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This study uses a precipitation method to synthesize zirconia–magnesia inert matrix fuel containing plu-
tonium oxide as the fissile material and erbium oxide as a burnable poison. X-ray diffraction, secondary
electron microscopy with energy dispersive spectroscopy, optical microscopy, and electron probe micro-
analysis were used to determine phases present, phase mixing, microstructure, phase stoichiometry, and
elemental distributions throughout the samples. A large range of magnesium to zirconium oxides as well
as different concentrations of plutonium and erbium oxides was studied. It was found that it was possible
to synthesize a two phase material consisting of a pure MgO (periclase) phase and a cubic zirconia phase
which incorporated all of the plutonium and erbium as well as a small amount of the magnesium oxides.
This information will be used to understand the dissolution behavior and properties of this material in
conditions relevant to an advanced nuclear fuel cycle.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

There has been a recent resurgence of interest in different oxide
fuel types as potential advanced burner fuel for nuclear energy sys-
tems, often highlighting the role of transuranic elements as the fis-
sile component. Inert fuel matrices have the advantage of burning
plutonium and other transuranic elements from the fuel cycle
without the production of higher actinides [1–3]. Competitive
methods for plutonium destruction include mixed oxide fuels that
contain uranium. This can increase proliferation resistance by
altering plutonium isotopics, but does not significantly reduce
the radiotoxicity of the plutonium [4]. Neutronic calculations indi-
cate that up to 83% of the loaded plutonium can be burnt in a ura-
nium free fuel in the thermal spectrum [5,6]. Inert matrix fuel
would simultaneously reduce radiotoxicity and proliferation risk
in spent fuel. The fissile material in the fuel must be volumetrically
diluted by an inert matrix, which is by definition neutron transpar-
ent. It must also be compatible with reactor materials such as clad-
ding and coolant. Additionally, a new fuel must be proliferation
resistant, correspond to current safeguards and environmental
safety, be economically viable, and refuel on the current time scale
[1,7].

One of the most widely studied candidate inert matrix materials
is cubic zirconia. It is radiation tolerant and compatible with reac-
tor materials [2,3,8–12]. It fully incorporates the fissile material
and burnable poisons. Cubic zirconia, however, does not conduct
ll rights reserved.
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heat as well as current fuels resulting in unacceptably high center-
line temperatures. To compensate for this, a second phase such as
MgO may be added to improve thermal diffusivity and thermal
conductivity [13,14]. Unfortunately, pure MgO cannot be used as
an inert matrix fuel, as it undergoes hydrolysis and subsequent
swelling in the event of a cladding failure [13,15].

Under static 300 �C water it has been shown that the addition of
ZrO2 has an exponential decrease in the corrosion rate of the zirco-
nia–magnesia material [15]. The thermal conductivity of the com-
posite is greater than that of UO2 making it suitable for current
reactor safety guidelines with respect to centerline temperatures
[16]. Further study of this material is needed to better understand
the chemistry of the zirconia–magnesia matrix containing a fissile
component and any burnable poisons. Previous studies used con-
ventional milling and sintering techniques to synthesize zirco-
nia–magnesia containing PuO2 and Er2O3, but this resulted in the
formation of a third phase of plutonium oxide microspheres in-
stead of incorporating into the zirconia as desired [17,18]. This
study aims at synthesizing a dual phase ceramic that has the fissile
material and burnable poison incorporated into the zirconia phase.
X-ray powder diffraction, optical and secondary electron micros-
copy, and electron probe microanalysis are used to determine bulk
concentrations, phases present, phase mixing, and phase composi-
tion. These studies are a basis for future work on dissolution prop-
erties of the material in conditions relevant to an advanced nuclear
fuel cycle. Previous work with cerium and uranium as a plutonium
homolog is the foundation for comparison [19,20], while this work
presents the characterization of the material using plutonium as
the fissile component. Future studies will be aimed at the dissolu-
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tion behavior of this material in reactor, reprocessing, and reposi-
tory environments.
2. Experimental

