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Abstract

U-, Th- and Ce-doped pyrochlores were synthesized by solid state reaction: (Cage,Gdog7Ug23)(Zro84Ti134)O069, (Caga7Gdo.osThoo)(Zry 29
Tig.89)O7.05, (Cag44GdThg42)Zr51307.05, Cagge1 Tho gaZr; 250709 and Cay 04Cep.97Ti1.9906.96- Their response to the radiation damage from the recoils
of the alpha-decay events has been simulated by 1 MeV Kr?* ion irradiation and studied by in situ transmission electron microscopy (TEM). An
ion beam-induced pyrochlore-to-fluorite structural transition occurred for all compositions, and independent kinetics were observed for cation
and anion disordering processes. Similar to the stoichiometric titanate and zirconate pyrochlores, the Ti-rich compositions are susceptible to ion
beam-induced amorphization; while, the Zr-rich compositions are more radiation “resistant”. A close relation between the critical amorphization
temperature of the U-, Th- and Ce-doped pyrochlores and the average cation ionic radius ratio of the A- and B-sites was observed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The design and selection of actinide-bearing materials
for nuclear waste forms for the safe disposition of Pu and
the “minor” actinides (e.g., Np, Am, Cm) generated by the
nuclear fuel cycle is critical for the development of next
generation of nuclear power reactors. Isometric pyrochlores,
A»B»07, have been proposed as potential hosts for the immo-
bilization of actinides, particularly Pu, due to their chemical
durability and their ability to accommodate a wide variety of
waste stream compositions [1-7]. The self-irradiation effects
from the a-decay events of the incorporated actinides in the
transplutonium-zirconate pyrochlores An,Zr,O7 (An=Am,
Cf) have recently been reported [8]. Ion beam irradiation has
been widely used to simulate the ballistic effects of a-decay
damage from the incorporated actinides for different pyrochlore
compositions [9-15], and a synthetic Gd,TioO7 doped with
a short-lived actinide >**Cm (half-life=18.1 years) shows a
similar response behavior to a-decay damage and ion beam
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irradiation [3,16]. In this paper, the response behaviors of
Ce-, U- and Th-doped pyrochlores to radiation damage were
investigated by 1MeV Kr?* irradiation. The microstructural
evolution upon ion beam irradiation has been characterized in
detail by in situ transmission electron microscopy (TEM) and
ex situ high-resolution TEM observation.

2. Experimental

The actinide-doped pyrochlores were synthesized with designed com-
positions of: CaCeTi;O7, (CagsGdThys)(ZrTi)O7, (Caps5GdThgs)Zr,07,
CaThZr,07, and (Cags5GdUg5)(ZrTi)O7. These samples were prepared by
pressing and sintering a mixture of CeO,, UO, or ThO,, TiO;z, ZrO;, and
Gd, 03 as a neutron absorber, as well as a certain amount of CaO for charge
compensation, at 1775-1825 K for 610 h in air. The Ce-doped sample was sin-
tered at 1575-1625K for 5-50h in pure oxygen [17]. The Ce-doped sample
is composed mainly of pyrochlore, residual CeO, and perovskite. In the U-
and Th-doped samples, the dominant phase is pyrochlore, with minor, residual
phases of (U, Zr)O, or ThO,. Based on quantitative analysis by energy disper-
sive spectroscopy (EDS) measurements during scanning electron microscopy
observation, the actual stoichiometries of the corresponding pyrochlore
phases were determined to be: Caj 04Ceg.97Ti1.9906.96, (Caga7Gdo.o5Tho40)
(Zr129Tio.89)O07.05, (Cag.44GdTho42)Zr2.1307.05, Cag.91Thos4Zr22507,09 and
Cag62Gd0.97U0.23)(Zro.84Ti1.34)O6.90, respectively.

A 1MeV Kr?* ion irradiation was performed using the IVEM-Tandem
Facility at the Argonne National Laboratory over the temperature range from
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original

1x10" ions/cm?

2x10" ions/cm?

Fig. 1. A sequence of SAED patterns for Cajp4Ceg97Tij 9907 irradiated by 1MeV Kr?* at room temperature at different ion fluences: (a) original; (b)

1 x 10" ions/cm?; (c) 2 x 10'* jons/cm?.

293 to 1173 K. During irradiation, the ion beam was aligned approximately
normal to the sample surface. The ion flux was 6.25 x 10'! cm=2s~!. The crit-
ical amorphization fluence (F.) was defined as the fluence at which all of the
diffraction maxima in the selected-area electron diffraction (SAED) pattern had
disappeared. A number of different grains with the pyrochlore structure were
monitored during the ion irradiations, and final doses were obtained by aver-
aging the experimental data from these grains. The microstructural evolution
of actinide-doped pyrochlores were characterized in detail by ex situ HRTEM
observations using a JEOL 2010 analytical TEM operated at the accelerating
voltage of 200 kV.

