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BASIC PROPERTIES OF A ZIRCONIA BASED FUEL MATERIAL FOR LWRs

C. Degueldre1, J. M. Paratte

The properties of zirconia cubic solid solutions doped with yttria, erbia and ceria or thoria are investigated
with emphasis on the potential use of this material as inert matrix fuel for plutonium incineration in a light
water reactor (LWR). The material is selected on the basis of its neutronic properties. Zr and Y are not
neutron absorbers. Among the rare earth elements, Er was identified as a suitable burnable poison. The
high density cubic solid solution is stable for a rather large range of compositions and from room tempera-
ture up to about 3000 K. Samples irradiated under low and high energy Xe ion irradiation up to a fiuence of
1.8 1016 Xecrrr2 were investigated by transmission electron microscopy. Low energy (60 keV) Xe ions did
not produce amorphization. From the observed bubble formation, swelling values during irradiation at room
temperature or at high temperature (925 K) were estimated to be 0.19-0.72% by volume. Furthermore, no
amorphization was obtained by Xe irradiation under extreme conditions such as high energy (1.5 MeV) Xe
ion irradiation and low temperature (20 K). This confirms the robustness of this material and argues in fa-
vour of the selection of a zirconia based material as an advanced nuclear fuel for plutonium incineration.

1 INTRODUCTION

The problem of excess plutonium in the world is a
reality and elimination strategies are being discussed
in various organisations [1,2,3]. The disposal of pluto-
nium in waste form is not economically viable, while
its elimination by transmutation in a light water reactor
(LWR) offers two advantages: the reduction of the
amount of plutonium and the generation of energy.
For the elimination of plutonium excess, a zirconia
based inert matrix fuel for energy production in an
LWR is the feasible option studied at PSI [1,4,5].

Zirconium oxide {ZrO^) is a promising candidate as
inert matrix because it may be stabilised by rare earth
oxides in a single phase solid solution (e.g. [6,7]). In
this material, rare earth oxides stabilise the phase in a
cubic structure and the stabilised zirconia is then
comparable to UO2 in a MOX fuel. In the suggested
fuel material, the stabilised zirconia fluorite-type
phase will be the host phase of plutonium, other acti-
nide elements or fission products. Binary cubic mix-
tures ZrCVYOi 5 are stable over a rather large range
of compositions (10-30 at%) and form solid solutions
with numerous dopants from room temperature to
about 3000 K (see Yokokawa et al. [7] and Kim [8]).

Little is known on the properties of zirconia based
ceramic, and on their behaviour under irradiation.
Some early studies reported data on zirconia lattice
expansion [9], thermal conductivity changes [10] and
mechanical properties changes [11], Berman and co-
workers [9] measured for zirconia a lattice constant
decrease in all crystallographic directions (less than
2%) after irradiation with 1.5-1018 n-cm-2 (fast) at 373 K.

It was also observed that during neutron irradiation of
uranium doped zirconia, the phase transforms to cu-
bic when the neutron fiuence increases; 100% trans-
formation was observed for 3-1016 n-cnr2 [12]. From
these studies it was concluded that the non-cubic

fraction is transformed to cubic which further stabi-
lises the phase.

More recently, Clinard and co-workers [13] studied
the behaviour of stabilised zirconia under neutron
irradiation and showed ordered inclusion arrays.

All of this information indicates that these zirconia
based materials have a relatively stable behaviour
even under irradiation.

For estimating the effect of reactor irradiation on a
possible zirconia based fuel, the behaviour of both
inert matrix and simulated fuel materials must be
studied under specific irradiation. Since fission prod-
ucts such as Xe are known to generate large material
damages (see e.g. [14]), a goal of the present study is
to assess the stability of these ceramic materials un-
der Xe irradiation utilising both high energy and low
energy particles.

After identifying the composition ranges of the mate-
rial on the basis of neutronic considerations, relevant
properties of an inert matrix composed of 85% ZrC>2-
10% YO1 5-5% ErO15 (at%) are described. Simulated
fuel materials such as ZrO2 - 10% YC^ 5 - 5% ErC^ 5-
MO2 (with M = Th or Ce) are also studied as ana-
logues of a plutonium uranium-free fuel.

