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Pyrochlores have long been considered as potential candidates for advanced ceramic waste-forms for the
immobilization of radioactive waste nuclides. This work provides evidence that Gd2Zr2O7, often
considered the most radiation tolerant pyrochlore, could be susceptible to radiation damage in the form
of bubble nucleation at the highest He doses expected over geological time. Ion irradiations were utilized
to experimentally simulate the radiation damage and He accumulation produced by a-decay. Samples
were pre-damaged using 7 MeV Au3þ to induce the pyrochlore to defect-fluorite phase transformation,
which would occur due to a-recoil damage within several hundred years of storage in a Gd2Zr2O7 waste-
form. These samples were then implanted to various He concentrations in order to study the long-term
effects of He accumulation. Helium bubbles 1e3 nm in diameter were observed in TEM at a concen-
tration of 4.6 at.% He. Some bubbles remained isolated, while others formed chains 10e30 nm in length
parallel to the surface. GIXRD measurements showed lattice swelling after irradiating pristine Gd2Zr2O7

with 7 MeV Au3þ to a fluence of 2.2 � 1015 Au/cm2. An increase in lattice swelling was also measured
after 2.2 � 1015 Au/cm2 þ 2 � 1015 He/cm2 and 2.2 � 1015 Au/cm2 þ 2 � 1016 He/cm2. A decrease in lattice
swelling was measured after irradiation with 2.2 � 1015 Au/cm2 þ 2 � 1017 He/cm2, the fluence where
bubbles and bubble chains were observed in TEM. Bubble chains are thought to form in order to reduce
lattice strain normal to the surface, which is produced by the Au and He irradiation damage.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Ceramics considered for radioactive waste immobilization
generally have complex crystal structures to facilitate the accom-
modation of various uniquely sized actinides at crystallographic
lattice sites. Direct incorporation of actinides at lattice sites allows
crystalline matrices, including pyrochlore, to achieve higher
chemical durability than traditional glass host matrices [1,2]. In
addition, some difficult “legacy” waste streams from past military
or civil nuclear programs cannot undergo vitrification using current
technology [3]. Pyrochlores, with structural formula A2B2O7 (space
).

lsevier Ltd. All rights reserved.
group Fd-3m (No. 227)), where A- and B- sites contain metal cat-
ions, have long been considered a potential actinide immobilization
host phase [4] because of their ability to accommodate various
minor actinides at the A- and B- sites.

Pyrochlore differs from the fluorite structure in that there are
two cation sites and one-eighth of the anions are absent. The cat-
ions and oxygen vacancies are ordered, with A-site cations occu-
pying the 16d site and B-site cations occupying the 16c site. Oxygen
anions occupy the 48f and 8a positions, with oxygen vacancies
occupying the 8b sites. The position of oxygen anions in the 48f
position shifts because the oxygen positional parameter x changes
to incorporate various cation sizes [5]. Under irradiation, Gd2Zr2O7
undergoes an order-disorder transformation from pyrochlore to
defect-fluorite at ~0.4 dpa [6]. In a defect-fluorite (space group Fm-
3m (No. 225)), the cations are randomly distributed on the fluorite
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cation sublattice (4a site) while the oxygen anions (7 per cell) and
oxygen anion vacancies (1 per cell) are randomly distributed on the
fluorite anion sublattice (8c site) [7]. Fig.1 illustrates the differences
between the pyrochlore and defect-fluorite structures.

Much of the previous radiation damage work involving pyro-
chlores has focused on either predicting the radiation stability
based on the cation radius ratio (rA/rB) [7], or on identifying the
total damage dose required to induce amorphization or the pyro-
chlore to defect-fluorite transformation [2,4]. Understanding phase
transformations is of critical importance for identifying prospective
waste-form materials because structural changes often result in
altered chemical properties or responses to irradiation damage. For
example, amorphization increased the leach rate of Cm and Gd in
the pyrochlore Gd1.935Cm0.065TiZrO7 which was placed in water for
14 days at 90 �C [8]. In general, pyrochlores with similar cation radii
more easily form antisite defects, which allows the structure to
easily transform to the more stable defect-fluorite structure under
irradiation. Pyrochlores with dissimilar cation radii cannot easily
form the defect-fluorite structure [7], and the pyrochlore structure
collapses under irradiation, leading to amorphization. Amorph-
ization has been observed in the widely studied titanate pyro-
chlores at various doses [9] and many become fully amorphous
near 0.2 dpa [4]. Zirconate pyrochlores, which have similar A- and
B- site cation radii, easily transform to defect-fluorite under irra-
diation [7]. Gd2Zr2O7 (GZO), often considered the most radiation
tolerant pyrochlore, is resistant to amorphization at cryogenic
temperatures, even at 100 dpa [10], making the structure a desir-
able host for radionuclide immobilization.

