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f Faculty of Engineering, Slovak University of Agriculture, 94976 Nitra, Slovakia 

a r t i c l e i n f o 

Article history: 

Received 24 November 2020 

Revised 15 February 2021 

Accepted 16 February 2021 

Available online 20 February 2021 

Keywords: 

Gd 6 UO 12 

Cation antisite disorder 

Oxygen deficiency 

Mechanochemistry 

Rietveld refinement 

a b s t r a c t 

The synthesis of the rhombohedral Gd 6 UO 12- δ is reported via mechanochemical processing of stoichiomet- 

ric Gd 2 O 3 /UO 2 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 

Gd 6 UO 12- δ with its most extreme degrees of the cation antisite disorder. On the basis of the estimated 

bond lengths it can be stated that distorted geometry of structural units in the material is a consequence 

of its relatively large oxygen deficiency. 

© 2021 Elsevier B.V. All rights reserved. 
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There is continuous interest in gadolinium uranate, Gd 6 UO 12 , 

ecause of its applications, such as material for nuclear fuel forms 

nd nuclear waste immobilization [1] . Gd 6 UO 12 crystallizes in a 

hombohedral form, which is related to the fluorite-type struc- 

ure with space group R-3 [ 2 , 3 ]. The material incorporates Gd 

3 + 

ations occupying the general 18 f sites (Wyckoff notation) with 

even-fold coordination of oxygen ions, and U 

6 + cations occupy- 

ng 3 a sites with octahedral coordination [ 4 , 5 ]. Correspondingly, 

he structural formula of this compound in equilibrium (ordered) 

tate , emphasizing the site occupancy at the atomic level, may be 

ritten as {Gd 6 } 18 f [U] 3 a O 12 . Note that despite its deceptively sim- 

le structure, Gd 6 UO 12 exhibits complex disordering phenomena 

nvolving the cation antisite defects and anion vacancies randomly 

istributed over the sites. In this case, the formula of the mate- 

ial may be expressed as {Gd 6- βU β } 18 f [U 1- βGd β ] 3 a O 12- δ . Here, the

ymbol β represents the fraction of uranium cations located at 18 f 

ites and δ is the oxygen deficiency parameter . In the fully disor- 

ered rhombohedral state with the random distribution of cations 

 β = 6/7), the structural formula of the material may be written as 

Gd 36/7 U 6/7 } 18 f [U 1/7 Gd 6/7 ] 3 a O 12- δ . Note that this state is entirely hy-
∗ Corresponding author. 
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othetical one representing the cation configuration with the max- 

mum configurational entropy. As a result of the formation of the 

ation antisite defects and anion Frenkel defects, the rhombohedral 

ymmetry of the ordered Gd 6 UO 12 phase evolves in favor of cubic 

ymmetry which is referred as a disordered fluorite phase [ 4 , 6 ]. 

It is widely appreciated that the performance of Gd 6 UO 12 is 

losely related to the ways in which it is processed. The conven- 

ional multi-steps solid state synthesis of this material involves 

eating of pressed pellets of reactants ( e.g. , Gd 2 O 3 and UO 2 ) at

emperatures above 1700 K in air for a long period (sometimes 

any days), followed by grinding, repelletising and further pro- 

onged resintering, and, finally, slow cooling to room temperature 

asting several days [ 4 , 7–10 ]. Various wet (solution) chemistry- 

ased multi-steps routes involving a combustion method have also 

een developed to synthesize Gd 6 UO 12 [ 1 , 3 , 11–14 ]. However, most

f the solution chemistry-based routes still involve calcinations, al- 

hough at relatively lower temperatures. Moreover, a large amount 

f gases evolved during the combustion reaction can leads to the 

ormation of a highly porous product rather than compacted one. 

ortunately, such hurdles can be overcome by chemical reactions 

nitiated or accelerated by means of mechanical force [15] . Me- 

hanically induced chemistry (the so-called mechanochemistry ) has 

ecently been identified by IUPAC as one of the top ten emerging 

https://doi.org/10.1016/j.jnucmat.2021.152895
http://www.ScienceDirect.com
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Fig. 1. The refined XRD pattern of Gd 6 UO 12- δ prepared by the 

mechanochemical −thermal route. Miller indices denote two superlattice re- 

flections used for simulations of peak intensities of Gd 6 UO 12- δ with various β and 

δ parameters. 

