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ABSTRACT

The report reviews the properties of spent fuel which are considered to be of
most importance in determining the corrosion behaviour in groundwaters.

Pellet cracking and fragment size distribution are discussed, together with
the available results of specific surface area measurements on spent fuel.
With respect to the importance of fuel microstructure, emphasis is placed on
recent work on the so-called structural nim effect, which consists of the
formation of a zone of high porosity, and the polygonization of fuel grains to
form many sub-grains, at the pellet rim, and appears to be initiated when the
average pellet burnup exceeds a threshold of about 40 MWd/kgU.

Due to neutron spectrum effects, the pellet rim is also associated with the
buildup of plutonium and other actinides, which results in an enhanced local
burnup and specific activity of both beta-gamma and alpha radiation, thus
representing a greater potential for radiolysis effects in ingressed ground-
water. The report presents and discusses the results of quantitative determ-
ination of the radial profiles of burnup and alpha activity on spent fuel with
average burnups from 21.2 to 49.0 MWd/kgU.

In addition to the radial variation of fission product and actinide inventories
due to the effects mentioned above, migration, redistribution and release of
some fission products can occur during reactor irradiation, and the report
concludes with a short review of these processes.
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SAMMANFATTNING

Rapporten ger en 6versikt over de egenskaper hos anvént brénsle som be-
doms viktigast for korrosionsegenskaperna i grundvatten.

Sprickbildning i branslekutsar och samband mellan storleksfordelningar av
branslefragment och tillgingliga data for specifik yta hos bestrdlat brénsle
diskuteras. Betraffande brinslets mikrostruktur liggs tyngdpunkten p& den
s& kallad rimeffekten, som bestér i bildning av en pords zon med é4ndrad
kornstruktur vid randen av brénslet ndr brinslets medelutbrianning 6verstiger

cirka 40 MWd/kgU.

Rimeffekten 4r ett resultat av neutronspektrum och neutrontvérsnitt i bransl-
et, som ger okad produktion av plutonium och andra aktinider vid randen av
brinslet. Detta resulterar i 6kad lokal utbranning och hogre specifik aktivitet
av savil beta-gamma som alfa strilning, vilket kan ge okad radiolys hos
grundvatten. Rapporten presenterar och diskuterar resultat av kvantitativa
mitningar av radiella fordelningar av utbranning och alfaaktivitet hos brénsle
med utbranningar mellan 21.2 och 49.0 MWd/kgU.

Férutom inhomogeniteter i utbranning och aktivitetsinnehéll av ovannimnda
skil, diskuteras kortfattat dven inverkan av omfordelning och frigbrelse av
fissionsprodukter under bestralning. Rapporten avslutas med en kort samm-
anfattning av de olika mekanismerna.
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SUMMARY AND CONCLUSIONS

The use of the words possible relevance in the sub-title to this report does
not imply that there is much uncertainty in identifying the main character-
istics of spent nuclear fuel which are relevant to corrosion processes. These
are, obviously, the structure of the fuel, including its surface area, and the
heterogeneities of distribution of its components, actinides, fission products,
impurities and including oxygen. Heterogeneity, here, is defined as the varia-
tion of concentrations over the fuel pellet radius due to neutron spectrum
effects, or more local redistribution effects due to processes such as thermal
diffusion, grain boundary sweeping and mass transport, or by chemical reac-
tions and solubility limitations.

The term spent fuel, however, covers fuel with a wide range of those prop-
erties which are determined by fuel temperature and irradiation history, and
work during the last few years on structural changes and actinide concentr-
ations at the fuel pellet rim, has broadened this range. At the present time, it
is uncertain whether, or to what degree, several of these fuel characteristics
have an effect on the corrosion properties of spent fuel. The aim of this
report is to review the current state of knowledge based on experimental
data on spent fuel characterization, and, since the reference fuels in the SKB
spent fuel corrosion programme have burnups roughly representative of
average discharge burnups, published and unpublished results from their
characterization have been used to illustrate the effects.

Many of the spent fuel corrosion experiments which have been performed,
or are in progress, in national programmes in countries such as Canada,
Germany, Sweden and the U.S.A., have been designed with these questions
in mind, but discussion of the available results is not included in this report.

With respect to the surface area of spent fuel, very few experimental values
have been published, and the report presents recent results on two of the ref-
erence fuels used in the SKB experimental corrosion programme.The
specific surface areas of these fuels, fuel pellet fragments removed directly
from the clad, as determined by the BET method using Kr, were in the range
70-120 cm?/g. These values are larger than the calculated geometrical surf-
ace areas, and, assuming a surface roughness factor of 4, it is estimated that
gas penetration into the fuel fragments occurred to a depth of 6 or more fuel
grains through inter-granular porosity. For spent fuel corrosion, it is import-
ant to determine whether continuing corrosion will increase this penetration
depth or whether the precipitation of corrosion products will hinder water

accCess.

Emphasis in the report has been placed on discussion of the so-called pellet
rim effect, where the formation of a high porosity zone, and the loss of fuel
structure involving the formation of many sub-grains, represent a potential



increase in surface area exposed to ingressed water during corrosion. Also,
the formation of the sub-grains may be associated with a redistribution of
leachable components to the surface. The two effects are not coincident,
since in the fuels discussed in the report, the porous zone was shown to be
only 20-40 microns broad, while sub-grain formation was observed several
hundreds of microns into the fuel.

Although a threshold value of average pellet burnup of about 40 MWd/kgU
(corresponding to a local burnup at the rim of about 65 MWd/kgU) is given
here for the formation of the porous zone, it is not yet established that burn-
up is the only parameter; other fuel parameters, for example, the irradiation
history and fuel/clad contact may be of importance.

The report also presents the results of measurements of the radial profiles of
burnup and alpha activity on the SKB reference fuels. The formatien of a
pellet im zone of enhanced alpha activity occurs in all LWR UO» fuels,
since it is not burnup related. The specific alpha activity and actinide compo-
sition at the rim, however, are strongly dependent on the burnup, and the
results presented for two fiiel pellets from the same rod, (1.e., with fairly
similar irradiation histories) with burnups of 21.2 and 49.0 MWd/kgU, show
that there was a factor of about 6 between the specific alpha activities at the

pellet rims.

The positional coincidence between the porous zone and the enhanced alpha
activity at the pellet rim represents an increased potential for corrosion by
alpha radiolysis induced oxidation. Currently, however, the experimental
data is insufficient to establish whether, in general, the pores at the pellet rim
are open or closed in spent fuel, or whether the amount of connected poros-
ity is dependent on burnup or other irradiation parameters. Hopefully, work
in progress on the mechanisms for pore and fuel sub-grain formation at the
pellet rim, together with results from on-going corrosion tests will bring
more clarity to the problem.

The report also discusses recent work on the determination of the local fuel
oxidation potential of spent fuel, particularly at the pellet rim where changes
in potential could be expected due to the increased fraction of fission in Pu
isotopes. The conclusion reached on the basis of the experimental results
was that the fuel remained essentially stoichiometric, while excess oxygen
was consumed either by clad inner-wall oxidation, or by oxidation of fission

product molybdenum.

Finally, the report discusses briefly the question of fission product segreg-
ation, and concludes that it is difficult by means of post-irradiation examin-
ation techniques to define quantitatively the amount and distribution in the

pellet of such segregations.



INTRODUCTION

According to the most recently published estimation (1), the accumulated
amount of spent nuclear fuel produced in the Swedish nuclear power pro-
gramme up to the year 2010, will be about 7 800 tons, of which the sub-
totals for BWR and PWR fuel are 5 900 tons and 1 800 tons respectively.

The accumulated totals of spent BWR and PWR fuel up to and including
1994 were 2 300 and 700 tons. The fuels in these two categories, however,
were supplied by a number of fuel vendors, and , more importantly, repre-
sent the results of over 30 years of continuous development of LWR fuel
and, therefore, display significant differences in properties.

Fuel vendors and the nuclear power utilities have performed extensive fuel
testing and development programmes aimed at improving the safety and
reliability of nuclear fuel, partly in response to a variety of fuel defection
modes observed over the years, including inner clad wall hydriding, clad
collapse due to fuel densification, and clad failure due to pellet/clad inter-
action (PCI) and stress-corrosion cracking (SCC).

In addition to improvements in fuel production and quality control, major
changes in design at the pellet, fuel rod and assembly level have been succ-
essively introduced. These have included rod pre-pressurization to reduce
clad creep-down and the deleterious effect of fission gas release on heat
transfer over the pellet/clad gap, the introduction of modified clad types
(e.g., liner, low corrosion), and smaller pellet and fuel rod diameters. In
Sweden, this latter design change has resulted in modern BWR assemblies
with 10 x 10 fuel rod arrays compared with the earlier 8 x 8, while PWR
assemblies consist of a 15 x 15 array (Ringhals 2) while a 17 x 17 array is
used in Ringhals 3 and 4. An interesting consequence of these developments
is that pellet design has tended to converge for BWR and PWR fuels.

