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FOREWORD

From the inception of nuclear energy, the important role of the sodium cooled fast reactor (SFR) and its fuel
cycle has been recognized for the long term sustainability of nuclear power. The two recent international projectson
the development of advanced and innovative nuclear energy systems, namely, the IAEA initiated International
Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) and the US Department of Energy initiated
Generation IV International Forum (GIF) have aso identified the importance of fast reactors and their fuel cyclein
the 21st century. The IAEA’'s Technica Working Group on Nuclear Fuel Cycle Options and Spent Fuel
Management (TWGNFCO) reviews available information on fast reactor fuels and fuel cycle and prepares
publications. Accordingly, actions were initiated for preparation of the following: (a) Status and trends of nuclear
fuels technology for sodium cooled fast reactors (SFRs); (b) Status and trends of SFR fuel cycle technology —
agueous and pyro-chemical techniques of reprocessing; and (c) Structural materials for SFR fuel assembly —
fabrication, properties and irradiation behaviour.

The present publication covers the status and trends of fuels technology for SFRs, highlighting the
manufacturing processes, out of pile properties and irradiation behaviour of mixed uranium plutonium oxide
(MOX), monocarbide (MC), mononitride and metallic fuels. To the extent possible, minor actinide (MA: Np, Am
and Cm) bearing fuels are also covered.

This report has been prepared on the basis of contributions of leading experts from Member States who
participated in three consultants meetings and one technical committee meeting. In addition, feedback was received
from the experts of the INPRO Joint Study on Fast Reactor and Closed Fuel Cycle.

The IAEA wishes to express its gratitude to all contributors and reviewers of this publication. The IAEA
officer responsible for this publication was C. Ganguly of the Division of Nuclear Fuel Cycle and Waste
Technol ogy.



EDITORIAL NOTE

This report has been edited by the editorial staff of the | AEA to the extent considered necessary for the reader’s assistance. It
does not address questions of responsibility, legal or otherwise, for acts or omissions on the part of any person.

Although great care has been taken to maintain the accuracy of information contained in this publication, neither the |AEA nor
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1. INTRODUCTION

1.1. BACKGROUND

Natural uranium and thorium are the basic raw materials for nuclear fuels. Natural uranium contains two main
isotopes, namely, 28U, afertile isotope, which accounts for ~99.3% and the balance ~0.7% is?*U, the only *fissile
isotope in nature. Thorium occurs in nature only as 22Th, which is a fertile isotope. The fertile isotopes 22U and
Z2Th could be transmuted to human-made ‘fissile’ isotopes 2°Pu and 22U, respectively, by neutron capture
reactions in a reactor. In the case of 23U, a series of neutron capture and beta decay reactions also lead to the
formation of other isotopes of plutonium (Z2Pu, 2°°Pu, 2**Pu and ?**Pu ) and minor actinides (MAs), namely, Np, Am
and Cm as shown in Fig. 1. ?!Pu is also afissile isotope. The important nuclear properties of uranium, plutonium
and MA isotopes are summarized in Table 1.

The potential of fast reactors for exploiting the virtually inexhaustible energy locked in natural uranium and
thorium was realized in the mid-1940s. In a fast reactor, the average neutron energy is >0.1 MeV. The average
number of neutrons emitted in the fission process per neutron absorbed, known as 7, is higher in a fast reactor
compared to thermal reactor, where the average neutron energy isin the range of 0.025 eV. The value of n in the fast
neutron spectrum for 2°Pu is higher than that of 2°U and ?*U, and are 2.45, 2.10 and 2.31, respectively, implying
that more neutrons are available for breeding °Pu from 22U in a 2®U-?*pu fuel system. In addition, in the fast
neutron spectrum, the ratio of fission to capture-neutron cross-sections favours fission for amost all of the actinide
isotopes, including 2®U and MAs. Hence, #°Pu is the best fissile materia in the fast neutron spectrum and
Z8Y—%py fuel cycleisideally suited for breeding and or burning plutonium and burning MAs. Breeding is aso
possible in the Z*Th-2*3U fuel cycle in the fast neutron spectrum but the breeding ratio would be much lower than
that of the 28U—2*Pu fuel cycle. The thorium fuel cycle has not been tried so far in fast reactors anywhere in the
world. Thorium based fuels and fuel cycle options are not covered in this report.

The first fast reactor in the world was Clementine at Los Alamos, USA. The reactor was commissioned in
1946 and used Z°Pu in metal form as fuel. The Experimental Breeder Reactor | (EBR-1) in Idaho, USA, another fast
reactor, was the first reactor in the world to demonstrate generation of electricity from the fission process on
20 December 1951. EBR-I used high enriched uranium (HEU: >20% 2*°U) metal containing >90% U as fuel.
Later, in 1962, EBR-I demonstrated breeding of 2**Pu from 23U, for the first time in the world.

The former Soviet Union started its fast reactor activitiesin the early 1950s, soon after the commissioning of
Clementine and EBR-I in the USA. Its first major achievement was the commissioning of the BR-5 (5 MW(th))
experimental fast reactor in 1958 with a plutonium oxide core. Subsequently, an HEU carbide core was used in
BR-5, following which the reactor was upgraded to the BR-10 (8 MW(th)) with an HEU nitride core. In the UK,
fast reactor technology started with commissioning of the Dounreay experimental Fast Reactor (DFR) with HEU
metal alloy (U-Mo) fuel in 1959. In France, the first fast reactor, Rapsodie, became operational in 1967 with MOX
fuel. In Germany, the sodium cooled thermal reactor KNK was converted to the fast reactor KNK |1 during
1975-1977 with aMOX core. In Japan, the first experimental fast reactor, JOY O, attained criticality in 1977 with a
MOX core. Indiacommissioned the Fast Breeder Test Reactor (FBTR) with ahitherto untried plutonium rich mixed
uranium plutonium carbide core in 1985. The largest commercial fast reactor, Superphenix (1240 MW(g)), in
France, attained criticality in 1985 with a MOX core. Presently, three fast reactors are under construction, namely
the China Experimental Fast Reactor (CEFR), the Prototype Fast Breeder Reactor (PFBR, 500 MW(€)) in India,
and the commercial reactor BN-800 (MW(g)) in the Russian Federation.

