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h i g h l i g h t s
� Ln-doped UO2 transforms from fluorite to cotunnite at high pressure.
� Transition pressure increases with increasing hyperstoichiometry.
� Bulk modulus decreases with increasing Ln-dopant radius and concentration.
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a b s t r a c t

The structure of lanthanide-doped uranium dioxide, LnxU1-xO2-0.5xþy (Ln ¼ La, Nd), was investigated at
pressures up to ~50e55 GPa. Samples were synthesized with different lanthanides at different con-
centrations (x ~ 0.2 and 0.5), and all were slightly hyperstoichiometric (y ~ 0.25e0.4). In situ high-
pressure synchrotron X-ray diffraction was used to investigate their high-pressure phase behavior and
determine their bulk moduli. All samples underwent a fluorite-to-cotunnite phase transformation with
increasing pressure. The pressure of the phase transformation increased with increasing hyper-
stoichiometry, which is consistent with results from previous computational simulations. Bulk moduli
are inversely proportional to both the ionic radius of the lanthanide and its concentration, as quantified
using a weighted cationic radius ratio. This trend was found to be consistent with the behavior of other
elastic properties measured for Ln-doped UO2, such as Young's modulus.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

UO2 is the dominant fuel used in nuclear reactors throughout
the world. Fission of 235U produces a wide variety of other ele-
ments, a major portion of which are lanthanides [1]. Off-normal
conditions can expose the fuel to oxidizing conditions, leading to
excess oxygen incorporation into the fuel [2]. Changes in chemistry
from fission product production and oxidation can substantially
influence the properties of fuel, including thermal transport,
microstructure, and radiation response, especially at high burnups
[3e6]. Thus, it is important to understand how the incorporation of
an).
lanthanides and oxygen interstitials into UO2 affect its structure
under extreme conditions.

UO2 forms in the fluorite structure at ambient conditions, which
consists of a face-centered cubic cation sublattice where the cations
are in cubic coordination by eight anions. The anion sublattice is
simple cubic, and the anions reside in tetrahedral sites within the
cation sublattice. Larger Ln3þ substitutes for smaller U4þ in the
fluorite structure, causing localized strain in the structure, and
creating oxygen vacancies as a charge compensation mechanism.
Oxidation of Ln-doped UO2 is counterbalanced by an increase in
uranium oxidation state, typically ascribed to the creation of U(V)
[7e9]. Oxidation above an oxygen-to-metal (O/M) ratio of two
causes some oxygen to reside in interstitial sites in the fluorite
structure. Though the exact local configuration of the oxygen defect
structure is still subject to debate [10,11], the fluorite structure
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Table 1
Abbreviations used for the samples along with their precise compositions, fluorite-
to-cotunnite phase transformation onset pressure (Ptrans), and bulk modulus (B0)
from a second-order Birch-Murnaghan equation of state.

Sample name Composition Ptrans [GPa] B0 [GPa]

UO2 UO2 30 (2) 265 (5)
Nd2 Nd0.196U0.804O2.285 39 (2) 245 (5)
Nd5 Nd0.507U0.493O2.002 23 (2) 193 (5)
La2 La0.206U0.794O2.158 21 (2) 245 (5)
La5 La0.465U0.565O2.116 29 (2) 210 (5)
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provides ample room for oxygen interstitials in the uranium octa-
hedron along the [100] direction [10,12]. The fluorite structure is
shown in Fig.1a, with the positions of oxygen interstitials indicated.

The behavior of UO2 at high pressure has generated much in-
terest. Changing pressure, a fundamental thermodynamic variable,
can assist in understanding the behavior of UO2 by exploring the
relationship between defects and structure. UO2 transforms to the
orthorhombic cotunnite-type structure (Pnma) at high pressure,
though the pressure of this phase transformation has been debated
[13e15]. In contrast to the fluorite phase, the cotunnite structure
has little room for oxygen interstitials. Computational studies have
indicated that this can cause substantial increases in transition
pressure when starting with a hyperstoichiometric oxide. The
cotunnite structure is shown in Fig. 1b, with positions of the oxygen
interstitials indicated.

