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FUEL DAMAGE DURING OFF-NORMAL TRANSIENTS IN
METAL-FUELED FAST REACTORS

J. M. Kramer and T. H. Bauer

Argonne National Laboratory
Argonne, Illinois 60439, U.S.A.

ABSTRACT

Fuel damage during off-normal transients is a key issue in the safety
of fast reactors because the fuel pin cladding provides the primary
barrier to the release of radioactive materials. Part of the Safety Task
of the Integral Fast Reactor Program is to provide assessments of the
damage and margins to failure for metallic fuels over the wide range of
transients that must be considered in safety analyses. This paper reviews
the current status of the analytical and experimental programs that are
providing the bases for these assessments.

INTRODUCTION

Containment of core materials is the ultimate objective in the safety
of fast reactors. While broader barriers and containments do exist,
clearly the most defensible safety strategy lies in maintaining the
integrity of tho fuel in the reactor core. Accordingly, limits in the
parameters of normal operation must be assessed in order to assure a wide
margin to fuel damage. The probability of core damage must also be
assessed in the event of accidental off-normal transients. Part of the
safety task of the Integral Fast Reactor (IFR) program1 at Argonne
National Laboratory is to provide such assessments for metallic fuels.
The present paper presents the status of some of the analytical and
experimental work in this area, including a) the issues related to
metallic fuel pin damage, b) the range of thermal transients that need to
be considered, c) the current fuel pin behavior data base and validation
of transient models and 9) plans to extend the data base and analyses to
longer-term transients.

FUEL DAMAGE LIMITS

In order to assure that fast reactor fuel and blanket pins operate
safely over their lifetime, certain design limits2 have been developed to
assure cladding integrity is maintained through normal operation (level
A), anticipated faults (level B), and unlikely faults (level C) . In
addition, the less stringent criterion that the core geometry remain
coolable has been established for extremely unlikely faults (level D) that
represent limiting cases of failure that are within the design basis of
the plant. Severe accidents where double faults are postulated are
considered to be of extremely low probability and are therefore Beyond
Design Basis Accidents (BDBAs).



Although the cumulative probability of BDBA accidents are very small
(<10"6/yr), this class of accidents has nevertheless received considerable
attention in fast reactor safety studies in order to determine any
residual risk to the public associated with reactor operation. One
category of BDBA's that have been emphasized in the assessment of the
response of metal-fueled fast reactors to severe accidents are the
Anticipated Transient Without Scram (ATWS) events.3 These accidents are
initiated by the same anticipated events as those that comprise the level
B DBA's. However, for ATWS accidents all automatic scram systems are
assumed to fail so that the reactor power is governed only by passive
reactivity feedback mechanisms. A key objective of the innovative fast
reactor designs is to be able to accommodate ATWS accidents with limited
core damage through the inherent response of the reactor. Generic ATWS
events that have been studied include the Unprotected Transient Overpower
(UTOP), the Unprotected Loss-of-Flow (ULOF) and the Unprotected Loss-of-
Heat Sink (ULOHS) accidents.

Another category of BDBA plant transients that has received consid-
erable attention in the IFR program are accidents involving Shutdown Heat
Removal System (SHRS) failures.* Here again multiple faults are assumed
so that the Normal Heat Removal System (NDHRS) and Direct Reactor
Auxiliary Cooling System (DRACS), if included in the design, are lost and
the Reactor Vessel Auxiliary Cooling System (RVACS) is partially blocked.
At issue here is fuel damage over long times (hours) at decay heat levels
so that it makes little difference whether the reactor was shut down by
the scram system or by the passive reactor response to an ATWS event.

THERMAL RESPONSE OF METALLIC FUEL PINS

The thermal response of metallic fuel pins to whole-plant transients
depends on the reactor design. The approach to assessing fuel damage
outlined in this paper is sufficiently broad to cover the full range of
transient response for the different design variations. This approach
also covers regimes beyond the expected thermal response in order to
address uncertainties and to quantify margins to fuel failure. However,
because the reactor designs are continuing to evolve, it is not possible
to focus on any one set of calculations as representing the thermal
response of the fuel under all DBA and BDBA transient conditions.
Instead, groups of results are collected on a common basis and viewed from
the standpoint of fuel damage regimes. An example for a particular 900
MWt reactor design5 are the calculated results for peak cladding
temperatures shown in Fig. 1. Although the details of such curves are
different for different reactor designs, the overall trends and time
scales of the temperature history regimes that are shown are
representative of the general response of an IFP. metal-fueled reactor.

