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Abstract—The behavior of rare earth titanate phases of monoclinic and orthorhombic symmetry under ion
irradiation was studied. Three samples contain a set of rare earth elements (REE), and in one sample the high-
level waste (HLW) is simulated by neodymium. The samples were prepared by sintering at 1400°C or cold
crucible induction melting followed by melt crystallization. The samples were irradiated with 1-MeV Kr*" ions
at temperatures in the range 298-1023 K on a tandem installation consisting of an ion accelerator and a trans-
mission electron microscope. The critical amorphization doses for the samples at 298 K were (1.5-2.5) x
10" jon cm 2. These values correspond to those for monoclinic titanates Nd,Ti,0O; and La,Ti,0,, are close to
those for REE-Ti pyrochlores and brannerite, and are lower by an order of magnitude than those for zircono-
lites at the same irradiation mode. The critical amorphization temperature of the phases studied (900 K) is com-
parable to that of Nd,Ti,07 (920 K), but higher than that of La,Ti,0; (840 K). Close radiation resistance of the
REE,Ti,0; and REE;TiyO,4 phases in which the rare earth elements are represented by a mixture of elements
similar in composition to their set in spent nuclear fuel and liquid HLW from its reprocessing or solely by Nd
confirms the assumption that Nd is a suitable surrogate for the whole rare earth—actinide fraction.
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Disposal of nuclear power engineering waste con-
taining long-lived radionuclides in boreholes of up to
5 km depth is a promising way of the waste manage-
ment [1, 2]. Waters in such zones are isolated from the
surface for millions of years; therefore, the waste re-
pository will not pose hazard to humans. This ap-
proach is particularly topical for high-level waste
(HLW) containing actinides. Processes for recovering
rare earth elements (REE) and transplutonium acti-
nides from HLW from spent nuclear fuel (SNF) regen-
eration have been developed [3]; one of them is imple-
mented at the Mayak Production Association [4]. The
major components of this fraction are cerium-group
REE (Nd, La, Ce, Sm, Pr); the relative content of acti-
nides (Am, Cm) does not exceed 5 wt %. Various REE
phases are considered as host materials for isolation of
this fraction [5], namely, phosphates (the natural ana-
log is monazite), silicates (britholite), zirconates, and
titanates (pyrochlore, perovskite, brannerite). Rare
earth titanates of the compositions REE,;Ti,0; (space
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group P2, Z=4) and REE4Ti90,4 (Fddd, Z = 16) have
been suggested for this purpose [6, 7]. Interest in these
phases is due to high content of simulated waste (48—
67 wt %) and very low solubility in heated aqueous
solutions and brines [8, 9].

Another important characteristic of a crystalline
host material is its behavior upon decay of actinide
nuclides [10-13]. The collision of a-particles (He ions)
and heavy recoil nuclei with atoms causes their dis-
placement from the initial positions in the structure of
the host material and finally in its disordering (amor-
phization). As a result, the stability of the host material
in the solution decreases, and the radionuclide release
rate increases. The a-decay in host materials can be
efficiently simulated by ion irradiation. This approach
is used for more than 30 years for rapid evaluation of
the radiation resistance of materials [14, 15]. Its advan-
tages are quick acquisition of large irradiation doses,
observation of the radiation damage in situ, i.e., di-
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rectly in the course of irradiation using a transmission
electron microscope, possibility of varying the tem-
perature in the course of irradiation from 15 to 1300 K,
and absence of induced activity in the samples. As a
result, the quantitative characteristics of the radiation
resistance are determined: critical dose (D.) at room
temperature or 0 K and critical amorphization tempera-
ture (T;). D, is the irradiation dose at which a crystal-
line host material becomes X-ray and electron beam
amorphous. On heating, the atoms return to their initial
structural positions. Therefore, the critical dose in-
creases with temperature. Above the critical tempera-
ture (7;), the material does not undergo amorphization
at any irradiation doses.

