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� He bubbles not formed in amorphous
Gd2Ti2O7 implanted with 2 � 1016

He/cm2, even after additional irradi-
ation at 300 to 700 K.

� He bubbles, 1.5 and 2.1 nm diameter,
respectively, observed in amorphous
and pristine Gd2Ti2O7 implanted to 2
� 1017 He/cm2.

� The critical He dose for bubble
nucleation is estimated to be 6 at.%
He.
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Pyrochlores have long been considered as host phases for long-term immobilization of radioactive waste
nuclides that would undergo a-decay for hundreds of thousands of years. This work utilizes ion-beam
irradiations to examine the combined effects of radiation damage and He accumulation on bubble for-
mation in Gd2Ti2O7 over relevant waste-form timescales. Helium bubbles are not observed in pre-
damaged Gd2Ti2O7 implanted with 2 � 1016 He/cm2, even after post-implantation irradiations with
7 MeV Au3þ at 300, 500, and 700 K. However, He bubbles with average diameters of 1.5 nm and 2.1 nm
are observed in pre-damaged (amorphous) Gd2Ti2O7 and pristine Gd2Ti2O7, respectively, after implan-
tation of 2 � 1017 He/cm2. The critical He concentration for bubble nucleation in Gd2Ti2O7 is estimated to
be 6 at.% He.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Nuclear waste from reactors and legacy weapons programs
contains actinides, such as 239Pu, 237Np, 241Am, and 244Cm. Long-
).
lived actinides (e.g. 239Pu with a half-life of 24,100 years and
237Np with a half-life of 2.1 million years) pose the greatest health
threat [1]. In addition, substantial quantities of excess Pu from
retired weapons [2] and Pu separated from commercially-
generated spent fuel currently exist in several countries [3]. One
potential solution involves immobilization of the actinides in nu-
clear waste-forms, which are then deposited in a geological re-
pository for long-term storage. Current host matrices under
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Fig. 1. SEM backscattered electron image obtained from a fractured as-synthesized
Gd2Ti2O7 pellet.
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consideration for use as nuclear waste-forms include glasses and
crystalline ceramics. Glasses provide the simplest approach to
actinide immobilization, as fewer separation steps are required;
however, actinide solubility in glasses is a concern for separated
actinides [2]. Multiphase crystallinewaste-forms can be tailored for
complex nuclear wastes, with one or more phases acting as host
phases for actinides. In the case of separated actinides, both single-
phase and multiphase waste-forms have been proposed [2,3].
Crystalline ceramics, while more difficult to fabricate, provide
improved chemical durability over glass waste-forms due to acti-
nides being incorporated and bonded into lattice site positions. In
addition, crystalline ceramics offer a more predictable landscape
for actinide immobilization than less durable materials that rely
heavily on engineered barriers and the geological repository
mineralogy itself to contain the radioisotopes. Natural analogues to
crystalline ceramics provide validation data on the performance of
mineral-like ceramics under long-term storage conditions. Com-
plex ceramics, e.g. pyrochlore, zirconolite, and monazite, are
particularly useful as they offer a variety of lattice sites, allowing for
incorporation of actinides of varying size and valence state [1,4].

