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Abstract

An annealing study has been completed on two compositionally identical Pu-substituted zircons (Zrgg,Pug5SiO4)
prepared 18 yr ago with different ¥ Pu/**Pu isotopic ratios. The activity and accumulated dose for each material varies
greatly due to the very different half-lives of **Pu (87.7 yr) and **Pu (24 100 yr). The predominantly ** Pu-substituted
zircon is in a highly amorphous state after accumulating a dose of 2.8 x 10" a-decays/g, which is a factor of two higher
than the dose previously determined necessary to amorphize this material. The 2**Pu-substituted zircon has remained
highly crystalline after an accumulated dose of 1.2 x 10'7 a-decays/g. The Pu in both samples is trivalent due to sin-
tering under reducing conditions. The short-range and long-range structures of each sample have been characterized by
detailed X-ray absorption spectroscopy and X-ray diffraction (XRD) methods. The oxidation of Pu** to Pu** in the
crystalline *Pu-substituted zircon during annealing in air resulted in a decrease in lattice distortion due to the decrease
in ionic radius of Pu?* to Pu** on the Zr** site. A significant amount of PuO, exsolved from the zircon structure after
annealing at 1200°C in air. Detailed characterization of the amorphous 2**Pu-substituted zircon demonstrated that
while devoid of long-range order it still retained a distorted zircon structure and composition over a length scale of
0.5 nm. The recrystallization of the amorphous 2**Pu-substituted zircon could be achieved directly at temperatures as
low as 1200°C when annealed for 12 h in air; however, annealing at 1000°C resulted in decomposition into constituent
oxides. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 61.10.Ht; 61.10.Nz; 61.43.Er; 61.80.-x; 61.82.Ms

1. Introduction

One of the principal factors that will determine the
long-term durability of nuclear waste forms proposed
for the immobilization of high-level radioactive waste or
actinide-rich waste is the structural response to self-ra-
diation damage as a function of time and temperature.

* Corresponding author. Tel.: +1-509 375 2299; fax: +1-509
375 2186.
E-mail address: bill.weber@pnl.gov (W.J. Weber).

This is especially true for waste forms designed to in-
corporate actinide elements, such as plutonium, because
they will be subject to considerable self-radiation dam-
age from o-decay events [1,2]. With this in mind, an
accelerated study of a-decay damage was initiated 18 yr
ago to investigate self-radiation effects from o-decay in
28Py-substituted zircon, ZrSiOy4, and compare the re-
sults with data on natural zircons. The detailed results of
damage accumulation and recovery from the initial
phase of this study have been reported previously [3-6].

Although the initial study focused primarily on 2*Pu-
substituted zircon, two types of synthetic zircons were
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actually prepared, one containing a mixture of 8.85 wt%
28py and 1.15 wt% 2*Pu and the other containing
10 wt% **Pu. In both instances, the Pu was substituted
directly for Zr, giving a Zrg,Pug03SiO4 stoichiometry.
Initial characterization by X-ray diffraction (XRD),
found both samples to be single-phase zircons. The first
zircon containing 8.85 wt% 23¥Pu, with its 87.7 yr half-
life, provided a means of accelerating the o-decay rate
(i.e., damage rate) by a factor of ~250 when compared
to the sample containing 10 wt% 2**Pu. This 23¥Pu-sub-
stituted zircon became amorphous to XRD analysis af-
ter a dose of 0.7 x 10" a-decays/g [3,5]. Details of the
sample preparation procedures and the initial charac-
terization have been reported previously [3-6]. Self-
heating in the >*®Pu-substituted zircon specimens during
storage is minimal, and specimen temperatures have
been estimated to be less than 50°C.

These zircon samples have been more recently char-
acterized by X-ray absorption spectroscopy (XAS) after
accumulated doses of 2.8 x 10'° and 1.2 x 10" a-decays/
g for the *®Pu- and ?*Pu-substituted zircons, respec-
tively [7,8]. The **Pu-substituted zircon in these studies
achieved a dose that is a factor of two higher than that
determined necessary to fully amorphize the same sam-
ples [3-6]. The XAS results [7,8] confirmed that self-ra-
diation damage had transformed the **®Pu-substituted
zircon into a fully amorphous state lacking long-range
order. Surprisingly, the Pu Ljj;-edge XANES indicated
that the Pu in both zircon samples was completely tri-
valent. This was an unexpected result of originally pre-
paring the Pu-substituted zircons under a reducing
atmosphere (oxygen-purged flowing argon). The triva-
lent state of Pu in zircon poses a number of questions,
notably how is Pu** incorporated into the zircon
structure, due to the apparent significant ionic radii
mismatch between Pu**, 0.100 nm (sixfold coordination
[9]) and Zr**, 0.084 nm (eightfold coordination [9]), and
consequently how has charge neutrality been main-
tained? Although it is preferable to compare the ionic
radii of Pu’* and Zr** on equivalently coordinated sites,
the ionic radius of Pu*" in eightfold coordination cor-
responding to the Zr** site in zircon is unknown. Recent
computer simulations, however, using energy minimi-
zation techniques [10] indicate that the lowest energy
configuration occurs for a defect cluster composed of
two near-neighbor Pu’* substitutions on Zr*" sites and a
neighboring charge-compensating oxygen vacancy.

In order to further understand the behavior of Pu in
zircon and recrystallization processes, an annealing study
was undertaken with the twofold aim of oxidizing (in air)
the Pu** to Pu*" in both the amorphous (***Pu-substi-
tuted) and crystalline (***Pu-substituted) zircons, as well
as to examine the nature of the recrystallization processes
in the amorphous state of zircon. The original goal was
to oxidize the Pu*" in the amorphous zircon at a suffi-
ciently low temperature to avoid any recrystallization.