Irradiation is usually performed using ions of inert
gases (He, Ne, Ar, Kr, Xe) with the energy of 0.7-
2.0 MeV [15]. They penetrate into the substance to
a depth depending on the ion energy and mass. For
1-MeV Kr' ions, the penetration depth is about 400 nm
[16], which requires special methods for studying the
irradiated material, e.g., small-angle X-ray diffraction.
Ions of higher energy in the range from 100 MeV to
3 GeV, e.g., Xe (167 MeV), Ta (2 GeV), or Au
(2.2 GeV), came into use for this purpose only recently
[17-19]. These ions penetrate into the material to a
depth of 20—100 um, and at a half of their range the
energy loss of the ions due to their collision with atoms
occurs at a constant rate, 20-50 keV nm™'. As a result,
the structural disturbances in a large volume of the
target are uniform, which allows studying the sub-
stance amorphization using such methods as synchro-
tron X-ray diffraction, X-ray absorption spectroscopy,
and Raman spectroscopy [17] along with traditional
methods of transmission electron microscopy

Numerous original papers and reviews deal with the
behavior of solid target materials upon irradiation. The
amorphization doses determined by ion irradiation,
incorporation of short-lived actinides, and analysis of
related natural radioactive minerals were found to co-
incide [11]. The radiation resistance of phases of simi-
lar structure depends on their composition. In REE
phases of pyrochlore structure, the critical doses and
amorphization temperatures depend on particular rare
earth element [11, 13, 15, 19-21]. In irradiation of py-
rochlores REE,Ti,O; (298 K, 1 MeV Kr"), D, in-
creases by a factor of 4 in going from terbium to lute-
tium pyrochlore, whereas 7, decreases from 1120 to
480 K [20, 21] with a decrease in the ionic radius from
1.08 (Sm®") to 0.98 A (Lu’"). The higher is D, and the
lower is T;, the more resistant is the given phase to
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irradiation. Thus, Lu,Ti,O; exhibits the highest stabil-
ity among all the REE—titanate pyrochlores.

Monoclinic REE titanates were studied only in sev-
eral works. The stability of La,Ti,O; and Nd,Ti,O;
under irradiation with ions of both relatively low
(1 MeV Kr) and high (2 GeV Ta) energies was studied
[17, 22, 23]. These results will be considered in the
next sections of the paper. The radiation resistance of
orthorhombic REE,;Ti,0,4 phases was not studied pre-
viously. For more reliable evaluation of the radiation
resistance of the host materials, the sample composi-
tion should be close to the real HLW composition. In
the case of REE-actinide fraction of the waste, this
means that the sample should contain not a single ele-
ment (La or Nd) but the whole set of elements present
in this fraction.

We have studied the behavior of four samples of
monoclinic and orthorhombic REE titanates under irra-
diation with 1-MeV Kr*" ions. Three samples (T18,
T20, Imcc-2) contained a multicomponent mixture of
rare earth elements, and in one sample (Imcc-9) the
HLW is simulated by Nd. The samples were prepared
by sintering at 1400°C (T18, T20) or by cold crucible
induction melting (Imcc-2, Imcc-9). They were exam-
ined by X-ray diffraction analysis and by scanning and
transmission electron microscopy [6, 7], including ex-
amination with a high-resolution device (Fig. 1). Irra-
diation with 1-MeV Kr*" ions (Fig. 2) was performed
in the temperature range 298-1023 K in the Argonne
National Laboratory (the United States) on an installa-
tion consisting of an ion accelerator and a Hitachi H-
9000NAR transmission electron microscope.

Prior to discussing the data on the radiation resis-
tance of monoclinic and orthorhombic REE titanates,
let us consider their crystal-chemical features and the
composition of the irradiated samples.