The smaller pellet diameters improve fuel performance in that fuel temper-
atures are significantly reduced for a given linear heat rating, which reduces
pellet/clad mechanical interaction, and fuel restructuring with associated
release of fission gases and volatile fission products (including iodine which

is known to cause SCC).

The marked improvement in fuel performance has permitted a gradual
extension of discharge burnup without loss of reliability such that average
burnups are currently about 40 MWd/kg U for both BWR and PWR fuel, an
increase of about 30% over the past 15 years.

It is clear from the above that the spent fuel already discharged from the
Swedish reactors displays an appreciable range of those properties deter-
mined by fuel temperature and burnup. Since fuel development efforts



continue, it is likely that further design improvements will be introduced in
the future.

There is an abundant literature on the detailed characteristics of fuel
irradiated to a wide range of burnup and power levels, and reports of exten-
sive characterization work on spent fuel selected specifically for corrosion
tests, for example in the programmes in Sweden (2) and the U.S. (3-7), have

been published.

In this report, therefore, attention is directed primarily to those character-
istics of spent fuel which are of generic nature, and with emphasis on the
results of research performed during the last decade which has been conc-
erned with structural and associated effects observed in fuel of moderate to
high burnup. Such information, of course, is of great value for the design of
experiments for the study of corrosion processes in spent fuel, and for their

evaluation.

Where possible, the results obtained on the reference spent fuels in the SKB
programme are used to illustrate the observed effects. This has also given
the opportunity to present a number of hitherto unpublished results obtained
during fuel characterization work in the Studsvik Hot Cell Laboratory, incl-
uding some from the last year.

The 3 main fuels used in the programme are:

- BWR Reference Fuel. Fuel rod O1-418-A6 from the first reload for the
Oskarshamn-1 BWR. Irradiated 1972-1979. The fuel used for character-
ization and in the corrosion tests had an average burnup of 42 MWd/kgU.
The measured integral fission gas release for the rod was 0.7%.

- PWR Reference Fuel. Fuel rod D07-03688 from the Ringhals-2 PWR.
Irradiated 1977-1983.The fuel used for characterization and in the corr-
osion tests had an average burnup of 43 MWd/kgU. The measured integral
fission gas release for the rod was 1.05%.

- Variable Burnup/Linear Heat Rating Fuel. Lower rod segment 79B2 of
segmented rod 5830 G2 from the Ringhals-1 BWR. Irradiated 1979-1987.
This rod had a burnup gradient from about 20 to 49 MWd/kgU. The
measured integral fission gas release for the rod was 1.1%.




2.1

FUEL STRUCTURE

FUEL PELLET CRACKING

On reactor startup or shutdown, the sintered fuel pellets fracture due to
thermal stresses, torming a number of radial and roughly circumpherential
cracks. As can be clearly seen on inspection of macrographs of fuel cross-
sections, the cracking pattern can vary significantly even in adjacent pellets
i the pellet stack. Although it could be expected to depend to some extent
on the irradiation history and burnup, such a relationship has not been
quantified.

In general, however, the fuel fragments consist largely of irregular wedges,
usually bounded by the pellet periphery and radial cracks. Fig.2-1 shows the
fuel fragments removed from a 40 mm long section of the BWR reference
fuel.

Since the microstructure of spent fuel, for example with respect to grain size
and porosity, varies across the pellet radius, the specific surface area of the
tragments could also reflect this variation. As a first step in investigating this
possibility, the fragment size distributions of fuel removed from short
sections of the BWR and PWR reference rods were determined by sieving.
The samples were taken from the same parts of the rods (and therefore had
similar burnups and irradiation histories) as the specimens used in corrosion

testing.

Figure 2-1. Fuel fragments from the BWR reference fuel. (x 3)

~
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2.2

For the BWR fuel, the size fraction measurements were performed on fuel
samples from two positions in the rod, and showed good agreement. The
weight percentages of the size fractions for the two reference fuels are

presented in Table 2-1.

Table 2-1. Fuel fragment size distribution.

Weight %
Size fraction > 4mm 4 - 2mm 2 - Imm 1-05mm | <0.5mm
BWR reference fuel 64.7 31.1 3.0 0.8 0.4
PWR reference fuel 23.8 68.7 4.7 1.9 1.0

There is some uncertainty in the values for the 2 smallest size fractions since
they can contain a contribution from fragments produced during cutting out
the samples. However, it is clearly seen that over 90% of both fuels consist-
ed of fragments larger than 2mm, and for the BWR reference fuel fragments
about 65% were larger than 4 mm. It should be noted that the PWR fuel
pellets had a smaller diameter (9.1mm) than the BWR pellets (10.4mm) and
that most of the "peripheral” PWR fuel wedges were retained in the 2-4 mm
fraction.

Although the size distribution values given in the table are strictly only valid
for the fuel samples examined, it is probable that they are broadly represent-
ative of spent fuel, and can be used for rough calculation of the surface area
of the fuel presented for corrosion by ingressed water. This will be discussed

further in section 2.3.

THE PELLET/CLAD GAP AND CRACK VOLUME

When the pellet cracks open during reactor power operation, the fuel frag-
ments move radially outwards towards the clad, thus reducing the fabricated
pellet/clad gap, and even after reactor shutdown, some of this outward
relocation of the fragments is retained.

During continued irradiation, other processes, such as fuel swelling due to
increasing fission product inventories, and clad creep-down (PWR) caused
by the system pressure, result in a permanent decrease in the free volume in
the rod, and eventually in pellet/clad gap closure at power. Before this stage
is reached, the fuel fragments can "lock" together near the clad and thus
impede axial gas transport in the rod. This has significance for the distrib-
ution of free volume between the residual gap and the fuel cracks, and also
for thermal feedback effects locally in the rod during reactor operation.
These feedback effects can be initiated by local fission gas release due to a
power increase or control rod movements. Locking of the fuel fragments
impedes gas transport, resulting in local pollution of the helium filler gas
with Kr and Xe and associated deterioration of heat transfer between fuel
and clad. The fuel temperature rises, with further fission gas release and
reduced heat transfer.

Clearly, the total cold free volume in a fuel rod, and its distribution between
the residual fuel/clad gap and the inter-fragment cracks, are dependent on




DIAMETRICAL GAP (microns)

fabrication parameters, burnup and irradiation history, and can also vary
significantly along an individual rod.

Information on the free volume in the rod at a given pellet position can be
obtained by means of a compression test (8,9) where the rod is compressed
transversely between two 10 mm wide flat edges until hard contact is
obtained between the pellet fragments and the clad. From the slope changes
in the measured stress-strain curve two values of the residual diametral gap
can be derived; the first, defined as relocated pellet, is considered to repre-
sent the position when the pellets fragments have been compressed inwards
to reform the cracked pellet, while in the second, defined as compressed
pellet, the pellet fragments have been further compressed to convert the
inter-fragment gaps to an equivalent diametral gap.

Such measurements have been performed on the fuel rods used in the SKB
Spent Fuel Corrosion Programme performed in the Hot Cell Laboratory of
Studsvik Nuclear AB. The results on the PWR reference fuel rod are given
in Figure 2-2. The compression test was only applied over the metre-long
rod section from which the specimens for fuel characterization and corrosion
testing were taken, and the locations of the measurement points were select-

ed to avoid the test specimen zones.

Profilometry measurements on the rod (2) showed that the diametral clad
creepdown at these positions was of the order of 50 microns. Inspection of
Figure 2-2 shows that the residual pellet fragment-clad diametral gap
(relocated pellet) had an average value of about 35 microns, with apprec-
iable scatter, while the diametral gap equivalent to the inter-fragment cracks
(compressed pellet) was about 50 microns. This latter value must be
"shared" between the pellet cracks (Figure 3-1 shows the cracking pattern of

* Compresced pellet
[ # Relocated pellet

- Manufactured gap
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Figure 2-2. Fuel/clad gap measurements on the PWR reference fuel rod.



2.3

the PWR fuel ceramography specimen) which suggests that after possible
water ingress to the rod, all water-filled gaps, including the pellet-clad gap,
on average, are somewhat smaller than alpha particle ranges, which is of
significance for possible fuel oxidation effects due to alpha radiolysis.

Clad compression measurements were also performed on the BWR refer-
ence fuel rod at 200 mm intervals along the pellet stack, avoiding assembly
grid positions. Here, no clad creepdown had occurred, and the measured
values of the residual diametral gap given below can be compared with the
fabricated pellet/clad gap of 180 microns. The mean and standard deviation
of the 9 measurement points over most of the fuel column (bumup 38 - 42
MWd/kgU) were,

Relocated pellet: 46 +/- 21 microns. Compressed pellet: 96 +/- 21 microns.
Thus the BWR and PWR reference fuels had similar inter-fragment free
volumes, but the BWR fuel had a somewhat larger residual pellet fragment/

clad gap.