Actinide-containing waste-forms must be able to withstand a-
decay from the incorporated actinides for hundreds of thousands of
years, with the rate of a-decay varying with actinide type and
concentration. Each a-decay event will produce one a-recoil nu-
cleus (~100 keV) and one a-particle, or He nucleus, (~5 MeV),
resulting in significant damage and He accumulation over geolog-
ical time. This work focuses on pyrochlores, an A2B2O7 structure,
where actinides can occupy the A-site (2þ, 3þ) and B-site (4þ, 5þ).
The pyrochlore matrix has long been considered as a potential
actinide immobilization host phase [5e8]. Ion-irradiation studies
have shown that Gd2Ti2O7, like all other titanate pyrochlores,
amorphizes under irradiation [9e11]. Previous work on Gd2Ti2O7
doped with 244Cm showed that amorphization results from the
overlap of amorphous tracks produced by a-recoils and sponta-
neous fission fragments [12]. Gd2Ti2O7 becomes fully amorphous at
a dose of ~0.2 dpa or within the first several hundred years of
waste-form storage depending on actinide content [9]. The leach
rates of Gd and Ti ions from irradiated Gd2Ti2O7 placed in 90 �C
nitric acid solution increased by a factor of 15 due to irradiation-
induced amorphization [13]. While the amorphous state is stable,
helium accumulation may result in bubble nucleation and growth
over geological time, which could place additional stresses on the
material that instigate crack formation. Cracks would provide a
direct path for groundwater to enter the waste-form, potentially
increasing the leach rate of radioactive material. Helium bubbles
several nanometers in diameter have been observed in fluorite-
structured materials (e.g. AmO2 [14] and yttria-stabilized zirconia
[15]) and in amorphous borosilicate glass [16,17]; however, to the
best of our knowledge, He bubbles have not been previously
studied in any pyrochlore composition. Transmission electron mi-
croscopy (TEM) measurements revealed bubble formation and
growth after implantation of a few atomic percent He in nuclear
glass [16,17], and similar behavior might be expected in amorphous
Gd2Ti2O7. In this work, various ion-beam irradiations and He im-
plantation experiments were performed to study the effects of
combined radiation damage and He accumulation on bubble
nucleation and growth in the pyrochlore Gd2Ti2O7 over relevant
waste-form timescales.

2. Experimental methods

Gd2Ti2O7 samples were prepared using conventional solid-state
synthesis by mixing Gd2O3 and TiO2 powders in stoichiometric
ratios, ball milling, pressing the powders into individual pellets
using a room temperature uniaxial press, and sintering in air.
Samples were ~12.7 mm in diameter after sintering and estimated
to be 94% theoretical density using the Archimedes method. The as-
synthesized samples, which had a typical grain size of 50e80 mm
(Fig. 1), were polished using diamond lapping film down to 1 mm
and finished using a 0.02 mm colloidal silica solution to remove
residual polishing damage. Table 1 summarizes all irradiation
conditions utilized in this work. All samples were pre-damaged
with 7 MeV Au3þ to a fluence of 2.2 � 1015 Au/cm2 (6 dpa at the
damage peak) using a 3 MV tandem accelerator at the University of
Tennessee's Ion Beam Materials Laboratory [18]. The ion flux was
kept constant (8.1 � 1011 ions/cm2/s) during the Au irradiation, and
the ion beam was rastered (at scanning frequencies of 517 and
64 Hz for the horizontal and vertical directions, respectively, and a
current density of 3.89 nA/mm2) over an irradiated area of
10.2 � 10.2 mm to ensure a uniform irradiation over a majority of
the pellet surface. A glass scintillator and a CCD camera were used
to accurately locate the ion beam. Following He implantations
(described below), some samples were further irradiated at 300,
500 and 700 K under the same 7 MeV Au3þ conditions. In the case
of high temperature irradiation of the He-implanted samples, the
temperature was controlled using a HRN (LPS-800-1) heater
controller from Thermionics Northwest Inc. The room temperature
Au irradiations produced a beam heating of ~50 �C, as measured by
a type K thermocouple at the sample surface. More details about
the high temperature irradiations capability can be found in the
description of the UT-IBML facility [18]. The Au irradiation dose in
these samples exceeds that required for full amorphization (Fig. 2)
and corresponds to the total damage accumulation expected over
50e1000 years in a waste form containing 5 wt% minor actinides
and 1000e10,000 years in a waste-form containing 20 wt% 239Pu
[1,4], as shown in Fig. 2. This pre-damage step induces the pyro-
chlore to amorphous phase transformation that would occur due to
a-recoil damage during interim or early storage times (several
hundred to several thousand years); furthermore, this phase
transformation will occur prior to any significant He accumulation
in an actual nuclear waste-form. Samples were implanted with
either 200 keV Heþ to fluences of 2 � 1015 and 2 � 1016 He/cm2 (0.1
and 1.0 at.% He at the peak, projected range (Rp ~ 900 nm) or with
65 keV Heþ to a fluence of 2 � 1017 He/cm2 (12 at.% He at the peak,
Rp ~ 450 nm) using the 200 kV Danfysik Research Implanter at Los
Alamos National Laboratory's Ion Beam Materials Laboratory. The
ion fluxes utilized for the He implantations were 1.1 � 1013 ions/
cm2/s for the 200 keV implantations and 7.39 � 1012 ions/cm2/s for
the 65 keV implantations. Damage dose and He concentration
values were simulated using full cascade mode in the Monte Carlo
code Stopping and Range of Ions in Matter (SRIM) [19], with all



