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Abstract

The behavior of helium implanted in sintered uranium dioxide disks has been investigated as a function of annealing
temperature. UO, disks have been implanted with 1 MeV 3He at a nominal fluence of 5x 10'® *He cm~2 using a Van de
Graalff accelerator. The *He(d,o)' H nuclear reaction analysis method was used to determine the helium depth profile in
the UO, disks. Partial flaking was observed after annealing at 500 °C for local He concentration of 1 at.%. After
annealing at 600 °C flaking has affected the whole surface. The formation of helium bubbles is discussed.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The release of fission gases, mostly Xe, from UO,
and spent fuels has been extensively studied since the
middle of the 1960s [1-5]. The solubility of these gases is
extremely low in UO, and, as a consequence, the gas
atoms tend to precipitate into bubbles. In irradiated
fuels, a high density (~10" cm~?) of small intragranular
bubbles of about 2 nm uniformly distributed in the
matrix are observed [6,7]. The size of the bubbles in-
creases and the concentration decreases slightly with
increasing temperature and burnup. At higher burnup
and/or temperatures a second bubble population is cre-
ated with a larger mean diameter (10-20 nm) [7]. The
precipitation of bubbles has also been demonstrated for
uranium dioxide samples implanted with Kr and Xe even
at temperatures as low as 300-350 °C [8,9].

Fewer experiments have been performed on the be-
havior of helium gas produced by alpha decay of acti-
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nides [10,11]. Yet the amount of helium produced after
irradiation are large in particular in the case of MOX
fuels: the amount of helium produced in MOX (burnup
47.5 GWd/tU) after 10000 years is evaluated at 6700
cm?® STP per rod — 4% He atoms/initial heavy metal
atoms at/at;yy. For comparison, the volume of fission
gas generated in irradiation is around 2500 cm?/rod STP
— 1.5% at/atygy [12,13].

Rare gases can be introduced into solids either by
internal fission using reactor irradiation, or by ion im-
plantation or by doping the solid with soluble precursors
(e.g. I for Xe) the gas being produced by decay [14]. lon
implantation has some advantages compared to the two
other techniques. First it involves less experimental con-
straints avoiding the use of hot cells. Secondly the ion
energy and the ion fluence can be varied by many orders
of magnitude.

We present, in this paper, the first results we obtained
on the behavior of helium in uranium dioxide. Helium
was introduced into the UO, disks by ion implantation.
We used the 3He(d,o)'H nuclear reaction analysis
method to determine the helium depth profile in as-
implanted UO, sintered disks and after annealing at
500 °C and 600 °C in Ar/H, atmosphere. This method is
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used here in an original way where both emitted parti-
cles, o and 'H, are detected in coincidence with in ad-
dition the proton detected in the transmission mode.
Although this coincidence technique results in a signifi-
cant increase in the counting time, it has the advantage
to suppress nearly all parasite signals. The resulting
signal in this coincidence mode has such a quality that
the He profile can be achieved with a much better res-
olution than in a single detection mode.

2. Experimental details
2.1. Sample preparation

Sintered uranium dioxide disks (0.2 at.% 2U) have
been used for this study. The mean grain size is § um and
the mean O/U ratio determined by polarography is
2.0083 £0.0060. The density of the material is 10.46 £
0.03 gem™. The disks are 300 pm thick and 8.2 mm in
diameter. After polishing of one side, the disks were
annealed at 1300 °C under H, for 1 h to remove pol-
ishing damage.

2.2. The 3He" implantation

Four UO, disks (El, E2, E3, E4) have been im-
planted under vacuum (P =5x10~° mbar) with 1 MeV
‘He using the 3.5 MV Van de Graaff accelerator at
CERI Orléans. The implantation is performed by fo-
cusing the beam (1 x 1 mm?) and by sweeping it over the
disk surface to ensure a homogeneous dose. The four
disks of uranium dioxide were implanted during the
same run at a nominal fluence of 5x10' *He* cm~—2.
One disk was kept as-implanted (E1) and the three
others were annealed after implantation.

