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Abstract

Secondary cladding defects in BWR fuel sometimes have the shape of long axial cracks or "splits". Due
to the large open UO2 surfaces exposed to the water, fission product and UO2 release to the coolant can reach
excessive levels leading to forced shut downs to remove the failed fuel rods. A number of such fuel rods have
been examined in Studsvik over the last 10 years. The paper describes observations from the PIE of long cracks
and discusses the driving force of the cracks. Details such as starting cracks, macroscopic and microscopic
fracture surface appearance, cross sections of cracks, hydride precipitates, location and degree of plastic
deformation are given.

1. INTRODUCTION

Secondary cladding defects in BWR fuel sometimes have the shape of long axial cracks or
"splits". Due to the large open UO2 surfaces exposed to the water, fission product and UO2 release to
the coolant can reach excessive levels leading to forced shut downs to remove the failed fuel rods. A
spectacular example of clad splits was a sponge-Zr liner rod that failed in Oskarshamn 3 in 1988 and
was examined in Studsvik early 1989, [1]. Since then other rods, all of them of standard 8 x 8 type
without liner, have been examined after developing axial splits. Since the introduction of 9 x 9 or
10x10 fuel types in Swedish reactors, no axial splits have occurred in these types of fuel rods.

2. GENERAL FEATURES OF AXIAL SPLITS

The axial splits are cracks in the cladding which have propagated from a starting crack. This
starting crack could either be a primary PCI (iodine-SCC) crack a few mm in length or a crack in a
secondary hydride blister usually about 10 mm in length. One rod can have many axial splits
originating at different positions along the rod. If two such cracks meet, they will only overlap over a
short distance and not propagate any further. For example, the liner rod [1], which was the first to be
examined, had five separate splits all originating from secondary hydride blisters. Another rod had
two splits, one originating in a primary SCC crack and the other in a secondary hydride blister.

When the splits are longer than a few cm the crack opening will become large enough
(>0,5 mm) to allow liquid water to come in contact with the fuel pellets. This leads to rapid washout
of fuel by oxidation and erosion of the pellets thus causing the large release of fission products, which
is typical of failures with axial splits. The visual appearance of an axial split and the corresponding
neutron radiography image show the large removal of fuel at a cladding split (Fig. 1).

3. MACROSCOPIC FEATURE OF CRACKS

When observing the clad splits under a hot cell periscope the large crack opening often makes
it possible to directly observe the fracture surfaces. One can then notice a typical striated pattern,
which seems to originate at the starting crack and then remains the same over the whole propagation
part of the splits.
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F/G. 7. Visual appearance and neutron radiography of the same clad split.

The sketch below shows how the striations look and how they are related to the starting crack.
Often the striations form a feather or fish bone pattern close to the outside of the cladding. This is
indicated to the right in Fig. 2.

Propagation direction

Starting crack

Cladding inside

FIG. 2. Macroscopic striations on the fracture surface in relation to the starting crack.

A real example of a starting crack (PCI in this case) and the continued propagation part is
shown in the low magnification SEM image in Fig. 3.

Starting crack

FIG. 3. A PCI starting crack and the propagation in both directions from it.
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The splits seem to propagate in straight lines over long distances only deviating when they
have to propagate through hydride blisters where the stress pattern is disturbed [2]. A hydride blister
with many criss-crossing cracks in the path of a propagating crack has even been seen to act as an
obstacle to further propagation. The local hydrogen content of the cladding through which long
apparently brittle splits have propagated has been measured to be as low as 150 ppm.

4. MICROSCOPIC FEATURES OF CRACKS

Microscopic observations of clad splits have been performed both on metallographic sections
through cracks and on fracture surface specimens in a Scanning Electron Microscope (SEM) and in
optical microscope.

Two differently oriented types of metallographic sections were used to characterise the axial
splits.

Ordinary tangential/radial cross sections showed that the propagation parts of the axial splits
have purely radially oriented fracture surfaces. Often a small plastic deformation can be observed
close to the cladding inside making it impossible to perfectly mate the two opposing fracture surfaces.
There are indications that in spite of the brittle appearance of the axial splits the wall thinning can be
several per cent. Tangential strain is observed at the cladding inside close to the axial split. This is the
reason why the two opposing fracture surfaces do not match in macro scale. When etched to see the
hydrides it is commonly observed that there is a zone of tangentially oriented hydrides close to the
fracture surface, see Fig 4.

Inside Outside

FIG. 4. Cross section showing one side of a fracture, notice the
tangential hydrides (arrowed), 200X.

