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Abstract

We synthesized a zirconia (ZrO,)-based single-phase ceramic containing simulated excess weapons plutonium waste.
ZrO, has large solubility for other metallic oxides. More than 20 binary systems A,O,—ZrO, have been reported in the
literature, including PuQ,, rare-earth oxides, and oxides of metals contained in weapons plutonium wastes. We show
that significant amounts of gadolinium (neutron absorber) and yttrium (additional stabilizer of the cubic modification)
can be dissolved in ZrO,, together with plutonium (simulated by Ce**, U** or Th**) and impurities (e.g., Ca, Mg, Fe,
Si). Sol-gel and powder methods were applied to make homogeneous, single-phase zirconia solid solutions. Pu waste
impurities were completely dissolved in the solid solutions. In contrast to other phases, e.g., zirconolite and pyrochlore,
zirconia is extremely radiation resistant and does not undergo amorphization. Baddeleyite (ZrO,) is suggested as the
natural analogue to study long-term radiation resistance and chemical durability of zirconia-based waste
forms. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 81.05.Je; 81.20.-m; 81.30.-t; 61.10.Nz

1. Introduction

The directive resulting from the 1996 Moscow Sum-
mit between President Clinton and President Yelstin
calls for surplus plutonium to be converted into forms
that are resistant to reuse in nuclear weapons. The
question is how to safely dispose of 100 tons of weapons
grade plutonium declared surplus at the end of the Cold
War. Additionally, there are impure chemical forms of
plutonium that are also considered surplus.

It has been suggested to convert some forms of plu-
tonium (Pu-Ga alloys and PuO,) into mixed-oxide
(MOX) fuel and to irradiate this fuel in commercial
nuclear power reactors. In this way electrical energy
would be generated and the remaining plutonium would
be contained in discharged (spent) reactor fuel. In par-
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ticular, it has been proposed that burning plutonium in a
non-fertile fuel based on a zirconia matrix that may
constitute a viable, final waste form [1,2]. Plutonium is
believed to be sufficiently proliferation resistant because
the spent non-fertile fuel is shielded by strong radiation.
The deterrent provided by spent fuel is called the spent
fuel standard [3]. The validity of the spent fuel standard
as a barrier against fast and efficient recovery of pluto-
nium can be questioned [4], since shortcuts have been
published [5] and new ones are occasionally discovered
[6].

Chemical forms of plutonium not appropriate for
conversion into MOX require other methods of treat-
ment and conversion into proliferation-resistant waste
forms, suitable for storage and disposal. In the US, this
inventory may be as high as 50 tons of plutonium. The
waste forms currently under development are ceramics,
though glasses have been studied as well [7]. If properly
selected and manufactured, ceramic and vitreous host
phases can accommodate the chemically impure forms
of plutonium currently stored in weapons plutonium
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processing facilities. Generally, ceramic forms are

chemically far more durable than vitreous waste forms,

particularly at higher temperatures or in flowing water

[8]. There are chemically durable and radiation-resistant

minerals, e.g., baddeleyite (ZrO,) that form solid solu-

tions with plutonium oxide and are candidate waste
forms for interim storage and disposal of pure plutoni-
um [9], should the option of re-use as MOX fuel not be
pursued. Radiation resistance is important, because the
waste form is expected to confine fissile material, >°Pu

(2.43x10° yr Half-life) and its daughter 2¥U

(ti2=7x10® yr) for a very long time.

Glass and ceramic waste forms can provide prolif-
eration resistance comparable to that of spent fuel.
There are approaches to development of such waste
forms, as the following examples show:

1. A can-in-can concept, where the Pu waste form (ce-
ramic or glass) is embedded in vitrified high-level ra-
dioactive waste.

2. If ceramic or glass waste forms are not embedded in
vitrified high-level radioactive waste, an equivalent
radiation field can be provided by a admixture of
137Cs. There is plenty of ’Cs in storage in the US.
Between 10 and 300 yr after discharge of the fuel
from the reactor, '*’Cs determines the dose rate of
spent fuel and of vitrified high-level waste.

3. Plutonium could be burnt in non-fertile reactor fuel,
where UO, is replaced by another ceramic such as
ZrO, or MgAl,O,4. Calculations have shown that
over 93% of the fissile plutonium can be burnt [10].
The spent non-fertile fuel would meet the spent fuel
standard.

4. A chemical method to discourage extraction of pluto-
nium would be to make solid solutions of plutonium
and thorium oxides. Dissolution of such systems is
extremely slow [11].

5. Plutonium could be disposed of in deep boreholes
without a radiation shield [3].

The most promising mineral host phases for Pu in-
clude apatite, pyrochlore, zirconolite, monazite, zircon
and zirconia. The physical and chemical properties of
these minerals, except zirconia, were reviewed recently
by Ewing et al. [12].