The thermal responses for the protected transients can generally be
characterized by a temperature ramp of 1-100 K/s which reaches a peak in
several seconds. At that time the reactor is scrammed and cladding
temperatures drop below normal operating conditions within 10s. The
temperatures shown were calculated at the inside wall of an average pin in
the 12 hottest subassemblies. The study from which these results were
generated also considered the circumferentially-averaged temperatures of
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Fig. 1. Representative Peak Cladding Temperature Histories for Various
Accident Transients in Metal-Fueled Fast Reactor

the hottest pin in the reactor. Depending on the transient, the nominal
peak cladding temperatures for this pin were 25 to 50K higher than those
shown in the figure.

Figure 1 also illustrates the response to generic BDBA ATWS
transients where the plant scram system fails to operate. The cladding
temperatures for these events increase up until about 50s, at which point
passive reactivity feedbacks turn the transient around. After several
hundred seconds thermal expansion of the core and control rod drive lines
provide sufficient negative reactivity to bring the reactor to a quasi-
equilibrium state at elevated temperatures. For times longer than those
shown the temperatures depend on the availability of the shutdown heat
removal systems.

The thermal response of the cladding to UTOP events is a strong
function of the control rod reactivity that must be balanced by the
passive shutdown mechanisms. The results shown in Fig. 1 are for a low
burnup-swing design where the nominal rod worth plus uncertainties was
reduced to 20c. The curves labeled "High Rod Worth" assumed a rod worth
of 80C. Comparison of the two sets of curves shows that the increased rod
worth in this design increases the nominal asymptotic cladding tempera-
tures by about 200K. Although the current reactor designs take advantage
of low rod worths, it is prudent for the transient fuel damage assessment
program outlined in this paper to also consider pin failure for high-rod-
worth, high-temperature cases.

It should also be noted that the TOP response depends on the balance
of plant which was not modeled in the calculations shown in Fig. 1. The



steam generators normally can only handle 120-130% of the nominal primary
power-to-flow so that they would probably be tripped within several
hundred seconds in order to protect them. For the TOP calculations shown
in the figures, the cladding temperature would rise for a cime (perhaps
100K over several hundred seconds) and then begin to decrease as the grid
plate- expands to provide sufficient feedback to counter the control rod
reactivity.

Long-term (10's of hours) cladding temperatures are governed by the
decay heat removal capacity. Under normal conditions the decay heat is
rejected through the steam generator system. However, loss of the NDHRS
and loss of the NDHRS plus the DRAGS are design basis accidents (levels B
and C, respectively). If both the NDHS and DRACS are unavailable the
decay heat is removed by the RVACS.

The long-term cladding temperatures following shutdown heat removal
system failures again depend on the reactor design. During this time the
reactor is subcritical, either due to scram or due to passive negative
reactivity feedbacks. If scram is achieved, this phase will end when the
decay heat drops below the heat rejection capacity. Figure 1 shows an
example of the temperatures in the hot pool where a 10 hour period to
initiate various degrees of backup cooling was assumed. Even for the case
where no backup heat removal is available the heating rate is such that
operator intervention to establish emergency cooling may be possible
before excessive core damage occurs.

CLADDING DAMAGE MECHANISMS

Cladding damage during the transients discussed in the previous
section can occur by metallurgical changes and by mechanical loading.
Both mechanisms tend to be very strong functions of the temperatures.
Metallurgical damage includes microstructural changes (e.g. recovery and
recrystallization), alloy depletion, fission product attack and fuel-
cladding metallurgical interaction. Mechanical damage occurs primarily by
creep deformation resulting in grain boundary cavitation and/or local
instabilities in the plastic deformation.

