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Abstract

Atomistic computer simulations have been used to determine the energetics of a variety of defect reactions related to
the incorporation of Pu*" and Pu*" into the pyrochlore and the fluorite-type structures of Gd,Zr,0-. The lowest energy
states were found for Pu™ substitutions on Gd sites in the pyrochlore (—1.00 eV/Pu) and the fluorite-type (—1.55 eV/Pu)
structures, so these defect reactions are the most likely configurations under reducing conditions that favor Pu®" ions.
Slightly higher, but still exothermic, energies (—=0.26 to —0.45 eV) were calculated for Pu** substitutions on Zr sites for
several fluorite-type cases, indicating that oxidizing conditions should favor Pu*" incorporation on Zr sites in Gd,Zr,0;
hosts. Defect reactions involving cation vacancies or interstitials exhibited significantly higher energies, and are
therefore not expected to occur. Mean field calculations indicated that the increases in crystal volume associated with
Pu incorporation are minimized by the excess free volume associated with the Gd site in the pyrochlore structure.
Volume changes upon thermal phase transformation from fluorite to pyrochlore are smaller for the material incor-
porating Pu by substitution than for the virgin material, with a slight advantage for the reducing conditions associated

with Pu®" substitutions on Gd sites. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 61.80.-X; 61.80.AZ; 61.82.MS

1. Introduction

Immobilization of fissile Pu generated by the nuclear
fuel cycle or recovered from nuclear weapons is an im-
portant environmental challenge [1,2]. Within a few
years, the amount of separated Pu generated by the re-
processing of commercial reactor fuel will exceed mili-
tary inventories [3]. Current strategies around the world
include immobilizing the Pu in a stable host matrix and
either ‘burning’ it in a nuclear reactor or placing it in a
geologic repository for permanent storage. For geologic
storage, the primary host matrix currently being con-
sidered is gadolinium titanate (Gd,Ti,O;) with the py-
rochlore (A,;B,0O;) structure [4]. Under o-decay
irradiation, Gd-titanate transforms to an amorphous
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structure that enhances the measured aqueous dissolu-
tion rate of Pu by a factor of 50 [5,6]. Recently [7], the
pyrochlore system based on gadolinium zirconate
(Gd,Zr,07) has been found to be systematically more
resistant than Gd-titanate to irradiation-induced amor-
phization. This behavior has since been confirmed in
erbium zirconate (Er,Zr,O;) with the related fluorite-
type structure [8]. Heavy-ion irradiation of Gd-zirconate
causes an order—disorder transformation to a radiation-
resistant fluorite structure. The Gd-zirconate’s fluorite
structure is identical to that of stabilized cubic zirconia,
which is known to exhibit high resistance to radiation
effects.

The purpose of this paper is to quantify the energetics
of Pu*" and Pu*' incorporation (by substitutions and
interstitials) into the Gd,Zr,O; pyrochlore and fluorite-
type structures, so that waste host processing and sta-
bility issues may be better understood, in a manner
similar to prior work on zircon [9]. Future work using
similar computational methods will address phase
transformations and the migration energetics of
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vacancies, interstitials, and impurities in relation to ra-
diation damage and leach resistance.

2. Computational methods and interatomic potentials

The general utility lattice program (GULP) [10,11]
was used to simulate the energetics and structures of
perfect and defective lattices. Because this and several
similar computer codes have been thoroughly described
many times in the literature, the following description
will be brief. GULP uses an energy minimization
method based on the Born model, and is unique in its
use of crystal symmetry to speed up calculations. Iso-
lated defects in extended solids were addressed with the
Mott-Littleton approximation [12], with a Region 1
radius of 0.9 nm. Ionic polarization was treated using
the Dick—Overhauser shell model [13], including the
important repulsion—polarization coupling that prevents
excessive polarization. Elemental defect energies were
calculated by standard methods [14], and subsequently
used to calculate the energetics of more complex defect
reactions that included charge neutrality. All energy
minimization calculations were performed at 0 K.

