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INTRODUCTION

Emergence of nuclear energy R&D programs in the 
US (e.g., the Generation IV initiative, and the Advanced 
Fuel Cycle Initiative) and elsewhere has motivated 
consideration of new reactor fuel types.  To support long-
range planning in the recent programmatic environment, it 
was necessary and useful to consider and describe the 
process needed to bring a new fuel type to 
implementation.  The fuel development approach 
described here is a view based on experience gained in 
successfully developing and qualifying several different 
driver fuels for the Experimental Breeder Reactor II and 
on observations of other programs.  Other descriptions are 
equally as valid, but this approach has proven useful for 
recent U.S. purposes. 

We describe the approach in terms of four phases, 
distinguished by specific objectives and nature of 
activities.  These are summarized as follows. 

PHASE 1:  FUEL CANDIDATE SELECTION 

The objective of the first phase is to identify fuel 
types and concepts with potential for meeting mission 
requirements 

In general, a successful fuel must be fabricable, it 
must have acceptable properties, it must be compatible 
with an acceptable disposal or recycle technology, and it 
must have acceptable in-service performance.  Fuel form 
candidate selection considers requirements deriving from 
the reactor application (e.g., electricity generation, fissile 
production, actinide transmutation, or space propulsion), 
the desired power density and outlet temperatures, the 
source of the fissile material (e.g., fresh enriched uranium 
or recycled actinides), spent fuel management, and 
relevant previous experience.  Criteria for selection then 
often include the following: 

Ability to accommodate desired fuel compositions 
Experience with similar fuel types or analogues 
Suitability of established fabrication techniques, or 
the potential for successful innovative techniques 
Envisioned performance capabilities (e.g., 
temperature, burnup, or fluence) 
Acceptable safety-related behavior (which may be 
quite speculative) 
Suitability of design, considering issues such as fuel-
cladding compatibility, fuel-coolant compatibility, 
and thermophysical properties 

Compatibility with envisioned back-end fuel cycle 
technology
Expected cost of fabrication 

PHASE 2: CONCEPT DEFINITION AND 
FEASIBILITY 

The objective of the second phase is to establish a 
reference fuel concept and design 

Initial R&D efforts are directed at determining 
viability of the selected fuel.  Fabrication process 
development is intended to determine that fuel samples 
can be fabricated with identified techniques, to produce 
samples for characterization and testing, and to develop 
improvements to fabrication processes. 

Key properties are measured and/or assessed to 
identify any limiting characteristics and to support 
irradiation testing.  Such properties may include 
thermophysical properties, such as thermal conductivity 
and heat capacity, physical properties such as density and 
hardness, phase equilibria characteristics including 
liquidus, solidus, and dissociation temperatures 

Initial irradiation testing is performed to screen 
different fuel concepts and to identify potentially life-
limiting phenomena.  Experience with nuclear reactor 
fuels has demonstrated that certain phenomena can impact 
the lifetime and reliability of a fuel design.  Such 
phenomena include the following: 

Fuel dimensional changes, through swelling or 
irradiation growth 
Gas behavior in the fuel, including retention and 
release of fission gases (and helium if the fuel 
contains high amounts of americium or curium) 
Fuel constituent migration 
Fuel phase stability 
Fuel/cladding interdiffusion and chemical interaction 
Degradation of cladding properties from neutron 
exposure at temperature 

PHASE 3: FUEL DESIGN IMPROVEMENT AND 
EVALUATION 

 The objective of the third phase is to optimize the 
reference fuel design for performance, safety, and 
economics; prepare a Fuel Specification and a Fuel Safety 
Case (or licensing case) for a reactor core of the reference 
fuel; and to establish a predictive Fuel Performance Code 
(or codes). 



Based on initial results, reference fuel designs are 
determined and improved.  In this phase, life-limiting 
phenomena are further investigated for implications for 
fuel design and operation limits.  A reference design is 
established and information regarding its fabrication, 
properties, and performance is collected.  The results are 
embodied in a Fuel Specification, and the understanding 
of fuel properties and behavior is established through the 
development of predictive models, and those models are 
incorporated in a predictive Fuel Performance Code.  
These efforts support the preparation of a Fuel Safety 
Case.

Fabrication development establishes equipment 
designs and processes that produce fuel meeting a fuel 
specification with acceptable reliability.  Key properties 
are further assessed for the entire nominal range of 
operating conditions and for certain off-normal 
conditions.  These properties are reviewed for quality 
control and complied into a controlled data format, such 
as a Fuel Properties Handbook. 

