowing us to investigate Pu segregation behavior within a disor-
dered material, as well as the possible effect of the order/disorder
interface. The results are summarized in Fig. 11, where the top
panel shows the atomic structure of the bicrystals. The disordered
region is clearly recognizable by the absence of a clear cation ar-
rangement pattern, as opposed to the ordered region, and also
by the distortion of the oxygen sublattice. Those distortions are
the signature of the oxygens not being strongly tied to the cation
sublattice, and the source for pyrochlore’s high ionic conductiv-
ity*3. As discussed earlier, the flexibility of the oxygen sublattice
led us to perform Pu substitution on five different structures, all
representative of the order/disorder system with differing oxygen
distributions.

For both the GTO (Fig. 11-a) and GZO (Fig. 11-b) systems, the
Put and Pu** substitution energies are constant in the bulk of
the ordered region, which is consistent with all sites being equiv-
alent in the ordered pyrochlore structure, and this energy was
used as a reference. By constrast, the energies are widely spread
in the disordered material, reflecting the many unique environ-
ments (both in terms of oxygen and cations) in this region. As
could be anticipated, some sites are favorable to Pu substitution,
while some are not. in GTO, the distribution of energies about
the zero of energy for Pu’t is very symmetric, while those for
Pu*t are largely negative. The total spread of the site energies
is also much smaller for Pu’™ (4+0.4 to -0.4 eV), than Pu*t (+2
to -5 €V). Thus we can predict significant segregation of Pu**t
to the disordered phase in GTO, while the effect will be less pro-
nounced for Pu*. This is even more dramatic for the GZO system
(Fig. 11-b), in which Pu’t appears mostly to prefer the ordered
environment, although some isolated sites in the disordered re-
gion do have negative energy. The energy difference amplitude is
also smaller than for GTO (+0.2 to -0.2 €V). However, the Pu**
incorporation is almost always favorable in the disordered region
(negative energies), even though the effect is again weaker than
in GTO (-2 eV at most).

In Fig. 12, a closer look at the substitution sites is provided
for the Pu*t case. In Fig. 12-a, a clear correlation between the
substitution energy on a given site and the site’s oxygen coordina-
tion is observed: Pu** prefers an oxygen-rich environment, which
is consistent with the observation that substitution on the A-site
(relatively oxygen-rich in ordered pyrochlores) is possible in addi-
tion to B-site substitution24. This observation also explains why
Pu*t strongly prefers the disordered region, as opposed to the
ordered region where each B** cation is surrounded by 6 oxy-
gens only. A correlation can also be found between the cation
environment (i.e. A or B-rich) and the substitution energy (see
Fig. 12-b), where B-rich environments exhibit a lower segregation
energy. However, this correlation is most likely due to the indirect
effect that B-rich environments are also O-rich, as seen in Fig. 12-
c. The dip in the center of the figure reflects the contribution of
the ordered region, where all B substitution sites are surrounded
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by only 6 oxygens. The relation between oxygen coordination
and cation environment is clearly pronounced, leading us to the
conclusion that the cation environment is only indirectly acting
on the site substitution energy by increasing or lowering the local
oxygen coordination.

The opposite conclusions are drawn for Pu?* substitution:
an A-rich environment results in a lower oxygen coordination
(Fig. 13-c), and thus a lower substitution energy (Fig. 13-b),
though again the two measures of the local environment are
not independent. However, the lower coordination seems only
slightly preferred by Put, and the energy differences are much
smaller than for Pu**. In particular, Pu>" in GZO has the same
average energy whether it is six- or eight-fold coordinated with
oxygen (Fig. 13-a).

4 Discussion

Our results show that, unsurprisingly, Pu, regardless of charge
state, will segregate to free surfaces. In the framework of nuclear
waste encapsulation, the segregation of solutes to the surface con-
stitute an issue that should be mitigated. If the surfaces become
Pu rich, then Pu is more likely to be exposed to the environment.
It must be pointed out that the most stable pyrochlore surface
(110), which should therefore be the dominant facet of realistic
crystal, is also the one with the lowest segregation energy, some-
what mitigating the issue. However, the relatively low segrega-
tion energy of Pu to surfaces compared to what can be achieved
in the bicrystals can provide one path to mitigate surface effects
(this point will be discussed further below). The choice of the
chemistry also plays a critical role to further reduce the segrega-
tion strength of the material, as we showed that zirconates for
instance have lower surface segregation energy than titanates.

We also show that pyrochlore bicrystals offer very interesting
opportunities to immobilize Pu3t and Pu*t. Our results reveal
that the chemistry of bicrystals can be chosen to increase the seg-
regation energy of the solute, as well as control where they segre-
gate to, allowing for the immobilization of Pu* or Pu** either to
the same phase or to separate phases. The absence of noticeable
interfacial effects, as opposed for instance to what was observed
at perovskite/fluorite interfaces>?
ing notably that the concentration of solute in the preferred phase
is dominated by the segregation energy between the two phases.
It is to be noted, however, that the interfaces built in this work
are fully coherent. The behavior of more complex interfaces, in-
volving notably stress-releasing misfit dislocations, remains to be
determined, and is beyond the scope of this paper.