Table 1
Summary of irradiation conditions utilized to simulate a-recoil damage and He accumulation in Gd2Ti2O7. “Pre-damage” refers to damage produced prior to He implantation
and “post-damage” refers to damage produced after the He implantation. In the “He implantation” column, the number in parentheses indicates the peak He concentration.
Irradiations identical to Samples 2e5, but implanted with 200 keV Heþ to 2 � 1015 He/cm2 (0.1 at.% He at the peak) instead of 2 � 1016 He/cm2, were also performed. All pre-
damage and He irradiations were performed at room temperature. Sample 7 was a FIB lift-out taken from the very edge of the sample, which was a region undamaged by
during the Au irradiation. The right column states whether or not He bubbles were observed in TEM, and, if so, the mean bubble diameter.

Sample# Pre-damage He implantation (peak He conc., at.%) Post-damage He bubbles?

1 7 MeV Au3þ

2.2 � 1015 ions/cm2
x x No

2 7 MeV Au3þ

2.2 � 1015 ions/cm2
200 keV Heþ

2 � 1016 ions/cm2

(1.0)

x No

3 7 MeV Au3þ

2.2 � 1015 ions/cm2
200 keV Heþ

2 � 1016 ions/cm2

(1.0)

7 MeV Au3þ (RT)
2.2 � 1015 ions/cm2

No

4 7 MeV Au3þ

2.2 � 1015 ions/cm2
200 keV Heþ

2 � 1016 ions/cm2

(1.0)

7 MeV Au3þ (500 K)
2.2 � 1015 ions/cm2

No

5 7 MeV Au3þ

2.2 � 1015 ions/cm2
200 keV Heþ

2 � 1016 ions/cm2

(1.0)

7 MeV Au3þ (700 K)
2.2 � 1015 ions/cm2

No

6 7 MeV Au3þ

2.2 � 1015 ions/cm2
65 keV Heþ

2 � 1017 ions/cm2

(12.0)

x Yes, 1.5 nm diameter

7 x 65 keV Heþ

2 � 1017 ions/cm2

(12.0)

x Yes, 2.1 nm diameter

Fig. 2. Expected dose and He content in Gd2Ti2O7 over geological time for different
actinide concentrations [1,4]. Gd2Ti2O7 will be fully amorphous above the dose cor-
responding to the dashed line (3.1 � 1018 a-decays/g).

