
KR9700346

'97 Workshop on Spent Fuel Management Technology,
Nov. 13-14, KAERI, Taejon, Korea.

A State of the Art on Metallic Fuel Technology Development

Woan Hwang, Hee Young Kang, Cheol Nam, and Jong Oh Kim

Korea Atomic Energy Research Institute
P.O. Box 105, Yusong, TaeJon, Korea, 305-600

ABSTRACT

Since worldwide interest turned toward ceramic fuels before the full potential of
metallic fuel could be achieved in the late 1960's, the development of metallic fuels
continued throughout the 1970's at ANL's experimental breeder reactor II (EBR- II)
because EBR-II continued to be fueled with the metallic uranium-fissium alloy,
U-5Fs. During this decade the performance limitations of metallic fuel were
satisfactorily resolved at EBR- EL The concept of the IFR developed at ANL since
1984. The technical feasibility had been demonstrated and the technology database had
been established to support its practicality. One key feature of the IFR is that the
fuel is metallic, which brings pronounced benefits over oxide in improved inherent
safety and lower processing costs. At the outset of the 1980's, it appeared that
metallic fuel would remain as a second choice in the development of LMR's. Now
metallic fuels are recogniged as a professed viable option with regard to safety,
integral fuel cycle, waste minimization and deplayment economics. This paper reviews
the key advances in the last score and summarizes the state-of the art on metallic
fuel technology development.

1. Introduction

In 1983, a concept emerged at Argonne National Labolatory, called the Integral
Fast Reactor concept (IFR), the objective of which was to offer a safe and
economical solution to the technical and institutional issues that had inhibited nuclear
power from meeting a larger share of the world's energy demands[l]. The IFR fuel
cycle is based on pyroprocessing and injection-casting fabrication. The steps in this
fuel cycle are few and all processes are extraordinarily compact[2,3]. Metallic fuel
appeared to be the most suitable candidate for the integral concept, and the U-Pu-Zr
metallic fuel system, which was under development in the late 1960's, was chosen as
the candidate fuel because of superior performance characteristics over other metallic
fuel systems.
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During the period of development in the 1970's at EBR-H, the perceived
performance disadvantages of metallic fuel were satisfactorily resolved and as well
additional attributes of metallic fuel were discovered[4-7]. The revolutionary
developments with metallic fuel in the 1980's have hinged not on fabrication and
performance attributes but upon physical properties which have enabled improvements
in reactor safety, an economical fuel cycle and an effective means of consuming
actinides rather than discharging them to the waste stream with longterm
consequences. The technical feasibility of EFR had been demonstrated and the
technology database had been established to support its practicality before IFR project
was suspended in 1995[8]. Also, metallic fuel properties had provided for the
significant breakthroughs achieved by 1994[9].

By the utilization of small modular fast breeder reactor design concept, the LMFBR
power plant with binary (U-Zr) and ternary (U-Pu-Zr) uranium alloy fuel, pool-type
reactor configuration, liquid sodium cooling and integral fuel cycle based on
pyrometallurgical processing and injection-cast fuel fabrication, has inherent safety and
high breeding ratio, and its also expected to be more economical. Therefore, renewed
interest in metallic fuel for FBR has arisen in the USA, Japen, China, and Korea.

According to the KALIMER development program, KALIMER with metallic fuel
shall be built by the middle of 2010's. KALIMER is to be the first LMR in Korea
where a commercial LMR is expected to be operated in 2030's. The base alloy,
binaly (U-10%Zr) metal fuel is a potential start-up for KALIMER as driver and
blanket fuels[10,ll].

As mentioned before, metallic fuel properties had provided for the significant
breakthroughs achieved by 1994. The good neutron economy of metallic fuel provides
for a good neutron economy and effective breeding. This attribute may not appear
significant today when energy resources seem plentiful but it does provide a
long-term solution if one is needed and no additional development cost[12,13], The
immediate benefit of this property, however, enables minimizing the burnup reactivity
swing. This drastically reduces the required control worth such that even with a
multiple-rod-runout transient overpower initiator, the passive reactor response limits
temperature increase[13,14]. Another metallic fuel property, high thermal conductivity,
enables passive response to the loss-of-flow and loss-of-heat sink upset events.
Because of the high thermal conductivity, radial temperature gradients in the fuel rod
are small and heat stored in fuel slug is small compared to ceramic fuel pellet. When
released, this heat is neither sufficient to elevate the primary coolant more than about
150°C nor challenge temperature limits of structural components! 15].