Alloy depletion and fission product attack are usually modeled as
cladding wastage. The affected zones are assumed to be strengthless so
that the entire cladding load is carried by the unaffected cladding
tendon. The rates are such that most of the wastage occurs during steady-
state operation.

Metallic fuels also interact metallurgically with the cladding. A
diffusion zone between the fuel and the cladding may form during steady-
state operation. The affected zone in the cladding is again assumed to ;e
strengthless. Additional attack during accident transients is usually too
slow to be of interest unless eutectic melting occurs. However, if
liquids do form at the interface the eutectic penetration rates can be
many orders of magnitude more rapid and significant transient thinning of
the cladding wall may occur.



The tendon that has not suffered severe metallurgical damage must
carry most of the mechanical loading on the cladding. Depending on the
duration and intensity of the loading and the temperature transient,
damage to the load-bearing tendon may lead to cladding breaches or may
significantly reduce the ability of the cladding to sustain further
damage. At the high temperatures of interest to safety analysis most of
the mechanical damage is related to creep. Creep deformation can cause
grain boundary cavitation which results in pinhole leaks that eventually
coalesce into longitudinal fissures in the ciadding. Creep deformation
also thins the cladding wall which may result in local plastic
instabilities (bulges) and rupture.

Cladding loading under accident conditions depends on the pretransient
irradiation history. In metallic fuels the large fabricated fuel-cladding
gap does not close until 1-2 a.t.% burnup. Since there is little fission
gas release until the fuel swelling is sufficient to close the gap, the
cladding loading at very low burnup is governed primarily by the heating
of the fill gas.

At about 1-2 a.t.% burnup structural traps (e.g. grain boundaries) for
fission gas become saturated and the excess gas is collected in larger
pores, which are the dominant cause of fuel swelling. These pores grow by
collection of gas until the swelling is sufficient both to close the fuel-
cladding gap, and also to cause interconnection of the porosity.6 After
the gap closes, and during most of the fuel lifetime, each axial elevation
of the fuel contains porosity that is connected to the plenum, so that the
pressure in this open porosity is nearly equal to the plenum pressure. So
long as the fuel contains large pores that are at the plenum pressure,
fuel creep into these pores during steady-state irradiation is suffi-
ciently rapid to maintain the entire fuel cross section in a state of
hydrostatic stress equal to the plenum pressure. The cladding loading
prior to transient heating, therefore, tends to be nearly uniform along
the entire pin.

Transient heating of high burnup fuel also produces cladding loading
that is dominated by the plenum pressure. The similarity of the fuel and
the cladding thermal expansion and the compliance of the porous fuel lead
to negligible Fuel-Cladding Mechanical Interaction (FCMI) cladding
damage. Although the FCMI stresses in the cladding may be sufficient to
yield the cladding early in the transient, little plastic strain
accumulates before the fuel is sufficiently hot that fuel creep relaxes
the cladding loading to a hydrostatic state that follows the transient
increase in plenum pressure.

In the late stages of burnup, solid fission products will have
produced sufficient swelling to close off the porosity. Subsequent
collection of fission gas in these pores causes them to pressurize.
Again, the steady-state cladding loading is dictated by the pore pressure
because continued solid-fission-product swelling is accommodated by
shrinkage of the large pores. During transient heating, expansion of the
fuel and gas in closed pores may result, in cladding stresses which have a
maximum below the top of the fuel column. However, this does not
necessarily mean that failure will occur at this location because the



cladding strength may be less near the top of the core where the cladding
temperature is highest.

MODELS FOR FUEL DAMAGE

The LIFE-METAL7 and FPIN26'7 computer codes have been developed to
model the thermal mechanical behavior of IFR metallic fuel pins. These
codes are intended to provide the "state-of-the-art" understanding of
metal-fuel damage and provide reference analyses against which simpler,
but less general, models may be tested.

