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Abstract

The incipient use of theoretical methods in the research of geomaterials reveals the
great power of such methodology in the determination of the mineral properties.
These methods provide a safe, accurate and cheap manner of obtaining these proper-
ties. Uranium-containing minerals are highly radiotoxic, and their experimental studies
demand a careful handling of the samples used. However, theoretical methods are free
of such inconveniences and may be used in the complete characterization of this type
of minerals. Theoretical methods are not only a complement to the use of other experi-
mental techniques but also a powerful predictive tool. The structural, mechanical and
Raman spectroscopic properties of uranyl-containing materials, including rutherfordine
soddyite, schoepite and uranophane-a, were studied by means of theoretical solid-state
methods based on density functional theory using plane waves and pseudopotentials. A
new norm-conserving relativistic pseudopotential for uranium atom developed in recent
works was employed. These minerals are among the most important secondary phases
arising from corrosion of spent nuclear fuel under the final geological disposal condi-
tions. The computed crystal structures of these materials as well as the corresponding
and X-ray powder patterns were found to be in excellent agreement with the experimen-
tal information. Therefore, the optimized structures of these minerals were employed to
study the mechanical properties and stability of these minerals. These properties were
obtained using the finite deformation technique. All these minerals were found to be
mechanically stable since the corresponding Born stability conditions were satisfied. A
large amount of relevant mechanical data were reported including bulk, Young and Shear
moduli, Poisson ratios, ductility and hardness indices, anisotropy measures as well as
longitudinal and transversal wave velocities. The large volume expansion and mechani-
cal stress resulting from the corrosion of spent nuclear fuel during storage emphasize
the great relevance of the mechanical information of the waste components. Finally, the
computation of vibrational properties of these minerals is studied. The computed Raman
spectra of these materials were found to be in good agreement with their experimental
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counterparts when they were available for comparison. These results demonstrate the
power of the theoretical methods in the research of uranium-containing minerals.

Keywords: uranyl-containing minerals, spent nuclear fuel, density functional theory,
crystal structures, X-ray diffraction, mechanical properties, Raman spectroscopy,
rutherfordine, soddyite, uranophane-a, schoepite

1. Introduction

Nuclear energy covers a fundamental fraction of the increasing electricity requirements due to
the growing populations and consumption. It provides a continuous and sustainable energy
source independent of the climate and local conditions and free of CO, emissions and other
greenhouse gases causing global warming [1-3]. However, nuclear power installations pro-
duce high-level radioactive nuclear waste (HLRW) whose management is very complicated
and can be a source of high ecological damage [1-4]. Special care must be dedicated to the
avoidance of nuclear accidents [5]. The need of extreme care to avoid environmental issues
must be extended to the uranium ore mining and nuclear fuel production [6-8].

Spent nuclear fuel (SNF) will be stored in an underground deep geological repository (DGR).
We expect that the barriers protecting the HLRW will be ineffective after a time period of the
order of thousands of years [9] after closure. At this moment, groundwater will enter in contact
with the waste and the reducing conditions in the DGR will not be preserved. An oxidative envi-
ronment will appear in a layer near the SNF surface having a thickness of about 50 um [10]. The
concentration of oxidized species as hydrogen peroxide [11] near the SNF surface will augment
because of the radiolysis of water originated by the intense alpha radiation produced by the
SNF [12-15]. Uranium in the matrix of the SNF then oxidizes from U(IV) to U(VI) and dissolves
into the water forming uranyl groups (UO,*). Secondary phases, that is, alteration products, on
the spent fuel surface will appear due to the precipitation of these uranyl groups. The composi-
tion of these secondary phases will depend on the local physico-chemical conditions (mainly
the pH and electrochemical potential) and the concentrations of reactive species present [16].

The secondary phases of SNF are more easily studied by analyzing natural uranyl-containing
minerals [17] found as alteration products of uraninite [18], since this mineral is a natural ana-
logue of the SNF matrix. The different alteration products of natural uraninites and its parage-
netic sequence under different geochemical conditions were first described by Frondel [19, 20],
and it is still widely accepted nowadays [16, 18, 21-24]. In this sequence, the uranyl oxide
hydrates appear first, then the uranyl silicates and, less frequently, the uranyl phosphates,
although the specific alteration products depend on the local conditions. Uranyl carbonates
may precipitate where the evaporation is significant, and the carbon dioxide partial pressure
is large [17, 25].

The release and the concomitant environmental impact of the fission products and transuranic
elements present in the SNF to the biosphere [8, 26-41] can be diminished by retention pro-
cesses of these contaminants in the crystal structures of these secondary phases. The precise
knowledge of their unit cells [27, 28] is essential because it may be a used to understand and
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evaluate the incorporation of these elements into their crystal structures [8, 26—41]. Besides,
the long-term performance assessment of DGRs requires the development of identification
procedures and the characterization of the physical properties of these alteration products,
which is a great challenge from the experimental point of view not only because these materi-
als are very complicated involving the most elements of the periodic table but also due to its
radiotoxicity [1].

An experimental technique is appropriate for the identification of uranyl-containing materials
if fulfills the following demands [42]: (1) the samples do not require any special preparation;
(2) the technique must allow the analysis of a very small amount of sample and, (3) it must be
a non-destructive technique. X-ray diffraction [43] and Raman spectroscopic [44] techniques
satisfy these criteria. Raman spectroscopy can differentiate among closely related compounds
and provides structural information, but the extraction of this information requires a reliable
assignment of the main bands in the Raman spectrum and models to interpret the values of
the Raman shifts. Raman spectroscopy has been already used to characterize the secondary
phases of SNF, but the nuclear Raman database is still under development. The excellent
works performed by Frost et al. [45-51] should be underlined.