Depending on actinide content, waste-form matrices will un-
dergo varying amounts of displacement damage due to low energy
(typically z100 keV) recoil atoms (daughter nuclei) produced
during a-decay processes from plutonium and other minor
Fig. 1. Schematic showing the differences between the (a) pyrochlore structure, where
cations and oxygen vacancies are ordered, and (b) defect-fluorite, where, in addition to
oxygen vacancy disorder, cations are randomly arranged on the A- and B-sites.
Gd2Zr2O7 undergoes an order-disorder transformation from pyrochlore to defect-
fluorite under irradiation.
actinides for hundreds of thousands of years [11]. Though damage
in a real waste-form depends on waste loading, displacement
damage will, for example, transform GZO to the defect-fluorite
phase within one hundred years of storage in a waste-form con-
taining 5 wt% minor actinides (Fig. 2). Beyond this point, He atoms
will continue to accumulate due to a-decay, causing the host matrix
to swell or reach a critical He concentration sufficient for bubble
nucleation. Helium accumulation in a real waste-form could create
mechanical stresses that lead to cracking, creating a path for
ground water to penetrate the waste-form, thereby providing a
mechanism for contamination and leaching radioactive material. In
this work, we attempt to simulate the combined effects of a-recoil
damage and He accumulation by pre-damaging GZO samples prior
to He implantation. The pre-damage step serves to (1) simulate a-
recoil damage that would occur prior to significant He accumula-
tion, and (2) transform GZO from pyrochlore to defect-fluorite,
which would precede significant He accumulation in a waste-
form. The pyrochlore to defect-fluorite phase transformation may
also affect the He mobility; Wiss et al. [12] measured a higher He
retention capacity in defect-fluorite than in pyrochlore GZO. Sam-
ples were implanted to various He fluences corresponding to the
expected He concentration at different timescales in a GZO waste-
form. Bubble formation and morphology were examined using
transmission electron microscopy (TEM). Lattice parameter
changes resulting from irradiation damage and He accumulation
were measured using grazing incidence x-ray diffraction (GIXRD).

2. Experimental methods

2.1. Sample preparation

Two sets of polycrystalline GZO samples were used in this work.
Set #1 samples (5 � 10 mm), which were prepared by the sol-gel
routine and sintered in a hot isotactic press as described in
Nachimuthu et al. [13], were approximately 97% of the theoretical
density. Set #2 samples (10 mm in diameter) were prepared by
conventional solid-state synthesis. ZrO2 and Gd2O3 powders were
mixed in stoichiometric ratios, ball milled for 18 h, pressing the
powders into pellets using a room temperature uniaxial press, and
sintering in air at 1100 �C for 48 h. The powder was then ball milled
again for 12 h, pressed at room temperature, and sintered in air at
1300 �C for 48 h. Finally, the powder was ball milled for 12 h,
pressed into thin pellets and sintered at 1600 �C for 72 h to form the
ordered pyrochlore phase. GZO samples were 95% of the theoretical
Fig. 2. Dose and He accumulation in Gd2Zr2O7 as a function of geological time for
various waste loadings. Gd2Zr2O7 will be fully transformed to the defect-fluorite
structure above the dotted line.