Table 2 summarizes the major features of liquid metal cooled fast reactors (LMFRs) constructed and operated
and under construction in the world. The details of these reactors and their major design features are summarized in
IAEA publications[1, 2]. Except the Clementine reactor in the USA, all LMFRs are SFRs. The four prototype SFRs
include the BN-350 in Kazakhstan (as part of the former Soviet Union), the prototype fast reactor (PFR) of
250 MW(e) inthe UK, the Phenix 250 MW(e) in France and MONJU 250 MW(e) in Japan. Of the two, commercial
SFRs that have been constructed and operated successfully, the BN-600 (MW(e)) in the Russian Federation has
been in operation since 1980 but the Superphenix was shut down in 1996. The Phenix 250 MW(e) was shut down
in March 2009. In Japan, the MONJU reactor is likely to restart at the end of 2009. So far, more than 300 reactor-
years of operating experience have been accumulated worldwide.
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TABLE 1. HALF-LIFE, NEUTRON YIELD, DECAY HEAT AND CRITICAL MASS OF NATURAL AND
HUMAN-MADE ‘FISSILE AND ‘FERTILE’ ACTINIDE ISOTOPES RELEVANT FOR NUCLEAR
REACTORS

|sotope Half-life (a) Neutron yield Decay heat Critical mass
(neutrons/sec-kg) (W/kg) (kg)
2ipg 328x 10° nil 13 162
22Th 14.1 x 10° nil nil infinite
=3y 159 x 10° 1.23 0.281 16.4
=5y 700 x 10° 0.364 6x10° 47.9
=8y 45x 10° 0.11 8x 10°° infinite
ZNp 2.1x 10° 0.139 0.021 59
238py 88 2.67 x 10° 570 10
Z9py 24 % 10° 21.8 2.0 10.2
20py 6.54 x 10° 1.03 x 10° 7.0 36.8
21py 14.7 49.3 6.4 12.9
22py 376 x 10° 1.73 x 10° 0.12 89
2Am 433 1540 115 57
2Am 7.38 x 10° 900 6.4 155
24Cm 18.1 11 x 10° 2.8x 10° 28
25Cm 8.5 x 10° 147 x 10° 5.7 13
265Cm 4.7 x 10° 9x 10° 10 84
218k 1.4 % 10° nil 36 10
Bl 898 nil 56 9

For the first generation of experimental, prototype and commercia SFRs, high enriched uranium
(HEU: >20% 2*U) oxide and mixed uranium plutonium oxide (MOX) have been the undisputed choice for the
driver fuel. Mixed uranium plutonium monocarbide (MC), mononitride (MN) and the U-Zr and U-Pu—Zr aloys
are considered as advanced SFR fuels on the basis of their higher breeding ratio, better thermal conductivity and
excellent chemical compatibility with sodium coolant as compared to the oxide fuel.

The SFR fuel development activities were most intense in the 1970s and continued until the mid 1980s. The
EBR-Il and FFTF in the USA, the DFR and PFR in the UK, the BR-10 and BOR-60 in the Russian Federation, the
Rapsodie and Phenix in France, the KNK Il in Germany, the JOY O in Japan and FBTR in India were extensively
utilized for irradiation testing of oxide, carbide, nitride, and metallic fuel compositions containing uranium and
mixed uranium plutonium. Though severa types of austenitic stainless steels have been used, ferritic-martensitic
steels and oxide dispersion strengthened (ODS) steels are also being developed for use as fuel cladding and fuel
assembly components to withstand radiation damage to high fast neutron fluence (=3 x 10 n/cm?). The two
principal types of fuel design were the helium bonded rods and the sodium bonded rods. The MOX fuel rods use
He-bonding only, whereas the MC and MN fuel rods could be either He-bonded or have sodium in the gap between
the pellets and the inner wall of cladding tubes. The metallic fuel rods are mostly sodium bonded. In sodium bonded
fuel rods, alarge gap is kept between the fuel and cladding. In sodium bonded MC/MN fuel pins, a shroud tubeis
sometimes used in the gap between the fuel and cladding to contain any fuel chips that might be dislodged from the
fuel. The manufacturing details, properties and irradiation behaviour of SFR fuels have been well documented in



TABLE 2. IMPORTANT FEATURES OF SOME MAJOR LMFRs CONSTRUCTED AND OPERATED AND
UNDER CONSTRUCTION IN THE WORLD

Country Reactor name Location First criticality/ Thermal/electric Fuel
(Loop or Poal type) Shutdown date capacity (MW)

China CEFR -Pool Beijing under construction 65/23.4 Uo, (HEU)

France Rapsodie-Loop Cadarache 1966/1982 20/40/0 MOX
Phénix -Pool Marcoule 1973/2009 563/255 MOX
Superphénix-Pool  Creys-Malville 1985/1996 2990/1242 MOX

Germany KNK-II-Loop Karlsruhe 1977/1991 58/20 MOX/UO,(HEU)

India FBTR-Loop Kalpakkam 1985/In operation 40/13 (U, Pu)C
PFBR-Pool Kalpakkam under construction 1250/500 MOX

Japan JOY O-Loop O-arai 1977 (Mark-1)/In operation 140 (Mark-11)/0 MOX
MONJU-Loop Tsuruga 1994/Interrupted since 1995 714/280 MOX

likely to restart in 2009

Kazakhstan BN-350-Loop Chevenko 1972/1999 750/130 and desalination UO,

Russian Federation BR-5 -Loop Obninsk 1959/1971 5 PuO,/UC
BR-10 -Loop Obninsk 1959/1971 8/0 MOX/UN
BOR-60-Loop Dimitrovgrad  1969/In operation 55/12 UO,(HEU)/MOX
BN-600-Pool Beloyarsk 1980/In operation 1470/600 UO,(HEU)
BN-800-Pool Beloyarsk Under construction 2100/880 U0, (HEU)

UK DFR-Loop Dounreay 1959/1977 60/15 U-Mo
PFR-Pool Dounreay 1974/1994 650/250 MOX

USA Clementine-Pool LosAlamos  1946/1953 0.025 Pu metal
(mercury-cooled)
EBR-I-Pool Idaho 1951/1963 1.4/0.2 U (HEU)
EBR-I1-Pool Idaho 1963/1994 62.5/20 U-Fs*, U-Zr (HEU)
Enrico Fermi-Loop Detroit 1963/1972 200/61 U-Mo (HEU)
FFTF-Loop Hanford 1980/1994 400/0 MOX

Fs (wt%) = 2.4% Mo, 1.9% Ru, 0.3% Rh, 0.2% Pd, 0.1% Zr and 0.01% Nb.

Refs [3—11]. Tables 3 and 4 give an intercomparison of the important properties and behaviour of MOX, MC, MN
and metallic fuelsfor SFRs.

The R&D and industrial activities on SFR and itsfuel cycle began to decline from the late 1980s for anumber
of reasons. Firstly, the nuclear incidents at Three Mile Island and Chernobyl nuclear power plants, in quick
succession, slowed down the growth of nuclear power. As aresult, the demand and spot price of uranium started to
fall rapidly and instead of the projected shortage, uranium remained abundantly available and relatively cheap.
Secondly, fast reactors were not found to be economically competitive with thermal reactors. Thirdly, opposition to
breeding and recovery of plutonium from spent fuel, from aweapons proliferation viewpoint, forced some countries
to suspend their fast reactor fuel development programme.