2.1. Ceramic fabrication

A wet chemical precipitation method was chosen for ceramic
fabrication because less severe sintering temperatures and times
were required to produce a homogenous sample. Concentrated
aqueous nitrate or chloride salt solutions of zirconium (ZrO(NO3)2),
magnesium (MgCl2), and erbium (Er(NO3)3) were prepared. A 4 M
nitric acid solution was used as the source of plutonium
(13.5 mM). These solutions were mixed in appropriate proportions
and the metals coprecipitated with an ammonia hydroxide solu-
tion saturated with ammonium oxalate. All chemicals are reagent
grade and were purchased from Alpha Aesar with the exception
of plutonium, which was obtained from Isotope Productions Labo-
ratory. The precipitate was filtered and washed with purified water
and acetone to remove excess ammonia. Due to the high solubility
of magnesium, however, it was found that an elevated proportion
of the magnesium was contained in the filtrate. This became evi-
dent in this study due to the reduced product mass in this work;
several grams in previous efforts to around 100 mg in this study
[19,20]. As a result the precipitate was not filtered but evaporated
to dryness to synthesize material with a high magnesia compo-
nent. The resulting oxy-hydroxide precipitate was dried in an oven
at 100 �C for 24 h. The dry precipitate was then ground by mortar
and pestle to a powder before being calcined at 700 �C overnight in
air to convert it to the oxide. The oxide powder was cold pressed to
500–600 MPa with a SPEX Carver hydraulic press in a SPEX 5 mm
die to produce green pellets. These pellets were placed on Pt foil
in an alumina boat and were then sintered at 1600 �C in a Reetz
LORA tube furnace for 10 h under argon atmosphere.

Plutonium oxide content was varied to determine the solubility
of plutonium within the zirconia phase. Neutronic calculations
have shown an optimal volume ratio of burnable poison to be half
that of the fissile phase [21]. The erbium oxide content was there-
fore varied from half of the plutonium content to equal to that of
plutonium in order to explore the relevant compositional range.
The inert matrix was composed of zirconium oxide and magne-
sium oxide and was varied to explore the range of compositions.
The bulk concentrations used to synthesize the pellets in this study
are listed in Table 1.

2.2. X-ray diffraction (XRD)

Sintered pellets were ground to a powder and approximately
10 mg was spread in a thin layer over a low-background sample
holder (single crystal silicon wafer) with the aid of methanol.
X-ray diffraction patterns were collected on a Bruker D8 Advance
diffractometer, which uses a Cu anode and a Johansson-type pri-
mary monochromator (wavelength Ka1 at 0.1540598 nm). Pat-
Table 1
Sample composition by mass as calculated from phase quantity (Rietveld analysis)
and phase stoichiometry (energy dispersive spectroscopy) (not normalized to 100%).

Sample # ZrO2% MgO% PuO2% ErO1.5%

1 71 3.0 16 9.0
2 75 11 7.5 7.5
3 67 14 9.8 8.2
4 58 20 12 9.8
5 42 50 4.7 2.4
6 23 72 3.5 2.0
7 16 79 3.4 1.8
terns were taken using 40 mV and 40 mA from 10 to 120�2h with
a step size of 0.01�2h and 4 s per step. Phases were identified using
Bruker-AXS EVA. Bruker-AXS TOPAS3 was then used to fit the dif-
fracted intensities and to perform least-square and Rietveld analy-
sis. Structure input parameters were taken from Inorganic Crystal
Structure Database. Instrument parameter inputs were as follows:
primary radius (mm) 435, secondary radius (mm) 435, receiving
slit width (mm) 0.1, divergence angle (�) 1, filament length (mm)
12, sample length (mm) 8, receiving slit length (mm) 12, secondary
sollers (�) 2.3, and Lorenz polarization factor was set to 26.6.

2.3. Microscopy and electron probe microanalysis

Pellets were vacuum mounted with Struers Epofix resin. Sample
mounts were then ground and polished to a mirrored finish (1 lm)
using a Struers TegraPol-15. Pellets were imaged using a Leica
2500P microscope with a DFC 295 camera. Images were analyzed
using Leica Application Suite 3.3.0. After imaging the pellets, they
were carbon coated and analyzed with a JEOL JXA 8900R electron
probe microanalyzer. Elemental mapping was done over areas up
to several mm2 at 15 keV and 100 nA. A JEOL 5600 scanning elec-
tron microscope equipped with energy dispersive spectroscopy
was used to evaluate microstructure evolution and to determine
stoichiometry of phases for plutonium containing samples. Sam-
ples were analyzed at 20 keV, working distance of 20 mm, and a
spot size of 30.

