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Abstract

Inert matrix (IM) materials for nuclear fuel in light water reactors must meet several critical requirements that include
high temperature stability, good irradiation behaviour, high thermal conductivity, and hot water corrosion resistance.
MgO possesses all of the necessary requirements for an ideal IM candidate, except hot water corrosion resistance. A com-
posite approach is being investigated in order to improve the corrosion resistance of MgO, while simultaneously taking
advantage of the high thermal conductivity of MgO and its ability to be reprocessed in nitric acid. MgO–pyrochlore com-
posite compositions are fabricated based on neutronic property simulations for assessment as potential IM materials. The
selected pyrochlore compositions are synthesized by both sol gel and solid state processing, and how composite processing
affects the microstructure will be discussed. Among the multiple composite processing approaches investigated, ball milling
produces the most homogeneous and consistent microstructures.
� 2007 Elsevier B.V. All rights reserved.

PACS: 28.52.Fa
1. Introduction

Inert matrix materials are proposed to be used as
non-fertile matrices for the transmutation of com-
mercial and weapons grade plutonium in light water
reactors. Through the transmutation of plutonium
in light water reactors, there exists the potential to
reduce both the accessible inventory of weapons
grade plutonium and dramatically reduce the quan-
tity of radioactive waste that must be safely dis-
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posed from commercial reactors. Although mixed
oxide fuel (MOX) is currently utilized in light water
reactors to recycle plutonium, MOX is fertile fuel
that creates plutonium, even as it transmutates the
plutonium originally mixed into the fuel. In order
to avoid generating more plutonium from uranium
fuel, materials for non-fertile matrices are being
investigated as possible inert matrix fuels (IMF)
for light water reactors.

Viable IMF materials must meet certain critical
requirements that include high temperature stabil-
ity, good irradiation behaviour, high thermal
conductivity, and hot water corrosion resistance.
Yttria-stabilized zirconia (YSZ) has attracted the
most attention due to its chemical and structural
.
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stability; but the low thermal conductivity and the
difficulty reprocessing has limited the IM applica-
tions of YSZ in a fuel cycle that relies on a repro-
cessing strategy [1]. MgO is an ideal IM candidate
due to its high thermal conductivity and its ability
to be easily reprocessed, however, its hot water
corrosion resistance is poor. MgO and ZrO2 compos-
ites were synthesized in an attempt to capture the best
characteristics of both components, and the resulting
composites have shown to exhibit acceptable thermal
conductivities of �4–6 Wm�1 K�1 at 1273 K and
adequate corrosion resistance [2].

Pyrochlores are step forward in the development
of oxide compounds for IMF applications because
the pyrochlore crystal structure permits a wide
range of substitutions from the rare earth ele-
ments. Lutique et al. [3] as reported a calculated
thermal conductivity of �6 Wm�1 K�1 at 1273 K
for 90 vol.% MgO–10 vol.% Nd2Zr2O7 composites.
Atomistic simulations also suggest that other rare-
earth zirconate pyrochlores are expected to possess
thermal conductivities 5–15% higher than Nd2Zr2O7

[4]. Other simulations propose that there exists the
potential to synthesize MgO–pyrochlore composites
that exhibit higher radiation tolerances than
previously reported [5]. To assess the feasibility of
MgO–pyrochlore composites as IMF materials, this
paper describes selected compositions that were syn-
thesized and characterized to determine the effect of
processing on the microstructure of MgO–pyroch-
lore composites. Neutronic properties were also
calculated to determine the neutron multiplication
factor as a function of burnup for various ratios
of MgO and pyrochlore.

2. Experimental procedure

2.1. Synthesis of Nd2Zr2O7

2.1.1. Solid state synthesis of Nd2Zr2O7

Stoichiometric ratios of Nd2O3 (Alfa Aesar
99.9%) and ZrO2 (Alfa Aesar 99.7%) were added
to the YSZ milling media in a Teflon ball mill jar
with 100 ml of deionized water and 3 ml of ammo-
nium polyacrylate dispersant (Darvan 821 A). The
slurry was milled for 72 h on the ball mill, and
dried overnight in an oven at 393 K. The dried
powder was subsequently ground with the porce-
lain mortar and pestle and sieved through the
212 lm mesh. The sieved powder was placed in
an alumina crucible and calcined at 1623 K in air
for 12 h. X-ray was then performed to confirm
phase purity. After calcination, the Nd2Zr2O7 was
added again to the prepared media in the Teflon
ball mill jar with 100 ml of deionized water and
3 ml of ammonium polyacrylate dispersant (Dar-
van 821 A). The slurry was milled for another
48 h on the ball mill, and dried overnight in an
oven at 393 K. The dried powder was finally
ground with the porcelain mortar and pestle and
sieved through the 212 lm mesh.

