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ABSTRACT

The synthesis of the rhombohedral GdgUO;,._s is reported via mechanochemical processing of stoichiomet-
ric Gd,03/UO, mixtures and their subsequent annealing. Rietveld refinement of XRD data reveals that the
as-prepared material exhibits a remarkable degree of cation antisite disorder and oxygen deficiency. The
simulations of intensities of the selected XRD superlattice reflections are performed for limiting states of
GdgUO,s with its most extreme degrees of the cation antisite disorder. On the basis of the estimated
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There is continuous interest in gadolinium uranate, GdgUO1,,
because of its applications, such as material for nuclear fuel forms
and nuclear waste immobilization [1]. GdgUO, crystallizes in a
rhombohedral form, which is related to the fluorite-type struc-
ture with space group R-3 [2,3]. The material incorporates Gd3+
cations occupying the general 18f sites (Wyckoff notation) with
seven-fold coordination of oxygen ions, and U5t cations occupy-
ing 3a sites with octahedral coordination [4,5]. Correspondingly,
the structural formula of this compound in equilibrium (ordered)
state, emphasizing the site occupancy at the atomic level, may be
written as {Gdg}13{U]3401,. Note that despite its deceptively sim-
ple structure, GdgUO;, exhibits complex disordering phenomena
involving the cation antisite defects and anion vacancies randomly
distributed over the sites. In this case, the formula of the mate-
rial may be expressed as {Gdg_gUgligU1.4Gdgl3a01,-5- Here, the
symbol B represents the fraction of uranium cations located at 18f
sites and § is the oxygen deficiency parameter. In the fully disor-
dered rhombohedral state with the random distribution of cations
(B = 6/7), the structural formula of the material may be written as
{Gd36/7Ug/7}1811U1/7Gdg/7]3a015-5- Note that this state is entirely hy-
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bond lengths it can be stated that distorted geometry of structural units in the material is a consequence
of its relatively large oxygen deficiency.

pothetical one representing the cation configuration with the max-
imum configurational entropy. As a result of the formation of the
cation antisite defects and anion Frenkel defects, the rhombohedral
symmetry of the ordered GdgUO;, phase evolves in favor of cubic
symmetry which is referred as a disordered fluorite phase [4,6].

It is widely appreciated that the performance of GdgUO;; is
closely related to the ways in which it is processed. The conven-
tional multi-steps solid state synthesis of this material involves
heating of pressed pellets of reactants (e.g, Gd,03; and UO,) at
temperatures above 1700 K in air for a long period (sometimes
many days), followed by grinding, repelletising and further pro-
longed resintering, and, finally, slow cooling to room temperature
lasting several days [4,7-10]. Various wet (solution) chemistry-
based multi-steps routes involving a combustion method have also
been developed to synthesize GdgUO1; [1,3,11-14]. However, most
of the solution chemistry-based routes still involve calcinations, al-
though at relatively lower temperatures. Moreover, a large amount
of gases evolved during the combustion reaction can leads to the
formation of a highly porous product rather than compacted one.
Fortunately, such hurdles can be overcome by chemical reactions
initiated or accelerated by means of mechanical force [15]. Me-
chanically induced chemistry (the so-called mechanochemistry) has
recently been identified by IUPAC as one of the top ten emerging
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technologies in chemistry providing an efficient and facile access
to various materials [16].

In the present work, for the first time, the synthesis of
GdgUOq,_s is reported via mechanochemical processing of stoi-
chiometric Gd,03/UO, mixtures and their subsequent annealing at
moderate temperatures. The combined mechanochemical—thermal
process used here represents an effective, solvent-free, and high-
yield procedure for the synthesis of this nuclear material. On the
basis of the Rietveld analysis of X-ray diffraction (XRD) data, pre-
cise information on the unit cell dimensions, atomic positional pa-
rameters, the occupation factors and bond lengths in the investi-
gated system are obtained. It is demonstrated that the as-prepared
material exhibits a remarkable cation antisite disorder and oxygen
deficiency. Moreover, unusual local six-fold coordination of Gd3+
cations located at the 18f sites is revealed. For the first time, quan-
titative information on the degree of cation antisite disorder is de-
rived from the Rietveld refinement.

