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Abstract

Presented are studies involving the incorporation of americium and curium in zirconia-based materials. First explored was the
pseudo ternary system AmO2-ZrO2-Y2O3. It was determined that selected Y-CSZ materials can incorporate significant
quantities of americium oxide and remain cubic single-phase. The cell parameters of these fluorite-type products were
established to be linear with the AmO2 content. The Cm2O3-ZrO2 system was also investigated. It was found that at 25 mol% of
CmOLs, the Cm(III) stabilized zirconia in its cubic form (a = 5.21 ±0.01 A). At higher and lower concentrations, diphasic
materials were encountered. At 50 mol% of CmO[ 5i a pyrochlore oxide - Cm2Zr207 - is formed (a = 10.63 ±0.02 A).
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1 Introduction

In conjunction with research programs dealing with transmutation of long-lived radioactive elements we are investigating the
materials science of americium and curium in selected host materials. Considered here are cubic-stabilized-zirconia
compounds.

During irradiation of nuclear fuels, several long-lived elements are generated, considered as waste materials. Included are the
actinides, Np, Am and Cm, as well as some fission products (99Tc, 129I, 135Cs, etc). Transmutation of these long-lived
radioactive elements converts them via neutron interactions (capture and fission reactions) into nuclei with shorter half-lives.
Different sources of neutrons can be used for this purpose (nuclear reactors, Accelerator Driven Systems, etc.). Efficiency of
this transmutation/incineration process depends on various factors, such as neutrons energy, flux, cross section of the isotopes
involved and the time-span of irradiation. The radiotoxicity reduction factor expected from transmutation of these actinides
ranges somewhere between 100 and 150 [1].

There are different scenarios involving the use or the combination of different type of reactors, multi or single recycling of the
actinides, etc. The discussion of the most appropriate procedure, which can be quite complex, is still open to debate. The
strategy addressed in the present studies consists of stabilizing the actinide in a uranium-free material and incinerating the
targets in a single-extended irradiation, followed by final disposal, the so-called "once-through" option. The matrix employed
in such a concept must fulfill relevant properties for this application. First, those related to the irradiation (neutron cross
section, thermal conductivity, high melting point, etc.), and those concerning long-term disposition (low leachability in water,
structural stability, etc.).

Based on its physicochemical properties, zirconia appears as a promising candidate for this application. It is a refractory
ceramic with a very high melting point (2600°C), which can be stabilized in its cubic form by adding few percent of an element
of a lower valence (e.g. Ca2+, Y , Mg2+, R.E.3+). In the light of ions irradiation experiments this cubic material showed a good
radiation and fission product resistance [2-4]. Furthermore the high chemical and physical stability of zirconia and its low
leachability in water have already targeted this material many years ago [5], as a potential host for nuclear waste disposal.
Therefore, cubic-zirconia appears well suited to be employed as material for the transmutation of americium and curium in a
"birth to grave" concept. For neptunium, it has been demonstrated that it can be recycled advantageously in UO2 and/or
(U,Pu)O2 fuels [1]. Outlined here our efforts to examine the behavior of americium and curium in zirconia-based materials.

2 Experimental

The starting materials used in this work were commercial high-purity (99.9%) Y2O3, ZrO2 and zirconyl nitrate. The U.S.
Department of Energy made both 243Am oxide and 248Cm chloride, of the same quality, available through its heavy element
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research program at Oak Ridge National Laboratory. Depending of the material being prepared, different synthetic routes were
used. With americium, a standard powder technique was applied. The oxides were first calcined at 1273 K, then weighed portions
were ground thoroughly and calcined again to 1773 K in air for 20 hours; intermittent grinding/calcining cycles were used. With
Cm, due to its scarcity, the solid-state preparations were made on a smaller scale, which involved mixing the appropriate
quantities of aqueous curium chloride and zirconyl nitrate solutions, carefully evaporating the solution and then calcining the
resulting solids at 1673 K for four or more hours. The preparations were made on the sub-milligram (248Cm) or milligramn
(243Am) levels, given radiation levels and the scarcity of the isotopes used. Each product was characterized by X-ray diffraction
using 114.6 mm Debye-Scherrer cameras (Mo ^K«I,2 = 0.71073 A). These radioactive samples were sealed in quartz capillaries
for the X-ray analyses. Exposures were for about 3 hours. The cell parameters for the different products were refined from the
observed reflections using least square methods (LAPOD program).