2.1.2. Sol gel synthesis of Nd2Zr2O7

A 1 M solution was prepared by dissolving
0.02 mol of Nd(NO3)3 Æ 6H2O (99.9%, Alfa Aesar)
in 20 ml Acetic acid (99+%, Alfa Aesar). The solu-
tion was stirred at 300 rpm and heated to 378 K to
evaporate the water. To make the sol, the solution
was allowed to cool to room temperature, Zirco-
nium (IV) n-propoxide (70% w/w in n-propanol,
Alfa Aesar) was added to the solution in an equimo-
lar ratio, the solution was then stirred for 15 min,
and finally 5 ml of deionized water was added.
The sol was dried at 393 K in oven for 24 h to form
a gel, and followed by calcination of the gel at 1473
K for 6 h to achieve Nd2Zr2O7 formation.

2.2. Composite fabrication

2.2.1. Mortar and pestle fabrication of
MgO–Nd2Zr2O7composites

The appropriate ratios of MgO and Nd2Zr2O7

were added to an alumina mortar and pestle and
ground for 5 min to thoroughly combine. The
mixed powder was then synthesized into pellets.

2.2.2. Water magnetic stirring fabrication of

MgO–Nd2Zr2O7 composites

The process involved adding the appropriate
ratio of Magnesia and Nd2Zr2O7 to a beaker filled
with 200 ml of deionized water. The slurry was
agitated in an ultrasonic bath for 3 min to break
up any agglomerates. The powder was then stirred
for 6 h at 200 rpm and dried in an oven at 393 K
overnight. The dried powder was crushed, sieved,
and synthesized into pellets.

2.2.3. Ball milled fabrication of MgO–Nd2Zr2O7

composite

The appropriate ratios of MgO and Nd2Zr2O7

were added to the YSZ milling media in a Teflon
ball with 100 ml of acetone. The slurry was milled
for 24 h, and the acetone was allowed to evaporate
overnight. The dried powder was then ground with
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Fig. 1. XRD profile of solid state Nd2Zr2O7 calcined at 1623 K
and sol gel Nd2Zr2O7 calcined at 1473 K.
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the porcelain mortar and pestle and sieved through
the 300 lm mesh. The sieved powder was placed in
an alumina crucible and subsequently calcined at
1273 K in air for 5 h. X-ray was performed on the
calcined powder to confirm phase purity. The cal-
cined powder was then synthesized into pellets.

2.3. Pellet fabrication

In order to characterize the properties of the
Nd2Zr2O7 and MgO composites, cylindrical pellets
were fabricated. The appropriate ratio of Nd2Zr2O7

and MgO was combined with 2 wt% of binder (Cel-
vol 103 Polyvinyl Alcohol) and ground with an
alumina mortar and pestle until the powder sieved
through a 300 lm mesh. The sieved powder was
then dried in the 393 K oven for 5 min to evaporate
the water. Approximately 0.25 g of the powder was
added to a 9.5 mm punch and die-set cleaned with
acetone, lubricated with 1% stearic acid, and
pressed with 190 MPa on a Carver press. The pellet
was removed from the die and examined for cracks
and surface finish. A geometric green density was
calculated, and the pellets that met or exceeded
the 58% of theoretical density were sintered in air
at 1823 K for 4 h. The sintered pellets were also
checked for cracks and surface finish, and a geomet-
ric density was calculated.

The theoretical pellet density of 4.970 g cm�3 for
the 50 vol.% MgO–50 vol.% Nd2Zr2O7 composite
was calculated by multiplying the volume ratio of
the composite components to its respective calcu-
lated theoretical density and adding the products
together.