Also of critical importance is the radiation tolerance of the ma-
terial, necessary to maintain its integrity, and also driven by its
composition. The preference for segregation to the defect-fluorite
phase in the case of Pu** is thus an advantage, as irradiation
conditions will unavoidably induce cation disorder. Specifically,

, is a valuable property, ensur-

the strong prefence of Pu** for disordered environments can lead
to a stronger encapsulation inside disordered tracks. A potential
drawback would be a higher leeching tendency of the disordered
phase, as was observed after amorphization 23 however exper-
imental studies on Nd,Zr,0O7 pyrochlores, where the Nd content

was varied to produce pyrochlore—defect fluorite structures®0,

6| Journal Name, [year], [vol.],1—23

showed that the dissolution rate of the disordered phase was not
faster than the ordered phase. Although more than one param-
eter was varied during those experiments, namely disorder and
stoichiometry, these observations are encouraging regarding the
stability of disordered pyrochlores. Regarding Pu’*, we showed
that many favorable sites are available in GTO, however in GZO it
will most likely be drawn to the ordered region, favored entrop-
ically by the higher number of sites with similar energy. Lastly,
the exposed relation between oxygen environment and substi-
tution energy offers an additional way to enhance Pu encapsu-
lation, through oxygen-doping, usually achieved by aliovalent
cation doping or changing the stoichiometry of the compound.

It is also worth noting that the incorporation of Pu cations can
stabilize the disordered phase of pyrochlores, unless precipita-
tion or phase segregation first occurs. As a limiting case, we
used special quasirandom structures (SQS®!) to obtain a repre-
sentative disordered structure and calculate the disordering en-
ergy of Pu-based compounds, an approach previously used to de-
termine the disordering tendencies of pyrochlores as a function
of chemistry4>. We found that both Pu,Zr,0; and Pu,Ti,O7 —
with Pu as Pu?" — have negative disordering energies (-4.2 and
-5.1 eV, respectively); in other words the disordered fluorite struc-
ture is favored over the pyrochlore structure for these compounds.
Gd,Pu,07 — with Pu as Pu*t — has a disordering energy of only
0.1 eV. For comparison, the disordering energy obtained for the
series Gd,B,07 with B=Pb, Zr, Hf, Sn, Mo, Ti (also with empiri-
cal potentials) goes from 1.2 to 3.3 eV38. These results indicate
that Pu, upon incorporation into pyrochlore, can destabilize the
pyrochlore structure, however we have not determined at which
level this will occur. This has important consequences for the use
of these materials as waste forms and the radiation stability of
these compounds.

More generally, our results indicate that the phase structure of
a pyrochlore composite can be used to control the distributions
of encapsulated Pu to a high degree. The phases themselves,
whether via chemistry or disorder, effectively getter the Pu and
thus chemistry and disorder can be used as design parameters to
enhance Pu encapsulation in the composite. For example, as al-
luded to above, one can imagine a core-shell structure in which
the interior is a phase that strongly getters Pu while the shell is
a chemistry of pyrochlore that does not, protecting the surface
from becoming Pu rich and thus effectively mitigating the sur-
face segregation issue, see Fig. 14. Further, the structure could be
adapted to effectively segregate decay products of different size
or valence charge. U** for instance, with a chemistry close to that
of Pu**t, could be easily segregated form Pu**. Similar concepts,
in which multiphase ceramic composites are envisioned to getter
different species either during burn-up in nuclear fuel 6263 or in
the fabrication of nuclear waste forms1%-:12, have been proposed
in the past. Our work shows that even keeping the phase structure
constant and only modifying the chemistry of the different phases
can lead to composite structures that can accomplish these goals.
Past work has also shown how the phase structure of a compos-
ite can be used to mitigate irradiation-induced defect evolution,
by using the phases themselves as sinks for defects ©4:% similar to
the current results for Pu segregation. Together, this body of work

This journal is © The Royal Society of Chemistry [year]



highlights the idea of using the phase structure of a composite to
design materials with improved performance for nuclear energy
applications.

5 Conclusions

To conclude, we used atomistic simulations to provide insight into
the properties of pyrochlore surfaces and bicrystal structure for
Pu immobilization. It was found that the defects weakly segre-
gate to the pyrochlore free surface, for each of the considered
surfaces, and that the segregation strength varies with the par-
ticular surface and material chemistry. We also observed that, in
pyrochlore bicrystals A, B,07/A} B, 07, the segregation energy and
the segregation phase are dictated by the chemistry of the mate-
rial, allowing for the segregation of Pu3* and Pu*t to common or
separate pyrochlore phases. Finally, we found that a disordered
pyrochlore phase offers favorable segregation sites for Pu, ensur-
ing that the material will remain capable of immobilizing defects
in an irradiated environment. This last result also suggests that
the incorporation of Pu can be enhanced by oxygen-doping. To-
gether with the established knowledge of the chemistry effect on
the radiation tolerance of pyrochlores, these results provide new
opportunities for the design of efficient and tailored waste encap-
sulation matrices.
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Fig. 2 The four low-index surfaces of pyrochlore considered in this work.
The construction of the stoichiometric and dipole-free slabs is discussed
in Ref. 38. We here used the stabilized annealed structures, which were
lowest in energy and which explains why the slabs are not perfectly sym-
metric.
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