TABLE 3. INTERCOMPARISON OF SOME MAJOR PROPERTIES AND EXPERIENCE OF MOX, MC, MN
AND METALLIC FUELSFOR SFRs

Properties (Uog Plg2)O, (Ugg Pug,)C (Uog Pug )N U-Pu-0Zr

Theoretical density g/cc 11.04 13.58 14.32 15.73

Melting point °K 3023 2750 3070 1400

Thermal conductivity

(W/m©°K) 1000 K 26 18.8 15.8 25

2000 K 24 21.2 20.1

Crystal structure Fluorite NaCl NaCl v (>973K)

(Type)

Breeding ratio 1.1-1.15 1.2-1.25 1.2-1.25 1.35-1.4

Swelling Moderate High High High

Handling Inair Inert atmosphere Inert atmosphere Inert atmosphere

Compatibility-clad Average Carburization Good Eutectics

coolant Average Good Good Good

Dissolution and Demonstrated on industrial Process not yet Dissolution easy Pyro-processing

reprocessing amenability scale for agueous and pilot demonstrated on but risk of C* demonstrated on
scale for pyro-processes industrial scale in reprocessing pilot plant scale

Fabrication/irradiation experience Large Limited Very little Limited

Good

However, from the beginning of the 21st century, there have been ‘rising expectations’ from nuclear power
worldwide based on the low cost of nuclear electricity generation, the excellent safety and performance records of
nuclear power plants since the late 1980s and the important role of nuclear energy in mitigating global warming and
climate change. Two international projects are under way from the beginning of this century. One is the
International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) sponsored by the IAEA and the
other the Generation IV International Forum (GIF) — Technology Roadmap for Generation |V Nuclear Energy
Systems initiated by the US Department of Energy [12, 13]. Both projects are aimed at the selection of design
concepts and promotion of development of advanced nuclear power technologies, which may set the basis for
sustainable growth of the power industry and make it possible to develop nuclear power in the 21st century.
Different fast breeder reactor systems such as SFRs, lead cooled fast reactors and gas cooled fast reactors are
considered under Generation |V as the promising options for development and deployment around 2030-2050. In
2007, five GIF Members (Euratom, France, Japan, the Republic of Korea and the USA) signed the project
arrangement of advanced fuel for SFR. Under the INPRO project, a Joint Case Study on Closed Nuclear Fuel Cycle
with Fast Reactors (CNFC-FR) has identified the broad parameters of innovative SFR that could meet the
objectives of sustained nuclear energy growth. Currently, SFR and its fuel cycle are being considered as part of the
innovative nuclear energy system for long term sustainability of nuclear power.
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1.2. OPERATING POWER REACTORS AND THE ROLE OF FAST REACTORSIN THE 21st CENTURY

The fast neutron reactor is the only energy source which generates electricity and breeds its own fuel. In spite
of these attractive features, LMFR was not economically competitive with thermal neutron reactors, using water or
gas as coolant. The light water cooled reactor (LWR) emerged as the most popular reactor system for the generation
of electricity in the 1970s. A large number of LWRs, consisting of pressurized water reactors (PWRs) of the
Western type and the Russian design (WWER) and boiling water reactors (BWRs), were constructed all over the
world in the 1970s and 1980s. The pressurized heavy water reactor (PHWR) was also constructed in some
countries, though they were fewer in numbers. The gas cooled reactors, namely, MAGNOX and advanced gas
cooled reactors (AGRs) were commercially exploited only in the UK and the light water cooled graphite moderated
reactors, namely the RBMK, were constructed in the Russian Federation and a few other countries in the former
Soviet Union. Since Z°U is the only fissile material in nature, it was the obvious choice as fuel for all types of
nuclear power reactors. The LWRs, RBMKs and AGRs use low enriched uranium (LEU), containing up to 5% #°U
as fuel in the form of high density uranium oxide pellets. The PHWRs and MAGNOX use natural uranium fuel
(~0.7% 2*U) in the form of high density uranium oxide and uranium metal, respectively. Currently, 439 nuclear
power reactors are in operation in 30 countries, with installed capacity of 371 GW(€) and generating ~15% of the
world's electricity. The LWRs account for 87% (56% PWRs, 22% BWRs and 9% WWERS) of installed nuclear
power today and would continue to dominate global nuclear power at least until the middle of the century. The
PHWRs contribute to ~5% of installed nuclear power. The MAGNOX reactors are being phased out and AGRs and
RBMKs are not constructed anymore.

Presently, the operating thermal neutron power reactors discharge some 10 500 t HM of spent nuclear fuel
(SNF) annually, of which only ~15% is reprocessed. The balance is stored in interim facilities, awaiting a decision
on whether to dispose of them directly in repositories or subject them to reprocessing and recycling. The spent LWR
fuel contains 95-96% uranium, 3-4% fission product, ~1% plutonium and ~0.1% MA.

In the operating uranium fuelled thermal reactors, the ratio of the quantity of the fissile material (*°Pu)
formed to the primary fissile material (***U) consumed, known as ‘ conversion ratio’ isin the range of 0.4-0.6. The
plutonium formed could be recycled in these thermal reactors along with uranium but even after recycling severa
times, the total uranium resource utilization does not exceed 1% of the mined uranium. Because of thislow uranium
utilization factor, it is quite understandable that nuclear energy, when solely based on thermal neutron reactors, will
not be able to play along term role in the world’s energy supply. However, if plutonium, a by-product from thermal
reactors, is utilized as the primary fuel in SFR in combination with 22U, the ‘breeding ratio’ could be >1.0,
implying that more Pu is formed from 23U than is consumed during fission. On recycling several times Pu and 28U
in SFR, at least 60% of the entire natural uranium resource could be utilized, thereby, meeting the long term energy
demand of the world. Further, the SFRs could also be used for converting another naturally occurring fertile isotope
232Th, which is three times more abundant than uranium, into the fissile isotope 22U, thereby further increasing the
potential of nuclear fission energy. For the long term sustainability of nuclear power, it istherefore generally agreed
that the plutonium produced in operating thermal reactors should be utilized in SFRs in combination with natural
uranium (Nat.U)/reprocessed uranium (RepU) from spent thermal reactor fuel reprocessing plant or depleted
uranium (DU) from 2*°U enrichment plant.