At higher temperatures, simulations were performed
with the DL_POLY molecular dynamics code [15].
DL_POLY is actually a package of routines designed for
the simulation of a wide variety of molecular systems. It
contains a number of potential forms, boundary condi-
tions, and integration algorithms that can be applied at
the user’s discretion. In the present study, supercell
models with 704 atom cores were used in simulations to
determine lattice energies as a function of temperature.
All simulations were performed using a Berendson NPT
(constant pressure) ensemble with periodic boundary
conditions. The temperature was raised in steps of 500 K,
and equilibration periods of at least 10000 time steps at
0.5 fs per step were performed at each intermediate
temperature. As in the energy minimization calculations,
Coulombic forces were calculated with the standard
Ewald sum technique.

The interatomic potentials employed for Gd-O and
0O-0 were previously used for the pyrochlore phase [16—
19], thus providing a foundation for the present work. A
new rigid-ion Zr-O potential was developed for the
present work by simultaneously fitting the potential
parameters to structural data for the ZrO, cubic
(Fm3m) and tetragonal (P42/nmc) phases [20], with av-
eraged oxygen core and shell charges from previous
work on Gd,Zr,0 [18], where two distinct ‘species’ of
oxygen charges had been used to represent the 48f and
8a oxygen sites in the pyrochlore. Potentials for Pu**—O
and Pu*"-O were previously developed [9] by fitting to
the structures and available properties of Pu,O; and
PuO,. In the present work, the Pu**-O potential was
further refined by fitting the Buckingham A4 parameter

Table 1
Parameters for interatomic potentials used in this work
Potential
A (eV) p (nm) C(10° eV nm°)
Gd-O 1336.7600 0.03551 0.0
Zr-O 1019.4250 0.03746 0.0
0-0 22764.0000 0.01490 27.89
Pu’t-0O 35297612 0.03148 0.0
Pu*t-0 806.4236 0.04141 0.0

to the measured lattice constant of Pu,Zr,0; [21]. In all
cases, the radial cutoff distance for the potentials was
1.0 nm. The interatomic potential parameters are given
in Table 1.

Formal charges were used for all ions to facilitate
charge balancing for defect calculations. All potentials
were rigid ion models except oxygen and gadolinium,
which had shell charges of —2.3194 and —0.25 |e|, and
core-shell  spring constants of 26468.7 and
14500.0 eV /nm?, respectively. The oxygen and gadolin-
ium shell models were needed to reproduce the available
physical properties of Gd,Zr,0O;. The rigid ion form was
used for zirconium and plutonium species for two rea-
sons. The first was to facilitate other calculations using
the molecular dynamics method. The second reason was
that there seemed to be no advantage to including the
shells for zirconium: no marked improvement in pre-
dicted crystal properties could be realized when available
data bases were used to fit the shell models. The Buck-
ingham form was used for all potentials

E = Aexp(—r/p) — C/5. (1)

This familiar potential is employed quite often in energy
minimization work, so its use here facilitates comparison
to the literature. Other potential forms are also possible,
but would not be expected to change the results appre-
ciably because they all must be fit to the same data
base of material properties. The calculated lattice
parameters based on these interatomic potentials are in
good agreement with experimental values, as shown in
Table 2.

3. Formation energies for phases and elemental defects

Mean field energy minimization calculations were
used to determine the equilibrium lattice energies at 0 K
for the ideal pyrochlore (-32.13 eV/atom) and fluorite
(—27.37 eV/atom) phases of Gd,Zr,0;. The 4.76 eV/
atom energy difference between the two phases at
absolute zero is consistent with phase diagrams [22], but
is substantially larger than that estimated from calori-
metry experiments (0.10 eV/atom at 975 K) [22].
Molecular dynamics using DL_POLY [15] and the
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Table 2

Comparison between experimental and calculated lattice con-
stants for GdzZI‘z()77 GdzO;, ZI‘Oz, PUZ03, Pqu and PuzZr207
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Table 3