In addition to these properties which influence reactor response, the metallic fuel
form enables simple one-step reprocessing by electrorefining[13,16]. This process
removes most of the fission products and carries the transuranic elements to the
product. The cathode product can then be easily injection cast into finished fuel
slugs, encapsulated in stainless steel or other materials tubing and returned to the
reactor. Since the process is very direct and metal based, the capital and operating
costs for the fuel cycle facility are much less than for an aqueous reprocessing
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facility as mentioned in section 5.

2. Irradiation Testing

Since 1985, nearly a thousand experimental metallic fuel elements covering a range
of fuel compositions, design variation and operating conditions have been irradiated in
EBR-II and about another thousand in the Fast Flux Test Facility (FFTF)[13]. These
experimental test elements include operation at two-sigma operating temperatures (660
°C), high fuel-smeared density (75-90%), and high fuel-to-plenum volumes (0.7-1.5)
which severely challange element reliability; however in every case, the lifetime was
greater than expected[13,17]. Other than some unforeseen closure-weld failure which
are believed to be prevented now by design changes, breach is only observed at
about 16 at.% bumup or higher in aggressively-designed elements; several of these
have survived to more than 19 at.% burnup.

The core of EBR-II was completely converted to U-Zr/U-Pu-Zr alloy fuel to
statistically demonstrate reliability and performance; several experimental lead elements,
including those clad with martensitic stainless steal, HT9, had reached 20 at.% burnup
without breach and no performance limitations have been identified[17]. Examination
of these elements have characterized the behavior and performance of metallic fuel
including fuel swelling, gas release, compatibility with the cladding, breach
characteristics and benign operation beyond cladding breach.

Renewed testing began when three complete assemblies of advanced metallic fuel
were placed in the core of the EBR-II in February of 1985. The 61-pin assemblies
each contained an identical complement of metallic fuel consisting of three
compositions in weight percent: U-lOZr, U-8Zr, and U-19Pu-10Zr. The pins were
clad with the austentic alloy D9, had a peak linear power rating of 48 kW/m, and
achieved peak cladding temperatures of 583 °C. The highest burnup achieved on these
pins was 18.4 at.% with one end-of-life fuel column failure at 16.4 at.% burnup.
These lead assemblies, X419-X421, have demonstrated that metallic fuels have the
potential of being competitive with any existing fuel type in term of steady-state and
transient performance[18-21].

Subsequent to the initiation of the irradiation of the three lead assemblies, a
broad-based development program was instituted to fully explore the potential of
metallic fuel. More than 40 assemblies of experimental fuel irradiated with another
five being fabricated. Among these were tests characterizing the influence of
fabrication variables of minor impurity concentrations and defects in the fuel; cladding
defects; design variables of major composition, fuel-smeared density, fuel element
diameter, fuel column length and fuel-to-plenum volume ratio; and run beyond
cladding breach (RBCB) of both intentionally-defected pre-irradiated elements to
accelerate breach and naturally-occuring breaches[22].

Ex-core tests and analyses were initiated to study phase relationships, fuel/cladding
compatibility, zone formation, fuel plastic flow properties, thermal conductivity, and
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thermal expansion. Results from these works as well as the results from the
postirradiation examination of the in-reactor experiments are used in fuel performance
codes called LIFE-METAL and MACSIS for steady-state condition and FPIN for
transient condition. respectivily[ 11,23].

3. In-Reactor Fuel Behavior

A great deal of progress had been made toward the complete understanding of
metallic fuel system. Performance issues important to design of advanced reactor
systems include fission gas release, fuel-cladding interaction, axail growth of the fuel
and the breach characteristics demonstrated by metallic fuels.

3.1 Swelling and Fission Gas Release
The general swelling behavior for U-Zr and U-Pu-Zr alloys is the increase of fuel

pin size versus burnup. Virtually all length increase takes place during a lower
burnup interval before the swelling fuel slug contacts the cladding. The leveling-off
in axial swelling is thus determind by the fuel smeared density. The planar smeared
density in typically chosen at approximately 75% to allow sufficient swelling,
approximately 30%, to facilitate fission gas release from the fuel slug. This much
planar swelling world, for isotropic swelling, translate to a length increase of
approxamately 15%[24]. However, the observed length increase are consistently
smaller, indicating anisotropic swelling. The main reason for this effect appears to be
the difference in swelling behavior between the hotter center of the fuel pin and the
colder periphery.