Irradiation testing during this phase provides 
performance data to inform the design improvement effort 
and support the safety case.  Fuel operating limits, 
expected fuel lifetimes, and sensitivity of fuel behavior to 
variations in fabrication parameters or in-service 
conditions are determined.  Finally, safety-related 
behavior and phenomena under off-normal conditions, 
such as transient overpower or transient undercooling, are 
identified and assessed, often with a transient testing 
reactor.  The conditions selected for the off-normal tests 
are chosen to envelop postulated design-basis accident 
conditions for the reference reactor design. 

PHASE 4: FUEL QUALIFICATION AND 
DEMONSTRATION 

  The objective of the final phase is to demonstrate 
prototype-scale fuel production in conformance with the 
Fuel Specification; qualify production-line fuel by 
demonstrating fuel performance to be within the bounds 
of the Fuel Safety Case; demonstrate the safety and 
reliability of a core or batch of reference fuel rods and 
assemblies, accumulating reactor performance data and 
operating experience; demonstration of acceptable fuel 
behavior under design-basis accident conditions 
anticipated for a licensable reactor system; and to validate 
the predictive fuel performance code or codes 

Acceptable fuel performance must be demonstrated 
in a manner to validate the assumptions in the safety case.  
A fuel qualification program entails the irradiation, 
surveillance, and examination of a set of Lead Assemblies 
fabricated in accordance with the Fuel Specification using 
production line equipment.  The irradiation conditions are 
selected to encompass the anticipated range of in-service 
conditions. As-irradiated fuel rods are selected (with 
concurrence of the licensing agency) for testing under 

specific DBA conditions to validate the assumptions and 
methodology employed in the safety case.  If fuel 
behavior is within the bounds specified in the Fuel Safety 
Case, then the fuel designs will be considered as qualified 
for operation of that reactor, in accordance with limiting 
conditions of operation identified in the safety case. 
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INTRODUCTION

The approach taken to license a reactor plant for 
operation typically requires that the licensee or operator 
of the reactor consider certain off-normal events (the 
things that can go wrong) and the associated potential 
impacts on public safety and health.  These events are 
typically associated with some upset of the plant, perhaps 
due to a failure of hardware, human error, or an 
earthquake.  The analysis of their effect on the reactor 
plant usually focuses on the core, because release of the 
radionuclides from the core poses the greatest risk.  
Upsets that affect the core are those that change the heat-
generation/heat-removal balance, with adverse effects 
being those that change the reactivity of the core in an 
unfavorable way or compromise the structures that retain 
fuel and fission products.  Even passively safe reactors, 
with thermo-structural feedbacks that lead to reactor 
shutdown during upset events, must consider the effect 
that such events may have on fuel components, because 
those components provide the first safety barrier against 
radionuclide release 

Understanding and reliably predicting fuel behavior 
during off-normal events is therefore important to 
establishing the safety of the reactor.  Such behavior is 
typically predicted through analysis, but it is important 
that the mechanisms of fuel response and its 
consequences be demonstrated empirically through 
experiments and testing.  This paper describes an 
approach to fuel safety testing as part of a larger fuel 
development program, of the type described elsewhere in 
these transactions (1).  One way to characterize the fuel 
testing approach is in terms of three overlapping phases, 
which in retrospect, reflects how fuel-development and 
safety testing were typically pursued in the past in 
programs undertaken at Argonne National Laboratory 
over decades. 

The three phases described reflect the levels of effort 
and types of detailed results necessary at various stages of 
developing, evaluating, and qualifying a fuel.  Among 
these three phases, three general means of testing are 
typically employed.  One is the testing of irradiated fuel 
in a transient-test reactor to simulate the more-severe off-
normal reactor conditions during postulated reactivity 
insertions.  The second means is the testing of irradiated 
fuel rods or segments in a furnace within a hot cell to 
simulate conditions in which coolant or fuel temperatures 
are higher than normal.  The third means is the testing of 

unirradiated fuel samples, or surrogate materials, in a 
laboratory setting to investigate the most basic physical 
characteristics of the material and its interactions with 
selected other materials which it may contact during 
normal or off-normal reactor conditions.  Much of the 
experience reflected in this paper was that attained in test 
programs that used the Transient Reactor Test Facility 
(TREAT), located in Idaho. 