There have been several previous isochronal anneal-
ing studies on zircons that are relevant to the present
study. One of these studies [3,5,6] was carried out on the
same **®*Pu-substituted zircon as in the current study but
at a lower dose (1.35 x 10" a-decays/g) where this zir-
con is first observed to be fully amorphous. Other
studies have been carried out on natural metamict zir-
cons [11-17]. Since zircon undergoes a large (~18%)
volume expansion upon amorphization [3-6], the iso-
chronal recovery processes in 23¥Pu-substituted zircon
[3,5,6] and in natural metamict zircon [11] were moni-
tored via density measurements, as shown in Fig. 1. In
each of these studies, a single specimen was sequentially
annealed to successively higher temperatures. After each
heat treatment, the sample’s density was determined,
and the structure was monitored by XRD methods or in
some instances by optical spectroscopy. The first stage
of the two-stage density recovery process is consistent
with the initial crystallization of zircon’s component
oxides and would account for the observed 55-60% re-
covery of the density in both studies. The second stage of
the density recovery process, which occurs above
1200°C, has been only observed in the **®*Pu-substituted
zircon [3,5,6] and represents the recrystallization of the
zircon structure, which was complete at 1450°C. Al-
though the second stage of the density recovery process
in the natural metamict zircon was not observed due to a
restricted maximum temperature [11], Vance and An-
derson [18] have reported the recrystallization of the
zircon structure in another natural metamict zircon at
1300°C. The isochronal density recovery curves from the
two studies (Fig. 1) are in good agreement with each
other and consistent with the recovery of the integrated
neutron diffraction intensity in natural metamict zircon
[14]. The lower onset temperature for recovery that is
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Fig. 1. Summary of isochronal density recovery studies of
amorphous zircons by Weber [3,5,6] and Vance and Anderson

[11].
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observed for the 2** Pu-substituted zircon occurs because
a 12 h isochronal period was used in the annealing of the
238Pu-substituted zircon, while only a 1 h isochronal
period was used for the metamict zircons. In the natural
metamict zircon, Vance and Anderson [11] noted the
development of diffuse diffraction maxima associated
cubic zirconia after annealing at 850°C. By 1100°C, the
diffuse pattern converted to the sharp diffraction pattern
of tetragonal zirconia. At temperatures greater than
1150°C, the intensity of the tetragonal zirconia peaks
decreased, although no evidence for zircon was observed
in the powder XRD pattern at the maximum tempera-
ture of 1350°C. However, diffuse streaks in a Laue dif-
fraction pattern, which had the symmetry of zircon,
were observed after annealing at 1350°C. In the 2**Pu-
substituted zircon [3,5,6], the appearance of cubic zir-
conia was first noted after annealing at 1050°C.

In light of these previous studies, the amorphous
238Py-substituted zircon was annealed at 1000°C for 12 h
in air. This temperature represented a compromise be-
tween being sufficiently high enough to ensure complete
oxidation of the Pu** and low enough to avoid recrys-
tallization. A second 2®Pu-substituted zircon specimen
was annealed at 1200°C for 12 h in air in order to study
the recrystallization of the amorphous zircon in the
transition region of the two-stage recovery process. In
addition, the crystalline >**Pu-substituted zircon was
annealed at 1200°C for 12 h in air in order to oxidize the
Pu’*. In these annealing studies, the heating rate was on
the order of 600°C/h.

2. Experimental

The original preparation of the 2*Pu- and 2*Pu-
substituted zircon samples used in this study has been
described previously [3,5,6]. The high-temperature an-
neals were carried out on small (~1 g) solid specimens
that were subsequently ground into powder, mixed with
colloidion-amyl acetate solution, and loaded as a slurry
into aluminium holders with Kapton windows.

EXAFS and XRD measurements were performed at
the Stanford Synchrotron Radiation Laboratory.
EXAFS spectra were collected at the Pu Ly;- and Zr
K-edges in transmission and fluorescence modes simulta-
neously out to a photoelectron wavevector of 1.3 nm™!

Table 1
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at 77 K. The transmission spectra were measured with
standard ionization chamber detectors, while the fluo-
rescence was recorded with a 13-element Ge detector.
Energy calibration was performed by assigning the first
inflection point in the absorption edge of a Zr foil to
17,999.35 ¢V. Data analysis was performed in a standard
manner that has been described previously [7,8].

The XRD spectra were collected in transmission out
to a maximum of ~2 nm™' in reciprocal space using
monochromatic X-rays of energy between 20-30 keV, at
77 K. A solid-state detector coupled to a digital ampli-
fier, which provided an energy spectrum at every point
in the pattern that is analyzed by the data acquisition
software, was used to measure the diffracted beam in-
tensity, as well as the sample’s fluorescence that enabled
volume corrections to be made. The intensity of the in-
cident beam was also monitored with an ionization
chamber to provide for normalization. Pair distribution
function analysis of the diffraction pattern was carried
out using PDF 1.00 software [19,20].

3. Results

3.1. 2 Pu-substituted zircon annealed at 1200°C for 12 h
in air

Pu Ljj-edge XANES revealed that annealing the
2¥Py-substituted zircon at 1200°C for 12 h in air was
sufficient to fully oxidize the Pu** to Pu**. XRD indi-
cated, however, that as a result of this heat treatment the
sample now contained a considerable amount of PuO,
in addition to zircon. This was quite unexpected given
that the unannealed 2**Pu-substituted zircon was single
phase, and the Pu Lj;-edge EXAFS had indicated that
the Pu was uniformly distributed within the zircon lat-
tice, which excluded the possibility of any amorphous
Pu-bearing second phases in the unannealed zircon [7,8].
Therefore, the PuO, observed in the annealed **Pu-
substituted zircon appears to have been exsolved from
the zircon lattice as a result of this 1200°C heat treat-
ment. The lattice parameters obtained from the zircon
before and after annealing are compared in Table 1,
along with the published reference values for zircon [21].

As expected, the unannealed **Pu-substituted zircon,
in which the Pu was completely trivalent and contained

A comparison of the unit cell volumes obtained from the 2**Pu-substituted zircon before and after annealing at 1200°C for 12 h in air

with those for a reference zircon [21]

2%Pu-zircon

29Pu-zircon 1200°C/12 h

ZrSio, 21]

Cell volume (nm?) 0.2678

A rel. ZrSiOy +0.0070
Pu valence +3

Ionic size (nm) 0.100 (Pu)