1.3. SFR CORE AND FUEL ASSEMBLY

The core of an SFR is smaller than that of a water cooled reactor of comparable power and consists of a
‘central core', containing the fuel assemblies in triangular or hexagonal array and an ‘outer region’ with radial
blankets, radial shields as shown in Fig. 2. SFR fuel elements have afissile material enrichment that is much higher
than in athermal reactor. The small experimental reactor like EBR | and 11, BR 10 and DFR have fissile materia
enrichment as high as 90% or more, while medium and large cores like Phenix and Superphenix respectively would
have fuel with fissile material in the range of 20-25% and 15-20% respectively. The high fissile materia
investment necessitates the fuel to operate at a much higher burnup level compared to that of LWR. Accordingly,
refuelling times are longer.
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The sodium coolant in the primary heat transport system of an SFR becomes radioactive (by neutron
activation) and hence a secondary sodium coolant circuit is needed. The fission heat energy is transferred by
primary sodium in an intermediate heat exchanger (IHX) to a secondary sodium coolant in either a ‘loop’ or a
‘pool’ configuration. The hot non-radioactive secondary sodium is used to generate steam in another heat
exchanger. The temperature of sodium leaving the reactor is ~550°C, which is substantially higher than that of
water cooled reactors (300—330°C). Unlike water cooled reactors, SFRs do not require pressurization to keep the
coolant in aliquid state because of the high boiling point of sodium (882°C). The outlet coolant pressure in the SFR
is near atmospheric and consequently the reactor vessel need not be as thick as that for atypical LWR.

Figure 3 shows the representative SFR fuel assembly consisting of cluster of stainless steel clad, wire
wrapped fuel rods within the assembly duct. SFR fuel rods are smaller than thermal reactor fuel rods with smaller
rod diameter and shorter fuel column. The fuel usualy consists of a mixture of fissile and fertile materials
encapsulated in stainless steel cladding tubes. The oxide, carbide and nitride fuels are mostly in the form of a stack
of cylindrical ‘pellets’ of diameter in the range of 4-8 mm, with or without a central hole and a pellet length to
diameter ratio in the range of 1-1.5. In some cases, the ceramic fuels are used in the form of irregular shaped tiny
(10-1 000 um) ‘particles’ or ‘microspheres’ vibro-compacted in the cladding tube. The metallic fuel is cast in the
form of long single ‘ pin’. The cladding tube has fission gas plenum located at either the bottom or top or both ends.
The SFR fuel is designed to accommodate all released fission gases. The blanket fuel assembly is made of fertile
28y in the form of DU, NatU or RepU, in the form of oxide pellets or metallic pins. Both axial and radial blankets
have been used in an SFR core. The axial blanket could be an integral part of the fuel rod on both ends of the fuel
stack or as separate axial blanket assembly. In India, ThO, has been used as radial blanket in the FBTR.

Thefissile material concentration and in turn the burnup of the SFR fuel is much higher than that of the LWR
fuel and depends mainly on the extent of radiation damage of the fuel assembly structural materials, including the
cladding tube and duct tube, due to the high fast neutron flux (10 n/cm?/s) and fluence (~10% n/cm?).

Figure 4 shows the different stages of ‘closed’ fuel cycle for the SFR, highlighting multiple recycling of
plutonium and MA with fertile materials. In the first few cycles, plutonium obtained by reprocessing spent uranium
fuels from thermal reactors are used but subsequently after reaching a breeding ratio of 1, the Z28U-2**Pu fuel cycle
becomes self-sustaining.
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FIG 3. Representative fuel rod and assembly for MONJU, Japan.

The key to the commercial success of the SFR fuel cycleliesin developing plutonium based fuels that would:

Operate safely to high burnup (up to 20 at.% or more) without failure;

Be simple and safe to manufacture economically on an industrial scale;

Be easy to reprocess, adapting the established aqueous or pyro-electrolytic processes;
Breed and burn plutonium efficiently from 23U and burn MA;

Breed 22U if *Thisused in blanket;

Be amenable to ‘proliferation resistance’.

For manufacturing and handling plutonium, MAs and fissile uranium isotope bearing fuels, the issues related

to radiological safety, criticality hazard, proliferation resistance and in turn nuclear security are of paramount
importance. The isotopes of plutonium, in particular, 2®Pu, 2°°Pu, 2**Pu and ?**Pu and MAs are highly radiotoxic
and associated with emission of health hazardous beta-gamma and neutron radiation. Hence, adequate radiation
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FIG 4. 28U—2°Pu closed fuel cycle for SFRs with multiple recycling of U, Pu and MA.

shielding, remote handling and automation are essential for SFR fuel fabrication plants. The critical mass of 2°U,
233y, plutonium and some of the minor actinide isotopes are small as shown in Table 1. It would be desirable to
avoid use of separated fissile material as feed material for fuel fabrication in order to ensure adequate proliferation
resistance.

1.4, OBJECTIVES OF THE PUBLICATION

Initially, the objective for developing SFRs was ‘breeding’ in order to use fertile isotopes 28U and ?Th
efficiently and conserve uranium and thorium resources. However, the motivation for building the SFR has changed
over the years in some countries. Today, SFRs are expected to play the following additional roles: (&) burning
plutonium stockpiled over the years from civil and military programmes; and (b) reducing the volume, radio
toxicity and decay heat of spent fuel by reprocessing, multiple recycling of plutonium and burning minor actinides.
The renewed redlization that fast reactors can greatly reduce the nuclear waste burden has created new fuel
development initiatives worldwide. However, most of the new fuels are extensions of what is already known and
what has been extensively tested.

The present publication is acompilation of updated information on manufacturing technology, properties and
irradiation behaviour of the conventional mixed uranium plutonium oxide (MOX) fuel and advanced SFR fuels,
namely, mixed uranium plutonium monocarbide (MC), mononitride (MN) and the metallic U-Pu—Zr fuel. This
report has seven sections. Section 1 gives a brief historical review of LMFRs and uranium and plutonium-bearing
fuels for SFRs. Section 2 briefly describes the SFR programme and fuel cycle activities in IAEA Member States.
Sections 3, 4 and 5 cover the manufacturing and irradiation behaviour of uranium plutonium oxide, non-oxide
(carbide and nitride) and metallic fuels, respectively for SFR. Section 6 summarizes the important thermo physical
properties of SFR fuels. Section 7 gives the summary and recommendations for future activities. To the extent
possible, the report has covered the emerging knowledge base for minor actinide bearing SFR fuels.
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2. SFR AND ITS FUEL CYCLE ACTIVITIES
IN MEMBER STATES

2.1. CHINA

As the first major step in developing SFR technology, China is constructing the 20 MW(e) China
experimental fast reactor (CEFR). The reactor is expected to be in operation in 2009. Chinais focusing on sodium
cooled, pool type, inherently safe SFR with UO, (HEU) as reference and MOX and U-Pu-Zr as advanced fuels. In
the next phase, China prototype fast reactor (CPFR) of 600 MW(e) has been planned by 2020. The possibility of
China modular fast reactor (CMFR) of 300 MW(e) is also being considered. In the third phase, China
demonstration fast reactor (CDFR) of 1000-1500 MW(e) is likely to be constructed in 2025. The China
Commercia Fast Reactor (CCFR) is likely to be operational by 2035. In the area of the SFR fuel cycle activities,
China is constructing a medium size reprocessing plant and a laboratory-size MOX fuel production line. Later,
there are plans to build industrial size reprocessing and MOX fuel fabrication plants. Table 5 summarizes the
engineering development in SFR fuels technology in China.