3. Results and discussion

3.1. Synthesis

One of the main goals of this study was to synthesize a two
phase inert matrix fuel of periclase (a pure MgO phase) and cubic
zirconia, which would incorporate the fissile material and burnable
poison through isomorphic substitution. This was previously not
possible through mixing of the oxide powders and subsequent
pressing and sintering due to plutonium oxide forming a third
phase not incorporated into the zirconia [17,18]. Because of this
Fig. 1. Picture of sintered plutonium containing zirconia–magnesia inert matrix
fuel (Zr0.76Mg0.10Pu0.078Er0.062O1.9).
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a precipitation method was employed for this study. This allows
for more complete mixing and has been shown to form solid solu-
tions at less extreme temperatures and times during sintering [19].
The current study was successful in synthesizing a two phase inert
matrix fuel as predicted by previous homolog studies [20]. This
method produced pellets >95% theoretical density based on mass
and a geometric measure of volume (Fig. 1).

A notable difference between the plutonium studies presented
here and previous studies using uranium and cerium is in the
amount of material produced in each batch. Previous efforts were
performed by precipitating out tens of grams to form several pel-
lets [19,20]. Due to the high activity of plutonium the amount of
material precipitated in a batch was reduced to 100 mg. Because
of this, the small differences in solubility of the cations after pre-
cipitation manifests as fluctuations in the concentrations in the so-
lid. Most notably is the high solubility of magnesium resulting in a
drop in magnesium oxide concentration in the solid. To avoid this
loss the precipitate was not filtered but heated to dryness, then cal-
cined to synthesize the samples with magnesium oxide concentra-
tions higher than 25 wt.% (Table 1). Since the nitrate and chloride
counter ions are volatile it was possible to avoid any loss of mate-
rial without the incorporation of impurities. In a larger scale pro-
2Th D
660555045403530252015

Sq
rt(

C
ou

nt
s)

35

30

25

20

15

10

5

0

Fig. 2. X-ray diffraction pattern of Zr0.76Mg0.10Pu0.078Er0.062O1.9 (blue) with fit (red) and
legend, the reader is referred to the web version of this article.)
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Fig. 3. X-ray diffraction pattern of Zr0.64Mg0.29Pu0.029Er0.041O1.7 (blue) with fit (red) and
legend, the reader is referred to the web version of this article.)
duction this should not be necessary as the differences in
solubility are insignificant when compared to the amount of mate-
rial that is produced.
3.2. X-ray diffraction

X-ray diffraction was used to identify and quantify crystalline
phases present in the inert matrix fuel. It was found in the sample
with the lowest MgO concentration (3 wt.% MgO) only a cubic zir-
conia phase was present, indicating that all other cations were dis-
solved in the zirconia lattice through isomorphic substitution
(Fig. 2). Once the MgO concentration is increased to 11 wt.% it ex-
ceeds the solubility limit for isomorphic substitution in cubic zirco-
nia and precipitates as cubic MgO (periclase) (Fig. 3). This is
expected as the solubility limit for MgO in zirconia under similar
conditions was determined in previous studies to be 6.9% (wt/
wt) [19]. This two phase mixture of zirconia and periclase was
found in all samples with more than 7 wt.% MgO with a maximum
periclase phase for this sample set being 77 wt.% (Fig. 4).

The lattice parameter for the periclase phase remains consistent
and is independent of the concentration of other elements suggest-
ing that it is pure MgO and no other elements are incorporated into
egrees
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Fig. 4. X-ray diffraction pattern of Zr0.061Mg0.93Pu0.0059Er0.0045O1.1 (blue) with fit (red) and difference curve (grey). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 2
Phases present, quantity, and lattice parameters as determined by XRD along with phase stoichiometry as determined by SEM/EDS.