The overall chemical reaction leading to the formation of
GdgUO, can be written as 3Gd,03 + UO, + %0, — GdgUOq,.
At first, the stoichiometric mixture of UO, (produced by Nuclear
Materials Laboratory at the Industrial Nuclear Center of Aramar,
Sdo Paulo, Brazil) and Gd,03 (Alfa Aesar) was preactivated by ball-
milling in a Pulverisette 6 mill (Fritsch, Germany) for 12 hours at
300 rpm in N, atmosphere. A grinding chamber and balls made
of stainless steel were used. The ball-to-powder weight ratio was
11:1. The mixture of mechanically treated precursors was pressed
into pellets at 390 MPa, which were subsequently heated for 3
hours at 1573 K in air. XRD patterns of powdered samples were
taken in the range from 10° to 80° (2®) (with angular step of
0.02°) using Cu Ko radiation and a C1702 diffractometer (Shi-
madzu, Japan) operating in Bragg-Brentano configuration. The Ri-
etveld refinement of XRD data was performed using the FullProf
Suite software [17]. In the refinement, the individual occupancies of
Gd and U ions on 3a and 18f sites were left to freely vary, whereas
the occupation factors of 02~ anions were fixed. It is because the
atomic scattering factor of oxygen is considerably lower than that
of heavy Gd and U atoms [18]. The oxygen deficiency parameter
(8) is calculated using the refined occupation factors of Gd and U
ions under the constraint of the charge neutrality of the system.
The degree of the cation antisite disorder was calculated using the
refined occupancy of uranium cations on 18f sites, 8, according
to formula ASD = (8 — Bo)/(Bq — Bo), where B, and B4 repre-
sent the occupancies of uranium cations on 18f sites in the fully
ordered (B, = 0) and fully disordered GdgUO;, with the random
distribution of cations (B84 = 6/7), respectively. The degree of the
long-range disorder (DOD) in GdgUO4,_s was also calculated us-
ing the Warren’s method [19]. The ICSD database [20] was utilized
for phase identification. The 3-dimmensional structure of the as-
prepared material was visualized using the Vesta program [21].

The XRD pattern of the mechanically preactivated
3Gd,03 + UO, mixture after its subsequent annealing at 1573 K
for 3 hours, refined using the Rietveld method, is shown in Fig. 1.
The pattern is well-fitted using a single rhombohedral phase (ICSD
collection code 21945) with space group R-3 [20]. No spurious
or minority phases have been observed. It clearly demonstrates
that the combined mechanochemical-thermal treatment of the
precursors leads to the formation of the desired gadolinium
uranate phase with the phase purity of 100%. Such a favorable
formation of the uranate is a consequence of an accelerated mass
transfer and enhanced ionic diffusivity at contact zones between
precursors due to reduced diffusion paths as a result of their
mechanical preactivation and the partial mechanosynthesis of the
target phase [15] (see Fig. 1 in related Data in Brief). It should be
emphasized that the same thermal processing of the non-milled
mixture does not lead to the complete transformation of educts
to the final GdgUO, phase. The latter is also supported by the
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Fig. 1. The refined XRD pattern of GdgUOy, s prepared by the
mechanochemical—-thermal route. Miller indices denote two superlattice re-
flections used for simulations of peak intensities of GdgUO;,.s with various § and
& parameters.
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Fig. 2. The XRD superlattice (012) and (021) reflections for GdgUO,_5 with various
B and § parameters characterizing the various degree of cation antisite disorder and
oxygen deficiency, respectively. The simulated diffraction patterns are represented
by solid lines. Open circles are the measured diffraction data of the as-prepared
GdgUOy.5.

results of thermal analysis given in related Data in Brief (see Fig. 2
and Fig. 3).

The derived crystal structure parameters of the as-prepared
phase are listed in Table 1. The lattice parameters of the rhom-
bohedral structure of the product (a = 10.089(5) A, ¢ = 9.517(5) A)
are in good agreement with those reported previously [1,3,8]. An
important observation is that the mechanochemical—thermal pro-
cessing leads to the formation of structure with both the cation an-
tisite defects (8 = 0.0700(7)) and anion vacancies (6 = 0.149(50)),
namely, to the nonequilibrium disordered and oxygen-deficient
{Gds.930U0.070 118/l U0.917Gdo.06613¢011.851 Phase. The degree of the
cation antisite disorder in the rhombohedral product phase is
found to be ASD = 0.0817(8). It should be emphasized that the
nonequilibrium distribution of cations within distorted polyhedra
has also been reported for other oxide structures (e.g., spinel,
olivine, and mullite) prepared by nonconventional mechanochem-
ical routes [22-25]. The degree of the long-range disorder in
GdgUO4,_5 is found to be DOD = 0.129(22) that is slightly higher
than the derived value of ASD. Note that the DOD reflects the dis-
torted geometry of octahedra around the 18f site discussed below.