3.2 Fuel-cladding Interaction
Fuel-cladding interaction that may result in cladding failure can be both mechanical

and chemical.

3.2.1 FCMI (Fuel-cladding Mechanical Interaction)
Since the presence of open (interconnected) fission gas porosity appears to be a

key feature in reducing FCMI, the question arises as to what the effect of
accumulation of low-density solid fission products on this porosity might be at high
bunnup. The following discussion shows an approximate calculation of the next
volume change due to non-gaseous fission product accumulation. The accommodation
of the non-soluble fission products predictably results in a volume expansion as a
function of bunnup.

However, the U and PU are depleted from the lattice as they fission, resulting in a
volume decrease that partially offsets the volume expansion due to fission products.
Further, it can be assumed that all the fission product Zr, Nb, and Mo are soluble in
the matrix, which in turn compensates for some of the volume decrease due to the
disappearance of U and Pu from fissioning. Thus, non-gaseous fission products
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contribute to the volume change in three ways[24] :

i ) volume increase due to non-soluble fission products
ii) volume decrease due to the fissioning U and Pu
iii) volume increase due to the increase of the Zr, Mo, and Nb, which are

soluble in fuel matrix.

To date, the tests of IFR metallic fuel clad in U-Zr and U-Pu-Zr alloys have
shown no definitive evidence for FCMI due to the low levels of total strain
measured. Present element design allows the fuel sufficient free swelling due to
an-built smeared density of about 75%[24]. Thus, the gas bubble pressure in fuel slug
does not transmitted directly to the cladding. The important point is that no
unexpected large cladding straim which would affect pin reliability has been observed
in as-built smeared density (75-80%) fuel with HT-9 clad.

As built 75% smeared density fuel rod allows free fuel swelling of approximately
30%, at which point porosity becomes largely interconnected and open to the outside
of the fuel, releasing a large fraction of the fission gas to a suitably large plenum at
the top of the element.

3.2.2 Fuel-cladding Chemical Interaction(FCCI)
Fuel-cladding Chemical Interaction (FCCI) in an all-metallic fuel element is in

essence a complex muli-component diffusion problem. It involves the interdiffusion of
fuel and cladding constituents at operating temperatures[25].

Specifically, the interdiffusion has been characterized by diffussion of Fe and Ni,
when available as cladding constituents into the fuel with corresponding diffusion of
lanthanide fission products(La, Ce, Nd, Sm, Pr) into the cladding. The interdiffussion
in also characterized by diffusion of cladding alloying elements into the body of the
fuel slug. The potential problem of interdiffusion of fuel and cladding components in
essentially two-fold: weakening of cladding mechanical properties and formation of
relatively low melting point compositions in the fuel.

Experimental data [24] on diffusion experiments with uranium also lead the
researchers to conclude that Ni played an important role in cladding fuel
interdiffusion. There findings and conclusions are relevant to the newly developed
low-swelling cladding material used for the IFR fuel elements, such as HT-9.

Metallographic examinations of the various diffusion couples leads to the following
general observation[26]. A Zr layer containing approximately 20 at%N is first formed
at the interface of all fuel- cladding combination. Subsequently, primarily Fe and Ni
(in austenitic steels) diffuse into the Zr layer and form two distinct phases that
contain some U and Pu as well, indicating that there elements can diffuse through the
Zr compounds. Finally further diffusion of U and Pu leads to the formation of fuel-
cladding component phases equivalent to UsFe UFe2 on the cladding side of the Zr
compound layer.

In the case of basically Ni-free firritic steel, HT-9, the UeFe and UFe2 type phases
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form a single Zone without the finger-like structure. There exists a eutectic
composition between these two phases the temperature of which depends on the
concentration of Pu, Ni and Zr in the phases, as well as U and Fe. The eutectic
temperature in the Fe-U-Pu-Zr system drops significantly with Pu concentration, which
may explain the lower melting temperatures for the 26 wt% Pu fuel. The melting in
this case also started in the fuel side of diffusion couple[26]. At very high
temperatures of 725°C-800°C eutectic melting occurs in a short time. The thickness,
uniformity, and rate of formation of the Zr layer appears to be the controlling factor.
It seems that a thick and uniform Zr layer retards the formation of molten phases,
and that the ample availability of Zr, and N in particular, can assure such a
layer[26].