PHASE 1:  DEVELOPMENTAL TRANSIENT 
TESTING PHASE 

The objective of this phase is to determine the 
inherent transient response of fuel forms under 
overpower, high-temperature, and extended temperature 
conditions.  The purpose of the testing, often referred to 
as “phenomenological” testing, is to identify any potential 
concerns for reactor operation due to fuel behaviors that 
might lead to, for example, cladding breach or additional 
reactivity insertion.  The results of these tests are of most 
use to fuel developers for assessing fuel design 
implications and can often influence the development 
path of a fuel type.  Test conditions envisioned include 
mild, moderate, and aggressive energy depositions and 
power-rise ramp rates near ranges of interest.  Test 
configurations to address these needs typically are 
relatively-simple, capsule-type experiments, with or 
without coolant, focused on revealing fundamental 
phenomena of the fuel transient behavior.  The 
experiments are designed to most-clearly and accurately 
demonstrate the phenomena of interest without excessive 
complication from other, associated effects. 

PHASE 2: LIMIT-ASSESSMENT TRANSIENT 
TESTING PHASE 

The objective of the second phase is to determine fuel 
failure thresholds (e.g., transient energy deposited into 
fuel, power-ramp rates, or time-at-temperature), fuel 
failure consequences (e.g., release of fuel debris that 
blocks coolant channels, or large releases of radionuclides 
that severely contaminate the primary coolant), and 
limiting conditions of operation resulting from fuel 
performance related to types of design-basis accidents.  
The results of these experiments are of most use to reactor 
designers determining how to avoid conditions of 
unacceptable consequences through design or through 
limitations imposed on reactor operations.  Fuel 
developers will use such information to improve fuel 



designs.  Results of models of transient response and pre- 
and post-failure fuel behavior are used to guide the 
experiments and are also validated by the experiments.  
Test conditions include mild, moderate, and aggressive 
energy depositions under prototypic coolant flow and 
temperature conditions.  Test configurations require 
single and multiple fuel rods, usually pre-irradiated, in 
highly-instrumented flowing coolant loops intended to 
provide conditions prototypic of the classes of accidents 
being assessed.  Such testing can be expensive depending 
on the specific phenomena of interest and often requires 
sophisticated diagnostics and extensive posttest 
examination of the fuel. 

PHASE 3: CONFIRMATORY AND 
QUALIFICATION TRANSIENT TESTING PHASES 

The objective of the final phase is to confirm 
established fuel failure thresholds, failure phenomena, and 
limiting conditions of operation for actual fuel designs 
under closely-simulated (“prototypic”) design-basis 
accident conditions associated with failure thresholds and 
beyond.  These tests are typically performed as part of 
fuel qualification strategy, intended to demonstrate that 
assumptions and analyses supporting the fuel safety case 
(or licensing case) are valid.  The results are of most use 
in the preparation, review, and approval of licensing 
safety analyses.  As in Phase 2, test configurations include 
single and multiple rods in loops providing prototypic 
flow and temperature conditions and the application of 
power and coolant flow transients of interest to the safety 
evaluations, and also require diagnostics and posttest fuel 
examination similar to those needed in Phase 2. 

REFERENCES 

1. D. CRAWFORD, D. PORTER, S. HAYES, K. 
PASAMEHMETOGLU “An Approach to Fuel 
Development and Qualification,” This transactions. 



Fuels for Sodium-Cooled Fast Reactors 

Douglas C. Crawford, Douglas L. Porter, Steven L. Hayes 

Idaho National Laboratory:  PO Box 1625, Idaho Falls, ID, 83415, douglas.crawford@inl.gov 

INTRODUCTION

In the U.S., concepts for transmutation of actinides 
from spent LWR fuel and three of the six Generation IV 
concepts call for use of fast-spectrum reactors.  Fast-
spectrum reactors place different requirements on 
fuels/cladding materials than do thermal-spectrum 
reactors, such as light water reactors or high-temperature 
gas reactors, due to increased radiation damage from 
higher-energy neutrons and the restriction of materials 
that might moderate the neutron spectrum.  Historically, 
high fissile atom density was required to achieve high 
breeding ratios, relatively high fuel operating 
temperatures to improve thermal efficiency of electricity 
generation, and relatively high burnup capability to 
reduce fuel fabrication impact on the cost of generating 
electricity.  These latter requirements remain today, even 
in a deployment context with less emphasis on breeding 
doubling time.  This paper describes the considerations 
that make certain fuel types attractive for current fast 
reactor applications.  Much of the review content is found 
in other sources (References 1 – 4), however, this work 
updates those treatments of the topic with consideration of 
current applications. 

