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ABSTRACT

The reliability of metal fuel elements is determined by a fuel
burnup at which a statistically predicted number of fuel breaches
would occur, the number of breaches determined by the amount of
free fission gas which a particular reactor design can tolerate.
The reliability is therefore measured using experimentally deter-
mined breach statistics, or by modelling fuel element behavior and
those factors which contribute to cladding breach. The factors
are fuel/cladding mechanical and chemical interactions, fission
gas pressure, fuel phase transformations involving volume changes,
and fission product effects on cladding integrity. Experimental
data for EBR-II fuel elements has shown that the primary, and
perhaps the only significant factor affecting metal fuel relia-
bility, is the pressure-induced stresses caused by fission gas
release. Other metal fuel/cladding systems may perform similarly.

*Work supported by the U.S. Department of Energy, Reactor Systems,
Development and Technology, under Contract W-31-1O9~Eng-38.



FACTORS CONTROLLING METAL FUEL LIFETIME

I. INTRODUCTION

The many years of experience which EBR-II has had with the performance of
metallic fuels has allowed a large amount of knowledge to be gained concerning
what factors control or modify the reliability of these types of LMR fuel
elements. Although most of the information has been gained through use of
*U-5Fs fuel, and a limited number of element designs, the experience achieved
allows identification of the factors generic to all metallic fuel types which
limit the useful lifetimes of the fuel elements.

Ultimately the reliability of a group of fuel elements is based upon a
statistical representation of the eventual stress rupture process within the
cladding. The reliability depends on the probability for breach of a single
element at a given time as well as overall reactor properties, such as core
size, and the reactor's ability to handle the fission gas produced by a given
number of breached metallic fuel elements.

Those factors that modify stress rupture time are therefore the most
critical to producing improved reliability once a reactor design is fixed.
Temperature and strc-ss are the basic variables, with stress being dependent on
fission gas pressure, fuel/cladding chemical and mechanical interactions, and
fuel element design. It is these factors, and how they relate to the
reliability of metallic fuel elements that will be discussed in this paper.

II. FUEL/CLADDING MECHANICAL INTERACTIONS (FCMI)

Fuel/cladding mecha leal interactions can be caused by 1) fuel swelling
due to the formation of gaseous and solid fission products, 2) fuel phase
transformation that involves volume expansion, and 3) differential thermal
expansion between fuel and cladding. The magnitude of these stresses depends
primarily on the strength and creep properties of the fuel and on plenum
volumes, axial and radial, available to accommodate fuel strain. Other
factors, such as burnup rate and operating temperatures may also modify the
degree of FCMI that can develop.

Figures 1a and 1b show drawings of the design of the Mark-IA and Mark-II
driver-fuel element designs used in EBR-II. Not only is the smeared density
higher for the Mark-IA (85?) compared to that of the Mark-II (75?), leaving
less radial room for fuel swelling accommodation, but the axial fuel
restrainer design severely limits the axial plenum volume. Therefore, even if
the fuel had a very low viscosity, the fuel swelling could not be accommodated
without expansion of the cladding.

*Fissium (Fs) is a mixture of alloying elements consisting of 2.4 wt % Mo, 1.9
wt % Ru, 0.3 wt % Rh, 0.2 wt % Pd, 0.1 wt % Ir, and 0.01 wt % Nb to obtain a
total of 5 wt % of Fs in the fuel U-5Fs. The alloying mixture is designed to
approximate a given mixture of fission products.
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The Mark-IA elements were found to regularly breach near 3 at.?
burnup1'2, while Mark-II elements have been found to survive to near 18.5 at.?
burnup in some instances. It will be shown later in this report that
significant fission gas release does not occur in U-5Fs alloys prior to
several atom percent heavy metal burnup, so the obvious reason that the
Mark-IA design was not able to perform reliably to high burnups was because
FCMI caused cladding rupture. The lack of radial clearance (85? smeared
density) that would allow fuel/cladding contact before significant amounts of
open porosity could develop, could have been the major design flaw. However,
recent experiments concerning the performance of metal fuels to transient
reactor conditions have shown that metal fuels can deform rapidly at operating
conditions^, and it is therefore more likely that the lack of axial plenum
space was the most critical design flaw. ^ .'