Theoretical solid-state calculations allow a safe and complete characterization of uranyl-
containing materials free of the inconveniences associated to their radiotoxicity [42, 52-63].
However, the application of these methods to the study of mineral phases containing Rare
Earth Elements is difficult not only due to the complexity of these materials but also to the
high level of theory needed to describe these materials [64, 65]. The number of valence elec-
trons in the outer shells, which should be described explicitly, is very large and occupy high
angular momentum orbitals. The inner electrons of these elements must be described by
using relativistic pseudopotentials. Since an accurate pseudopotential specific for the ura-
nium atom suitable for the realization of vibrational studies of solids was not available, a new
norm-conserving relativistic pseudopotential was developed recently [42, 52]. The use of this
pseudopotential has permitted to perform a large series of studies about the crystal chemistry
and bonding of the uranium atom in these systems.

The theoretical studies have allowed to confirm the crystal structures of many of these materi-
als determined from X-ray diffraction data by structure refinement, which have never been
studied using theoretical methods [54, 55]. The knowledge of the crystal structures of uranyl-
containing minerals has experienced a large improvement in the last times [24] due to the
use of charge-coupled device (CCD) detectors for X-ray diffraction [66]. These detectors have
allowed to perform reliable structural determinations of small size crystals and of materi-
als comprising large unit cells, both cases being frequent for this kind of mineral phases.
However, the determination of the hydrogen atom positions in many of these structures has
not been possible. Two important examples are schoepite [56] and becquerelite phases [63].
The hydrogen atom positions in these structures were successfully determined theoretically
[56, 63]. The calculations were performed using theoretical solid-state methods based on den-
sity functional theory using plane waves and pseudopotentials [67].

Similarly, as was noted by Weck et al. [68, 69], the existence of a great amount of information
on the formation, thermodynamic stability, and phase transformations of alteration phases
formed at the SNF surface is in contrast with the paucity of data regarding the mechanical
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stability and properties of these phases. This is surprising since the underlying atomistic
deformation modes and interactions determine thermodynamic phase stability and transfor-
mation. Except the theoretical studies of Weck et al. [68, 69] on the uranyl peroxide hydrates,
studtite and metastudtite, and the studies of the mechanical behavior of uranium dioxide
[70-72], no experimental or computational studies have reported the mechanical properties
of these phases. Furthermore, the Born conditions of mechanical stability of the correspond-
ing structures have not been analyzed. Whereas the lack of the experimental data could be
related to the special care needed to handle these radioactive minerals, computational data
have not been reported because of the difficulties in the application of theoretical methods to
uranium-containing solids. However, from the computed structures, the mechanical proper-
ties and stability of rutherfordine, soddyite, uranophane, schoepite and becquerelite mineral
phases were reported recently [54-56, 63], based on the computed elasticity tensor. The elastic
constant tensor of an inorganic compound provides a complete description of the response
of the material to external stresses in the elastic limit [73] and is usually correlated with many
mechanical properties such as the bulk and shear moduli, stiffness coefficients and anisotropy
factors. The corresponding equations of state were also determined [54-56, 63].

Density Functional Perturbation Theory [74-76] allows the accurate determination of the
vibrational Raman spectra with relatively small cost/performance ratios. Thus, although the
computations required are generally quite expensive, these methods permit to perform a
complete and rigorous assignment of the Raman vibrational bands. Whereas in the experi-
mental works, the assignment is usually performed in an incomplete manner and by using
empirical arguments, the theoretical methods provide graphical representations of the vibra-
tional motions of the atoms in the corresponding normal modes. However, due to the lack
of a good pseudopotential for uranium atom, there were very few published works on the
theoretical vibrational spectra of uranium-containing solids [77-81] and the unique spectral
features considered in these studies were the vibrational band wavenumbers.

This chapter provides mainly a review of the calculated structures, X-ray and mechanical prop-
erties of uranyl-containing minerals. The computed structures, shown together, display the
most common coordination structures of the uranium atom in these minerals and give a clear
introduction to the crystal chemistry of uranyl ion. Furthermore, because there were not experi-
mental values for a large fraction of the mechanical properties obtained in our previous works,
the theoretical techniques were shown to have a highly predictive value. The data provided
by these mechanical property calculations are within the most important mineral information,
which is usually given to characterize a given mineral and the values reported together permit
to extract the range of values which is likely to find for other uranyl-containing minerals. Finally,
an example of the computed vibrational Raman spectrum for soddyite uranyl silicate mineral is
provided to show the accuracy of the calculated spectra and how it was used to complement the
experimental work in the assignment of the bands of the observed spectrum [54].

2. Methods

The generalized gradient approximation (GGA) together with PBE functional [82] supple-
mented with Grimme empirical dispersion correction [83], were used to study the soddyite,
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uranophane-a and schoepite mineral phases. The introduction of dispersion corrections
improved significantly the computed structural and vibrational properties as a result of the
better description of the hydrogen bonding present in the corresponding structures. For the
case of rutherfordine mineral, the specialized version of PBE functional for solid materials,
PBEsol [84], was used instead. These functionals are implemented in CASTEP program [85],
a module of the Materials Studio package [86], which was employed to model the structures
of the materials considered. The pseudopotentials used for H, C, O, Si, and Ca atoms in the
unit cells of these minerals were standard norm-conserving pseudopotentials [87] given in
CASTEP code (00PBE-OP type). The norm-conserving relativistic pseudopotential for U atom
was generated from first principles as shown in previous works [42, 52]. Whereas our uranium
atom pseudopotential includes scalar relativistic effects, the corresponding pseudopotentials
used for H, C, O, Si, and Ca atoms do not include them. This pseudopotential has been used
extensively in the research of uranyl-containing materials [42, 52-63].

2.1. Crystal structures and mechanical properties

The atomic positions and cell parameters were optimized by using the Broyden-Fletcher-
Goldfarb-Shanno method [67, 88] with a convergence threshold on atomic forces of 0.01 eV/A.
The kinetic energy cut-off and k-point mesh [89] were chosen to ensure good convergence
for computed structures and energies. The structures of the minerals considered in this work
were optimized in calculations with augmented complexity by increasing these parameters.
The precise calculation parameters used to determine the final results may be found in the
corresponding articles [42, 53-56].

