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ABSTRACT

To improve the precision and accuracy of power-ramp performance criteria for
high-burnup fuel, we have examined in-reactor fuel performance data as well as out-
reactor test data. The data are consistent with some of the concepts used in the current
formulations for defining fuel failure thresholds, such as size of power-ramp and extent of
burnup.

Our review indicates that there is a need to modify some other aspects of the
current formulations; therefore, a modified formulation is presented in this paper. The
improvements mainly concern corrodent concentration and its relationships with
threshold stress for failure. The new formulation is consistent with known and expected
trends such as strength of Zircaloy in corrosive environment, timing of the release of
fission products to the pellet-to-sheath gap, CANLUB coating, and fuel burnup.

Because of the increased precision and accuracy, the new formulation is better
able to identify operational regimes that are at risk of power-ramp failures; this predictive
ability provides enhanced protection to fuel against power-ramp defects. At the same
time, by removing unnecessary conservatisms in other areas, the new formulation permits
a greater range of defect-free operational envelope as well as larger operating margins in
regions that are, in fact, not prone to power-ramp failures.
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1. INTRODUCTION

The current defect thresholds for fuel failures caused by power-ramps were
developed empirically from irradiation data. They have been used for design assessments
and to devise fuelling schemes to avoid power-ramp failures. To-date, the performance
of CANDU fuel has been excellent.

In some advanced fuel cycles involving slightly enriched uranium (SEU), core-
wide fuel burnups will be considerably higher than in the current natural-uranium (NU)
cores. This change requires an extrapolation of power-ramp defect thresholds in the high-
burnup regions where the performance data and operating experience are limited.
Programs are currently underway at Atomic Energy of Canada Limited (AECL) to
achieve this objective. This paper describes a step in that direction.

The specific objectives of this paper are to examine the consistency of relevant
failure criteria and methodology using available data, and to develop an approach for
extrapolating the current power-ramp performance criteria to advanced fuel cycles. The
scope includes power-ramp performance at circumferential ridges (pellet-to-pellet
junctions) for the full range of powers and power-ramps that are relevant to normal
operating conditions of CANDU fuel. The main focus is on simple idealized power
histories, consisting of a constant pre-ramp power followed by a power-ramp.

2. BACKGROUND

The literature reports two mechanisms for power-ramp failures at circumferential
ridges: (1) stress-corrosion cracking (SCC) [1, 2] and (2) mechanical overstrain of
Zircaloy [1, 3] . Failures of the second type have been comparatively much less
numerous than those of the first type. The scope of this paper covers both possibilities of
sheath failure.

In Zircaloy-clad UO; fuel, the primary driving force for power-ramp failure at the
circumferential ridge is pellet expansion, which in turn leads to stresses and strains in the
sheath. The mechanical energy required for sheath failure depends on the availability and
concentration of fission-product corrodents (such as iodine) and on the strength of
Zircaloy to resist the stresses and strains under the corrosive environment. The latter
depends on burnup. Therefore, the defect threshold is dependent on the full power
history, the transient powers during refuelling, and the detailed internal design of the fuel.

The approach used in the current power-ramp failure curves—Fuelograms—was
first developed in mid-1970s through a statistical examination of non-CANLUB data.
This review identified the major parameters of importance and their trends. Then, when
CANLUB data became available at a later date, the major parameters and trends
determined from non-CANLUB data were retained, but their absolute levels were
adjusted to reflect the effects of CANLUB.
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I n the current approach, the ramped power is used as a measure of corrodent
concentration, and power-ramp as a measure of mechanical energy imparted on the
sheath. Each of the two parameters is considered to have an independent threshold for
failure as a function of burnup. For power-ramp failure to occur, the threshold values of
both parameters need to be exceeded independently; the failure threshold of one is not
related to the failure threshold of the other. Thus the threshold value for failure from each
effect is considered to be a separate and independent function of burnup and CANLUB.

After the preceding approach had been established, a large amount of new
information became available through additional power-reactor operating experience,
research-reactor tests, and out-reactor tests. We reviewed this information, to gain further
insights into the operating mechanisms and to establish trends among the major
parameters. These characteristics were then compared with assumptions and relationships
contained in the available correlations for power-ramp defect thresholds, for example
References 1 and 4.

