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Abstract

In this paper, a series of post-irradiation examination results on high burn-up structures (HBS) are summarised for a wide variety of
fuels (various programmes on PWR UO, fuels with different claddings and with or without doping, PWR MOX fuels, FBR fuels, etc.).
This summary is intended to provide a better understanding of how high burn-up structure is formed and subsequently changes up to
very high burn-ups in various irradiation conditions. This paper also focuses on the existence of planar defects prior to the HBS forma-
tion and their change with time, as well as on the chemical influences and consequences of the HBS. Two new mechanisms are proposed

to take into account these observations.
© 2007 Published by Elsevier B.V.

PACS: 28.41.Bm; 81.05.Je

1. Introduction

With the current increase in target fuel burn-ups for
LWRs and the irradiation of precursor fuels at even higher
burn-ups, research has focused on the formation of a por-
ous, small-grained microstructure in the rim area of the
fuel, first called ‘rim’ structure before being called high
burn-up structure (HBS). Many teams have looked into
this phenomenon, each helping to characterise and under-
stand the properties of this new material. Some pro-
grammes were even totally devoted to this subject [1].

So far, CEA hot laboratories have contributed various
elements to this research, especially.

Providing a first example of high burn-up fuel exhibiting
this microstructure in the rim area [2].

Demonstrating the presence of two types of sub-grains
in the HBS; round around the bubbles, and polyhedral
elsewhere [3]. It also gave porosity values, discussed the
nature of planar defects observed near HBS areas to con-
clude that such defects might play a role in the formation
of polyhedral sub-grains or bubbles.
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Showing that the rim area may contribute to the overall
fission gas release in the free volumes of the rods [4], but
above all showing that such release did not exceed 0.3%
of the formed gas when the mean rod burn-up was
60 GWd/t, i.e., local release in the rim area not exceeding
5%. Releases from this area are therefore insufficient to
explain the increase in the fission gas release rate measured
at high burn-up.

Finally, studies [5-7] have provided further information
especially with an assessment of the quantity of fission gas
in a single bubble in the rim area and the confirmation of
low fission gas release from this area by secondary ion mass
spectrometer (SIMS).

In spite of considerable research already performed on
this subject all over the world, it seems that this phenome-
non is not fully understood and that consensus has not
been reached.

This paper provides a summary of numerous observa-
tions on HBS in various fuels (programmes on PWR
UO, fuels with different claddings and with or without
doping, MIMAS PWR MOX fuels, FBR fuels, etc.).
Observations were made using optical microscopy, an elec-
tron probe microanalyser (EPMA), a scanning electron
microscope (SEM) and a secondary ion mass spectrometer
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(SIMS). These results provide new information on the con-
ditions resulting in the formation of HBS, on HBS proper-
ties and on the changes of HBS during irradiation. These
results put HBS in a new light.

2. Fuel data

Table 1 lists the main features of the fuel families on
which various examinations in this study were based.

Apart from tiny manufacturing differences, the main dif-
ference between fuels (1) and (2) lies in the **°U enrich-
ment, which was 3.7 for (1) and 4.5 for (2). The main
difference between (2) and (3) was the cladding: Zircaloy
4 for (2) and M5™ for (3).

Fuels (4) were MOX fuels manufactured according to
the MIMAS process [8,9]. This MIMAS process leads to
microstructures composed of:

— Plutonium-rich agglomerates with a Pu content close to
that of the master blend, i.e., less than 30%.

— Uranium-rich agglomerates with very low plutonium
content.

— A matrix coating these two phases with an intermediate
Pu content.

The great interest in examining MOX fuel to study the
formation and subsequent changes of HBS lies in the very
broad range of local burn-ups that can be found in the Pu-
rich agglomerates (up to 270 GWd/t in this study) and in
the wide range of temperatures occurring in these agglom-
erates depending on the radial position during the same
irradiation.

Fuels (5) had additives introduced during fabrication in
order to (a) increase the fuel grain size during pellet sinter-
ing, (b) form precipitates to help the fission gases precipi-
tate into intragranular bubbles, and (c¢) modify the
mechanical properties of the pellets [10]. These microstruc-
tures were designed to improve the fuel behaviour in terms
of pellet—cladding interactions (PCI) and have been suc-
cessfully tested [11,12]. The fuels in this experiment and
standard UO, mainly differ by their pellet geometry, the
235U fuel enrichment, and the irradiation conditions. In
the Tanoxos (5) experiment, the pellet diameter was only

Table 1
Main data on fuels used in this study

4.93 mm and irradiation in the Osiris experimental reactor
led to high burn-up in less than two years of irradiation,
but with low powers and temperatures during the last part
of the irradiation. Moreover, stainless steel cladding and
extra external aluminium cladding induced a high stress
level in the fuel after gap closure.

Fuels (6) are examples of fast breeder reactor fuels irra-
diated in the Phenix reactor.

3. Experimental methods

For the purpose of observations, the samples were pre-
pared by (a) fracturing the fuel to examine the surface with
a SEM, or (b) grinding and polishing the cross sections or
longitudinal sections. Great care is necessary to correctly
prepare the HBS, especially during the last steps of the
polishing. As HBS are constituted of grains with diameters
that can be 0.15 um only, the sample surface cannot be
considered correct unless the polishing granulometry is
gradually decreased to 0.25 pm for diamond pastes. At last,
a final step using a colloidal solution of silica (0.04 um)
greatly improves the result.

The examinations used in this study were conducted in
the hot cells of the CEA LECA-STAR facility at Cadar-
ache (France) with:

— An Olympus PME3 optical microscope for which hot
cell adaptations were done with the help of ‘Optique
Peters’. The image acquisition was composed of an
F-View II camera on the ‘SIS’ acquisition system from
which the AnalySIS software was also used for image
analysis.

— A shielded electronic microprobe (EPMA) Camebax
microbeam from ‘CAMECA’ equipped for acquisition
and exploitation of the measurements using the ‘SAMx’
system.

— A scanning electron microscope (SEM) ‘Philips” XL30
on which the WDX ‘Microspec’ spectrometer has ‘home
made’ shielding. Large field acquisitions were performed
thanks to the ADDA ‘SIS’ system, with the AnalySIS
software once again used for image analysis.

— A secondary ion mass spectrometer (SIMS) ‘CAMECA’
IMS 6f capable of analysing the same samples as the
SEM and EPMA.

Name (in this Fuel type Mean burn-up range Cladding 25U enrichment or As-fabricated
study) of sample Pu content grain sizes
(1) UO»-Zr4 UO, standard PWR geometry Up to 62 GWd/t Zr4 3.7% 2°U ~9 pm
(2) UO»-Zr4 UO, standard PWR geometry Up to 68 GWd/t Zr4 4.5%%°U ~11 pm
(3) UO,-M5™  UO, standard PWR geometry Up to 78 GWd/t M5™ 4.5%>%U ~11 pm
(4) MOX MIMAS MOX standard PWR geometry Up to 63 GWd/t Zr4 6%Pu/(U + Pu) ~7 um
MIMAS
(5) Tanoxos Advanced and standard microstructure in the 65 GWd/t Stainless 7%2°U 9 pm and 75 pm
Osiris research reactor steel + Al
(6) FBR FBR fuel irradiated in Phenix reactor Up to 17%FIMA Stainless ~20%Pu/(U + Pu) ~10 um

steels
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4. Results
4.1. Formation of high burn-up structures (HBS)

4.1.1. What is a high burn-up structure?

When fully developed, an HBS exhibits very small grains
and large bubbles instead of the as-sintered initial grains.
The bubbles are surrounded by round sub-grains whereas
the rest is made of polyhedral sub-grains. In the case of
MOX (Fig. 1(b)), the limit of the fully developed HBS is
clear. In the case of UO, (Fig. 1(a)), the existence of fully
developed areas is clear, but their limit remains unclear.
Outside of these fully developed HBS areas, isolated sets
of bubbles and sub-grains can be found in almost intact ini-
tial grains. Each stage of the HBS development exists
between these two phases, including areas where only small
parts of the initial grains are still intact.