Fig. 2. The XRD superlattice (012) and (021) reflections for Gd 6 UO 12- δ with various 

β and δ 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 

Gd 6 UO 12- δ . 
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echnologies in chemistry providing an efficient and facile access 

o various materials [16] . 

In the present work, for the first time, the synthesis of 

d 6 UO 12- δ is reported via mechanochemical processing of stoi- 

hiometric Gd 2 O 3 /UO 2 mixtures and their subsequent annealing at 

oderate temperatures. The combined mechanochemical −thermal 

rocess used here represents an effective, solvent-free, and high- 

ield procedure for the synthesis of this nuclear material. On the 

asis of the Rietveld analysis of X-ray diffraction (XRD) data, pre- 

ise information on the unit cell dimensions, atomic positional pa- 

ameters, the occupation factors and bond lengths in the investi- 

ated system are obtained. It is demonstrated that the as-prepared 

aterial exhibits a remarkable cation antisite disorder and oxygen 

eficiency. Moreover, unusual local six-fold coordination of Gd 

3 + 

ations located at the 18 f sites is revealed. For the first time, quan-

itative information on the degree of cation antisite disorder is de- 

ived from the Rietveld refinement. 

The overall chemical reaction leading to the formation of 

d 6 UO 12 can be written as 3Gd 2 O 3 + UO 2 + ½O 2 → Gd 6 UO 12 .

t first, the stoichiometric mixture of UO 2 (produced by Nuclear 

aterials Laboratory at the Industrial Nuclear Center of Aramar, 

ão Paulo, Brazil) and Gd 2 O 3 (Alfa Aesar) was preactivated by ball- 

illing in a Pulverisette 6 mill (Fritsch, Germany) for 12 hours at 

00 rpm in N 2 atmosphere. A grinding chamber and balls made 

f stainless steel were used. The ball-to-powder weight ratio was 

1:1. The mixture of mechanically treated precursors was pressed 

nto pellets at 390 MPa, which were subsequently heated for 3 

ours at 1573 K in air. XRD patterns of powdered samples were 

aken in the range from 10 ° to 80 ° (2 �) (with angular step of 

.02 °) using Cu K α radiation and a C1702 diffractometer (Shi- 

adzu, Japan) operating in Bragg-Brentano configuration. The Ri- 

tveld refinement of XRD data was performed using the FullProf 

uite software [17] . In the refinement, the individual occupancies of 

d and U ions on 3 a and 18 f sites were left to freely vary, whereas

he occupation factors of O 

2 − anions were fixed. It is because the 

tomic scattering factor of oxygen is considerably lower than that 

f heavy Gd and U atoms [18] . The oxygen deficiency parameter 

 δ) is calculated using the refined occupation factors of Gd and U 

ons under the constraint of the charge neutrality of the system. 

he degree of the cation antisite disorder was calculated using the 

efined occupancy of uranium cations on 18 f sites, β , according 

o formula ASD = ( β − βo )/( βd − βo ), where βo and βd repre- 

ent the occupancies of uranium cations on 18 f sites in the fully 

rdered ( βo = 0) and fully disordered Gd 6 UO 12 with the random 

istribution of cations ( βd = 6/7), respectively. The degree of the 

ong-range disorder (DOD) in Gd 6 UO 12- δ was also calculated us- 

ng the Warren’s method [19] . The ICSD database [20] was utilized 

or phase identification. The 3-dimmensional structure of the as- 

repared material was visualized using the Vesta program [21] . 