We begin by discussing two key observations from the review; these led to a
revised formulation for power-ramp defect criteria.

3. OBSERVATION # 1: STRENGTH OF ZIRCALOY

Over the last quarter-century, many “ materials science” tests were performed
worldwide on the strength of Zircaloy; see, for example References 5 to 8. These tests
describe how the strength of Zircaloy is influenced by the combined actions of
mechanical energy (i.e., stress and strain), corrodent concentration (e.g., iodine, cesium,
cadmium, etc., and their combinations), and neutron damage.

Figure 1 shows illustrative examples of the results of “materials science” tests.
The data of Peehs et. al. [5] in Figure 1(a) show that very low levels of corrodent
concentration (iodine) have no significant impact on strength of Zircaloy. As the
corrodent concentration (iodine) increases beyond a certain level, the microstructure of
Zircaloy weakens rapidly, and it fails at a progressively smaller amount of mechanical
energy. The effect of corrodents eventually saturates out, and Zircaloy retains some
strength even at relatively high levels of corrodents. Thus the threshold stress (i.e.,
power-ramp) for failure is a strong, continuous and smooth function of the corrodent
concentration (i.e., power level); the two are not independent.

Figure 1(a) also shows that at any given level of iodine there is always some level
of mechanical energy that will fail Zircaloy. Thus there does not exist a cut-off level of
iodine below which Zircaloy cannot fail given sufficient mechanical energy. At levels
when iodine does start to have an effect on strain-to-failure, the effect is gradual. These
observations mean that there is no threshold power level (corrodent concentration) below
which sheath failure can be precluded regardless of the magnitude of the power-ramp
(mechanical energy).
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The data of Lunde and Videm [6] in Figure 1(b) show that the strength of Zircaloy
generally decreases with burnup. From the data of Lunde and Videm, one can also obtain
independent qualitative support for the trends exhibited by the data of Peehs, by looking
at what happens at constant burnup for the two tested levels of iodine. For example, line
AB represents a fast neutron dose of 2 x 10 *! neutrons/cm®. At the lower level of iodine,
5 mg, the failure stress ranges between points 3 and 4; thus the “threshold” for failure at
this burnup and iodine level is at point number 3—which is about 400 MPa. Similarly, at
the higher level of iodine—20 to 250 mg—the failure threshold is about 130 MPa. Thus
at a constant burnup, Lunde and Videm’s data show that the failure threshold stress
decreases significantly with increasing levels of corrodent. This trend agrees with the
message contained in the data of Peehs et. al.

It is easy to visualize from Figure 1(b) that had the tests also been done at other
intermediate levels of iodine, intermediate values of threshold stresses would have been
obtained. Thus at any given burnup, there is not one combination of threshold iodine and
threshold stress that causes failure. Rather, many such combinations exist. This is also
consistent with the message from the data of Peehs et. al ( Figure 1(a)).

Many experiments of the above type have been reported in the literature; see, for
example, the bibliographies in References 7 and 8 . Figure 1(c) illustrates the conclusion
that we have drawn pertinent to this paper. The figure shows how various levels of
corrodents affect the strength of Zircaloy at any given burnup. The points labelled 1 to 4
on Figure 1(c) are derived from similarly labelled points in Figure 1(b).

Figure 1(c) merely summarizes the theme discussed earlier: At extremely low
levels of corrodent, the corrodent has no significant effect on the strength of Zircaloy. At
moderate levels, the corrodent starts to reduce the strength of Zircaloy, but this effect
saturates beyond a sufficiently high level of corrodent concentration. In this paper, the
shape that is created by this effect is called an “inverted-S” shape.

The effect of CANLUB is to reduce the corrodent concentration at the sheath
surface. Alternately, in terms of power levels, the net effect of CANLUB is to move the
inverted-S curve of Figure 1(c) to the right.