3 Results

It has been established that multi-valent dopants, as Y3+, Ca2+, Mg2+, RE3+ can stabilize the high-temperature, cubic form of
zirconia. The exact stabilization process on the atomic scale in still unclear. Full explanation has not yet been provided for the
dramatic variation of the ionic conductivity with the dopant concentration. In light of EXAFS studies [6] it has been concluded
that for oversized stabilizing agents, such as Y3+, the dopant cation is eightfold coordinated and the oxygen vacancies are
associated with the zirconium cation.

Recently, J.P. Goff et al [7] published complete x-ray and neutron investigations of yttria-stabilized zirconias for various
compositions of Y2O3. It was proposed that different types of defects arise depending of the dopant concentration. At low
concentrations of yttrium, the anion vacancies seem to be preferentially arranged in pairs around a cation along the <111>
directions, with extensive relaxation of the nearest surrounding cations and anions. At higher concentrations of yttrium, the
vacancy pairs pack together in <112> directions to form aggregates.

The metastable structure of cubic stabilized zirconias appears extremely complex and its stabilization may involve different
relaxation process, depending on the dopant element, its concentration, as well as other factors. The structure must find some
way to "relax" to accommodate the different valances and sizes of the cations.

In the present study Y2O3 was chosen as stabilizing agent. This choice was made upon the eutectoid decomposition, common to
most stabilized cubic stabilized zirconia, that occurs for the Y2C>3-ZrO2 system below 673 K. At this temperature, kinetics of
decomposition is extremely slow and the cubic form at 25mol% of yttria can be considered as being thermally stable. This
aspect prevents an undesirable structural transformation during cooling of the targets to low temperatures, necessary during
maintenance operations on a reactor. Based on the ZrO2-Y2O3 phase diagram [8], a 25 mol% Yttria-Cubic Stabilized Zirconia
which corresponds to the compound, (Y0.4Zr06) Oi.g, was found to be a suitable host for the transmutation of americium and/or
curium.

3.1 The AmO2-ZrO2-Y2O3 system

Based on the above considerations we explored selected compositions within the pseudo ternary system AmO2-ZrO2-Y2O3 (fig.
1)-
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Figure 1 : studies of the pseudo ternary system AmO2-ZrO2-Y2O3.

We examined the system along the tie-line (Y0.4Zr0.6) Oi.g - (Y0.4 Amo.6) Oi.g and the phase diagram between (Y0.4Zr0 6) Oi.g and
AmO2. It was established that selected compositions of Y-CSZ incorporate significant quantities of americium in its fluorite type
matrix (up to 6.5 g cm"3) and still remain cubic, single phase. The cell parameters of these fluorite-type products were also found
to be linear with the AmO2 fraction (see Fig. 2).
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Figure 2 : Evolution of the cell parameter as a function of the americium fraction [14]
(a) evolution of the cell parameter of (AmxZrOj_x, Yo.^Ou as a function ofx (0 <x <0.6)
(b) Evolution of the cell parameter of (AmyZro,6(i-y)Yo.4(i-y))Oi.s+o.2y as a function ofy with 0 <y < 1

However, we envisioned that the AmO2 content could be affected by the thermal reduction of americium [9-10]. Indeed, at high
temperatures the reduction of Am4+ to Am3+, which begins above 1000°C, increases the cationic radius of the Am by about 16
%. This large change can induce structural transformations in the bulk material above certain concentrations of Am. We
proceeded to study the behavior of selected Am-Y-CSZ materials heated at 1473 K under reducing atmospheres (Ar + 4% H2).
From theses studies, it was concluded that above 30mol % of AmO2, thermal reduction of this actinide could lead to diphasic
materials composed a cubic fluorite type phase and a cubic pyrochlore type phase Am2Zr207.

3.2 The Cm2O3-ZrO2 system

We pursued our investigations of zirconia-actinide systems by turning our attention to the curium element which must also be
considered in transmutation schemes.

Curium is generated in nuclear reactors through uranium's multiple neutron captures, the 244Cm isotope being the most
abundant (>90%) isotope produced during irradiation. It exhibits a high specific activity (81 Ci/gr), a relative short half-life
(18.1 years) and decays by alpha emission to the long-lived isotope 240Pu (t1/2=6564 years).