The elastic properties of UO2 have been of interest for decades
[16e19] since they are a determining factor in the material's me-
chanical properties [20] and the material's response to ion irradi-
ation [21]. Since lanthanides are a major fission product, the effects
of Ln-doping on elastic properties of UO2 has been the subject of
many studies [22e26]. High pressure allows for the determination
of bulk modulus, which to date has not been investigated experi-
mentally for Ln-doped UO2.

Here, we conducted in situ high-pressure synchrotron X-ray
diffraction studies on well-characterized Ln-doped UO2 (Ln ¼ La,
Nd) [27] to understand how lanthanide-doping and hyper-
stoichiometry affects the structural and elastic properties of UO2.
2. Experimental methods

Samples of polycrystalline LnxU1-xO2-0.5xþy (Ln ¼ La, Nd) were
prepared with the goal of synthesizing samples with dopant levels
of x¼ 0.2 and x¼ 0.5 and O/M ratio¼ 2 (y¼ 0.5x). However, precise
control of the O/M ratio is difficult in tandem with lanthanide
doping. The samples used here have accurately measured degrees
of hyperstoichiometry and levels of Ln-doping (see Table 1). The
investigation of several samples with varying dopant size (larger La
and smaller Nd), dopant concentration, and oxygen content allows
for the effects of each material parameter to be characterized and
distinguished. Detailed information on the procedure for sample
Fig. 1. Structures (2 � 2 x 2) of hyperstoichiometric Ln-doped UO2. (a) The low-
pressure fluorite phase; (b) the high-pressure cotunnite phase. Lanthanides (orange)
and uranium (gray) share a site. Equilibrium oxygen positions are shown in red.
Interstitial oxygen positions are shown in black. Both structures are viewed slightly off
of the [010] direction. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
synthesis is provided in Ref. [27].
High pressure was generated using diamond anvil cells (DACs),

which compress materials between two opposing diamonds culets.
The DACs used here had a 300 mm diameter diamond culet. A
stainless steel gasket was used as a sample chamber. The gasket
was pre-indented by the diamonds to thickness of 25 mm. A 120 mm
hole was then drilled into the center of the pre-indention, into
which the sample and pressure-transmitting mediumwere loaded.
Pressure was determined by monitoring the fluorescence of ruby
balls placed in the center of the sample chamber [28]. Error in the
ruby measurement due to broadening of the fluorescence signal is
~2 GPa above 40 GPa, but is otherwise less than 0.5 GPa. Pressure
was measured before and after data were collected, with the
average value used as the quoted pressure. All high-pressure data
were collected upon increasing pressure. Silicone oildEDM 185™
from Commonwealth Oildwas the pressure-transmitting medium.
The non-hydrostaticity of silicone oil is relatively low below 12 GPa
[29].

In situ angular dispersive X-ray powder diffraction data were
collected at beamline 16 BM-D of the Advanced Photon Source
(APS), Argonne National Laboratory (ANL) and beamline 12.2.2 at
the Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory (LBNL) using X-ray energies of 29.2 keV (l ¼ 0.4246 Å)
and 25 keV (l ¼ 0.4959 Å), respectively. CeO2 was used for cali-
bration of sample position, tilt, and rotation, as well as sample-to-
detector distance. Integration of two-dimensional diffraction im-
ages into diffraction patterns was performed using Dioptas [30].
Peak indexing of the integrated diffraction patterns was performed
using Maud [31] in order to determine the unit cell parameters of
the UO2 phases.
3. Results and discussion

