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Abstract

Radiation effects in a wide range of pyrochlore compositions have been extensively investigated due to the potential application of
pyrochlores as host matrices for the immobilization of actinides – particularly Pu. In this study, we have performed 1.0 MeV Kr2+

ion implantations in bulk samples of single crystal Gd2Ti2O7 at room temperature at different ion fluences of 1.875, 3.125 and
5 · 1014 ions/cm2. The microstructural evolution upon ion-beam implantation was examined by cross-sectional transmission electron
microscopy (TEM). The critical amorphization dose at room temperature for 1 MeV Kr2+ implanted Gd2Ti2O7 was determined to be
�0.143 dpa, which is significantly lower than the dose obtained by ion-irradiation under in situ TEM observation.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, there has been great interest in using materials
with fluorite and fluorite-related structures, such as isometric
pyrochlores, as potential host phases for the immobilization
of actinides, particularly Pu [1–11]. Numerous ion-beam-
irradiation studies [12–19] have been carried out to simulate
the radiation damage resulting from the a-decay events of
incorporated radionuclides. Both heavy- and light-ion irradi-
ations were performed at controlled temperatures, and in situ
irradiations, combined with TEM observation, were used to
examine the microstructural evolution upon ion-beam dam-
age. The critical amorphization dose,Dc, the irradiation dose
required to fully amorphize a given pyrochlore composition,
was determined as a function of temperature. In the present
study, we have performed bulk sample implantations in
Gd2Ti2O7 single crystals at room temperature, and the result-
ing microstructural evolution was characterized by cross-
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sectional TEM. The baseline critical amorphization doses
at room temperature are compared to those obtained by
in situ TEM observations.

2. Experimental

A 1.0 MeV Kr2+ ion implantation in Gd2Ti2O7 single
crystals was performed at room temperature using tandem
ion accelerator at Argonne National Laboratory at
different fluences of 1.875, 3.125 and 5 · 1014 ions/cm2.
The radiation damage and microstructure change upon
ion implantation were examined using cross-sectional and
high-resolution TEM techniques with a JEOL JEM
2010F microscope. The damage profiles observed by
cross-sectional TEM were compared with those simulated
by SRIM-2000 code. A threshold displacement energy of
50 eV was employed for all of the atoms in the pyrochlore
structure in the SRIM calculations. The critical amorphiza-
tion dose in the unit of displacements per atom (dpa) was
determined as the dose at the interface between the amor-
phous layer and crystalline matrix.
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3. Results and discussion

Fig. 1 shows the cross-sectional TEM image of
Gd2Ti2O7 implanted by 1 MeV Kr2+ at a fluence of
1.875 · 1014 ions/cm2. A complete amorphous layer with
�350 nm thick was created starting from the surface of
Fig. 1. Cross-sectional TEM image of a Gd2Ti2O7 single crystal implanted
by 1 MeV Kr2+ at room temperature at a fluence of 1.875 · 1014 ions/cm2.
The corresponding selected area electron diffraction patterns (SAED) were
acquired from different areas across the damage layer.

Fig. 2. High-resolution TEM (HRTEM) images across the damage profile of a
a fluence of 1.875 · 1014 ions/cm2. Different features, including a completel
amorphous domains embedded in the disordered-fluorite structure (C) and th
the sample as a result of radiation damage, and no diffrac-
tion contrast was observed within this layer. (Note, the sur-
face of Gd2Ti2O7 is not shown in Fig. 1.) The formation of
the amorphous layer was further evidenced by the complete
loss of diffraction maxima in the corresponding SAED
pattern. Below the amorphous layer, where the radiation
damage may be less than the critical amorphization dose
required to fully amorphize Gd2Ti2O7, a highly damaged
layer was created as indicated by mottled zones of dark
contrast in the TEM image. Fig. 2 shows high-resolution
TEM images acquired from different areas across the
interface between the amorphous layer and crystalline
substrate. The formation of a completely amorphous layer
was further evidenced by the complete loss of lattice fringes
when the damage level was above the critical amorphiza-
tion dose, Dc. A concurrent process of ion-beam-induced
pyrochlore-to-fluorite structural transition was observed
in conjunction with the radiation-induced amorphization
process. The pyrochlore-to-fluorite structural transition in
ion implanted/irradiated pyrochlore compounds was in-
duced by the disordering of cations occupying the A- and
B-sites, as well as anion vacancies [4,12,13,16,20]. The
pyrochlore and fluorite structures can be distinguished by
the presence or absence of superlattice diffraction maxima
(or weak diffraction spots) in SAED patterns. Additionally,
nano-sized fluorite domains were embedded in the amor-
phous matrix, and the corresponding selected-area electron
diffraction patterns show only the diffraction maxima of
the fluorite structure with diffuse haloes (inset in the
Gd2Ti2O7 single crystal implanted by 1 MeV Kr2+ at room temperature at
y amorphous layer (A), fluorite domains in an amorphous matrix (B),
e ordered pyrochlore substrate (D), were observed.
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Fig. 4. Full-cascade calculated damage profiles for Gd2Ti2O7 single
crystals implanted by 1 MeV Kr2+ at room temperature at different ion
fluences. The critical amorphization dose can be determined by comparing
the experimental microstructure with the calculated damage profiles. The
average critical amorphization dose of the Gd2Ti2O7 single crystal
subjected to 1 MeV Kr2+ implantation at room temperature is
�0.143 dpa, as shown by the dashed line in this figure.
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Fig. 2(B)). Amorphous regions embedded in the crystalline
matrix were also observed (Fig. 2(C)), suggesting that the
amorphization process in ion-implanted Gd2Ti2O7 occurs
through a heterogeneous displacement process, instead of
a homogeneous process in which a gradual increase of
the point-defect concentration leads to a sudden change
from a perfectly crystalline to an aperiodic material at a
critical defect concentration.