2 NEUTRONIC PROPERTIES

The inert matrix material must by definition be inert
with regard to the neutron flux, that means that the
neutron capture cross section of the material must be
as small as possible.

The neutronic feasibility of LWR plutonium U-free
fuels was tested for various inert components and
burnable poisons. The neutronic performance of hy-
pothetical fuels is assessed here primarily in terms of
burnup reactivity.
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The burnable poison "Bp" must present a variable
neutronic behaviour with a large capture efficiency at
the beginning of the incineration in order to slow
down the fission reaction, and its absorption rate must
decrease as plutonium is eliminated. The products
generated by burnable poison transmutation and by
actinide fission must be subsequently considered for
their neutronic and chemical behaviour in the fuel
material.

The calculations were performed with the LWR code
ELCOS [4]. Calculations were carried out under pres-
surised water reactor conditions; the systems consid-
ered had similar core and assembly characteristics as
existing LWRs. Typical characteristics for the unit
cells are the following: the assembly is based on a
14.3 mm square pitch with zircaloy cladding of inner
diameter 9.30 mm and outer diameter 10.75 mm
within which the fuel diameter is 9.13 mm. The full
power conditions are: average fuel temperature
600°C, cladding temperature 315°C, water tempera-
ture 300°C, for a pressure of 158.8 bar, and a power
density of 103 MW-nr3. The data library used was
generated from the Joint European File, JEF [15].

Individual inert matrix or carrier components were
tested for MO2 - PuO2 - ErOi .5 with the metal (M)
candidates Zr, Al, and Mg. ZrO2, AI2O3 and MgO
behave in a similar way from the neutronic point of
view. If ZrO2 is selected as the main inert matrix com-
ponent, reprocessed Zr (after cladding irradiation in
LWR) does not have the natural isotopic composition
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Fig. 1: Effect of different burnable poisons on the
reactivity during burnup for ZrO2 - BpC^ 5 - PuO2

cells. Conditions: burnable poison Bp: Er, Eu, Ho and
Gd, 0.9 gem-3 Pu of isotopic composition: 2.7%
238pU, 54.5% 239pu, 22.8% 240pU| 11.7% 241 p u anc |
8.2% 242pu, Note: for Er and Eu the reactivity
changes with burnup are rather flat and consequently
a larger fraction of Pu can be incinerated.

(91 zr yields 92Zr); consequently its neutron cross-
section is smaller than the original 0.185-10-24 cm2

but larger than 0.14-10-24 cm2 (total conversion).
Among the elements preliminarily selected, Zr and Y
are accepted as inert matrix constituents in the form
of their oxides.

Several burnable poisons were tested (Fig. 1). The
fuel material considered was ZrO2 - PuO2 - BpC^ 5,
with Bp = Eu, Er, Ho and Gd. Pu incineration is fa-
voured by Er and/or Eu as suitable burnable poisons.
Ho and Gd are less favourable although they were
considered earlier for their relatively good behaviour.
The Er concentration required is large enough to con-
tribute to the stabilisation of the inert matrix.

Calculation shows that a fuel of composition ZrO2 -
PuO2-ErO-i5 employed in LWRs could generate
power while transmuting about 95% 239pu j n 5 cycles
of an LWR [1].

3 INERT MATRIX PROPERTIES

The inert matrix (85% ZrO2-10% YO15-5% ErO15)
preparation was tested by using various fabrication
methods. The density of the pellets obtained by se-
lected routes in relation to the sintering temperature is
shown in Fig. 2. From this graph, the best method for
the inert matrix fabrication was selected. For this pro-
cedure, the starting material was the nitrate solution
of the respective salts. Co-precipitation was carried
out by ammonia addition followed by filtration and
drying phases.

After pelletising and sintering (10 h, 1875 K), the
samples were characterised. Their weight and sizes
were measured to calculate their density and porosity.

X-ray diffraction spectra were recorded to check
presence of the cubic phase. The porosity of the sin-
tered pellets of the zirconia inert matrix was always of
the order of 5%.