% Pu in zircon 100%

0.2623 0.2608
+0.0015 0

+4 -

0.086 (Pu) 0.072 (Zr)
50% 0%
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in the zircon structure, had the largest unit-cell volume.
The oxidation of the Pu** to Pu** combined with the
exsolution of Pu from the annealed **Pu-substituted
zircon lattice considerably reduced its unit-cell volume.
A first-order estimate of the amount of Pu exsolved from
the annealed 2*’Pu-substituted zircon may be made,
based on the measured unit-cell volumes and the dif-
ferences in ionic radii between Pu*t, Pu*" and Zr**, as
outlined in Table 1. Since the difference in ionic radii
between Pu*t and Zr** is twice that between Pu** and
Zr**, it would be expected that, relative to the reference
zircon, the increase in unit-cell volume for a given
amount of Pu** substituted on the Zr** site should be
approximately twice that for Pu*f. Given that the
measured difference in the unit-cell volume of the an-
nealed 2*Pu-substituted zircon, relative to the reference
zircon, is only ~43% of that expected, the annealed
2¥Pu-substituted zircon is estimated to contain ~43% of
the Pu. Recent Mean Field calculations [10], however,
have predicted that the increase in lattice volume asso-
ciated with the substitution of an equivalent amount of
Pu’t instead of Pu*t on the Zr** site would be a factor
of 1.8 rather than 2, as used here. Based on this value,
the amount of Pu retained in the zircon is estimated to
be ~48%. A number of other factors also influence the
unit-cell volumes that have not been taken into account
in this first order approximation. These include the
presence of oxygen vacancies, which would be the most
likely means of charge compensating for the presence of
Pu’* on the Zr** site in the unannealed **Pu-substituted
zircon, and radiation damage induced expansion of the
unit cell. The later effect has, however, been shown to be
almost insignificant for the low dose, 1.2 x 107 a-de-
cays/g, experienced by the 2?Pu-substituted zircon [5]. In
light of the uncertainty in both the measurements and
the calculations, it would be safe to conclude that the
annealed *Pu-substituted zircon only contains ap-
proximately half of the original 0.08 formula units of Pu.

A comparison of the Fourier transforms of the Pu
Li-edge EXAFS collected before and after annealing is
shown in Fig. 2. The presence of a significant amount of
PuO, is clearly evident after the oxidizing anneal that
has resulted in the large increase in the intensity of many
of the transform features. In addition to the contribu-
tion from PuQ,, there is also an increase in the intensity
of the resolvable Pu-Si shell from the zircon. An in-
crease in the modulus of the Pu-Si feature in the
transform indicates that the level of distortion associ-
ated with the presence of Pu in the zircon is reduced
after the oxidizing anneal. This is expected given the
reduction in the ionic size mismatch associated with the
oxidation of the Pu** to Pu** on the Zr** site and the
filling of the closely associated oxygen vacancy site. This
decrease in the level of distortion may also be partly
associated with the annealing of any irradiation-induced
defects that may have been created at this low dose level.

Pu L, -edge

239py-Zircon (1200°C, 12 h)
——= #9py-Zircon (unannealed)

Pu-Pu

Fourier Transform Moduli

Radial Distance (nm)

Fig. 2. Fourier transforms of the Pu Ly-edge EXAFS taken
from the 2*Pu-substituted zircon before and after annealing in
air at 1200°C for 12 h. Note that peaks in the Fourier transform
have not been corrected for phase shift and as a result appear
0.05-0.10 nm shorter than fitted values.

A comparison of the Pu Lj-edge EXAFS fitting
results obtained from the 2 Pu-substituted zircon before
and after annealing, is shown in Table 2. The Pu envi-
ronment in the unannealed **Pu-substituted zircon is
well described by the PuSiO, standard [22], which would
suggest that the Pu’* present in the unannealed **Pu-
substituted zircon has substituted on the Zr** site as
planned, despite the large ionic size mismatch. Charge
compensation has most likely occurred through the
presence of an appropriate number of oxygen vacancies,
giving the zircon [Zrg9,Pugs]Si[O3.96[Jo04] stoichiome-
try. This is consistent with recent theoretical defect cal-
culations [10] that indicated that the energy cost
associated with placing Pu** in an interstitial position is
five times that for placing it on the Zr** site. In addition,
the calculations predict that the defect energy can be
reduced by a further factor of four, if the Pu** forms
clusters consisting of two Pu** on near-neighbor Zr**
sites and an oxygen vacancy for charge compensation.
No evidence for Pu clustering (i.e., as PuO,) was ob-
served in the Pu Ljj-edge EXAFS from the unannealed
2¥Pu-substituted zircon.

As indicated by the Fourier transform, PuO, domi-
nated the fit to the Pu Ljj-edge EXAFS from the an-
nealed 2*Pu-substituted zircon. After the anneal, the
intensity of the resolvable Pu—Si shell both increased and
appeared at a significantly shorter distance, which would
be expected given the reduction in ionic size associated
with the oxidation of Pu** to Pu’*.

A comparison of the local Zr environments from the
2Pu-substituted zircon before and after annealing at
1200°C in air is shown in Fig. 3. The Fourier transforms
of the Zr K-edge EXAFS indicate good structural
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Table 2

A comparison of the Pu Lyj-edge EXAFS fitting results for the 2**Pu-substituted zircon before and after being annealed at 1200°C for
12 h in air. Also shown are reference data from PuSiO, [22] and PuO, [29]

Shells Pu-O Pu-O Pu-Si Pu-Si/Zr Pu-O
2¥Py-zircon Distance (nm) 0.221 (2) 0.239 (2) 0.316 (2) 0.364 (2) 0.415 (2)
Number 2.9 (8) 5(1) 1.0 (3) 7Q) 3 (1)
A Sigma 0.00 0.00 0.07 (2) 0.14 (2) 0.00
PuSiO4 Distance (nm) 0.229 0.249 0.311 0.378 0.421
Number 4 4 2 4/4 8
Shells Pu-O Pu-Si Pu-Pu Pu-O Pu-Pu
29py_zircon 1200°C/12 h Distance (nm) 0.230 (2) 0.300 0.387 (1) 0.438 (2) 0.532 (2)
Number 7Q) 1.6 (5) 6 (1) 23 (6) 3(1)
A Sigma 0.08 0.07 0.02 0.03 0.00
PuO, Distance (nm) 0.234 0.382 0.447 0.539
Number 8 12 24 6
reduction of the first Zr—Si correlation in the unannealed
Zr K-edge #%pu-Zircon (1200°C, 12 h) 2% Pu-substituted zircon may indicate disruption of some
5 ——= 2%%py-Zircon (unannealed) edge-sharing relationships, formation of some corner-
3 Zr-Zr[Si sharing configurations by the rotation of SiO, tetrahe-
= dra away from the ZrOg polyhedra, and creation of
g A some oxygen vacancies for the charge compensation of
2 N i\ the Pu’t.
© “ The extent of atom pair correlations was determined
E |Zr-si A by taking the Fourier transform of the corrected dif-
= i \ fraction pattern to give a pair distribution function
L \W \\ (PDF). The PDF shows the probability of finding two
f C \ \\ p atoms a distance r apart weighted by the product of their
) . ) | ) VAN atomic numbers. Comparisons of the PDF patterns
0.0 0.2 0.4 0.6 0.8 10 taken before and after annealing are shown in Fig. 4.