Tangential/axial sections close to the cladding outside at the axial ends of splits in
several cases showed that hydrides had preferentially precipitated just in front of the crack tip, see
Fig 5 from [1]. Similar precipitation was shown in a tangential/axial section in [2] and in a
tangential/radial section in [4]. The latter case indicates that the amount of precipitated hydride
decreases towards the cladding inside. A sketch summarising these findings schematically from the
PIE of crack tips are shown in Fig 6.

Fracture surfaces examined in SEM showed that the macroscopic striations are long
"hills" and "valleys" 10 to 100 \xm wide with steep sides, continuous over a large part of the cladding
thickness, see the SEM image in Fig 7 and the sketch in Fig 8.

Fracture surfaces taken at the end of clad splits and examined in SEM revealed that the crack
front had propagated furthest close to the cladding outside also giving an insight into how the
macroscopic striations are formed. Evidently, the striations follow the local propagation direction of
the crack front and thus are at right angles to the crack front at any given time as shown in Fig 9.
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FIG. 5. Hydrides precipitated in front of a crack tip, 300X.
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FIG. 6. Sketch of hydride precipitation found in metallography at crack tips.
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FIG. 7. SEM image showing striations of "hills " and "valleys ", 100X.
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FIG. 8. Sketch of a tangential/axial section through hills and valleys on a fracture surface.
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FIG. 9. Reconstruction of a crack front at right angles to the striations.

When viewing the cladding inside bordering to the fracture surface in SEM it was observed
that the inside oxide layer contained a number of cracks in the axial direction, see Fig 10. The area
with cracked inside oxide extended about 200 ym in the tangential direction from the fracture surface.
The oxide acts as a crackle lacquer during plastic deformation of the inner part of the cladding when
the crack front approaches the cladding inside during propagation of the axial split. This observation
agrees quite well with the zone of plastic deformation close to the cladding inside, which was seen in
the cross section of Fig. 4.
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FIG. 10. Cracks in the inside oxide layer parallel to the fracture surface, 90 X.
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The microscopic character of the fracture surface is often obscured by the oxidation caused by
the continued operation of the reactor before the failed rod can be taken out. Only if the reactor is
stopped immediately after an axial split failure or if the split is produced in a test reactor, can the
unaltered fracture surfaces be studied. Such an example is shown in Fig. 11.
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FIG. 11. SEMimages of two mating fracture surfaces close to the cladding inside, 1300X.

The surface is characterised by quasi cleavage surfaces parallel to the macro plane of the
whole crack. By comparing the two opposing fracture surfaces, it is evident that on a microscopic
level there is an almost perfect fit between the two sides of the crack. Thus, a "hill" on one fracture
surface always corresponds to a "valley" on the mating fracture surface. The only ductile features seen
on the surfaces are shear patterns on the steep sides connecting "valleys" with "hills". This shear
occurs when the two fracture surfaces separate during the crack opening process.

5. DRIVING FORCES

The basic driving force, which keeps a crack propagating, is the hoop stress in the cladding.
This hoop stress is in turn caused by the pellets expanded by thermal expansion at high linear heat
ratings. Since rods with long axial splits are open to the coolant the pellets will also be oxidised by
steam lowering their thermal conductivity thus increasing the temperature and the thermal expansion
above that normal for a given linear heat rating. Lowering the linear heat rating is thus an effective
means to eliminate the propagation process. As evidence for this statement, it can be noted that no
axial splits have been observed in 9X9 or 10X10 rods in Swedish reactors. The earlier use of pure Zr-
liner in some rods made the stress level even higher due to the rapid oxidation of the liner if such a
rod failed. The addition of alloying elements to the liner to increase its corrosion resistance should
make such liner rods more similar to non liner rods in case of a primary failure.

6. SUMMARY

The following statements can be made regarding axial splits based on the present knowledge.

Apparently brittle cracks can propagate in cladding with hydrogen content as low as 150 ppm.

Both PCI cracks and secondary hydride blisters can act as starting cracks.

Striations on fracture surfaces are parallel to the direction of local crack propagation and thus
perpendicular to consecutive crack fronts.
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Axial clad splits exhibit local plastic deformation of the cladding, observed as wall thinning
of several per cent.

Cross sections through axial clad splits show tangentially oriented hydrides.

Sections at the tip of axial clad splits show precipitation of hydride in front of the crack tip.

The fracture surfaces are brittle in appearance and in microscopic scale show a perfect fit of
the two opposing surfaces.
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