The thermal conductivity, which is a relevant pa-
rameter concerning the energy transfer from the pellet
to the coolant, was tested on the inert matrix material.
Thermal conductivity is derived from the measure-
ments of thermal diffusivity using the laser pulse
method. The thermal conductivity is simply the prod-
uct of the thermal diffusivity and the volumetric spe-
cific heat capacity of the material.

The values of diffusivity obtained for our inert matrix
material are comparable with those presented by
Touloukian for analogous zirconia materials [16]. For
the temperature range from 500 to 1000°C, the ther-
mal conductivity of the inert matrix material was esti-
mated to be 1.4W-m-1-K-1 which, as expected, is
smaller than that of pure zirconia (about 2 Wnr 1 K- 1

[16]) and than that of a classical fuel: UO2 - 8% Gd
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Since this smaller heat conductivity affects the energy
transfer from the fuel to the coolant, material or de-
sign strategies need to be applied. The pellets might
therefore either be annular or made of a "CerMet".
The assembly could also be a series of oxide disks on
metal disks (zebra configuration).
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Fig. 2: Relative density of the pellet obtained by vari-
ous fabrication methods in relation with the sintering
temperature. Conditions: sintering time at each tem-
perature is 3 h, theoretical density 5.94 gcrrr3.

To prepare for electron microscopy of the inert matrix
material, trepanning disks of 3 mm in diameter were
made with an ultrasonic cutter. Then, these discs
were dimpled to 10-20 urn in thickness at the centre
part of the discs. Perforation was made by thinning
with a 3 keV Ar+ ion beam at an angle of 20° to the
surface of the disks. Final polishing was carried out
with 2 keV at 15°. All thinning was done at ambient
temperature. With the electron microscope, amorphi-
zation and defect cluster formation due to ion thinning
were not observed on the inert matrix samples. Inert
matrix samples were found to form cubic solid solu-
tions.

The inert matrix material was irradiated using an
analytical electron microscope with a low energy Xe
injector at the Japanese Atomic Energy Research
Institute.

Observations and irradiation experiments were per-
formed in a modified electron microscope JEM-
2000FXII equipped with a thermal field-emission
electron source and a 40 keV ion accelerator. The ion
beam was incident on the surface of the specimen at
an angle of 60°. The beam comprised 60 keV Xe ions
to provide a flux of 5-1012Xe-cnr2-s-1. To obtain
60 keV Xe ions, 2+ charged ions were selected under
a terminal voltage of 30 kV of the accelerator. The
irradiations were carried out at room temperature and
at 925 K with large doses (2-1016 Xe-cnr2) of low
energy (60 keV) Xe ions, simulating the situation in
light water reactor conditions.

The penetration depth in the inert matrix irradiated
with 60 keV Xe ions was estimated to be about
15 nm by the TRIM (using a displacement energy
Ed = 60 eV). All the irradiations were carried out for

one hour; the fluence of Xe ions was
1.8-1016 Xecm-2. The thickness observed with an
electron microscope is about 50 nm.

On the inert matrix with erbium, formation of bubbles
at the surface was observed on-iine above 10-15
displacements per atom that may provoke the swel-
ling of the material.

3.1 Xe ion irradiation at room temperature

Small defect clusters of about 1 nm in diameter were
formed at an early stage, at the fluence of
3101 4Xecm-2 , at room temperature. Then small
bubbles of about 0.3 nm in diameter were formed at
the fluence of 1.5-1015 Xecm-2, The density of bub-
bles increased up to the fluence of about
3 1015 Xecm-2. The bubble size grew with increasing
fluence and the diameters were ranging from 0.5 to
2.5 nm at the fluence of 1.8-1016 Xecm-2. Amorphiza-
tion did not occur, as was determined by the electron
diffraction patterns.

3.2 Xe ion irradiation at 925 K

Very smail defect clusters with size < 1 nm were
formed at an early stage of the fluence of
1.5-1014Xecm-2 a t 925 K as shown in Fig. 3(a). Then
small bubbles of about 0.5 nm in diameter were
formed at the fluence of 6-1014 Xecm-2, as shown in
Fig. 3(b). With increasing fluence, bubbles grew and
collapsed with each other as shown in Fig. 3(c-d).
Amorphization was not observed after irradiation at
925 K to the fluence of 1.8-1016 Xecm-2, a s can be
seen in Fig.3(d).