The XRD pattern of the mechanically preactivated 

Gd 2 O 3 + UO 2 mixture after its subsequent annealing at 1573 K 

or 3 hours, refined using the Rietveld method, is shown in Fig. 1 .

he pattern is well-fitted using a single rhombohedral phase (ICSD 

ollection code 21945) with space group R-3 [20] . No spurious 

r minority phases have been observed. It clearly demonstrates 

hat the combined mechanochemical −thermal treatment of the 

recursors leads to the formation of the desired gadolinium 

ranate phase with the phase purity of 100%. Such a favorable 

ormation of the uranate is a consequence of an accelerated mass 

ransfer and enhanced ionic diffusivity at contact zones between 

recursors due to reduced diffusion paths as a result of their 

echanical preactivation and the partial mechanosynthesis of the 

arget phase [15] (see Fig. 1 in related Data in Brief). It should be

mphasized that the same thermal processing of the non-milled 

ixture does not lead to the complete transformation of educts 

o the final Gd 6 UO 12 phase. The latter is also supported by the 
2 
esults of thermal analysis given in related Data in Brief (see Fig. 2 

nd Fig. 3 ). 

The derived crystal structure parameters of the as-prepared 

hase are listed in Table 1 . The lattice parameters of the rhom- 

ohedral structure of the product ( a = 10.089(5) Å, c = 9.517(5) Å)

re in good agreement with those reported previously [ 1 , 3 , 8 ]. An

mportant observation is that the mechanochemical −thermal pro- 

essing leads to the formation of structure with both the cation an- 

isite defects ( β = 0.0700(7)) and anion vacancies ( δ = 0.149(50)), 

amely, to the nonequilibrium disordered and oxygen-deficient 

Gd 5.930 U 0.070 } 18 f [U 0.917 Gd 0.066 ] 3 a O 11.851 phase. The degree of the 

ation antisite disorder in the rhombohedral product phase is 

ound to be ASD = 0.0817(8). It should be emphasized that the 

onequilibrium distribution of cations within distorted polyhedra 

as also been reported for other oxide structures ( e.g. , spinel, 

livine, and mullite) prepared by nonconventional mechanochem- 

cal routes [22–25] . The degree of the long-range disorder in 

d 6 UO 12- δ is found to be DOD = 0.129(22) that is slightly higher 

han the derived value of ASD. Note that the DOD reflects the dis- 

orted geometry of octahedra around the 18 f site discussed below. 

It is well known that high-energy milling induces a variety of 

ransformations and reactions in oxides such as disordering and 
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Table 1 

Crystal structure parameters ( a, c, V ), atomic positions ( x, y, z ), occupation factors (occ), and interatomic 

distances derived from the Rietveld analysis of XRD data of the as-prepared Gd 6 UO 12- δ . S is the degree 

of the long-range order. The fixed parameters are indicated by asterisk. 

empirical formula {Gd 3 + 5.930 U 

4 + 
0.070 } 18 f [U 

6 + 
0.883 U 

4 + 
0.034 Gd 3 + 0.066 ] 3 a O 11.851 

crystal system rhombohedral 

space group R-3 

a ( ̊A) 10.089(5) 

c ( ̊A) 9.517(5) 

V ( ̊A 3 ) 839.014(70) 

δ (oxygen deficiency) 0.149(50) 

atomic position x y z occ rel. occ (%) 

[U 

6 + ] 3 a 0.00000(0) 0.00000(0) 0.00000(0) 0.883(10) 0.883(10) 

[U 

4 + ] 3 a 0.00000(0) 0.00000(0) 0.00000(0) 0.034(10) 0.034(10) 

[Gd] 3 a 0.00000(0) 0.00000(0) 0.00000(0) 0.066(10) 0.066(10) 

{Gd} 18 f 0.12273(19) 0.41612(24) 0.02094(17) 5.930(70) 0.988(12) 

{U 

4 + } 18 f 0.12273(19) 0.41612(24) 0.02094(17) 0.0700(7) 0.0120(1) 

{O 1 } 18 f 0.19273(198) 0.03192(312) 0.11563(133) 6.000 ∗ 1.000 ∗

{O 2 } 18 f 0.14650(247) 0.45139(200) 0.26908(150) 6.000 ∗ 1.000 ∗

goodness parameters: R p , R wp ; χ 2 7.77%, 10.3%; 1.31 

M–O bond distance for site 3 a ( ̊A) M–O bond distance for site 18 f ( ̊A) 

[U,Gd] 3 a –O 2.11(3) {Gd,U} 18 f –O 2.34(1) 

[U,Gd] 3 a –O 2.11(3) {Gd,U} 18 f –O 2.20(3) 