On optical ceramographs of a polished sample, the HBS
first appears through its porosity. After chemical etching
designed to reveal the grain boundaries, the HBS areas
may show little grains or appear very dark if the etching
was overly efficient. In the HBS, a large part of the fission
gas leaves the bulk of the oxide to form bubbles. On the
observation plane, bubbles have released their gas, having
been opened by polishing. As a consequence, in spite of
the high amount of fission gases still inside the HBS, the
EPMA measurements or maps on the xenon give low val-
ues, except in a few spots when bubbles are very close to
the surface.

4.1.2. Before the high burn-up structure: planar defects

To our knowledge, Pati was the first to point out the
existence of ‘needle-shaped features’ in the nuclear fuel at
high burn-up [13]. He suggested that it could be U40O,.
The nature of these defects was discussed in [3] and linked
to the planar defects observed with TEM [14,15]. It was
then suggested that these defects could form the boundaries
of the polyhedral sub-grains.

Since then, planar defects have systematically been
observed after chemical etching of polished samples, both
around HBS areas and in the highest fuel burn-up locations
yet to undergo restructuring, always in the cold regions of
the fuel. For example, such defects are detected:

— At intermediate burn-up (~30 to 40 GWd/t) on the
periphery of UO, fuels. As an example, Fig. 2 shows a
(3) type fuel UO,—M5™, irradiated 5 cycles up to a mean
rod burn-up of 56 GWd/t. However, the fuel was
located close to the bottom of the rod at a position
where the local burn-up was only 30 GWd/t. It shows
a very high level of planar defects. The particularities
of this position were the low fission rate and the low
temperature.

— Around the HBS of the peripheral plutonium-rich
agglomerates in the MIMAS MOX fuels (4) as in
Fig. 3 on the periphery of a fuel at 57 GWd/t.

— Beyond the limits of the rim areas of UO, fuels (1), (2)
and (3) as in Fig. 4 on a 69 GWd/t (3) UO,-M5™ fuel.
In this case, they were mixed with isolated HBS areas.

Fig. 1. SEM fractographs illustrating a HBS (a) at the rim of a UO,-M5™ (3) 73 GWd/t pellet and (b) in a 55 GWd/t MOX MIMAS (4) fuel.
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Fig. 2. Optical ceramograph after chemical etching of a 30 GWd/t (3)
UO,-M5™ fuel.

Fig. 3. Planar defects observed by optical microscopy at the periphery of a
57 GWd/t (4 MOX MIMAS sample after chemical etching. These defects
are found in the UO, zones around Pu-rich agglomerates.

Fig. 4. Planar defects observed by optical microscopy at the back of the
rim zone of a 69 GWd/t (3) UO,-M5™ fuel after chemical etching.

Planar defects cannot be found in the fully developed
HBS itself or around the central MOX plutonium
agglomerates.

Because of the high increase in the burn-up of the MOX
plutonium agglomerates during one cycle, we had no
opportunity to observe these agglomerates slightly before
the HBS formation. We therefore cannot be sure such pla-
nar defects exist in this case.

Moreover, defects can be observed without any etching
on SEM fractographs, showing that they are not an effect
of the sample preparation (etching or TEM sample prepa-
ration). In these fractographs, the defects appear as steps of
about 1 um long on the fractured surface (Fig. 5), which
implies a structural discontinuity at the position of the pla-
nar defects. Dedicated EPMA X-ray maps of xenon or
metallic fission products in areas where planar defects have
been detected by optical microscopy do not make it possi-
ble to reveal any local decrease or increase in the content of
these fission products.

After reactivity-induced accident (RIA) tests [16], ramp
tests, or annealing tests [17], the length of these defects
increases and some of them can be seen on polished sam-
ples, even without chemical etching.

Some fractographic observations also show that part of
the planar defects (perhaps the older defects) exhibit a
rounded grain microstructure at their surface that seems
similar to what is usually observed around HBS bubbles
(Figs. 5(c) and 6). Moreover, the lips of the defects tend
to open.

During the HBS formation process, the planar defects
are the first to appear. They then evolve into bubbles.
Round sub-grains form on the surfaces of the planar
defects at the periphery. However, it seems that the round
sub-grains cannot be clearly distinguished during the HBS
initiation far from the periphery. The polyhedral sub-
grains are formed later, from the remnants of the initial
grains, when the number of bubbles and round sub-grains
is high.

4.1.3. The main driving force leading to the HBS formation
is not the fission itself but the implantation of the fission
products

In MIMAS MOX fuels (4), fissions occurring in the Pu-
rich agglomerates of course lead to much higher fission
product contents than those observed in the rest of the
pellet. Nevertheless, as part of these fission products are
implanted all around these Pu-rich agglomerates, the
periphery of these agglomerates and their immediate neigh-
bourhood exhibit intermediate contents of fission products,
decreasing from the central part of the agglomerates out-
wards (matrix coating the agglomerates and uranium-rich
agglomerates). Due to this high implantation of fission
products and in spite of the local burn-up that is actually
low, HBS is formed beyond the limits of the Pu-rich
agglomerates. Fig. 7 illustrates this observation on a
MOX MIMAS (4) fuel, in an area located between 30
and 100 pm from the pellet edge. The mean fuel burn-up
at this level was 57 GWd/t, but a burn-up of about
180 GWd/t was reached in these agglomerates whereas it
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Fig. 5. SEM fractographs showing planar defects without chemical etching on a 57 GWd/t (4) MOX MIMAS fuel (a) and a 72 GWd/t (3) UO,-M5™ fuel

(b) with a detail (c).

was only about 50 GWd/t around the agglomerates. The
EPMA plutonium X-ray mapping made it possible to posi-
tion the limits of the Pu-rich agglomerates. This limit is
superimposed on the SEM image, the neodymium X-ray
map and the xenon X-ray map. The positions of the bub-
bles and the low xenon measurement areas on the X-ray
map show the extent of the HBS outside the limits of the
agglomerates.

In the MIMAS MOX fuel case, a reverse phenomenon
occurs when the Pu-rich agglomerate is small. In this case,
most of the fission products are implanted outside the
agglomerate. The amount of fission products found in this
little agglomerate is therefore much lower than that in the
centre of the large agglomerates. It is thus possible to find
small agglomerates with no HBS though the large agglom-
erates in the same area have this HBS form, with an iden-
tical actual burn-up. This is particularly the case for the
smallest agglomerates shown in Fig. 12.