A pyrochlore/zirconolite ceramic, containing other
phases such as brannerite, actinide oxides and rutile, has
been selected for plutonium wastes in the US [13] and is
currently under development at Lawrence Livermore
National Laboratory. Pyrochlore is a derivative of the
fluorite structure type. In the general formula A,B,XsY
larger cations are in the A-site such as Na, Ca, U, Th, Y,
and rare-earth elements (REE), and smaller, high-valent
cations preferably in the B-site (Nb, Ta, Ti, Zr, Fe**).
Zirconolite (CaZrTi,O,) is one of the three main phases
in Synroc, the most extensively studied ceramic waste
form for high-level radioactive waste [8]. Monoclinic
zirconolite is a fluorite-derivative structure closely re-

lated to pyrochlore. Zirconolite is the primary actinide
host in Synroc with the actinides accommodated in the
A-site. Pu incorporation into zirconolite has been stud-
ied [14,15]. The pyrochlore phase Gd,Ti,O; has been
extensively studied in terms of radiation damage [16,17]
as was shown to become fully amorphous at a dose of
3.1x10"® o-decay events/g. The crystalline-to-amor-
phous transition is accompanied by a factor of 50 de-
crease in chemical durability. Amorphization induced by
alpha-decay events in zirconolite has been observed for
and 2**Cm-doped [16] and 23*Pu-substituted [16,18,19].
Pyrochlores occur naturally with up to 30 wt% of ura-
nium in the A-site. Natural occurrences of zirconolite
are rare, but samples have been studied extensively
[17,20-22]. Both minerals are often found to be meta-
mict with chemical alterations in nature [23-26]. Zir-
conolite is less susceptible to radiation-induced
amorphization than is pyrochlore [27].

Usually, multi-phase ceramics are easier to make
than are single-phase ceramics, if a wide range of waste
constituents must be accommodated in solid solutions.
Even in multi-phase ceramics, small amounts of waste
constituents may concentrate in minor additional phas-
es, sometimes as a silicate glass [7,13]. In the multi-phase
pyrochlore/zirconolite ceramic waste form for plutoni-
um waste, plutonium and neutron absorbers (e.g., Hf
and Gd), as well as waste impurities (e.g., U, Ca, Mg,
Fe) enter different crystalline hosts according to their
individual crystallochemical behaviors. The Gd is par-
titioned preferentially into the pyrochlore phase and Hf
into the zirconolite phase. U and Pu may also separate
into different phases, e.g., actinide oxide phases. Heter-
ogeneous partitioning and phase separation may cause a
decrease in chemical durability.

The objective of this investigation is to study the
ternary system ZrO,-MO,-REE,O; and to find a field
of compositions for single-phased ceramics of cubic
structure with excess weapons plutonium wastes. M
stands for Pu, U and Th. We simulate plutonium by
cerium. Uranium is the decay product of plutonium and
may also be a waste component initially. Thorium may
be included in the waste form and will complicate ex-
traction of plutonium. REE,O; includes Gd,0; as a
neutron absorber to prevent criticality and Y,0; as a
stabilizer of the cubic modification of ZrO,.

2. Zirconia

Zirconia, ZrO,, occurs in nature in its monoclinic
modification as the mineral baddeleyite. Structural
transformation from monoclinic to tetragonal takes
place at 1170°C and from tetragonal to cubic at 2370°C.
This modification is stable between 2370°C and the
melting point at 2680°C [28]. In the cubic modification,
the cations are arranged in a face-centered lattice (fluo-
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rite-type structure). Cubic ZrO, can be stabilized by
tetravalent cations in ZrO,-MO, systems, where
M = Ce**, Th**, U** [29, 30]. Stabilization can also be
achieved by oxygen vacancies introduced by trivalent
cations such as rare-earth oxides REE,O; [31] and by
divalent cations such as CaO and MgO. Zirconium in
ZrO; can be substituted by many other metals without
changing the crystal structure.

2.1. Solid solutions

Table 1 lists zirconia solid solution systems relevant
to excess weapons Pu wastes [32-48]. Typical impurity
oxides in these Pu wastes include UO,, AL,O;, MgO,
GazO3, FezO3, CI'203, Nlo, MOOz, SiOZ, WOQ and ZnO
[13]. Table 1 shows that there is substantial solid solu-
bility of ZrO, for many of these oxides. There is com-
plete miscibility in the ZrO,—PuQO, system. Other oxides
that form solid solutions with zirconia are SrO, CdO,
COO, MHO, Bi203, Sb203, S0203, Il’l203, Nb205, Tazos,
TiO,, GeO,, VO, and SnO,. Miscibility gaps can be
decreased by adding Y,O; or other stabilizers. For ex-
ample, a much larger solubility of Nb>*or Ta’*can be
obtained by doping ZrO, with a divalent or trivalent
cation, as shown by Prietzel et al. [49] for the system
Zr0,-MgO-Ta,0s and by Kim and Tien [50] for the
system ZrO,-Y,03-Ta,0s.