2.4. Sample preparation for microstructure
analysis

The sintered pellets were radially cut and pol-
ished to 0.03 lm with alumina and thermally etched
at 1723 K for 30 min. The thermally etched pellets
were mounted with silver paint on an aluminium
SEM sample holder and coated with carbon to
improve the conductivity of the pellet and eliminate
charging the sample with the electron beam. The
resulting grain structure was analyzed with scanning
electron microscopy (JEOL 6335 F) to assess the
microstructure and connectivity of the MgO and
Nd2Zr2O7 phases. The SEM was operated using
the secondary electron detector, with an accelerat-
ing voltage of 15 kV, and a working distance of
approximately 15 mm.
3. Results and discussion

3.1. Pyrochlore synthesis

The pyrochlore type A2B2O7 is cubic, and pos-
sesses Fd3m symmetry with the larger A3+ atoms
in 8-fold coordination at the 16d sites and the B4+

atoms are in 6-fold coordination at the 16c sites.
There are two types of O2� ions in the pyrochlore
lattice, with the 48f oxygen in tetrahedral coordina-
tion with two A3+ and two B4+ atoms, and the 8b
oxygen is in tetrahedral coordination with four
A3+ atoms. There is also an unoccupied O2� tetra-
hedral site at 8a that is surrounded by four B4+

atoms. The 48f oxygen positional parameter x shifts
the shape of the coordination polyhedra of A3+ and
B4+ ions from a cube of A3+ ions when x = 0.375, to
an octahedra of B4+ ions when x = 0.3125, with
most pyrochlores possessing x parameters ranging
between the two values. The typical lattice parame-
ter for pyrochlores is approximately 10 Å [6].

Calcination optimization was performed on the
solid state Nd2Zr2O7 to determine the most efficient
temperature and time to achieve a pure pyrochlore
phase. Samples of the milled Nd2O3 and ZrO2 were
calcined at 1573 K, 1623 K, 1673 K, and 1723 K for
12 h. Phase pure Nd2Zr2O7 also resulted from calci-
nation of the milled powders at 1723 K for 6 h.
Phase pure pyrochlore was achieved at all tempera-
tures except 1573 K, and a representative X-ray
spectrum of the calcined Nd2Zr2O7 is shown in
Fig. 1 along with an X-ray spectrum from sol gel
synthesized Nd2Zr2O7. Calcination optimization
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Fig. 3. Particle size and distribution of the calcined solid state
synthesized Nd2Zr2O7 and after the calcined solid state synthe-
sized Nd2Zr2O7 was ball milled for 48 h.
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for the sol gel Nd2Zr2O7 was performed at 1273 K,
1423 K, and 1473 K for 6 h. Phase pure Nd2Zr2O7

formed at 1473K for 6 h, 523 K lower than the solid
state Nd2Zr2O7 calcined for the same length of time.

The lattice parameter of the pyrochlore was
determined using the Nelson–Riley function [7].
The Nelson–Riley function is computed in two parts
by transforming the generated 2h values and the
corresponding diffraction planes from the X-ray
pattern and performing the following calculations:

aðhÞ ¼
k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh2 þ k2 þ l2Þ

q
2 sinðhÞ ; ð1Þ

a ¼ a0 � b
cos2ðhÞ
sinðhÞ þ

cos2ðhÞ
h

� �
; ð2Þ

where h is the X-ray phase angle in radians, k is the
X-ray wavelength of 1.54056 Å, and (hk l) are the
indices of the diffraction peak corresponding to
the angle h. Both calculations are performed for
each diffraction peak and the results are plotted as
a vs. f(h) in Fig. 2. Lattice parameter calculations
using the Nelson–Riley function give a lattice
parameter of 10.678 ± 0.002 Å and a theoretical
density of 6.360 ± 0.001 g cm�3. The lattice para-
meter and the corresponding theoretical density is
similar to the data provided by Subramanian et al.
[6], and close to the experimental data generated
by Lutique et al. [3] for Nd2Zr2O7.

Particle size characterization using laser light
scattering (Beckman Coulter LS 13320) was per-
formed on the powder to assess the average particle
size and particle distribution of the Nd2Zr2O7. The
calcined Nd2Zr2O7 was suspended in deionized
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Fig. 2. Lattice parameter calculation for Nd2Zr2O7.
water and placed in an ultrasonic bath for 30 s
before adding it into the Beckman Coulter for anal-
ysis. The sonication is used to disperse the powder
in the water by separating any weakly bonded
agglomerates. A Fraunhofer model was selected to
analyze the particles since the particles were
expected to be larger than 1 lm. If the particle size
distributions shown in Fig. 3 of the calcined powder
and the calcined powder after ball milling for 48 h
are compared, it is confirmed that the ball milling
process after calcination reduces the powder from
a bimodal particle distribution and an average
particle size of 20 lm to the final particle size and
distribution. The 48 h post calcination ball milling
yielded a monodisperse particle distribution with
an average particle size of 3 lm.
3.2. Neutronic property simulations