Gd,Zr,0; defects and lattice formation energies, eV

Defect Fluorite Fluorite Pyrochlore
Material/parameter Experiment Calculation cluster unit cell
Gd,Zr,0, (Fm3m) Pu} 0.07 0.94 0.62
a,b,c (nm) 0.5263 0.5260 Puj’ 7.66 7.47 8.59
Gd,Zr,0; (Fd3m) Pul’ 36.45 36.51 38.82
a,b,c (nm) 1.0520 1.0521 Pul, -27.53 -27.36 -26.77
Pu,Zr,07 (Fd3m) Vi 14.97 24.45 18.38 (48f)
ad gvg(fzfl’;)l ) 1.0692 1.0689 A 85.05 84.68 86.39

23 m

ab e (nm) 10790 L0719 V?d 48.16 48.38 46.49
710, (Fm3m) o, -15.53 -14.96 -13.90
a,b,c (nm) 0.5090 0.5096 Zr, -67.71 —-69.66 -57.03
Zr0O, (P42/nmc) Putt” -58.42 -59.19 -55.17
a,b (nm) 0.3601 0.3603 Pu}*” -32.44 -30.82 -28.70
¢ (nm) 0.5179 0.5173 )
Pu,0; (P-3ml) Lattice
a,b (nm) 0.3838 0.3918 Zr0, -109.49
¢ (nm) 0.5918 0.6005 (Fm3m)
PuO, (Fm3m) Gdz(,)3 -132.79
a,b, ¢ (nm) 0.5397 0.5459 Pu0, —101.57

Pu,O% -129.55

potentials in Table 1 were used to determine lattice en-
ergies for both phases as functions of temperature up to
the temperature of the calorimetry experiments. The
results indicate that the total energy difference is 0.15 eV/
atom at 975 K, in good agreement with experiment [23].
A similar result would be expected using free energy
minimization at higher temperatures. This small energy
difference is consistent with the long annealing process
that is required below the phase transition temperature
(1803 K) to form the completely ordered pyrochlore
structure [7,24].

The calculated formation energies of elemental de-
fects are shown in Table 3 using Kroeger—Vink notation.
The formation energies of the relevant crystal lattices
(Table 3) are denoted by the superscript L. Defect cal-
culations for the pyrochlore structure were straightfor-
ward, but the partial occupancies in the fluorite
structure (e.g., 0.875 for oxygen) required that atom-
explicit formula units be defined for proper charge
balance in the defect calculations. The atom-explicit
formula unit for each fluorite model was embedded in a
mean-field infinite crystal using the Mott-Littleton
method [12]. Two such fluorite cases were treated for
comparison, as follows. The first case assumed that the
four explicit cations occurred in a small cluster centered
around a vacant oxygen site, forming a cation tetra-
hedron as shown in Fig. 1. Seven more of the closest
oxygen sites were defined explicitly with occupancies of
unity instead of the 0.875 value used in the mean field
calculations. The second fluorite case assumed that the
four explicit cations were placed on a (100) plane
around the periphery of a unit cell, with the two explicit
Gd opposite each other, and likewise for the two explicit

Fig. 1. Atom-explicit formula unit for Pu** on Gd site in the
fluorite cluster model.

Zr. Seven of the oxygen sites in the unit cell were defined
with an occupancy of unity, while the eighth was defined
as a vacancy for charge balance. Consequently, the
second fluorite case, which is shown in Fig. 2, consisted
of a slightly larger atom-explicit cluster (0.53 nm di-
ameter) than the first case (0.39 nm diameter). The same
potentials were used in all cases.

The defect formation energies given in Table 3 are
generally consistent between the three cases, by virtue of
similar magnitudes. However, the oxygen vacancy for-
mation energy for the fluorite unit-cell model is higher
than for the cluster model because the cluster model had
four explicit cations around the O vacancy site, whereas
the unit-cell model had only two explicit and two mean
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Zr** or Gd3*

Pu3*
qu

Fig. 2. Atom-explicit formula unit used for Pu*" on a Gd site in
the fluorite unit-cell model.

field cations around the O vacancy. This is due to the
larger size of the explicit-atom region in the unit-cell
model; consequently, a comparable defect geometry
could not be obtained with four explicit cations on the
(100) plane. The oxygen vacancy for the pyrochlore was
chosen to occur at a 48f site (Fig. 3), rather than an 8a
site, because of its lower formation energy in the ordered
material [18]. The additional oxygen anions required for
charge balancing in the next section were allowed to fill
vacant oxygen sites by substitution, rather than being
added as interstitials at a higher energy expense, and are
denoted Oy . The sites selected for the additional oxy-
gen occupancy were the normally vacant 8b site in the
pyrochlore and the explicit oxygen vacancies in the
fluorite cases described above.

