
Radiation Effects in Uranium-Niobium Titanates

Pyrochlore is an important actinide host phase proposed for the immobilization of
high level nuclear wastes and excess weapon plutonium.111 Synthetic pyrochlore
has a great variety of chemical compositions due to the possibility of extensive
substitutions in the pyrochlore structure.121 During the synthesis of pyrochlore,
additional complex titanate phases may form in small quantities. The response of
these phases to radiation damage must be evaluated because volume expansion
of minor phases may cause micro-fracturing. In this work, two complex uranium-
niobium titanates, U3NbO9 8 (U-rich titanate) and Nb3UO10 (Nb-rich titanate) were
synthesized by the alkoxide/nitrate route at 1300°C under an argon atmosphere.
The phase composition and structure were analyzed by EDS, BSE, XRD, EMPA
and TEM techniques. An 800 KeV Kr2+ irradiation was performed using the
IVEM-Tandem Facility at Argonne National Laboratory in a temperature range
from 30 K to 973 K. The radiation effects were observed by in situ TEM.

At room temperature, the critical amorphization doses (Dc) of U-rich titanate and
Nb-rich titanate irradiated by 800 KeV Kr2+ are 4.72xl017 (0.10 dpa according to
the TRIM-96 calculation) and 5xl017 ions/m2 (O.lldpa), respectively. No signifi-
cant difference of critical amorphization dose was observed between the U-rich
and Nb-rich titanates. The temperature dependences of the critical amorphization
doses are shown in Fig. 1. With increasing temperature, the critical amorphization
doses increase as a result of dynamic annealing. The critical amorphization tem-
perature for both Nb-rich and U-rich phases is ~ 933 K.

Above the critical amorphization temperature, full amorphization does not occur,
and nanocrystal formation was observed. Fig. 2 shows the microstructure of the
U-rich titanate irradiated at 933 K at an ion dose of 2.5xl019 ions/m2. Nanocrystals
have a preferred orientation, and the average size is 15 to 20 nm. The microstruc-
ture of U-rich titanate irradiated by 1.88xl019 ions/m2 Kr2+ at 973 K is shown in
Fig. 3. Nanocrystals with a random orientation were observed.
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Figure 1.
Temperature
dependences of
critical
amorphization
doses of the U-rich
and Nb-rich
titanates irradiated
by800KeVKr2+.
The black dot
denotes the
formation of
nanocrystals at
933 K.
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Figure 2. (a) Bright-
field image; (b) SAD
pattern; (c)HRTEM
image of U-rich
titanate irradiated
by800KeVKr2+at
933 K.

Figure 3. The
microstructure of
U-rich titanate
irradiated by
800KeVKr2+at
973 K with ion dose
of 1.8x1019 ions/cm2:
(a) Bright-field
image; (b) Dark-field
image; (c) HRTEM
image.
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Ion irradiation-induced nanocrystal formation can be the result of competition
between amorphization and crystal recovery and recrystallization.13"51 Epitaxial
growth and nucleation-growth are the primary crystal recovery mechanisms
during the process of ion irradiation-induced amorphization. Due to the higher
energy barrier for the formation of new crystal nuclei, the probability of nucle-
ation-growth is small as compared with that of epitaxial growth. Thus, the epi-
taxial recrystallization of the highly damaged materials leads to the formation of
nanocrystals at 933 K. As a result, nanocrystals show a preferred orientation
similar to that of the original crystalline matrix. At a higher temperature, 973 K,
the probability of nucleation increases due to the lower quench rate and longer
annealing time. Thus, nanocrystals of random orientation can form around these
newly formed nuclei. In this case, ion irradiation-induced nucleation-growth of
nanocrystals that occurs in heavily damaged crystalline materials at elevated
temperature is similar to thermally activated recrystallization in cold-worked
metals.[6/71 Epitaxial growth and ion irradiation-induced nucleation-growth both
have important effects on the formation and orientation of nanocrystals.
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