X-ray diffraction data in Fig. 2 show that all starting samples
have the expected fluorite structure and undergo a high-pressure
phase transformation to the orthorhombic Pnma cotunnite struc-
ture, consistent with the behavior of pure UO2 [14]. The cubic Pa-3
and orthorhombic Pbca structures observed in natural UO2 at
simultaneous high pressure and high temperature [32] could not be
indexed to the diffraction patterns. The fluorite-to-cotunnite
transformation is first evident in the appearance of multiple weak
cotunnite peaks between the (111) and (200) fluorite structure
peaks. The pressures corresponding to the onset of the trans-
formation (Ptrans) are listed in Table 1. Errors in Ptrans result from the
size of the pressure step between the pure fluorite phase and the
mixed phase regimes in the X-ray diffraction data. No sample
completely transformed to cotunnite at the highest pressures
studied, ~50e55 GPa, and all samples fully reverted to the fluorite
structure upon quenching to ambient pressure.

Fig. 3 shows the transition pressure as a function of hyper-
stoichiometry, defined by y in the chemical formula LnxU1-xO2-

0.5xþy [27]. A strong, positive correlation was found between
hyperstoichiometry and Ptrans. For this correlation to hold,



Fig. 2. Representative high-pressure X-ray diffraction patterns for all compositions. Pressures are listed to the right in GPa. The indexed peaks of the fluorite structure are shown in
the lowest pressure UO2 diffraction pattern. Transformation from fluorite-to-cotunnite is first evidenced by an increase in scattering intensity between the (111) and (200) fluorite
diffraction maxima.

Fig. 3. Transition pressure for the fluorite-to-cotunnite phase transformation in Ln-
doped samples as a function of hyperstoichiometry, defined by y in LnxU1-xO2-0.5xþy.
Transition pressure increases as a function of increasing hyperstoichiometry. Errors in
Ptrans result from the size of the pressure step between the pure fluorite phase and the
mixed phase regime in the X-ray diffraction data.
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hyperstoichiometry had to be defined as y as opposed to simply the
increase in O/M above 2.00. This suggests that the local structure of
Ln-doped UO2 cannot simply be thought of as Ln substituting for U
within the fluorite structure. There are likely different oxygen co-
ordinations depending on cation species (Ln vs. U), which only
becomes more complex as U takes on multiple oxidation states
upon doping [7e9]. Furthermore, recent neutron total scattering
experiments has shown that fluorite-structured materials can have
more complex short-to-medium range order: UO2 was shown to
have a local cubic Pa-3 structure [33], and various two-cation
defect-fluorite structured materials were shown to be composed
of incommensurate orthorhombic Ccmm structural units [34].
Overall, the definition of hyperstoichiometry in Fig. 3 is consistent
with the complexities involved in the local ordering of these
materials.

Notably, no significant correlation was found between Ptrans and
dopant species or concentration, indicating that hyper-
stoichiometry affects the pressure required to induce the phase
transformation much more than the structural changes caused by
the incorporated lanthanide. Increasing Ptrans with hyper-
stoichiometry was predicted by computational work, which



Fig. 5. Pressure-volume relation for all samples. Symbols indicate data points. Lines
are fits to the second-order Birch-Murnaghan equation of state. Bulk modulus values
are listed in Table 1. Errors are based on positional variations in diffraction maxima
within a single XRD pattern.
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showed that increasing the O/M ratio from 2.00 to 2.03 in UO2þx
raised the transition pressure from ~18 to ~27 GPa (~50%) [15]. The
interstitial oxygen act as a large additional thermodynamic barrier
to the creation of the cotunnite phase. In the fluorite structure, the
vacant octahedral site provides ample room for oxygen interstitials.
As such, formation of an oxygen interstitial in fluorite-structured
UO2 is energetically favorable [12]. In contrast, the cotunnite
phase is more densely packed due to the ~7% volume collapse, and
cannot easily incorporate oxygen interstitials. Based on computa-
tional studies, hyperstoichiometry is predicted to significantly in-
crease the enthalpy of the transformation from fluorite to
cotunnite, assuming constant stoichiometry upon compression
[15].