2.3. High temperature annealing under H,/Ar

Annealings were performed at two temperatures, 500
and 600 °C, for 1 h in 10 vol.% H,/Ar atmosphere. The
E2 and E3 disks have been annealed at 500 °C and the
E4 disk has been annealed at 600 °C. The atmosphere of
the furnace was purged of oxygen before annealing by
H,/Ar sweeping for 1 h. The heating step takes ap-
proximately 45-50 min. At the end of the heating step,
H,/Ar was maintained in the furnace approximately 15 h
during the cooling of the disks down to 30 °C in order to
prevent oxidation of the disk surface.

2.4. Surface state and helium lateral and depth distribution

Different techniques have been used to characterize
the surface state of the disks and the helium lateral
distribution and depth profile.

2.4.1. Surface analysis

The surface state of the as-received, as-implanted and
annealed disks have been observed using a binocular
magnifying glass (Leika) and a Philips (XL40) Envi-
ronmental Scanning Electron Microscope (ESEM, 30
kV, partial pressure of air ~2x10~* atm) from Ernest
Babelon Laboratory (CNRS Orléans).

The roughness of the disks after implantation and
annealing was measured using a Talysurf 10 (Taylor-
Hobson).

2.4.2. Helium depth profile and lateral distribution

Several methods based on ion beams can be used to
determine the total amount of helium in solids. Among
these methods, the *He(d,o)' H nuclear reaction analysis
method is widely known [15-18]. In this study we used
this technique in different conditions depending on the
type of information we wanted to obtain.

Homogeneity of the lateral implanted helium distri-
bution is investigated by performing cartography of the
disk surface. In this analysis mode, the spot of the deu-
teron beam is moved by step of 250 pm on either side from
the disk center and only protons transmitted through the
sample are detected at 0° angle from the incident deuteron
beam. The lateral resolution is restricted to 500 x 500 um?
due to the spot size of the deuteron beam.

For helium depth profiling, the two reaction prod-
ucts, 'H and o, are detected in coincidence in order to
suppress all parasite signal. The details of the method
(analysis set-up, *He(d,a)'H cross section data, energy
calibration mode of detectors . . .) are reported elsewhere
[18]. A deuteron energy of 768 keV is chosen in order to
have the maximum of the cross section at the 2 pm
projected range of 1 MeV *He in UO, and to obtain the
highest detection limit. For this large range of implan-
tation depth, the depth resolution of helium profile in
UOQO; is close to 0.1 pum.

The He depth profile was then determined from the o
experimental spectra using the *He(d,a)' H cross section
measured by Sauvage et al. given in [19] and the SIMNR A
program [20] in which the Ziegler—Biersack—Littmark
(ZBL) stopping powers were integrated [21]. This pro-
gram fits the experimental data assuming a sequence of
uranium dioxide layers with different He concentrations.

3. Results and data analysis

The as-implanted (E1) and the annealed disks (E2,
E3, E4) have been characterized by optical microscopy,
ESEM and NRA.

3.1. Optical and electronic microscopy

Fig. 1(a) is typical of the surface state observed by
optical microscopy on a scale of 1-44 in the as-received
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(a)

(b)

Fig. 1. Binocular image of (a) He-implanted UO, El disk, (b) and (¢) He-implanted UO, E2 disk after annealing at 500 °C/1 h/H,.

as well as in the as-implanted uranium dioxide disks. It
shows that the implantation induces no modification of
the surface state.

After annealing at 500 °C, as shown in Fig. 1(b) the
appearance of bright zones surrounded by dark zones
at the surface of the E2 disk can be detected by optical
microscopy on a scale of 1-57. They have different
shapes ranging from tens to hundreds of pm. As shown
in Fig. 1(c) on a scale of 1-8, the largest bright zones
appear as small islands regularly distributed in a square
lattice of 2 mm parameter. The dark zones look like the

surface of the as-implanted E1 disk. The same features
are observed on the other 500 °C annealed E3 disk. Fig.
2(a) shows that, when observed by ESEM on a scale of
1-260, the dark and the bright zones appear to be
sharply delimited. The sharpness of the edge between a
dark and a bright zone is better seen on a scale of 1-
1900 in Fig. 2(b). Furthermore, the image in Fig. 2(b)
clearly points out the existence of a difference in height
between these two zones as observed by ESEM, the
dark one looking closer to the objective than the bright
one.