CRYSTAL-CHEMICAL FEATURES
OF MONOCLINIC AND ORTHORHOMBIC
REE TITANATES

The REE,Ti,0; phases crystallize in one of two
structural types: cubic pyrochlore (space group Fd3m)
or monoclinic perovskite (P2;) type. The first type is
characteristic of heavy and middle rare earth elements
with small ionic radius (Y, Yb—Sm). Large REE*" ions
(Nd, Ce, La) form the perovskite phase. This is a par-
ticular case of monoclinic series of compounds
A,B, 03,42 (1 <n <o), where n = 4. This structure is
characteristic of REE titanates and of alkaline earth
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Fig. 1. (a—d) SEM and (e) TEM images of sample Imcc-2 taken as example. (/) Rhombic titanate REE4TigO,4, (2) rutile TiO,,
(3) part of the section taken for TEM examination, and (4) sample holder. Figure le shows the electron diffraction pattern and
image of the REE,Ti90,4 structure, taken with a high-resolution electron microscope; the rectangle bounds the structural fragment

corresponding to the unit cell.

niobates and tantalates, e.g., Ca,Nb,O; [24]. Under
common conditions (298 K, 1 atm), the structure of
pyrochlore type (Fig. 3a) is characteristic of phases of
the composition A;B,07, in which the ratio of the ionic

Kr ion beam

Sample
irradiated at
298-1023 K

Initial
sample

Complete
amorphization

v

TEM electron probe

Fig. 2. Scheme of the experiment on irradiation of a grain
of monoclinic REE titanate with 1-MeV Kr*' ions: (a) ini-
tial sample particle, (b) electron diffraction pattern before
irradiation, and (c) structure amorphization observed after
irradiation at 298 K to a dose of 2.5 x 10" jion cm™.

radii (ra/rg) varies from 1.46 to 1.78. At the ratios
lower than 1.46, a fluorite-type structure (Fm3m) is
stable, whereas at ratios higher than 1.78 (with La or
Nd occupying position A, and Ti, position B), the
monoclinic structure (P2;) with perovskite-type layers
is formed (Fig. 3b). In this structure, layers of TiOs
octahedra sharing common vertices alternate with lay-
ers of REE atoms. The REE cations (La) form four
different polyhedra and are surrounded by seven to
nine oxygen atoms, and the Ti cations have an octahe-
dral surrounding [17]. In the structure of orthorhombic
REE4Ti90,4 (space group Fddd) [25], TiOg octahedra

Fig. 3. Unit cells of (a) Gd,Ti,O; (space group Fd3m) and
(b) La,Ti,07 (P2;) phases.

RADIOCHEMISTRY Vol. 60 No.3 2018
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Compositions of major phases® in samples taken for irradiation experiments (wt %, SEM/EDX data)
Sample T102 ZI'Oz L8203 CezO3 PI'203 Nd203 Sm203 EU203 Gd203 Y203
T18 (mt) 33.1 0.7 10.4 17.0 6.4 23.6 4.2 1.1 1.3 2.2
T20 (mt) 334 - 8.9 16.0 6.0 25.1 5.2 1.4 1.2 2.9
Imcc-2 (rt) 50.4 3.0 5.0 10.9 35 19.8 3.1 1.2 1.2 1.9
Imcc-9 (rt) 51.2 1.0 - - - 47.8 - - - -

* Phase formu}as: T18 (mt), (Lam1Ceo450Pf0.19Nd0467sm0412Euo403Gd0.03Y0‘09)(Zf0403Ti149‘7)06‘89; T20 (mt), (La0,26CeO,47Pr0,17Nd9‘71Sm0‘14Eu0.04-
Gdo03Y0.12) Tiz00692; Tmee-2 (rt), (Laga3Cep92Pro30Nd).63Smp25Eu0.10Gdo.00Y0.23)(Tis 71Z5034)024.015 ITmee-9 (rt), Nds 96(Tis92Z10.12)O023 94-
(mt) Monoclinic titanate and (rt) rhombic titanate; dash: component not introduced.

share common vertices and edges to form a three-
dimensional framework. Two of three REE atoms are
surrounded by six O atoms, and the third REE atom,
by eight O atoms. The structural unit of the crystal lat-
tice is a cluster of 16 TiOg octahedra (Fig. 4), with the
REE atoms located in the framework channels oriented
along (110).