4.1.4. Effect of temperature on the formation of HBS
Studying the formation of HBS in MIMAS MOX fuels

(4) makes it possible to examine the effect of temperature

on the microstructure resulting from restructuring. On a

single cross section, apart from the outer periphery agglom-
erates, all Pu-rich agglomerates more or less undergo the
same power history and hence the same fission rates. How-
ever, the temperature is a function of the radial position.

Measurements of the size of the bubbles and the sub-
grains in the HBS of large Pu-rich agglomerates show that
both sizes increase with temperature.

Fig. 8 shows grain and bubble sizes measured in the Pu-
rich agglomerates of a MIMAS MOX (4) fuel, as a func-
tion of the distance from the periphery, i.e., the variation
in these sizes with the irradiation temperatures.

These measurements were performed using SEM frac-
tography. They are average values of punctual measure-
ments: there is a wide range of sizes in both the bubbles
and the grains for each agglomerate. Nevertheless, these
values show the kind of increase that is always observed
in MOX fuel agglomerates by fractography or by optical
ceramography after etching.

Concerning the extreme periphery, the higher burn-up
observed in the agglomerates tends to induce the existence
of bigger bubbles, which is discussed in Section 4.3.2. Fig. 8
only shows the changes of bubbles and grains sizes between
the periphery and the mid-radius. While the peripheral
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Fig. 6. Opening of the planar defects with round sub-grains at their
surfaces in SEM fractographs of 61 (a) and 73 (b) GWd/t (3) UO,-M5™
samples.

agglomerates undergo the classical HBS formation, the hot
central part of the pellet agglomerates undergoes huge
transformations with the appearance of very large bubbles,
though the grains sizes remain very similar to the initial
sizes but with shape modifications. Fig. 9 shows the bub-
bles in large Pu-rich agglomerates at 0.9R, 0.5R and close
to the centre for a 45 GWd/t MIMAS MOX (4) sample.
The increase in the size of the bubbles and the grains
around mid-radius is very sharp.

It is commonly admitted that the formation of an HBS
is the result of the balance between the formation of defects
due to irradiation, and the thermal annealing of these
defects. At the very least, a threshold temperature seems
to exist, above which the high burn-up changes do not lead
to the formation of small grains.

If such a balance exists, the following can be expected on
a local level:

— fuel that does not have a high burn-up in spite of high
local burn-up, and

— fuel that has a high burn-up structure at the same local
burn-up and temperature range owing to a higher fission
rate.

This kind of comparison should be possible in interme-
diate areas where the temperature is slightly below the
threshold temperature in such a way that some annealing
of the formed defects can be expected. The best way to look
for such effects is most likely a comparison between:

— a low burn-up MOX fuel in a mid-radius agglomerate
(which has just become HBS with a high fission rate)
and,

— another MOX fuel at a higher mean burn-up, focusing
on the intermediate Pu content phase so that the local
content of the fission products is the same as the previ-
ous one.

All comparisons of this kind revealed HBS in both cases.
The only point that may show this temperature effect is, in
case of MIMAS fuels where there is very little intermediate
Pu content matrix, the fact that the HBS does not develop
beyond the limits of the Pu-rich agglomerates when these
agglomerates are not at the pellet periphery (Fig. 10). Nev-
ertheless, other parameters may also affect the formation of
the HBS, especially the stress field and the local plutonium
content outside the agglomerates, which is lower in this
case (see Section 4.1.6).

4.1.5. Role of initial grain boundaries

In [18], resistance to the formation of HBS in two types
of large grain pellets (undoped and alumino-silicate doped)
is reported. An explanation designates the grain bound-
aries as the initial sites responsible for the formation of
the HBS.

However, the formation of the HBS does not especially
start at the grain boundaries. Fig. 11 shows a SEM image
of a (2) UO,—Zr4 sample irradiated up to a mean burn-up
of 45 GWd/t in which the formation of the HBS in the rim
is new.

The contrasts have been enhanced so that the channel-
ing effects on the electrons show the differences in the grain
orientations, and hence the position of most of the grain
boundaries. To a large degree, the initial grain structures
remained intact in this fuel, in spite of the fact that the
HBS has begun to form. It also appears that most of the
HBS bubbles had an intragranular position and that
the grain boundaries played no role in their formation.

4.1.6. Possible role of plutonium content in the formation
of HBS

Evidence of an effect of a high plutonium content upon
the formation of an HBS lies in both the absence of bubble
formation and the high implanted xenon content measured
by EPMA in UO, grains that can sometimes be very close
or even included in Pu-rich agglomerates of MOX fuel (4).

Examples of such effects on two large Pu-rich agglomer-
ates in two MOX MIMAS fuels (4), respectively, irradiated
up to mean cross section burn-ups of 26 GWd/t and
58 GWd/t, are shown in Figs. 12 and 13. In these two cases,
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Fig. 7. SEM and EPMA X-ray maps on MIMAS MOX (4). These images show the relative position of limits of the plutonium-enriched agglomerates and
the HBS. The burn-up reaches 180 GWd/t in these peripheral agglomerates. They show the extent of the HBS beyond the limits of the Pu-rich

agglomerates.
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Fig. 8. Mean sizes of bubbles and grains in the HBS of Pu agglomerates in
a 45 GWd/t MIMAS MOX (4) fuel.

restructuring into HBS did not occur in parts of the fuel
where the neodymium content was higher than in other

places where restructuring occurred. The difference
between these two parts of the fuel was the plutonium con-
tent, which remained low in the unrestructured parts. The
limits of these areas were the same as the limits of the as-
fabricated Pu-free grains. Because of this absence of
restructuration, the xenon measured in these unrestruc-
tured grains was higher than the maximum values usually
found in nuclear fuels [19]. This is particularly true in
Fig. 13 where a xenon wt% of 1.4% was reached without
restructuring. This corresponds to the concentration found
in 100 GWd/t fuels.

If such an effect exists, it can only be a chemical effect of
plutonium, and most probably owing to its influence on the
stoichiometry. SIMS maps of irradiated MOX fuel on the
UO; signal indeed show stoichiometric differences between
the plutonium-rich agglomerates and the rest of the pellet.

4.1.7. Fast breeder reactor fuels
In mixed-oxide fast breeder reactor (FBR) fuel (6), the
formation of HBS also occurs on the periphery of high
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Fig. 9. Radial evolution of bubbles in the Pu agglomerate HBS for a 45 GWd/t MOX (4) sample (0.9R, 0.5R, centre).

Fig. 10. EPMA Xenon X-ray map for MIMAS MOX (4) using the same
sample as Fig. 7, but at 0.56R, showing the limits of the Pu-rich
agglomerates. In this case, the HBS does not extend beyond the limits of
the Pu-rich agglomerates.

Fig. 11. SEM contrast-enhanced image of (2) UO,-Zr4 45 GWd/t rim.
The HBS is not developed enough for the initial grain boundaries to be
erased. The HBS bubbles are mainly intragranular.

burn-up pellets. This effect is not often discussed in FBR
fuel PIE articles: [20,21], but it is observed in all fuels with
burn-ups greater than approximately 7% FIMA, this limit
being similar to what exists in LWR fuels. This effect is

observed up to the highest burn-up reached (such as in
[22,23] in fuels irradiated up to 23% FIMA in the PFR
reactor). In FBRs, the plutonium content is not higher
on the periphery and there is no peripheral flux gradient
like that found in LWRs. Nevertheless, an HBS forms in
the rim of the pellets. The limitation is then due to the high
temperatures reached in the central parts of the pellets.
Two examples are shown in Fig. 14 with global views of
the periphery and detail after chemical etching of two fuels
irradiated in the Phenix reactor:

— Up to 12.5% FIMA with a low dose rate (<0.1 dpa/
EFPD (equivalent full power days)) for a long time in
the core (1275 EFPD): Fig. 14(a-1) and (a-2),

— Up to 17% FIMA with a 155 dpa dose for 1046 EFPD:
Fig. 14(b-1) and (b-2).