The average quantity of curium discharged from a Light Water Reactor loaded with a standard UO2 fuel can vary from 0.5
kg/year (burn-up = 33 GWd/tU) to 3 kg (burn-up = 50 GWd/tU) [1], which is relatively small compared to the quantity of
americium, produced, respectively 9 to 16 kg. However, production of curium becomes higher with MOX fuels, and can reach
22 kg/year in a (Uo.94gPuo.052) O2 material irradiated to a thermal burn-up of 43.5 GWd/tM. By comparison, americium does not
increase as much, only by a factor 13 as opposed to a factor of 46 for curium. Thus, formation of curium increases very rapidly
with the fuel burn-up and the initial Pu content. MOX-type fuels are also expected to reach a burn-up of 70 GWd/tM within
the next decade. Given its use in many reactors (primary in France) combined with high burn-ups, the overall quantities of
curium generated per year will rise rapidly, and become an important issue in transmutation schemes.

One additional aspect is that if all minor actinides (Np, Am, Cm) are recycled, the radiotoxicity inventory reduction factor
compared with a once-through cycle ranges between 100 and 150 [1], However, if the curium fraction is not recycled, then the
radiotoxicity inventory is only reduced by a factor around 10, due to the decay of 244Cm and 243Cm into long-lived
radionuclides (respectively Pu and Pu) [1]. Thus, for radiotoxicity benefits curium must be included in the transmutation
scenarios [11]. There are two important questions to be addressed here. First, what type of target can be used to "incinerate"
this actinide? Secondly, is it necessary to separate americium and curium and treat them independently?
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To answer the latter question it is worthwhile to note that americium and curium are difficult to chemically separate from one
another during reprocessing, given the similar chemistries in aqueous media. It should also be noted that transmutation of
americium targets will generate large amounts of curium by neutron capture. Accordingly, partitioning the two elements
appears unnecessary, and recycling the elements simultaneously will minimize the production of waste and avoid the additional
cost of partitioning. Thus, one strategy suggests stabilizing the curium and americium oxides in the same uranium-free
material.

Curium is considered as a trivalent element, although it can also exhibit a tetravalent oxidation state (e.g., CmO2) in high
oxidizing environments such as pure O2 and/or O3 [12-14]. For the particular case of Cm(III) its trivalent character is greatly
enhanced, as its 5f subshell is half-filled (5f7 electronic configuration), which helps to stabilize its trivalent oxidation state.
Based on the consideration of both radius and oxidation state, we envisioned that Cm (III) could stabilize the cubic form of
ZrO2, as does Y3+. This would avoid the use of Y2O3 as a stabilizing dopant, which is desirable regarding waste generation and
costs. To evaluate this capability we have undertaken a study on the Cm-Zr-0 system that is reported below.

Various compositions of 248CmxZr1.xOx.2/x materials, with x = 0.1, 0.2, 0.25, 0.3, 0.4, 0.5, have been prepared by the synthesis
described in the experimental section. Due to the scarcity of the Cm isotope, each sample was made on a half-milligram scale.
Results are summarized figure 1, where a proposed phase diagram for the CmO|.5-ZrO2 system is shown.
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Figure 1: proposed phase diagram form the CmOj $-ZrO2 system. [C—cubic
P=Pyrochlore]
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At low concentrations of curium sequioxide (below x < 0.2), a diphasic system was found, composed of a monoclinic and a
cubic phase. Intensities of the Bragg reflexions of the monoclinic becoming weaker as the curium content increases. We
believe that the monoclinic phase eventually becomes tetragonal at higher temperatures, as do other similar systems.

At higher concentration (0.3< x < 0.5), a diphasic material was also observed, which was composed of two cubic phases. One
had a fluorite type structure (Cmx,Zr,_x)O2.2/x. and the other the pyrochlore structure of Cm2Zr207. The intensity of the Bragg
peaks of the CaF2 structure decrease as curium composition increases.