4. Operation of Fuel Element with Breached Cladding

The RBCB performance testing was accelerated by pre-thinning the cladding of a
preirradiated test element and allowing it to breach under the stress induced by
internal fission gas pressure during further irradiation. Several tests[27] were
conducted using different ternary fuel alloys of U-xPu-10Zr(x=0-19 wt%) with
Type-316 stainless steel, D9 and HT9 cladding materials. The test pins were
previously irradiated to a range of burnups between 3 and 12 at.%, prior to thinning
the cladding.

Steady-state irradiation and subsequent examination of the RBCB tests have resulted
in a large data base that has produced strong support of the fuel's predicted benign
behavior under breach conditions[27,28]. Table 1 provides a description of the RBCB
program and its current status to date.

In all of the IFR metal fuel scoping tests, the breach results appeared to have a
common characteristic release signature. Typically, upon onset of the breach, an
increase in reactor cover gas activity as well as a relatively short-lived delayed
neutron (DN) signal was observed. In the case of tagged elements, the tag was
readily identifiable. In the case of XY-24 and XY-27, a series of small peaks of
activity in the reactor cover gas from fission gas released through the breach was
observed. None of the breaches provided any DN activity of a prolonged nature nor
a very high DN signal.

Calculated time-to-rupture values using internal gas pressure alone appears to be
conservative, potentially due to the bonding of the fuel to the cladding. This
metallurgical interation layer may distribute the stress at the deformation site, thereby
delaying the instability that normally occurs in the final stages, of creep rupture in a
gas-pressure-loaded tube. Examination of breached elements revealed that no crack
widening or fuel loss had occurred during prolonged RBCB operation. Only during
the initial breach was there any evidence of significant release of activity from the
fuel element. After the release of bond sodium, cesium and other liquid fission
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Table

Experiment ID
Composition, wt%
Cladding Material
Final Burnup, at%
Rod Diameter mm
Breached Condition

Days
MWD
Runs
Status

Weight Loss, gd

Irradiation Facility

1. Status of Run-Beyond-Cladding-Breach Testing
IFR Prototypic Phase II

X482
U-19Pu-10Zr

D9
14.4
5.8

168

9200
149-150

T139 breached

4.04
Open core

X482A
U-lOZr

D9
13.5
5.8

-100

6200
152-153

T045 breached

NA
Open core

X482B
U-19Pu-10Zr

HT9
14
5.8

-190

-11275
154-155

T464 breached

upon startup

of Run 154;
e

Open core

Natural Breach
X420B

U-19Pu-10Zr
D9
17
5.8

34

-2100
150B

T084 Natural

breached in fuel

colu. at 0.75X/L
4.1

Open core

products, along with the accumulated fission gas, the reactor cover gas activity
ceased, with the exception of periodic small releases of gas.

Based on the results of the scoping tests, a more aggressive series of RBCB
experiments were conducted on elements of EFR prototypic design. All three of the
prototypic IFR fuel experimately two reactor cycles each and consisted of U-lOZr and
U-19Pu-10Zr fuel with D9 and HT9 cladding.

The prototypic tests performed thus far have demonstrated the same characteristic
pattern as the scoping tests which have also been confirmed by the characteristics of
the natually-occuring breach in X420. In experiments X482A, short duration DN
signal of 600 to 700 cps above back ground were observed. No further opening of
the defect after initial breach occurred and fuel of loss was negligible. Although
many examinations remaim to be performed on the prototypic test elements, the data
obtained thus far, taken with the scoping test results, indicate an overall very benign
RBCB behavior of IFR metallic fuel.

5. Metal Fuel Recycle Technology and Its Economic

Technical feasibility of pyrometallurgical processing has been developed and
demonstrated at engineering scale for depleted uranium and at bench scale for
plutonium-uranium alloy at ANL. Extrapolation from the present database to the fuel
cycle demonstration includes large batch sizes, irradiated fuel, remote operation and
maintenance, recycle of Mark-V fuel for EBR-II, and large scale retorting[29].

The program will contain elements of research and development in addition to
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demonstration of scaled-up processes. With new equipment and process designs that
have not been tested under the FCF operating conditions, the occasional need for
modifications is antisipated. Plans are being made for new or improved process
equipment and components, particularly in waste operation.