FUEL SURFACE AREA

The surface area of the fuel which would be available for corrosive attack by
ingressed groundwater is an essential parameter for determining the corros-
ion rate. Unfortunately, the literature contains only a few references to
surface area determination on unirradiated UO», and even fewer on spent
fuel. A further difficulty is the unambiguous definition of spent fuel surface
area in the context of the structural features of the fuel (fragments, grains
and porosity) and the methodology employed for its measurement.

Because of these difficulties, it has been the practice to present the results of
semi-static corrosion tests on spent fuel, as fractions of the total fuel invent-
ory of a particular nuclide released to the aqueous corrodant during the test.
This is an unambiguous value, being based on analytically-determined quan-
tities, and is useful for comparison between fuels with different irradiation
histories, for tests with different corrodants and at different temperatures,
and to the study of its variation with fuel/corrodant contact time. The
method has the advantage of permitting corrosion tests on relatively large
samples which are representative of pellet cross-sections, thus including
radially-varying properties such as fuel structure, possible fission product
segregations, and inventories. The semi-static test is also a reasonably close
analogue of the real situation after water ingress to the rod, but, in the abs-
ence of surface area data, cannot be used for absolute rate determinations.

Spent fuel fragments of size 4 mm from the reference BWR and PWR fuels
(as seen from Table 2-1, this size represents a significant weight fraction of
spent fuel) would contain, respectively, about 7.7 107 and 1.8 108 individual
fuel grains, assuming cubic form for both fragments and grains. Clearly, the
surface area exposed to corrodant contact will be dependent on the degree
of grain boundary porosity and its inter-linkage, and would therefore be
expected to vary with fuel burnup and irradiation history.



As mentioned above, the BET method for surface area determination, often
employing krypton as the adsorbed gas, has been applied to the measure-
ment of surface areas of sintered (i.e., prepared from fuel pellets) samples of
both unirradiated UO7 and spent fuel of various types, burnups and irrad-
iation history. The available values of specific surface area of different size
fractions are collected in Table 2-2. It should be noted that each size fraction
range is fairly broad, and has an unknown size distribution within the range.
The values are also plotted in Figure 2-3, where the results for the unirrad-
iated material are plotted as dashed lines, and those for spent fuel as sohd
lines. The figure also includes for comparison a plot of the variation of the
specific surface areas of idealized spheres and cubes as a function of
diameter or cube side, and a parallel line (legend RF: 4) where an arbitrarily-
selected roughness factor of 4 has been applied.

The results for the size fractions of fragments of crushed and sieved unirrad-
iated UO», and for the > 4mm and 2 - 4mm fragments of the SKB reference
BWR and PWR spent fuels, both show, as expected, large deviations from
the calculated lines due to the effects discussed above. It should be noted
that the results on these spent fuels are from an on-going BET measurement
programme which also contains fuels of higher and lower burnups, and with
different values of fission gas release. The comments below, therefore, may
be complemented and modified when all results are available.

Although there is uncertainty, probably unresolvable, whether BET surface
area results obtained by krypton adsorption are representative of the surface
areas of spent fuel exposed to aqueous corrodants in laboratory corrosion
tests performed at atmospheric pressure, or in deep geological repositories,
they are the only values practically available. A rough test of their applicab-
ility, however, can be performed by estimating the average krypton penetrat-
ion depth in the fuel fragments by comparing the measured surface areas
with the calculated surface area of individual fuel grains based on ceramo-

graphic measurement of grain size.

By means of normalized weight fractions from Table 2-1, (the size fractions
< 2 mm are ignored), and the BET results in Table 2-2, the preliminary bulk-
averaged surface areas of the BWR and PWR reference fuels can be calcul-
ated to 78.9 and 85.5 cm2/g respectively. The true grain sizes for these fuels
were about 9.4 and 7.1 microns. (See section 2-4) Considering a 4 mm cub-
ic fuel fragment, and assuming cubic grains with a roughness factor of 4, and
that 3 of the grain sides are fully exposed to corrosive attack, the average
depth of penetration for the BWR and PWR reference fuels can be calculat-
ed to 6.8 and 6.1 layers of grains respectively. If interlinkage is effected by
grain edge porosity, these values could be somewhat larger.

As stated above, these are rough estimates, but the calculated penetration
depths are conceptually acceptable, and it is suggested here that the BET
surface area results for fuel fragments can be used for corrosion rate calcul-
ation, even with the validity restrictions discussed above.



Table 2-2. Specific surface areas (BET) of unirradiated UOp and spent

fuel.
Unirradiated UO» Spent Fuel
Size fraction Surface area | Ref Burnup Size fraction Surface area | Ref.
(microns) (cmz/ £) MWd/kglh) (microns) (can/g)
<44 * 3700 10 50 7-20% 2770 14
44 - 105 * 270 11 42 > 4000 ** 59 13
100 - 300 * 113 12 42 2000 - 4000 ** 121 13
300 - 1000 ** 98 13 43 > 4000 ** 79 13
500 - 1000 ** 105 13 43 2000 - 4000 ** 88 13
900 - 1100 * 1606 12 43 All ** 72 13
1000 - 2000 ** 55 13
1000 - 2000 ** 80 13
2000 - 4000 ** 44 13
Whole Pellet 150 10
* Crushed and sieved. ** Fuel fragments
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Figure 2-3. Specific surface area (BET) of various size fractions of unir-

radiated UQ > (dashed lines) and spent fuel (solid lines) as a function of
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2.4

THE PELLET RIM EFFECT

Athough it is clear from the previous section that the grain size and fuel
porosity can be of importance in determining the surface area of spent fuel
exposed to corrosion, as was stated in the Introduction of this paper, they
will not be discussed in detail here because of the wide range of values
observed in spent fuel of different fabrication, burnup and irradiation history,

and as a function of radial position.

For the relatively low temperature LWR reference fuels used in the SKB
spent fuel corrosion programme, both grain size and porosity show little
radial variation over most of the pellet radius. The post-irradiation charact-
erization of the PWR reference fuel (2) showed, for example, that at a pellet
radius of 4 mm, about 500 microns from the pellet rim, the grain size (AIL:
average intercept length) of 4.3 microns was very similar to the as-fabricated
structure, while at the pellet centre, some grain growth had occured to give
grains of about 5.7 microns (AIL). The corresponding values for the BWR
reference fuel were 5.5 and 6.5 microns. It can be noted here that for the
discussion on surface area in section 2.2, average grain sizes (AIL) of 4.5
and 6.0 microns were used for the PWR and BWR fuels, giving, on correct-
ion with a factor of 1.57 (15), true grain sizes of 7.1 and 9.4 microns resp-
ectively.

The radial variation and size distribution of porosity in the PWR fuel has
been reported in detail (2). The radial variation of total porosity in the BWR
reference fuel is presented in Figure 2-4.

Here, the porosity measurements

show a steep increase near to the |
pellet periphery. This is due to the
so-called pellet rim effect, which
has attracted great interest during 5000 |
the last few years, since the fuel |
microstructure shows very large
modifications with respect to the
local porosity (increased) and the !
grain size (substantially diminish- | o0 %
|
f
|
|
!
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ed) in a peripheral zone.

For the in-reactor performance of
nuclear fuel, this may be of some
significance for fuel properties |
such as fission gas release, fuel |
swelling and thermal conductance. |
Obviously, the effect may be also 1,000 /\
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of significance for spent fuel corr- | i g
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erence fuels. The high porosity
zones in both fuels, which have Figure 2-4. BWR reference fuel.
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Figure 2-5. BIWR refercice fuel: (Burnup 42.0 MW kgll) Pellet rim zone. Polished surface (x 2000)



Figure 2-0. PWR reference fuel: (Burinip 43.0 MWd &
Peliet rim zone. Polished surtace {x 1000)

be fairly similar in width, about 30 - 40 microns, but an accurate estimation
of the width 1s difficult, since the porous zones are poorly defined. Because
of the poor definition, the value of the porosity at the rim in Figure 2-4 is of
uncertain accuracy. In both fuels, the pores are of the order of 1 micron in
diameter, and, in the judgement of the present author, are probably closed
after reactor shutdown, and thus not readily available as corrodable surfaces.
This, however, may not be true at higher rim burnups as the modification of
the fuel microstructure becomes more extensive.

It will be shown later in this report (section 3.1) that there are other eftects
at the fuel pellet rim, enhanced burnup and alpha activity, which are depend-
ent on the initial enrichment of the fuel, the neutron spectrum and the irrad-
iation history. The formation of the porous zone at the pellet rim, however,
appears to be mainly dependent on the burnup, and much work has been
done in recent years to study the phenomenon and to establish the value of

the burnup threshold.

