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a b s t r a c t
Irradiation-induced microstructural evolution in uranium-bearing delta-phase oxides of A6U1O12
(A = rare earth cations) were characterized using grazing incidence X-ray diffraction and transmission
electron microscopy. Polycrystalline Y6U1O12, Gd6U1O12, Ho6U1O12, Yb6U1O12, and Lu6U1O12 samples
were irradiated with 300 keV Kr++ to a ﬂuence of 2  1020 ions/m2 at cryogenic temperature (100 K).
The crystal structure of these compounds was determined to be an ordered, ﬂuorite derivative structure,
 Experimental results
known as the delta-phase, a rhombohedral symmetry belonging to space group R3.
indicate that all these compounds are resistant to amorphization to a displacement damage dose of 60
displacements per atom. In these experiments, we sometimes observed an irradiation-induced order-todisorder phase transformation, from an ordered rhombohedral to a disordered ﬂuorite structure.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction
Actinide oxides have been used as nuclear fuel since the ﬁrst
controlled chain reaction in 1942. UO2 and mixed oxides (MOX)
which crystallize in the ﬂuorite structure exhibit exceptional resistance to irradiation damage and are therefore still the predominant
fuel for thermal power reactors. Compounds with structures similar to ﬂuorite, have been proposed as potential materials for nuclear fuel forms [1,2] and nuclear waste immobilization [3]. Here, we
investigate the ion irradiation damage properties of uranium-bearing oxides of the formula A6U1O12 (A = rare earth cations) which is
a ﬂuorite structural derivative, and possesses rhombohedral sym namely, the so-called delta (d) phase
metry with space group R3,
[4,5]. These oxides are potential hosts for the immobilization of
surplus actinides. They could be used as fuel forms for transmutation of actinides or waste forms for actinide disposal.
We showed recently [6] that d-Y6U1O12 is very resistant to
amorphization under 300 keV Kr++ irradiation at cryogenic temperature, but undergoes a partially order-to-disorder (O–D) phase
transformation, from an ordered rhombohedral to a disordered
ﬂuorite phase, at a relatively high displacement damage dose 50
displacements per atom (dpa). The present study is an extension
of our earlier work and in this paper we report a comparative study
of crystal structural evolution in Y6U1O12, Gd6U1O12, Ho6U1O12,
Yb6U1O12, and Lu6U1O12 samples, all of which possess the deltaphase prior to irradiation. We observed here that Kr irradiation in* Corresponding author. Tel.: +1 505 665 1472; fax: +1 505 667 8021.
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duces a complete O–D phase transformation in Gd6U1O12 and
Yb6U1O12; while there is no fully O–D phase transformation in
the irradiated Y6U1O12, Ho6U1O12, and Lu6U1O12 samples.

2. Experimental
High purity Y2O3, Gd2O3, Ho2O3, Yb2O3, Lu2O3 powders from Alpha Aesar (99.9%–99.99% purity), were mixed with UO2 powder
from Bio-Analytical Industries, in the molar ratio of 1:3, then ball
milled in a stainless steel cup and pressed to a pressure of 6 tons
in a SPEX 13 mm die. These pressed pellets were oxidized in a
box furnace for 12 h at 1000 °C under air, then remilled, repressed
and resintered in air at 1500 °C for 48 h in a Mellen high temperature tube furnace. X-ray diffraction measurements on these samples showed that the sintered pellets consisted pure d-phase
A6U1O12. The pellets were cut into 0.5 mm thickness discs using
a diamond saw and then polished with alumina lapping ﬁlms to
obtain a mirror ﬁnish. Ion irradiation was performed at cryogenic
temperature (100 K) in the Ion Beam Materials Laboratory at
Los Alamos National Laboratory, using a Danfysik high current
ion implanter operating at 150 kV. 300 keV Kr++ ions were implanted at normal incidence using a dose rate of 1  1016 Kr/m2 s
to a ﬂuence of 2  1020 Kr/m2. Irradiated samples were analyzed
using both grazing incidence X-ray diffraction (GIXRD) and transmission electron microscopy (TEM). GIXRD measurements were
performed using a Bruker AXS D8 advanced X-ray diffractometer
at a gracing incidence angle of a = 0.35°, which we estimate to be
close to the critical angles ac = 0.35°–0.45° for these delta-phase
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compounds, based on the critical angle formula from Ref. [7]. Under these conditions, X-rays are scattered from the near surface
of these samples within a depth usually less than 80 nm [8,9],
i.e., signiﬁcantly shallower than the range of the Kr ions
(200 nm) into these materials. Thus, we believe that these measurements are sampling only the irradiated volume near the sample surface. Irradiated samples were prepared in cross-sectional
geometry for TEM examination using a focused-ion-beam (FIB)
apparatus, based on the in situ lift out method. TEM investigations
were performed using a Philips CM-30 instrument operating at
300 kV.