2.2. FRANCE

France is firmly committed to nuclear power. Figure 5 shows a sample long term scenario of the French
nuclear power system. The scenario shows a constant nuclear power production of the current fleet of thermal
reactors (PWRs) until about 2025, and thereafter a possible slight decrease (of about 15%) until 2040, followed by
a constant supply of power. A licence extension of current plants is taken into account, Generation I11 (Gen. I11)
reactors (advanced PWRs) would replace retired plants of the current generation in 2025, and finally by around
2040 Generation IV (Gen V) reactors, i.e. fast reactors, would be added.

During the last four decades, France has gained extensive industrial scale experience in SFR fuel cycle with
MOX fuel including fuel design, fabrication, in-reactor performance, reprocessing and refabrication based on the
lessons |earned from Rapsodie, Phenix and Superphenix. So far, some 427 000 MOX fuel pins have been fabricated
in France, in the Cadarache facility for the Rapsodie, Phenix, Superphenix and PFR (UK). The MOX fuel has
performed satisfactorily to high burnup (150 GW-d/t) and modified austenitic stainless steel used for fuel assembly
has also withstood a high neutron dose level (155 dpa) without failure. In the Rapsodie-Fortisssmo core, some
MOX experimental fuel pins have been successfully irradiated to burn up of 27 at.%. The MOX fuel in prototype
fast reactor Phenix achieved a maximum burnup of 17.5 at.% with 8 cores of fuel consisting of 166 000 MOX fuel
pins. Phenix is aso the first reactor to demonstrate a breeding ratio of 1.16, which enabled loading of the first fuel
assembly made with reprocessed plutonium in 1980. For the Superphenix reactor, some 208 000 MOX fuel pins

TABLE 5. THE SFR PROGRAMME IN CHINA

CEFR CPFR CDFR
Power (MW(e)) 25 600 1 000-1 500
Coolant Sodium Sodium Sodium
Fuel uo, MOX and Metal MOX and Metal
Cladding Cr-Ni Cr-Ni, ODS Cr-Ni, ODS
Core outlet temp., C 530 500-550 500
Linear power, W/cm 430 450480 450
Burnup GW-d/t 60-100 100-120 120-150

11
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containing ~22 tonnes of plutonium, have been fabricated. France had also developed, fabricated and irradiated (U,
Pu)C fuel assembliesin the RAPSODIE reactor.

2.3. GERMANY

The fast reactor programme in Germany started with a compact sodium cooled loop type reactor, KNK-I1 in
the Research Centre Karlsruhe, with a gross electrical output of 21 MW(e). KNK-II began operation in
October 1977 with MOX fuel. A prototype fast reactor SNR-300 was constructed and manufacturing of MOX fuel
for the core was completed in 1985. However, owing to a political impasse, SNR-300 was never alowed to start.
Germany has discontinued its programme on SFR and its fuel cycle.

24. INDIA

Indiais pursuing athree stage, self-reliant and indigenous nuclear power programme, linking the fuel cycles
of PHWR, SFR and self-sustaining 22Th->>3U reactor systems for judicious utilization of modest uranium but vast
thorium resources. SFR isthe centre stage of the nuclear power programme. A fast breeder test reactor (FBTR) with
plutonium rich mixed uranium plutonium carbide fuel core has been in operation since October 1985. The present
core configuration for the FBTR, described in Fig. 6, shows the position of Mark | and Mark 11 mixed carbide fuel
assemblies and the MOX fuel assembly recently introduced. The main characteristics of the FBTR are summarized
in Table 6. The Mark | carbide core with composition 70% PuC + 30% UC has reached the burnup of 160 GW-d/t
without any failure. A prototype fast breeder reactor of 500 MW(e) (PFBR-500) is under construction at
Kalpakkam. The PFBR-500 would use MOX fuel with 2 enrichments (21% and 28% PuQ,). The target burnup is
100 GW-d/t, which islikely to be increased to 150 GW-d/t subsequently, 20% cold worked stainless steel type D9
would be used as fuel cladding and fuel assembly structural material. A dedicated fast reactor fuel cycle facility
(FRFCF), comprising fuel fabrication, reprocessing and waste management plants, is also being co-located with
PFBR with sharing of common facilities in order to reduce fuel cycle cost. The next four SFRs to be constructed
after PFBR would also use mixed oxide as the fuel.

12



Nickel
Reflector

@ Sb-Be
- SO ot
i igh Pu
Onl. MOX

Control
rods

Mk I

Power reactor
test fuel

FIG 6. Present core configuration of FBTR showing MARK-I, MARK-II, mixed carbide and mixed oxide fuel assembly locations.

TABLE 6. MAIN CHARACTERISTICS OF THE FBTR

Reactor power 40 MW(th)/13.2 MW(e)

Reactor coolant Sodium

Concept of primary circuit Loop (2)

Fue Mark | 70%PuC + 30%UC
Mark 11 55%PuC + 45%UC

Fuel pin diameter 5.1 mm

No. of pinsin asubassembly 61

Control rod material B,C (90% enriched in B'®)

Neutron flux 3 x 10%® n/cm?'s

Core height 320 mm

Reactor inlet sodium temperature 380°C

Reactor outlet sodium temperature 515°C

2.5. JAPAN

The SFR programme in Japan was initiated with the commissioning of the experimental fast reactor JOY O
that attained criticality in 1977. In 1982, the reactor core was upgraded to 100 MW(th) (MK-I1), and finaly to
140 MW(th) (MK-I11) in 2004. Since the 3rd cycle, oxide dispersion strengthened ferritic steel (ODS) and MOX
fuel with the addition of 5% americium and neptunium have been irradiated.

The 250 MW(e) prototype, sodium cooled MONJU reactor, fuelled with Pu-U mixed oxide, successfully
achieved itsfirst criticality in April 1994, and supplied electricity to the grid initially in August 1995. However, the
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pre-operational test of the plant was interrupted by a sodium leak inident in the secondary heat transport system in
December 1995 during a 40% power operation test. The restart is expected to be achieved by the end of 2009.

To investigate a wide range of technical options for fast reactors and the related fuel cycle technologies, a
feasibility study on Commercialized Fast Reactor Cycle Systems (FRCS) has been launched by a joint team of
Japan Nuclear Cycle Development Institute (JNC), which has been reorganized into the Japan Atomic Energy
Agency (JAEA). The key specifications of the fast reactor fuel cycle system are high average core burnup
(>150 GW-d/t), low decontamination reprocessing process, and MA bearing fuel (<5 wt%). These issues contribute
to achieve economic competitiveness, reduction of environmental burden, enhancement of nuclear non-
proliferation, etc.

At the end of phase I, representative fast reactor fuels, namely, oxide, nitride and metalic fuels and their
reprocessing methods such as advanced aqueous, oxide electro winning and metal electro refining and fuel
fabrication methods such as simplified pelletizing, sphere-packing, vibro-packing, coated particle and injection
casting were selected.