In the SKB Spent Fuel Corrosion Programme, the lower segment rod 79B2,
was selected as the spent fuel source for the Variable Burnup/Linear Heat
Rating experiment, which had the aims of studying the effects on corrosion
of fuel structure, and the corrosion behaviour of possible fission product
segregations. The fuel burnup varied between 20 - 49 MWd/kgU along the
pellet stack, and fuel cross-sections were selected at burnups of 21.2, 36.7
and 490 MWd/kgU for detailed characterization. The burnup values of the
3 specimens, and of intermediately placed corrosion test specimens, were
established by means of burnup analysis by the Nd-148 method (16) of 2
specimens at the ends of the rod, and gamma spectrometric analysis of
selected pellets (every third) along the stack. Figures 2-7 and 2-8 present
SEM photomosaics of the rim zones of the 49.0 and 367 MWd/kgU speci-
mens, and show both the polished and fracture surfaces.
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Figure 2-8. BWR jfuel: (Burnup 36.7 MWd kgt))

Polished arnd froctire surjaces at the peiier rim. (x 500)
. / { 4

Clearly, there is no porous zone at the rim of the 36.7 MWd/kgU specimen,
and the fracture surface shows largely intragranular fracture, and no sign of
the loss of definable grain structure which is seen in Figure 2-7. The porous
zone visible at the rim of the 49.0 MWd/kgU specimen, however, 1s poorly
defined, and only of the order of 20 microns wide, which 15 less than in the
BWR and PWR reference fuels.

It should be pointed out here, that the SEM used in the Studsvik Hot Cell
Laboratory is only radiation-shielded locally, and because of this, the size of
radioactive fuel specimens is restricted to small specimens of dimensions
about 10 x 1.5 x 0.2 mm in order to limit the radiation dose. Thus, only a
small fraction of the pellet periphery (about 10%) can be examined on a
particular sample, and it the rim effect is radially assymmetric, measurements
of the width of the porous zone are associated with appreciable uncertainty.
Such assymetric effects were observed by Barner et al (17) in a number of
specimens included in the High Burnup Effects Program.
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The High Burnup Effects Program was a large international group sponser-
ed programme, organized and managed by Battelle Pacific Northwest Lab-
oratories between 1978 and 1990. The main objective of the experimental
programme was to study the effects of high burnup on fission gas release in
LWR fuel. The programme included 82 fuel rods, of which 43, with pellet-
average burnup levels ranging from 39 to 83 MWd/kgU, were subjected to
post-irradiation examinations of relevance for this paper. It was noted that
the width of the porous rim zone showed a correlation with the radial zone
in which depletion of xenon had occured (See section 3.1), and the authors
also developed an equation relating the zone width to the local burnup at the

pellet rim:

w2 =-21014 + 391.4 (BU)
where w is the rim width in microns, and BU is the local burnup at the pellet
rim in MWd/kgU. The rim burnup threshold for porous zone formation was
thus 53.7 MWd/kgU. This equation, however, over-estimates the zone
widths for the reference BWR and PWR fuels.

Walker et al (18,19), examined PWR fuel with average burnups ranging
from 31.3 to 64 MWd/kgU, and concluded that the threshold average burn-
up for porous zone formation was 40-45 MWd/kgU, which is in good agree-
ment with the SKB programme specimens. The authors also report that zone
widths of 100-200 microns were observed in fuels of average burnups of 55-
60 MWd/kgU, and, further, that in a specimen irradiated to an average burn-
up of 75 MWd/kgU in the Danish DR3 MTR, a heavy water reactor, the
zone extended about 1.4 mm inwards from the rim (corresponding to 23%
of the pellet radius). A similar large extension of the zone width has been
reported by Kameyama et al. (20) in PWR fuel with an average burnup of

85 MWd/kgU.

Barner et al. (21) have recently revised their estimate for the threshold burn-
up for porous zone formation to a value of about 65 MWd/kgU at the pellet
rim, which is in better agreement with the observations on the SKB refer-

ence fuels. (See section 3.1)

It is clear from the discussion above, that with current average discharge
burnup levels of about 40 MWd/kgU, a significant fraction of Swedish spent
fuel would be expected to show the formation of pellet rim zones displaying
high porosity and modification of the fuel microstructure. As will be discuss-
ed in more detail later in this paper, the pellet rim is also associated with a
higher local burnup and enhanced alpha and beta-gamma activity than in the
bulk of the fuel pellet. Under the anoxic conditions expected in deep geolog-
ical repositories, corrosion of spent fuel could occur either by dissolution of
the U(IV)O, matrix or, if the radiolysis of water by alpha particles can sust-
ain an oxidizing layer at the fuel surfaces, by oxidation to U(VI). Thus, the
rim zone, with the combination of high porosity and local alpha dose rate,
may be subject to preferential corrosive attack. Even a rim zone of only 50
micron’s width represents almost 2% of the pellet volume, and 3-4% of the
pellet fission product and actinide inventories. This is larger than the total
amounts found in solution during semi-static corrosion tests over a period of
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vears. and since these are usually performed on relatively short-cooled fuel

specimens, preferential attack could complicate evaluation of the test results
| !

However, the porosity at the rim 1s not the only microstructural feature of
interest 10 this connection. It was mentioned above that the pellet rin s also
associated with foss of definable grain structure in a process where the
original fuel grains sub-divide into numerous smaller grains,

Figure 2-9 presents SEM photomicrographs of examples of the modified
grain structure observed during the characterization of the BWR reference
fuel, which, as mentioned above, had a high porosity zone of the order of
30-40 microns. The structure at the pellet periphery is shown in the micro-
photograph at the lett, while at the right, at higher magnification, an example
of the grain subdivision process can be seen, at a distance of’ 100 microns
from the periphery, thus extending further into the pellet than the porous
zone. At this position, the new grains have a diameter ot about 200 nm.

These observations prompted a more systematic SEM investigation of later
specimens, and Figure 2-10 shows a SEM photomaosaic of the fracture surf-
ace of the 49.0 MWd/kgU specimen from the 79B2 segmented rod. Figure
2-7 presented a SEM photomosaic at the same magnification of the pellet
rim; Figure 2-10 shows a strip along the pellet radius at 90 degrees to that
figure, and extends from the pellet periphery to about 230 microns into the
peliet.

The figure also gives the radial positions of the sites of details of the modi-
fied grain structure which are presented in Figures 2-11 and 2-12. It can be
seen that grain modiication occured as far as 230 microns from the rim,
which corresponds to a local burnup of about 53 MWd/kgU, appreciably
lower than the burnup at the pellet rim, which was determined by electron
probe microanalysis (EPMA) to be 66 MWd/kgU. (See Figure 3-7) The

1,008 1vm WD10

Figure 2-9. BWR reference fuel; Recrvstallized fuel grains: Left: at the
pellet periphery (x 4000) Right: 100 microns from the periphery. (x 200010)
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Figure 2-11. BIWR fuel: (Burnup 49.0 MWVd kgll) Deiail of fracture surface (x S001)
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BWR fuel: (Burnp 49.0 MWd kel)) Detcil of fracture surface (x 3000) at positions 4-7. {See Figure 2-10)



width of the zone where grain subdivision occured was thus much larger
than of the enhanced porosity zone, which for this specimen, was only of the
order of 20 microns.

It can be seen that the moditied grains ofien decorate pore surfaces, but also
occur at grain edges and taces.

Photomicrographs of detail of the fuel fracture surface at 1.5 and 2.0 mm
from the pellet rim, are presented in Figure 2-13 for comparison purposes,
and show that, while traces ot moditied fuel grains persist far into the pellet,
the effect is much diminished.

Figure 2-13. BUR fuel: (Burmip 49.0 MWVd kgl))
Detail of the fracture suiface ar 1.5 nun (upper), and 2.0 mm (lower) from
the pellet periphery. (x 3000)
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Near the pellet centre, only sub-micron particles consisting of the 4d metals
Mo, Tc, Ru, Rh and Pd are visible. (Figure 2-14)

With regard to the recrystallized fuel grains, the process for their formation,
and its dependence on irradiation parameters such as local burnup and temp-
erature are currently poorly understood. Their location at and near the pellet
periphery, with higher fission product and actinide inventories, and higher
fission fragment tluences, than i the bulk pellet, increased porosity, and the
enhanced possibility of alpha radiolysis effects, may result in preferential
corrosive attack, as was discussed above.

[t has been suggested (22) that the grains consist of cesium uranates which
are stable at the temperatures at or near the fuel pellet rim. However, even
with the higher cesium fission product inventories at these positions, it is
difficult to explain the extent of the subgrain formation. Also, EPMA-EDS
examination of "colonies" of the grains in the 49 0 MWd/kgU fuel (23) gave
spectra which were indistinguishable from the adjacent matrix.