The products recovered from refining irradiated fuel during the initial operation will
be used to produce Mark-V assemblies which contain a ternary alloy of enriched
uranium, plutonium, and zirconium. Initially, the plutonium will be provided from the
DOE plutonium inventory. Later in the demonstration, these assemblies, produced in
FCF and returned from the reactor, will be available for processing. Typically, two
years of in-reactor irradiation will be required to reach the design bumup limit
(approximately 10 at.%) for these assemblies. A few assemblies will be removed after
partial burnup to provide early and varied data for fuel pyroprocessing.

For planning purposes, the fuel cycle technology demonstration program has been
broken into ten distinct operational categories: Startup fabrication, cold plutonium
fabrication, refined fuel fabrication, startup refining, irradiated refining, equilibrium
operations, process stream characterization, fission product separation, waste form
testing, and advanced separation. Basically, these are just fabrication, refining, and
waste operations during different phases of the demonstration.

"Equilibrium operations" refers to the collective set of operations once irradiated
Mark-V fuel is available for processing. Startup fabrication operations involve only
depleted uranium began in 1994. startup refining operations involve depleted uranium
initially, followed by processing of unirradiated plutonium. Separate program plans are
being developed for each of the ten categories.

Fuel refining operations involve the element chopper, the electrorefiner, and the
cathode processor. The key goal for fuel refining, and, in fact, for the whole
demonstration, is the quantitative recovery of plutonium together with uranium and the
minor transuranic elements in the presence of a high concentration of fission products.
Other than waste processing, this is the only process step that requires a significant
extrapolation from the lavoratory results or past EBR-II fuel experience.

For the retorting step in the cathode processor, the goal is to obtain a high-purity
actinide ingot (i.e. essentially complete removal of cadmium and electrolyte solids)
with minimal loss of product. A secondary goal is to collect the volatilized salt and
cadmium for recycling to the electrorefiner.

The goal for the element chopper is simply to provide fuel-element segments for
the electrorefiner anode at a rate sufficient for the electrorefiner demonstration. This
piece of equipment, designed for EBR-II fuel elements, is not meant to be prototypic
of a commercial operation. However, the key performance parameter, lifetime of the
die used to shear sodium-bonded ternary fuel elements, will be demonstrated.

Fuel fabrication equipment is comprised of the casting furnace, the pin processor,
the element welder, element settler, and the element inspection station. The main goal
is to fabricate acceptable Mark-V fuel for EBR-H with feedstock obtained from
processed spent fuel.

Due to the compactness of the electrorefining and injection-casting fabrication
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systems, the size of the fuel cycle facility and the volume of the main process cell
are very small, less than the equivalent PUREX facility, by a large factor. Capital
cost reductions, also by a large factor, can be expected for the fuel cycle facility,

compared to a conventional PUREX-based fuel cycle facility of the same capacity.

6. Conclusion

A great deal of progress had made toward the complete technology of metallic fuel
system at ANL. The core of EBR-II was completely converted to U-Zr/U-Pu-Zr alloy
fuel with high thermal conductivity to statistically demonstrate reliability and
performance ; several experimental elements had reached 20 at.% burnup without
breach and no performance limitations have been identified. No further opening of
the defect after initial breach occurred and fuel of loss was negligible. The data
obtained thus far, taken with the scoping test results, indicate an overall very benign
RBCB behavior of IFR metallic fuel.

The metallic fuel provides for a good neutron economy and effective breeding. This
attribute may not appear significant today when energy resources seem plentiful but it
does provide a long-term solution if one is needed and no additional development
cost. The immediate benefit of this property enables minimizing the burnup reactivity
swing, and drastically reducing the required control worth such that even with a
multiple-rod-runout transient overpower initiator, the passive reactor response limits
temperature increase.

The metallic fuel form enables simple one-step reprocessing by electrorefining.
This process removes most of the fission products and carries the transuranic elements
to the product. The cathode product can then be easily injection cast into finished
fuel slugs, encapsulated in stainless steel or other materials tubing and returned to the
reactor. Technical feasibility of pyrometallurgical processing had been developed and
demonstrated at engineering scale for depleted uranium and at bench scale for
plutonium-uranium alloy at ANL. Therefore, metallic fuels are recogniged as a
professed viable option with regard to safty, integnal fuel cycle, waste minimization
and deplayment economics.
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