Owing to the fast neutron flux, no flux dipping is
observed on the periphery, which means that the burn-up
in the rim area is equivalent to the mean burn-up of the sec-
tions (12.5% and 17% FIMA, i.e., ~120 and ~170 GWd/t).

In these cases, the new grains in the HBS are larger than
those in the PWR UO, rim case, generally between 0.5 and
3 um, but within the range of what is observed in the
MIMAS MOX fuels with Pu-rich agglomerates in the hot
regions. The bubbles formed can be very large (very small
bubbles are observed, as are bubbles larger than 15 pm),
and their shape can be far from spherical. Porosities reach
29% and 35%.

Simultaneously to the formation of the HBS in MOX
FBR fuels, two other main phenomena occur:

— The formation of the ‘Joint Oxide-Gaine’ JOG, a com-
plicated association and mixture of fission products
and clad corrosion products between the clad and the
pellets, with a reopening of the fuel to clad gap. The
JOG formation has been understood as a consequence
of the evolution in the oxygen potential in relation to
the burn-up, particularly influenced by the accumulation
of trivalent rare earth ions [24]. The isostatic stresses in
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Fig. 12. EPMA X-ray maps on Pu, Nd and Xe, and quantitative analysis along a line in a (4) MOX MIMAS 26 GWd/t fuel. High xenon contents were
measured in UO, grains when they were included in a Pu-rich agglomerate or very close to it. The very bright spots of the Xe X-ray map are bubbles still

intact under the preparation surface in the HBS.

the fuel periphery are therefore very low during the for-
mation of the HBS, which must affect the shape and the
size of the bubbles.

— Possible corrosion of the steel clad.

These two phenomena and their implications on the
overall fuel behaviour have somehow concealed the interest
for the formation of HBS in these fuels.

4.1.8. Unusual irradiation conditions may lead to unexpected
features despite accumulated experience. the Tanoxos case
(5)

In the (5) Tanoxos programme [10], a standard micro-
structure was irradiated together with large-grain doped
fuels. The design of the device led to choose stainless steel
cladding with aluminium over-cladding and a small gap
between the fuel and the cladding. Moreover, management
of fuel rod loading times induced an irradiation with two
main periods; one at standard power and the other at
low power and hence at low temperature, even in the cen-
tral part of the pellets.

In this case (Figs. 15 and 16), almost no defect was
detectable by optical microscopy on the fuel periphery after
chemical etching for both standard fuel and large-grain
doped fuels. At intermediate position, numerous planar
defects were observed together with a few bubbles. In the
central part of the pellets, a structure very much like a
HBS had formed, a ‘central rim’ so to speak. SEM fractog-
raphy (Fig. 16) shows the bubbles surrounded by little sub-
grains. It seems that parts of the grains were hardly affected
by restructuring, perhaps stabilised by high stresses occur-
ring in these fuels because of the irradiation design. The
selected detail shows the position of an initial grain
boundary.

Too many parameters differed from the standard case to
clearly understand why restructuring occurred in the pellet
centre and not in the rim. The main differences are:

— The very low temperatures during half of the irradia-
tion, with temperatures lower than 500 K on the periph-
ery (is there a low temperature limit for the formation of
HBS?) and temperatures of about 800 K at the centre.
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Fig. 13. EPMA X-ray map on Pu, Nd and Xe, and quantitative analysis along a line in a (4) MOX MIMAS 58 GWd/t fuel. Very high xenon contents were

measured in UO, grains when they were very close to Pu-rich agglomerates.

— The high stress levels, which certainly had the greatest
impact.

— The high enrichment leading to a lower Pu content at a
given burn-up, with the local peripheral burn-up being
about 70 GWd/t.

— The stainless steel cladding with chemical properties dif-
ferent from those of Zircaloy and a possible impact on
oxygen.

— The high fission density rates.

4.2. HBS properties

4.2.1. As-fabricated pores decrease during the formation
of HBS

During the formation of the HBS, most of the initial
large-size pores disappear. Some of these pores could still
be seen, but their number and, most likely, the size of the
remnants were greatly reduced. Together with the HBS
porosity, Fig. 17 shows the radial profile of the porosity
due to pores with equivalent circular diameters (ECD)

greater than 3 um near the periphery of 62 GWd/t UO,
fuel (1). This profile clearly shows this decrease, which
was observed in every studied fuel.

However, Fig. 18 shows the existence of residual fabri-
cation pores inside the highly restructured HBS area of this
same fuel. The experimental results do not make it possible
to confirm whether these remaining pores were initially
particularly large or if another singularity prevented their
collapse.

4.2.2. Fission gas release from the rim area is generally low

Generally speaking, the overall fission gas release in
PWR fuel clearly increases when the mean rod burn-up
reaches values close to 40 GWd/t, i.e., while the HBS is
forming. The possible role of the HBS in this increase is
of great interest. Kinoshita et al. and Mogensen et al.
[1,19] concluded that most of the fission gases were retained
in the HBS. This is also what our evaluations showed.

4.2.2.1. Isotopic composition of fission gases. The composi-
tion of the gas extracted from the UO, rods plenums were
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Fig. 14. Optical ceramographs of the periphery of FBR fuels (6) at 12.5% FIMA (a) and 17% FIMA (b) before (1) and after (2) chemical etching. The
~10 pm initial grains restructured into smaller grains and large bubbles formed.

measured and the ratios (¥Kr+3Kr)/*Kr and
(B'Xe+1%2Xe)/"**Xe were established as a function of the
rods burn-ups (Fig. 19). These ratios increase with the
burn-up because of the increasing contribution of pluto-
nium fissions. The higher plutonium content in the rim
implies even higher local ratios. The comparison of these
ratios with neutron code calculations was presented in [4]
for two families of fuels. One was 3.1% 2**U-enriched
UO, fuel irradiated at moderate powers and temperatures.
The other fuel family was the UO,—Zr4 fuel (2). In the case
of low temperature fuels, a step appears during the forma-
tion of the HBS. Our conclusion was that this step was
probably the sign of contribution from the rim area to
the overall fission gas release, which was low (less than
1.3% at 56 GWd/t). This contribution was evaluated to
be about the same as the participation of the knock-out
phenomenon and close to one third of the total release.
In the case of fuel (2), this step was not detected. This does
not mean that such releases did not exist at all, but the

higher releases observed in these fuels cannot be attributed
to the rim participation.

The higher releases were mainly linked to the high tem-
perature in the central area, with the rim participation
remaining low so that its impact on the isotopic composi-
tion of the released gas was negligible. This method applied
to UO,-M5™ fuels (3) reaching burn-ups higher than those
in the first study, proves to be very consistent with the
results of fuels (2) (Fig. 19). It confirms the main result
of [4], but does not make it possible to specify the highest
release possible in the rim area.