Significant progress towards an understanding of the process for subgrain
formation has, however, been made in recent years by Matzke (24,25), who
has suggested that, in the rim zone, polygonization of the original fuel grains
occurs by a cleavage process driven by small, high-pressure fission gas
bubbles. Partial loss of the fission gases would be expected to be lost during
the process, which is in qualitative agreement with the Xe concentration
gradients observed experimentally in high burnup fuel by EPMA measure-
ments.

In order to test the hypothesis, and to study the effects of dose and temper-
ature on the process, Matzke and co-workers have performed simulation

Figure 2-14. BWR fuel: (Burnup 49.0 MWd kgU)
Hd metallic particles near the pellet cenire. (x 5000)



experiments in which single crystals of UOy were implanted with a range of
doses of (usually) xenon, but iodine, rubidium and cesium beams have also
been used. Shallow implants with 40 keV Xe ions were ineffective in prod-
ucing polygonization, but with 300 keV ions at a dose of 5. 1016 jons/cm?,
SEM examination of the surface has shown a structure with some similarit-
ies to that seen at the rim of high burnup fuel (24). Interestingly, the dose
mentioned above corresponds to a xenon atom concentration of about the
same as that of all fission products in fuel with a burnup of about 70 MWd
/kgU, that is, a value similar to the local burnup threshold for subgrain form-
ation quoted earlier in this section.

The experimental programme consists of implantations at a range of temper-
atures (77 K, ambient and 773 K) and post-implantation anneals (400 C -
1500 C). The structural changes are followed by X-Ray Diffraction (XRD),
Rutherford BackScattering (RBS), and Transmission and Scanning Electron

Microscopy (TEM, SEM).
Clearly, the presently available results of the programme show great promise

of further definition of the mechanism for subgrain formation, and quantific-
ation of the required parameters of dose (burnup) and temperature.
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3.

3.1

ACTINIDE AND FISSION PRODUCT
DISTRIBUTIONS

FORMATION

The local fission rates of U-235 by thermal neutrons over the cross section
of a fuel pellet are subject to radial and angular assymmetries due to etfects
such as flux depression by self-shielding, position in the assembly, and
proximity to control rods etc., and, of course, are also dependent on the
irradiation history and burnup.

However, of most potential relevance for the corrosion of spent fuel in
groundwaters s the formation and fission of plutonium isotopes, and the
build-up of other actinides, at the pellet rim due to resonance capture of
neutrons in the epithermal energy range. The resultant steep gradients of
both burnup and alpha activity in this zone have been mentioned several
times in the discussion above of the fuel structure at and near the fuel pellet

periphery.

In Figure 3-1 are shown alpha and beta-gamma autoradiographs of a trans-
verse cross-section of the PWR reference fuel, performed as routine parts of
the post-irradiation examination of this fuel (2, 8). Since this fuel, fairly typi-
cal of most spent fuel, had experienced only "normal” linear heat ratings and
temperatures during its irradiation, and, hence, little or no fission product
migration or segregation had occured, the beta-gamma autoradiograph is
tairly featureless, showing only the fuel cracks due to activity channeling.

Figure 3-1. PWR reference fuel: (Burnup 43.0 MWd kgl))
Auntoradiographs of fuel transverse section. (x 7.4) Beta-gamma. (left)
Alpha: showing rim effect (right).



There is no evidence of a fission product (burnup) gradient because of the
"smearing" of the exposure by the relatively long-range beta particles and

gamma photons.

The alpha autoradiograph, on the other hand, clearly shows the higher rim
concentration of alpha-emitting actinides. Attempts to quantitatively meas-
ure the alpha concentration gradient by optically counting the etch pits in the
autoradiographic film have been made previously (26), but the method is
both tedious and inaccurate, since precise definition of the pellet edge is diff-
icult due to the short exposures which are required. Another method for
quantitative measurement of the gradient will be described below.

Diametral gamma scanning of slices of spent fuel can give some information
on the burnup gradient, although even here the method is limited by poor
radial definition due to collimator size. Figure 3-2 shows the results of scans
over the PWR fuel slice examined in Figure 3-1. The measurements were
performed (2) using a 1 x 2 mm collimator, with steps of 0.1 mm at the rim,
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Figure 3-2. PWR reference fuel: (Burnup 43.0 MWd/kgU). Diametral
gamma scan of transverse section showing rim effects for Cs-137 and
Ru-106, but with enhancement of the latter due to fissions in Pu.

(Solid line: measurement points corrected by one-dimensional tomography)
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and 0.25 mm over the rest of the diameter. Full details of the measurement
and correction procedures are given in the reference. The figure shows the
uncorrected and corrected (solid lines) results for Ru-106 and Cs-137.

Both nuclides show enhancement at the pellet rim, but it can also be seen
that the Ru-106 enhancement is larger than that for Cs-137. This is a reflect-
ion of the larger fraction of fissions of Pu-239 at the rim than in the bulk
pellet, since the fission yield of Ru-106 is an order of magnitude higher in
Pu-239 fission than in U-235. As will be discussed later, this fission yield
shift (in the lower mass fission yield peak) has consequences for the invent-
aries of fission products, and, possibly, for the fuel stoichiometry.

The burnup profiles of the reference fuels used in the SKB Spent Fuel
Corrosion Programme have been determined by Electron Probe Micro An-
alysis (EPMA) on polished specimens of the fuels (23). The measurement
procedures were essentially the same as those employed in earlier work (27).

For the BWR and PWR reference fuels, the measured Nd/U ratios from sel-
ected radial positions, with close spacing over the rim zone, were corrected
to local burnup at each position, and then the smoothed curve of the profile
was used for a radially-weighted normalization to the burnup of the bulk
pellet (in a closely located pellet) as determined by destructive analysis (16).
In the case of the specimens with burnup 21.2 and 36.7 MWd/kgU from the
BWR segment rod used for the Variable Burnup/Linear Heat Rating Expen-
ment, normalization was performed to bulk pellet burnups calculated by
interpolation between the measured burnups of the destructively-analyzed

pellets.

The measurement of the alpha activity profiles of the fuels was performed
by the photodensitometric scanning of alpha autoradiographs taken on poli-
shed whole cross-sections (28). In the method employed, the specimens are
mechanically pressed against the film in order to ensure a hard and even
contact, so the autoradiographs usually showed good definition. The 5
specimens, the BWR and PWR reference fuels and the 3 fuels of different
burnup from the 79B2 segment rod, were examined in two independent
campaigns. All the exposed films in a particular campaign were etch-devel-
oped under the same conditions.

Since film darkening is non-linear, and the range of intensities was very
large, a photodensity calibration curve was constructed in a separate camp-
aign using a sixth fuel specimen, the reference fuel from an experiment per-
formed to study fission product migration and leaching (29). This specimen,
which had a shorter cooling time than the others in the programme, had the
highest alpha activity, and by performing a series of ten exposures of betw-
een 5 and 50 seconds in 5 second steps, a wide range of film photodensities

was produced.

The autoradiographs were scanned over the pellet diameter in a photodens-
itometer at low speed (40 microns/second) with a 30 x 30 micron collimator.
The linear scaling factor was 50, which produced scans which could be eval-
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uated manually. The ten calibration scans were smoothed, and the photo-
densities measured at frequent intervals along the pellet diameter, with a
larger frequency at the rim positions, which were most subject to non-line-
arity errors. The resultant calibration curve was later applied, point by point,
to the scans of the other 5 specimens, which were scanned in the same way.

Having, thus, established the relative alpha activity profiles of all the six fuel
specimens, corrected for the non-linearity of photodensity, absolute calibrat-
ion was effected by means of the results of the destructive analysis of the
fuel specimens used for inventory determination, as was described above for
the burnup profiles. Here, the results of alpha spectrometric and Inductively
Coupled Plasma-Mass Spectrometric (ICP-MS) analysis of solutions of the
bulk pellets were used. Again, as in the case of the burnup profiles, the alpha
activity profiles were radially-weighted before comparison with the bulk pel-
let results. The 21.2 MWd/kgU burnup specimen from the BWR segment
rod was excluded from the calculation of the mean absolute calibration fact-
or, partly because of the low photodensity, but mainly because of uncert-
ainty in the calculation of the specimen inventories. The average of the calib-
ration factors (photodensity/second exposure to Bq/g Uranium) of the other
five specimens showed only a 8% standard deviation.