The LIFE-METAL code is used for the analysis of metallic fuel pins
under operational conditions, while FPIN2 is used to analyze accident
conditions. Although there is some overlap in capabilities for handling
off-normal conditions, the emphasis in the development and validation of
the codes is very different. LIFE-METAL has focused on steady-state fuel
behavior, while for FPIN2 the focus has been on transient fuel behavior.
The codes use different numerical ..analysis methods, but LIFE-METAL and
FPIN2 use a common set of material properties. LIFE-METAL incorporates
detailed models for predicting steady-state fuel behavior, but does not
include detailed high-temperature fuel behavior models for accident
analysis (e.g., fuel melting). FPIN2 incorporates models related to
accident analysis but requires the user to provide input data describing
the pretransient/steady-state conditions. This input can be obtained from
LIFE-METAL calculations or data (e.g., fuel geometry, fuel microstructure,
fission gas remaining in the fuel) from sibling geometry. For design
calculations, LIFE-METAL output is the preferred method of determining
FPIN2 initial conditions, as LIFE-METAL has been validated to groups of
fuel pins, each group having a common fuel composition and operating
history. For detailed single-pin analysis of transient tests (e.g.,
TREAT), the preferred option Is to use data from sibling pin(s) to provide
the initial conditions.

Certain characteristics of metallic fuel pins simplify the analysis
of cladding failure during transient events. High fuel conductivity leads
to cladding temperatures that peak near the top of the pins. As pointed
out in the previous section, the primary cladding loading there is the
plenum pressure. Because of these characteristics it is often adequate to
model transient cladding damage by considering the deformation of a
pressurized tubes. Such models are incorporated into the COBRA-PI code8

which is used for TREAT test planning and interpretation, and in the
DEFORM-4 module9 of the SAS4A whole-core accident analysis code.

MODEL VALIDATION

The current IFR experiment program for validating models for metallic
fuel damage during off-normal transients includes the out-of-reactor Fuel
Behavior Test Apparatus (FBTA) and Whole Pin Furnace (WPF) tests and the
in-reactor TREAT and EBR-II transient tests. The approximate time-
temperature regimes for these tests are shown in Fig. 2. Comparison of
Fig. 2 with Fig. 1 provides the relationship between the tests and the
accident scenarios.
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Fig. 2. Peak Cladding Temperature Regimes for Transient Test Faci l i t ies .
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FBTA Tests

The FBTA tests10 provide the primary source of data on the
metallurgical interaction between metallic fuels and cladding. In these
tests (formerly designated as DEH tests) "8 mm-long segments of irradiated
fuel are heated by a computer-controlled infrared radiant furnace at a
specified temperature and test duration. Included in the measurements are
the temperature for the onset of melting at the fuel-cladding interface
and the rate at which the melt penetrates the cladding. With some
exceptions, the penetration rate results tend to follow the correlation
given previously.n Separate experiments have also been run which
validate the assumption in the modeling that the rate is almost constant
at constant temperature.

WPF Tests

A new WPF12 fuei pin test system has recently been put into operation
in the. Alpha-Gamma Hot Cell Facility at Argonne National Laboratory. The
furnace in this system is similar to the FBTA furnace but is much longer
allowing the testing intact irradiated IFR fuel pins. The first two
tests, FM-1 and FM-2, have subjected low burnup EBR-II pins to transients
consisting of a temperature ramp from 773 K to 1073 K at 6 K/s followed by
a temperature hold at 1073 K until cladding failure is detected. Although
external heating is used in these tests the calculi+.ed temperature
profiles are almost flat because of the excellent thermal conductivity of
metallic fuels. Such flat profiles are nearly prototypic of accident



scenarios at decay heat levels. Furthermore, unlike oxide fuels, the
temperature drop across metallic fuels is not large (several hundred
degrees Kelvin) even at full power so that WPF results are applicable to a
wide range of the transients shown in Fig. 1.

TREAT Tests

The only way to achieve fully-prototypical transient testing of IFR
fuel pin is to use in-reactor nuclear heating with flowing sodium coolant.
The TREAT reactor is being used by the IFR program to provide such data
for short-term transients. The aim of the experiments8 run thus far,
designated tests M2-M7, was the study of cladding failure threshold and
other safety-related phenomena during simulated transient overpower (TOP)
accidents. Specifically, the data needs addressed by the TREAT tests
were: 1) determination of margin to failure and identification of
underlying mechanisms, 2) assessment of pre-failure axial expansion as a
potentially significant pre-failure reactivity removal mechanisms, and
3) preliminary assessment of post-failure events; behavior of disrupted
fuel and coolant.