METAL FUELS 

As with previous applications, metal fuels remain 
attractive for their high fissile and fertile atom densities, 
which offer relatively better breeding and transmutation 
ratios, their high thermal conductivity and lower heat 
capacity, which reduce doppler-reactivity insertions upon 
decrease of reactor power and reduce stored energy to be 
removed in accident scenarios, and their relatively simple 
fabrication.  Some characteristics of metal fuel that are 
unattractive include lower melting temperatures (for the 
compositions of interest to reactor designers), relatively 
high swelling rates and fission release, and interdiffusion 
with cladding materials that can lead to formation of areas 
of low-melting-temperature compositions in the fuel and 
degradation of cladding strength. 

Metal fuel design evolution during operation of EBR-
II was necessary to address cladding failures induced by 
fuel swelling and by internal fission gas pressure.  
Increasing the as-fabricated fuel-cladding gap to delay 
fuel-cladding contact until the fuel porosity interconnects 
to release fission gas from the fuel to the gas plenum 
(greatly reducing the driving force for swelling) 
effectively reduced fuel-cladding mechanical interaction.  

The release of fission gas into the fuel rod plenum 
increases the fuel rod internal pressure, which can also 
stress the cladding and limit the useful lifetime of the fuel 
rod.  Increasing the plenum size reduces the pressure-
induced stress on the cladding.  These design 
modifications eventually allowed HT9-clad U-Zr and U-
Pu-Zr in EBR-II to attain 20 at% burnup.  

The principal motivation for use of metal fuels for the 
Integral Fast Reactor (IFR) concept of the 1980s and 
1990s was not fuel performance, but rather compatibility 
with a pyrometallurgical recycle process and the safety 
advantages realized by core and reactor designers.  The 
improvements in fuel performance capability simply 
enhanced the advantages of metal fuel for the IFR 
concept. 

OXIDE FUELS 

Mixed oxide fuels, typically (U,Pu)O2,were favored 
for fast reactor applications in the U.S. over metal fuels 
beginning in the late 1960s until the 1980s, the time that 
metal fuel design improvements were realized.  Attractive 
attributes of oxide fuels include irradiation stability and 
high melting temperatures.  Oxide fuels were also favored 
for commercialized fast reactor concepts because the 
fabrication and recycle technology were similar to that 
employed or envisioned for UO2 fuel used in commercial 
light water reactors. 

Issues that limited the burnup potential of oxide fuel 
early in its development include densification, fuel-
cladding chemical interaction (primarily due to fission 
products reacting with cladding), and cladding breach due 
to fuel-cladding mechanical interaction, typically manifest 
as top and bottom edges contacting cladding in a manner 
to create a stress concentration, and iodine stress 
corrosion cracking.  Developments included fabrication 
with 92 to 95% porosity, control of the oxygen-to-metal 
ratio (at slightly substoichiometric values), and pellet 
features such as dished ends, chamfered edges, and 
central voids.  Burnup values in excess of 20 at.% (greater 
than 200 GWd/MTHM) have been attained in irradiation 
experiments in, for example, the U.K., France, Japan, and 
the U.S.  Oxide fuels are regarded to be well suited for 
high-temperature/high-burnup operation. 

CARBIDE AND NITRIDE FUELS 

 Advanced ceramic fuels, such as (U,Pu)C and 
(U,Pu)N have been investigated as potential fast reactor 
fuels in several countries, although the greatest experience 



seems to have come in India and Russia (i.e., the 
U.S.S.R.).  Carbide and nitride fuels are quite attractive to 
reactor designers because their thermal conductivities and 
heavy-metal atom densities are nearer to those of metal 
fuel than oxide fuel, while the melting temperatures are 
high like those of oxide fuel – seemingly offering 
combined advantages of each of the more studied fuel 
forms.  Some challenges were encountered in the early 
development of each of these fuels, but these fuel types 
remain competitive with the oxide and metal fuel forms.  
As recently as 1993, these fuels, and carbides in 
particular, were regarded as strong candidates for fast 
reactor use2.

CONCLUDING REMARKS 

Irradiation performance phenomena related to fission 
gas retention and release, fuel-cladding mechanical 
interaction, and fuel cladding chemical interaction limited 
the early burnup potential for metal and ceramic fuels for 
fast reactor use.  Design features overcame those 
limitations not as much by eliminating those phenomena 
as by accommodating them.  The most important 
development in allowing fuel burnups in excess of 20 
at.%was  the introduction of cladding alloys with reduced 
void swelling and irradiation creep, and can withstand the 
aggressive environment of a fast reactor for relatively 
long exposure durations. 
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