The elastic constants required to calculate the mechanical properties and to study the mechan-
ical stability of the crystal structures were obtained from stress-strain relationships using the
finite deformation method. Finite programmed symmetry-adapted strains [73] are used in
this method to extract the individual constants from the stress tensor obtained as response of
the system to the applied strains. This stress-based method was shown to be more efficient
than the energy-based methods and the use of DFPT technique for the calculation of the elas-
ticity tensor [90].

The elastic modulus and the corresponding derivatives with respect to pressure for the min-
eral phases rutherfordine, soddyite, uranophane-a and schoepite were calculated by fitting
lattice volumes and associated pressures to a fourth-order Birch-Murnaghan equation of state
(EOS) [91]. The lattice volumes near the equilibrium geometry were determined by optimizing
the structure at several applied pressures with values in the range —1.0 and 12 GPa. EOSFIT
5.2 code [92] was used to adjust the results to the selected equation of state.

2.2. Vibrational Raman spectra

The vibrational spectra were calculated using the linear response density functional perturba-
tion theory (DFPT) [74-76] implemented in the CASTEP code in the same way as in previous
works [42, 54-57, 93, 94]. The phonon frequencies at the gamma point of the Brillouin zone
were determined using atomic displacement perturbations. Raman intensities are third-order
derivatives of total energy with respect to atomic positions and laser electric field (twice).
These are calculated in CASTEP [95] by using a combination of perturbation theory to evaluate
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the second derivatives with respect to applied fields and finite differences to evaluate the third
derivatives with respect to atomic displacement. The frequencies presented in this work have
not been scaled to correct for anharmonicity and remaining errors of the theoretical treatment
employed, such as incomplete treatment of electron correlation and basis set truncation [96].

3. Results and discussion

The unit cell parameters and internal atomic positions were first optimized using initial
atomistic models based in the atomic coordinates given by several authors [97-100]. From the
optimized structures, we have obtained both the structural parameters as well as the X-ray
powder patterns. Then, the mechanical properties, the EOS, the vibrational Raman spectrum
and thermodynamic and optic properties were determined [42, 53-56].

3.1. Crystal structures
3.1.1. Rutherfordine

Christ et al. [101, 102] presented two possible orthorhombic structures for rutherfordine. The
first is consistent with Pmmn symmetry and the second with Imm2 symmetry. The structure
was later refined by Finch et al. [97]. We considered both orthorhombic structures for ruther-
fordine. The results found were nearly the same and the energy difference for the optimized
structures was less than 0.001 eV. Therefore, only the results obtained for the Imm2 structure
are described in detail here. The results for the Pmmn structure may be found in Ref. [42]. The
results encountered [42] pointed that both structures may be simultaneously present in nature
in accordance with the suggestion of Christ et al. [101, 102].

The computed structure of rutherfordine is shown in Figure 1A and B. It contains approxi-
mately linear UO,* uranyl ions that are coordinated by six O atoms arranged at the equatorial
vertices of uranyl hexagonal bipyramids. These O atoms belong to four carbonate ligands,
and U is bonded with two carbonate ions in a bidentate manner and two in a monodentate
manner. Each uranyl polyhedron is linked to two other uranyl polyhedra in a trans arrange-
ment by edge sharing, resulting in chains of polyhedra. Adjacent chains are linked by the
sharing of equatorial vertices between uranyl polyhedra, which results in a sheet structure
that contains triangular voids. Carbonate triangles occupy one half of the voids, such that
they share the equatorial edges of two adjacent uranyl hexagonal bipyramids and single ver-
tices of two additional uranyl polyhedra (see Figure 1A). The resulting sheets or layers are
electroneutral, and adjacent sheets in rutherfordine are bonded together by van der Waals
forces. The UO,CO, layers are staggered with respect to the layer above or below, such that
uranyl units lie above and below a carbonate carbon atom in adjacent layers. Layers are sepa-
rated by a distance of about 4.6 A. The structure is similar for Imm2 and Pmmn structures. For
the Pmmn structure the carbonate triangles in contiguous sheets point in opposite directions
while in the Imm2 one they point in the same direction (see Figure 1B, where two contiguous
sheets in the structure of rutherfordine are shown).
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Figure 1. Structures of rutherfordine and uranophane-a minerals; (A) view of a sheet in the structure of rutherfordine from
[010]; (B) two contiguous sheets in the structure of rutherfordine; (C) view of a 2 x 2 x 2 supercell of uranophane-a from [001]
showing a uranyl silicate sheet composed of UO, pentagonal bipyramids and SiO,OH tetrahedra; (D) view of a 2 x 2 x 2
supercell from [010] showing two uranyl silicate sheets connected by CaO,(OH)(H,O), polyhedra. One water molecule is
out of the Ca coordination polyhedra (free water). Color code: U—blue, O—red, C—gray, Ca—yellow, H—white.

3.1.2. Uranophane-a

The unit cell of uranophane-a has monoclinic symmetry [98]. Stohl and Smith [103] categorized
naturally occurring uranyl silicates according to the uranium to silicon ratio, which in part
determines the structures of these minerals. Most uranyl silicate minerals have 1:1 uranium
to silicon ratio and are sheet silicates [27, 28, 98, 103]. Uranyl silicate sheets are composed of
[(UO,),(Si0,),]* units bound at the equatorial edges (see Figure 1C). A sheet, [(UO,)(SiO,)] ™,
contains UO, pentagonal bipyramids and SiO,OH tetrahedra. Charge compensating cations,
calcium in uranophane, lie in the interlayer space between the sheets (see Figure 1D). Two
uranyl silicate sheets are connected by CaO,(OH)(H,O), polyhedra (distorted pentagonal
bipyramid). The Ca atom ligands are four water molecules, two uranyl oxygen atoms belong-
ing to the upper and the lower sheets, and one OH group of SiO,OH tetrahedra. One water
molecule is out of the Ca polyhedra. While this water molecule is described as free or crystal-
lization water, the four water molecules belonging to the Ca atom coordination sphere are
referred to as structural water. Hydrogen bonds reinforce the bonding between the uranyl
silicate sheets, the Ca atom, and the free water. As it can be seen in Figure 1D, the upper sheet
SiO,OH tetrahedra have free OH groups pointing downwards and the lower sheet tetrahedra
have OH groups pointing upwards, which belong to the Ca atom coordination sphere.
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3.1.3. Soddyite