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3. Results and discussion
Fig. 1 shows GIXRD patterns obtained from Gd6U1O12, Yb6U1O12,
Y6U1O12, Ho6U1O12, and Lu6U1O12 samples (Fig. 1a–e, respectively),
before and after 300 keV Kr++ ion irradiation to a ﬂuence of
2  1020 Kr/m2. This ion ﬂuence corresponds to peak displacement
damage doses of 50–65 dpa for these compounds (these are estimates based on the Monte Carlo ion transport code SRIM [10];
40 eV was used for the displacement threshold energy for all target
atoms in these calculations). The patterns obtained from pristine
Gd6U1O12, Yb6U1O12, Y6U1O12, Ho6U1O12, and Lu6U1O12 samples

Fig. 1. Grazing incidence X-ray diffraction (GIXRD) patterns obtained from: (a) Gd6U1O12, (b) Yb6U1O12, (c) Y6U1O12, (d) Ho6U1O12, (e) Lu6U1O12, before and after irradiation
with 300 keV Kr++ ions at 100 K. The angle of incidence of the X-rays for these measurements was a = 0.35°.
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show primarily diffractions of representative of the rhombohedral
d-phase structure (diffraction peaks labeled ‘R’) [11]. This indicates
that the pristine crystal structures of these samples possess delta Comparison of the GIXRD patphase structure (space group R3).
terns in Fig. 1a–e reveals signiﬁcant differences in the irradiation
response of these compounds. For irradiated Gd6U1O12 and
Yb6U1O12, some XRD diffractions are almost absent; while the
GIXRD patterns do not show any new features except for the
diminish of some diffraction peaks in irradiated Y6U1O12,
Ho6U1O12, and Lu6U1O12. We describe these differences next.
3.1. Gd6U1O12, and Yb6U1O12
The GIXRD patterns in Fig. 1a and b indicate that ‘‘superlattice”
diffractions, such as R(0 1 2), R(0 2 1), R(3 0 0), R(3 0 3), R(4 1 0),
and R(2 3 2) (marked on the graph), disappear almost entirely by
the ﬂuence of 2  1020 Kr/m2. On the other hand, the principal diffraction maxima, which index as R(2 1 1), R(1 2 2), R(2 1 4),
R(4 1 3), and R(4 2 2), are more or less unaffected by irradiation.
The d-phase R(2 1 1), R(1 2 2), R(2 1 4), R(4 1 3), and R(4 2 2) diffractions are identiﬁed with the ‘‘parent” cubic ﬂuorite (F) structure
(corresponding to F(1 1 1), F(2 0 0), F(2 2 0), F(3 1 1), and F(2 2 2)
diffractions). These observations suggest that Kr++ ion irradiation
induces a complete phase transformation from an ordered d-phase
to a structure indistinguishable from a cubic ﬂuorite phase.
3.2. Y6U1O12, Ho6U1O12, and Lu6U1O12
The GIXRD patterns in Fig. 1c, d and e indicate almost all deltaphase diffraction peaks still exist, although the weakest d-phase
peaks decrease in intensity more than the ﬁve most prominent diffraction peaks. These observations suggest that these materials are
gradually undergoing an O–D transformation from an ordered dphase structure to a disordered ﬂuorite structure, but not completely transformed.
It is also noteworthy that, despite some of these compounds
experience a complete O–D phase transformation, no amorphization was observed in all these d-phase A6U1O12 compounds in this
displacive irradiation environment, up to a maximum ion dose of
65 dpa.