The burnup and alpha activity profiles for the PWR reference fuel, measured
and corrected as described above, are presented in Figure 3-3, and the alpha
autoradiograph (longitudinal cross-section) and burnup and alpha activity
profiles for the BWR reference fuel in Figures 3-4 and 3-5 respectively.
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Figure 3-4. BIWER reference fuel: (Burnup 42.0 MW kel))
Alpha cutoradiogiaph of longitudinal cross-section. (x 4)

From Figures 3-3 and 3-5, it can be seen that the burnup and alpha activity
profiles tor these two fuels, which had almost the same burnup and decay
times, are very similar. The PWR fuel, however, appears (o have a higher
rim burnup than the BWR fuel, although this is at least partly due to the eff-
ect of the apparent minimum in the burnup profile between radius 2 - 3 mm.,
which caused an increase in the calculated rim burnup during the radial-
weighting process, Each point in the burnup curve is the mean of 5 measure-
ments; the standard deviations of these 3 points were similar to the others in
the figure, so the apparent minitnum is both unexpected and unexplained.
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The local burnup values from these figures, however, have been used earlier
in this report during the discussion on fuel structural effects at and near the

pellet rim.

With regard to the alpha activity profiles, it can be noted here that the meas-
urement technique should be considered only semi-quantitative. Apart from
inaccuracies due to signal noise, and definition of the rim position, (the 30 x
30 micron collimator aperture is large relative to the width of the rim zone),
there are uncertainties regarding the response of the autoradiographic film to
different alpha particle energies at these exposures. Although the relative
actinide compositions vary over the pellet diameter, and particularly so over
the steep gradient at the pellet rim, the method equates film darkening with
particle numbers rather than deposited energy. In spite of this, the good
agreement between the results of the absolute calibration procedure suggests
an accuracy of about +/- 15%.

These observations are particularly relevant with respect to the characteriz-
ation of the 3 ceramographic specimens from the 79B2 BWR segment rod.
16 other fuel/clad sections from the rod, with average burnups ranging from
27.0 to 48.8 MWd/kgU, are currently being subjected to corrosion testing in
a bicarbonate groundwater under oxic and anoxic conditions. (See reference
30 for a description of the experiment, and some early results.) One of the
main aims of the experiment is the study of the effects of spent fuel structure
on the corrosion mechanism(s). The specimens have to date been exposed
for about 5 years to a series of static contact periods with the groundwaters,
solution concentrations of selected nuclides being determined after each
contact by conventional radiometric and radiochemical analysis, and also by
ICP-MS analysis. On completion of the experiment, the specimens will be
subjected to a detailed post-irradiation examination in an attempt to identify
possible corrosion products and sites of preferential corrosion.

Detailed and systematic SEM characterizations have been performed of the
fuel structure of the 3 ceramographic specimens, which have burnups which
span the range of the corrosion test specimens. As shown above, the corros-
ion test specimens with burnups higher than about 40 MWd/kgU, may have
developed structural pellet rim zones during irradiation, while along the pell-
et stack, the burnup gradient would be expected to have produced a steeper
axial gradient of pellet actinide contents, associated with radial gradients in
each fuel pellet. However, since the concentration ratios of the actinides will
also vary axially and radially, comparison of the absolute values of local
alpha activity determined by the autoradiographic method will be subject to
greater uncertainty than when the BWR and PWR reference fuels are comp-
ared. Fortunately, the differences are so large that the error is probably neg-

ligible.

Photomacrographs and alpha autoradiographs of the 3 specimens are shown
in Figure 3-6, and the radial burnup and alpha activity profiles in Figure 3-7.
All three autoradiographs were performed with the same exposure time in
order to demonstrate qualitatively the large increase in alpha activity with in-
creased burnup, but it is expected that the report copies will be less illustrat-
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Figure 3-7. BWR segment rod 79B2: Radial variation of burnup and
alpha activity for fuel of different burnups.

ive of the effect than the originals. The effect, however, is clearly seen in
Figure 3-7. Although the local burnup along the fuel pellet stack, i.e., includ-
ing the pellet rims, varied by a factor of about 3.5, the corresponding variat-
ion in the local alpha activity was by a factor of about 15. The significance
of these observations for the corrosion of spent nuclear fuels in ground-
waters will be discussed later in this section.

First, however, it is necessary to consider the different time dependencies of
the burnup and alpha activity profile results. While the local burnup itself, of
course, is independent of decay time, the inventories and activities of the
fission products after reactor shut-down are determined by the local fract-
ions of fission events in uranium and plutonium isotopes. Although, as ment-
ioned above, there are significant differences in the fission yields of a number
of nuclides between the fissile species, these are well-known, and calculation
of the inventories can be performed with satisfactory accuracy by available

codes.

Calculation of actinide inventories and their variation with time, particularly
at the pellet rim, is associated with greater uncertainty because of the more
complicated problems of definition of the neutron spectrum and the rates of
neutron absorption reactions. For example, in the case of the 79B2 BWR
lower segment rod discussed above, the long and complicated irradiation
history, control rod movements and the effect of void fractions, may advers-
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ely affect the accuracy of calculation. Further, after reactor shut-down, the
actinide inventories are more subject to variations due to decay-growth rel-
ationships than those of the fission products, the most noteworthy of these
being the growth of Am-241 by decay of Pu-241.

For the long-term corrosion of spent fuel,of course, it is the long-lived Pu
isotopes and Np-237, which dominate the actinide inventories, and represent
the potential cause of alpha radiolysis effects. The alpha activity of the spent
fuel used in corrosion tests designed to identify corrosion mechanisms, and
to establish their rates, however, mostly consists of actinides with relatively
short half-lives, particularly at the pellet rim. It is, therefore, important to
have a good understanding of the the composition of the local alpha activity
and its variation with time in order to be able to evaluate corrosion test res-
ults and apply them to a model of long-term corrosion. It will be clear from
the discussion above, that, at a given decay time, the alpha activity and its
radial distribution in the fuel, will be extremely dependent on initial fuel
parameters and on the irradiation history. Further, experimental validation of
code calculation results is difficult because of limitations in sampling and
analytical techniques.

Garcia Alonso et al. (31), however, have performed such measurements on a
PWR pellet with an average burnup of 55 MWd/kgU. In Figure 3-8 are
shown radial profiles of selected nuclides, which have been replotted from
the figures in the original paper.
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Figure 3-8. Radial variation of the U-236/U-235 ratio, and the
concentrations of Pu isotopes determined by laser ablation and ICP-MS.
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The authors coupled sample-taking by means of laser ablation of the pellet
surface (stepwise along 2 radii) with analysis by ICP-MS. Both selected
fission products and actinides were analyzed. As is pointed out in the origin-
al paper, spatial resolution is poor, since the laser-formed crater which is
sampled had a diameter of about 500 microns, which is large compared with
the pellet rim zone, so that the Pu concentration results at the actual rim are
probably underestimated. In spite of this, a large upswing is observed for all

the 4 isotopes plotted.

The figure also shows the radial variation of the U-236/U-235 ratio.There is
a decrease in total uranium concentration at the pellet rim which can be mea-
sured by the EPMA technique (23). Also over the rim zone, although most
of the fission events occur in Pu isotopes, some fissions occur in U-235,
while the U-236 content stays about constant, thus giving an increased ratio
between these isotopes as the rim is approached.

This effect has been used in a tentative attempt (32,33) to detect possible
preferential corrosive attack at the rims of fuel specimens from the 79B2
BWR rod, by comparing values of the ratio determined by ICP-MS analysis
of corrosion test solutions with values calculated for the bulk fuel and rim.
The ratio values for the bulk fuel were normalized to the ICP-MS results on
the inventory specimens. (See above). Although the calculation of the ratios
at the pellet rims was much simplified (being based on an extensive series of
ORIGEN calculations), the results suggested that corrosion of these speci-
mens appeared to be of the bulk pellet, rather than by selective attack at the
pellet rim. These studies are continuing with all the reference fuels and corr-
osion test solutions, but emphasis is also being placed on experimental deter-
mination of the U-236/U-235 ratios in the fuel, and on code validation.

Another approach to the problem of the determination of the individual acti-
nide profiles has recently been examined (34). From the fuel from a 20 mm
long segment of the BWR reference rod, 8 small fuel particles were selected
at random, and 2 further specimens were taken by scraping the periphery of
one of the larger (> 4 mm) fuel fragments. These specimens were dissolved
in HNO3, and then analyzed for actinide contents by an ICP-MS method
developed for the analysis of corrosion test solutions (35). Dilutions of these
solutions were also examined by alpha spectrometry and analyzed for uran-
ium contents by laser fluorescence. Uranium concentrations in the original
solutions were at about the 2000 ppb level.

By ICP-MS analysis, all mass peaks over the range 235-244 were measured,
and the concentration ratios of the transuranium nuclides to total uranium
were calculated. The 241 peak consisted of both Pu-241 and Am-241. Since
the radial positions of the 8 randomly selected particles were unknown, the
ratios were plotted against the U-236/U-235 ratios. (See discussion above).
Typical results of "high" (Pu-239) and "low" (Cm-244) abundance nuclides
are shown in Figure 3-9, which shows appreciable scatter in the results, but
the rim profiles are defined with reasonable accuracy. Figure 3-10 presents
the nuclide profiles where the nuclide /uranium ratios have been normalized
to the mean of the 3 specimens with lowest U-236/U-235 ratios.
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These mean values showed good agreement with the values obtained on the
inventory specimen, and therefore correspond to the bulk pellet average.
Thus, the normalized profiles plotted in Figure 3-10, represent radial posit-
ions from about radius 4.75 mm out to the pellet rim (Compare with Figure
3-5), but are non-linear with respect to radius.