In accord with our expectations, we found that Cm(III) can stabilize zirconia in its high temperature cubic phase but only in a
relatively narrow window. Only at x=0.25, a single fluorite type solid solution is observed (a = 5.21 ±0.01 A). Based on the
lanthanides/actinides element radii [20-21], the Cm2O3-ZrO2 system should be quite similar to the phase diagram of Pm2O3-
ZrO2, Nd2O3-ZrO2, or the Sm2O3-ZrO2 analogs. Working in parallel on the two later systems, we found that Cm displayed
more similarities with neodymium than with samarium. An extended comparison with the lanthanide analogues will be
reported later.



For the specific value of x = 0.5, a pyrochlore oxide (see below), a single phase, Cm2Zr207i was found. Zirconate pyrochlore
oxides (An2Zr207) appear, as does cubic stabilized zirconia, as promising materials for the transmutation of americium, curium
and other selected actinides [14]. Comments are provided below to support our proposal for the application of these pyrochlore
materials.

3.3 Pyrochlore oxides

The mineral pyrochlore is a well known source of the rarer elements, such as Ta and Nb. Some of these minerals are estimated
to be as 1.4 billion years old. Pyrochlore compounds are found in igneous rocks, such as carbonatites, nepheline syenites and
granite pegmatites [15], Their chemical durability, and their ability to resist corrosion and chemical alteration, targeted them
initially as potential candidates for nuclear waste disposal [16]. Recently, it was shown that the zirconate pyrochlore, Gd2Zr2O7,
exhibits resistance towards damages by alpha radiation [4], being more resistant than certain titanates (e.g. Gd2Ti207). The
zirconate and hamate pyrochlore, Gd2Zr207, Gd2Hf207, are envisioned for disposition of weapon-grade plutonium, where the
gadolinium and hafnium act as neutron poisons for criticality control.

The pyrochlore oxides of interest have a general formula, A2B2O7, or more precisely A2B2O6O'9 where A and B are two
metallic cations (e.g. A3+B4+ or A2+B5+) and 9 represents ordered oxygen vacancies. As with the mineral "pyrochlore",
(NaCa)(NbTa)C>6F-nH2O, where (Na,Ca) are on the A sites and (Nb, Ta) on the B sites, these pyrocholore type compounds
crystallize in a face-centered cubic system. These materials can also incorporate other cations on both the A and B
crystallographic sites, as long as charge neutrality is satisfied. A review of pyrochlore structures and physical properties is
given in the paper of Subramanian and al [17].

The crystal structure of pyrochlores has been published by several workers and described in different manners. One of the
simplest ways is to consider the pyrochlore, A2B2O7, as a fluorite-type structure with a double unit cell and an ordered
deficiency of oxygen atoms. Pyrochlore oxides can be visualized as a reduced form of a cubic (Ano 5Zr0 5)O2 solid solution,
where the actinide cation has been reduced to its trivalent oxidation state, to give the product (Ano.sZr0.5)Oi.75. In the pyrochlore
structure, A and B are ordered as shown in figure 1.

Figure 2 : Distribution of the actinide and zirconium cations in the pyrochlore structure An2Zr207

The oxygen atoms O, O' and the vacancies 9 are also ordered, in the tetrahedral interstices. The larger cation A (e.g. the
actinide) is eightfold coordinated and the B cation (Zr), is sixfold coordinated. The zirconium cations are surrounded by six
equidistant oxygen atoms, O, whereas the actinide element is coordinated with two close oxygen atoms, 0 ' , located at the
corner of the cube, and six oxygen anions, O, located at a greater distance from the cation (see figure 3).
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Figure 3 : Oxygen coordination of the A and B cations in a pyrochlore structure A2B2O7 - A = Actinide, B= Zirconium.

The space group of the pyrochlore oxides is Fd3m (No. 227). The lattice parameter can range from 10 to 11 A (Z=8). If the
center of symmetry, B, is taken as the origin, then the actinide cations are in 16d, the zirconium in 16c, the 0 are in 48f, O' in
8b and the 9 vacancies are located in 8a. Positions of all the atoms are fixed by symmetry except for the oxygens in 48f which
have one unknown coordinate x. This latter parameter characterizes the distortion on the oxygen polyhedra around the two
cations, as seen on figure 3. Its value depends on the cationic radii of A and B. For all the synthetic pyrochlores reported, x lies
between values of 0.355 and 0.309.