Fig. 3. TEM image obtained from Gd2Ti2O7 after irradiation with 7 MeV Au3þ to a
fluence of 2.2 � 1015 Au/cm2. The corresponding dose (dpa) is shown with a dotted
line. Electron diffraction was utilized to identify the irradiated depth, which is in
reasonable agreement with the SRIM predicted implantation depth. SAED aperture size
and locations are shown as circles below each diffraction pattern.
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displacement energies set to 50 eV [1] and an assumed density of
6.575 g/cm3 (theoretical density), and using 2008 stopping powers.
The Au and He irradiation energies were specifically chosen such
that the 7 MeV Au3þ irradiation produced a thick amorphous layer
that extended significantly deeper than the peak in He concentra-
tion. Moreover, the Au concentration peak (~1 mm from surface,
~0.06 at.%) is significantly deeper than the He concentration peak
(~700 nm from surface for 200 keV Heþ), so as to preserve the
chemical integrity near the He concentration peak where bubbles
were expected to form. Calculated damage and concentration
profiles are provided in Figs. 1e2 of the supplemental file for
reference. It is worth noting that electronic stopping powers may
be overestimated for heavy ions in a target containing light ele-
ments [20,21], such as the case for Au ions in Gd2Ti2O7 in this work.
To ensure pre-amorphization before He implantation, the thickness
of the amorphous layer was confirmed using TEM (Fig. 3). Grazing-
incidence x-ray diffraction (GIXRD) was also utilized to confirm
amorphization, and is included in Fig. 3 of the supplemental file for
reference. Helium implanted samples were characterized using
TEM to quantify the presence or absence of bubbles with the
through-focus technique. Each sample was observed in the TEM
while focused, and at all defocus values between�1 mmandþ1 mm.
Several magnifications were utilized to search for bubbles. The TEM
image was focused by expanding the Fourier transform to the
largest possible diameter. Defocus values may vary by an estimated
±100 nm due to error in finding the zero (focused) point. In
underfocus conditions, bubbles or voids appear bright with a dark
ring; while in overfocus conditions, they appear dark with a bright
ring, due to Fresnel contrast. In all TEM observations, the smallest
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possible objective aperturewas utilized (ranging from 20 to 60 mm).
The pre-damaged (Au irradiated) sample and all samples implanted
with 2 � 1016 He/cm2 were prepared by hand polishing cross-
sections down to 5e10 mm thickness, and then final polished to
electron transparency (<100 nm thickness) using a Gatan Precision
Ion Polishing System (PIPS) with 4 keV Arþ. TEM imaging on the
pre-damaged sample and all samples implanted with 2 � 1016 He/
cm2 was performed using a ZEISS Libra 200MC, which is part of the
Joint Institute for Advanced Materials (JIAM) Microscopy Center at
the University of Tennessee, Knoxville. An FEI Nova 200 Nanolab
Dual Beam focused ion beam (FIB) was utilized for preparing cross-
sections of the samples implanted with 2 � 1017 He/cm2. TEM
imaging on the sample implanted with 2 � 1017 He/cm2 was per-
formed at the National Renewable Energy Laboratory (NREL) using
an FEI Tecnai. Helium bubbles were quantified using the ‘Analyze
Particle’ feature in ImageJ software [22], which determines the
approximate cross-sectional area of each bubble. Outlines of the
features selected by ImageJ are provided in the supplemental file
(Figs. 8e9). Since the low contrast between bubbles and the
amorphous Gd2Ti2O7 makes image analysis difficult, the image
analysis is subjective and results should only be utilized as a
qualitative guide for understanding bubble density and size. The
cross-sectional area of each bubble was converted to bubble
diameter using a circular cross-sectional area approximation. Most
bubbles observed in these samples were close to circular. The
bubble size distribution was fit with a log-normal distribution to
determine the average diameter. The error in bubble diameter was
estimated as 2 Å based on the TEM image pixel size, which was
0.2 nm in both the pre-damagedþ 2 � 1017 He/cm2 images and the
pristine þ2 � 1017 He/cm2 images.
Fig. 5. TEM images obtained from Gd2Ti2O7 irradiated with 7 MeV Au3þ to a fluence of
2.2 � 1015 Au/cm2 and 65 keV Heþ to a fluence of 2 � 1017 He/cm2. An overview of the
irradiated region is shown in (a), where the dashed line corresponds to the Au irra-
diation dose (dpa). Through-focus imaging at the helium implant peak clearly shows
bubbles as bright spots in (b) underfocus and as dark spots in (c) overfocus.
3. Results

As referenced above, Table 1 summarizes the irradiation con-
ditions and TEM observation results. Helium bubbles were not
observed in pre-damaged Gd2Ti2O7 implanted with 2 � 1016 He/
cm2 (peak concentration of 1.0 at.%), even after additional post-
implantation irradiation with 7 MeV Au3þ to 2.2 � 1015 Au/cm2 at
300, 500 and 700 K, as shown in the defocused images in Fig. 4. The
irradiations at 500 and 700 Kwere intended to enhance the kinetics
of bubble formation and mimic the kinetics occurring over a hun-
dred thousand years. Based on these results, it is assumed that no
bubbles are present at the lowest implantation fluence (2 � 1015
Fig. 4. TEM images shown at 250,000x (scale bar is equivalent for all images) with defocus
fluence of 2 � 1016 He/cm2, and pre- or post-damaged with 7 MeV Au3þ to a fluence of 2.2
were not observed in any of the samples irradiated to this He fluence, even after post-irradiat
of the surface was removed during the ion milling; the peak location was determined with
sample preparation are highly visible in some of the images due to the high defocus value
He/cm2), and these samples were not further characterized by TEM.
Fig. 5 (a) provides an overview of the entire irradiated region in