2.2. Radiation effects

Naguib and Kelly’s review of literature data on ra-
diation damage in zirconia shows high stability of this
refractory oxide against amorphization [51]. Ion irradi-
ation studies did not show amorphization in yttrium-
stabilized zirconia up to high doses [52-56]. For in-
stance, no amorphization was observed after irradiation

with 400 keV Xe™ ions up to a dose of 110 displacement
per atom (dpa) at 90°C [57] and after irradiation of ZrO,
with 240 keV Xe™ ions at room temperature up to about
200 dpa [52]. In two studies, a cubic zirconia solid so-
lution (Zry75Tho190Y0.10Ero05)O1.925 was irradiated with
1.5 MeV Xe' ions up to 25 dpa at —253°C. Electron
diffraction showed that the bulk of the sample remained
crystalline [56,58]. For comparison, zircon, ZrSiO,4 be-
comes completely amorphous at 0.3 dpa under the same
experimental conditions [59]. Comparing the data on
radiation damage in the reviews in [12] and [60] with
ZrO, shows that ZrO, is by far the most radiation re-
sistant ceramic host phase.

2.3. Natural analogues

The mineral baddeleyite (ZrO;) occurs in many ter-
restrial and lunar samples and in some achondrites as a
trace constituent. Baddeleyite crystallizes from chemi-
cally fractionated mafic magmas together with apatite,
ilmenite, zircon and zirconolite. Baddeleyite forms in
tektites as a dissociation product of zircon during me-
teorite impact. It is also found as rims on mantle zircon
megacrysts in kimberlites [61]. Baddeleyite is a major
carrier of Hf, Ti, Fe, Nb, Y and W (Table 2) and con-
tains up to 3000 ppm U or Th [62-67]. The high U
content and the lack of any chemical alteration in geo-
logical processes, i.e., negligible or no Pb loss are indi-
cative of high chemical durability and explain the
rapidly growing number of publications on U-Pb bad-
deleyite dating. Emplacement ages with unprecedented
accuracy have been obtained with baddeleyite for many
Precambrian mafic and alkaline rocks that experienced
geological processes 544-2500 million years ago [61].
Baddeleyite provides an excellent suite of natural sam-
ples to evaluate the chemical durability and radiation

Table 1

Solid solutions in binary systems with ZrO, (in mol%)
Binary system Solubility limit Ref. Binary system Solubility limit Ref.
ZrO,-Pu0O, 100 [32] ZrOy—Fe, 04 40 [41]
Zr0,-U0, a [33] Zr0,-Cr,04 11 [42]
ZrO,-ThO, a [34] Z1r0,-Ga, 05 33 [43]
ZrO,-REE,O; 25-80° [35] Zr0,-CaO 24 [44]
Zr0,—CeO, 20 [36] ZrO,-MgO 30 [44]
ZrO,-HfO, 100 ZrO,-NiO 10 [45]
Zr0,-WO, 12 [37] ZrOy—ZnO 60 wt% [46]
Zr0,-Si0, 10 [38] ZrO,-PbO 50 [47]
ZrO,—Ru0O, 13 [39] ZrO,-Na,O 3 wt% [48]
ZI'Oz—Aleg 40 [40]

#Two solid solutions: (ZrO,)s, and (MO,),, with little mutual solubility (M = U or Th).

®The solubility limit for rare-earth oxides in ZrO, depends on their ion-radii. Roughly the solubility limit for a rare-earth element
increases with decrease of its radius. Yb,Os has higher solubility limit, ~ 80 mol% in ZrO, with fluorite structure as Yb>*ion is very
small in size, 0.0868 nm (CN = 6). However, La,0; has lower solubility, ~ 25 mol% as La*fion is very large in size, 0.1032 nm

(CN = 6).
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Table 2

Geochemical composition of baddeleyite from various rock types (wt%)
Sample 1 2 3 4 5 6 7 8
Zr0, 97.49 92.59 90.63 95.2 87.25 93.49 92.13 95.52
FeO 0.36 2.15 0.63 0.39 0.80 1.22 0.49 0.20
TiO, 1.06 2.52 6.10 2.51 7.93 2.94 - 0.14
CaO 0.03 - 0.65 0.06 0.53 0.12 0.25 0.05
MgO - 0.21 0.09 0.08 0.10 0.09 - 0.06
MnO 0.04 0.09 0.05 0.05 0.16 0.17 - 0.05
SiO, 0.01 0.34 - - 0.21 0.29 0.68 -
AL O; 0.01 0.18 0.11 0.03 0.15 0.12 0.27 -
HfO, 0.96 1.30 - 2.19 - - 1.27 1.62
Cr,04 0.03 0.17 0.11 0.04 0.27 0.14 - -
Y,0; 0.28 - - - 1.27 1.47 - -
Nb,Os - - - - 1.03 0.65 WO5/3.06 Ta,05/0.42
Total 100.27 99.55 98.37 100.54 99.70 100.70 98.15 100.20
Ref. [62] [63] [64] [61] [65] [65] [66] [67]

stability of Pu loaded zirconia ceramics for over long
periods of geological time much longer than the half-life
of 2Pu and comparable with that of U.