4.2.2.2. SIMS gas measurements. SIMS gas measurements
in nuclear fuels were given in [25,26]. During these mea-
surements, local depth profiles of the xenon signal were
acquired. In these profiles, two components can be sepa-
rated: a base line and peaks. The base line results from
the solid solution gas and from the gas in bubbles that
are so small that their content cannot be distinguished from
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Fig. 15. Optical ceramography after chemical etching of standard (a) and large-grain doped (b) UO, fuel from the Tanoxos (5) programme at IR (1) 0.5R

(2) and around OR (3).

Fig. 16. SEM fractography of the central part of a Tanoxos (5) large-grain
doped fuel.

the baseline noise. It was therefore possible to establish the
total signal radial profile and the baseline radial profile
from the different depth profiles. Examples were given in
[6,26].

127 —+— porosity ECD<3 um

= porosity ECD>3 um

0 - r
0 50 100 150
um from the clad

Fig. 17. Peripheral porosity profiles of a (1) UO,-Zr4 fuel at 62 GWd/t
mean sample burn-up, with a separation between the <3 um bubbles and
the >3 um pores.

Fig. 20 shows such SIMS measurements on the periph-
ery of (1) UOyZr4 fuel at 62 GWd/t. Close to the periph-
ery (r/R close to 1), depth profiles show a low baseline level
but many bubbles. At /R = 0.85, shows a higher baseline
level and only a few bubbles with a lower gas content.
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Fig. 18. SEM image of the periphery of a (1) UO,~Zr4 fuel at 62 GWd/t
mean sample burn-up, showing a large pore in the HBS rim.
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Fig. 19. (¥Kr + *Kr)/*°Kr and (P*Xe + 13?Xe)/'**Xe ratios as a function
of the mean rod burn-up in the gas extracted from the free volumes of the
rods during gas puncturing, for 3 UO, PWR types of irradiation.

The deduced radial profile confirms the previous results
that most of the gas generated in the rim area remains in
the pellets.

This measurement method is still being improved and
uncertainties are still too high to precisely specify the
amount of gas released from the HBS area during irradia-
tion. The main problem due to the lack of precise knowl-
edge of the volume analysed will soon be solved.
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Fig. 20. SIMS xenon measurements on the periphery of a (1) UO,Zr4
fuel at 62 GWd/t, showing that the xenon content in the HBS is very close
from its formation.

4.2.3. The HBS bubbles are highly pressurised

A few independent evaluations lead to the conclusion
that HBS bubbles are highly pressurised. The first of these
evaluations consists in using the total HBS porosity mea-
sured by SEM with the xenon EPMA measurements. This
method was first applied to UO,—Zr4 (2) — as exposed in [3]
— before being applied to other fuels including MOX fuel.
The aim of this evaluation is to obtain an underestimation
of the amount of gas inside the HBS bubbles by systemat-
ically over-estimating all parameters resulting in a low
pressure:

— Over-estimation of HBS local release at 10% of the
formed gases (twice the evaluated maximum release in
the UO, periphery, cf. [4] and Section 4.2.2).

— Explaining the quantity measured by EPMA in these
areas by the solid solution xenon, though part of it
may have resulted from unopened bubbles under the
sample surface.

— Use of the maximum measured porosity.

Considering that krypton behaves similarly to xenon, it
was possible to assume that all unreleased gas not mea-
sured by EPMA remained in the HBS bubbles, i.e., in a
known volume equivalent to the measured porosity. There-
fore, the molar volume could be known.

Table 2 and Fig. 21 show the results of this evaluation
performed on some of the fuels. The results are always of
the same order of magnitude, with a molar volume of
about 11 x 107> m*/mol (~180 A¥/at, i.e., a few times the
volume of the UO, trivacancy). The pressures in the bub-
bles were much higher than the expected pressure gener-
ated by local stresses and the surface tension forces for
these bubble sizes. The molar volume seems to slightly
increase with the burn-up, especially in the mid-radius
MOX agglomerates.
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Table 2

Rough evaluation of the pressure in HBS bubbles at the end of life of various fuels

Fuel type HBS local burn-up (GWd/t) Position Gas volume Pressure with the Van der Waals equation of state (MPa)
(m3/m01) (A3/at)

) 105 Rim 9x107° 150 90 (at 650 K)
(1 120 Rim 10x107° 170 70 (at 650 K)
3) 120 Rim 9x107° 150 90 (at 650 K)
(4) 100 Peripheral agglomerate 11 x 107> 185 55 (at 650 K)
80 Mid-radius agglomerate 9 x 107> 150 145 (at 900 K)
(4) 160 Peripheral agglomerate 11 x 107> 185 55 (at 650 K)
120 Mid-radius agglomerate 12 x 107> 200 80 (at 900 K)
(4) 180 Peripheral agglomerate ~ 10.5x 10™° 175 65 (at 650 K)
130 Mid-radius agglomerate 10.5x107° 175 105 (at 900 K)
(4) 200 Peripheral agglomerate 11 x 107> 185 55 (at 650 K)
160 Mid-radius agglomerate 12x 107> 190 95 (at 900 K)
(4) 220 Peripheral agglomerate 10 x 107> 170 65 (at 650 K)
150 Mid-radius agglomerate 16 x 107> 270 50 (at 900 K)
(4) 270 Peripheral agglomerate 13 x 107> 210 45 (at 650 K)
180 Mid-radius agglomerate 16x 107> 265 55 (at 900 K)

gas volume (A3/at) * MOX mid-radius
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Fig. 21. Atomic volume according to the radial position (extract from
Table 2).

Such evaluations are not possible for FBR fuel due to
the very high fission gas releases in the pins.

The second evaluation was discussed in [5] and is
extended here to the MOX fuel. It is based on the amount
of gas measured by SIMS at the opening of a single bub-
ble — by itself an interesting result — associated with the
bubble volume as observed by SEM. The results given by
this method of evaluation are quite consistent with the pre-
vious results.

The amount of gas in one single bubble from the rim
area of a UO,-M5™ (3) fuel (61 GWd/t) was found to be
about 3 x 107" g of xenon in a 0.4 pm diameter bubble.
The molar volume was therefore about 13 x 10~> m*/mol.
The amount of gas in one bubble proved to be much
greater in MOX fuel, with a higher local burn-up. In a
63 GWd/t sample peripheral agglomerate from a MIMAS
MOX fuel (4), in a ~250 GWd/t agglomerate, the amount
of gas in one bubble varied from below 10~'% g to about
1.5% 107" g, in bubble sizes ranging between 1 um and
8 um in diameter. As expected, the range of molar volumes
was equivalent to about 10~* m?/mol.

Our last evaluation is based on the fact that in areas
where the HBS had not finished forming (like in the inter-
nal part of the rim area), xenon EPMA X-ray maps exhibit
zones where the xenon is well measured and others where
the measured level is very low. Superposition of the same
areas with SEM images show that the zones with high lev-
els of xenon exhibit in fact no bubbles on their surface.
However, bubbles detected with the SEM are located in
the middle of the xenon low level zones. It is therefore pos-
sible to estimate the volume having contained the gas form-
ing the bubbles. Having determined the proportion of local
fission gas missing in this volume by quantitative measure-
ments, another estimate of the amount of gas in these
bubbles is obtained.