While most uranyl silicate minerals have 1:1 uranium to silicon ratio and are sheet silicates
[27, 28, 103], soddyite exhibits a 2:1 uranium to silicon ratio and framework crystal structure [99].
The computed structure is shown in Figure 2A and B. Figure 2A shows a view of the unit cell
from [001]. Figure 2B is a view of a 2 x 2 x 1 supercell along [110] where only a subset of atoms
is retained in order to show a clearer view of the soddyite structure. As in the case of the other
uranyl silicate considered, uranophane-a, U atoms display pentagonal bipyramid coordination,
UQO,(H,0), and Si atoms present tetrahedral coordination, SiO,. The U bipyramids are connected
by sharing two non-adjacent edges of the equatorial plane to form zigzag chains (see Figure 2B).
The single unshared equatorial vertex of the bipyramid is occupied by H,O. All the water mol-
ecules are crystallization water, that is, belong to the coordination structure of uranium atom.
The chains are parallel to [110] plane and are cross bonded through two opposite edges of the
SiO, tetrahedra; i.e. adjacent uranyl silicate chains are directly linked as each tetrahedron shares
two edges with bipyramids from two different chains. Moreover, the cohesion of the structure is
enhanced by a pattern of hydrogen bonds involving the water molecules and the uranyl O atoms.

3.1.4. Schoepite

The computed structure of schoepite is displayed in Figure 2C and D. There are eight sym-
metrically distinct uranium sites in the structure of this mineral [100] (see Figure 2D). All
U atoms are coordinated by seven anions in pentagonal bipyramidal arrangements. Each

Figure 2. Structure of soddyite and schoepite minerals; (A) view of the unit cell of soddyite from [001]; (B) view of a
2 x 2 x 1 supercell of soddyite from [110], retaining only a subset of atoms (a single chain of U bipyramids cross bonded
to other chains through two opposite edges of the SiO, tetrahedra is shown); (C) view of the full unit cell of schoepite
from [100]; and (D) view of a schoepite sheet from [001] direction. Color code: U—blue, Si—brown, O—red, H—yellow.
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pentagonal bipyramid, referred to as UO, below, consists of two apical O* anions and five
equatorial anions, O* or OH". While the uranium atoms U2 and U6 (see Figure 2D) have a
coordination environment of UO,(OH),, the coordination for the remaining uranium atoms
is UO,O(OH),. The most stable configuration around a uranyl, UO,* group has a pentagonal
arrangement of equatorial anions as predicted for uranyl oxyhydroxides by Evans in 1963
[104]. The UO, pentagonal bipyramids share edges to form dimers, which in turn, link by
sharing edges to form staggered ribbons along the [100] direction. Then, these ribbons cross-
link in the [010] direction by sharing edges and corners of the polyhedra. This results in a
strongly bonded sheet of stoichiometry [(UO),0,(OH),,] parallel to plane {001}. This sheet
constitutes the structural unit of schoepite, which stacks along the [001] direction. As the
sheets are neutral, they are linked together by H-bonding only, through a complex network
of H-bonding involving interlayer H O groups and O* or OH" groups in the structural sheet.

The structure within the uranium oxide hydroxide layers is basically the same in schoepite
[100] metaschoepite [105] and many other uranium(VI) complex oxides, such as fourmari-
erite [106]. While most equatorial O* and OH" groups are shared as vertices of three UO,
polyhedra, the O atoms in some hydroxyl groups bridge two uranyl polyhedra alone [105].
The corresponding sections of the layers not occupied by the pentagons of the UO, groups
have a bow-tie-like motif (see Figure 2D) connected centrally at the bridging hydroxyl. There
are 12 H,O groups in schoepite interlayer. Ten of these H,O groups are located at the apices
of two distorted pentagons and the remaining two water molecules are not members of the
pentagonal rings and are located between the pentagonal rings. The pentagonal rings vertices
are nearly at the positions of the equatorial anions in the U1 and U7 polyhedra from the two
adjacent sheets. The general hydrogen bond structure described by Finch et al. [100] was
properly reproduced by present theoretical calculations, confirming the suggested hydrogen
bond structure. Besides, our results provided the locations for the hydrogen atoms in the full
unit cell, which were never precisely obtained by either theoretical or experimental methods.

3.1.5. Unit cell parameters

As it has been mentioned in Section 2, the structures of these materials were determined in
calculations with augmented complexity. Table 1 gives the final lattice parameters, volumes
and densities obtained compared with the experimental ones [97-100]. As it can be seen, the
theoretical calculations reproduce the experimental information accurately. The errors in the
computed volumes and densities with respect to experimental data were very small, 0.1, 0.3,
0.4 and 2.1% for rutherfordine, soddyite, uranophane-a and schoepite, respectively.