3. Results and discussion

3.1. Ion beam-induced amorphization and temperature
dependence

The microstructural evolution of actinide-doped pyrochlores
upon 1MeV Kr?* irradiation at different ion fluences has
been followed in detail by monitoring the SAED patterns
(Figs. 1-3). All of the titanate pyrochlores are sensitive

0.625x10" 1.25x10"

to ion beam-induced amorphization at room temperature.
The critical amorphization fluences at room temperature for
Cay.04Ce0.97Ti1.9906.96, (Cap.62Gdo.97U0.23)(Zro.84 Ti1.34)O6.90,
and (Cag 47Gdo.95Tho.40)(Zr1 29 Tig.89)O7.05 upon 1 MeV Kr?*
irradiation are 2.0, 3.75 and 5.62 x 10'#ions/cm?, respectively.
For pure zirconate pyrochlores, (Cap44GdThg42)Zr>.1307.05
and Cago1Thg 84712250709, amorphization could not be
achieved at 25K at a fluence of 1.06 x 10" ions/cm? (Fig. 4).
These results are consistent with the previous study in
which the radiation resistance of Gd,(Tij_,Zr,)>0O7 increases
as the concentration of Zr increases, and the end mem-
ber zirconate pyrochlore (e.g., GdyZr,O7) is highly radiation
resistant [9]. Fig. 5 shows the temperature dependence of
the actinide-doped pyrochlores to ion beam-induced amor-
phization. The critical amorphization fluence increases with
increasing temperature due to dynamic annealing effects.
Above a critical temperature, 7., the critical amorphiza-
tion fluence increases to infinity, and complete amorphization
does not occur. The critical amorphization temperatures of

1.88x10™ 3.75x10" ions/cm?

13.1x10" ions/cm?

1.88x10"

Fig. 2. SAED patterns of (Cag 62Gdo.97U0.23)(Zro84Ti; 34)O¢.90 irradiated by 1 MeV Kr?* at room temperature (upper row) and 798 K (lower row).
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original 1.56x10"

2.81x10™ 8.75x10" ions/cm®

Fig. 3. SAED patterns of (Cag47Gdo.95Tho.40)(Zr129Tip.89)O07 05 irradiated by 1 MeV Kr?* at 473K at different ion fluences: (a) original; (b) 1.56; (c¢) 2.81; (d)

8.75 x 10" jons/cm?.

1.06%10" ions/cm?

Fig. 4. High-resolution TEM images and corresponding SAED patterns of (a) (Cap.47Gdo.95Tho.40)(Zr1.20Tio.89)O7.05 and (b) (Cag.44GdThg.42)Zr2.1307.05 irradiated

by 1 MeV Kr?* at room temperature and 25 K, respectively.

Cay.04Ce0.97Ti1.9906.96, (Cap.62Gdp.97U0.23)(Zro.84Ti1.34)O6.90,
and (Cag 47Gdg.95Thg 40)(Zr1.29Tig 89)O7.05 are ~1060, 820 and
550 K, respectively. The lower critical amorphization tempera-
tures for actinide-doped pyrochlores is consistent with the higher
critical amorphization fluences for Zr-rich compositions at room
temperature.

The critical amorphization temperatures of actinide-doped
pyrochlores can be compared to data for the solid-solution
binary, Gdy-Tiy—Zry-O7, upon 1 MeV Kr?* jon irradiation
(Fig. 6). A close correlation between the critical amorphization
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Fig. 5. Critical amorphization fluences of actinide-doped pyrochlores vs. irra-
diation temperature.

temperature and average cation ionic radius ratio is demon-
strated. These results are also consistent with recent systematic
ion beam irradiation studies on a series of titanate pyrochlores
A,Ti»O7 (A=Lu to Sm, and Y) [10], zirconate pyrochlores
ArZr,07 (A=Gd, Eu, Sm and La) [11] and stannate pyrochlores
[15]. Generally, the “radiation resistance” of pyrochlores is
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Fig. 6. Critical amorphization temperatures of actinide-doped pyrochlores as
a function of average cation ionic radius ratio (rp3+/rgs+). The data of
Gd(Tip—yZry)O7 are included for comparison [9].
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closely related to the cation ionic radius ratio and x positional
parameter for the 48f oxygen (the only atom in the structure that
does not occupy a special position). A decrease in the average
ionic radius ratio of the A- and B-sites (ra/rg) generally leads
to a decrease in the critical temperature for amorphization. The
lower the critical temperature for amorphization the more the
phase is considered to be “resistant” to radiation damage because
the radiation damage anneals at relatively lower temperatures.
In the case of zirconate pyrochlores, the radiation-induced trans-
formation is to a defect fluorite structure (the resulting of cation
and anion disordering of the pyrochlore structure) rather than
the aperiodic state [9].