Burnup has a number of direct and indirect influences on sheath integrity. First,
burnup monotonically increases irradiation damage, which is proportional to peak sheath
stress attainable, which is inversely proportional to resistance to failure. This would tend
to move the inverted-S curve downward. Second, fast neutrons damage the
microstructure of Zircaloy, which reduces its strength to resist stresses. This mechanism
also tends to move the inverted-S curve downwards. Third, higher burnup is generally
associated with increased levels of oxides and hydrides on the sheath surface. This trend,
too, reduces sheath strength and moves the inverted-S curve downwards. Fourth, burnup
increases the total inventory of fission products that are produced. This phenomenon
increases the absolute amount of fission products that are available in the pellet-to-sheath
gap, for a given percentage gas release. Hence burnup increases the corrodent
concentration plotted on the “x”-axis. This mechanism tends to move the curve towards
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the left. Fifth, burnup influences pellet and sheath diameters, stresses and strains through
a variety of other processes such as densification, fission-product swelling, sheath creep,
pellet temperature, etc. In summary, both axes of Figure 1(c) are affected by burnup, and
burnup can influence the location as well as the angle of the inverted-S curve.

In short, the threshold stress for failure of Zircaloy is a continuous and smooth
function of the corrodent level and of burnup. Moreover, there is no cut-off limit of
corrodent concentration below which Zircaloy is immune to failure, regardless of the
amount of mechanical energy imparted on Zircaloy.

4. OBSERVATION # 2: FISSION-PRODUCT RELEASE

Figure 2 shows typical measurements of fission-gas pressure, taken on-power
during an instrumented experiment in a research reactor [References 9, 10]. It shows that
there is a time-delay between production of fission gas and its eventual release to the
pellet-to-sheath gap [9,10]. The following paragraphs explain the reason for the time-
delay [9,10].

Fission-gas release within a fuel element is a very complex process and has
already been explained in many papers. An overview is given in Reference 10. The
fission-product inventory within the fuel sheath is determined primarily by the fuel
operating temperature (i.e., power) and its duration (i.e., burnup). There are many other
contributing factors as well; please see Reference 10 for a more detailed discussion.

Fission continuously produces fission gases inside the grains of UO,. The gas then
diffuses to grain boundaries because of its concentration gradients within the grains.
After diffusion, the fission gas collects in bubbles at the boundaries of the grains of UO,.
The bubbles have a given capacity to store the gas. With continued operation at power,
the amount of fission gas at the grain boundaries eventually exceeds the capacity of the
bubbles to store it. At first, the excess gas is accommodated by overpressure in the
bubbles. A subsequent change in power creates micro-cracks in UO,, thereby providing a
path for the fission gas to escape from the bubbles. This eventually releases the excess
gas to the pellet-to-sheath gap. In short, gas diffuses to the grain boundaries during
operation at a given power, and is then released to the pellet-to-sheath gap during the next
change in power. In between, the bubbles on grain boundaries act as “holding tanks™ for
the gas.

This means that the amount of fission products that is available to assist in the
power-ramp failure of the sheath is the amount that has diffused during operation at the
pre-ramp power. The additional fission products, which diffuse during operation at the
ramped power, contribute significantly to post-irradiation measurements, but these
additional fission products are not available at the surface of the sheath when power-ramp
damage occurs.
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5. PROPOSED FORMULATION

The review confirmed the validity of some of the operational parameters used in

the current power-ramp defect thresholds, such as use of power-change as an indicator of
incremental stress and strain on the sheath during the power-ramp [11]. The results also
showed that use of some other parameters needs to be improved, particularly in the areas
of determining the corrodent concentrations and detailed stresses during the power-ramp,
and their effects on power-ramp defects. Using these results, we established a revised
analytical approach—summarized below—that lays out a path for establishing modified
criteria for power-ramp performance of CANDU fuel.

Similar to the current approach, the new approach considers power-change a valid
measure of pertinent stress and strain in the sheath.

Likewise, burnup is an appropriate measure of a variety of influences pertinent to
power-ramp failures, as discussed earlier.

Some features of the new approach do differ considerably from the current

approach in the following ways:

There is a strong link between the corrodent concentration and the allowable value of
stress. Lower levels of corrodents permit higher levels of stress without causing fuel
failures. Thus the defect thresholds for stress and for corrodent are not independent of
each other but are linked through a continuous and smooth relationship.

If the stress is high enough, Zircaloy can fail at any level of corrodent concentration
—even zero [12]. Therefore the new approach does not require that a minimum
concentration of corrodents (i.e. power) is necessary for power-ramp failures. Rather,
the stress (power-ramp) required for sheath failure is treated as a function of corrodent
concentration (power level) and sheath strength (burnup).