For a 69 GWd/t (3) UO,-M5™ fuel on the limit of the
rim area, Fig. 22 shows a xenon X-ray map superimposed

Fig. 22. Superposition of the bubbles cut by the polished surface, as
detected by SEM, with the xenon EPMA X-ray map in a 69 GWd/t (3)
UO,-M5™ fuel at the limit of the rim area. The visible bubbles are in the
middle of the xenon depleted areas.
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on a SEM image of the bubbles (in yellow).! A volume of
about 2 um in diameter surrounds these bubbles with a
diameter of about 0.8 um. The lack in xenon + krypton
in this volume is evaluated at 0.9 wt%. The amount of
gas in one bubble is consequently about 4 x 10~'* g, which
means that the molar volume is about 9 x 10~> m*/mol.
This estimation is far less precise than the two previous
ones, mainly because the evaluation of the volume is simi-
lar to the resolution of the EPMA. Furthermore, it can
only be applied in areas where the HBS is not yet fully
developed. It nevertheless proved to be quite consistent
with the previous results. It must be noted however that
EPMA xenon depletion is a direct consequence of the for-
mation of bubbles, with the surface bubbles being opened
by the sample preparation. Furthermore, xenon depletion
does not occur before the formation of bubbles [27].

4.2.4. Formation of metallic precipitates

During the formation of the HBS, optical micrographs
and EPMA X-ray maps clearly show the formation of
small metallic precipitates like those found in the hot cen-
tral areas. In UQO, fuels, the composition of these precipi-
tates seems to remain close to the formations, but their
small size makes it difficult to obtain good EPMA measure-
ments. In MOX fuels where the burn-up in the Pu-rich
agglomerates can be higher than it is the UO, rim areas,
a partial lack of molybdenum from the HBS peripheral
precipitates was measured together with an increase of
the molybdenum content for the rest of the agglomerate.
This evolution is more or less pronounced from one fuel
to another with no clear reason for such differences. It
can be observed in fuels as soon as the HBS has formed.

4.3. HBS changes with irradiation

4.3.1. UO; rim area

Examination of the periphery in the considered UO,
fuels (1), (2) and (3) shows a practically linear increase of
the porosity with the fission product content for any given
fuel in the HBS area. This increase in porosity represents
both an increase in the number of bubbles, with completion
of the restructuring (i.e., the progressive decrease in the
unrestructured parts), and an increase in the bubble size
firstly due to the accumulation of newly formed fission
gases in the already formed bubbles.

For UO,-Zr4 at 61 GWd/t fuel (2), Fig. 23 shows both
the decrease in the fission product concentration and the
decrease in the porosity close to the cladding.

Fig. 24 gives the radial evolution for the number of bub-
bles per mm? and for the surface density of the rim bubbles
in a UO,—Zr4 fuel (2) at 61 GWd/t. For a given UO, sam-
ple, the decrease in the porosity in relation to the distance

! For interpretation of color in Fig. 22, the reader is referred to the web
version of this article.
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Fig. 23. EPMA neodymium profile and SEM porosity measurement on a
61 GWd/t(2) UO,-Zr4 fuel. The lower porosities at the extreme periphery
are due to the lower fission product content as a consequence of the clad
implantation.
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Fig. 24. Radial evolution of the bubble sizes and densities on the
periphery of a 61 GWd/t (2) UO,-Zr4 fuel.

to the cladding, i.c., with the decrease in the local fission
product content, represents a decrease in the number of
bubbles and in their mean size. In this example, the density
evolution has more than twice the effect on the total poros-
ity than the evolution in the bubble size.

The increase in the porosity in relation to the increase in
the fission product content was the same for all examined
fuels (Fig. 25), only its starting point changes. This change
reveals the influence of parameters other than the local
fission product content. The delay in the formation of
the HBS in (3) fuels may be explained by the mechanical
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Fig. 25. Evolution in the local HBS porosity as a function of the local
burn-up (deduced from the neodymium content) for samples of (1), (2)
and (3) UO, fuels.

properties of the M5™ cladding which induce higher stress
in the fuel once the gap is closed.

With the increase in burn-up, inter-penetration is
observed between the HBS rim and the zirconia formed
at the cladding inner surface after closure of the pellet-to-
cladding gap (Fig. 26 for a (2) UO,—Zr4 fuel with a local
burn-up of 69 GWd/t). Some small fission gas bubbles
are also observed in the zirconia, particularly in the parts
having penetrated the HBS. This phenomenon illustrates
the deformation capacities of the HBS. Moreover, the
bonding between the pellets and the clad is very strong.
This strong bonding and the differential thermal expansion
of the pellet and cladding lead to circumferential cracks in
the HBS during the cooling phases. Some of these cracks
can be seen crossing previously formed HBS bubbles in
Figs. 26 and 18. This is a HBS fission gas release mecha-
nism that has to be taken into account though its impact
remains to be evaluated.

Fig. 26. 69 GWd/t(2) UO,~Zr4 sample, rim and zirconia interpenetration
increase at high burn-up, formation of peripheral cracks in the HBS.

4.3.2. MOX fuel plutonium agglomerates

Examination of plutonium-rich agglomerates makes it
possible to observe the changes in the HBS at much higher
burn-ups. The agglomerates on the periphery showed:

— No major evolution in the sub-grain sizes after
formation.

— A continuous increase in the porosity in relation to the
burn-up.

— An increase in the bubble size and a decrease in their
number as the burn-up increases.

These variations not only result from the continuous
arrival of fission gases in the previously formed bubbles,
but also from the coalescence of these bubbles at very high
burn-up, as seen in Figs. 27 and 28. The images (Fig. 27) of
mid-radius agglomerates and (Fig. 28) in a peripheral
agglomerate show the role of the local deformations that
are necessary to obtain, first the coalescence and then big-

Fig. 27. Increase in the size of HBS bubbles in the mid-radius agglom-
erates of (4) MIMAS MOX with (a) 100 GWd/t and (b) 150 GWd/t burn-
up in the agglomerates.
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Fig. 28. HBS of a MOX Pu-rich agglomerate (4) in which the burn-up was
about 180 GWd/t. Coalescence of the bubbles and round sub-grains
surrounding these bubbles.

ger bubbles with general shapes that are usually almost
spherical.

Fig. 29 shows the structure of one of the maximum
burn-ups observed on the periphery of a (4) MOX fuel in
which the local burn-up in the Pu-rich agglomerate was
around 270 GWd/t. In these agglomerates, in spite of the
low temperature, the equivalent circular diameter (ECD)
of the HBS bubbles was capable of exceeding 10 pm,
whereas the surrounding HBS bubbles remained below
2 pm.

Fig. 30 shows the progressive increase in the total poros-
ity of the centre of the peripheral and the mid-radius Pu-
rich agglomerates. This graph provides more or less the
same information as that given in Table 2, as these porosity
measurements were used to evaluate the molar volume of
the fission gases in the bubbles. When comparing MOX

<

Fig. 29. One of the maximum local burn-up observed in a peripheral
agglomerate of a PWR MOX MIMAS (4) fuel. The local burn-up was
about 270 GWd/t and some bubbles were larger than 10 um in diameter.
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Fig. 30. Increase of the porosity in the centre of large Pu-rich agglom-
erates in relation to the local burn-up for MOX fuel. This porosity is
slightly higher than the UO, porosity, but its increase is similar in the
peripheral agglomerates. The mid-radius agglomerates show an even
higher porosity.

and UO, peripheries, the porosity tends to be slightly lar-
ger in the MOX agglomerates, though its increase at very
high burn-up remains rather consistent with what is seen
in the UO, rim at lower burn-ups This increase in porosity
is more than twice the standard overall fuel swelling
(~0.6%/10 GWd/t), which surprisingly was also the poros-
ity increase rate measured in [28] for very high burn-up
UO, fuels. The porosity in the mid-radius agglomerates
seems to increase at a slightly faster rate (an increase in
the molar volume can be observed in Table 2).