3.2. X-ray powder patterns

The X-ray powder diffractograms of these minerals were calculated from the computed
structures using CuK  radiation (A = 1.540598 A). It must be outlined that the computation
of the X-ray powder pattern of a given material does not require any additional optimiza-
tion or response calculation. Their determination may be made directly from the optimized
atomic positions and unit cell parameters [107]. The calculated patterns are compared in
Figure 3 with the X-ray diffractograms computed from the experimental geometries of
rutherfordine, soddyite and uranophane-a [97-99] (Figure 3A—C). The comparison of the
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Material Source a (A) b (A) c(A) a B Y Vol. (A% Dens.
(g/cm?®)
Rutherfordine Calc. [42] 4.8267 9.3639 4.2727 90 90 90 193.1 5.675
Exp. [97] 4.840 9.273 4.298 90 90 90 192.9 5.682
Soddyite Calc. [54] 8.0780 11.4253 18.8380 90 90 90 1738.6 5.104
Exp. [99] 8.334 11.212 18.668 90 90 90 1744 .4 5.088
Uranophane-a Calc. [55] 6.6689 7.0022 15.8684 90 98.07 90 733.7 3.8766
Exp. [98] 6.665 7.002 15.909 90 97.27 90 736.5 3.8618
Schoepite Calc. [56] 14.2740 16.8076 14.4841 90 90 90 3474.9 4.993
Exp.[100]  14.337 16.813 14.731 90 90 90 3550.9 4.886

Table 1. Lattice parameters of rutherfordine, soddyite, uranophane-a and schoepite.

patterns derived directly from the structures is free of all possible interferences since both
are determined under identical conditions. The agreement in line positions and intensities is
very good. Nevertheless, the direct comparison of the calculated and experimental patterns
was also very good [42, 54, 55]. Program XPowder [108] using the PDF-2 database [109]
recognized the calculated spectra as those of the corresponding materials using low toler-
ance limits for the spectral differences. In the case of schoepite mineral, the X-ray powder
spectrum was computed using REFLEX code included in Materials Studio package [86]
and the results are compared in Figure 3D with the experimental X-ray diffractogram from
the record 100188 of the RRUFF database [110] which corresponds to a natural schoepite
mineral from Shinkolobwe mine, Katanga, Congo. The agreement of the computed and
experimental diffractograms is excellent.

3.3. Mechanical properties
3.3.1. Mechanical stability

The elastic tensor, needed for the calculation of mechanical properties and to study the
mechanical stability of a crystal structure, was calculated at the optimized equilibrium struc-
ture from stress-strain relationships, by using the finite deformation method implemented in
CASTEP program. Materials with orthorhombic (rutherfordine, soddyite and schoepite) and
monoclinic (uranophane-a) unit cells have 9 and 13 non-degenerate elastic constants, C(i,j) in
the symmetric stiffness matrix [68, 73], respectively. The computed values of these constants
are given in Refs. [53-56].

For orthorhombic systems, a set of necessary and sufficient Born [111, 112] conditions for
mechanical stability are known [68, 113]. These conditions can be expressed as a set of alge-
braic inequalities among products of elastic constants and were properly satisfied by the com-
puted stiffness tensors of rutherfordine, soddyite and schoepite [53, 54, 56]. For monoclinic
crystals, a set of necessary (but not sufficient) Born criteria for mechanical stability can also
be written in terms of the stiffness matrix elements [68]. These conditions were fully satisfied
by the computed elastic tensor of uranophane-a [55]. The generic necessary and sufficient
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Figure 3. X-ray powder patterns of the materials under study using CuK radiation: (A) rutherfordine; (B) soddyite; (C)
uranophane-a; and (D) schoepite.

Born criterion of stability is that all eigenvalues of the C matrix be positive [113]. The C matrix
was diagonalized numerically, and all eigenvalues were found to be positive. Since the Born
conditions were satisfied by the computed elastic tensors of all the materials studied, their
mechanical stability was inferred [53-56].
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The dynamical stability should also be analyzed to study the stability of the material in a
complete form. A necessary and sufficient condition for the dynamical stability of a structure
is that all of its phonon modes have positive frequencies for all wave vectors [113]. Since
the fulfillment of this condition was also verified from the phonon calculations employed to
determine the thermodynamic properties of these materials [53, 59, 62], their crystal struc-
tures were found to be mechanically and dynamically stable.

If the stiffness matrix of a material has a diagonal element associated to a certain direction which
is much smaller than the other ones, it may be suggested that the thermal expansion of the
material will occur predominantly along this direction. This feature was found to occur in the
case of rutherfordine, uranophane-a and schoepite [53, 55, 56] all of them being layered uranyl-
containing minerals, along the direction perpendicular to the sheets characterizing their struc-
tures. This is consistent with the fact that the intersheet space in layered materials increase to a
large extent as temperature increases due to the fact that the sheets are generally bonded only
by weak van der Waals forces (rutherfordine [53]) or by hydrogen bonding among the sheets
and water molecules present in their interlayer space (uranophane-at and schoepite [55, 56]).

3.3.2. Mechanical properties

If single crystal samples are not available, the measurement of the individual elastic constants
is not possible. Instead, the polycrystalline bulk modulus (B) and shear modulus (G) may be
determined experimentally. The Voigt [114] and Reuss [115] schemes were used to compute
the isotropic elastic properties of polycrystalline aggregates of these materials [53-56]. In
Voigt method for calculating the elastic moduli, the strain throughout the aggregate of crys-
tals is considered uniform, and the relations expressing the stress are averaged over all pos-
sible lattice orientations. While the strain is assumed to be uniform throughout the aggregate
of crystals in Voigt's method, Reuss approximation considers the stress to be uniform and
the averaging of the relations expressing the strain is carried out. As shown by Hill [116], the
Reuss and Voigt approximations result in lower and upper limits, respectively, of polycrystal-
line constants and practical estimates of the polycrystalline bulk and shear moduli in the Hill
approximation can be computed using average formulas. The formulae for these approxima-
tions may be found in several sources [68, 117]. Although the differences between the results
obtained for rutherfordine, soddyite and schoepite in the Reuss and Voigt approximations
was generally small, this difference was found to be quite large for rutherfordine. This reason
for this behavior is that rutherfordine is a highly anisotropic material showing large differ-
ences between the values of the elastic constants along different directions [53, 68].