Gd¥!

4. Energies of Pu’" and Pu*" substitutions and intersti-
tials with charge compensation

The most likely configuration of defects can be de-
termined by defining defect reaction equations and
computing the resultant energies, using the perfect
oxide lattices in Table 3 as reference states. This is a
common approach for static energy minimization cal-
culations, and often supplies a variety of possible defect
reactions for consideration. Twelve possible defect
reactions were considered: four for Pu3G+d substitutions
and Pu' interstitials, four for Puj’ substitutions and
Pu/" interstitials, and four involving Pu;/ and Pug)
substitutions. Defect reaction equations for each case
are given in Appendix A.

Table 4 lists the energies of these defect reactions in
order of decreasing preference (increasing energy) for
the fluorite cluster model, in terms of eV per Pu ion
incorporated into the lattice. The negative (exothermic)
energy for Pu*" substitution on a Gd site (Reaction 1)
may indicate that reducing atmospheres, which favor
Pu®", may enhance Pu incorporation into Gd,Zr,O;
hosts. Analogously, under oxidizing conditions, the
more oxidized Pu*" state prefers, energetically, to be
incorporated on Zr sites in either phase by simple sub-
stitution (Reaction 3).

Pu*t can occupy a Zr*" site, with charge compensa-
tion by oxygen vacancies, with an energy of —0.78 eV for
the fluorite cluster model (Reaction 2). While Reaction 2
is not as energetically favored as substitution of Pu®** on
Gd sites, it is nevertheless exothermic. Consequently,
Pu** may occur on both Gd and Zr sites in the fluorite
cluster model. This is not true for the fluorite unit-cell
model or for the pyrochlore model because Reaction 2
in Table 4 is endothermic for those cases, with higher

2- 2-
OBa O48f

Fig. 3. Pu*' on a Gd site in the pyrochlore model. Polyhedral representation of the pyrochlore structure, showing ZrOg octahedra in a
2 x 1 x 1 supercell along the (110) axis. Zr atoms are not shown for clarity. The small spheres at each octahedron corner are the 48f
oxygen atoms. The larger isolated spheres are Gd atoms. The small isolated spheres above and below the A rows are oxygen atoms in

the 8a positions.
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Table 4
Defect reaction energies, eV/Pu
Reaction Description Fluorite cluster Fluorite unit cell Pyrochlore
1 Pu; -1.55 -0.68 -1.00
2 Pu)!’ + 0.5V, -0.78 4.02 1.59
3 Pult -0.26 —0.45 0.67
4 Pug +0.50, -0.12 0.34 1.45
5 Put; 4 0.33VY, 1.57 1.81 1.77
6 Pur 4 0.25Zr;" 2.18 1.75 7.22
7 Pull, + Pu™ 4 VE, 6.27 5.13 7.58
8 Puj* 4 150 9.04 11.52 15.23
9 Putt +V, + Puit 9.23 8.56 11.98
10 Puf™ + 20§ 12.13 12.46 18.60
11 Pult 4+ Vi 14.10 10.94 16.17
12 Put + V. 18.71 17.57 23.32

energy cost. Some reduction in the reaction energy could
be expected if the Pu** is incorporated as a cluster
consisting of two Pu*" ions on near-neighbor Zr*" sites
with a nearby charge-compensating oxygen vacancy, as
reported for the case of zircon [9]. However, such de-
tailed calculations were not possible in this paper be-
cause the size requirements for the fluorite models
exceeded the memory allocations of the GULP code.