Fig. 4. Structure of the
Fddd), view along (100).

50 um 500 pm

Fig. 5. SEM-EDX images of samples (a) T18, (b) T20,
(c) Imcc-2, and (d) Imec-9. Light areas: (a, b) monoclinic
REE titanate and (c, d) orthorhombic REE titanate. Dark
areas: (a, b) pyrochlore and (c, d) rutile.
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REE TITANATE SAMPLES FOR STUDYING
RADIATION RESISTANCE

We took for irradiation two samples with mono-
clinic titanate REE,Ti,07 of multicomponent composi-
tion (T18, T20) and two samples with orthorhombic
titanate REE,Ti90,4, one of which was also multicom-
ponent (Imecc-2) and the other (Imcc-9) contained only
Nd as a surrogate of actinide waste. The samples also
contained (Fig. 5) 5 to 20% pyrochlore (T18, T20) or
10-50% rutile (Imcc-2, Imcc-9). The compositions of
the phases are given in the table, and their formulas are
calculated assuming the sum of atomic amounts of
Ti + Zr equal to 2 (monoclinic titanate) or the sum of
the cations equal to 13 (orthorhombic titanate). Ac-
cording to X-ray diffraction data, the characteristics
of these phases are similar to those of the reference
compounds Nd,Ti,07 (no. 33-0942) and Nd4TigOy4
(no. 81-0950) from the PDFWIN-2 international data-
base [26].

The samples were prepared by irradiation with
1-MeV Kr*" ions at temperatures in the range 298—
1023 K and ion flux density of 10'* ion cm > s™'. This
procedure simulates most adequately the effect exerted
on the crystal structure by recoil nuclei arising in
a-decay of actinides [11]. We performed eight irradia-
tion runs. The structural changes were monitored in the
course of irradiation (in situ) with a transmission elec-
tron microscope. With increasing irradiation dose, the
reflection intensities decrease (Figs. 6a—6d), and broad
rings appear in the electron diffraction pattern. This is
caused by gradual disordering of atoms in the structure
of the substance and by its amorphization.

At 298 K, weak reflections remain at the maximal
irradiation dose of 2.5 x 10" jon cm . As the tempera-
ture is increased over 700 K, the amorphization doses
appreciably increase (Figs. 6e—6h). The data ob-
tained for monoclinic and orthorhombic REE titanates
of multicomponent (T18, T20, Imcc-2) or simple
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(Imcc-9) composition fall on a common curve (Fig. 7),
allowing T, for these phases to be estimated at 900 K.
In the general form, the temperature dependence of
D, is described by the formula [27] D, = Dy/{l —
exp[(E/k)(T:" — T™)]}, where D, is the critical amor-
phization dose at the measurement temperature T; T,
critical temperature; D,, critical dose at 7 = 0 K; E,,
activation energy of healing of radiation defects in the
structure; and &, Boltzmann constant.

The critical doses at 298 K for the samples that we
studied are (1.5-2.5) x 10" ion cm™. These values
correspond to those for monoclinic titanates Nd,Ti,0-
and La,Ti,O7 (1.9 x 10" and 2.2 x 10" jon cm™? [22,
23]), are close to those for REE-Ti-pyrochlores [20]
and brannerite [28], but are lower by an order of mag-
nitude than those for zirconolites at the same irradia-
tion mode [29]. The critical temperature of the phases
that we studied is estimated at 900 K, which is close to
the value for Nd,Ti,07 (920 K) but is somewhat higher
than the value of 840 K determined for La,Ti,0;
[22, 23].