Radial Distance (nm)

Fig. 3. Fourier transforms of the Zr K-edge EXAFS taken
from the *Pu-substituted zircon before and after annealing in
air at 1200°C for 12 h. Note that peaks in the Fourier transform
have not been corrected for phase shift and as a result appear
0.05-0.10 nm shorter than fitted values.

agreement out to ~0.65 nm, beyond which deviations
exist. Having said that, a significant difference is present
in the region of ~0.25 nm, where the first resolvable Zr—
Si distances reside. The effect of the oxidation of the
Pu’* to Pu**, and the accompanying reduction in lattice
distortion, is therefore clearly evident on the neighbor-
ing Zr sublattice through changes in the first Zr-Si
correlation, which appears very sensitive to structural
distortion in the zircon. Zircon is composed of chains of
alternating edge-sharing ZrOg polyhedra and SiO, tet-
rahedra that are cross-linked through corner-sharing
SiO, tetrahedra. The first Zr-Si correlation at 0.299 nm
arises from edge-sharing ZrOg polyhedra and SiO, tet-
rahedra; whereas, the Zr-Si correlation at 0.366 nm re-
sults from corner sharing polyhedra and tetrahedra. The

While the common features of zircon are clearly evident,
the PDF features from the annealed **Pu-substituted

2%9py-Zircon (1200°C, 12 h)
——= py._Zircon (unannealed)

¢ Pu-Pu (PuO,)

Electron Density

0.2 0.4 0.6 0.8 1.0
Radial Distance (nm)

Fig. 4. Pair distribution function obtained from the **Pu-
substituted zircon before and after annealing in air at 1200°C
for 12 h. The positions of the dominant Pu-Pu pairs from PuO,
are indicated by arrows.



B.D. Begg et al. | Journal of Nuclear Materials 278 (2000) 212-224 217

zircon are significantly sharper and more intense than
those from the unannealed **Pu-substituted zircon, re-
flecting the significant reduction in lattice distortion as-
sociated with the oxidation of the Pu’* to Pu*" and
recovery of dilute damage from the relatively small o-
decay dose. The intensity variations seen in the PDF
data are consistent with those observed in the Fourier
transforms from the Pu and Zr environments described
above and reflect the complementary nature of these
independent measurements. The presence of PuO, in the
annealed 2*’Pu-substituted zircon was also evident, as
indicated by the location of the dominant Pu-Pu pairs
from PuO, in Fig. 4.

3.2. 23 Pu-substituted zircon

Prior to discussing the annealing studies on the
amorphous 2¥Pu-substituted zircon, it is important to
review the earlier XAS finding [7,8] in light of more re-
cent XRD results. Fig. 5 shows a normalized coherent
diffraction pattern obtained from the 23¥Pu-substituted
zircon using high-brightness synchrotron radiation. The
very broad diffuse nature of the diffraction pattern is
consistent with the lack of long-range order in the zir-
con. Superimposed on the amorphous background,
however, is a very small amount of PuO,, which is es-
timated to be less than 1% of the total Pu present in the
sample. This was most likely present in the starting
material but, due to its low concentration, was not de-
tectable above the initial crystalline zircon background
with the laboratory-source XRD unit used in the initial
study [3]. The presence of such a small proportion of
PuO, is also not irreconcilable with the earlier Pu Lyy-
edge XANES findings that indicated that all the Pu was
trivalent due to the limited sensitivity of the technique.

PuO,

2%8py-Zircon (unannealed)

| L | L | L 1 s |

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Q (nm™)

Fig. 5. Corrected XRD pattern from the amorphous (unan-
nealed) 2*®Pu-substituted zircon, showing a small amount of
Pqu.

PDF analysis of this diffraction pattern was under-
taken to look for evidence of short-range order in this
otherwise amorphous material, and the results are
shown in Fig. 6. Also shown is a fit to the data based on
crystalline zircon to which a broadening component has
been added to simulate lattice distortion. Despite its
amorphous state, there appears to be excellent agree-
ment between the data and the distorted zircon fit out to
a distance of ~0.5 nm, after which the long-range zircon
structure appears to have been lost. The two minor
peaks in the PDF at ~0.66 nm and ~0.85 nm coincide
with the Pu—Pu distances in PuQ,, indicated in Fig. 6. A
detailed breakdown of the cation pairings that constitute
the fit out to ~0.5 nm, also shown in Fig. 6, indicates
that despite the loss of long-range crystallinity a dis-
torted zircon structure remains over a length scale of
about 0.5 nm. This is consistent with the retention of the
first Zr-Zr and Si-Si pairs. The first Zr-Si pairs at
~0.3 nm appear to have been lost, which suggests a com-
plete loss of the edge-sharing relationships and the ro-
tation of the SiO, tetrahedra away from the ZrOg
polyhedra in the amorphous state, as suggested by
Farges and Calas for metamict natural zircon [23] and
similar to that proposed for cation polyhedra in natural
metamict zirconolite [24]. The fit also suggests that the
main Zr-Zr correlation has contracted to a slightly
shorter distance, which is consistent with previous EX-
AFS results on these samples [7] and on natural
metamict zircons [15,23].

The local Pu environment in this sample was char-
acterized with Pu Lyj-edge EXAFS, and the fitting

238py-Zircon (unannealed)

— — Fit: Distorted Zircon

Electron Density

0.2 0.4 0.6 0.8 1.0
Radial Distance (nm)

Fig. 6. PDF plot from amorphous (unannealed) 2*Pu-substi-
tuted zircon, including a fit to the data based on crystalline
zircon to which a broadening term has been applied to account
for lattice distortion. The detailed fit shows the contributions
from the various cation—cation interactions out to 0.5 nm. Two
minor peaks that coincide with the Pu-Pu distances in PuO, are
indicated.
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results are shown in Table 3. A comparison of the fitting
results with the PuSiO,4 standard [22] indicates that all
the cation—cation pairings present in the Pu end-member
zircon are present in this nominally amorphous >*Pu-
substituted zircon out to a distance of ~0.5 nm, in
agreement with the PDF result. No evidence for either
amorphous Pu-bearing second phases or Pu clustering
within the zircon was indicated by the Pu Lyj-edge
EXAFS data. Notable distortion was, however, present
through the reduction in the number of the atom pairs,
the presence of only one Pu-O distance at ~0.23 nm,
compared to the two in PuSiO,, and the contraction of
the Pu—Zr distance to ~0.36 nm as indicated from the
PDF. However, despite the loss of long-range crystal-
linity through the significant accumulation of o-decay
damage, the local Pu environment out to ~0.5 nm re-
mains well described by PuSiO4 and consequently is
remarkably similar to the Pu environment in the crys-
talline 2**Pu-substituted zircon described in Table 2.
Further, the retention of a distorted zircon structure
around the Pu indicates that the zircon stoichiometry
has been retained on the atomic level in the amorphous
28Pu-substituted zircon, similar to results reported for
natural metamict zircons [12,23].