The Reuss scheme provided the best results when the computed bulk moduli were compared
with that determined from the equation of state (EOS) as it occurred in other works by other
authors [118, 119]. In the case of uranophane-a, the Hill approximation gave the best results
[55]. The values of the mechanical properties computed in in the Reuss approximation for
rutherfordine, soddyite and schoepite and in the Hill approximation for uranophane-a, are
given in Table 2. CASTEP code gave a numerical estimate of the error in the computed bulk
moduli, B, of 0.94, 2.31, 2.45 and 2.28 GPa for rutherfordine, soddyite, uranophane and scho-
epite, respectively, and, consequently, our final values of the bulk moduli computed from the
elastic constants are, 17.97 + 0.94, 58.41 + 2.31, 59.20 + 2.45 and 34.53 + 2.28 GPa, respectively.
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Property Rutherfordine Soddyite Uranophane-a Schoepite
B 17.97 58.41 59.20 34.53
G 19.47 36.00 36.52 23.17
E 42.92 89.60 90.88 56.80
v 0.10 0.24 0.24 0.23
D 0.92 1.62 1.62 1.49
9.47 6.24 6.33 4.88

Table 2. Computed bulk, modulus, shear modulus, Young modulus, Poisson ratio, Pugh’s ratio, and Vickers hardness
(B, G, E, v, D, and H) for rutherfordine, soddyite, uranophane-a and schoepite [53-56].

While the elasticity theory is very well understood and mathematically well founded, it is
difficult to visualize how the elastic properties vary with the strain orientation, except for the
simplest cases of isotropic materials. In order to address this difficulty, the EIAM software of
Marmier et al. [120] was used to obtain detailed tridimensional representations of the most
important elastic properties, which are shown in Figure 4 for schoepite [56]. In Figure 4A, the
property displayed is the inverse of the bulk modulus (the compressibility) instead of the bulk
modulus. As it can be seen in Figure 4A, the vertical direction (c axis) is the most compressible
one in accordance with the previous discussion on the results of the stiffness matrix C matrix.
Also, it must be noted that the corresponding tridimensional representations of the elastic
properties of metaschoepite mineral, including those of the shear modulus, are very similar
to those reported in Figure 4. This means that although the dehydration from schoepite to
metaschoepite leads to a change of space symmetry [97, 105] the transformation is not shear
induced, as occurs for the dehydration of studtite to metastudtite [69]. This behavior is the
expected one, since the structures of schoepite and metaschoepite are very similar, the main
changes being the differences in the arrangements of the interlayer water molecules and asso-
ciated hydrogen bonds [105].

In general, a large value of shear moduli is an indication of the more pronounced directional
bonding between atoms. Shear modulus represents the resistance to plastic deformation while
the bulk modulus represents the resistance to fracture [117, 121]. Young modulus defines the
relationship between stress (force per unit area) and strain (proportional deformation) in a
material, that is, E = o/e. Pugh [122] introduced the proportion of bulk to shear modulus of
polycrystalline phases (D = B/G) as a measure of ductility from the interpretation of the shear
and bulk modulus given above. The value separating ductile and brittle materials is 1.75, i.e., if
D > 1.75, the material behaves in a ductile manner, otherwise the material behaves in a brittle
manner [68]. The Poisson ratio, v, can be also utilized to measure the malleability of crystalline
compounds, and is closely related to the Pugh’s ratio. The Poisson ratio is close to 0.33 (1/3)
for ductile materials, while it is generally much less than 0.33 for brittle materials. As it can be
seen for rutherfordine, soddyite, uranophane and schoepite we find ratios D of 0.92, 1.62, 1.62,
and 1.49, respectively. Similarly, the calculated Poisson ratios, v are 0.10, 0.24, 0.24, 0.23, respec-
tively. These values are smaller than 1.75 (D) and 0.33 (v), corresponding to brittle materials. For
comparison, studtite and metastudtite uranyl peroxide minerals were found to be ductile [68].
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Figure 4. Schoepite elastic properties as a function of the orientation of the applied strain: (a) compressibility; (b) young
modulus; (c) shear modulus; and (d) Poisson ratio.

Hardness of these systems is computed according to a recently introduced empirical scheme
[123], which correlates the Vickers hardness and the Pugh’s ratio (D = B/G). Vickers hardness,
H, values of polycrystalline rutherfordine, soddyite, uranophane and schoepite are given
in Table 2. Rutherfordine is a material characterized by a quite large hardness, 9.5, and the
three other materials have intermediate hardness values 6.2, 6.2, and 4.8. For comparison,
we obtained the hardness of studtite and metastudtite [52] using the elasticity data of Weck
et al. [68]. These systems, characterized by much larger D ratios, have much smaller hardness
(smaller than one). The two uranyl silicates studied, uranophane and soddyite, have very
similar hardness values of about 6.2 [54, 55].

In order to assess the elastic anisotropy of these minerals, shear anisotropic factors were
obtained. These factors provide a measure of the degree of anisotropy in the bonding between
atoms in different planes and are very important to study the material durability [117, 121].
Shear anisotropic factors for the {100} (A,), {010} (A,), and {001} (A,) crystallographic planes
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were computed. For an isotropic crystal, the factors A, A,, and A, must be one, while any value
smaller or greater than unity is a measure of the degree of elastic anisotropy possessed by the
crystal. For example, for uranophane [55], the computed anisotropy factors were A, =0.44 <A,
=0.51 <A, =0.64 and, consequently, the {100} plane is shown to be the most anisotropic one.

The recently introduced universal anisotropy index [124], A", is another important measure
of crystal anisotropy. The departure of AY from zero defines the extent of single crystal anisot-
ropy and accounts for both the shear and the bulk contributions unlike all other existing
anisotropy measures. Thus, A" represents a universal measure to quantify the single crystal
elastic anisotropy. Rutherfordine, soddyite, uranophane, schoepite studtite and metastudtite
are characterized by universal anisotropy indices of 8.81, 0.50, 0.81, 0.78, 2.17 and 1.44 [53-56,
68]. Therefore, while rutherfordine is strongly anisotropic [53] and studtite and metastudtite
have quite large anisotropies [68], soddyite, uranophane and schoepite have very small
anisotropies [54-56] (A" = 0 corresponds to a perfectly isotropic crystal).