DISCUSSION

To characterize the damage of the crystalline struc-
ture caused by different kinds of irradiation, the irra-
diation doses are converted into universal quantities,
displacements per atom (dpa). A special computer pro-
gram, SRIM-2000, is used for this purpose [30].
In irradiation with 1-MeV Kr*" ions, the fluence of
10" jon ecm™ approximately corresponds to 0.1 dpa.
For example, for REE titanate pyrochlores [16], the
following critical doses were obtained (ion cm%; in
parentheses, dpa): Sm,Ti,0; 2.18 x 10" (0.26),
Euw,Ti,0; 1.97 x 10" (0.23), Gd,Ti,0; 2.57 x 10"
(0.29), Dy,Ti,0, 2.0 x 10" (0.25), and Er,Ti,O 2.22 X
10'* (0.25). Such correlation was revealed in ion
irradiation of titanates of murataite structure, ferrites of
garnet structure, and other host materials [31-33].

The behavior of titanate pyrochlores under
irradiation was studied in most detail in connection
with their possible use as host materials for plutonium,
REE-actinide, and actinide fractions [21, 32]. The
critical doses that we obtained for orthorhombic and
monoclinic titanates at 298 K are estimated at 0.2—
0.3 dpa, which is close to the data obtained for the
majority of actinide host materials [11-13, 31]. Large
differences are observed only in the critical amor-
phization temperature. In particular, for REE titanate
pyrochlores it varies from 480 K for Lu,Ti,0O; to 1120

Fig. 6. Evolution of electron diffraction patterns of mono-
clinic titanate in T18 sample in the course of irradiation
at (a—d) 298 and (e-h) 1023 K to different fluences
(ion cm™): (a, e) before irradiation, (b, f) 1.25 x 10",
(c)141.88 x 10", (d) 2.5 x 10", (g) 5.0 x 10", and (h) 15.0 x
10,

2.0F
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g e 4
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Fig. 7. Temperature dependence of the critical dose of
irradiation of REE titanates with 1-MeV Kr*" ions: (1) T18,
(2) T20, (3) Imcc-2, and (4) Imcc-9.

[20] and even 1240 K for Gd,Ti,0O7 [22]. An important
role of this parameter is that, if the temperature in the
repository will be higher than T, the host material will
not undergo amorphization at any irradiation dose and
will remain in the crystalline state. We have estimated
[34] the possible temperature around a cylindrical
container with the host material of the REE—actinide
fraction in relation to its size (block diameter), waste
content, and storage time before final disposal in the
borehole. As a result, we obtained the curves
describing a decrease in the temperature with time in
the center and on the surface of the host material after
loading into the repository. The time dependence of
the temperature for one of such scenarios (block
diameter 20 cm, waste content of the host material
40 wt %, preliminary storage for 10 years) reaches a
maximum of 573 K in 5 years after the waste disposal
and decreases to 393 K in 100 years. It is necessary to
add to these values the geothermal gradient, which can

RADIOCHEMISTRY Vol. 60 No.3 2018
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reach 100-150 K at depths of 3—5 km. That is, the acti-
nide host material will occur in a deep borehole reposi-
tory for many decades at temperatures of the order of
600 K. Although this value is lower than the critical
temperature of REE titanates, estimated at 900 K, such
conditions can significantly decelerate the disordering
of the host material structure under the action of the
actinide decay. As found previously [17], the samples
of Gd,Ti,O7 (Fd3m) and La,Ti,0; (P2,), amorphized
by irradiation with 2-GeV Ta ions, behaved differ-
ently: the titanate of pyrochlore structure (Gd,Ti,O)
restored the initial structure at 1123 K, whereas for
monoclinic titanate (La,Ti,O;) this occurred at 1048 K,
i.e., at a temperature lower by 75 K. Healing of radia-
tion defects in La,Ti,O; starts at 943 K, and in the
Gd,Ti,0; phase, only at 1063 K. The temperature
fields in a borehole repository and their effect on
amorphization of crystalline host materials require ad-
ditional analysis.

It should be noted in conclusion that the REE,T1,0,
and REE4Ti90,4 phases, where rare earth elements are
represented by a mixture of elements similar to that
present in spent nuclear fuel and HLW from its reproc-
essing and solely by Nd, exhibit similar resistance to
the ion irradiation. This fact confirms our assumption
[6, 7] that Nd is the most suitable surrogate for the
REE-actinide HLW fraction.
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