The fitting results from the Zr K-edge EXAFS from
the unannealed 2*®*Pu-substituted zircon are shown in
Table 4, along with reference distances for crystalline

zircon [21] and monoclinic ZrO, [25]. A number of
structural deviations exist, including the presence of a
single Zr-O distance at ~0.22 nm, which is the average
of the two Zr—O distances in crystalline zircon. The
presence of two separate Zr—Zr distances relative to a
single ~0.366 nm distance in the crystalline zircon and
the loss of observable Zr—Si correlations, as mentioned
previously, are both indicative of the level of distortion
in the zircon structure.

Clearly, the Zr sub-lattice has been significantly im-
pacted by the accumulated a-decay damage. Care needs
to be taken however before interpreting the Zr K-edge
EXAFS results as evidence for phase separation in the
amorphous material, as has been recently proposed
[26,27]. The loss of observable Zr-Si correlations on the
Zr sub-lattice does not imply the diffusion of Zr and Si
to form zirconia-rich and silica-rich microdomains. In-
deed the significant discrepancies between the Zr K-edge
fitting results from the amorphous 2¥Pu-substituted
zircon and monoclinic ZrO, do not support this con-
clusion, and other researchers [12,23] reported no evi-
dence for decomposition into component oxides in
natural metamict zircons. Further, if significant cation
diffusion were to occur during the cooling of a-recoil
cascades as claimed [27], then it should be equally evi-
dent for the Pu environment and not merely restricted to
the Zr environment.

Table 3
Pu Ly-edge EXAFS fitting results from the unannealed 2**Pu-substituted zircon, along with reference data from PuSiO, [22]
Shells Pu-O Pu-O Pu-Si Pu-Zr Pu-Si Pu-Si
28Py-zircon Distance (nm) 0.232 (4) - 0.316 (3) 0.360 0.383 0.443
Number 5(1) - 1.7 (5) 1.3 4 0.9 (3) 3(1)
ASigma 0.17 (2) - 0.11 (2) 0.10 (1) 0.11 (2) 0.16 (2)
Shells Pu-O Pu-O Pu-Si Pu-Si/Zr Pu-O Pu-Si
PuSiOy Distance (nm) 0.229 0.249 0.311 0.378 0.421 0.488
Table 4
Zr K-edge EXAFS fitting results from the >**Pu-substituted zircon, along with reference data from ZrSiOy4 [21] and monoclinic ZrO,
[25]
Shells Zr-O Zr—7Zr Zr-Zr
28 Py-zircon Distance (nm) 0.216 (3) 0.332 (2) 0.408 (2)
Number 4 (1) 4 (1) 2.8 (9)
A Sigma 0.13 (2) 0.13 0.13
Shells Zr-O Zr-O Zr-Si Zr-Si/Zr
Z1SiOy Distance (nm) 0.213 0.227 0.299 0.366
Number 4 4 2 4/4
Shells Zr-O Zr-0O Zr-Zr Zr—Zr
Zr0, (M) Distance (nm) 0.210 (7) 0.223 (3) 0.346 (12) 0.391
Number 4 3 7 2
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The failure to observe Zr—Si correlations in amor-
phous zircon may be explained in terms of irregular
rotation of the Zr and Si polyhedra with respect to each
other, as discussed above. This would serve to destroy
the unique Zr-Si distances present in crystalline zircon,
and consequently prevent them from being observed by
EXAFS. This is consistent with the Raman spectroscopy
results [28] that indicate the SiO,4 tetrahedra remain as
relatively stable structural units in extremely metamict
zircons but are tilted relative to each other, although
there was no evidence for increased polymerization of
the SiO, tetrahedra. Such a structural rearrangement
could also possibly explain the presence of two Zr—Zr
distances, whose average distance is consistent with the
single Zr-Zr distance in crystalline zircon. More im-
portantly, this would preserve the zircon stoichiometry
on the atomic scale, as required from the Pu Lyjj-edge
EXAFS results.

Self-radiation damage from the accumulated dose of
2.8 x 10" a-decays/g in this 2*Pu-substituted zircon has
clearly resulted in the loss of long-range order and for-
mation of an amorphous structure for length scales
greater than 0.5 nm. Both the PDF and EXAFS results
are consistent with the interpretation of loss of long-
range order, but one in which a distorted zircon struc-
ture, consisting of SiO; and ZrOg polyhedra rotated
relative to each other, is retained over length scales of up
to 0.5 nm. These observations preclude the decomposi-
tion of zircon into component oxides as a result of self-
radiation damage.

3.3. 8 Pu-substituted zircon annealed at 1000°C for 12 h

Annealing the amorphous 2**Pu-substituted zircon at
1000°C for 12 h in air resulted in complete oxidation of
the Pu** to Pu** and the crystallization of zircon’s
constituent oxides. The XRD pattern for this sample is
shown in Fig. 7, along with a diffraction pattern taken
from an empty Kapton holder. The multiple-layer
Kapton holder required to contain these radioactive
samples is responsible for the significant non-linear
background present in the diffraction pattern from the
annealed zircon. The positions of the principal PuO,
peaks have been marked in Fig. 7, along with the main
SiO, peak; the remaining, slightly broad, diffraction
peaks are from ZrO,. The coincidence of the main SiO,
peak with the main ZrSiO, reflection precludes a defin-
itive statement regarding the complete absence of any
zircon based on this single peak. Detailed fitting of the
broad ZrO, diffraction maxima revealed that both the
tetragonal and cubic forms are present. The lattice pa-
rameter from the cubic PuO, is 0.5388 nm, which is
considerably smaller than the 0.53960 nm reported for
pure PuO, [29], suggesting that the PuO, may contain a
proportion of ZrQ, in solid solution. As indicated in
Table 1, the ionic radius of Zr*t is smaller than that of

28py.Zircon (1000°C, 12 h)
PuO, ——- Empty Kapton Holder

Nominal Intensity

i ey

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Q (nm™

Fig. 7. XRD pattern from the **®Pu-substituted zircon an-
nealed at 1000°C for 12 h in air, along with a scan from an
empty Kapton holder (dotted line). The major PuO, and SiO,
lines are indicated, all other reflections are from a mixture of
cubic and tetragonal ZrO,.