Fig. 3. SRIM calculated damage (dpa) and ion concentration profiles for Gd2Zr2O7 (a)
pre-damaged with 7 MeV Au3þ to 2.2 � 1015 Au/cm2, (b) implanted with 65 keV Heþ to
2 � 1017 He/cm2, and (c) implanted with 200 keV Heþ to 2 � 1017 He/cm2 (2 � 1016 and
2 � 1015 He/cm2 profiles are one and two orders of magnitude less, respectively).
Dashed line indicates the He concentration at which bubbles were first observed
(4.6 at.%) to aid the reader in comparing the nucleation depths for each 2 � 1017 He/
cm2 irradiation.
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density as measured by Archimedes method. The as-synthesized
samples were polished using diamond lapping film down to 1 mm
and finished using 0.02 mm colloidal silica solution to remove re-
sidual polishing damage. Powder x-ray diffraction (XRD) patterns
were recorded for both sets of samples using a PANalytical Empy-
rean x-ray diffractometer equipped with a Cu Ka x-ray tube, a fixed
flat plate powder sample stage, 0.02 rad Soller slits, 1/8th diver-
gence slit, 1/4th anti-scatter slits, a 10 mm mask, a Ni filter, and a
PIXcel detector. Theoretical densities, lattice parameters and crys-
tallite sizes were determined using the General Structure Analysis
System (GSAS) for Rietveld refinement of powder XRD patterns
[14,15]. Since the rA/rB of Gd2Zr2O7 resides at the borderline of the
phase stability between pyrochlore and defect-fluorite, the Gd and
Zr atomic occupancy were refined due to the possibility of slight
atomic disorder in the pyrochlore structure. The measured lattice
parameterwas 10.5318(1) Å for the Set #1 and 10.52515(6) Å for the
Set #2 samples. Crystallite sizes were determined using the
isotropic Lorentzian broadening due to the crystallite size term, LX,
in GSAS, and were found to be similar for both sets of samples. The
measured crystallite size was 208.76 nm for the Set #1 and
227.68 nm for the Set #2 samples.

2.2. Irradiations

Au irradiations were performed at the University of Tennessee’s
Ion Beam Materials Laboratory [16] using the 3.0 MV Pelletron
tandem accelerator, and He implantations were performed at Los
Alamos National Laboratory’s Ion Beam Materials Laboratory using
the 200 kV Danfysik Research Implanter. The irradiations were
performed in 5 � 10�5 Pa vacuum with the ion beam oriented
normal to the sample surface. In order to simulate a-recoil damage
and induce the pyrochlore to defect-fluorite phase transformation,
all samples were pre-damagedwith 7MeV Au3þ to a total fluence of
2.2 � 1015 Au/cm2, which corresponds to damage accumulation
over several thousand years in a waste-form containing 25 wt%
239Pu (Fig. 2). During the Au irradiation, the ion flux was kept
constant (8.1� 1011 ions/cm2/s) and the ion beamwas rastered over
the irradiated area of 10 � 10 mm to ensure a uniform irradiation
(at scanning frequencies of 517 and 64 Hz for the horizontal and
vertical directions, respectively, and a current density of 3.89 nA/
mm2). A glass scintillator and a CCD camerawere used to accurately
locate the ion beam. The room temperature Au irradiations pro-
duced a beam heating of ~50 �C, as measured by a K-type (chromel-
alumel) thermocouple at the sample surface.

Set #1 samples were implanted with 200 keV Heþ at 2 � 1015

and 2 � 1016 He/cm2, corresponding to 0.1 and 1.0 at. % He,
respectively, to observe swelling and search for evidence of He
bubble nucleation during the first million years of waste-form
storage. Since He bubbles did not form at 1.0 at.% He, a third sam-
ple (Set #2) was implanted with a higher fluence to see if bubbles
would form in GZO at very high doses. This Set #2 sample was
implanted with 65 keV Heþ at 2 � 1017 He/cm2, which corresponds
to 12 at.% He at the peak. This sample was implanted at 65 keV to
move the He peak closer to the surface, which enables easier TEM
sample preparation of an already porous sample expected to
contain a large quantity of bubbles that might induce cracking. For
the GIXRD study, the Set #1 samples implanted with 200 keV Heþ

to 2 � 1015 and 2 � 1016 He/cm2 and a Set #2 sample implanted
with 200 keV Heþ to 2 � 1017 He/cm2 (10 at.% He at the peak, see
Fig. 3(c)) were utilized. The 200 keV Heþ implants were done using
a flux of 1.1 � 1013 He/cm2/s for the 2 � 1015 and 2 � 1016 He/cm2