A set of fundamental physical properties may be estimated with the calculated elastic con-
stants. For example, V|, and V,, the transverse and longitudinal elastic wave velocities in the
polycrystalline materials may be determined in terms of the bulk and shear moduli [68]. The
values obtained are presented in Table 3.

3.3.3. Equations of state

Unit cell volumes were determined by calculating the optimal structures at 17 different applied
pressures between —1.0 and 12.0 GPa. The computed volume and pressure values were fitted to
fourth-order Birch-Murnaghan [91] equations of state (EOS) by employing the EOSFIT 5.2 pro-
gram [92]. The values found for bulk modulus and its first and second derivatives, respectively,
at the temperature of 0 K (B, B, and B") are given in Table 4. The corresponding values of the

Velocity component Rutherfordine  Soddyite = Uranophane Schoepite Studtite Metastudtite
VT (km/s) 2.367 2.708 3.069 2.217 1.74 1.69
VL (km/s) 3.820 4.671 5.276 3.759 3.31 3.50

Table 3. Transverse and longitudinal elastic wave velocities of rutherfordine, soddyite, uranophane, schoepite studtite
and metastudtite [53-56, 68].

Property Rutherfordine Soddyite Uranophane Schoepite
B (GPa) 19.03 +0.36 60.07 £ 0.67 59.96 +2.1 35.17£0.39
B’ 15.34+0.72 4.19 £ 0.60 229+1.11 7.39+0.40
B" (GPa™) -7.43+1.32 0.25+0.20 -0.25+0.19 -1.31+0.22

Table 4. Bulk modulus and its first and second derivatives at the temperature of 0 K (B, B/, and B") for rutherfordine,
soddyite, uranophane and schoepite [53-56] determined from fits to a fourth-order Birch-Murnaghan EOS.
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Figure 5. Experimental and calculated Raman spectra of soddyite mineral [54].
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bulk modulus of rutherfordine, soddyite, uranophane and schoepite obtained from the elastic
constants are 17.97 + 0.94, 58.41 + 2.31, 59.20 + 2.45 and 34.53 + 2.28 GPa, respectively [53-56].

3.4. Vibrational Raman spectra

The vibrational Raman spectrum of soddyite was computed using DFPT and fully assigned
[54]. In this section, we will provide a brief resume of the results obtained in order to show a
representative example of the theoretical procedure used to characterize this mineral phase
and assign the main bands in its Raman spectrum.

The Raman spectrum recorded in the wavenumber range of 3600-0 cm™ is compared with the one
obtained theoretically in Figure 5 and, as it may be observed, the calculated spectrum resembles
closely the experimental one. The calculated spectrum was determined at ambient temperature
using a laser radiation wavelength of 532 nm and a full width at half maximum of 20 cm™.

The number of contributions of a given band in the experimental spectrum was obtained by
using the second derivative method [42, 54]. In Figure 6, the experimental and theoretical
Raman spectra are displayed in four zones: (A) OH stretching vibration region from 3800 to
3000 cm™ (Figure 6A); (B) H,O bending region 1800-1300 cm™ (Figure 6B); (C) uranyl UO,*
and silicate 5iO,* fundamental vibrations region from 1400 to 700 cm™ (Figure 6C); and (D)
low wavenumber region from 700 to 0 cm™ (Figure 6D). The wavenumbers of both spectra
and the computed intensities and assignments are given in Table 5. The Raman shift values
and assignments performed by Frost et al. [45, 48] are also provided in the table. The results
obtained in each region are described separately in what follows.

a. OH stretching vibrations region. In this region, we found one broad band with two
contributing bands placed at about 3488 and 3398 cm™. The corresponding calculated
Raman shifts were 3443 and 3353 cm™. These two bands were attributed to antisymmet-
ric and symmetric water stretching vibrations, respectively. Although the difference of
computed and experimental shifts is quite large, it should be noted that the infrared OH
stretching frequencies determined for isolated uranyl silicate clusters have much larger
errors in comparison with the experimental data [125]. The low intensity band at wave-
number 3147 cm™ is not found in the calculated spectrum. This band was also found
by Frost et al. [46] at 3158 cm™ and it is probably an overtone band (2v,, v, = 1584 cm™)
[93, 94].

b. H,O bending vibration region. The wavenumber obtained for the water bending vibra-
tion, was found at about 1584 cm™, comparable to the computed value of 1495 cm™. Frost
et al. [45, 48] encountered an additional shoulder placed at 1596 cm™. This was ascribed to
water absorbed on the sample surface [54].

c. Uranyl UO,* and silicate SiO,* fundamental vibration regions. The experimental band at
1024 cm™, is associated to the one calculated at 995 cm™, which was assigned to the SiO,*
asymmetric stretching vibration. This vibration is shown in Figure 7A. Similar values for
the wavenumber of this band were found by Frost et al. [45, 48] and Biwer et al. [126] (1025
and 1018 cm™, respectively). The most intense band in the observed Raman spectrum is
located about 830 cm™ and computed at 807 cm™. This band was found to be placed at 824
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and 828 cm™ by Biwer et al. [126] and Frost et al. [48], respectively. As it can be observed
in Figure 7B, it must be assigned to uranyl symmetric stretching vibrations. There are
two very close bands in the theoretical spectrum at 874 and 873 cm™. Frost et al. [48] also
encountered a pair of bands in this region at 909 and 897 cm™, which were assigned to
uranyl symmetric stretching vibrations. From in our theoretical results, we believe that the
band at 909 cm™ should be associated to the computed band at 873 cm™, which is assigned
to symmetric stretching silicate vibrations. Frost et al. [48] also found a band at 791 cm™,
which was assigned it to water librational vibrations. This band, however, is close to the
computed one at 799 cm™, which is attributed to uranyl symmetric stretching vibrations.