Pu*t, which would account for the lattice contraction
observed for a (Pu, Zr)O, solid solution relative to PuO,.
No evidence of diffuse scattering that may be attributed
to any residual amorphous material was found in the
diffraction pattern, although X-ray scattering experi-
ments are more sensitive to heavier elements and the
presence of amorphous SiO, would be difficult to detect.

The PDF data obtained from this diffraction pattern
are shown in Fig. 8, together with a fit based on a
mixture of cubic and tetragonal ZrO,, PuO, and SiO,.

238py,Zircon (1000°C, 12 h)

Electron Density

1.0

Radial Distance (nm)

Fig. 8. PDF plot from the >**Pu-substituted zircon annealed at
1000°C for 12 h in air, including a fit to the data based on the
crystalline component oxides of zircon. Major contributions to
the total PDF from ZrO, (cubic or tetragonal), PuO, and SiO,
are marked by Z, P and S, respectively.
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Table 5
Pu Lyj-edge EXAFS fitting results from the 2 Pu-substituted zircon annealed at 1000°C for 12 h, along with reference data for PuO,
[29]
Shells Pu-O Pu-O Pu-Si Pu-Si Pu-Pu Pu-Zr
28Py-zircon Distance (nm) 0.219 (2) 0.236 (2) 0.307 (2) 0.345 (2) 0.380 (1) 0.476 (1)
1000°C/12 h Number 5(1) 6 (1) 2.0 (6) 5(1) 5(1) 4(1)
A Sigma 0.00 (4) 0.00 (4) 0.09 (2) 0.06 (2) 0.00 (3) 0.07 (1)
Shells Pu-O Pu-Pu
PuO, Distance (nm) 0.234 0.382
Number 8 12

Table 6

Zr K-edge EXAFS fitting results from the *®Pu-substituted zircon annealed at 1000°C for 12 h, along with reference data for

tetragonal ZrO, [30]

Shells Zr-O Zr-O Zr—Zr Zr-7Zr Zr-Zr Zr-Zr
238 Py-zircon Distance (nm) 0.209 (2) 0.235(2) 0.364 (1) 0.516 (2) 0.717 (2) 0.872 (1)
1000°C/12h  Number 3.5 (9) 1.9 (6) 9(2) 3(1) 14 (4) 6(2)

A Sigma 0.07 2) 0.07 (2) 0.06 (1) 0.07 (1) 0.09 (1) 0.06 (1)
ZrO, (T) Distance (nm) 0.210 0.236 0.36-0.363 0.51-0.518 0.72-0.726 0.887

Number 4 4 12 6 12 8

While the fit to the data is not perfect, all the major
features have been accounted for. When combined with
the narrow and clearly defined XRD features in Fig. 7,
the results exclude the presence of significant residual
amorphous material.

As expected, PuO, dominated the Pu Ly-edge EX-
AFS from this 2*Pu-substituted zircon annealed at
1000°C, as shown in Table 5. Significantly, the weak Pu—
Si correlations observed at ~0.3 and 0.35 nm are con-
sistent with the presence of some Pu in zircon. Given the
crystalline nature of the sample and the minor peak in
the region of the main zircon peak, the observed Pu-Si
correlations are consistent with the onset of some re-
crystallization of zircon. Tetragonal ZrO, dominated the
Zr K-edge EXAFS, as illustrated by the results and lit-
erature data [30] given in Table 6. Apart from the split
Zr-O distances, it is very difficult to separate cubic and
tetragonal ZrO, based on the fitting results.

To summarize, annealing the 2**Pu-substituted zircon
at 1000°C for 12 h in air appears to have resulted in the
complete crystallization of the zircon’s constituent
oxides, as well as the presence of a small amount of Pu-
zircon. This was quite unexpected in light of the previ-
ous isochronal step-annealing study carried out on this
material at approximately half the current dose [3,5,6],
in which the onset of minor ZrO, crystallization was
observed only at temperatures between 1050°C and
1200°C. In the case of natural metamict zircons, where
the level of damage (i.e., accumulated dose and amount
of residual crystallinity) may vary between samples, is-
ochronal step-annealing over this same temperature

range results in the formation of ZrO, in highly
metamict zircon [11] or no ZrO, in partially metamict
zircon [15]. These results suggest that the decomposition
into component oxides may depend on both the initial
amorphous or metamict state (partially or fully amor-
phous) and the structural evolution during isochronal
step-annealing.

3.4. 28 Pu-substituted zircon annealed at 1200°C for 12 h

Based on the results at 1000°C, it is not surprising
that annealing the amorphous >*Pu-substituted zircon
at 1200°C for 12 h in air results not only in the complete
oxidation of the Pu** to Pu** but also in the complete
recrystallization of the zircon structure, along with some
PuO,, as shown in Fig. 9. No evidence for a residual
amorphous component was present in the diffraction
pattern, so the zircon had been fully recrystallized by
annealing at a temperature, some 250°C lower than
previously reported [3,5,6].

The lattice parameters obtained from the 2*Pu-sub-
stituted zircon annealed at 1200°C for 12 h in air are
listed in Table 7. An estimate of the amount of Pu
present in the zircon, based on the measured lattice
parameters in the manner described above, would be
between 65% and 70% of the original 0.08 formula units
depending on the factor used. The recrystallized >**Pu-
substituted zircon would therefore appear to contain
more Pu than the annealed crystalline >*Pu-substituted
zircon.
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288py-Zircon (1200°C, 12 h)

Nominal Intensity

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Q (nm™)

Fig. 9. XRD pattern from the 2*Pu-substituted zircon
annealed at 1200°C for 12 h in air. The major PuO, lines are
indicated. All other reflections are from zircon.

Table 7

A comparison of the unit cell volumes obtained from the 23*Pu-
substituted zircon annealed at 1200°C for 12 h in air with those
for a reference zircon [21]

28 Pu-zircon ZrSiO,
1200°C/12 h
Cell volume (nm?) 0.2631 0.2608
A rel. ZrSiOy +0.0023 0
Pu valence +4 -
Tonic size (nm) 0.086 (Pu) 0.072 (Zr)
% Pu in zircon 65% 0%

A comparison of the Fourier transforms of the Pu
Li-edge EXAFS taken from the ®Pu- and »Pu-sub-
stituted zircons heated at 1200°C for 12 h is shown in
Fig. 10. The intensity of the transform modulus for the
annealed 2¥Pu-substituted zircon is greater than from
the annealed 2*Pu-substituted zircon over all distances
apart from where the distinguishable PuO, distances
reside. This is consistent with the 1200°C annealed
28Pu-substituted zircon containing a greater proportion
of Pu in the zircon lattice than the annealed crystalline
2¥Pu-substituted zircon. The strong contribution from
the annealed 2¥Pu-substituted zircon at ~0.5 nm is
consistent with the large Pu—Zr correlations for zircon in
this region. These are significantly weaker in the an-
nealed 2*Pu-substituted zircon, whose structure is
dominated by the contributions from PuO,.