The inert matrix fuel burnup calculations were
performed using Monteburns, a code that links
the Monte Carlo transport code MCNP with the
burnup and depletion code ORIGEN2. The simula-
tions were based on a Framatome Mark-B 15X15
assembly design. Monte Carlo Neutron Photon
Transport Code (MCNP) is a neutral particle trans-
port code that uses Monte Carlo techniques, or a
statistical method in which system characteristics
are estimated by multiple computer simulations of
the behaviour of individual particles within the sys-
tem. ORIGEN2 computes decay and isotope deple-
tion information for materials under irradiation.
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MONTEBURNS couples the MCNP and ORI-
GEN2 packages to generate depletion and burn
up calculations. CASMO is a multi-group, two-
dimensional transport theory code for burn up
calculations on BWR and PWR assemblies or sim-
ple pin cells. The results from the CASMO and
MONTEBURNS models are compared when possi-
ble to ensure consistency and accuracy.

The MONTEBURNS [8] and MCNP [9] calcula-
tions were calculated using 50 burnup steps for 2000
full power days, or 60 MWdkg�1 equivalent bur-
nup. Because of the lack of neutron cross section
data in the MCNP data library, 148Nd was used as
a replacement for 142Nd, 144Nd, 146Nd, and 150Nd
[10]. The fissile material used in the calculations
for both the IMF and MOX compositions was
8 vol.% weapons grade PuO2. Different Nd2Zr2O7–
MgO volume ratios of 1:9, 3:7, and 5:5 were com-
pared in the calculations to find the optimum result.
The results in Fig. 4 show that the neutron multipli-
cation factor, keff, of the IMFs are higher than
MOX at the beginning of life (BOL) because of
the neutron resonance absorption in the 238U. The
keff of the IMFs are lower than MOX at the end
of life (EOL) because Pu is generated by neutron
absorption in the 238U. The keff also decreases with
increasing amount of Nd2Zr2O7 because the thermal
neutron absorption cross-section of natural Nd is
larger than that of natural Mg. The calculations
show that the IMF composition with the
Nd2Zr2O7/MgO ratio of 3:7 is the best composite
composition since it can provide enough EOL
reactivity.
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Fig. 4. Equivalent burnup data for Nd2Zr2O7–MgO composite
fuel compositions containing 8 vol.% weapons grade PuO2.
3.3. Microstructure characterization of the

Magnesia-Nd2Zr2O7 composites

SEM analysis on the composites was performed
to assess the microstructure, particularly focusing
on the distribution of the MgO and Nd2Zr2O7

phases and the interface between grains and
between the phases. Since the secondary electron
detector was used in the analysis, the dark grains
on the SEM are MgO and the light grains are
Nd2Zr2O7, since the Nd2Zr2O7 has a higher atomic
weight than MgO.

As shown in Fig. 5(a), the microstructure
throughout the mortar and pestle mixed pellets
is characterized by agglomerates of MgO and
Nd2Zr2O7 surrounded by an interconnecting matrix
of MgO and Nd2Zr2O7 grains. The large agglomer-
ates of MgO are detrimental to the corrosion
resistance of the composite, however, since the
MgO agglomerates will hydrate, swell, and cause
cracks to form within the pellet eventually causing
catastrophic failure [11]. This process also does
not produce consistent microstructures, with differ-
ent batches producing different agglomerate phases,
sizes, and distributions. The inconsistent micro-
structures may also adversely affect the consistency
of the thermal conductivity values, since the wide
range of agglomerate sizes and distributions could
affect the thermal conductivity data differently
[12,13].

The microstructure from the magnetic water stir-
ring process is shown in Fig. 5(b), and is character-
ized by a continuous Nd2Zr2O7 phase with isolated
agglomerates of MgO. This microstructure is consis-
tent throughout multiple batches, with minor
differences in the size and distribution of the agglom-
erates. The lack of a continuous MgO phase may
reduce the thermal conductivity of the composite
since there is not a thermally conductive path of
MgO through the material [14]. While the continu-
ous Nd2Zr2O7 phase may provide better corrosion
resistance, hydration and swelling of the large
MgO agglomerates as hot water hydrates the grain
boundaries of the MgO in the composite could cause
the eventual catastrophic failure of the composite.