After ion irradiation, the volume swelling of the speci-
mens was calculated from the total bubble volume
which was measured from bubble densities and aver-
age bubble radius. Bubble densities Nb, were meas-
ured from bubble number counts in Figure 3(d) and
bubble volume Vb was estimated using the equation

Vb=--7i N r

where rb is the average bubble radius. The average
bubble radius was about 0.46 nm at room temperature
and about 1.44 nm at 925 K at a fluence 1.8-1016
Xecm-2. These bubble parameters of zirconia based
material are shown in Table 1. The volume swelling
was estimated to be about 0.19 % at room tempera-
ture and about 0.72 % at 925 K, respectively.

Irradiation temperature [K]

Average bubble radius [nm]

Bubble density [1012 cm-2]

Volume swelling [%]

300

0.46

23

0.19

925

1.44

2.9

0.72

Table 1 : Bubble parameters for sintered inert matrix
crystal irradiated at RT and at 925 K.
Conditions: fluence: 1.8-1016 Xecm-2.
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Fig. 3: Processes of formation and growth of defect
clusters and bubble formation in the inert matrix mate-
rial during irradiation with Xe ions. Conditions: 60 keV
Xe ions of 5 1012 Xe-cm-2-s-1 at 925 K. Fluence:
(a) 1.5-10™ Xecm-2 (defect clusters were formed),
(b)6-1014 Xecm-2 (bubbles were formed),

(d)1.8-1016 Xecm-2.
(With courtesy from N. SASAJIMA, K. HOJOU,

T. MUROMURA, Plutonium Rock-like Fuel Integrated
R&D Team, Japanese Atomic Energy Research In-
stitute, Tokai-mura, Ibaraki-ken, Japan 319-11.)

In the case of a cubic solution M|O2 - Mn O2 the lattice
parameter may be estimated considering the two
original cubic phases to be ideally mixed. In this case,
the lattice parameter d becomes:

d = dM| • x, + dM|| X|,

where M| stands for example for stabilised zirconia
and Mn for ceria or thoria.

From the estimate of the lattice parameter the density
of the fuel material may be evaluated.

The wet preparation method was adapted for the fab-
rication of a simulated fuel material ZrO2 -10% YO-i 5 -
5% ErO1 5-x% MO2 with M = Ce or Th as analogue of
Pu. These quaternary mixtures form also solid solu-
tions since the additive MO2 is also cubic. The effect
of the addition of CeO2 on the lattice parameter of
cubic solid solution is shown in Fig. 4. The theoretical
density of these material samples was about 95%.

The thorium-based simulated fuel was also investi-
gated. The porosity of this simulated fuel material
increased with thorium concentration. This may be
due to residual water retention consequent of a delay
in the hydroxide dehydration. ZrO2 -10% YC^ 5 -
5% ErO15-10%ThO2 samples were prepared to
investigate the microscopic behaviour of the material
under irradiation. TEM sub-samples were prepared by
mechanical grinding and ion milling at the University
of New Mexico. The thickness of such samples was of
the order of 100 nm.

40 60

CeO: cone [at%]

Fig. 4: Lattice parameter of the solid solutions derived
from the addition of ceria to stabilised zirconia. Condi-
tions: material ZrO2-a%YO1.5-b%ErO15-x%CeO2

with (a + b) ranging from 15 to 25; wet preparation route,
pelletising and sintering conditions see section 3.

4 SIMULATED FUEL PROPERTIES

Most of the group IVB elements (except titanium) and
the actinides crystallise with fluorite structure when
they form tetravalent oxides MO2 (with M = Hf, Zr, Ce,
Th or U). They can mix together forming solid solu-
tions. The changes of their lattice parameter following
addition of doping can be estimated. Kim [8] de-
scribes the change of lattice parameter by utilising
linear interpolations considering the lattice parameter
of the pure phase and the concentration of doping.