The improvements afforded the Mark-II design have allowed irradiations to
18.5 at.? burnup. A computer model was developed to predict cladding strains
based upon known irradiation environmental conditions (temperature, flux
profiles, etc.) and measured fission gas pressures. If measured cladding
strains exceed those predicted, then FCMI may be indicated and approximated
using the excess strain. Figures 2 and 3 show predicted and measured cladding
strains for relatively high burnup Mark-IIA* fuel elements clad in solution-
annealed (SA316) and 20? cold-worked (CW316) Type-316 stainless steels. SA316
is more sensitive to void swelling deformation, while CW316 is more sensitive
to creep deformation. If FCMI were present, the CW316 clad elements would
show a greater underprediction of strains. Note that the strains were,
however, overpredicted in the case of CW316 cladding and closely predicted the
measured strains for SA316 cladding. There is confidence in the prediction
model because the deformation profiles for He-pressurized tubes (unfueled)
have been accurately predicted. The results shown in figures 2 and 3
indicated not only a lack of FCMI, but also that the amount of fission gas
pressure acting over the length of the fuel element may be overestimated by
"cold-plenum" pressure measurements. While the reason for this is presently
unclear, the important result is that no significant FCMI is indicated.

Fuel swelling after fuel/cladding contact, in a properly designed fuel
element, is therefore accommodated by fuel creep deformation into spaces made
available by open porosity or axial plena. Eventually enough open porosity is
available so that axial fuel growth slows considerably or even stops, assisted
strongly by axial growth constraints provided by fuel/cladding contact .
Evidence for this is indicated in figure 4. It was originally thought that an
axial fuel restrainer was necessary to prevent continued axial fuel growth
into the plenum region, although its primary purpose was to prevent fuel slug
liftoff. It is now clear that these restrainers are not needed, and the most
recent designs do not use them . A steady-state seems to develop where fuel
swelling is balanced by axial restraint and fuel deformation characterized by
collapse of old open porosity and creation of new. This rapid fuel
deformation process is evidenced by fuel expansion into areas opened by fuel

*The Mark-IIA has an extra 2.5 cm of plenum compared to the Mark-II design.
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Figure 2. Predicted and Measured Diameters of Mark-II Fuel Elements
with Solution-annealed Type-316 Stainless Steel Cladding
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Figure 3. Predicted and Measured Diameters of Mark-II Fuel Elements with
20% Cold-worked Type-316 Stainless Steel at 9 at.% Burnup.
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column liftoff. The radiographs in figure 5 show an example of this
deformation process as fuel is slowly filling in a space opened at the base of
the fuel column. As the volume of solid fission products increase, available
open porosity is lessened, and FCMI should develop, but not until high burnups
have been achieved.

III. FISSION GAS PRESSURE

The release of fission gas from the fuel has been found to be the major
source of cladding stress in metallic fuel elements. The use of a smeared
density of 75% or less ensures the development of open porosity before fuel
swelling creates fuel/claciding contact around the circumference of the fuel
slug . The open porosity facilitates the release of fission gas, and the
resultant plenum pressure as a function of burnup for Mark-II-type fuel
element design is shown in figure 6. Note that the plenum pressure increases
rapidly after several percent burnup, a point where open porosity has begun to
fully develop.

Figure 6 also shows that as large plenum pressures develop ("17 MPa), the
buildup of additional pressure begins to decrease. The reason for this is
largely due to cladding deformation, which provides increased plenum volume.
The amount of plenum gas collected in the samples at 18.5 at.? burnup shows
that 9&% of the fission gas had been released.

The performance of small plenum elements, the Mark-IIS design, is shown
in figure 7. These elements, used exclusively in higher-worth control rods,
were designed and constructed to be 7.6 cm (3 in.) shorter than standard Mark-
II elements, resulting in a reduced plenum. For the same amount of gas
relased, the pressure buildup can then be predicted to follow a relationship
proportional to the Mark-II, but with a faster pressurizatlon rate. The
predicted pressure buildup is shown in figure 7 along with measured
pressures. Note that the measured pressures are less than predicted,
indicating that perhaps the buildup of plenum pressure at a faster rate tends
to reduce the fission gas release rate at lower burnups.

Plenum pressure seems to be the primary cause for eventual cladding
breach', but the detailed characteristics of plenum pressure buildup are not
well understood. Further work is needed to fully understand how fission gas
release is related to fuel type, temperature, and plenum pressure. Some of
this testing is currently being done-3 and should result in greater ability to
predict the useful lifetime of metallic fuel elements for a wide variety of
fuel types.

IV. OTHER SOURCES OF STRESS

A. Thermal Stresses

Thermal stresses within the cladding wall caused by a thermal
gradient through the wall exist early in life are no higher than in other fuel
systems, and relax quickly due to creep of the cladding material. As plenum
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pressures rise with fuel burnup the thermal stresses at power are relaxing, so
they provide no detrimental effect on fuel element reliability.