3.2. Order—disorder structural transition

In addition to ion beam-induced amorphization, a pyrochlore-
to-fluorite structural transition occurred for all of the
compositions, as evidenced by the strong diffraction maxima of
the fluorite unit cell observed in the SAED patterns with increas-
ing ion fluences (Figs. 2¢c and 3c). The order—disorder structural
transition results from the disordering of cation and anion sub-
lattices upon ion beam irradiation. For Caj 04Ce(.97Ti1.9906.96,
the pyrochlore-to-fluorite structural transition occurred simulta-
neously with the amorphization process, similar to that observed
for other titanate pyrochlores (e.g., Gd> TioO7) [9,18]. For the Zr-
rich compositions, the ion beam-induced pyrochlore-to-fluorite
structural transition occurred prior to the amorphization process.
The pyrochlore structure is a unique oxide in that the disordering
processes can occur independently on both the anion and cation
sublattices [19]. A detailed in situ study of the order—disorder
transition in ion irradiated titanate pyrochlores has shown that
anion disordering precedes the disordering of the cations, and
upon ion irradiation, an anion-disordered pyrochlore can form
with significant anion disordering, while still retaining substan-
tial cation order [13,20]. This anion-disordered pyrochlore is
also observed in all of the actinide-doped pyrochlores upon
ion irradiation, as shown by the disappearance of character-
istic diffraction maxima (h+k+1=4n, for which individual
indices are not a multiple of 4) corresponding to the anion
order [21] in the selected-area electron diffraction pattern
(Figs. 2b and f and 3b).

Chemical composition and irradiation temperature appear
to have no significant effects on the anion-disordering pro-
cess. The ion fluence driving the disordering of the anion
sublattices has been determined to occur in the range of
(1.25~1.50) x 10'* ions/cm? (Figs. 2b and 3b). Anion disorder-
ing is almost completed at an ion fluence of 1.25 x 10'* ions/cm?
for (CagpGd.97Up23)(Zro.g4Tii34)O06.90 irradiated at 798 K
(Fig. 2f), similar to that observed at room temperature, despite
the fact that complete amorphization cannot be achieved at this
temperature. However, significant cation ordering is retained
for (Cag.62Gdg.97U0.23)(Zro 84 Ti1 34)O¢.90 irradiated at 798 K to
a fluence of 1.88 x 10%ions/cm?2, at which a complete disor-
dering of A- and B-site cations occurs at room temperature
(Fig. 2¢). In the case of (Cag.47Gdo.95Tho.40)(Zr1.29Tio.89)O07.05,
complete cation disordering does not occur at a fluence of
2.81 x 10'*ions/cm? (Fig. 3c). These results suggest that the ion

beam-induced anion disordering is almost temperature indepen-
dent; while, cation disordering is more sensitive to the change in
the chemical composition and irradiation temperature. A molec-
ular dynamic simulation of 6 keV U** in LayZr,O7 has indicated
that a significantly larger number of oxygen atoms are displaced
from their equilibrium positions than are the La and Zr during
the displacement cascade formation at #=0.3 ps. Within several
picoseconds (~7.5 ps), more than 90% of the displaced anions
and cations return to their initial positions or occupy equivalent
crystallographic sites [22]. Thus, this defect recovery process,
due to dynamic annealing, leads to a significant anion disorder-
ing, but cation ordering may be retained. Specifically, the ease
of the rearrangement of oxygen atoms displaced from 48f posi-
tion to the unoccupied 8a position makes the anion-disordering
process more energetically favorable and less temperature and
composition dependent.

4. Conclusions

Samples of actinide- and Ce-doped pyrochlores including:
Cay.04Ce0.97Ti1.9906.96, (Cap 62Gdo.97U0.23)(Zro.84Ti1.34)O6.90,
(Cap.47Gdo.95Thg.40)(Zr1.29Tig.89)O7 05, (Cap.44GdThg.42)-
715130705 and Cagg1Thgg4Zr; 250709, have been irradiated
by 1MeV Kr?* in the temperature range of 25-1100K. An
ion beam-induced pyrochlore-to-fluorite structural transition
occurred for all of actinide-doped compositions, and an anion-
disordered pyrochlore was created prior to the transformation
of the pyrochlore structure to the defect-fluorite structure-type.
Anion disordering was found to be essentially independent of
composition and irradiation temperature. The critical amor-
phization fluence increases with increasing Zr-content in the
pyrochlore structure. The critical amorphization temperatures of
Cay.04Ce0.97Ti1.9906.96, (Cag.62Gdo.97U0.23)(Zro.84 Ti1.34)O6 90,
(Cag.47Gd0.95Tho.40)(Zr1 29Ti0.89)O705 upon 1MeV Kr**
irradiation are ~1060, 820 and 550K, respectively. No ion
beam-induced amorphization has been observed for the
Zr-rich compositions of (Cag44GdThg42)Zr21307095 and
Cag91Tho 84717250709 at 25K. A close correlation between
the critical amorphization temperature of actinide-doped
pyrochlores and the average ionic radius ratio at the A- and
B-sites was observed. These results suggest that complex
pyrochlore compositions, those with high concentrations of
actinides and lanthanides, exhibit a wide range of responses to
radiation: amorphization or disordering to the defect fluorite
structure. The results of these systematic studies of radiation-
response allow one to design actinide-bearing waste forms
that will have a predictable response to radiation as a function
of a specific composition and temperature. These ion beam
irradiation data, however, must be confirmed by actinide-doping
experiments (e.g., 2>8Pu or 2**Cm) to equivalent fluences as
attained in the ion beam irradiation experiments.
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