the sample pre-damaged and implanted with 2 � 1017 He/cm2, in
which the amorphous layer thickness corresponds to the SRIM
predicted Au damage profile. Fig. 5 (b) and (c) provide TEM images
from the SRIM-predicted He concentration peak region in both
underfocused and overfocused conditions. The images indicate the
presence of He bubbles near the resolution limit of the TEM (~1 nm
in diameter) near the He concentration peak; the bubbles appear as
small contrasting spots in Fig. 5 (b) and (c). Due to the amorphous
background and instrument resolution limitations, bubbles were
difficult to discern. At magnifications higher than those utilized in
Fig. 5 (b) and (c), the visibility of bubbles in this material is even
lower due to increased resolution of the noisy amorphous
values of ±1 mm obtained from all Gd2Ti2O7 samples implanted with 200 keV Heþ to a
� 1015 Au/cm2. Each sample was observed at defocus values between ±1 mm. Bubbles
ion damage at 700 K. In the images to the right (Au þ 2 � 1016 He/cm2 þ Au 700 K), part
reference to the amorphous/crystalline interface. Surface artifacts created during the

s (±1 mm).
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structure. Larger images are provided in Figs. 6e7 of the supple-
mental file.

A FIB lift-out was also taken from the very edge of the sample
pre-damaged and implanted with 2� 1017 He/cm2. When observed
in the TEM (Fig. 6 (a)), the sample was found to be amorphous only
up to the depth of the He damage range, and not the Au damage
range, as found elsewhere in the sample. This indicates that the
very edge of the sample was not irradiated with Au, which is not
unexpected under the irradiation conditions, but only implanted
with He. SRIM simulations predict a He damage dose >0.2 dpa, i.e.,
the dose required to amorphize Gd2Ti2O7 [9], from the surface to a
Fig. 6. TEM images obtained from pristine Gd2Ti2O7 implanted with 65 keV Heþ to a
fluence of 2 � 1017 He/cm2. An overview of the irradiated region is shown in (a), where
the dashed line corresponds to the He dose (dpa). Through-focus imaging at the he-
lium implant peak clearly shows bubbles as bright spots in (b) underfocus and as dark
spots in (c) overfocus.

Fig. 7. Bubble size distribution measured from TEM images of Gd2Ti2O7 irradiated with
7 MeV Au3þ to a fluence of 2.2 � 1015 Au/cm2 and 65 keV Heþ to a fluence of 2 � 1017

He/cm2. Line shows a normal distribution with a mean diameter of 1.5 ± 0.2 nm. Error
is based on the pixel size in the TEM images. An example of the bubble outlines, as
determined by ImageJ software during the image analysis, is provided in Fig. 9 of the
supplemental file.

Fig. 8. Bubble size distribution measured from TEM images of Gd2Ti2O7 implanted
with 65 keV Heþ to a fluence of 2 � 1017 He/cm2. Line shows a normal distribution with
a mean diameter of 2.1 ± 0.2 nm. Error is based on the pixel size in the TEM images. An
example of the bubble outlines, as determined by ImageJ software during the image
analysis, is provided in Fig. 8 of the supplemental file.
depth of ~400 nm, which agrees with the amorphous layer thick-
ness observed in the TEM image in Fig. 6 (a). If the edge of the
sample had been implanted with Au, the amorphous layer would
correspond to the SRIM predicted Au damage profile thickness
(~1.3 mm), as was the case for the pre-damaged samples discussed
above and shown in Fig. 3. It is therefore assumed that the very
edge of the sample was not pre-damaged with Au, only implanted
with He. In this TEM sample, which the authors consider as initially
pristine pyrochlore Gd2Ti2O7 implanted with 2 � 1017 He/cm2, the
bubbles are more clearly visible in the underfocused and over-
focused imaging conditions, as shown in Fig. 6 (b) and (c). Bubbles
are larger and of higher density than the pre-damaged (amor-
phous) Gd2Ti2O7 sample implanted with the same He fluence.
Larger images are provided in Figs. 4e5 of the supplemental file.