The initial tests included the first such tests on binary and ternary
alloy fuel of the IFR design and fuel burnups up to 10 at.%. In all
cases, the fuel was tested at full coolant flow and subjected to an
exponential power rise on an 8 s period until either incipient or actual
cladding failure was achieved. Test results include: 1) temperature,
flow, and pressure data; 2) fuel motion diagnostic data from the fast
neutron hodoscope; and 3) test remains described by both destructive and
nondestructive posttest examination. In general, the TREAT tests have
confirmed the fuel damage models outlined previously in this paper. The
tests also confirm that IFR fuels have a large margin to failure under
transient overpower conditions; the failure threshold with the 8 s period
overpower conditions tested was about four times nominal over a wide range
of burnups and fuel types tested.

The current TREAT tests address the response of metallic fuel pins
over transient time scales of the order of 10-20 seconds. Cladding
failure temperatures under these conditions are in excess of 1300 K,
corresponding to the onset of rapid eutectic penetration.11 However,
because the TREAT energy deposition is limited to a few tens of full power
seconds it is difficult to simulate longer-term transient conditions.
Furthermore, it may not be possible to use codes such as FPIN2 to simply
extrapolate the TREAT results to longer times at lower temperatures
because of differences in material behavior in the two regimes. These
differences include differences in the eutectic attack rates and phase
changes in ferritic cladding materials that begin at about 1133 K. Data
for the damage of metallic fuel pin during longer-term transients will
come from the WPF tests, or from EBR-II tests.

EBR-II Tests

EBR-II has been used in the past to perform operational transient
testing of oxide fast reactor pins under slow ramp-rate conditions.
Similar tests could also be run for metallic fuels. The EBR-II overpower
transients are run with fuel that has been irradiated in a low-power EBR-



II core position and then shifted to a high power position. Following an
additional period of steady-state irradiation at the same pin power but at
a reduced EBR-II power, the transient is then run by ramping EBR-II to
full power. In this mode of operation power transients of up to 100-150%
overpower can be achieved at rates up to 10% per second.

Elevated temperature EBR-II tests at constant power are also of
interest to the assessment of transient fuel damage because the ATWS
events shown in Fig. 1 tend to reach a quasi-equilibrium state where the
temperatures are changing slowly over long periods of time. An example of
this type of test is the EBR-II XY-22 eutectic penetration experiment.^
In this test fuel pins with burnups between 0.0 and 7.7 a/o were
irradiated for 42 minutes at elevated cladding temperatures of around
800°C. The measured penetration rates were in general agreement with the
models and the out-of-reactor data.11

The TREAT and EBR-II in-reactor transient test capabilities are
complementary in the sense that together they span the range of conditions
of interest to fast reactor safety evaluation with sufficient overlap to
compare the effects of the mode of testing on the test results. EBR-II is
more convenient for tests that involve large bundles and multiple
transients since the fuel does not have to be moved to another reactor for
the intervening periods of steady-state irradiation. The TREAT tests, on
the other hand, can be run to higher power so the upper bound on margins
to failure can be determined. The TREAT tests can also achieve high ramp
rates (5<f/s to about $l/s), test full-length pins and are more easily
instrumented. In addition the TREAT tests are capable of addressing
issues related to core coolability for events that fall into the extremely
unlikely DBA classification and beyond.

CONCLUSIONS

Fuel damage during off-normal transients is a key issue in the Safety
Task of the IFR Program because the fuel pin cladding provides the primary
barrier to the release of radioactive materials. Part of the Safety Task
has therefore been to put into place a combined experimental and
analytical approach to resolve issues related to damage of metallic fuels.
The analytical work has combined both model and code development while the
complementary experiments have included in-reactor and out-of-reactor fuel
testing. The analyses and testing have recently begun to focus on longer-
term transients where the passive safety features of the IFR allow the
accommodation of unscrammed events with limited fuel damage.
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