Recently, afeasibility study on commercializing fast reactor and associated fuel cycle has been completed. A
loop type SFR of 1 500 MW(e) has emerged with MOX as reference fuel. An advanced aqueous reprocessing and a
simplified process based on cold pelletization of MOX fuel are considered most promising. Metallic fuel is
considered to have potential merit to improve the core performance of the SFR.

The past, on-going and future SFR devel opment programme in Japan is shown in Fig. 7. The switchover from
the LWR to the SFR will be completed only by the end of this century as shown in Fig. 8. With the sodium cooled
reactor cycle, it will take about 60 years to complete the switchover from the LWR to the SFR cycle, which is
almost the same period of LWR plant life.

2.6. REPUBLIC OF KOREA (ROK)

The ROK government launched a 10 year programme in 2007 for the devel opment of a conceptual design of
aGen IV SFR. The programme is being conducted by the Fast Reactor Technology Development Group at KAERI
under the third national mid- and long term nuclear R& D programme. The basic R& D efforts have been directed
towards the development of the advanced fast reactor concept called KALIMER-600 (K orea advanced liquid metal
reactor — 600 MW(g)).

The KALIMER-600 features a proliferation resistant core without blanket, and a decay heat removal circuit
using natural sodium circulation cooling for a large power system. The KALIMER-600 conceptual design, which
evolved on the basis of the KALIMER-150 (150 MW(€)) design, was selected as one of the promising Gen-1V SFR
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FIG 7. Past, present and future SFR programme in Japan.
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candidates. The KALIMER-600 design will serve as a starting point for meeting the Gen IV technology goals of
sustainability, safety and reliability, economics, proliferation resistance and physical protection.

In December 2008, the government of the ROK authorized the long term Gen-1V SFR development plan, the
construction of an advanced Gen IV SFR demonstration plant by 2028 in association with the pyroprocess
technology development in three phases (Fig. 9):

— First phase (up to—2011): development of an advanced Gen IV SFR design concept;
— Second phase (2012—2017): standard design of an advanced Gen IV SFR demonstration plant;
— Third phase (2018-2028): construction of an advanced Gen IV SFR demonstration plant.

The Gen IV SFR development will be extended to the commercialization phase with itsinitialization around 2050.

15



2.7. RUSSIAN FEDERATION

According to the energy strategy of the Russian Federation, electricity generation by nuclear power plants
would beincreased from 140 billion kW-h in 2002 to 195 billion kW-h in 2010 and up to 300 billion kW-hin 2025.
The share of electricity generation by nuclear power plants will rise from 16% in 2000 to nearly 25% by 2025. For
this, the target is to commission ~2 GW(e) per year. Taking into account planned lifetime extension of existing
operating nuclear power units by 15 years (average), the total installed capacity of NPPsin the Russian Federation
should reach 51 GW(e) by 2030. Figure 10 shows the planned transition from the present water cooled thermal
reactors (WWER and RBMK) to fast reactors with aclosed fuel cyclein the Russian Federation. In addition to SFR,
lead—bi smuth cooled fast reactor, namely BREST 300 and BREST 1200 are being studied. The Russian Federation
has accumulated nearly four decades of experience in nuclear submarine reactors cooled with Pb and Pb-Bi alloy.

The Russian Federation has more than 125 reactor years operating experience with SFR. The experimental
reactors BR-10 and BOR-60 and the commercial reactor BN-600 have been extensively used to lay the foundation
of SFR and its fuel cycle technology. BN-600, the only operating commercial SFR in the world today, is in
operation since 1982 with a capacity factor exceeding 74%. The design of BN-800 is based on the design features
proven in the course of construction and operation of the previous reactor BN-600. The parameters of the NPP with
BN-600 and BN-800 are summarized in Table 7.

The driver fuel of the SFRs in the Russian Federation has mostly been HEU oxide pellets clad in stainless
steel. However, development activities are under way for manufacturing experimental Vibro MOX fuel assemblies,
using (U, Pu)O, granules as feed material and also by the novel DDP/DOVITA (Dimitrovgrad dry process/dry
reprocessing, oxide fuel, vibro-pack, integral, transmutation of actinides) process, described in detail in Section 3.
Weapons grade plutonium is planned to be used as MOX fuel in Russian fast reactors including BN-800.

2.8. UNITED KINGDOM

The Dounreay Nuclear Power Development Establishment was started in 1955 primarily to pursue the UK
Government policy of developing FBR technology. The Dounreay experimental fast reactor (DFR) came on-linein
November 1959. The prototype fast reactor (PFR) of 250 MW(€) achieved criticality in 1974 and began supplying
power in January 1975. The output of PFR was in operation up to 1994 and served as an invaluable test facility for
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TABLE 7. CHARACTERISTICS OF BN-600 AND BN-800 REACTORS

Characteristic BN-600 BN-800
Thermal power, MW(th) 1470 2100
Electric power, MW(€) 600 880
Fuel uo, MOX
Primary sodium temperature, °C:

coreinlet 377 354

core outlet 550 547
Steam parameters:

temperature, °C 505 490

pressure, MPa 142 137
Intermediate steam superheating by: Sodium Steam
Reactor vessel overall dimensions, m

diameter 12.86 134

height 14.70 15.0
Reactor vessel material 09Cr118Ni9 steel
Reactor plant materials intensity per MW(e)/t 13 9.7
Equipment seismic stability (points on M SK-64 earthquake scale) 6 7
Servicelife, years 30 3040

developing advanced fuel and cladding materials that performed satisfactorily up to high burnup and withstood
high neutron dose. Both DFR and PFR have been shut down.

With regard to the future programme related to fast reactor and accelerator driven systems, the UK has been
participating in the CEA-led CAPRA and CADRA programme. The focus of these programmes is on the
incineration of Pu in afast reactor core and the incineration of minor actinides and long lived fission products. The
UK covers the domain of core physics, fuel performance modeling, and fuel cycle modeling.

2.9. UNITED STATES OF AMERICA

In the USA, a very active R&D programme was under way on LMFR and its fuel cycle for nearly three
decades during the 1950s and 1980s. Five fast neutron reactors were in operation in the past, which generated
extensive experience and several more have been designed. Presently, there are no operating LMFRsin the USA.