It is well known that high-energy milling induces a variety of
transformations and reactions in oxides such as disordering and



Table 1

Crystal structure parameters (a, ¢, V), atomic positions (x, y, z), occupation factors (occ), and interatomic
distances derived from the Rietveld analysis of XRD data of the as-prepared GdgUO1,_s. S is the degree
of the long-range order. The fixed parameters are indicated by asterisk.

empirical formula

3 4 6 4 3
{Gd**5.930U* 0,070 118{U%* 0.883U%* 0.034Gd>* 0,066 130011.851

crystal system rhombohedral

space group R-3

a (A) 10.089(5)

c (A) 9.517(5)

V (A3) 839.014(70)

§ (oxygen deficiency) 0.149(50)

atomic position  x y z occ rel. occ (%)
[US+]34 0.00000(0) 0.00000(0) 0.00000(0) 0.883(10)  0.883(10)
[U% ]34 0.00000(0) 0.00000(0) 0.00000(0) 0.034(10)  0.034(10)
[Gd]3q 0.00000(0) 0.00000(0) 0.00000(0) 0.066(10)  0.066(10)
{Gd}ss 0.12273(19) 0.41612(24) 0.02094(17) 5.930(70)  0.988(12)
(Ut hgr 0.12273(19) 0.41612(24) 0.02094(17) 0.0700(7)  0.0120(1)
{O1}18r 0.19273(198) 0.03192(312)  0.11563(133)  6.000* 1.000*
{02 hss 0.14650(247) 0.45139(200)  0.26908(150)  6.000* 1.000*

goodness parameters: Rp, Rwp; x2
M-0 bond distance for site 3a (A)

[U,Gd]3,-0 2.11(3) {Gd,U}15/-0
[U,Gd]3,-0 2.11(3) {Gd,U}y5/-0
[U,Gd]3,-0 2.11(3) {Gd,U}15p-0
[U,Gd]3,-0 2.11(3) {Gd,U}15/-0
[U,Gd]3,-0 2.11(3) {Gd,U}15/-0
[U,Gd]3,-0 2.11(3) {Gd,U}15-0

7.77%, 10.3%; 1.31
M-0 bond distance for site 18f (A)

DOD =1-S =1 - (rel. occ [U]zq + rel. occ {Gd}igr - 1) = 0.129(22)

site 181

site da

Fig. 3. The rhombohedral structure  of

crystal
mechanochemical-thermal route leads to the formation of structure with

GdgUOyp.5.  The

both the cation antisite defects and anion vacancies. The crystal-chemical formula
of the as-prepared material, emphasizing its nonequilibrium cation distribution,
can be written as {Gdsg30Uo.070}18f[U0.917Gdo.066]3a011.851. The arrows indicate the
distribution of cations over the 3a and 18f sites of octahedral coordination with the
symmetrical and distorted geometry, respectively.

amorphization (including surface amorphization), grain boundary
disordering, polymorphic transformations, etc. [15]. It also cre-
ates defects, some being specific to oxides, such as Schottky or
Frenkel defects or crystallographic shear planes (Wadsley defects)
[26]. In general, the nature of disorder in oxides prepared by
mechanochemical routes includes, e.g., (i) a nonequilibrium distri-
bution of cations over non-equivalent cation sublattices provided
by a complex oxide structure (the so-called cation antisite disor-
der), (ii) a canted spin arrangements in the case of magnetic com-
pounds, (iii) distorted geometry of constitutive polyhedra, and (iv)
a defective cation centers with an unsaturated oxygen coordina-
tion in the near-surface layers of oxide nanoparticles [15]. In line
with these general disordering features, we demonstrate that the
as-prepared GdgUO;,_s phase exhibits a remarkable cation antisite
disorder with a relatively high concentration of oxygen vacancies
and distorted octahedra around the 18f sites (see below).

The mechanically induced structural disorder in oxides is spa-
tially confined to their interfacial nanosized regions (the so-called
nanodomains) [15]. For example, disordered spinel oxides exhibit
non-uniform structure; the atomic configurations in the inter-

face/surface regions of nanooxides are chiefly characterized by a
nearly random arrangement of cations, whereas the ordered grains
exhibit an equilibrium cation distribution. Taking into account the
microcrystalline (not nanostructured) nature of the as-prepared
GdgUO;,_s phase, we exclude the presence of such nanodomains
in the sample.