Baddeleyite occurs in heavy mineral concentrates of
streams and persists in these placer deposits because of
its high chemical and mechanical durability [68] Ther-
modynamic calculations showed that zirconia has a very
low solubility, <10~'° mol/L with little temperature or
flow rate dependence [69]. Leaching studied were per-
formed to estimate the chemical durability of cubic zir-
conia (9.4 mol% Y,053) in a nuclear waste disposal site in
granitic rock. The leaching rate in saline groundwater at
a temperature of 85°C was 5.8x10~* gm~2 d~! [70].

3. Experimental
Zirconia solid solutions were prepared by reaction

sintering of cold-pressed powders at temperatures be-
tween 1400°C and 1600°C. Powders were obtained either

Table 3

by grinding and mixing the respective metal oxides or by
a sol-gel process. The solid solution compositions are
listed in Table 3.

Powder method: The starting materials were powders
of oxides: ZrQ,, CeO,, Gd,03;, Y,03, MgO, CaO, Fe,0;
and SiO,. All chemicals were analytical grade. Oxides in
desired molar ratios (Table 3, samples #1-4) were mixed
and ground in acetone in a ball mill. After drying,
powders were cold pressed into pellets at 80 MPa and
sintered in air at 1100°C for 6 h. These samples were
then transferred to a high-temperature furnace and
sintered in air for another 6 h at 1600°C.

Sol-gel method: The starting materials were used as
nitrates [ZI'O(NO})zszO, UOz(NO3)2'6H20,
Gd(NO3)36H20, Mg(NO3)2, Ca(NO3)2, FG(NO3)3,
Y(NO;);-6H,0], chloride [ThCl;4H,O] and Si as
tetraethoxysilane [Si(OC,Hs)4]. Mixtures of salts in de-
sired molar proportions (Table 3, samples #5-9) were
dissolved in dilute nitric acid. Tetraethoxysilane was
dissolved in methanol-water. Then, 10 mol% NH4OH

Nominal compositions of zirconia solid solutions and experimental summary

# Stoichiometry* Method Temperature (°C)  Structure ap (nm)

1 Zr10.61Gdy26Cep.13-,01.87 Powder 1600 fce, fluorite type 0.538

2 Zl‘o_égGdg_lgceo_m,xol_gl Powder 1600 fCC, fluorite type

3 Zro_mGd0_17CeO,13,XY0,0901_g7 Powder 1600 fCC, fluorite type 0.520

4 Zl‘o_57Gd0_17CCOV17,XYOV0901_37 Powder 1600 fCC, fluorite type 0.521

5 Z1970Gdy.15U0.1501 925 Sol-gel 1400 fec, fluorite type 0.535

6 Zr0_75Gd0_15Th0_1001_925 Sol—gel 1500 fCC, fluorite type 0.536

7 Z10720Gd 15Thg 1501925 Sol-gel 1400 fce, fluorite type two phases a; = 0.519; a, = 0.558
1500 fec, fluorite type two phases @) = 0.532; a, = 0.565

8 Zr1970Gdy15Thg 1501 925 Sol-gel 1400 fec, fluorite type two phases

9 Zr057Gdg15Tho13Y 01501 85 Sol-gel 1400 fec, fluorite type two phases  0.538
1500 fec, fluorite type one phase 0.538

% x in the formulae represents Ca + Mg + Fe + Si ~ 2 mol%. a; is for Th-poor (ZrO,) and a, for Th-rich (ZrO,)ss.
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solution was added slowly to the vigorously stirred
mixture producing a white gel. These resulting gels were
washed three times with absolute methanol to remove
chloride. The gels were dried at 120°C, then ground and
calcined at 800°C, milled and then cold-pressed at
80 MPa into cylindrical pellets (3 cm in diameter, 1 cm
high). The pellets were fired at 1400°C or 1500°C in air
for 6 h (some up to 36 h).

The synthesized ceramic materials were characterized
with the help of analytical electron microscopy (AEM).
Two transmission electron microscopes, JEM 2010 and
2000FX, were used and operated at 200 keV. The JEM
2010 was equipped with a Link ISIS and the 2000 FX
with a TN-5500 system for energy dispersive X-ray
emission spectroscopy (EDS). We conducted qualitative
and quantitative analyses to determine chemical com-
positions of the phases observed. Bright-field imaging
(BF) was used to characterize the microstructure of the
ceramics. Selected area electron diffraction (SAED) was
used to identify the crystal structure of individual
phases. Analytical scanning electron microscopy was
performed on a JEOL 58001lv microscope (20 keV elec-
tron beam). X-ray powder diffraction (XRD) analyses
were performed using a Rigaku Denki diffractometer
and CuKa radiation. Semi-quantitative calculations of
phase concentrations were completed using Jade soft-
ware.