Substitution of Pu*" on Gd*' sites, with charge
compensation by oxygen filling a normally vacant oxy-
gen site (Reaction 4), is also possible for the fluorite
cluster because of the exothermic reaction energy
(—0.12 eV) in Table 4. The fluorite unit-cell model shows
a slightly endothermic energy (0.34 eV) for this case,
while the pyrochlore structure case exhibits a larger
endothermic energy of 1.45 eV. Incorporation of Pu**
on Gd** sites as a defect cluster, consisting of two Pu**
ions on near-neighbor Gd** sites with a charge com-
pensating oxygen filling a nearby vacant oxygen site,
would also be expected to reduce the reaction energy,
but such calculations were again not possible. The
remaining reactions (5-12) in Table 4 are not likely to
occur because they involve cation vacancies or intersti-
tials, which exhibit much higher formation energies. In
an experimental situation, the most likely defect reaction
to be measured is the one with the lowest energy.
However, some of the scatter in experimental data could
be caused by other reactions with similar energetics,
especially for exothermic reactions.

5. Unit-cell volume and lattice energy changes

Several mean field calculations were performed
(using partial occupancies of atomic sites in GULP) to
investigate the volume and lattice energy changes asso-
ciated with the defect reactions of lowest energy: 10%

Pu’" and 10% Pu*" substitutions on Gd and Zr sites,
respectively. The computed volumes per atom and
lattice-averaged energies per atom at 0 K are shown in
Table 5. The propensity for the formation of the
pyrochlore phase at lower temperatures is indicated by
the lower energy per atom.

Crystal volume and lattice energy increases at 0 K
(relative to the pristine lattices) caused by incorporating
Pu by substitution are shown in Table 6. Note that al-
though these processes would not actually occur at ab-
solute zero, energy minimization is often used to predict
the trends to be expected. The smallest energy changes
occur for Pu** substitutions on Gd sites, indicating that
reducing conditions associated with the Pu** ion could
facilitate Pu incorporation. This is consistent with the
defect reactions in Table 4. However, note that the flu-
orite (Fm3m) structure exhibited the lowest defect en-
ergies for Pu*™ on Gd and Pu*" on Zr substitutions in
Table 4, whereas the pyrochlore (Fd3m) structure is
energetically preferred in the mean field calculations of
Table 6. Both the defect and the mean field calculations
were performed at constant pressure. However, the de-

Table 5

Computed atomic volumes and lattice energies per atom at 0 K
for 10% Pu; and 10% Puj substitutions in the pyrochlore
(Fd3m) and fluorite (Fm3m) phases of Gd,Zr,0;

Structure Substitution Volume/ Energy/
atom (nm?) atom (eV)
Fm3m None 0.01213 -27.368
Fd3m None 0.01323 -32.129
Fm3m Pug; 0.01238 -27.291
Fd3m Pug; 0.01331 -32.115
Fm3m Puj’ 0.01239 -27.138
Fd3m Puj’ 0.01338 -31.964
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Table 6

Volume and lattice energy increases at 0 K caused by 10% Pu incorporation, referenced to the pristine lattices with no substitutions

Structure Substitution Radius ratio (Pu/native) Volume/atom increase (%0) Energy/atom increase (%)
Fm3m Pu} 1.06 2.06 0.28
Fd3m Pu}, 1.06 0.61 0.05
Fm3m Puj’ 1.14 2.14 0.85
Fd3m Puj’ 1.19 1.13 0.52
fect calculations treated a small number of localized Table 7

defects embedded in a perfect infinite crystal, which
provided some measure of volumetric constraint for the
localized defect region. Conversely, in the mean field
calculations in Table 6, the entire infinite medium ex-
panded to relieve the internal strains associated with the
infinite number of Pu substitutions in the infinite crystal.
Even disregarding the differences in the number density
of substitutions, it must be recognized that these are two
distinctly different types of calculations. The energies in
Table 4 are individual defect formation energies, while
those in Table 6 are lattice energies per atom (averaged
over all atoms in the lattice). Care must be taken when
comparing the two because the above results can be mis-
interpreted as giving conflicting conclusions, which is
not the case. Under experimental conditions, a sufficient
number of defects would be required for volume changes
to be measurable, so the mean field results are most
applicable to actual conditions.