It is well known that the change in cation disorder in solids is
usually induced by high temperature [27], high pressure [28], irra-
diation of a material with high-energy electrons, ions or neutrons
[29], and its particle size reduction to the nanoscale range [30]. In-
dependently of the ionic configuration in materials, all these pro-
cessing parameters were found to change the cation distribution in
solids towards the random arrangement [15]. A radiation-induced
order-to-disorder phase transformation has already been observed
in GdgUO1, by Tang et al. [4,9,10]. With increasing dose of the ion
irradiation, the material was found to be transformed from an or-
dered rhombohedral to a disordered rhombohedral phase and even to
a cubic fluorite structure. This transformation is, according to Tang
et al. [4,9,10], accompanied by the disappearance of the XRD peaks
associated with the fluorite structural derivative (the so-called su-
perlattice reflections). However, these authors have not provided
quantitative information on the increasing ASD with increasing ra-
diation dose.

To reveal impact of ASD on the intensities of superlattice re-
flections and to support the present quantitative results derived
from Rietveld analysis, we perform simulations of the selected su-
perlattice reflections for GdgUO1,_s with various 8 and 6 parame-
ters. The two superlattice reflections with Miller indices (012) and
(021) are used for simulations because they are not overlapping
with a good signal-to-noise ratio, see Fig. 1. It is revealed that the
intensity of these Bragg peaks is the highest for the fully ordered
GdgUO1, (Bo = 0; ie., ASD = 0), where all Gd and U atoms oc-
cupy 18f and 3a positions, respectively; see Fig. 2. The intensity of
superlattice reflections is found to decrease with increasing ASD
and §. For a fictitious case of the fully disordered rhombohedral
GdgUO1, phase (B4 = 6/7; i.e.,, ASD = 1) the intensity of superlat-
tice reflections reaches about 40% of the peak intensity of the fully
ordered state. For the as-prepared GdgUO;,_g5, the relative inten-
sity of supperlattice reflections is about 90%. Within the interval 0
< & < 0.86, the oxygen deficiency has only a minor influence on



Table 2

The relative intensity (I) of superlattice reflections with Miller indices (012) and (021) for GdgUO;,_s with various B and § parameters.

Fraction of uranium cations on Degree of the cation antisite

Oxygen deficiency

18f sites, B disorder, ASD parameter, § Type of structure Loizy (%) Iio21y (%)
0 0 0 fully ordered rhombohedral GdgUO;, 100 100
0.07 0.0817 0.15 partly disordered rhombohedral GdgUO,._5 92.28 90.97
6/7 1 0 fully disordered rhombohedral GdgUO1; 44,65 36.44
6/7 1 0.86 fully disordered rhombohedral GdgUO1; 5 43.94 33.17
6/7 1 2 GdgUO4;.5 with cubic defect-fluorite structure 0 0

the intensity of superlattice reflections; compare the states with
6 = 0 and § = 0.86 represented by dark and light blue curves in
Fig. 2. A terminating state of the order-to-disorder phase transfor-
mation in GdgUO;,_s is its defect-fluorite structure represented by
the formula GdgUO,_, [4]. This state is a consequence of the accu-
mulation of both the cation antisite defects and oxygen vacancies
with their highest possible concentrations (84 = 6/7 and § = 2).
Correspondingly, the superlattice (012) and (021) reflections disap-
pear entirely because of the transformation of the material from
the rhombohedral structure to the cubic fluorite one. Thus, the
vanishing of the superlattice peaks is due to the accumulation of
both the cation antisite defects and oxygen vacancies only; no ad-
ditional displacement of atoms is needed. This is in line with pre-
viously reported qualitative studies of the radiation-induced order-
to-disorder transformations in GdgUOq,. Table 2 summarizes the
evolution of the XRD superlattice peaks for GdgUO,_s with vari-
ous B and § parameters.

The estimated oxygen-deficiency (§ = 0.149(50)) in the as-
prepared {Gds g30Uo.070}18/[U0.917Gdo.06613¢011.851 Phase is due to
the presence of a small amount of U4t (~ 0.105) in the sample.
The majority of U4t cations (0.070) is found to occupy 18f sites.
This fact is logical if taking into account the similar ionic radii of
U4t and Gd3* ions [31]. To give evidence of the presence of U*t
cations in the as-prepared sample we have performed the refine-
ments of XRD data for various scenarios, taking into considerations
the different scattering factors of U*t, U+ and US+ cations [32]. If
the presence of all uranium cations in 6+ valence state is consid-
ered (no U4t is present), the refinements result in higher values of
the goodness parameters (Rp = 8.01%, Rwp = 12.3%) in comparison
with those reported in Table 1. Similarly, the refinements compris-
ing a small amount of U+ lead to worse fitting results.