4. Results

In Table 3 we list our zirconia solid solution com-
positions, methods and temperatures of preparation, the
number of phases, and structural information. Cerium
doped samples (#1-4 in Table 3) were prepared by re-
action sintering of oxide powder mixtures at 1600°C. All
other samples were prepared by the sol-gel method. The
temperatures for reaction sintering of powders derived
from the sol-gel process were 1400°C and/or 1500°C.
The second last column of Table 3 shows that all solid
solutions are of the fluorite structure type. Lattice con-
stants a, are given in the last column. The ceramics are
single phased, except samples #7-9 (1400°C). Samples
#1-4 and sample #8 contain 2 mol% impurities (Ca,
Mg, Fe and Si). These represent constituents encoun-
tered in excess weapons plutonium wastes.

Fig. 1(a) shows an EDS spectrum typical of a Ce-
doped (ZrO,),s ceramic (sample #2, Table 3). Impurities
are homogeneously dissolved in the ZrO, host structure.
Peak intensities are constant throughout the sample.
Fig. 1(b) shows an electron backscattering image of the
same sample. The inset is an SAED pattern showing that
the structure is cubic (fluorite type). The grain size of
this ceramic ranges between 10 and 40 um. Fig. 2 shows
XRD patterns of Ce-doped (ZrO,),s ceramics (samples
#1, 3 and 4). There is a small decrease in the lattice

O Gd Zr Gd Gd

Ce

Fig. 1. Data on a chemically homogeneous, single-phase
Ce-doped (ZrO,),s ceramic. The ceramic, with a nominal com-
pOSitiOl’l ZI'()_61Gd0_26ceo_13_x01_87 (X =Ca+ Mg +Fe+Si=2
mol%), was sintered at 1600°C for 6 h. (a) EDS pattern; Peaks
for Si, Ca and Fe are visible. The peak for Mg is overlapped by
that for Gd. (b) Backscattered electron image. The inset is an
SEAD pattern showing that the crystal is cubic with fluorite
structure.

constant when the concentration of Gd is lowered,
comparing samples #1 and 3. The diffraction patterns
were generated by one phase, (ZrO,)s, with different
chemical compositions. Fig. 3(a) shows the XRD pat-
tern of a U-doped (ZrO,)ss ceramic (sample #5, Table 3).
This ceramic and the ones to be described hereafter
(samples #6-9) were produced by a sol-gel process. The
grain size of these ceramics is much smaller (<1 um), see
Figs. 4, 5 and 7, than that seen in Fig. 1(b). Fig. 3(b)
shows the XRD pattern of sample #7 (Table 3). There
are two ZrO, solid solutions. One phase has a smaller
cubic unit cell (¢p =0.519 nm) than the other (g =0.558
nm). The phase with the smaller unit cell contains ~ 8
mol% thorium (Zrg74Gdy15ThgsO191) and constitutes
about 70 wt% of the ceramic. The other phase contains
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Fig. 2. XRD patterns of single
X =Ca+ Mg+ Fe+Si=2 mol%.

phase, Ce-doped cubic (ZrO,)ss. All the solid solutions are the fluorite structure type.

©Th-rich (ZrO,),,

S

Intensity (arbitrary unit)

Two-Theta

Fig. 3. XRD patterns of (ZrO,)ss ceramics containing Th. (a) The ceramic with a nominal composition Zry70Gdg 15U01501.925 (#5,
Table 3) sintered at 1500°C. Only one single phase, cubic zirconia solid solution with fluorite structure is present. (b) The ceramic with
a nominal composition Zry70Gdg15Thy 1501925 (#7, Table 3) sintered at 1400°C. Two zirconia solid solutions are present. Filled circles
mark the peaks belonging to the Th-rich (ZrO,)ss. The other peaks belong to the Th-poor (ZrO,)ss. (c) The ceramic with the same
nominal composition (#7, Table 3) but sintered at 1500°C. The Th-rich (ZrO,)ss phase still exists but with a reduced concentration
(~ 15 wt%). Filled circles mark the peaks belonging to the Th-rich (ZrO,)ss. The other peaks belong to the Th-poor (ZrO,)ss. (d) The
ceramic with a nominal composition Zr7Gdg 15Thg 1001925 (#6, Table 3) sintered at 1500°C. Only a single phase, cubic zirconia solid

solution with fluorite structure type is present.