Previous work [27] has shown that unit cell volumes in LnxU1-

xO2-0.5xþy are affected by both dopant and hyperstoichiometry.
The effect of cation doping is explained through Vegard's law, while
hyperstoichiometry has been shown to decrease unit cell volume in
UO2þx [35,36]. Within the LnxU1-xO2-0.5xþy system, the lanthanide
species and its concentration has more of an effect on unit cell
volume than hyperstoichiometry [27]. High-pressure X-ray
diffraction data allowed for the determination of the unit cell pa-
rameters of both the fluorite and cotunnite structures in themixed-
phase regime. Indexing of peak positions was completed on sam-
ples UO2, La2, and Nd5 since the cotunnite signal in those samples
was intense enough to allow for a reliable determination of unit cell
parameters. The ratio of the cotunnite unit cell parameters (ac, bc,
cc) to the fluorite unit cell parameter (af) is plotted in Fig. 4, along
with the relative volume of the two phases (Vc, Vf). These ratios in
Fig. 4 are the same for all samples. Thus, regardless of the lantha-
nide present or its concentration, the fluorite-to-cotunnite phase
transformation behaves very similarly. This indicates that lantha-
nide doping, which dictates unit cell volume in the ambient-
pressure fluorite phase, also dictates unit cell volume in the high-
pressure cotunnite phase. Furthermore, a speculative interpreta-
tion of these data would be that they support the hypothesis that
there are no cation site preferences in the cotunnite structure [37],
and there is no clustering of lanthanides.

Pressure-volume data are plotted for the fluorite phase of all
samples in Fig. 5 along with fits using a second-order Birch-Mur-
naghan equation of state [38]. Values of the high-pressure unit cell
volumes are given in Supplementary Table S1. Data up to 12 GPa
were used for the Birch-Murnaghan fit since it is the maximum
pressure at which the silicone oil pressure-transmitting medium is
still approximately hydrostatic [29]. A second-order fit was used
Fig. 4. Unit cell parameters and volume of the high-pressure cotunnite phase relative
to the unit cell parameter and volume of the fluorite phase at various pressures. Only
samples and pressure points with a high phase fraction of cotunnite were used in order
to assure the accuracy of the peak indexing.
because holding the pressure-derivative of bulk modulus (B0)
constant allowed for direct comparison of bulk modulus (B0) values
between samples (see Table 1). Zero-pressure volumes used for the
fits were based on the extrapolation of high-pressure data.
Ambient-pressure X-ray diffraction measurements confirmed that
these extrapolated values differed from true ambient values by less
than 0.4% for all samples, independently confirming the goodness
of the fits. The use of silicone oil as a pressure-transmittingmedium
has been shown to overestimate the bulk modulus of UO2 [14,39].
However, the consistent use of this pressure-transmitting medium
for all samples still allows for direct comparisons of the different
compositions. A decrease in bulk modulus was observed for
increasing dopant concentration, with the smaller Nd-doped
sample experiencing a larger decrease than the larger La-doped
sample.

This trend in bulk modulus is consistent with experiments on
similarly structured (pyrochlore and defect-fluorite) two-cation
cubic oxides [37,40] and computational studies of Ln-doped UO2

[41]. To take into account both dopant species and concentration, a
weighted cationic radius ratio was calculated. Equation (1) gives
the weighted cationic radius ratio (wrr) as a function of Ln radius
(rLn), U radius (rU), and dopant concentration (x).

wrr ¼ x$rLn
ðð1� xÞ$rUÞ

(1)