The microstructure of the pellets ball milled from
the solid state Nd2Zr2O7 is shown in Fig. 5(c) shows
a completely homogeneous microstructure with a
continuous connectivity of the Nd2Zr2O7 phase.
This microstructure is highly consistent, with no
discernable differences in the microstructure
between multiple batches of material. The observed



Fig. 5. SEM image of 50 vol.% MgO composite where the dark grains are MgO and the light grains are Nd2Zr2O7. (a) Mortar and pestle
mixing, (b) water magnetic stirring synthesis, (c) ball milled solid state Nd2Zr2O7, (d) ball milled sol gel Nd2Zr2O7.
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connectivity of the pyrochlore phase will not
adversely lower the thermal conductivity of the
composite. However, the homogeneous microstruc-
ture may provide the maximum resistance to hot
water corrosion based on the mechanism proposed
by Kitamura et al. [15]. Previous work on MgO–
ZrO2 composites has shown that a continuous
Nd2Zr2O7 phase will provide a barrier to slow the
hydration of MgO grain boundaries [16].

The final grain size of the MgO and Nd2Zr2O7 is
approximately 1 lm, potentially lowering the ther-
mal conductivity due to the grain boundaries. The
grain size decreases from the initial particle size of
3 lm because the Nd2Zr2O7 and MgO is ball milled
for another 24 h to mix the phases, further crushing
the Nd2Zr2O7 and MgO to the final grain size of
1 lm. Future work will focus on increasing the final
grain size of the MgO and Nd2Zr2O7 through mod-
ifications to the ball milling process to maintain the
scale of mixing while reducing the ability of the ball
mill to crush the particles.
Although MgO and Nd2Zr2O7 shown in Fig. 5(c)
is ball milled in acetone to reduce the potential to
hydrate the MgO, Fig. 6 confirms the lack of MgO
peaks after the two powders were mixed. This can
possibly be attributed to the formation of Mg(OH)2

on the surface of the MgO by hydrated acetone, or
residual moisture from the ball mill jar and from
the atmosphere [17]. A second calcination after ball
milling at 1273 K for 5 h resulted in the reappearance
of the MgO peaks, and the powder was then synthe-
sized into pellets. X-ray was also performed on the
sintered pellet to confirm that Nd2Zr2O7 and MgO
did not react and form new phases during sintering.

The pellets synthesized from ball milled sol gel
Nd2Zr2O7 shown in Fig. 5(d) also exhibits a homo-
geneous microstructure with continuous connec-
tivity of the Nd2Zr2O7 phase. The microstructure
is also consistent between multiple ball milled
batches of material, with little discernable differ-
ences in the microstructure. The final grain size of
the sol gel Nd2Zr2O7 is also comparable to the solid
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state Nd2Zr2O7, with an average grain size of 1 lm.
This may be due to a high sintering temperature
of 1823 K and sintering time of 4 h, which may
excessively coarsen the Nd2Zr2O7 from its initial
nanometer particle size [18]. Future work will also
attempt to decrease the sintering time and tempera-
ture to minimize the degree of grain coarsening. The
grain size of the MgO, however, averages 2–3 lm.
The coarser MgO may enhance the thermal conduc-
tivity of the sol gel Nd2Zr2O7 pellets, since the grain
size of the thermally conductive MgO is maximized
compared to that of the less thermally conductive
Nd2Zr2O7.

4. Conclusions

An MgO–Nd2Zr2O7 composite has been investi-
gated as a potential inert matrix for light water reac-
tors. Several synthesis methods and composite
processing routes were investigated. It was found
that wet ball-milling mixing process produced the
most homogenous and consistent microstructure.
The observed connectivity between the MgO and
Nd2Zr2O7 grains is expected to enhance the thermal
conductivity of the composite, while maximizing its
corrosion resistance. A desirable grain size differ-
ence between the MgO (larger) and Nd2Zr2O7-
phases within the sintered composite was obtained
utilizing sol-gel synthesized pyrochlore powders.
This size difference is also expected to increase the
thermal conductivity and corrosion resistance of
the composite. However, experimental confirmation
through high temperature thermal conductivity
measurements is required. Neutronic property simu-
lations on the IMF based on a MgO–Nd2Zr2O7

inert matrix revealed the need for compositional
variations to lower the initial neutron multiplication
factor.
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