Thermal stresses due to differential thermal expansion between fuel
and cladding can develop only during transient operations because fuel
swelling and creep occur during steady-state operation so as to minimize
FCMI. On cooling, a mismatch could develop if the thermal expansion
(contraction) of the cladding were much greater than the fuel. This does not
occur, however, because thermal expansion coefficients for cladding, materials
are 13-20x10 m/m'°C, depending on whether they are ferritic or austenitic,
and are 15-23x10 for U-5Fs, U-10Zr, and lf-15Pu-10Zr fuel alloys, depending
on the alloy and the temperature range ' . In addition, a volume expansion
on heating of ~\% (0.33? linear) occurs in the fuel at 550-650°C, depending on
the alloy, corresponding to a phase transformation. The initial higher
temperature of the fuel and the similarity of thermal expansion between fuel
and cladding precludes any stress development on cooling from steady-state
temperatures.

B. Fuel Phase Transformation

When dealing with transient operation, however, some portion of the
fuel column may exhibit the phase tranformation during an unexpected thermal
excursion. The fuel, at modest or high burnups, is already in contact with
the cladding, and on heating the transformation can occur very rapidly11.
Transient testing of U-5Fs fuel slements in EBR-II and laboratory creep
testing-̂  has shown that the fuel deforms rapidly enough at operating
conditions to prevent significant FCMI stresses from developing.

V. CLADDING LOSSES

A. Sodium Corrosion

A secondary effect on the reliablity of fuel elements is effective
cladding loss, and the resultant increase in the cladding stresses, as caused
by sodium corrosion on the outer diamater of a fuel element and fuel/cladding
chemical interactions in the inside. The sodium corrosion effects are
concerned only with the cladding type and not the fuel, and are therefore
identical to the effects observed for any other LMR element type. The
corrosion depth is very limited and does not enter significantly into a
reliability assessment. Sodium exposure cladding losses are expected to be
less than 15 pm over the reasonable lifetime of fuel elements, and include
effects such as nickel and chronium depletion and thermal grooving of grain
boundaries. The effect on ferritic cladding materials are expected to be
less than this.

B. Fuel/cladding Chemical Interactions

Fuel/cladding chemical interactions (FCCI) could produce more
serious effects, but U-5Fs/Type-3i6 Mark-II fuel elements to date have shown
no greater effective loss of cladding being limited to 15 pm at cladding
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temperatures <600°C and 10 at.$ burnup • ̂ . The interactions result from
solid-state interdiffusion of fuel and cladding elements under steady-state
operating conditions. At elevated temperatures the interdiffusion can be more
rapid and can result in the formation of liquid phases as fuel/cladding
eutectic temperatures and compositons are approached.

Figure 8 shows the FCCI bands developed at the fuel/cladding
interface between U-5Fs and Type-316 stainless steel resulting from solid-
state interdiffusion. The reaction layers are characterized primarily by
nickel and iron diffusion out of cladding and into the fuel . The large band
in the fuel does not impact the fuel element reliability under steady-state
conditions. The thin layer (<15 urn) in the cladding undergoes an austenite-
ferrite transformation due to nickel loss and becomes very brittle. This is
evidenced by the scanning electron micrograph in Fig. 9 where a section of
cladding was flattened after irradiation and subsequent fuel removal. The
brittle layer of ferrite is usually assumed to provide no strength and is
considered to be cladding wastage for fuel lifetime assessments. The rate of
fuel/claciding interdiffusion varies with other types of fuel and cladding
alloys '^ but has not been extensively studied for systems other than
U-5Fs/Type-3i6 stainless steel. Fuel alloys containing zirconium seem to
precipitate zirconium surface layers, which could impede interaction .

During unexpected transient conditions elevated cladding
temperatures (>700°C) could be reached and the interdiffusion zones can be
subject to melting in areas where near-eutectic compositions such as 66 at.$
Fe-33 at.i& U are achieved. The rate at which the amount of liquid phase
develops and attacks the cladding is a very complex function of fuel and
cladding alloy types and fuel burnup. Recent U-5FS/316 testing at EBR-II has
shown that cladding penetration rates decrease with fuel burnup due to the
presence of trapped fission gas and also possibly due to the formation of high
melting temperature intermetallic compounds at the fuel/cladding
interface17. The reliability of metallic fuel elements during and after
operational excursions into eutectic temperature regimes is therefore likely
to be greater than previously thought.