[U,Gd] 3 a –O 2.11(3) {Gd,U} 18 f –O 2.42(4) 

[U,Gd] 3 a –O 2.11(3) {Gd,U} 18 f –O 2.38(2) 

[U,Gd] 3 a –O 2.11(3) {Gd,U} 18 f –O 2.35(2) 

[U,Gd] 3 a –O 2.11(3) {Gd,U} 18 f –O 2.31(3) 

DOD = 1 – S = 1 – (rel. occ [U] 3 a + rel. occ {Gd} 18 f – 1) = 0.129(22) 

Fig. 3. The rhombohedral crystal structure of Gd 6 UO 12- δ . The 

mechanochemical −thermal route leads to the formation of structure with 

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 {Gd 5.930 U 0.070 } 18 f [U 0.917 Gd 0.066 ] 3 a O 11.851 . The arrows indicate the 

distribution of cations over the 3 a and 18 f sites of octahedral coordination with the 

symmetrical and distorted geometry, respectively. 
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morphization (including surface amorphization), grain boundary 

isordering, polymorphic transformations, etc . [15] . It also cre- 

tes defects, some being specific to oxides, such as Schottky or 

renkel defects or crystallographic shear planes (Wadsley defects) 

26] . In general, the nature of disorder in oxides prepared by 

echanochemical routes includes, e.g. , ( i ) a nonequilibrium distri- 

ution of cations over non-equivalent cation sublattices provided 

y a complex oxide structure (the so-called cation antisite disor- 

er), ( ii ) a canted spin arrangements in the case of magnetic com- 

ounds, ( iii ) distorted geometry of constitutive polyhedra, and ( iv ) 

 defective cation centers with an unsaturated oxygen coordina- 

ion in the near-surface layers of oxide nanoparticles [15] . In line 

ith these general disordering features, we demonstrate that the 

s-prepared Gd 6 UO 12- δ phase exhibits a remarkable cation antisite 

isorder with a relatively high concentration of oxygen vacancies 

nd distorted octahedra around the 18 f sites (see below). 

The mechanically induced structural disorder in oxides is spa- 

ially confined to their interfacial nanosized regions (the so-called 

anodomains) [15] . For example, disordered spinel oxides exhibit 

on-uniform structure; the atomic configurations in the inter- 
3 
ace/surface regions of nanooxides are chiefly characterized by a 

early random arrangement of cations, whereas the ordered grains 

xhibit an equilibrium cation distribution. Taking into account the 

icrocrystalline (not nanostructured) nature of the as-prepared 

d 6 UO 12- δ phase, we exclude the presence of such nanodomains 

n the sample. 

It is well known that the change in cation disorder in solids is 

sually induced by high temperature [27] , high pressure [28] , irra- 

iation of a material with high-energy electrons, ions or neutrons 

29] , and its particle size reduction to the nanoscale range [30] . In-

ependently of the ionic configuration in materials, all these pro- 

essing parameters were found to change the cation distribution in 

olids towards the random arrangement [15] . A radiation-induced 

rder–to–disorder phase transformation has already been observed 

n Gd 6 UO 12 by Tang et al. [ 4 , 9 , 10 ]. With increasing dose of the ion

rradiation, the material was found to be transformed from an or- 

ered rhombohedral to a disordered rhombohedral phase and even to 

 cubic fluorite structure. This transformation is, according to Tang 

t al. [ 4 , 9 , 10 ], accompanied by the disappearance of the XRD peaks

ssociated with the fluorite structural derivative (the so-called su- 

erlattice reflections). However, these authors have not provided 

uantitative information on the increasing ASD with increasing ra- 

iation dose. 