TEM analysis of simulated fuel has shown that the
sample was polycrystalline with the grain size varying
from 500 nm to several micrometers, and cavities of
50 to 100 nm in dimension were found mainly at triple
joints of grain boundaries. However, there were also
larger cavities of size similar to the crystalline grains
(500 nm to several micrometers) in the original
specimen. Some of these cavities may have been
filled with amorphous volumes which usually contain
Zr, Y and Th, as revealed by energy dispersive X-ray
analysis (EDS). Some of these amorphous volumes
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have been milled through, apparently due to a rela-
tively high sputtering yield. The cavities and the
amorphous volumes were estimated to account for
about 30% of the volume of the material.

The simulated fuel pre-thinned TEM specimen was
irradiated using the HVEM-Tandem Facility at Ar-
gonne National Laboratory. The material was irradi-
ated with an ion dose rate of 3.4-1012 Xe-cnv2 s-1, to
doses of 2-1016Xecm-2 with high energy (1.5 MeV)
Xe ions. Irradiation was carried out at 20 K with a
liquid helium stage, because previous experiments on
ZrO2 have shown that the phase is very resistant to
amorphization, but that amorphization might occur at
sufficiently low temperatures at which defect recovery
could be suppressed. Some observations were car-
ried out on-line.

In the simulated fuel irradiated at 20 K with large full
doses (2-1016 Xe-cm-2) of high energetic Xe ions, the
damage level of the material was observed off-line.
No amorphization was observed by in-situ observa-
tion of the electron diffraction pattern. According to a
full cascade TRIM-95 calculation (using E^ = 60 eV),
the damage in the middle of the electron transparent
TEM foil (100 nm in depth) reached 25 displacements
per atom at full ion dose. Ed was estimated based on
an empirical relationship between E^ and the melting
temperature of oxides.

Irradiation induced formation of dislocation loops was
evident. At a fluence of 2-1014 Xe-cm-2, a low density
of dislocation loops was observed and these disloca-
tion loops could be individually identified. At a fluence
of 2-1016Xe-cnr2, a high density of dislocation loops
was observed and the size of the loops ranged from
20 to 60 nm. These dislocation loops were either 2-D
interstitial or vacancy clusters. It was very difficult to
determine the interstitial/vacancy nature of the loops
due to the high density. Detailed TEM analysis after
ion irradiation did not reveal any amorphization even
near the grain boundaries (Fig. 5(a)). In some grains,
voids (3-D vacancy clusters) of 20 to 60 nm were
observed (Fig. 5(b)).

The results of this study indicate that the irradiation
temperature (20 K) is still too high to amorphize stabi-
lised zirconia. Compared to the stability of UO2 under
energetic irradiation conditions e.g. [17], stabilised
zirconia might be more stable maybe because it is not
redox sensitive.

5 CONCLUDING REMARKS

The described ZrO2-based inert matrix is a very ro-
bust stable material composite that forms a solid so-
lution with numerous fission product elements such as
lanthanides and transition elements. Optimisation of
the inert matrix material preparation has been
achieved. Inert material pellets with a theoretical den-
sity of more than 95% were produced using the co-

if* V

Fig. 5: TEM bright-field images of a 1.5 MeV Xe
ion irradiated sample (20 K). Conditions: material
75%ZrO2 - 10%YO-| .5 - 5%ErO-, .5 - 10%ThO2 (At%),
(a) HRTEM image showing the sample is still crystalline

even near the grain boundaries (2-1016 Xe-cnr2),
(b)image showing the formation of small voids

(2 1016Xecm-2).
(With courtesy from L. WANG, W. GONG, R. EWING,

Department of Earth and Planetary Sciences, Univer-
sity of New Mexico, Albuquerque, NM 87131, USA.)

precipitation method (wet fabrication procedure).
These materials have the disadvantage, however, of
being of low thermal conductivity; experimental work
is underway to improve the energy transfer.

No amorphization was observed under Xe irradiation
even under extreme conditions, for example low ener-
gy Xe and bubble formation, or high energy Xe and
low temperature (20 K). Swelling rates were esti-
mated to be 0.19% at room temperature and 0.72% at
925 K during irradiation of the zirconia inert matrix
with low energy Xe ions up to a fluence of
1.8 1016 Xecnr2 . This confirms the robustness of
this advanced fuel material. Excellent retention of
fission products is anticipated; however, specific tests
on caesium behaviour are still required.
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