For simple power-histories—constant power followed by a single ramp—ypre-ramp
power (rather than ramped power) is a better indicator of corrodent concentration at
the sheath surface during the ramp.

Comparatively fewer irradiation data are available for more complex power histories
such as extended burnups, multiple ramps, and declining pre-ramp powers. For these
situations, the available data and the derived thresholds need to be supplemented by a
mechanistic treatment using fundamental parameters such as sheath stress and fission-
gas release.

The above mechanistic approach is also required for extrapolating the power-ramp
defect threshold curves to new operating conditions such as higher coolant
temperatures and higher coolant pressures. Likewise, the mechanistic approach is
required to extrapolate the power-ramp defect thresholds to different design
configurations such as sheaths of different thicknesses, changed pellet geometry, and
altered pellet—sheath clearances, etc.
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Next, we describe how the above formulation was verified and which data-base
was used for the verification.

6. POWER-RAMP DATA

To confirm the viability of the identified operational parameters and formulation
in defining power-ramp performance, we have checked how well the various operational
parameters exhibit the expected trends.

In this part of the investigation, we are looking for trends rather than absolute
magnitudes; hence it does not matter whether the tested region is from CANLUB or non-
CANLUB fuel. The more important considerations are the density of defects and their
operational ranges.

In-reactor data are available from commercial power reactors and from
experimental irradiations conducted at the Chalk River Laboratories (CRL) of AECL.
Sometimes, by design, CRL irradiations tend to contain experimental variables that might
influence the defect thresholds. One example is pellets with circumferential and
longitudinal grooves, which were investigated as potential sites to store fission gases.
Another example is chamfers with deeper angles, which were also investigated as a
potential site for storing fission gases. Both these changes increase pellet temperatures
and influence fission gas release and pellet expansion. Such phenomena could potentially
introduce some trends in this data that are dissimilar from the power-reactor data. Hence
at this time we have not considered the experimental data in establishing trends, until
suitable correction factors can be applied as appropriate to account for the effect of
experimental variables in each experiment.

Our current database of power-ramps consists of 894 ramps with 184 defects,
covering a burnup range of 0 to 800 MWeh/kg U in CANLUB and non-CANLUB fuels.
For the fairest possible test of the new hypothesis, we looked for a defect-dense region in
a narrow burnup range, with wide ranges and combinations of powers and power-ramps
in the failed fuel.

The above search criteria were best met by non-CANLUB fuel in the burnup
range of 140 £ 20 MWeh/kg U. The second most-densely populated region in our data-
base consists of defects in CANLUB fuel at 200 + 20 MWeh/kgU. The above two regions
together include 186 power-ramps and contain 56 defects at circumferential ridges, in the
two relatively narrow zones of burnups.

By comparing the defects within and among the above 2 regions, we could
deduce trends exhibited by the new and current approaches with respect to power, power-
ramp, burnup, and CANLUB. These are discussed in the following paragraphs.
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7. TRENDS

We know from “materials science” tests shown in Figure 1 that, at any given
burnup, the mechanical energy (power-ramp) for failure and the corrodent concentration
(power level) are related by an inverse-S curve. The new and current approaches use pre-
ramp power and ramped power, respectively, to represent the corrodent concentration.

We checked whether these two representations of corrodent concentration match the
expected inverse-S shape for failure of Zircaloy. For this reason, we plotted the change in
power—to represent mechanical energy—as a function of two different representations of
corrodent concentration: (1) pre-ramp power to represent corrodent concentration, and (2)
ramped power to represent corrodent concentration. This was done for the most data-rich
region in our database, i.e., at 140 MWeh/kg U in non-CANLUB fuel.

The results for the two representations of corrodent concentration are shown in
Figures 3a and 3b respectively. With the new approach, the in-reactor data are quite
consistent with the inverted-S shape expected from the independent “materials science”
information in Figure 1. Also, the new approach provides a much sharper demarcation
between defective and intact fuels. These observations confirm that pre-ramp power is
indeed a better descriptor of corrodent concentration for power-ramp failures, as is also
suggested by the independent tests discussed under “Observation # 2”.

Figure 4(a) shows the thick CANLUB data at 140 MW+h/kg U and compares
them to corresponding non-CANLUB data. The figure shows that the new approach
captures the expected trend regarding the effect of CANLUB; that is, CANLUB moves
the defect threshold to the right—as expected and discussed earlier.