To reveal impact of ASD on the intensities of superlattice re- 

ections and to support the present quantitative results derived 

rom Rietveld analysis, we perform simulations of the selected su- 

erlattice reflections for Gd 6 UO 12- δ with various β and δ parame- 

ers. The two superlattice reflections with Miller indices (012) and 

021) are used for simulations because they are not overlapping 

ith a good signal-to-noise ratio, see Fig. 1 . It is revealed that the 

ntensity of these Bragg peaks is the highest for the fully ordered 

d 6 UO 12 ( βo = 0; i.e. , ASD = 0), where all Gd and U atoms oc-

upy 18 f and 3a positions, respectively; see Fig. 2 . The intensity of 

uperlattice reflections is found to decrease with increasing ASD 

nd δ. For a fictitious case of the fully disordered rhombohedral 

d 6 UO 12 phase ( βd = 6/7; i.e. , ASD = 1) the intensity of superlat-

ice reflections reaches about 40% of the peak intensity of the fully 

rdered state. For the as-prepared Gd 6 UO 12- δ , the relative inten- 

ity of supperlattice reflections is about 90%. Within the interval 0 

δ ≤ 0.86, the oxygen deficiency has only a minor influence on 
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Table 2 

The relative intensity ( I ) of superlattice reflections with Miller indices (012) and (021) for Gd 6 UO 12- δ with various β and δ parameters. 

Fraction of uranium cations on 

18 f sites, β

Degree of the cation antisite 

disorder, ASD 

Oxygen deficiency 

parameter, δ Type of structure I (012) (%) I (021) (%) 

0 0 0 fully ordered rhombohedral Gd 6 UO 12 100 100 

0.07 0.0817 0.15 partly disordered rhombohedral Gd 6 UO 12- δ 92.28 90.97 

6/7 1 0 fully disordered rhombohedral Gd 6 UO 12 44.65 36.44 

6/7 1 0.86 fully disordered rhombohedral Gd 6 UO 12- δ 43.94 33.17 

6/7 1 2 Gd 6 UO 12- δ with cubic defect-fluorite structure 0 0 
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he intensity of superlattice reflections; compare the states with 

= 0 and δ = 0.86 represented by dark and light blue curves in 

ig. 2 . A terminating state of the order–to–disorder phase transfor- 

ation in Gd 6 UO 12- δ is its defect-fluorite structure represented by 

he formula Gd 6 UO 12-2 [4] . This state is a consequence of the accu-

ulation of both the cation antisite defects and oxygen vacancies 

ith their highest possible concentrations ( βd = 6/7 and δ = 2). 

orrespondingly, the superlattice (012) and (021) reflections disap- 

ear entirely because of the transformation of the material from 

he rhombohedral structure to the cubic fluorite one. Thus, the 

anishing of the superlattice peaks is due to the accumulation of 

oth the cation antisite defects and oxygen vacancies only; no ad- 

itional displacement of atoms is needed. This is in line with pre- 

iously reported qualitative studies of the radiation-induced order–

o–disorder transformations in Gd 6 UO 12 . Table 2 summarizes the 

volution of the XRD superlattice peaks for Gd 6 UO 12- δ with vari- 

us β and δ parameters. 

The estimated oxygen-deficiency ( δ = 0.149(50)) in the as- 

repared {Gd 5.930 U 0.070 } 18 f [U 0.917 Gd 0.066 ] 3 a O 11.851 phase is due to 

he presence of a small amount of U 

4 + (~ 0.105) in the sample. 

he majority of U 

4 + cations (0.070) is found to occupy 18 f sites. 

his fact is logical if taking into account the similar ionic radii of 

 

4 + and Gd 

3 + ions [31] . To give evidence of the presence of U 

4 + 

ations in the as-prepared sample we have performed the refine- 

ents of XRD data for various scenarios, taking into considerations 

he different scattering factors of U 

4 + , U 

5 + and U 

6 + cations [32] . If

he presence of all uranium cations in 6 + valence state is consid- 

red (no U 

4 + is present), the refinements result in higher values of 

he goodness parameters ( R p = 8.01%, R wp = 12.3%) in comparison 

ith those reported in Table 1 . Similarly, the refinements compris- 

ng a small amount of U 

5 + lead to worse fitting results. 

In support of our findings, in addition to the refinements, 

e have carried out the bond valence sum (BVS) calculations 

33] to estimate the oxidation states of atoms in the as-prepared 

d 6 UO 12- δ . The value of BVS for the 3a site is found to be 5.24.

his value is in good agreement with that reported by Usman et 

l. [8] . Furthermore, the calculated BVS value is quite close to the 

otal valence of cations on 3a site (~ 5.632) derived from the re- 

ults of Rietveld method. It is worth to note that the presence of 

 

5 + would give a larger difference between the calculated BVS and 

he total valence of cations on 3a site. 