A comparison of the Zr K-edge Fourier transforms
from the 2®Pu- and >*Pu-substituted zircons annealed
at 1200°C is shown in Fig. 11. Excellent agreement exists
in both the shape and width of the transform features
out to 1 nm. While intensity variations are present, the

Pu L, -edge
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Fig. 10. Comparison of the Fourier transforms of the Pu Lyj;-
edge EXAFS taken from the **Pu- and **Pu-substituted zir-
cons after annealing in air at 1200°C for 12 h. Note that peaks
in the Fourier transform have not been corrected for phase shift
and as a result appear 0.05-0.10 nm shorter than fitted values.
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Fig. 11. Comparison of the Fourier transforms of the Zr K-
edge EXAFS taken from the **®Pu-and **Pu-substituted zir-
cons after annealing in air at 1200°C for 12 h. Note that peaks
in the Fourier transform have not been corrected for phase shift
and as a result appear 0.05-0.10 nm shorter than fitted values.

equivalent shape and width of the transform features
indicates that the local Zr environments in these two
samples are comparable. No evidence for any residual
amorphous material in the >**Pu-substituted zircon an-
nealed at 1200°C is evident based on the structure of the
Zr sub-lattice.

The equivalency of the Zr environments observed in
the 2Pu-substituted zircon annealed at 1200°C with
those in both 2*Pu-substituted zircons annealed at
1200°C (Fig. 11) and reference zircon [21] (Table 8) is
consistent with the recrystallization of the amorphous
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Table 8
Zr K-edge EXAFS fitting results from the >**Pu-substituted zircon annealed at 1200°C for 12 h in air, along with reference data for
ZrSiOy [21]
Shells Zr-O Zr-Si Zr-SilZr Zr-Si Zr-Zr
28Pu-zircon Distance (nm) 0.216 (2) 0.301 (2) 0.364 (1) 0.469 (2) 0.557 (1)
1200°C/12 h Number 8(2) 1.6 (5) 1.6 (5) 3(1) 6(2)
A Sigma 0.10 (2) 0.05 (2) 0.0 0.0 0.04 (2)
Shells Zr-O Zr-O Zr-Si Zr-SilZr Zr-Si Zr-Zr
Z1SiOy Distance (nm) 0.213 0227 0.299 0.366 0.467 0.557
Number 4 4 2 4/4 4 5

28Py-substituted zircon (at 1200°C) directly from the
amorphous state and not via the formation of oxide
intermediaries. Further insight is provided by the nature
of the PuO, that forms during annealing at 1200°C. The
PuO, exsolved from the crystalline 2Pu-substituted
zircon at 1200°C is expected to be pure and free of any
ZrO,. If the amorphous 2**Pu-substituted zircon an-
nealed at 1200°C recrystallizes via the formation of ox-
ide-intermediaries, the PuO, present in the annealed
sample is expected to contain some ZrO,, similar to that
observed in the 2*Pu-substituted zircon annealed at
1000°C. However, if zircon recrystallizes directly from
the amorphous state, the PuO, that forms is expected to
be pure. The cubic PuO, lattice parameters from both
the 2Pu- and ?*Pu-substituted zircons are equivalent
with pure PuO, [29], being 0.5400, 0.5393 and 0.5396 nm,
respectively. This indicates that no ZrO, is present in the
PuO,, which suggests that zircon recrystallizes directly
from the amorphous state at 1200°C. This deduction is
also consistent with the previous annealing study of this
material [3,5,6], where annealing at 1450° for 12 h was
required to recrystallize the zircon structure because
phase separation occurred at lower temperatures during
the step-annealing process.

A comparison of the PDF data obtained from the
XRD patterns taken from the >®Pu- and >*Pu-substi-
tuted zircons after their respective anneals at 1200°C for
12 h is shown in Fig. 12. Excellent structural agreement
is evident between these two samples. The intensities of
the Zr—Zr/Pu pairs in the annealed **Pu-substituted
zircon, as indicated in Fig. 12, are generally more intense
than in the annealed »**Pu-substituted zircon, which is
consistent with the incorporation of a greater propor-
tion of Pu in the recrystallized 2*®Pu-substituted zircon.
No evidence for any residual amorphous material in the
238Py-substituted zircon annealed at 1200°C for 12 h in
air is evident from the PDF data.

The ability on one hand to crystallize the constituent
oxides of zircon at 1000°C, and on the other to fully re-
crystallize zircon at 1200°C, some 250°C lower than
previously reported, is very unexpected and raises im-
portant questions as to how the current findings relate to
the previous annealing studies discussed earlier. The

239py-Zircon (1200°C, 12 h)
l' ——= #8py_Zircon (1200°C, 12 h)
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Fig. 12. A comparison of the PDF data from the >®Pu- and
2¥Pu-substituted zircons annealed at 1200°C for 12 h in air. The
positions of the principal Zr—Zr/Pu pairs in the Pu-substituted
zircons are indicated by arrows.

principal difference between the current study and pre-
vious studies is the manner in which the samples were
annealed. In previous isochronal annealing studies of
highly amorphous zircons [3,5,6,11], a single sample was
sequentially heated to successively higher temperatures;
whereas in the current study, separate samples were
rapidly ramped (600°C/h) to the designated annealing
temperature. In the previous study [3,5,6] of the amor-
phous 2*¥Pu-subsubstituted zircon, a two-stage recrys-
tallization process, via the formation of oxide
intermediaries between 1050°C and 1200°C, was ob-
served, with complete recovery of the crystalline zircon
structure at 1450°C. In the current study of the same
material at a significantly higher dose, the amorphous
state of the 2*8Pu-substituted zircon is directly and fully
recrystallized to the zircon structure at temperatures as
low as 1200°C, but only because it is ramped rapidly to
the annealing temperature. This suggests that rapid
heating through the temperature regime where decom-
position of the amorphous state to component oxides is
observed can lead to congruent recrystallization of the
zircon structure. However, if intermediate oxides are



B.D. Begg et al. | Journal of Nuclear Materials 278 (2000) 212-224 223

allowed to form, then much higher annealing tempera-
tures are required for recovery of the zircon crystal
structure. It should be noted that in an isochronal an-
nealing study of partially metamict zircons [15], which
contained both amorphous and damaged-crystalline re-
gimes, no intermediate formation of ZrO, was observed
during recrystallization of the amorphous domains, and
recovery of the crystalline zircon structure was complete
at 900°C. Thus, structure evolution during annealing is
not only dependent on the initial structural state and
subsequent annealing temperature, but also on the
heating rate and time at temperature. It is the interplay of
the kinetics of various recovery and diffusion processes
that control structural evolution during annealing.