Fig. 2. (a) and (b) ESEM images of He-implanted UO, disk after annealing at 500 °C/1 h/H, E2.
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After annealing at 600 °C, the bright zones cover
almost all the disk surface and there is only few dark
zones in some places (not shown here). The size of the
dark zones ranges from 10 to 100 pm at the most. Edges
between dark and bright zones are also observed by
ESEM on E4 disk (not shown here).

3.2. Lateral helium distribution

After implantation, as shown in Fig. 3(a), the helium
lateral distribution, determined by NRA with a resolu-
tion of 500 x 500 pm? due to the beam size, is homoge-
neous. The proton mean yield is equal to 1244140
counts for a total deuteron charge of 10 nC/point.

After annealing at 500 °C, Fig. 3(b) shows that het-
erogeneity in the helium lateral distribution appears on
the E2 disk. Different domains of few hundreds of pm
wide are observed: domains where the proton yield is the
same as the as-implanted E1 disk and domains where the
proton yield for a charge of 10 nC/point amounts to
roughly one third of the proton yield measured on the
as-implanted E1 disk. This heterogeneity in the proton
yield is also observed on the E3 disk. Consequently, it
can be concluded that annealing at 500 °C induced a
strong reduction in the proton yield in some regions of
the surface. As shown in Fig. 3(b) these domains of low
proton yield appear as islands surrounded by domains
with higher proton yield.

After annealing at 600 °C, Fig. 3(c) shows that the
helium lateral distribution is homogeneous with a mean
proton yield of 158 + 11 counts for a total charge of 10
nC/point. It is worth mentioning here that in the E4 disk
the mean proton yield for the whole area amounts to
13% of the proton yield measured on the as-implanted
El disk. Consequently, it can be concluded that an-
nealing at 600 °C induced a huge reduction in the mean
proton yield.
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Fig. 4. Experimental NRA spectrum of the as-implanted El
disk in arbitrary units.

3.3. Helium depth profile

After implantation, as shown in Fig. 4, the experi-
mental NRA spectrum, obtained by detecting the o
particles in coincidence with the 'H, presents a sharp
peak reaching a maximum at channel ~360. Fig. 5(a)
shows that the *He depth profile deduced from the ex-
perimental spectrum measured in the El disk exhibits
a sharp peak with the *He concentration reaching a
maximum of 1.1 at.%. This maximum is located at a
depth of 1.9 pm and the experimental full width at half
maximum (FWHM) of the He peak is equal to 0.7 pum.
The total He content deduced from this profile amounts
to 6.35x10'® 3Hecm™2. It is worth noting that the He
peak is asymmetrical and that a helium tail between the
surface and the implantation depth is observed.
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Fig. 3. Lateral helium distribution of implanted disk using proton detection in arbitrary units: (a) as-implanted El disk (1 MeV,
5%10' *Hecm™2, R, = 2 pm), (b) implanted disk after annealing at 500 °C/1 h/H, E2, (c) implanted disk after annealing at 600 °C/1 h/

H, E4.
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Fig. 5. *He depth profile in UO, (a) as-implanted E1 disk, (b) and (c) implanted disk after annealing at 500 °C/1 h/H, E2, (d) im-

planted disk after annealing at 600 °C/1 h/H, E4.

After annealing at 500 °C, as discussed in Section 3.2,
the *He lateral distribution is heterogeneous for both the
E2 and E3 disks.

In the domains, identified in Section 3.2, where the
proton yield is lower than in the as-implanted disk E1,
Fig. 5(b) shows that the helium depth profile determined
on the E2 disk exhibits two different peaks. The profile
determined on the E3 disk presents the same features
(not shown here). For both disks, one peak is located at
the near-surface and the other one is at 1.9 pm. The
helium concentration at the maximum of the near-sur-
face peak is 1.1 at.% for E2 and 0.9 at.% for E3. The
near-surface peak is highly asymmetric extending only
towards the bulk of the disk with a FWHM of 0.2 um.
The total helium amount in this near-surface peak, be-
tween 0 and 1 um depth, is equal to 1.85x 10'® He cm 2
for E2 and 1.45x10' *Hecm~2 for E3. We can notice
that for the E2 disk the higher helium concentration at
the maximum is linked with a higher total helium
amount in the peak. For E3, the smaller helium con-
centration at the maximum is associated with a smaller
total helium amount. The helium concentration at the
maximum and the FWHM of the 1.9 um peak are re-
spectively equal to 0.4 at.% and 0.4 pm for the disk E2,
0.45 at.% and 0.5 um for E3. Between 1 and 3 pm depth,
the total helium amount is equal to 1.5x 10'¢ *He cm 2
for E2 and 1.8 x 10'® *He cm~2 for E3. The total amount
of helium determined from the profiles obtained

amounts to 3.35x0'* 3Hecm™2 for E2 and 3.25x10'¢
SHe cm 2 for E3. These values are two times lower than
in the as-implanted disk El.