Increases in volume and lattice energy per atom in
Table 6 are larger for the fluorite structure than for the
pyrochlore structure, for reasons that become clear
when the ionic radii are compared, as follows. Pu*" is
sixfold coordinated in the pyrochlore and eightfold co-
ordinated in the fluorite, with radii of 0.0860 and 0.0960
nm, respectively. Pu*" is eightfold coordinated in both
phases, but only the sixfold coordinated case is docu-
mented [25], with a radius of 0.1000 nm. The eightfold
coordinated radius of Pu’ was estimated from the Pu*"
data as 0.1000 x 0.0960/0.0860 = 0.1116 nm. This
agrees with the value of 0.112 nm given for Pu,Zr,O;
[21]. The radius of the Gd** ion in the fluorite and in the
pyrochlore is 0.1053 nm. The Zr** ionic radius in the
fluorite is 0.084 and 0.072 nm in the pyrochlore. The
increasing ionic radius ratios (Pu/native ion) in Table 6
are generally consistent with increases in the lattice-av-
eraged energy per atom, i.c., Pu4zf substitutions cause
greater energy increases than Pu3G+d substitutions. The
radius ratios are consistent with the increases in volume
per atom for the pyrochlore, but are less well defined for
the fluorite. The reason is that the Gd and Zr share
partial occupation of the same crystallographic site (the
‘A’ site) in the fluorite, but occupy different sites in the
pyrochlore (Gd occupies ‘A’ sites in A,B,O7, Zr occu-
pies ‘B’ sites). Consequently, the difference between the
two substitutions is attenuated by their random loca-
tions in the fluorite lattice. Pu** on Gd and Pu*' on Zr

Volume and lattice energy changes at 0 K for the fluorite to
pyrochlore phase transformation

Case Volume/atom (%) Energy/atom (%)
Virgin 9.07 -17.39
10% Pud, 7.51 -17.67
10% Puj’ 7.99 -17.78

site substitutions in the pyrochlore lattice exhibit a more
distinct difference because there is more accommodating
free volume at the Gd sites than at the Zr sites (Fig. 3).
The fluorite cation—oxygen distances are eightfold at
0.228 nm. The pyrochlore Gd-O distances are twofold
at 0.228 nm and sixfold at 0.259 nm, and the Zr-O
distances are sixfold at 0.203 nm. The volume and en-
ergy changes in Table 6 are therefore consistent with
expectations based on ionic radii.

It is reasonable to expect that incorporation of Pu in
gadolinium zirconate would be performed at high tem-
peratures where the fluorite phase dominates, the energy
requirements are minimized (Table 4), volumetric ex-
pansions (Table 6) may be relaxed by higher defect mo-
bilities, and high sintering densities are achieved. Long
cooling times may also be anticipated to prevent the
accumulation of differential thermal stresses and conse-
quent fractures. Because long cooling times are also as-
sociated with the thermal phase transformation from
fluorite to pyrochlore [7,24], it is useful to explore the
characteristics of this transformation. For this initial
investigation, Table 7 shows the volume and energy
changes computed by energy minimization at 0 K.
Although the smallest energy change is exhibited by the
virgin material, it may not be significantly different than
for materials containing Pu. The smallest volume chan-
ges are exhibited by materials incorporating Pu, with a
slight advantage for Pu** substitutions on Gd sites. This
preference is consistent with the above discussion con-
cerning cation—oxygen distances because the more ac-
commodating Gd site shows the lowest volume change.