~ 30 mol% thorium (ZI'()_6()Gd0_10Th0_3()O]_95). Concen-
trations were measured by AEM. Fig. 4 is a TEM bright
field image showing the two phases. The grain size of the
dark Th-rich phase varies between 20 and 100 nm. The
other phase is more uniform in size with an average of
500 nm. SAED analyses were conducted to obtain
structural information from different crystalline grains.
The results are consistent with those from XRD analyses
of powders. Also, we did not detect any other phases of
low total yield in the TEM images that may not have
been detected by XRD. Hence, there are only two cubic
phases.

Increasing the reaction sintering temperature of sam-
ple #7 from 1400°C to 1500°C yielded still a phase sep-
arated ceramic but decreased the mass fraction of the Th-
rich phase from 30% to 15%. The XRD pattern in Fig.
3(c) shows the change in the yields. The unit cell for the
Th-rich (ZrO,),, was increased to ¢y = 0.565 nm and that
for Th-poor (ZrO,)s, was increased to ¢y = 0.532 nm). The
unit cell increase for Th-poor (ZrO,),s was due to ThO,
dissolution into ZrO, enhanced at higher temperature.
Fig. 3(d) shows that a single-phase ceramic was obtained
at 1500°C by lowering the thorium concentration from
15 to 10 mol%, at constant gadolinium concentration.
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Fig. 4. TEM bright field image showing the microstructure of a
phase separated (ZrO,)ss ceramic. The ceramic with a nominal
composition Zl‘o_70Gd0_15Th0_1501_925 sintered at 1400°C. Small
black particles are richer in ThO, than brighter, larger crystals.

Fig. 5. TEM bright field image showing the microstructure of a
phase-separated (ZrO,)ss ceramic. The ceramic with a nominal
composition ZI'()_7()Gd[)_15Th0_]5,,[01_925 (X =Ca+ Mg +Fe+
Si=2 mol%) sintered at 1400°C. Small black particles are richer
in ThO, than brighter, larger crystals.

Fig. 5 is a bright field image showing the micro-
structure of ceramic sample #8 (Table 3). In this sample,
the thorium concentration was lowered from 15 mol%

(sample #7) to 13 mol% and impurities (Ca, Mg, Fe, Si)
were added (x =2 mol%). Reaction sintering was com-
pleted at 1400°C. As with sample #7, a two-phase ce-
ramic was obtained. The small dark crystals are enriched
in thorium relative to the larger and lighter ones. The
TEM samples were carefully searched for minor phases
with a composition different from the two solid solutions
but nothing was found. EDS analyses showed that the
impurities are homogeneously distributed throughout
the ceramic.

Fig. 6 shows XRD patterns of ceramic #9 (Table 3).
In this sample, we added 15 mol% Y,0;. The Gd,0;
and ThO, concentrations are the same as in sample #8.
No impurities were added. Reaction sintering at 1400°C
yielded the same results as obtained with samples #7 and
8 at 1400°C. Ceramic #8 is a two-phase ceramic with
two ZrO, solid solutions of cubic structure. Ceramic #9
consists of two solid solutions with different ThO, con-
centrations Fig. 6(a). Again, the phase with the higher
thorium content shows the lower yield and the crystals
are smaller in size. Synthesis of ceramic #9 at 1500°C
shows an effect of yttrium on the solubility of thorium, if
we compare Fig. 6(a) with Fig. 3(b). The XRD pattern
in Fig. 6(b) shows essentially one phase. A trace of a
second phase may be visible at low diffraction angles.
Fig. 7 is a TEM bright field image showing ceramic #9
sintered at 1500°C. Assessment of this sample shows
that yttrium enhances the solubility of thorium oxide in
zirconium oxide.

5. Discussion

Concentrations of 1 to 10 wt% in excess weapons
plutonium waste forms are under consideration [13,71].
In these studies, We took 15 mol% as an upper limit of
MO, and 26 mol% as an upper limit of REE,O;.

Between 1400°C and 1600°C, our temperature range
for ceramic syntheses, pure ZrO, is stable in its tetrag-
onal modification. Depending on their concentrations,
many compounds, including rare-earth oxides (Table 1),
form single-phase solid solutions with ZrO, at 1400°C,
stabilizing zirconia’s cubic or tetragonal modification.
No changes in modification are observed upon cooling
to room temperature.

Making a waste form with fissile materials such as
29Py requires selection and incorporation of special
components to avoid criticality. In the event of contact
of the waste form with water, e.g., in the repository,
there should be no or only a negligible effect on neutron
moderation and reflection, i.e., the waste form should be
overmoderated. This can be effected by an absorber for
thermal neutrons that becomes part of the ZrO, solid
solution. The ceramic solid solution is then intimately
mixed with a moderator material and sintered by hot
uniaxial pressing.
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Fig. 6. XRD patterns of (ZrO,)ss ceramics showing the effect of yttrium addition and temperature increase. (a) The ceramic with a
nominal composition Zrgs7Gdg15Tho13Y0.150185 (#9, Table 3) sintered at 1400°C. Two zirconia solid solutions exist but Th-poor
(Zr0,)ss is dominant in volume as compared to Figs. 3(b) and 3(c). Filled circles mark the peaks belonging to the Th-rich (ZrO,)ss. (b)
The ceramic with the same nominal composition (#9, Table 3) but sintered at 1500°C. Here only a single phase, cubic zirconia solid

solution with fluorite structure type is present.