In the domains, identified in Section 3.2, where the
proton yield is the same as in the as-implanted E1 disk,
as shown in Fig. 5(c), the peak in the depth profile, the
FWHM and the helium concentration at the maximum
of the peak are respectively 1.9, 0.6 um and 1.2 at.% for
both disks. The total amount deduced from the two He
profiles is equal to (6.2 0.2) x 10'® *He cm~2. This value
is the same as in the as-implanted disk E1.

After annealing at 600 °C, Fig. 5(d) shows that he-
lium is detected only in the first 1.5 pm depth under the
surface and there is no more helium at 1.9 um. The
profile shows a peak near the surface with an He con-
centration at the maximum of 0.9 at.%. The peak is
highly asymmetrical with a FWHM of 0.2 um and a long
tail extending towards the bulk where the helium con-
centration decreases when probing depth increases. Be-
yond 1.5 pm, the He content is lower than the detection
limit of the technique. The total amount of helium de-
duced from the profile is equal to 1.7x 10" *Hecm 2.

4. Discussion

In this paragraph, the evolution of the He distribu-
tion and of the surface state as well as the mechanisms
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that are induced by annealing at 500 and 600 °C are
discussed.

After implantation, the homogeneity in the lateral
helium distribution is consistent with the method used to
irradiate the samples. The experimental depth corre-
sponding to the maximum in helium concentration, 1.9
um, is in good agreement with the depth calculated by
SRIM 2000 (R, = 2 um). Nevertheless the experimental
FWHM of the *He profile is larger than the one calcu-
lated using SRIM 2000, 0.7 pm versus 0.45 pm, and the
experimental He content at the maximum is lower, 1 at.%
versus 1.4 at.% for SRIM calculations.

After annealing at 500 °C, several new features (see
Section 3.3) appear pointing out a rearrangement of
damage or/and He in the implanted UO, disks. By
correlating optical or scanning electron microscopies to
roughness (Fig. 6) and NRA measurements, we are led
to conclude that the bright areas of 150-250 um lateral
dimensions observed by optical microscopy correspond
to areas left over when matter has been torn off on a
thickness of about 1.6 um. The tearing of matter is
consistent with the presence of uranium dioxide flakes
that we found in the furnace when taking out the disks
at the end of the 500 °C annealing. The striking feature
is that this process appears to be highly inhomogeneous
in the disks with the flaked areas surrounded by large
unflaked areas where the He distribution is identical to
its distribution in the as-implanted zone. Depending on
their size, the flaked areas extend from few to several
grains of uranium dioxide. Furthermore, on a scale of 1—
8, it seems that the flaked areas are ordered and formed
a flaked area lattice with a lattice parameter ~2 mm. The
heterogeneity of the flaking process after annealing at
500 °C suggests the existence of either an implantation
revealed or induced heterogeneity in the UO, disks. The
absence of modification in the *He depth profile and the
total He amount measured in the dark zones compared
to the as-implanted E1 disk points out that in these dark
zones there is neither helium release nor migration. On
the contrary, in the bright zones where both quantities

-] 08 pm 0. =
] |

Fig. 6. Roughness measurements performed after implantation
and annealing at 500 °C/1 h/H, on the disk E2.

are strongly modified, there is evidence that defect or He
reorganization changes the damage structure. The rea-
son for the heterogeneity in the occurrence of this re-
organization remains however unclear.