C. Fission Product Effects

Fission product attack on stainless steel cladding materials has
been extensively studied . Independently, Cs and I are thought to require
excess oxygen activity to cause corrosion . The very reducing atmosphere
within a metallic fuel element precludes these effects.

More recently, Te or Cs-Te liquid metal embrittlement has been
observed in oxide fuel/austenitic stainless steel fuel elements 21. The
mechanism of Te embrittlement in austenitic stainless steels has been previ-
ously shown to be associated with the formation of Ni-Te or Cr-Te compounds at
grain boundaries, which then embrittle the boundaries22. The rate of embrit-
tlement is then controlled by the rate at which Te is adsorbed and diffuses
along grain boundaries. The embrittlement observed in oxide elements is found
to vary in severity depending on the Cs:Te ratio present. Apparently the Te

-10-
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FCCI Layer in Fuel FCCI Layer in Cladding

Figure 8. Optical Micrographs Showing the Fuel/Cladding Chemical Interaction
(FCCI) Layers in the fuel (a) and in the Cladding (b) for U/Fs/
Type-316 Stainless Steel Fuel Elements. The crack shown (arrow)
in (b) between fuel and cladding developed on cooling or sample
preparation and often is seen between the FCCI layer and the cladding
bulk.

Figure 9. Scanning Electron Micrograph of the Inner Surface of Cladding
Which Had Been Flattened. The fuel cladding chemical inter-
action layer in the cladding fractures in a brittle fashion.
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activity, or the cladding wetability by the Cs-Te mixtures, is important to
the attack rate. The bond sodium in metallic fuel elements presents a
condition where Cs and Te fission products become diluted with sodium and
would likely alter the embrittlement effect.

Tests were performed using pressurized Type-316 stainless steel
capsules containing sodium and tellurium. The Te was added in amounts which
could be present in a Mark-II fuel element at 8 at.? burnup, and the capsules
were heated to 580°C to test whether stress rupture life was shortened. After
testing, segments were crushed to look for embrittled layers on the inside
surface of the tubing. No reduction in stress rupture life was found, and no
evidence of embrittlement was detected. The presence of large amounts of
sodium, compared to fission product inventories, may alter Te activity so as
to prevent the embrittlement process.

VI. USE OF BREACH STATISTICS

EBR-II personnel have consistently used breach statistics, taken from
run-to-cladding-breach (RTCB) experiments for fuel qualification, to define
the reliablity and establish burnup limitations for the driver fuel.
Statistics are developed for each major design change, production compaign, or
plant operational change. This is the most certain way to determine a very
accurate reliability assessment, and failure analysis allows guidance as to
how to best prepare a model to predict lifetimes.

Use of breach statistics is, of course, not possible when assessing a new
fuel element design, and models must be developed based upon an assessment of
the factors which control reliability and then accurately providing models for
the phenomena associated with these factors.

The breach statistics gathered for Mark-II elements allows such an
assessment. Qualification testing has produced a total of 43 breaches in
Mark-II fuel elements, and 27 of these occurred as stress rupture failures in
the fuel restrainer dimples of the cladding. The other 16 breaches were
identified as related to upper plenum welding problems, wire wrap welds which
were loosened during handling at reconstitution of the subassembly, or were
unidentified. Of the 27 restrainer breaches, 21 occurred at fuel burnups
ranging from 10.1 to 10.9 at.? for a peak cladding temperature (PCT) at end-
of-life of ~560°C, four occurred at 9.2 at.? for an end-of-life PCT of "580-
600°C, and the other two occurred at 18.5 at.? for an end-of-life PCT of
~500°C. Knowing the plenum pressure buildup with burnup (see figure 6), the
stress concentration imposed by the restrainer, and stress rupture equations
for the cladding material the burnups at failure can be fairly accurately
predicted2^. This implies that Mark-II fuel element breach can largely be
predicted strictly from plenum pressure causing cladding stress rupture.

The breach statistics have also been fit to Weibull statistics2 so that a
given core loading of fuel elements could be accurately predicted to produce a
given number of breaches for a given burnup limit. Burnup limits for EBR-II
have been set to statistically allow for one breach in a core loading of 5000
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elements. If more breaches could be tolerated, burnup limitations can then be
adjusted to redefine fuel element reliability to a higher burnup. The failure
modes observed for metallic fuel elements seem to be very predictable
statistically, and therefore reliabilities defined by modelling programs
should be successful for assessing advanced core designs.
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