The experimental breeder reactor 11 (EBR-Il) and the 400 MW(th) fast flux test facility (FFTF) were
extensively used in the 1980s for development of LMFR fuels technology. More than 130 000 metallic fuel rods,
over 50 000 MOX rods and some 600 mixed uranium and plutonium carbide and nitride fuels have been irradiated
in these two reactors. The FFTF was not a breeder, but rather a sodium cooled fast neutron reactor to test advanced
nuclear fuels, materials, components, nuclear power plant operations and maintenance protocols, and reactor saf ety
designs. The FFTF operated between 1982 and 1992 at the Hanford Site, Washington, as a major national research
reactor. It was closed down at the end of 1993, and has been in a decommissioned state since 2001. The EBR-I1 was
shut down in 1994,

The key achievement in the US programme on SFR technology is the demonstration of an inherently safe,
integral fast reactor (IFR) concept at the EBR-1I site with colocation of metal fuel fabrication, EBR-I1 reactor and
pyro-electrolytic reprocessing plants. The IFR design has inherent safety features through a combination of metal
fuel (U-Zr and U-Pu-Zr) and sodium cooling. By providing a fuel which readily conducts heat from the fuel to the
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coolant, and which operates at relatively low temperatures, the |FR takes maximum advantage of expansion of the
coolant, fuel, and structure during off-normal events which increase temperatures. The expansion of the fuel and
structure in an off-normal situation causes the system to shut down even without human operator intervention.

The goals of the IFR project were to increase the efficiency of uranium usage by breeding plutonium and
eliminating the need for transuranic isotopes to ever leave the site. The reactor was an unmoderated design running
on fast neutrons, designed to alow any transuranic isotope to be consumed. |FR had avery efficient fuel cycle. The
basic scheme used electrolytic separation to remove transuranics and actinides from the wastes and concentrate
them. These concentrated fuels were then reformed, on-site, into new fuel elements. From the available fuel metals,
plutonium was never separated and therefore there was no direct way to use the fuel metals in nuclear weapons.
Also, plutonium never had to leave the site and thus it was not amenable for any unauthorized diversion. Another
important benefit of removing the long half-life transuranics from the waste cycle is that the remaining waste
becomes a much shorter term hazard. The goal was demonstrating a proliferation resistant closed fuel cycle, with
plutonium being recycled with other actinides.

In recent years, there has been renewed interest in the USA in fast reactors, in general and SFR in particular.
The priority for fast reactors is in response to the sustainability goals of the Gen IV roadmap, and reflects their
excellent potential to burn plutonium and minor actinides thus reducing the volume, radio toxicity and decay heat
load of spent LWR fuels and the need for a second geological repository for many decades. As part of the recent
Advanced Fuel Cycle Initiative (AFCI) in the USA an advanced burner reactor (ABR) has been planned. The ABR
is an advanced fast reactor for burning plutonium and MA recovered from reprocessing spent nuclear fuel from
operating thermal neutron reactors. Thus, the volume, radio toxicity and decay heat of the high level waste for
disposal in the geologic repository at Yucca Mountain, Nevada, would be significantly reduced.

Fuel loading for such reactors may consist of either MOX or metal fuel based on U-Pu-Zr aloy with fuel
burnup in the range of 150200 GW-d/t. Efforts are under way under AFCI to develop aqueous and pyrochemical
processing. Both technologies ensure that there is no separated plutonium stream at all stages of processing.

3. OXIDE FUEL

3.1. INTRODUCTION

For the first generation of experimental, prototype and commercial SFRs, oxide has been the undisputed
choicefor the driver fuel. In France, Germany and Japan, mixed uranium plutonium oxide (MOX), containing up to
30% PuO, has been the driver fuel. In the Russian Federation, high enriched uranium (HEU: >20% 2**U) oxide has
been used as the fuel for BOR-60, BN-350 and BN-600. The UK and USA have used both metallic and MOX fuels
intheir experimental and prototype fast reactors and test facilities. The oxide fuel continues to be the reference fuel
for SFRs based on the following reasons:

— Simplicity and less number of process steps in fabrication, and maturity of UO, and MOX fuels fabrication
industry;

— High melting point and good chemical stability of UO, and MOX fuels,

— Satisfactory chemical compatibility of UO, and MOX with sodium coolant and stainless steel cladding;

— Considerable and satisfactory irradiation database of UO, and MOX fuels to high burnup in thermal and fast
reactors;

— Well advanced safety analysis based on large number of out-of-pile and in-pile experiments world wide,
simulating incidental and accidental conditions,

— Industrial scale experience in reprocessing of spent UO, and MOX fuels,

In France and the UK, all the steps of the SFR fuel cycle including fabrication, irradiation, reprocessing and

re-fabrication have been demonstrated on an industrial scale with MOX fuel. Japan also has industrial scale
manufacturing experience of MOX fuel for JOYO and MONJU. The Russian Federation has industrial scale
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manufacturing and high burnup irradiation experience of UO, fuel containing HEU in BOR-60, BN-350 and
BN-600. The Indian PFBR-500 will also use MOX as the driver fuel.

3.2. FABRICATION

UO, and PuO, areiso-structural (CaF, type FCC), completely solid soluble at stoichiometric composition and
have very similar thermodynamic and thermo physical properties. Hence, the manufacturing processes of UO, and
(U, Pu)O, are similar. The oxide fuels are generally used in the form of ‘pellets and manufactured by powder
metallurgy (P/M) processes. The main process stepsin ‘ powder—pellet’ routes are:

— Preparation of oxide powder;

— Granulation of oxide powder in some cases;

— Cold — pelletization;

— High temperature sintering in hydrogen atmosphere.

The major challenges in the P/IM route are ‘radiotoxic dust hazard’ associated with the generation and
handling of large quantities of very fine powders of UO,, highly radioactive PUO, and oxides of minor actinides and
the poor flowability of the powder. The isotopes of plutonium, in particular, 2Pu, 2°°Pu, 2**Pu and 2*?Pu are highly
radiotoxic and are associated with emission of beta-gamma radiations and neutrons. Hence, fabrication processes,
which avoid milling and grinding operations and deal with dust free and free flowing fuel materials are attractive.
Thiswould, in turn, facilitate remote and automated fuel fabrication.

3.2.1. Industrial processes for fabrication of UO2 and (U, Pu)O2 fuel pellets

The magjor steps in manufacturing UO, and (U, Pu)O, fuel are preparation of oxide powder, sintered pellets of
controlled diameter, length to diameter ratio, density and microstructure (in terms of grain size, pore size, shape and
distribution), inspection and loading of accepted fuel pellets in one end welded stainless steel cladding tubes
followed by welding of the other end plug and encapsulation with helium asfiller gas. In most cases, the UO, axial
blanket is part of the fuel rod and loaded in both ends of the fuel pellet stack. The fuel rods are then wire wrapped
and assembled in the hex can or wrapper tubes to form the fuel assembly.

Figure 11 summarizes the industrial processes for producing UO,, PuO,, and (U, Pu)O, powders using UF,
uranium nitrate hexahydrate (UNH) and plutonium nitrate as feed materials. In the integrated dry route (IDR), only
UF, can be used as starting material. The wet chemical processes adapting the ammonium diuranate (ADU) and
ammonium uranium carbonate (AUC) processes use either UF; or UNH as feed material. UO, powder prepared by
IDR and ADU processesis extremely fine and not free flowing, needing agranulation step for producing press feed
material. Only the AUC route leads to relatively coarse and free flowing UO, powder, which could be directly
pelletized.