One interesting feature in the lanthanide pyrochlores, Ln2Zr207, (from La to Gd) is the order-disorder phase transition that
occurs at high temperatures. Above a certain temperature, depending of the lanthanide, the cationic structure becomes
disordered. The high temperature phase exhibits a fluorite-type structure. The temperature of this transition decreases across
the series. La2Zr207 does not show this phase transition but with the neodymium, samarium and gadolinium compounds, this
order-disorder transition occurs at 2300, 2000 and 1530°C respectively [18-19]. Thus the transition temperature is lower for
A3+ cations with smaller radii.

For the formation of A2
3+B2

+4O7 pyrochlore oxides, it is not only necessary for A and B to have the proper oxidation states, but
also they must meet certain radii requirements. The A3+ cation must be larger than the B4+ cation, and the ratio rA3+/rB4+ must
lie between 1.46 and 1.80. Thus, for the zirconate pyrochlores, as the ionic radius of Zr4+ (sixfold coordinated) is 0.72 A [20],
the ionic radius of the cation A3+ (eightfold coordinated) must lie between:

1.05 A<rA3+(CN8)<1.30A

From this relationship, and using actinide radii given by David [21], it can be deduced that a pyrochlore oxide An2Zr207 should
form from actinium to einsteinium, if they display a trivalent state in oxide systems. To date only Pu2Zr207 and Am2Zr207 have
been fully identified and characterized having a pyrochlore structure with a cell parameter a = 10.69 A and 10.65 A
respectively [22].

In the present work it was found that curium also forms a zirconate pyrochlore oxide - Cm2Zr207 - with a cell parameter a =
10.63 ± 0.02 A. This value agrees with our previous work on other actinides [22] where a linear relationship between the cell
parameter and the actinide radius was demonstrated.

According to our estimation, the order-desorder transition that occurs in zirconate pyrochlore oxides [18-19] mentioned above
is expected to occur for the actinide materials above 2000°C. A complete investigation on zirconate pyrochlore oxides
An2Zr207 ,with An = Pu to Cf, is expected to be presented later this year.



Regarding the technological applications of zirconia-based pyrochlore oxides for the transmutation of actinides, a large amount
of work remains to be done, such as measuring their thermal conductivity, oxygen potential, mechanical properties, etc. Several
experiments are underway at the CEA to evaluate thoroughly their potential for such applications. Its seems probable that the
thermal conductivity of pyrochlore oxides will be greater than cubic zirconia, given the tri-dimensional arrangement of both
cations and vacancies. This long-range order should modify the phonon scattering and improve the thermal conductivity.

Since the actinide elements are trivalent in the pyrochlore structure, the oxygen potential of the materials is expected to be
relatively low, perhaps comparable to that in the actinide sesquioxides. This is an important aspect regarding the
thermochemistry of the fuel and potential interaction with the cladding, the fission products, and eventually with the inert
matrix, if any.

Finally, a comparison of the An2Zr2O7 compounds with a Y-CSZ matrix at a maximum loading of 30mol% of AnO2, shows
that the pyrochlore will contain 65 wt% more actinide for the same unit volume. This higher loading may be beneficial in
several instances.

Conclusion

From this work it is concluded that selected Yttria-Cubic Stabilized Zirconia compounds, such as (Zro.6,Yo.4)Oi g or similar
compositions, can incorporate up to 30 mol% of AmO2 in their fluorite structure. These products are considered to be thermally
stable and independently of any thermal reduction of americium dioxide.

We have shown that curium (III) itself can stabilize zirconia in its cubic form, but only in a narrow window of composition
(around 25mol% of CmO15). It was also concluded that regarding cost and radiotoxicity benefits, it should be beneficial to treat
both americium and curium together in transmutation schemes, which would avoid partitioning of these elements.
Consequently, we propose the use of (Cmo.25,Zra 75.x,Amx)O|.75.^2 materials for transmutation processes. Additional studies on
this pseudo ternary system will be addressed in the future.

We also proposed the use of zirconate pyrochlore oxides as alternative potential host materials for transmutation of americium
and curium. Pure pyrochlore oxides of each element have been synthesized and characterized.

It is of fundamental and technological interest to investigate materials able to retain and transmute both, americium and curium.
In this regard, zirconia-based oxides appear to be promising candidates.
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