The defect threshold shown in Figure 4(a) for CANLUB fuel was derived from
the established data-base. We compare the defect threshold to some operating experience
of the Bruce-A station and a CANDU-6 station. Refuelling shifts in these reactors do not
result in power-ramp failures. Previous studies have identified that the highest risk of
power-ramp failures is encountered during 4-bundle shifts in the Bruce-A reactor
operating at 100% power. Figure 4(a) compares the high-burnup end of this data (at
about 130 MW¢h/kg U) with the new defect threshold. The Bruce-A data for intact fuel
do lie below the defect threshold. This confirms that the defect threshold is also
consistent with operational experience in the Bruce-A and CANDU 6 stations.

Figure 4(b) shows that the new approach also captures the expected trend with
respect to burnup; that is, burnup decreases the defect threshold.

Figure 5 compares the three defect threshold curves, derived above, using the new
approach for non-CANLUB fuel at 140 MW<h/kg U, thick CANLUB fuel at 140
MW-eh/kg U, and thick CANLUB fuel at 200 MWeh/kg U. The major trends are
summarized as follows: At any given burnup, there exist many interlinked combinations
(not just one) of threshold power-ramps and powers at which fuel failures can begin; the
relationship between the two is consistent with the “inverted-S™ shape expected from
independent “material science” tests; the defect threshold decreases with burnup; and
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CANLUB increases the defect threshold. All these trends are consistent with
expectations.

Figure 6 shows that the scatter—defined as the region that simultaneously
contains failed and intact fuels—is 5 kW/m in the new approach. This scatter is lower
than in the current approach [1].

8. IMPACT

We checked whether the new formulation differs from the current approach in
identifying operational regimes that protect the fuel from power-ramp failures. Figure 7
shows the 29 power-ramp defects in non-CANLUB fuel at 140 + 20 MWeh/kgU. The
figure also shows the pertinent Fuelogram defect threshold for non-CANLUB fuel, as
well as a new threshold from the proposed new approach. Compared to Fuelograms, the
new approach identifies different defect thresholds in the hatched and cross-hatched
regions.

The hatched region of Figure 7 relates mainly to refuelling ramps in non-
CANLUB fuel. Even though Fuelograms flag this zone as being a risky region, it
contains no defected bundles and many intact bundles (the latter—i.e., the intacts—are
not shown in Figure 7 to reduce clutter and improve clarity). To reflect this, the new
approach does identify this region as one which is not at risk of power-ramp failures. For
any given initial power in the hatched region, the new defect thresholds would permit
power-ramps that are generally about twice as high as those permitted by Fuelograms.
Thus the new defect thresholds significantly extend the operational regime within the
hatched region which is not at risk of power-ramp failures.

As noted earlier, the above review is based mainly on non-CANLUB fuel. This
choice was necessitated by the significantly lower incidence of fuel failures in CANLUB
fuel; but we do expect the new methodology to have qualitatively similar relative effects
on the defect thresholds of CANLUB fuel as well.

9. SYNERGY

To extend power-ramp defect thresholds to higher burnups, one aspect of our
intended strategy is to take advantage of synergy that accrues from treating data at a
mechanistic level. Specifically, there is a benefit in being able to derive trends from data-
rich regions of one type of fuel, and applying them to data-sparse regions of other types of
fuel such as high-burnup SEU fuel. To be able to do that, one needs to be able to collapse
all relevant data into one family. We checked whether the proposed approach would
achieve this reduction in conjunction with appropriate mechanistic parameters.

To do that, we need to “translate” operational, design and manufacturing
information—such as powers, power-ramps, clearances, density, etc.—into mechanistic
information such as mechanical energy, corrodent concentration, local strength, etc.
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References [13] and [14] outline an approach for achieving that, and provide a detailed
description. A brief summary is given below for completeness.

The computer codes ELESTRES [15], SHEATH, FEAST [16], and INTEGRITY
[14] provide a significant head start in the above direction. ELESTRES translates the
power history and design information into fission-product concentration and local
deformations of the pellet and the sheath at the circumferential ridge. The FEAST code
translates the pellet and sheath deformations into strain energy imparted on the sheath. At
the same time, the FEAST code also accounts for local bending of the sheath near the
circumferential ridge and the resulting multiaxial stresses and strains. The INTEGRITY
code uses Lunde and Videm’s measurements of the effect of neutron damage on the
mechanical energy required to fail Zircaloy (Figure 1b). This energy is used in
conjunction with FEAST results to calculate a strain energy ratio, which is a relative
measure of the amount of imparted mechanical energy as a ratio of that required to fail
Zircaloy at that burnup for a given concentration of fission products.