Inspection of Figure 3-10 shows that, as would be expected with the comb-
ination of fission and multiple neutron capture reactions at the pellet rim, the
profiles are steeper for the higher mass nuclides. At the time the autoradio-
graphy was performed on this fuel specimen (December 1991), it can be
seen from Figure 3-5 that the total alpha activity at the pellet im was about
1. E 09 Bg/g U. From the analytical results on the fuel particles, which will
not be presented in detail here because of space considerations, it can be est-
imated that, of this activity, about 92% was from Pu-238, Am-241 and Cm-
244, (19, 26 and 47% respectively), and only about 8% from long-lived nuc-

lides.

For this specimen, even after a total storage time of 30 years, the rim alpha
activity can be calculated to decrease by only about 10%, since the decay of
the shorter half-life nuclides Pu-238 and Cm-244, is largely compensated by
in-growth of Am-241. Although the alpha profiles and nuclide compositions
for spent fuel with different burnups and irradiation histories will show large
variations, this will be generally the case for all specimens of average burnup

of 40-50 MWd/kgU.

Thus, over the period of time when, hopefully, all corrosion tests on spent
fuel are performed, the potential for alpha-radiolysis induced corrosion will
be larger at the pellet rim than in the bulk fuel, if only the local alpha activity
levels are considered. The locally-deposited alpha dose to ingressed water,
however, will be determined by the distribution and magnitude of free vol-
ume (cracks, residual pellet/clad gap) in the fuel rod, and the microstructure
of the fuel. As mentioned above, the high porosity rim zone 1s of great inter-
est in this respect, particularly the question of whether the porosity is open
or closed, and much current research work is being directed its study, by
means of both fuel characterization (pre- and post-corrosion) and the eval-
uation of the corrosion tests themselves.



3.2

FUEL STOICHIOMETRY

At the beginning of section 3.1, it was mentioned that with increasing aver-
age burnup, the fraction of fissions in Pu-239 increases in the bulk of the fuel
pellet, but more particularly at the pellet rim. This results in a shift in the
lower mass peak in the fission yield spectrum, which changes the relative
concentrations of the chemical elements in the accumulating fission product
inventories. In particular, there is a significant increase in the yields of the
elements which are the main components of the 4d metal particles (Mo, Tc,
Ru, Rh and Pd, of which the latter three are noble metals).

The possibility that these changes could lead to changes in the oxide stoich-
iometry, and, therefore to changes in properties such as thermal conductiv-
ity and fission gas release, prompted early work (36,37) on the calculation of
oxygen balances based on thermodynamic data and detailed post-irradiation
examination of irradiated fuels. This field, however, is extremely complicat-
ed, and associated with experimental difficulties. Matzke (38) has recently
presented a concise review of previous work which can be consulted for

further details.

Matzke et al (38) also report the results of recent measurements of AG(09)
on small fuel fragments of high burnup UO7 using a minature galvanic cell.
The specimens were taken from the pellet centre (burnup 75 MWd/kgU),
and from the pellet rim (burnup higher than 200 MWd/kgU), where changes
in the local stoichiometry could be most expected. The results showed that
the oxide potentials at both positions were extremely low, and that the
stoichiometries were similar to that of nominally stoichiometric unirradiated
UO» examined in the same experimental series. According to the authors,
the results can be explained by the oxygen-sink behaviour of the clad (an
inner-wall oxide thickness of 15-20 microns was measured) and that about
one third of the molybdenum inventory was in the oxidized state.
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3.3

MIGRATION, RELEASE AND REDISTRIBUTION

The radial variation of the formation of fission products (burnup) and actin-
ides in fuel pellets as a result of the physical processes of fission and neutron
capture was discussed in section 3.1. Their distributions in fuel pellets and
rods during reactor operation, and therefore in spent fuel, are, however, also
determined by chemical effects, and by thermal diffusion and mass transport
processes caused by the axial and radial temperature gradients in the fuel

rod.

Changes in the oxygen potential of the fuel with increasing burnup, and its
radial variation in the fuel, have been discussed briefly in section 3.2 above.
Kleykamp (39,40) has published excellent reviews on the chemical state of
fission products in oxide fuel, which combine thermodynamic data and phase
diagram work with extensive and detailed post-irradiation examination of
UO» and (U,Pu)O; fuels. According to Kleykamp, the fission products can
be allocated to four main groups with respect to their behaviour in oxide
fuels, as is shown in Table 3-1.

Table 3-1. Group classification of fission products in irradiated fuel.

1. Fission gases and other volatile fission products.

Kr, Xe, Brand L.

2. Fission products forming metallic precipitates.

Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb and Te.

3. Fission products forming oxide precipitates.

Rb, Cs, Ba, Zr, Nb, Mo and Te.

4. Fission products dissolved as oxides in the fuel matrix.

Sr, Zr, Nb, and the rare earths; Y, La, Ce, Pr, Nd, Pm, Sm and Eu.

In operating oxide reactor fuel, however, there are numerous transitions and
partitions between the groups (particularly groups 2 and 3) due to the irradi-
ation history (local fuel temperatures) and burnup (solubility restrictions and
stoichiometry changes). Further, as a result of beta decay, fission products
change their chemical identity both during and subsequent to irradiation.

Although the continuous development and refinement of analytical methods
for the quantitative post-irradiation examination of spent fuel has produced
great improvements with regard to detection limits and lateral resolution, it
is probable that currently available methods cannot quantitatively define
these effects in "normal" LWR spent fuel (i.e., medium burnup and with an
irradiation history typical of most fuel) to the degree that is necessary for
unambiguous interpretation of the results of corrosion tests. Such tests often
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have the aim of defining and quantifying the various corrosion processes
which occur during both the short- and long-term exposure of spent fuel to
groundwater. They therefore often follow analytically not only those nucl-
ides which have direct relevance for safety analysis, but also nuclides which
could serve as monitors of corrosion processes under conditions of uranium
saturation, as in semi-static tests. This will be discussed further below.

In LWR fuel, the lanthanides and actinides are considered to form stable
solid solutions with the UO» matrix and are, therefore, available for release
to the corrodant groundwater at a rate determined by the corrosion of the
matrix. Their solubilities in typical high pH bicarbonate groundwaters, (the
corrodant mainly used hitherto in the SKB programme), however, are very
low, which prevents their use as corrosion rate monitors.

The chemical states in oxide fuel of the lanthanides and most of the other
fission products will not be considered in further detail here since, as menti-
oned above, the thermodynamic and experimental backgrounds are covered
fully in the Kleykamp review (39).

However, in the following, the distributions in spent fuel of Cs, Rb, I, Sr,
Ba and Tec, will be briefly discussed against the background of results of
corrosion tests on spent fuel. The current view of most workers in this field
is that corrosion occurs by three chronologically overlapping processes:

a). The rapid dissolution of fission products released to the fuel and clad
surfaces during reactor operation. This applies mainly to cesium and iodine
nuclides which are well known to show release behaviour similar to the inert
gases, Kr and Xe, so that fission gas release models can be applied to estim-
ate the size of the effect.

b). Selective attack, oxidative or non-oxidative, at the sites of fission prod-
uct segregations, or at grain boundaries.

c¢). General matrix dissolution, oxidative or non-oxidative, with the simult-
aneous release of fission products and actinides to the aqueous phase.

During the corrosion of LWR spent fuel in groundwaters, by far the largest
part of all fission product and actimde inventories will be made available for
release only by dissolution of the fuel matrix, since only minor fractions of a
few nuclides are subjected during irradiation to redistribution processes.
However, during corrosion tests, particularly in the sequential static tests
often used, the first two processes are dominant for redistributed species
over the first few years of water contact. This causes difficulties in the eval-
uation of test results, since, as stated above, all three processes overlap
chronologically. Further, the corrosion of spent fuel in bicarbonate ground-
waters is slow. Although the cumulative release to the groundwater of ces-
ium and iodine nuclides during the first few weeks is of the same order as
the fission gas release from the fuel (about 1% in the SKB programme refer-
ence fuels), the cumulative release of Sr-90, for example, which has been
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tentatively used as a monitor of matrix dissolution, is only about 0.1% of the
fuel inventory after several years of corrosion under oxic conditions.(30)

The detection and measurement of such small amounts of strontium in spent
fuel by post-irradiation examination methods, requires that substantial local
enrichment has occured during irradiation. Kleykamp (39) reports that alth-
ough strontium exists in fuel predominantly dissolved as the oxide (See
Table 3-1), it can also be a component in perovskite oxide phases. This
effect, however, appears to be more likely in mixed oxide fuel, since stront-
ium partitioning appears to be favoured by decreasing local oxygen potential
of the fuel. Attempts to detect and measure Sr gradients in individual grains
in power-ramped UO» fuel by EPMA (27) were unsuccessful, since the Sr
concentrations were of the same order as the detection level.