One of the keys to understanding this behavior lies in
characterizing the short-range structure of the amor-
phous state. The general inference from previous an-
nealing studies [3,5,6,11], as illustrated in Fig. 1, is that
during the isochronal step-anneals up to 900°C, where
no significant recovery of density or recrystallization
was observed, no significant change in the amorphous
structure had occurred. However, the current results
suggest that this is not the case. While no long-range
order has developed, significant alteration to the short-
range structure has probably occurred that impacts
subsequent recrystallization behavior. Closer examina-
tion of the previous density recovery data (Fig. 1) indi-
cates that some decrease in density occurs between
600°C and 900°C. This temperature range coincides with
that where both increases in the mean Zr-O and Zr—Zr
distances and an increase in Zr coordination number are
observed in the EXAFS data for annealed metamict
zircons [15]. Furthermore, perturbed angular correlation
spectroscopy (PACS) data [17] show that local ordering
occurs in metamict natural zircons for annealing above
600°C. Thus, the initial amorphous structure of zircon,
which is devoid of long-range order but retains a dis-
torted zircon structure and stoichiometry over length
scales up to 0.5 nm, begins short-range structural evo-
lution at temperatures above 600°C. This onset of short-
range structural changes precedes the decomposition
into component oxides observed in the isochronal step-
annealing studies [3,5,6,11] and may precede the de-
composition observed for the rapid-ramp annealing at
1000°C in the current study. The key to the direct re-
crystallization of amorphous zircon at 1200°C is rapidly
heating the sample through the temperature range where
decomposition is apparently energetically favored. The
question that remains unanswered is “why is decompo-
sition into component oxides favored over recrystalli-
zation of the zircon structure at low temperatures?”’

Both step-annealing and rapid-ramp annealing at
temperatures below 1200°C appear to result in the de-
composition of amorphous zircon into component ox-
ides (crystalline ZrO, and amorphous SiO,). This
implies that the distorted zircon structure and stoichi-

ometry that is evident in the amorphous structure at
room temperature is lost during structural evolution at
intermediate temperatures. The phase separation asso-
ciated with the observed decomposition implies sufficient
cation diffusion for nucleation and growth of ZrO,,
which implies that the decomposition will be kinetically
limited. Thus, as observed, rapid heating to higher
temperatures can negate such decomposition. However,
this does not answer the question as to why the amor-
phous structure will preferentially decompose rather
than recrystallize, particularly since the local composi-
tion and structure is that of distorted zircon.

Both the decomposed constituent oxide structure and
the recrystallized zircon structure represent lower energy
states than the amorphous state [16], with crystalline
zircon being the lowest energy state in the temperature
range of this study. Consequently, there is an energetic
driving force for both structural rearrangements; how-
ever, there is apparently a lower energy barrier for de-
composition (i.e., cation diffusion) than for
recrystallization of the zircon structure. Since the SiOy4
tetrahedra geometry is stable in metamict zircon [28] and
is almost temperature independent in zircon [31], most
short-range structural changes with increasing temper-
ature are associated with observed increases in both Zr—
O distances and Zr coordination, which may affect or
enhance Zr diffusion. Although tetravalent cation self-
diffusion in crystalline zircon has exceedingly high acti-
vation energies (~8 eV) [32,33], this is largely due to the
very high formation energy for the Zr vacancy, as dis-
cussed in a recent computer simulation study [34] that
determined the migration energy for the Zr vacancy to
be 1.2-1.4 eV in crystalline zircon. Consequently, in
highly damaged or amorphous zircon, where there is an
existing high concentration of Zr vacancies or where
vacancy formation energies may be considerably re-
duced, self-diffusion may be activated at lower temper-
atures. One might further speculate that the increase in
Zr-0 distances with temperature may increase the mo-
bility of Zr in the amorphous zircon structure, particu-
larly while the coordination number is still less than
eight. This provides some explanation for the observed
preferential decomposition of amorphous zircon to
constituent oxides via Zr cation diffusion at intermediate
temperatures. The implication is that the energy barrier
for recrystallization of zircon is higher than for Zr self-
diffusion in the amorphous state. Some insight into this
is provided by the work of Mursic and coworkers [14],
who observed that recrystallization of the zircon struc-
ture occurs in a temperature range where the sudden
expansion of the Si-O bond and SiO, tetrahedral vol-
ume allows a Zr—O polyhedral subunit to rotate causing
a structural relaxation. From the results discussed in this
paper, the energy barrier for rotation of the Zr-O
polyhedra must obviously be larger than the energy
barrier for Zr self-diffusion in the amorphous state.
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Future computer simulations may provide a means to
confirm these observations.

4. Conclusions

The oxidation of Pu** to Pu*" in the crystalline
2¥Py-substituted zircon results in a significant decrease
in lattice distortion due to the reduction in ionic size
mismatch between the Pu** and Pu** on the Zr** site.
The nature of the first Zr—Si correlation in zircon is very
sensitive to the level of lattice distortion present in the
zircon. In addition, a significant amount of PuO; is ex-
solved from the zircon lattice after heating at 1200°C in
air. Detailed characterization of the amorphous **Pu-
substituted zircon is consistent with the loss of both
long-range order and edge-sharing relationships between
SiO4 and ZrOg polyhedra. However, the amorphous
state retains a distorted zircon structure and stoichi-
ometry, consisting of SiO4 and ZrOg polyhedra rotated
relative to each other, over length scales of up to 0.5 nm.
The recrystallization of the amorphous 23¥Pu-substituted
zircon could be achieved directly at temperatures as low
as 1200°C if heated rapidly through the intermediate
temperature regime where decomposition to oxides is
preferred. The decomposition of amorphous zircon to
constituent oxides is probably kinetically limited by Zr
diffusion, which has a lower energy barrier than the
polyhedral rotation required for recrystallization of the
zircon structure from the amorphous state.
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