An increase in the ion fluence thickens the amorphous
layer (Fig. 3). The thicknesses of the amorphous layers
of Gd2Ti2O7 created by 1 MeV Kr2+ implantation at ion
fluences of 3.125 · 1014 and 5 · 1014 ions/cm2 are �390
and �410 nm, respectively. Full-cascade calculations using
SRIM-2000 were performed with threshold displacement
energies of 50 eV for all of the atoms in pyrochlore struc-
ture. The density (6.567 g/cm3) of crystalline Gd2Ti2O7

was used for SRIM calculations. Fig. 4 shows the simu-
lated damage profiles at different ion fluences. By compar-
ing the experimental damage profile with the simulated
profile, the critical amorphization dose for 1 MeV Kr2+ im-
planted Gd2Ti2O7 single crystals at ion fluences of 1.875,
3.125 and 5 · 1014 ions/cm2 can be determined as �0.14,
�0.142 and �0.146 dpa, respectively. A consistent result
for the critical amorphization dose for Gd2Ti2O7 implanted
by various ion fluences was obtained, indicating that ion
implantation combined with cross-sectional TEM exami-
nation is particularly useful in investigating the microstruc-
tural evolution of materials upon ion-beam damage and
determining the critical amorphization doses. A higher crit-
ical dose for Gd2Ti2O7 at room temperature (�0.294 dpa)
was obtained by in situ ion irradiation. During in situ
TEM studies, a pre-thinned TEM foil was used for ion-
beam irradiation. The high-surface-area to irradiated vol-
ume ratio and electron-beam radiation-enhanced annealing
effects may lead to the migration and annihilation of iso-
lated defects at the surface, resulting in an over estimation
of the critical amorphization dose.

Using �0.143 dpa as the average critical amorphization
dose for 1 MeV Kr2+ implanted Gd2Ti2O7 at room temper-
Fig. 3. Bright-field cross-sectional TEM images showing the damage profiles o
at different ion fluences: (A) 1.875, (B) 3.125 and (C) 5 · 1014 ions/cm2. The th
390 and 410 nm, respectively.
ature, the amorphous layer simulated by SRIM-2000 code
increases at higher ion fluences – as revealed by the dashed
line in Fig. 4. This behavior is consistent with that deter-
mined by cross-sectional TEM observations. This result
suggests that the increase in the amorphous layer thickness
for 1 MeV Kr2+ implanted Gd2Ti2O7 pyrochlore is due to
the greater damage level accumulated at all depths across
the cross-sectional damage profile at higher ion fluences
(Fig. 4). We originally reported that ion implantation at
high fluences thickens the amorphous layer in 300 keV
Pb+ implanted zircon crystals [21]. For the case of ZrSiO4

crystals, there is a significant density decrease (up to 18%)
with increasing a-decay dose and ion-beam radiation dam-
age due to the swelling of amorphous zircon [22]. The
growth of the amorphous layer in Pb+ implanted zircon
is mainly associated with the dimensional change caused
by the volume expansion of amorphous zircon [21].
f Gd2Ti2O7 single crystals implanted by 1 MeV Kr2+ at room temperature
icknesses of the amorphous layers created by ion-beam damage are �350,
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Lumpkin et al. [23] studied the retention behavior of actin-
ides in natural pyrochlores and zirconolites, and they re-
ported systematic structural changes at doses between
2 · 1014 and 3 · 1017 a/mg. An important physical conse-
quence of the displacive radiation damage is volume expan-
sion which leads to microfracturing in coarse-grained
(>100 lm) samples. In the present study, no significant vol-
ume expansion as a result of the radiation-induced amor-
phization was observed in the Gd2Ti2O7 single crystal as
evidenced by the well-defined thickness of the amorphous
layer at different ion fluences, consistent with the results
of the SRIM code simulations.

4. Conclusions

Gd2Ti2O7 single crystals were implanted by 1 MeV Kr2+

ions at room temperature, and the microstructural evolu-
tion upon ion-beam damage was examined by cross-
sectional TEM. The critical amorphization doses at room
temperature were derived by comparing the experimental
damage profiles with those simulated by the SRIM-2000
code. As a function of the radiation dose, different features
were observed in the ion implanted titanate pyrochlore
compounds including: a fully amorphous layer, domains
of fluorite structure in an amorphous matrix, and amor-
phous regions embedded in the disordered fluorite struc-
ture and the ordered pyrochlore substrate. As the Kr2+

fluence increases from 1.875 · 1014 to 5 · 1014 ions/cm2,
the thickness of the amorphous layer created by ion-beam
implantation increases slightly, and no significant volume
expansion was observed as a result of ion-beam-induced
amorphization. The critical amorphization dose at room
temperature for 1 MeV Kr2+ implanted Gd2Ti2O7 was
determined to be �0.143 dpa, i.e. a value that is signifi-
cantly lower than the ion-irradiation dose found under
in situ TEM observation conditions.
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