irradiations, and 2 � 1013 He/cm2/s for the 2 � 1017 He/cm2 irra-
diation. The 65 keV Heþ implantation was done using a flux of
7.39 � 1012 He/cm2/s. The beam heating was less than 35 �C during
the He implantations where active air cooling was applied to the
sample stage. Damage dose and He concentration values were
simulated using full cascade calculations in the Stopping and Range
of Ions in Matter (SRIM) code [17], using 2008 stopping powers,
with all displacement energies set to 50 eV [4], and theoretical
density, and are shown in Fig. 3. The experiment was designed such
that Au concentration peak was deeper than the He profile peak,
preserving the chemical integrity of GZO at the region of interest
(the Au concentration is low, only 0.06 at.% at the peak). The peak
Au dose was ~8 dpa, while the He dpa and concentration increase
with He fluence. In the case of the 0.1 at.% He sample, the peak He
dose was 0.035 dpa (200 keV implant), but significantly increased
to 4.5 dpa at 12 at.% He (65 keV implant).



Fig. 4. TEM images obtained from the Gd2Zr2O7 sample irradiated with 7 MeV Au3þ to 2.2 � 1015 Au/cm2 and then implanted with 200 keV Heþ to 2 � 1016 He/cm2 (1 at.% at He
peak). He concentration and Au damage distribution ranges as determined by SRIM are compared to the overview image in (a). After imaging several locations near the He peak, no
bubbles were observed in this sample. An example region on a grain boundary, where bubbles were expected to first nucleate, is shown at (b) �500 nm underfocus and (c) þ500 nm
overfocus.
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2.3. Characterization

The critical He concentration required for bubble formation, as
well as details about bubble morphology, were determined using
TEM. TEM samples 50e150 nm in thickness were prepared using an
FEI Nova 200 Nanolab Dual Beam focused ion beam (FIB). The
sample surface was protected from subsequent ion beam damage
from the FIB by first depositing a thin layer (<500 nm) of Pt square
over a 20 � 20 mm area using a 5 keV electron beam. A
20 � 3 � 3.5 mm Pt rectangular bar was then deposited over this
square using a 30 kV ion beamwith varying currents from 90 pA to
0.20 nA (varying Pt density from high to low). Focused ion beam
milling was then performed at 30 kV and 93 pA, followed by a final
clean using a 5 kV Ga beam with current of 12 pA to remove
redeposited material on the surface during the milling process, and
to remove residual milling damage. TEM imaging was performed at
the National Renewable Energy Laboratory (NREL) using an FEI
Tecnai operating at 300 kV in TEM mode. Images were collected
using a Gatan Osiris CCD camera. Samples were observed using a
10e60 mm objective aperture, depending on sample thickness.
Helium bubbles were imaged using the through-focusing tech-
nique, in which Fresnel contrast produces a white spot with a dark
outer ring in the underfocused condition and a dark spot with a
white ring at the same location in overfocused condition. The image
was initially focused by expanding the Fourier transform to the
largest possible diameter, then defocused in series from �1.5
to þ1.5 mm at the SRIM predicted He peak location to confirm the
presence or absence of He bubbles. Defocus values may vary by an
estimated ±100 nm due to error in finding the zero (focused) point.
TEM images were noise filtered in Gatan Inc.’s Digital Micrograph™
and brightness and contrast were adjusted to improve clarity.
Helium bubbles were quantified using the ‘Analyze Particle’ feature
in ImageJ [18]. ImageJ provides the cross-sectional area of each
bubble in nanometers, which was then converted to bubble radius
using a circular cross-sectional area approximation. Since some
bubbles formed chains, the circular approximation is not true in all
cases.

A pristine (Set #2) pyrochlore, a Au irradiated defect-fluorite
sample (Set #2), samples implanted with 200 keV Heþ to
2 � 1015 and 2 � 1016 He/cm2 (Set #1) and to 2 � 1017 He/cm2 (Set
#2) were measured using GIXRD. All GIXRD measurements were
done using a PANalytical X’Pert3 X-ray diffractometer equipped
with a 1/16th divergence slit, a parallel beammirror, 0.02 rad Soller
slits and a 4mmmask on the incident beam side, and a 0.09 parallel
plate collimator, 0.02 rad Soller slits and a Xe gas proportional
detector on the diffracted side. X-ray penetration depths were
calculated based on total external reflection theory using bulk
density values [19,20]. A plot of the X-ray penetration depth as a
function of grazing angle is provided in the supplemental file. Peak
positions (in degrees 2q) were obtained by fitting with a pseudo-
voigt function using the software CMPR [21] and were converted
to lattice parameters using Bragg’s law. Lattice parameter and
volume swelling errors were propagated from the standard devi-
ation provided by the fit in CMPR.