Composition of samples # Phases present Lattice parameter (nm) Phase stoichiometry Quantity (wt/wt)

1: Zr0.76Mg0.10Pu0.078Er0.062O1.9 ZrO2 (Fm-3 m) 0.51215(15) Zr0.76Mg0.098Pu0.078Er0.062O1.9 100
2: Zr0.64Mg0.29Pu0.029Er0.041O1.7 ZrO2 (Fm-3 m) 0.50905(19) Zr0.79Mg0.12Pu0.036Er0.051O1.9 93.3

MgO (Fm-3 m) 0.42126(17) MgO 6.7
3: Zr0.56Mg0.36Pu0.037Er0.044O1.6 ZrO2 (Fm-3 m) 0.50973(16) Zr0.79Mg0.098Pu0.052Er0.061O1.9 88.7

MgO (Fm-3 m) 0.42133(13) MgO 11.3
4: Zr0.44Mg0.47Pu0.042Er0.048O1.5 ZrO2 (Fm-3 m) 0.51086(13) Zr0.75Mg0.098Pu0.073Er0.082O1.9 82.2

MgO (Fm-3 m) 0.42129(11) MgO 17.8
5: Zr0.21Mg0.77Pu0.011Er0.0078O1.2 ZrO2 (Fm-3 m) 0.50984(15) Zr0.82Mg0.11Pu0.042Er0.030O1.9 48.2

MgO (Fm-3 m) 0.42110(12) MgO 51.84
6: Zr0.093Mg0.89Pu0.0065Er0.0052O1.1 ZrO2 (Fm-3 m) 0.51042(21) Zr0.80Mg0.097Pu0.056Er0.046O1.9 29.2

MgO (Fm-3 m) 0.42169(17) MgO 70.8
7: Zr0.061Mg0.93Pu0.0059Er0.0045O1.1 ZrO2 (Fm-3 m) 0.51160(20) Zr0.77Mg0.10Pu0.076Er0.058O1.9 21.5

MgO (Fm-3 m) 0.42117(16) MgO 78.5

Fig. 5. Optical microscopy image at 500� magnification of Zr0.64Mg0.29Pu0.029

Er0.041O1.7.
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the lattice (Table 2) above trace amounts. The lattice parameter for
the zirconia increases with increasing plutonium and erbium con-
tent indicating that plutonium and erbium is isomorphically
substituted into the zirconia lattice as shown in Table 2. This is fur-
ther evidence that a third plutonium or erbium rich phase is not
present, even as an amorphous material. The zirconium oxide con-
centration of the total pellet was decreased as low as 16 wt.% with
no evidence of third phase formation (Fig. 4). This indicates the sol-
ubility limit for plutonium and erbium within the zirconia phase is
high enough to accommodate a wide range of zirconia to magnesia
ratios. The solubility limit of plutonium and erbium in zirconia is
further discussed in the microscopy section. The quantities of each
phase, lattice parameters, and space group as determined by Riet-
veld refinement and least squares fitting are listed in Table 2.

3.3. Microscopy and electron probe microanalysis

Optical microscopy proved to be a useful tool in visualizing
phase mixing and pore space. It was shown that the periclase
phase appeared as a dark gray while pore space was black and
the zirconia phase was identified as the light grey phase. It was ob-
served that even at periclase phase concentrations as low as
4.5 wt.% the phase is still evenly distributed throughout the sample
with an intimate phase mixing (Fig. 5). This intimate mixing is evi-
dent through all samples and shows an interconnected periclase
phase at 50 wt.% MgO (Fig. 6). This interconnected periclase phase
will allow thermal diffusivity from the center of the pellet to the
peripheral because of its superior heat transfer properties, thereby
lowering the centerline temperature of the fuel.