Fig. 31 shows the bubble sizes in the centre of the MOX
(4) peripheral agglomerates. It clearly shows the increase in
the size of these bubbles and, with the appearance of very
large bubbles by coalescence, the formation of bubbles
more than twice the volume of the other large bubbles.
Still, it is rather unclear whether the decrease in the amount
of bubbles only results from this coalescence or if ripening
should be taken into account as recommended in [28].
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1 23 4 56 78 9101112131415
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Fig. 31. Changes in the bubble sizes in the centre of the large peripheral
Pu agglomerates in relation to the burn-up in MOX (4) fuels.
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Such ripening would imply resolution, by the fission
spikes, of fission gas atoms, from rather large (more than
1 um) and highly pressurised bubbles with a high diffusion
of these gases in the grains or at the grain boundaries. We
have no evidence in favour of such a phenomenon, but we
cannot be sure that the bubble growth owing to the newly
generated gas and eventually by coalescence suffices to
explain such observations.

It must be pointed out that no new major phenomenon
was detectable, even at such very high burn-ups.

Effects of the HBS behaviour (over-pressurisation of
bubbles, coalescence, specific mechanical properties) are
felt when the stress context differs from the fuel-to-clad
interface conditions or the usual conditions in MOX
agglomerates. Fig. 32 shows an example of a MIMAS
MOX fuel (4) in which a plutonium-rich agglomerate hap-
pened to be at the pellet surface on a chamfer. Optical
microscopy on a longitudinal cut revealed the high swelling
in this agglomerate, without fuel dispersion in the chamfer.
The porosity measured in this agglomerate was about 50%.
Such swelling and deformation properties (see [29]) cer-
tainly explains the decrease in the fabrication porosity in
UO, rim areas.

Lastly, in the MOX Pu-rich agglomerates, a mobility of
cesium was measured. This mobility was pronounced in the
hot central parts of the pellets, and also exists in the
extreme periphery. Fig. 33 shows the EPMA measured
ratio between cesium and neodymium in the grains of large
MOX agglomerates on the periphery of increasing burn-up
MOX fuels. The mobility of cesium increases with the local
burn-up despite the very low temperatures during irradia-
tion. Some of this cesium can be found in the agglomerate
HBS bubbles.

4.3.3. Amount of gas in the HBS grains
In all highly developed HBS, the EPMA always detects

a small amount of xenon. Fig. 34 gathers the mean results
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Fig. 32. Optical ceramography of a 52 GWd/t sample of MOX (4) in
which an agglomerate was located on the chamfer (longitudinal cut).
Visualisation of swelling in the agglomerate.
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Fig. 33. Cesium/neodymium ratio decrease in relation to the burn-up in
the peripheral agglomerates of MOX fuels.

AMIMAS MOX (4) periphery ~ AMIMAS MOX (4) mid-radius

X (2) UO2-Zr4 +(3) UO2-M5
0 (8) FBR
Xe Weight %
0.3 4 +
o
0.2 X
A O A0 o
X , o
o %ﬂ)—* A A
-1 4 AA A AA
A
0 T T )
0 100 200 300

local Burn-up GWd/t

Fig. 34. EPMA xenon measurements in HBS from various fuels as a
function of the local burn-up.

obtained for various HBS, given as a function of the local
burn-up at the measurement positions.

From Fig. 34, it first seems that there is a slight general
decrease on the amount of gas retained in the grains. This
decrease may be partially artificial as, in the EPMA mea-
surement at low burn-up, part of the signal may come from
sub-micronic bubbles still full of gas under the polished
surface. Statistically, this participation tends to decrease
when the bubble size increases [30]. It is therefore possible
that the lowest burn-up values be slightly over-evaluated.
Nevertheless, it is reasonable to think that a slight decrease
exists. In the HBS of UQO, fuels and PWR MOX fuels in the
peripheral agglomerates, i.e., in a family of HBS that
underwent similar irradiation temperatures, and in spite
of the differences of the sub-grains sizes (a bit larger in
the MOX cases), the measurement are rather close for a
given burn-up. They start around 0.2 wt% and reach rap-
idly values lower than 0.1 wt% of xenon. This value should
be taken into account for modelling [31]. Slightly higher
values are measured in the mid-radius MOX agglomerates
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and in the FBR fuels, with larger sub-grains and higher
irradiation temperatures. Nevertheless, the measurements
are soon lower than 0.2 wt%.

5. Discussion
5.1. Main results for discussion

— Formation of planar defects:
Prior to the formation of bubbles and sub-grains, planar
defects appear as intragranular disks with a diameter of
~1 pum exhibiting free surfaces. Round sub-grains form
on these surfaces and the planar defects change into
bubbles. In highly developed HBS, planar defects are
no longer observed.

— Chemical effects and evolutions:
The formation of the HBS is influenced by the chemical
composition of the high burn-up fuel. In particular, the
amount of plutonium seems to have an impact. This
result explains one of the questions arising in the conclu-
sion of [27] in which a delay in the rim porosity growth
was reported in the case of high ***U enrichments. In
this case, the plutonium formation at a given burn-up
is lower. This leads us to suggest that, apart from the
elements added during fabrication, the trivalent fission
products have an effect on the formation of the HBS.
These elements, together with the plutonium content,
are the main contributors to the oxygen potential
increase during irradiation both in PWR fuel [32] and
in FBR fuel in which the HBS and the JOG form at
the same time. Though less pronounced in PWR fuels
than in FBR fuels, the formation of the HBS was also
related to chemical evolutions in the metallic fission
products and the volatile elements such as cesium. The
partial departure of molybdenum from the metallic pre-
cipitates in the plutonium agglomerates of MOX fuels
must be regarded as a chemical effect linked to the for-
mation of the HBS. The TEM observations in [15] show
that molybdenum depletion also occurred in UO,, with
the missing molybdenum having been precipitated in an
unidentified phase associated with the HBS bubbles.
Furthermore, an oxide deposit near the external surface
of the pellet (with Cs, Ba, Zr, Te, I and Ag) was also
reported and may be a phenomenon similar to the
JOG and the cesium movements observed in the MOX.

— The highly pressurised bubbles:
The molar volume in the peripheral bubbles of the rim
area or in the HBS of the agglomerates was always
about 10~* m*/mol. This is much lower than the equilib-
rium value for these bubbles. This conclusion is quite
consistent with conclusions in [33], though this docu-
ment reports higher molar volumes. In the hottest
HBS areas, i.e., the mid-radius MOX plutonium-rich
agglomerates, the molar volumes increased slightly with
the burn-up, which is sign of progression towards equi-
librium. Nevertheless, even then, equilibrium was far
from being reached.

— The initial grain boundaries do not usually play a signif-
icant role in initiating the HBS.
— High levels of deformation in HBS materials are found.