It should be noted that the existence of U 

4 + in the sample 

annot be attributed to the unreacted UO 2 precursor phase. This 

s because this phase is excluded (the sample contains only the 

d 6 UO 12- δ phase), when taking into account the relatively high ac- 

uracy of the quantitative XRD analysis (~ 1 wt.%). The presence of 

 

4 + , i.e. , oxygen deficiency could also be a consequence of high- 

nergy mechanical treatment leading to chemical redox processes 

34] . It has been suggested that the mechanochemical reduction 

akes place at the surface of the milled oxide. Oxygen bonds on 

he cleaved oxide surfaces are broken during the mechanical treat- 

ent leading to the reduction of the sample and to a release of 

xygen to the vial’s internal volume. In this case, the rupture of 

xide surface layers and surface stress are assumed to provide the 

n

4 
riving force for the reduction. In addition to the milling step of 

he preparation of Gd 6 UO 12- δ phase, a partial deficit of oxygen in 

he free air atmosphere (in comparison to oxygen flow) during the 

nnealing step of the sample preparation can contribute to the ap- 

earance of U 

4 + in the sample . 

The analysis revealed that both 18 f and 3 a sites are six-fold co- 

rdinated. In contrast, Usman et al. [8] have reported the seven 

oordinate environment around the 18 f sites for the rare earth 

ranates. Thus, the presence of the 18 f octahedra in the as- 

repared Gd 6 UO 12- δ seems to be a striking local structural feature. 

owever, it may be a consequence of a relatively large oxygen de- 

ciency in the as-prepared Gd 6 UO 12- δ . Note that in the previously 

eported uranate structures, a six coordinate environment around 

he rare earth cation has also been reported [35] . The 3 a site is

ymmetrically surrounded by the anions with six identical bond 

engths (U,Gd) 3 a –O, whereas the geometry of octahedra around the 

8 f site is found to be distorted. The estimated bond lengths in the 

aterial are listed in Table 1 . Fig. 3 shows the rhombohedral struc- 

ure of the Gd 6 UO 12- δ crystal with the local polyhedra occupied by 

d and U ions. 

This work presents the combined mechanochemical −thermal 

ynthesis of the rhombohedral Gd 6 UO 12- δ single phase. In contrast 

o the conventional thermal solid state preparations and/or so- 

ution chemistry-based routes reported previously, the processing 

sed here represents a simple, less elaborate, solvent-free, high- 

ield, short processing time, and, thus, a low-cost procedure for 

he synthesis of this nuclear material. These advantages of the 

reparation of Gd 6 UO 12- δ are consequences of an accelerated mass 

ransfer and enhanced ionic diffusivity at contact zones between 

recursors due to reduced diffusion paths as a result of their me- 

hanical preactivation. The results of Rietveld analysis of XRD data 

how that the as-prepared uranate exhibits a remarkable cation 

ntisite disorder (ASD = 0.0817(8)) and a relatively high concen- 

ration of oxygen vacancies ( δ = 0.149(50)). The performed struc- 

ural simulations for Gd 6 UO 12- δ with various ASD reveal a de- 

rease of the relative intensities of XRD superlattice reflections 

rom 100%, characteristic for the fully ordered phase (ASD = 0), to 

bout 40% for the fully disordered rhombohedral phase (ASD = 1). 

or the fictitious state with the highest possible cation antisite de- 

ects and oxygen vacancies (ASD = 1 and δ = 2), the superlat- 

ice reflections disappear entirely because of the transformation of 

d 6 UO 12- δ from the rhombohedral structure to the cubic fluorite 

ne. The estimated bond lengths in the material indicate that the 

onequilibrium distribution of cations does not influence the sym- 

etrical geometry of polyhedra around the 3 a sites, whereas the 

ctahedra around the 18 f sites are found to be distorted. The lat- 

er may be a consequence of a relatively large oxygen deficiency in 

he as-prepared Gd 6 UO 12- δ . 
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