Previous studies have already demonstrated that the mechanistically-based
approach is able to account for the following effects:

e Full power history, including preconditioning and effects of declining power history
e Effects of axial variations in power and consequent axial mixing of fission products
e Changes in element diameter [13,14,]
e Changes in internal design

We now investigated whether the mechanistic parameters, in conjunction with the
proposed new approach, are able to collapse the data at various burnups into one family.
For this reason, the above codes were used to calculate the mechanistic parameters for
each power-ramp in the two burnup-ranges mentioned earlier. It is recognized that the
current versions of the preceding computer codes need some evolutions to be fully
effective for the purpose of establishing power-ramp failure thresholds under all
conditions expected in a SEU core. Nevertheless, we used the current versions of the
codes to obtain an initial indication of the viability of the intended approach.

At the mechanistic level, these computer codes use an approach that automatically
covers the effects of burnup on fission-gas release, pellet deformations, sheath stresses
and strains, and sheath strength. Thus the effects of burnup are already reflected in the 2
axes used in the mechanistic curve of Figure 8. Hence, at the mechanistic level, we do
not expect to see any difference in the thick CANLUB data at the two tested burnups.
This expectation is indeed confirmed by Figure 8: The two burnup-groups of failed fuel
and intact fuel automatically form one family on the mechanistic plots. This observation
confirms that the methodology has a good prospect of being able to collapse the data for
all the various burnups into one generic curve of defect threshold.

Another advantage of a “universal” failure criterion would be to account for
possible variations in the amount of CANLUB as a function of burnup—if that effect is
confirmed and is deemed appropriate for consideration in power-ramp performance. An
exploratory study has already demonstrated that this influence can be captured

10



21* Annual Conference of the Canadian Nuclear Society
Toronto, Ontario, Canada / June 11-14, 2000

successfully by the computer codes, if required. The same study has also demonstrated
that this approach can also be used to quantify the benefit of designing fuel with thicker
layers of CANLUB should it become desirable to do so for any of the advanced cycles.

10. SUMMARY AND CONCLUSIONS

In summary, the new formulation recommends the following changes from the
current approach:

e The pre-ramp power should be used as the measure of corrodent concentration.

e Atany given burnup, the mechanical energy (power-ramp) for failure is a continuos
and smooth function of the corrodent concentration (pre-ramp power). This means
that at any given burnup, many combinations of powers and power-ramps define fuel
failure thresholds—not just one combination.

e There is no threshold level of corrodent concentration (power) below which the
sheath is immune to failure, regardless of the size of the mechanical energy (power-
ramp).

[llustrative applications of the new formulation have shown a number of
advantages: the new formulation is consistent with all known and expected trends with
respect to the effect of corrodent level on the strength of Zircaloy; the timing of fission-
product release to the pellet-to-sheath gap; CANLUB coating; and fuel burnup. The new
formulation provides a sharper demarcation between defective and intact fuels; and its
scatter of about 5 kW/m is lower than that of the current approach. Illustrative defect
thresholds from the new approach are also consistent with successful experiences during
4-bundle shifts in the Bruce-A reactor at 100% power, and with CANDU 6 station
experience.

Moreover, different sets of data collapse into one “family” when computer codes
and mechanistic parameters are used to define the fuel defect thresholds. This reduction
provides a basis for significant synergy, in that we can derive trends from data-rich
regions of one type of fuel, and extrapolate them to data-sparse regions of other types of
fuel such as high-burnup SEU fuel.

The new formulation significantly improves the precision and accuracy in
defining power-ramp defect thresholds. As a consequence, the new formulation is better
able to identify regions that are at risk of power-ramp failures; this predictive capability
provides enhanced protection to the fuel against power-ramp defects. By removing
unnecessary conservatisms, the new formulation permits a larger operational envelope as
well as higher operating margins in regions that are, in fact, not at risk of power-ramp
failures.

11
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