3. Results and discussion

An overview image showing the entire irradiated region for the
GZO sample pre-damaged and implanted with 200 keV Heþ to
2 � 1016 He/cm2 is shown in Fig. 4(a). Fig. 4(b) and (c) show under-
and overfocused images, respectively, at a grain boundary near the
He concentration peak, where bubbles would be expected to first



Fig. 5. TEM images for the Gd2Zr2O7 sample irradiated with 7 MeV Au3þ to 2.2 � 1015 Au/cm2 and then implanted with 65 keV Heþ to 2 � 1017 He/cm2 (12.7 at.% He at peak). He
concentration and Au damage distribution ranges as determined by SRIM are compared to the overview image in (a). Images obtained at defocus values of ±1 mm are shown for (b)
underfocus and (c) overfocus conditions. Helium bubbles clearly formed at the expected He peak location, in some cases forming chains 10e30 nm in length. Bubbles were observed
to nucleate starting at a depth of 165 nm (dashed line), which corresponds to 4.6 at.% He in the SRIM calculated concentration profile.

Fig. 6. Helium bubble size distribution in Gd2Zr2O7 pre-damaged with 7 MeV Au3þ to a
fluence of 2.2 � 1015 Au/cm2 and implanted with 65 keV Heþ to 2 � 1017 He/cm2,
which corresponds to a peak He concentration of 12.7 at.%. Bubbles formed chains
several nm in length. Bubble diameters were calculated assuming a circular cross-
sectional area, which largely approximates the shape of bubbles which formed
chains. Chains of bubbles have the largest cross-sectional area and therefore the largest
calculated diameters. An average bubble diameter of 1.5 ± 0.2 nm was determined by
fitting with a log-normal distribution (shown), with the error estimated from the TEM
image pixel size (0.15 nm). Inset shows outline of areas that ImageJ used to calculate
the cross-sectional bubble area during image analysis, overlaid with the original
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nucleate. As exemplified in Fig. 4(b) and (c), no He bubbles
were observed in the pre-damaged sample implanted with
2 � 1016 He/cm2. It is therefore reasonable to conclude that
bubbles are not present in the sample implanted with 200 keV
Heþ to a lower fluence of 2 � 1015 He/cm2. Fig. 5(a) shows an
overview of the He implanted region of the sample implanted
with 65 keV Heþ to 2 � 1017 He/cm2. Fig. 5(b) and (c) clearly show
He bubbles in the under- and overfocused images, respectively, at
the He concentration peak. Individual bubbles were observed
starting at ~165 nm from the surface, which corresponds to a
concentration of 4.6 at.% He based on the SRIM calculated He
concentration profile (Fig. 5(a)). Bubbles were 1e3 nm in diameter
(Fig. 6) and many formed chains 10e30 nm in length parallel to
the surface.

Helium bubbles chains have been observed in other ceramics,
including yttria-stabilized zirconia (YSZ) [22,23], 4HeSiC [24], MAX
phase [25], and LiNbO3 [26]. Ofan et al. [26] summarized the
physics governing He bubble sizes and spatial distributions in He
irradiated materials, and concluded that the strain distribution can
cause bubbles to arrange themselves in a pseudoperiodic order to
reduce the strain field in the lattice. Helium bubbles were observed
in yttria-stabilized zirconia (YSZ), which also assumes the defect-
fluorite crystal structure, at the same fluence, 2 � 1017 He/cm2,
and were also observed to form chains parallel to the surface in
both single and polycrystalline samples [22,23]. Yang et al. [23]
studied the effect of He irradiation on strain as a function of
depth in He implanted YSZ single crystals by utilizing high reso-
lution x-ray diffraction (HRXRD). At 1 � 1016 He/cm2, point defect
formation produced strain normal to the surface. At a higher flu-
ence of 8 � 1016 He/cm2, additional damage resulted in a larger
strain normal to the surface. In the sample irradiated with
2� 1017 He/cm2, the fluence at which He bubbles and bubble chains
formed, Yang et al. measured an almost complete elimination of
strain normal to the surface.
underfocused TEM image shown in Fig. 5(b).