Fig. 7. TEM bright field image showing the microstructure of a
single-phase, cubic (ZrO,)ss ceramic with Th simulating Pu. The
ceramic has a nominal composition Zr0_57Gd0_15Th0_13Y0_1501_35
(#9, Table 3) and was sintered at 1500°C. Small black particles
rich in ThO, are seldom observed.

To make a ceramic waste form for plutonium, we
added rare-earth elements to provide for capture of
thermalized neutrons. In this regard, gadolinium is the
most efficient rare-earth element. It has the highest
known absorption cross-section for thermal neutrons of
all metals. The solubility of Gd,O; in ZrO, is high

(60 mol%) [72]. A minimum concentration of ~ 8§ mol%
Gd,0; is necessary [70] to obtain a cubic solid solution
with fluorite structure. For Y,Os; the corresponding
value is ~ 7 mol% [35]. Y,O; is one of the stabilizers
used in commercial ZrO, ceramics. We conducted ex-
periments with both rare-earth oxides (Table 3). Mod-
erators such as BeO or BeSiO4 were briefly mentioned
by the authors in a recent paper [73]. Meanwhile, we
conducted criticality calculations to study this effect
quantitatively. As an example, a (ZrO,)s with 10 at.%
Pu and 12-18 at.% Gd can provide a moderated system
with little effect on K¢ from an infinite amount of wa-
ter. In the calculations, boehmite, AIO(OH) acts as a
moderator. The details of this work will be reported
separately [84].

Addition of 15 mol% PuO, to a 85Zr0O,-15Gd,0;
solid solution would yield a ternary solid solution with
fluorite structure. Above 1000°C, ZrO, and PuO, form
cubic solid solutions in the complete range of composi-
tion, except at Pu concentrations <5 mol% [32]. The
solubility of Pu in ZrO, is 100% (Table 1). PuO, is an
effective stabilizer for cubic zirconia, and so is gadolin-
ium. Recent experiments showed that a zirconia solid
solution with 20.9 wt% Gd,0O3 and 10.3 wt% PuO, is a
single phase solid solution of cubic structure [74]. We
selected CeO, to simulate PuO,.

There is complete miscibility within the binary sys-
tems of ZrO,—PuQO,, CeO,-Pu0O, [75], UO,-PuO, [76]
and ThO,-PuQO, [77]. All structures are cubic (fluorite
type). In ZrO,, the solubility decreases with increasing
ionic radius of the substituting atom from Pu (100
mol%), CeO, (20 mol%), UO; (~ 3 mol%) to ThO, (~ 2
mol%). The structures are tetragonal for all elements
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with limited solubility (Ce, U, Th). The ionic radii for a
coordination number of 8 are: Pu*t=0.096,
Ce*=0.097, U* =0.10 and Th** =0.105 (nm) [78],
suggesting that Ce*t is the best substitute for Pu*t,
followed by U*" and Th**.

We synthesized four ceramics with CeO, (samples
#14, Table 3). We studied the effect of gadolinium, yt-
trium, and waste constituents on phase stability, com-
position and crystal structure. A total of 2 mol% MgO,
CaO, Fe,0;3 and SiO, was added to represent excess
weapons plutonium waste impurities. Samples #1 and 2
contain 11(26) and 12(18) mol% Ce(Gd), respectively,
and are cubic. Samples #3 and 4 contain 11(17 +9) and
15(17+9) mol% Ce(Gd +Y), respectively. All ceramics
are single-phased and cubic (fluorite type). Impurities
were found to be homogeneously distributed within the
solid solution Fig. 1(a). With 1600°C as the temperature
for reaction sintering, the dry route (powder technology)
could be applied to make a waste form for plutonium,
using commercially available oxides.

Long-term phase stability of a (ZrO,), may be af-
fected by transmutation. Within 5x10* yr, 75% of plu-
tonium decays into uranium. The solubility of UO, in
ZrQ; is very limited. The phase diagram and thermo-
dynamic properties of ZrO,-UQO, were studied by vari-
ous investigators [79-83]. The binary system consists
almost entirely of (ZrO,)s and (UO,), with low solu-
bility on either side of the miscibility gap. Between
1100°C and 1700°C in air, the zirconia phase (ZrO,)y, is
tetragonal. No experimental information is available on
the effect of transmutation. However, a system ZrO,—
PuO,-UOQO; in which uranium is successively substituted
for plutonium may become thermodynamically unstable
and is expected to undergo phase separation.