Fig. 2 shows cross-sectional TEM observations of 300 keV Kr++
ion irradiated Yb6U1O12 and Lu6U1O12 samples (Fig. 2a and b
respectively), at a ﬂuence of 2  1020 Kr/m2. The micrographs reveal that the irradiated layers in Yb6U1O12 and Lu6U1O12 have a
similar thickness of around 200 nm. In Fig. 2a, the microdiffraction
(lD) patterns indicate no diffuse halo (which would be expected
from an amorphous structure), but a change in structure is apparent between the unirradiated substrate (bottom lD pattern) and
the irradiated layer (top lD patterns). The lD pattern obtained
from the irradiated region in Fig. 2a is consistent with a single
phase, cubic ﬂuorite structure, oriented with an epitaxial relation!
ship with the unirradiated substrate (beam direction B = [1 1 1]F.
!
in the irradiated region; B = [0 0 1]R in the substrate). The substrate lD pattern is consistent with the rhombohedral d-phase
Yb6U1O12 structure (using the 3-index system for indexing hexagonal directions). Superlattice reﬂections associated with the rhombohedral d-phase are seen to completely disappear in the top lD
patterns obtained from different irradiated areas. These TEM
observations indicate that the O–D transformation of Yb6U1O12 is
fully complete by the Kr++ ion dose of 64 dpa. Similar microstructural evolution was observed in irradiated Gd6U1O12 (data not
shown here). In Fig. 2b, the lD patterns (beam direction
!
B = [0 1 3]R) indicate there is no apparent change in structure between the unirradiated substrate (bottom lD pattern) and the irradiated layer (top lD patterns). These TEM observations show that
there is no fully O–D transformation in irradiated Lu6U1O12 at the

Fig. 2. Cross-sectional TEM bright-ﬁeld image and microdiffraction (lD) patterns
obtained from: (a) Yb6U1O12 and (b) Lu6U1O12. Samples were irradiated to a ﬂuence
of 2  1020 Kr/m2 at 100 K. The disappearance of speciﬁc diffraction spots (top lD
patterns) suggests that there is a fully O–D phase transformation in the irradiated
Yb6U1O12. No fully O–D phase transformation was observed in the irradiated
Lu6U1O12.

Kr ion dose of 65 dpa. Similar results were observed in ion irradiated Ho6U1O12 and Y6U1O12 (data not shown here). TEM results
in Fig. 2 are consistent with the GIXRD results shown in Fig. 1.
GIXRD and TEM observations indicate different microstructural
changes in irradiated Y6U1O12, Gd6U1O12, Ho6U1O12, Yb6U1O12, and
Lu6U1O12, including a fully O–D phase transformation in Gd6U1O12
and Yb6U1O12, and no fully O–D transformation in Y6U1O12,
Ho6U1O12, and Lu6U1O12. Our observation of O–D phase transformation in these irradiated d-phase compounds is attributable to the
formation of cation antisites and anion vacancies randomly distributed over all sites. Under a displacive irradiation environment, an
elevated population of point defects (such as cation antisite defects
form on the cation sublattice and anion Frenkel defects on the anion
sublattice) is produced in these d-phase compounds. The accumulation of point defects often leads to defect clustering (such as formation of dislocation loops and voids), as well as to lattice instability
which can result in phase transformation of the crystal. As a result
of cation antisite and anion Frenkel defect formation and accumulation in d-phase compounds, the rhombohedral symmetry of the
ordered d-phase evolve in favor of cubic symmetry which we refer
as a disordered ﬂuorite phase. The irradiation-induced O–D transformation from an ordered, d-phase structure with rhombohedral
symmetry to a disordered ﬂuorite phase is analogous to that seen
in previous radiation damage studies on 4:3:12 d-phase compounds
[12–14] and A2B2O7 pyrochlore compounds [15–17].
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A number of observations in this study are not explainable at
this time. For instance, these uranium-bearing d-phase compounds
experience the different O–D transformation tendencies under
300 keV Kr++ irradiation. Work is in progress to resolve some of
these seemingly intractable issues.
4. Summary
300 Kr++ irradiation experiment under cryogenic condition on
polycrystalline d-phase Y6U1O12, Gd6U1O12, Ho6U1O12, Yb6U1O12,
and Lu6U1O12 was performed. Irradiation-induced microstructural
evolutions in these compounds were characterized by GIXRD measurement and TEM observation. A fully O–D phase transformation
was observed in irradiated Gd6U1O12 and Yb6U1O12; while no fully
O–D phase transformation in Y6U1O12, Ho6U1O12, and Lu6U1O12.
Our study indicates that these uranium-bearing d-phase compounds exhibit signiﬁcant amorphization resistance in a displacive
irradiation environment, and could be used as fuel forms for transmutation of actinides or waste forms for actinide disposal.
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