d. Low wavenumber region. The theoretical bands placed at 610 and 579 cm™ can be compared
with the experimental one located at 592 cm™. These bands are attributed to water libra-
tional vibrations (twisting and rocking, respectively). Frost et al. [48], assigned the 591 cm™

Band name Exp. Raman Exp. Raman shift (cm™) Calc. Irr. rep. Int. (A% Assignation

shift (em™) £, ot et al. [48] shift Raman  (D2h)
[this work] assignment Shlf_f
(cm™)

OH stretching region

a 3488 3516/v(OH) 3443 B2g 3229.1  v*(OH)

b 3398 3414/v(OH) 3353 Ag 27818.8  vs(OH)

c 3147 3158/v(OH) — — - -

H,O bending region

d 1584 1584, 1596/0(H,0) 1495 Ag 433.8 o(H,0)

UO,* and SiO,* fundamental vibrations region

e 1024 1025/v*(SiO,") 995 Blg 7501 v(SiO,*)

— 909, 897/v*(UO,*) 874 B2g 53.5 VA(UO,*) + o(H,0)
873 Ag 5837  v(SiO,%)
f 830 838, 828, 820/v:(UO,*) 807 Ag 8054.0 vi(UO,™)
— 791/€(H,0) 799 Blg 387.3 vi(UO,™)
Low wavenumber region
q 592 591/5(Si0,*) 610 Ag 1686  t(H,0)
579 B2g 1384  o(H,0)
h 460 459/5(Si0,*) 431 Ag 323.3 o(5i0,")
i 289 310/— 299 Blg 54.8 T(Si0,*)
296 Ag 39.6 {(SiO,*)
295 B3g 3083  o(SiO,*)
j 103 111, 102/— 50 B2g 54.5 5°P(U-OH,)

Table 5. Experimental and calculated Raman band wavenumbers, calculated intensities and assignments. Raman shifts
and assignments performed by Frost et al. [48] are also given in the table.
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Mode v=995 cm™ — v*(SiO,*) - Mode v=807 cm™ — vs(UQO,)**-
Asymmetric (SiO,*) stretching. Symmetric (UO,)?* stretching

Figure 7. Pictures of the vibrational motions of the atoms is some Raman active normal modes of soddyite [54].

band to silicate bending vibrations. This last type of vibration is found in the computed
spectrum at the wavenumber of 431 cm™, which can be compared to the observed band
at 460 cm™. The wavenumbers of this band encountered by Biwer et al. [126] and Frost
et al. [48], were 457 and 459 cm™, respectively. While Biwer et al. [126], assigned this band
to equatorial uranium-oxygen stretching vibrations, Frost et al. [48], ascribed it to silicate
bending vibrations. The last assignment agrees with our assignment. The free silicate ion
value for this vibration is 527 cm™ [54]. The theoretical bands situated at 299, 296 and
295 cm™ were mainly assigned to a silicate translation the first, and the other ones to dif-
ferent silicate deformation vibrations (twisting and rocking). They can be compared to the
observed band placed at 289 cm™. Finally, the low wavenumber theoretical band situated
at 50 cm™ can be approximately mapped to the experimental shift of 103 cm™.

4. Conclusions

The results presented in the published papers [42, 53-63] show that the theoretical computa-
tions are an extremely powerful tool in the research of uranium-containing compounds. Once
the proper relativistic norm-conserving pseudopotential has been generated [42, 52], the struc-
tural information, the X-ray powder patterns, the vibrational Raman spectra and mechani-
cal and thermodynamic properties of these substances can be determined. This result is very
significant because, if we have access to the adequate computational resources, very accurate
results can be obtained despite the large size of the systems and the fact that the level of theory
required to describe them is very high [64, 65]. The use of these methods is free of the difficul-
ties of the experimental methods associated to the radiotoxicity of these compounds requiring
a careful management of the samples. Thus, the theoretical calculations allow the safe study of
secondary phases of spent nuclear fuel in definitive disposal conditions. The natural samples
used in the experimental studies are generally mixtures of several minerals and the theoretical
treatment allows to study pure substances. Furthermore, the synthesis of these compounds is
very complex and generally produces samples with low crystallinity.
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The theoretical solid-state methods may be used, in conjunction with experimental tech-
niques, as an interpretative tool of the experimental structural and vibrational data or as
a predictive tool to determine the structural, vibrational, mechanical and thermodynamic
properties of these substances. The understanding of the structures of these compounds
is very important itself to characterize them and to evaluate the possible incorporation of
transuranic elements and fission products into the structures of uranyl minerals [8, 26—41].
The assignment of the main bands in the vibrational spectra of these compounds, per-
formed usually by the experimentalist in an empirical way, can be made in a rigorous form
since the theoretical methods produce microscopic scale views of the motion of the atoms
in the corresponding normal vibrational states. In the systems studied the theoretical cal-
culations has permitted the correct assignment of the bands of the full Raman spectrum for
the first time. The main bands used to fingerprint these minerals were put into correspon-
dence with specific structural data.

The calculated mechanical properties obtained for rutherfordine, soddyite and uranophane
and schoepite minerals [53-56] have demonstrated the mechanical stability of their structures.
Besides, a large amount of relevant mechanical data of these minerals were reported, includ-
ing bulk modulus and its derivatives, elastic coefficients, shear and Young moduli, Poisson
ratios, ductility and hardness indices, and elastic anisotropy measures. Their equations of
state where also determined by fitting lattice volumes and pressures to a fourth order Birch-
Murnaghan equation of state. The importance of the availability of these mechanical data
cannot be overlooked. The large volume expansion of the SNF resulting from SNF corrosion
during storage [127, 128] will cause a very large stress upon the waste matrix and therefore
the mechanical behavior of the waste components is extremely relevant.
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