The U radius was calculated by assuming all Ln and O were in
theþ3 and�2 oxidation states, respectively. It was assumed that all
oxidized U prefers to be in the þ5 oxidation state, though the
creation of some U6þ was required to maintain charge balance in
some samples. The precise stoichiometries in Table 1 allowed the
proportions of U4þ, U5þ, and U6þ to be calculated through charge
balance considerations. Shannon radii [42] were used for all atoms,
and it was assumed that all cations were eight-coordinated by
oxygen. Changes in coordination from the excess oxygen is
possible, which would slightly alter the radii. However, there is
much debate surrounding the positions of interstitial oxygen in
UO2 [10,11], so the exact coordination could not be determined. B0
values as a function of weighted cationic radius ratio are plotted in
Fig. 6 along with the linear fit to the data. It should be noted that
satisfactory linear fits to the data were obtained using (1) different
U oxidation behavior, and (2) a variety of ionic radii that could
reasonably occur in other oxygen coordination schemes, indicating
that the assumptions made here do not greatly affect the analysis.
Samples with a larger cation size mismatch result in a lower bulk
modulus, indicating that microstrain caused by structural



Fig. 6. Relation between the bulk modulus and weighted cationic radius ratio (defined
in Equation (1)). Error bars are based on fitting a second-order Birch-Murnaghan
equations of state to the pressure-volume data in Fig. 4.
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distortions around U5þ/6þ and Ln3þ soften the lattice.
No significant correlationwas found between bulk modulus and

hyperstoichiometry, which is consistent with the ease of incorpo-
rating excess oxygen into the fluorite structure [12]. This is
consistent with previous experimental work on UO2þx showing an
increase in bend strength upon oxidation [43]. However, previous
computational work on UO2þx at high pressure [15] showed, in
contrast, that the incorporation of oxygen interstitials lowered the
bulk modulus of fluorite structured UO2þx. This incongruence
suggests that the effects of lanthanide doping on bulk modulus
dominate over the effects of hyperstoichiometry, which is consis-
tent with how lanthanide doping is a more dominant factor than
hyperstoichiometry in determining unit cell volume at ambient
pressure, as discussed previously.

The linearly decreasing value of B0 with increasing weighted
radius ratio is consistent with previous work finding a linear
decrease, as a function of dopant concentration, in a wide variety of
elastic properties of Ln-doped UO2 at ambient conditions [22e26].
Additionally, computational simulations show a reduction of B0 in
Ln-doped UO2 [41], in agreement with the results reported here.
Determining the bulkmodulus, an elastic property, of UO2 upon the
addition of lanthanides, a major fission product, is important for
understanding the behavior of nuclear fuel. Elastic properties are
derived from the atomic scale properties of materials, though they
affect behavior at the microscale. For instance, a decrease in bulk
means a decrease in fuel stiffness, which is a major factor in pellet
cracking due to thermal gradients experienced during reactor
operation.

We note that our results differ from experiments conducted on
SIMFUEL [44], where increased burnup (i.e., higher concentrations
of dopant) led to an increase in B0. SIMFUEL is very different from
Ln-doped UO2: it contains ~10e20 different dopant elements at
total concentrations that reach upwards 20 at. %. Furthermore,
these dopant elements incorporate into the UO2 host through
multiple routes, including solid solutions, phase separated oxides,
and metallic inclusions.

4. Conclusion

Samples of hyperstoichiometric Ln-doped (LnxU1-xO2-0.5xþy)
were studied using in situ synchrotron X-ray diffraction at high
pressure. DACs allowed compression of material to ~50e55 GPa. All
compositions underwent a high-pressure fluorite-to-cotunnite
phase transformation. Transition pressures ranged from 21 to
39 GPa, with the mixed-phase regime extending to the highest
pressures studied for all compositions, ~50e55 GPa. There was a
strong correlation between a composition's increasing hyper-
stoichiometry and an increase in transition pressure. This was
explained by the greater ease of incorporating oxygen interstitials
into the fluorite structure as compared with cotunnite. There was a
linear trend between B0 and doping, which showed that increasing
the ionic radius and concentration of the lanthanides caused a
decrease in B0. This is consistent with previous work showing a
decrease in the magnitude of elastic properties of Ln-doped UO2
with increasing dopant concentration. Overall, hyperstoichiometry
determined the pressure required to induce a phase trans-
formation, while the lanthanide species and its concentration
dictated the material's compressibility.
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