Bubble size distributions for the pre-damaged and pristine
samples implanted to 2� 1017 He/cm2 are provided in Figs. 7 and 8.
Themean bubble diameter is 1.5 nm in the pre-damaged implanted
sample and 2.1 nm for the pristine implanted sample. In both
samples, bubbles are first observed at a depth of ~200 nm, which
corresponds to a He concentration of ~6 at.%, based on the SRIM
predicted He profile. Bubble morphology appeared similar in both
samples, consisting primarily of isolated bubbles that were largely
spherical in shape.
4. Discussion

In this study, the He concentration (~6 at.%) required for
observable bubble nucleation in pre-damaged (amorphous)
Gd2Ti2O7 is about a factor of 2 larger than the critical He concen-
tration of 3 at.% estimated for observable bubble formation in
amorphous borosilicate glass [16]. While bubbles 1e2 nm in
diameter have been observed at concentrations as low as 0.12 at.%
in borosilicate glass [17], bubbles are not observed in pre-damaged
Gd2Ti2O7 implanted with 2 � 1016 He/cm2 (peak He concentration
of 1 at.%), even after subsequent post-implantation irradiation at
300, 500 and 700 K. Bubbles are barely visible in the sample pre-
damaged and implanted with 2 � 1017 He/cm2. Since bubbles are
not observed in the sample pre-damaged, implanted with 2 � 1016

He/cm2, and post-damaged at both room and high temperature, the
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additional irradiation damage does not appear to enhance He
mobility or bubble nucleation in the pre-damaged Gd2Ti2O7 con-
taining up to 1 at.% He. Thermally induced He mobility in amor-
phous Gd2Ti2O7 seems to remain low at 700 K, which agrees with
the He desorption work performed by Wiss et al. on partially
amorphous and fully amorphous Gd2Ti2O7, where He release did
not occur until a temperature of 900 K was reached [23]. The first
desorption peak for the crystalline structures Gd2Zr2O7 and
Nd2Zr2O7 occurred at 700 K, lower than the amorphous Gd2Ti2O7
structure, which suggests a higher He mobility in crystalline
pyrochlore than in amorphous pyrochlore. In this work, bubbles are
larger and of higher density in pristine implanted Gd2Ti2O7 than in
amorphous implanted Gd2Ti2O7, suggesting a higher He mobility in
the pristine lattice. In the early stages (prior to amorphization) of
He implantation into pristine Gd2Ti2O7, the He may be more mobile
than in amorphous Gd2Ti2O7, leading to the formation of larger
bubbles in the pristine implanted sample. Bubbles appeared cir-
cular in both samples implanted with 2 � 1017 He/cm2, a
morphology common to amorphous materials implanted with He.

5. Conclusion

This study highlights the capacity of amorphous Gd2Ti2O7, one
of the most widely considered materials for advanced nuclear
waste immobilization, to accommodate large concentrations of He.
Bubbles are not observable at He concentrations below ~6 at.%,
which is a concentration level not expected in Gd2Ti2O7 nuclear
waste-forms until timescales exceeding 1 million years. Post-
implantation irradiation damage does not affect bubble nucle-
ation for the sample implanted with 2 � 1016 He/cm2, even when
irradiated at temperatures up to 700 K to enhance the kinetics of
bubble formation. After implantation with up to 12 at.% He, indi-
vidual bubbles are present within the Gd2Ti2O7 matrix, but without
fracturing the material. Additionally, this study examined the ef-
fects of an initially amorphous (pre-damaged) matrix, compared to
a crystalline (pyrochlore) matrix on bubble nucleation and growth.
Bubbles are larger and appear in higher densities when implanted
in a crystalline Gd2Ti2O7 matrix than in the amorphous matrix,
even though a crystalline to amorphous phase transformation
occurred during the He implantation of the sample that was not
pre-damaged. Future work will aim to understand the mechanisms
driving bubble nucleation in the crystalline matrix prior to
amorphization, as well as in the amorphous matrix.
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