Fig. 7. (a) GIXRD patterns obtained at an incident angle of u ¼ 6� (x-ray penetration depth of ~600 nm) from Gd2Zr2O7 samples (from bottom to top): (1) pristine (unirradiated)
Gd2Zr2O7, (2) Gd2Zr2O7 pre-damaged with 7 MeV Au3þ to 2.2 � 1015 Au/cm2, and Gd2Zr2O7 pre-damaged then 200 keV Heþ implanted to fluences of (3) 2 � 1015, (4) 2 � 1016, and
(5) 2 � 1017 He/cm2. (b) A zoomed view of the {220} reflection shows a clear peak shift between each of the irradiation conditions, with a dotted line indicating the center position
of the highest He fluence measured. Reflections are labeled with fluorite Miller indices.

Fig. 8. Lattice parameters were calculated from the GIXRD data using the four highest intensity fluorite reflections for each grazing angle. Lattice parameters varied more between
the different reflections in the He implanted samples (bed) than in the Au irradiated sample (a), with the largest variation occurring in the sample implanted with 2 � 1016 He/cm2

(c). Error bars represent the fractional error.
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Fig. 9. Experimentally determined lattice parameters for Gd2Zr2O7 samples implanted
with 200 keV Heþ relative to the pre-damaged (Au irradiated) sample for various
incident x-ray angles. Lattice parameters were calculated using the fluorite {311}
reflection. Error bars represent the fractional error.
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Due to the difficulty of obtaining high quality GZO single crystals
for performing HRXRDmeasurements, polycrystalline GZO samples
were implanted with 200 keV Heþ to 2 � 1015, 2 � 1016, and
2 � 1017 He/cm2. Lattice parameter changes were measured using
GIXRD to determine the effect of pre-damage, He irradiation
damage, and He bubble chain formation on the strain in GZO.
GIXRD differs from HRXRD in that data collected at each grazing
angle are representative of all material up to the x-ray penetration
depth; the strain cannot be explicitly determined at specific depths
within the irradiated layer. Samples were measured at four grazing
angles, u ¼ 1, 4, 6, and 8�, which correspond to ~100, 400, 600, and
800 nm x-ray penetration depths, respectively. Fig. 3(b) and (c)
show a SRIM profile comparison between the 65 keV Heþ

implanted GZO to a fluence of 2 � 1017 He/cm2, utilized for TEM
observations, and the 200 keV Heþ implantation to the same flu-
ence, utilized for GIXRD measurements. The dashed line in Fig. 3(b)
and (c) represents the critical He concentration required for visible
bubbles, 4.6 at.%, as determined in the TEM images. The four
highest intensity fluorite reflections, {111}, {200}, {220}, and {311},
which were utilized for lattice parameter calculations, are shown
for each irradiation condition in Fig. 7(a). A clear peak shift was
observed for each irradiation condition, as shown in the zoomed
{220} reflection in Fig. 7(b). Pre-damage, which converts the GZO
lattice from pyrochlore to defect-fluorite, caused a shift to lower 2q,
indicating a lattice expansion. Further shifts to lower 2q were
observed for the lower fluence He irradiations at 2 � 1015 and
2� 1016 He/cm2. A shift to higher 2q, however, was observed for the
sample irradiatedwith 200 keV Heþ to 2� 1017 He/cm2, the fluence
at which He bubbles and bubble chains were observed. Peak po-
sitions were converted to lattice parameters for each reflection and
grazing angle and are compiled in Fig. 8. Errors were propagated
from the fit of each peak. The lattice parameters calculated for each
Table 1
Experimental results from lattice swelling (Da and DV). Lattice swelling in the pre-damag
pristine sample. Swelling in 200 keV Heþ implanted samples was calculated relative to th
results were calculated using the fluorite {311} peak by averaging over all incident x-ray

Sample Fluence (ions/cm2) Peak He at.%

Pristine
Au Irradiated 2.2 � 1015

Au þ He 2 � 1015 0.1 5
Au þ He 2 � 1016 1 5
Au þ He 2 � 1017 10 5
reflection are more similar in the pre-damaged sample than in the
He irradiated samples.