In support of our findings, in addition to the refinements,
we have carried out the bond valence sum (BVS) calculations
[33] to estimate the oxidation states of atoms in the as-prepared
GdgUOq,.5. The value of BVS for the 3a site is found to be 5.24.
This value is in good agreement with that reported by Usman et
al. [8]. Furthermore, the calculated BVS value is quite close to the
total valence of cations on 3a site (~ 5.632) derived from the re-
sults of Rietveld method. It is worth to note that the presence of
U°+ would give a larger difference between the calculated BVS and
the total valence of cations on 3a site.

It should be noted that the existence of U*t in the sample
cannot be attributed to the unreacted UO, precursor phase. This
is because this phase is excluded (the sample contains only the
GdgUO4,_5 phase), when taking into account the relatively high ac-
curacy of the quantitative XRD analysis (~ 1 wt.%). The presence of
U4, ie., oxygen deficiency could also be a consequence of high-
energy mechanical treatment leading to chemical redox processes
[34]. It has been suggested that the mechanochemical reduction
takes place at the surface of the milled oxide. Oxygen bonds on
the cleaved oxide surfaces are broken during the mechanical treat-
ment leading to the reduction of the sample and to a release of
oxygen to the vial’s internal volume. In this case, the rupture of
oxide surface layers and surface stress are assumed to provide the

driving force for the reduction. In addition to the milling step of
the preparation of GdgUO;,_s phase, a partial deficit of oxygen in
the free air atmosphere (in comparison to oxygen flow) during the
annealing step of the sample preparation can contribute to the ap-
pearance of U** in the sample.

The analysis revealed that both 18f and 3a sites are six-fold co-
ordinated. In contrast, Usman et al. [8] have reported the seven
coordinate environment around the 18f sites for the rare earth
uranates. Thus, the presence of the 18f octahedra in the as-
prepared GdgUO;,_s seems to be a striking local structural feature.
However, it may be a consequence of a relatively large oxygen de-
ficiency in the as-prepared GdgUO;,_s. Note that in the previously
reported uranate structures, a six coordinate environment around
the rare earth cation has also been reported [35]. The 3a site is
symmetrically surrounded by the anions with six identical bond
lengths (U,Gd)34—0, whereas the geometry of octahedra around the
18f site is found to be distorted. The estimated bond lengths in the
material are listed in Table 1. Fig. 3 shows the rhombohedral struc-
ture of the GdgUO;,_5 crystal with the local polyhedra occupied by
Gd and U ions.

This work presents the combined mechanochemical—thermal
synthesis of the rhombohedral GdgUO;,_s single phase. In contrast
to the conventional thermal solid state preparations and/or so-
lution chemistry-based routes reported previously, the processing
used here represents a simple, less elaborate, solvent-free, high-
yield, short processing time, and, thus, a low-cost procedure for
the synthesis of this nuclear material. These advantages of the
preparation of GdgUO;,_s are consequences of an accelerated mass
transfer and enhanced ionic diffusivity at contact zones between
precursors due to reduced diffusion paths as a result of their me-
chanical preactivation. The results of Rietveld analysis of XRD data
show that the as-prepared uranate exhibits a remarkable cation
antisite disorder (ASD = 0.0817(8)) and a relatively high concen-
tration of oxygen vacancies (6 = 0.149(50)). The performed struc-
tural simulations for GdgUO;,_s with various ASD reveal a de-
crease of the relative intensities of XRD superlattice reflections
from 100%, characteristic for the fully ordered phase (ASD = 0), to
about 40% for the fully disordered rhombohedral phase (ASD = 1).
For the fictitious state with the highest possible cation antisite de-
fects and oxygen vacancies (ASD = 1 and § = 2), the superlat-
tice reflections disappear entirely because of the transformation of
GdgUOq,_s from the rhombohedral structure to the cubic fluorite
one. The estimated bond lengths in the material indicate that the
nonequilibrium distribution of cations does not influence the sym-
metrical geometry of polyhedra around the 3a sites, whereas the
octahedra around the 18f sites are found to be distorted. The lat-
ter may be a consequence of a relatively large oxygen deficiency in
the as-prepared GdgUO1,_s.
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