This was observed in the case of an HBS on the surface of
the chamfers, at the interface with internal zirconia, in the
decrease of the initial pores, and in the coalescence of bub-
bles at very high burn-up.

5.1.1. Comparison with the main theories

Attempts to explain the formation of the HBS fall into
three main categories:

(1) In [34,35], the accumulation of irradiation damage in
high burn-up areas is considered to lead to inhomogeneous
accumulations of dislocations, so that a tangled dislocation
network becomes organised into subdivided grains with
high angle boundaries. These grains are nuclei for grain
growth (recrystallisation). It then seems that the fission
gases are swept out of these new grains during their growth
to form bubbles.

(2) Paper [36] — with additional information in [37] —
suggests considering that the accumulation of radiation
damage leads to a dislocation network in which polygoni-
sation occurs, forming low angle boundaries with small
divided grains. In [37], polygonisation starts when the accu-
mulation of rare gases and metallic fission products results
in enough precipitates to anchor the dislocations. Some
gaseous and metallic fission products can then form larger
bubbles and precipitates by moving in correlation with
vacancies in the sub-grain boundaries, thus promoting
the rotation of newly formed small grains.

These two explanations are based on the same reason-
ing, which is the accumulation of radiation damage and
the formation of dislocations. The debate on the angle
boundaries between the newly formed grains is based on
different measurements among the various teams working
with TEM. The grain growth process of (1) is contested
in this second case in which a division of the initial grains
is considered as being more consistent with the HBRP
(high burn-up rim project) examinations.

(3) In [33,27], it was suggested that some recrystallisa-
tion could be localised around the formed fission gas bub-
bles by a local build up of the mechanical stresses induced
by the high pressure in these bubbles. The possibility of
recrystallisation or polygonisation prior to the formation
of the bubbles was considered as inconsistent with the
experimental observations.

Comparison of these three explanations with our new
experimental data rises a few problems:

— The existence of planar defects was not considered in
these theories. Moreover, these defects cannot be
explained by the formation and accumulation of
dislocations.

— The possible chemical effects of plutonium do not seem
to have any explanation.
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— The evolution of cesium and molybdenum was not
taken into account.

— In the two first proposals, over-pressurisation in the
HBS bubbles is difficult to understand as they both
imply an evolution in the system towards equilibrium.

— The two first proposals assert that the grain boundaries
play a special role in the initiation of the HBS. They also
consider recrystallisation or polygonisation prior to the
formation of the bubbles. This is contested by both the
third proposal and our own results.

5.1.2. Proposal of two new mechanisms

Very local (um range) traction stresses are necessary for
the formation of planar defects. These stresses cannot come
from the over-pressurised bubbles since planar defects
appear before the formation of bubbles. Our hypothesis
is that these local stresses are due to a local evolution in
the crystal structure. A major observation was reported
in [38] Fig. 2 detail B. In this detail of a high burn-up
UO, fuel, the lattice image obtained from the [110] direc-
tion exhibits an area where the lines seem to gather two
by two to form a larger line. The diffraction pattern in this
area suggests that this is a micro-domain of an over-struc-
ture of the UO,. It is likely that the high content of fission
products in solid solution in the bulk of the oxide in the
high burn-up areas, as well as the presence of Pu, locally
lead to the formation of an over-structure with a lower lat-
tice parameter [39]. The first mechanism that we propose is
that the formation of this over-structure results in planar
defects. Recently, Kinoshita et al. [40] suggested an alterna-
tive explanation in which the planar defects would be oxy-
gen defects on [111] crystallographic planes.

Secondly, once a planar defect is formed, its surfaces are
free surfaces subjected to fission spike solicitations. These
free surfaces are then modified just like the pellet free sur-
faces (large initial pores — Fig. 35, cracks, dishings, etc.).

Fig. 35. Round sub-grains formed on the surface of a large as-sintered
pore of a UO,-M5™ (3) 73 GWd/t pellet.

This phenomenon is similar to what is observed on the
surface in the case of ion bombardments [41] and what is
also seen in the case of ion plating [42]. Both lead to larger
ripples or larger grains for higher temperatures. During
this surface modification leading to the formation of sub-
grains, some of the fission products are trapped in the
formed volume, and the bubbles form, with a deformation
in the shape of the planar defects, towards a practically
spherical shape observed in the HBS areas. The bubble for-
mation process must be rather fast once the surface defor-
mation has started, as only a few planar defects are found
in an intermediate state. This mechanism would explain the
high pressure in the bubbles and the slow growth of the
bubble volume following their formation, with the same
phenomenon causing the bubbles to be filled with gas
and to deform. In the MOX mid-radius agglomerates, the
increase in the molar volumes probably implies a higher
vacancy flux.

Based on these hypotheses, the very initiation of the
HBS would mainly result from the solid solution of atoms
such as the trivalent rare earths and the plutonium, rather
than the gases, or the metallic or volatile fission products.
Nevertheless, its subsequent changes with the formation
of bubbles imply these other fission products.

6. Conclusion

A selection of high burn-up structure examinations on a
wide variety of fuels was used in this paper to answer to
some of the questions concerning the formation of HBS
and its subsequent changes.

It was shown that:

— The HBS has high fission gas retention capacities. In
particular, the HBS does not evolve towards an open
system of interconnected channels, even when porosity
reaches very high values (35% in a FBR fuel, 50% in a
PWR MOX unstressed agglomerate). Our experience is
therefore consistent with [43]. Furthermore, HBS
bubbles are over-pressurised in most cases.

— After a stage of initiation and spreading of the HBS, the
bubbles grow, being fed with newly formed gas atoms,
while coalescence is observed, leading to a decrease in
the number of bubbles while their size increase. We have
no element showing that this coalescence is the only
phenomenon leading to the decrease in the number of
bubbles.

— The presence of plutonium may have an effect on the
initiation of the HBS. This point should be checked by
dedicated experiments designed to avoid all other possi-
ble influences (temperature, high stress, flux rate
differences).

— The stress level seems to have an impact on the forma-
tion of HBS.

— The size of the newly formed grains increases with the
irradiation temperature, as does the size of the formed
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bubbles. However, the grain sizes do not undergo any
further major evolution afterwards.

— The initial grain boundaries are usually not essential in
the initiation of HBS.

— The initial fabrication pores are greatly reduced during
the formation of HBS.

— The increasing interpenetration between the HBS and
the internal zirconia leads to the formation, of periphe-
ral cracks in the UO,; rim areas during the cooling steps,
inducing fission gas release.

— The increase in porosity in the HBS occurs at similar
rates both in UO; fuels and in the centre of the large
peripheral MOX agglomerates, in which porosities of
more than 30% can be observed.

— Planar defects (1) first appear during the HBS formation
process, (2) undergo the formation of round sub-grains
at their surface, and (3) eventually evolve into bubbles.

Two new mechanisms have therefore been suggested to
explain these observations:

— Firstly, the formation of micro-domains of over-struc-
tures to explain the formation of planar defects.

— Secondly, fission spikes to explain how the surface
changes into round sub-grains and the formed cavities
are supplied with fission gases.

Further investigation will nevertheless be necessary
using other techniques such as TEM and micro X-ray dif-
fraction, as well as studies on phase formations in the U-
O-Lanthanides systems. Confrontation of these ideas with
results accumulated by other teams working on this subject
will also be required.
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