After annealing at 600 °C, new features appear: *He
is missing at a depth of 1.9 um, it is located only at the
near-surface and the 3He amount is four times lower
than the one measured in the as-implanted El disk.
Moreover, the whole surface of the E4 disk is seen by
optical microscopy as bright as the flaked zones ob-
served in the 500 °C annealed E2 and E3 disks. The
correlation between the *He and surface state evolution
suggest that 600 °C annealing induces flaking over the
whole surface of E4. Flaking is also confirmed by the
weight loss of the E4 disk: the disk annealed at 600 °C
has lost approximately 1 mg, which correspond to a
UO, thickness of 2 pm. After flaking at 600 °C, the *He
content is mostly concentrated in a near-surface peak
where the concentration reaches a maximum value of 0.9
at.%. This value is close to the concentration determined
at 1.9 um in the as-implanted E1 disk. This suggests that
splitting occurs close to this depth. Surprisingly, how-
ever, whereas the helium concentration at the maximum
of the peak has hardly changed, the total *He amount is
reduced by a factor of 4. It follows that most of the
released *He comes from the region located before the
ion track end. This leads to suggest that splitting is due
to some rearrangement in the cascade region involving
only short range diffusion of *He.

Assuming that the 3He properties are the same in
the flaked areas after annealing at 500 and 600 °C, it
is possible to estimate the surface fraction that has
been flaked in the low proton yield areas probed by
NRA.

Let Yol s00°c be the total amount of helium in the
low proton yield area after annealing at 500 °C,
Yiotal 600 °c the total amount of helium after annealing at
600 °C, Yisimplanea the total helium amount in the as-
implanted disk and f the fraction of flaked area in the
low proton yield probed zone (500 x 500 um?).

Then

Ytotal 500°C — f X Ytolal 600 °C + (l - f) X Yas-implamed and

f _ Yas-implamed - Ylolal 500 °C

Yas-implanted - Ylolal 600 °C

So in the low proton yield probed zone, the fraction of
flaked areas amounts to 64% for E2 and 62% for E3.
Blistering of metals subjected to helium irradiation
has also been intensively investigated [22]. For example,
blistering in copper takes place at 320 K during low
energy (160 keV) He implantation inducing local He
concentration of 30 at.% [22]. Flaking was also observed
in oxides: as example in MgAl,O, single-crystal after
implantation of 900 keV *He inducing local He con-
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centration of 3.8 at.% and subsequent annealing
at temperatures higher than 550 °C [23]. It is worth
noting that this phenomenon was not observed in the
case of polycrystalline MgAl,O, where the local He
content was only 2.3 at.% [23]. This phenomenon is
also successfully used in silicon-on-insulator technology
[24-26] to split a thin SiO,/Si layer from a Si wafer.
It involves implantation to high dose (~1-6x10'® cm~2)
of hydrogen ions of low keV energy and subse-
quent thermal annealing to induce splitting of a layer
of material with a thickness comparable to the ion
range.

The mechanisms of flaking are well understood [27]:
this phenomenon occurs if the implanted gas is unable to
escape from the host material. It coalesces and precipi-
tates to form gas filled bubbles. These bubbles may grow
by capturing additional gas atoms and vacancies or by
punching out interstitial dislocation loops. When they
become large enough, a crack parallel to the sample
surface will be formed. The layer separated from the
substrate by this crack may contain a huge compressive
lateral stress. This stress and/or the pressure of the gas
accumulated in the cavity formed by the crack lifts
covering layer up, deforms it plastically and may even
tear it off from the bulk.

It is interesting to notice that in this study, flaking
was observed for local He concentration of only 1 at.%
(3% at/at;yy) whereas this phenomenon is usually ob-
served for at least a few at.%, as example 3.8 at.% in
MgAlL, O, single-crystal [23]. This He concentration
would be expected in MOX fuels after 5000 years [12]. It
is important to notice that after such a period of time
the temperature expected in a geological disposal is less
than 200 °C, lower than the temperature of this exper-
iment. At such temperature, the question is whether
long aging period can allow a flaking phenomenon
similar to the one observed during short annealing at
500 °C.

Finally, these results show that helium bubbles pre-
cipitate at temperature as low as 500 °C in uranium
dioxide and that the solubility of He in this material
(with mean grain size of 8 pm) is less than 1 at.% (=3%
at/atiHM).

5. Conclusions

In this work, He behavior after implantation was in-
vestigated using nuclear reaction analysis (*He(d,o)'H)
as a function of temperature. This study shows that a
flaking process of the implanted uranium dioxide occurs
for local He concentration of about 1 at.%. This result
suggest that the helium solubility is rather low in ura-
nium dioxide. Current work is devoted to the determi-
nation of helium diffusion coefficient in medium dose He
implanted samples.
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