Electron probe microanalysis was used to scan an area of the
polished surface to map relative concentrations of zirconium, mag-
nesium, plutonium, erbium, and oxygen. In this way it is possible
to identify elements that have affinity for the same phase and



Fig. 6. Optical microscopy image at 500� magnification of Zr0.21Mg0.77Pu0.011

Er0.0078O1.2.
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those that are exclusive to a phase as previously identified by XRD.
All pellets examined exhibited the same characteristics. The peri-
clase phase was shown to have no affinity for any elements other
than magnesium and oxygen, consistent with the XRD results. This
is shown in Fig. 7a by the areas of high Mg concentration (brighter)
that correspond to areas showing no concentration (black) of any
other element (Fig. 7b–d) as previously suggested by the constant
lattice parameter of the periclase based on XRD (Table 2). The zir-
Fig. 7. Elemental mapping over 125 � 125 lm area by electron probe microanalysis of
plutonium Ma map, and (d) erbium La map.
conia phase incorporates a small amount of magnesium into the
lattice as indicated by a faint image of the zirconia phase in a
map of magnesium concentration (Fig. 7a). All of the zirconium,
plutonium, and erbium, are evenly distributed throughout the zir-
conia phase as shown by the consistent amount of each element
throughout the phase and identical maps of elemental distribution
(Fig. 7b–d). This will simplify modeling of the material as only two
phases need to be considered and is an improvement over previous
attempts at synthesizing a plutonium containing zirconia–magne-
sia inert matrix fuel which resulted in a three phase material
[17,18]. This method also verified that both phases have a high de-
gree of homogeneity in each phase.

A secondary electron microscope equipped with an energy dis-
persive spectrometer was used to take semi-quantitative measure-
ments in small volumes (�2–5 lm3) in an effort to quantify the
elements present in each phase. This method confirmed that the
periclase phase is pure MgO. The zirconia phase is more compli-
cated, as it incorporates all cations involved by isomorphic substi-
tution. Magnesium was found in the zirconia phase at a constant
3–4 wt.% over all samples which defines the limit of isomorphic
substitution of magnesium in the zirconia phase. This is within
the range of 3–7 wt.% established by similar studies [19,20]. There
was no limit found for plutonium or erbium within the range of
samples synthesized in this study. Plutonium content within the
zirconia phase was as high as 16 wt.% and erbium content reached
as high as 12 wt.% within the zirconia phase. This allows for load-
ing the needed fissile material even at low concentrations of zirco-
nium oxide resulting in high concentration of plutonium and
erbium within the zirconia phase. A complete list of quantitative
Zr0.093Mg0.89Pu0.0065Er0.0052O1.1. (a) Magnesium Ka map, (b) zirconium La map, (c)
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results and stoichiometry of each phase as determined by energy
dispersive spectrometry is listed in Table 2.
4. Conclusions

A zirconia–magnesia inert matrix fuel containing plutonium
oxide as the fissile material and erbium oxide as a burnable poison
was successfully synthesized as a dual phase ceramic using a pre-
cipitation method over a range of compositions. The precipitation
method allows suitable chemical mixing to produce the two phase
material. This product was characterized by XRD in an effort to
identify and quantify crystalline phases present. It was shown in
most samples that the material consisted of cubic zirconia and cu-
bic MgO (periclase). Optical microscopy was used to visualize
phase mixing, microstructure, and pore space. Electron probe
microanalysis was used to map elemental concentrations over
wide areas. This proved the homogeneity of each phase and con-
firmed that plutonium and erbium are incorporated into the zirco-
nia phase resulting in a solid solution. This will simplify modeling
and has not previously been achieved. Secondary electron micros-
copy equipped with energy dispersive spectroscopy was used to
(semi-quantitatively) determine the stoichiometry of each phase.
It was determined that the periclase phase was pure MgO. This will
allow it to retain its heat transfer properties, specifically thermal
diffusivity and thermal conductivity. The periclase phase was
found to be interconnected, facilitating thermal diffusivity away
from the center of the pellet. This is a crucial property that greatly
improves the utility of the examined inert matrix material as a po-
tential fuel to burn plutonium. Analysis of the zirconia phase
shows a presence of all cations involved to different concentra-
tions. Magnesium is incorporated into the zirconia at 3–4 wt.%
which defines the limit of isomorphic substitution for magnesium
in zirconia under these conditions. The solubility limits of pluto-
nium and erbium in zirconia were not reached, however the high-
est concentration of plutonium and erbium found in the zirconia
were 16 and 12 wt.%, respectively. This high solubility limit will al-
low fissile material to be loaded into the fuel even at low concen-
trations of zirconium oxide. These studies are aimed at
understanding the material for future dissolution studies in condi-
tions of interest to an advanced fuel cycle.
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