Sample #5 in Table 3 is similar in composition to
sample #2 but contains 15 mol% UQO, instead of 12
mol% CeO,. Our results show that the effect of gado-
lintum in our ZrO,-Gd,05;-UQO, system is twofold: it
increases the solubility of uranium in ZrO, and renders
the cubic rather than the tetragonal modification of
ZrO, stable. A single-phase ceramic with 15 mol% UOQO,
formed at 1400°C. The structure is the same as for the
binary ZrO,-Gd,0; solid solution (fluorite type).

In the system ZrO,-ThO,, two solid solutions, te-
tragonal (ZrQ,)s; and cubic (ThO,), exist at 1000-
2000°C [34]. The mutual solubility in the end-members is
about 2 mol%. We synthesized four samples (#6-9,
Table 3). Sample #7 compares directly with sample #5.
Sample #7 contains 15 mol% ThO, instead of UO,.
Sample #6 contains only 10 mol% ThO,. As with ura-
nium, the effect of gadolinium is that it increases the
solubility of thorium in ZrO, but not quite as much. At
10 mol% of ThO, and a ratio of REE,03;/MO,=1.5, a
single-phase ceramic is obtained. A single-phase cubic
(ZrO,)s was also reported for the composition
Zr0_75Y0_10Er0,5Th0_1001_925 [56] Here the ratio is also 1.5.

At 15 mol% ThO,, two phases formed with different
yields and largely different concentrations of thorium
(see Section 4). The effect of gadolinium on the crystal
structure of the solid solution was the same as in sample
#5 (Table 3). All solid solutions with thorium were cubic
(fluorite type). Sample #8 with 13 mol% ThO, and im-
purities added is a small variation of sample #7. With 13
mol% ThO, the solubility of thorium in ZrO, is still
exceeded. The solubility S is obviously in the range
10 <8 <13 mol%. Addition of 15 mol% Y,O; to the 15
mol% Gd,0Os does not have a dramatic effect on S. The
microstructure of sample #9 shows that there is less
phase separation at 1400°C than in samples #7 and 8.
An increase of the reaction sintering temperature to
1500°C eliminated the second phase almost completely.
The effect of increased temperature on S was less than
with sample #7.

The fact that ceramics #7 and 8 contain two ZrO,
dominated solid solutions may be explained by slow
reaction kinetics and the compositions may not reflect
equilibrium compositions. This was not further investi-
gated. In the early stages of reaction there may have
been a (ThO,) and a (ZrO,)s with the (ThO,)s being
unstable in the presence of REE,0;. The decrease in
yield of the (ThO,), with increased temperature and
reaction time supports this assumption.

The results of our study are summarized in Fig. 8.
The partial phase diagram of ZrO,-MO,-REE,;0;
shows the phases and their structures as obtained at
1400-1600°C. The size of the gray region is tentative,

X Samples #1 and #3
rp Sample #2 100
< Sample #4
+ Sample #5

/\ Sample #6

QO Samples #7 and #8
O Sample #9,
@® Ref. 58

Fig. 8. Tentative phase relations of the ternary ZrO,-REE,O;—
MO, system at 1400-1600°C. The sample compositions are
listed in Table 3. The zirconia sample from Ref. [58] has com-
position Zry75Y0.10Er005Thy1001925. One-phase region has a
single phase, cubic (ZrO,)s; Two-phase region has two cubic
zirconia solid solutions with different MO, concentration; t—
Zr0, = (ZrO,), with tetragonal structure; REE=Gd, Y, and
other rare-earth elements; MO, = ThO,, UO,, PuO, and CeO,,
respectively. The position for the boundary between the one-
phase and two-phase regions depends on the type of MO, ox-
ides and sintering temperature.
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but the data show that a fairly large field has been
identified experimentally to make excess weapons plu-
tonium waste forms that consist of only one phase of
cubic structure (fluorite type). There is an adjacent field
where respective two-phase ceramics have been observed
and where both phases are of cubic structure. This field
is limited by a two-phase two-component field with
phases of different structure. This two-phase field is fi-
nally limited by the one-phase field of tetragonal zir-
conia solid solutions.

6. Conclusions

Ceramics containing simulated excess weapons plu-
tonium waste in solid solution with zirconia can be
synthesized using sol-gel and powder methods. Zirconia
ceramics with the fluorite-type cubic structure exhibit
significant compositional flexibility to incorporate high
concentrations of plutonium, neutron absorbers, and
impurities contained in plutonium wastes. Ce** was
found to be the best substitute for Pu** in this system.
Synthesis of single-phase zirconia ceramics for Pu wastes
is simple. Fabrication technologies of non-plutonium
zirconia ceramics are state-of-art. Zirconia solid solu-
tions are known for their high thermal stability and
chemical durability. Unlike many other ceramics con-
sidered for incorporation of plutonium, irradiation ex-
periments have shown that ZrO, is highly resistant to
amorphization. ZrO, solid solutions are attractive can-
didates for immobilization and disposal of plutonium
wastes.
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