6. Conclusions

As expected, the simple substitutions of Pu** on Gd
sites and Pu*" on Zr sites exhibit the lowest defect
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reaction energies and are, therefore, the ones most
likely to occur under reducing or oxidizing conditions,
respectively. The exothermic (negative) energies for
Pu®" substitutions on Gd sites (and on Zr sites for the
fluorite cluster model) may indicate that reducing
atmospheres could be beneficial for tightly binding
Pu into Gd,Zr,O; hosts. Slightly higher, but still
exothermic, defect reaction energies were calculated for
Pu** substitutions on Zr sites for three out of four of
the fluorite cases, indicating that oxidizing conditions
should not inhibit Pu incorporation into Gd,Zr,0,
hosts. Defect reactions involving cation vacancies or
interstitials exhibited significantly higher energies, and
are therefore not expected to occur. Mean field calcu-
lations indicated that volume increases associated with
Pu incorporation are minimized by the pyrochlore
structure due to the excess of free volume associated
with the Gd site in that structure. Volume changes
upon thermal phase transformation from fluorite to
pyrochlore are smaller for the Pu-containing material
than for the virgin material, with a slight advantage for
the reducing conditions associated with Pu®" substitu-
tions on Gd sites. The key issues are: (a) the fluorite
phase will dominate at high temperatures during waste
form processing, (b) the thermal transformation to
pyrochlore will be kinetically sluggish during cooling,
(c) the transformation-induced volume changes during
cooling will be minimized by incorporating Pu, and (d)
reducing conditions may offer a slight advantage over
oxidizing conditions.
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Appendix A. Defect reaction equations

Reaction 1. For Pu®" substitution on a Gd*" site:
Pu,0; + 2Gdgs — Gd,0; + 2Pul; (A1)
E = 0.5Gd,0} + Pug; — 0.5Pu,0; (A.2)

Reaction 2. For Pu®" substitution on a Zr*' site, with
charge compensation by oxygen vacancies:

PUZO3 + erzr + 400 — 2Zr02 + ZPU%Y_J + VO + 400
(A3)

E = ZrO5 + Pu}!’ + 0.5V — 0.5Pu,05 (A4)

Reaction 3. For Pu*" substitution on a Zr** site, no
charge compensation is needed:

PuO; + Zrz — ZrO, + Puj’ (A.5)

E = ZrOj + Puj — PuO} (A.6)

Reaction 4. For Pu** substitution on a Gd** site, with
charge compensation by additional oxygens:

2Pu0; + 2Gdga — Gd,05 + 2Pugy + O (A7)

E = 0.5Gd,0f + Pug; + 0.50y, — 2PuOj (A.8)

Reaction 5. For Pu*' substitution on a Gd** site, with
charge compensation by Gd vacancies:

3Pu0; + 4Gdga — 2Gd,0; + 3Pudy + Vi, (A.9)

E = 0.67Gd,05 + Pu; + 0.33V{, — PuO} (A.10)

Reaction 6. For Pu®* substitution on a Zr*" site, with
charge compensation by Zr interstitials:

2Pw,0; + 471z, — 3710, + 4Pul! + Zr, (A.11)
E = 0.75Zr0% + Pu” + 0.25Zr," — 0.5Pu,0%  (A.12)

Reaction 7. For mixed Pu*" substitution on a Gd** site
and Pu®! interstitials, with charge compensation by Gd
vacancies:

Pu,05 + 2Gdgq — Gdy05 + Pug; + Pul ™ + V§,
(A.13)

E = Gd,0} + Pul + Pult + Vi, — Pu,Of (A.14)

Reaction 8. For Pu*" interstitials, with charge compen-
sation by additional oxygens:

Pu,0; — 2Pu/™ + 30§ (A.15)

E =Pu]™ + 1.50{_ — 0.5Pu,0f (A.16)

Reaction 9. For Pu*" interstitials and substitutions on a
Zr*" site, with charge compensation by zirconium va-
cancies:
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i

2PuO; + 2Zrz — 2710, + Pu™ +V, 4 Puj’
(A.17)

E = ZrOk + 0.5Puf™ + 0.5V, + 0.5Pu}’ — PuO%
(A.18)

Reaction 10. For Pu*" interstitials with charge com-
pensation by additional oxygens:

PuO, — Puf™ + 20§ (A.19)

E = Pu* 420, — PuOj (A.20)

Reaction 11. For Pu’" interstitials, with charge com-
pensation by Gd vacancies:

Pu,0; 4 2Gdgg — G105 + 2Pu] ™™ + 2V{, (A.21)

E = 0.5Gd,0} + Pu}™ + V, — 0.5Pu,05 (A.22)

Reaction 12. For Pu*" interstitials, with charge com-
pensation by zirconium vacancies (Frenkellike):

I

PuO; + Zrz, — ZrO, + Puj™ +V,, (A.23)

E = ZrO% + Puft + V, — PuO’ (A.24)
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