Nevertheless, the need for more clarity regarding the source terms for the 3
corrosion processes mentioned above, and their dependence on fuel irradiat-
ion histories, has prompted a great deal of experimental work during the last
few years (41-45), with the aims of direct identification of fission product
species on grain surfaces, and quantification of grain boundary inventories.

This work is still in progress.

The recent application of the ICP-MS technique to solutions of actinides and
fission products, offers another method of studying the different release beh-
aviours of groups of fission products which are mobile in operational fuel,
and, therefore, indirectly, their distributions between segregations or zones
of enhanced concentration, and the fuel matrix. Thus, in the group Cs, Rb,
Sr and Ba, all of which are readily measurable in corrodant solutions by ICP-
MS, at least under oxic conditions, the fractional release rates during the
early stages of corrosion should reflect their differences in migrational
behaviour. At a later stage, as grain boundary segregations are removed by
selective attack, the values of fractional release rates should tend to con-
verge, as matrix dissolution becomes the dominant mode of corrosion.

Rubidium, for example, shows the same type of release behaviour as Cs, but
to a lesser extent (29,45), while barium has been reported to migrate radially
up the temperature gradient (46), and axially along the pellet stack (47). The
radial redistribution process has been modelled (48). Further, the isotopic
analysis capability of the ICP-MS technique gives the possibility of studying
isotopic effects in operational fuel such as the postulated enrichment at grain
boundaries of Sr-90 due to the diffusion of its short-lived Br and Rb precur-

sors (42).

The corrodant solutions from the first four years of corrosion of the fuel
specimens in the Variable Burnup/Variable Linear Heat Rating Experiment
mentioned earlier in this report have been analyzed by the ICP-MS tech-
nique, and, although evaluation of the results has not yet been completed, a
preliminary assessment suggests that a tendency to release rate convergence

can be observed (49).



The fractional release rates of Tc-99 from spent fuel to bicarbonate ground-
waters under oxic conditions has been shown to be roughly constant with
increasing exposure time, and a similar behaviour is observed for molybd-
enum (30,49). Under the same conditions, the solution concentrations of the
other components of the 4d metal particles, Ru, Rh and Pd, are very low.
Since, in the sequential static corrosion tests used in the SKB programme,
the fractional release rates for the alkali metal and alkaline earth fission pro-
ducts discussed above decrease rapidly with exposure time, after a few years
the Tc-99 release rate is the largest measurable.

Clearly, the source term for Tc-99 release differs in kind from those of the
other nuclides, and is attributed to the metal particles observable at grain
boundaries and fission gas bubble sites in spent fuel, and therefore readily
available for water contact and corrosion.

The composition of these particles and possibly their corrosion resistance,
however, should be dependent on the local oxidation potential (38, 39),
since at low oxidation potentials Mo exists in the metallic form, while at
high potentials, which are thermodynamically predicted at higher burnups
towards the fuel pellet centre where most metallic particles are observed, the
Mo is oxidized to the hexavalent form and dissolves in the fuel matrix. Thus,
Mo is assigned to both groups 2 and 3 in Table 3-1.

As part of the characterization work on the BWR and PWR reference fuels
(2), the volume fractions of the metallic particles were estimated by quantit-
ative image analysis during optical microscopic examination of polished fuel
cross-sections. Only particles of diameter 0.5 microns and higher could be
measured due to the resolution limitations of the microscope. It was found
that the measured volume fractions in both fuels corresponded to approxim-
ately 0.1 mg/g bulk fuel, which is only about 1% of the combined inventories
of Mo, Tc, Ru, Rh and Pd as calculated by ORIGEN-2.

From examinations of spent fuel by analytical transmission electron micro-
scopy and Auger electron spectrometry (50-52), however, the presence at
and near grain boundaries of metallic particles with diameters of the order of
tens of nanometres has been reported.

An experimental programme has been performed at Studsvik Nuclear's Hot
Cell Laboratory (26) in order to estimate the total amounts of 4d metal part-
icles, i.e., including these submicron particles, in the BWR and PWR refer-
ence fuels. 4 whole pellet specimens of each fuel were dissolved in cold 6M
HNO3, with an acid/fuel ratio of 30 L/kg fuel. The heavy black residues
were filtered through glass biological filters with nominal apertures of 1.0-
1.6 microns, and air-dried to constant weight.

Residue weights of 4.54 +/- 0.43 and 4.54 +/- 0.23 mg/g fuel were obtamed
for the BWR and PWR fuels respectively. The filtrates were also analyzed in
order to determine the mass balances. The residues were examined by
gamma spectrometry, and, following this, flakes of the residue were mount-
ed on plastic tape for examination by SEM/EPMA.
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Figure 3-11 shows a flake from the BWR fuel. EPMA-WDS examination of
the upper and lower surfaces of flakes from both tuels showed no significant
compositional differences, suggesting that no segregation had occurred dur-
ing filtration Further. detailed examination of the residue flakes at higher
magnification (see. for example Figure 3-12) showed that the residue was
composed of agglomerates of particles of a wide range of sizes, from about

a micron down to about 50 nm.

Fvaluation of the mass balances showed that about 80% (BWR) and 86%
(PWR) of the residues consisted of the 4d metals. Minor components were
uranium, actinides, Cs, Sr, Sb and Co.
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Figure 3-11. Residue flakes from the BWR reference fuel.

Figure 3-12. Detail of « BWR residue flake showing submicron particles.



A similar experiment has been performed by Kleykamp (53) on PWR fuel
with an average burnup of 55.9 MWd/kgU. Here, one of the main interests
was the composition of dissolver residues during reprocessing operations,
and the fuel specimens were dissolved by immersion in 7M HNO3 at 115 C
for five hours. The acid/fuel ratio was 4.5 L/kg fuel. Filtration of the resid-
ues was two-stage, through filters of nominal aperture 3 and 1 microns resp-
ectively. 91 % of the total residue was found in the 1-3 micron size fraction.

The original paper should be consulted for details of the results obtained, but
it is interesting here to make a short comparison with the Studsvik results.
After correction for components from structural materials (4.9 wt%), minor
components from the fuel (18.5 wt%), and oxygen (12.4 wt%), it is found
that the 4d metal (Mo, Tc, Ru, Rh and Pd) content in the residue from the
55.9 MWd/kgU fuel represented 3.85 mg/g fuel, a value similar to the values
of 3.63 and 4.21 mg/g fuel obtained for the SKB BWR and PWR reference

fuels respectively.

The normalized compositions of the 4d metals in the three residues,are pres-
ented in Table 3-2, and the percentages of the calculated total inventories of

each element in Table 3-3.

Table 3-2. Comparison of the 4d metal compositions.

Weight %

Fuel Mo Tc Ru Rh Pd
SKB: BWR 18.7 9.3 54.8 7.0 10.2
SKB: PWR 20.4 10.4 52.2 7.2 9.8
PWR. (Ref. 53) 23.4 6.4 53.3 6.9 10.1
Table 3-3. Percentage of inventory in the residues.

%

Fuel Mo Tc Ru Rh Pd
SKB: BWR 19 42 79 55 20
SKB: PWR 22 52 81 62 21
PWR.: (Ref. 53) 19 25 60 51 15

Inspection of these tables shows that there is great similarity between the
residues from the 3 fuels, with the exception of the Tc results, where the
percentage of the inventory found in the residue in the Kleykamp experiment
is significantly lower than for the SKB reference fuels.

On the basis of XRD measurements, Kleykamp states that only about 10%
of the residues consisted of undissolved metal particles, while the remainder
consisted of oxides or oxide hydrates reprecipitated from the dissolver solut-
ion. XRD analysis of the residues from the SKB reference fuels showed that
these also were predominantly amorphous. However, from the particle size
distribution observed in these latter residues, it is possible that conversion
of the metal particles to oxide/oxide hydrates occurred directly, since the
dissolution conditions were very dissimilar.
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From the discussion above, it is clear that this type of experiment cannot
give conclusive data regarding the Tc-99 source term for aqueous corrosion,
or even the fraction of the Tc inventory in the metal particles for a particular
specimen of spent fuel. If the residues from all 3 fuels were formed predomi-
nantly by precipitation from solution, then their composition and amount has
little relevance for estimating the Tc source term for spent fuel corrosion. If,
however, the residues represent approximately the original particle morph-
ologies, the results can be used as rough measures of Tc grain boundary

inventories.

The experiment and its results, however, can serve as a useful illustration of
the limitations which govern the experimental determination, and definition,
of fission product distributions at the micron and submicron levels in spent

fuel.
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