Fig. 9 shows a comparison of lattice parameters calculated for
each irradiation condition using only the {311} reflection. General
trends were identified, even though the He implanted lattice
parameter remains unchanged within error. The lattice parameter
increased at each grazing angle between the pre-damaged sample
and the samples implanted with 200 keV Heþ to fluences of
2 � 1015 and 2 � 1016 He/cm2, with the 2 � 1016 He/cm2 sample
having the largest lattice parameter. In the sample implanted with
200 keV Heþ to a fluence of 2 � 1017 He/cm2, the lattice parameter
decreased to approximately the 2 � 1015 He/cm2 value for u ¼ 1�

and 4�, and even below the 2� 1015 He/cm2 value foru¼ 6� and 8�.
A reduction in the lattice parameter occurred for all reflections
(Fig. 8(d)) after He implantation to 2� 1017 He/cm2. Table 1 shows a
comparison of the lattice parameter, change in lattice parameter
(Da), unit cell volume, and change in unit cell volume (DV) for each
irradiation condition, as calculated using the {311} reflection by
averaging over all incident angles. Changes in lattice parameter
(Da) and unit cell volume (DV) were calculated independently for
each grazing angle, with respect to the defect-fluorite a and V
values, then averaged over all grazing angles.

We suspect the experimentally determined decrease in unit cell
swelling after implantationwith 200 keV Heþ to 2 � 1017 He/cm2 is
due to the formation of the He bubble chains that were observed at
this fluence, as has been shown to occur in the other ceramics as
discussed above. The fact that bubbles may be forming chains to
reduce the total strain is significant, because this suggests that the
observed bubble chain microstructure is an artifact of irradiating
with ion beams, which typically produce a strain profile normal to
the surface [27,28]. In a real waste form, the radiation damage
would occur in random directions, which will produce a non-
uniform strain profile, making it more difficult for bubbles to
arrange themselves in ways that reduce the total strain. For this
reason, the bubble microstructure could differ in a GZO waste-form
containing the same He concentration.
4. Conclusion

This work experimentally determined the critical He concen-
tration (4.6 at.%) required to nucleate bubbles > 1 nm in diameter in
bulk Gd2Zr2O7. Pyrochlores have been widely studied for waste
immobilization purposes, but mostly with respect to radiation
damage effects. Little is known about the effects of He accumula-
tion on the GZO lattice. Bubbles were observed as both (1) indi-
vidual spheres within the matrix, and (2) as chains of bubbles
10e30 nm in length parallel to the sample surface. Grazing inci-
dence x-ray diffraction was used to experimentally examine lattice
parameter changes for various irradiation conditions. Lattice
swelling was found to occur as a result of irradiation with 7 MeV
Au3þ to a fluence of 2.2 � 1015 Au/cm2, and after irradiation with
2.2 � 1015 Au/cm2 þ 2 � 1015 He/cm2 (200 keV) and 2.2 � 1015 Au/
cm2 þ 2 � 1016 He/cm2 (200 keV). A reduction in lattice swelling
ed (Au irradiated) sample was calculated relative to the half the lattice parameter of
e pre-damaged sample (all He implanted samples were first pre-damaged). Swelling
angles. Peak He concentrations were determined using SRIM.

a (Å) Da (Å) V (Å3) DV (Å3)

10.527(2) 1166.6(7)
5.2668(7) 0.0036(15) 146.09(6) 0.30(13)
.2784(12) 0.0112(3) 147.07(10) 0.94(2)
.2834(10) 0.0162(3) 147.48(9) 1.35(2)
.2768(10) 0.0099(8) 146.93(8) 0.83(7)
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was measured after irradiation with 2.2 � 1015 Au/cm2 þ
2 � 1017 He/cm2 (200 keV), the fluence at which individual bubbles
and bubble chains were first observed in TEM. Thus, bubble chains
are thought to form in order to reduce the lattice strain produced by
damage occurring during the Au and He irradiations.
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