Figure 12 summarizes the industrial methods followed for production of (U, Pu)O, fuel pellets on an
industrial scale. So far, five processes have been utilized, namely, the cobroyage cadarche (COCA) process of
France, the micronized master mix (MIMAS) process of Belgium and France, the short binder less route (SBR) of
the UK and the oxide comilling (OCOM) and ammonium uranium plutonium carbonate (AUPUC) processes of
Germany. COCA, SBR, OCOM and AUPUC have been used for fabrication of MOX fuel pellets for fast reactors.
MIMAS is mostly used for fabrication of MOX fuel for thermal reactors. The PuO, powder is prepared by the
oxalate route using plutonium nitrate as feed material. On calcination of plutonium oxalate at ~600°C, very fine
particles of PUO, powder is produced which requires granulation. The conventional route uses mechanical blending
of the feed powders; namely UO, PuO, or co-precipitated (U, Pu)O, followed by granulation, cold pelletization and
sintering. The challenges in these processes are to obtain fuel pellets with controlled density, oxygen to metal ratio
and a single phase microstructure with uniform distribution of plutonium.

The MOX plant of CEA, France at Cadarache had followed the COCA process for fabrication of MOX fuel
for the Rapsodie, Phenix and Superphenix reactors. The COCA process consists of optimized ball milling and
blending of UO, and PuO, powders, followed by forced extrusion of [ubricated micronized powder through asieve
leading to free flowing granules which are directly pelletized and sintered.
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FIG 11. Industrial processes for producing UO,, PuO,and (U, Pu)O, powders.

The MIMAS process, developed by Belgo Nucleaire (BN) in the early 1980s, has been followed for
manufacturing MOX fuels in Belgium and France (in the MELOX plant) for both LWRs and LMFRs. In the
MIMAS process, the single blending step is replaced by a two step blending approach, where in the first step, the
pure PUO, feed and some UO, are co-milled resulting in a master mix of UO, ~ 30% PuO,, which is the
fundamental principle of the MIMAS process; in the second step, the master mix is blended down with free flowing
UO, obtained from AUC, to the specified plutonium content of the MOX fuel. The very close contact between the
milled UO, and PuO, particles provides for adequate inter-diffusion during sintering and therefore the required
solubility in HNO,.

The UK developed the SBR for manufacturing MOX fuel pellets for LMFR in their MOX demonstration
facility (MDF) in Sellafield with a capacity of 8 tHM/a. Some 13 tonnes of MOX fuel was manufactured for the
PFR. The SBR process is based on attrition of oxide powders followed by spheroidization of mixed oxide powder
agglomerates, cold-pelletization and sintering. The attritor provides the desired micro-homogeneity in the
UO,-PuO, powder mixture. The SBR process was adapted for the Sellafield MOX Plant (SMP) with a capacity of
120 tHM/afor manufacturing MOX fuel for LWRs. The MDF was also used for MOX fuel fabrication for LMFR.

In Germany, the OCOM and AUPUC processes were developed by Alkem in Hanau as part of a MOX fuel
fabrication campaign for SNR-300. The MOX core was manufactured for SNR 300 but the reactor was not
commissioned. Subsequently the MOX fuel fabrication plant at Hanau was shut down. The AUPUC processis an
extended version of AUC process, in which free flowing (U, Pu)O, powder, suitable for direct pelletization, could
be co-precipitated from mixed uranium plutonium nitrate solution. Thus, the separation of the plutonium stream in
the reprocessing plant is not needed. The AUPUC process is, therefore, very attractive from the point of view of:
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v v

— Proliferation resistance;
— Minimizing the problem of radiotoxic dust hazard to some extent;
— Ensuring homogenous distribution of Puin (U, Pu)O, powder.

For MOX fuel fabrication, Japan has alaboratory facility known as the Plutonium Fuel Devel opment Facility
(PFDF), apilot plant known as Plutonium Fuel Fabrication Facility (PFFF) and a fully automated Plutonium Fuel
Production Facility (PFPF), with sufficient capacity to manufacture MOX fuel for MONJU and JOY O. In PFFF and
PFPF, the feed material is microwave denitrated MOX powder containing some 50% PuO,. The MOX powder from
the reprocessing plant is down blended with UO, to obtain MOX of the as-desired PuO, content. In recent years,
Japan has further simplified the manufacturing process of MOX fuel pellet based on microwave de-nitration of
mixed uranium plutonium nitrate solutions followed by direct pelletization and sintering as shown in Fig. 13. The
process has the following attractive and unique features:

— Plutonium enrichment adjustment in solution (Pu EAS);
— The plutonium is not separated from uranium, making the process attractive from the point of view of
proliferation resistance.

Apart from the aboveindustrial MOX fuel fabrication plant facilities, five pilot plants were set-up in the USA,
where MOX fuel for EBR Il and FFTF cores were manufactured. More than 125000 MOX fuel pins were
manufactured in some of thesefacilitiesfor FFTF, by the classical powder pellet process employing co-milling UO,
and PuO, powders, granulation, cold-pelletization and sintering. Likewise, in the Russian Federation, the
Paket/Chelyabinsk small scale facility was in operation for manufacturing experimental MOX pellets using
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classical P/M route as well as co-precipitated granules (Granat process) as feed materialsfor irradiation in BOR 60
and BN 600. The Paket facility mostly used UO, and PuO, powders as feed materials, a high energy mixer for
milling and blending and the conventional powder-pellet route. However, in Granat process, some MOX fuel
pellets were also prepared by ammonia co-precipitation of MOX powder followed by pelletization and sintering. In
India, a MOX pilot plant has been set up based on attritor co-milling of UO, and PuO, powder, followed by
pelletization. An experimental MOX fuel assembly of PFBR 500 fuel composition has been manufactured in this
facility and is undergoing irradiation testing in FBTR. The facility has also been utilized for manufacturing a few
MOX fuel assemblies containing ~45% PuO, for usein FBTR.

3.2.2.  Sol-gel processes

The ‘vibro-sol’ and ‘sol-gel microsphere pelletization (SGMP)’ are dust free processes for manufacturing
UO, and homogeneous MOX fuel pellets. These processes have so far been utilized only on a pilot plant scalein a
limited number of countries[15, 16]. In these processes, first, free flowing hydrated gel-microspheres of the mixed
oxide are prepared by ‘ammonia external/internal gelation process starting from the nitrate solutions of the heavy
metals. The ‘ammoniagelation’ is achieved either ‘externally’ viaNH; gasand NH,OH or ‘internally’ viaan added
ammonia generator, namely hexa methylene tetra amine (HMTA). Figures 14 and 15 show the ammonia external
gelation of uranium (EGU) and ammoniainternal gelation of uranium (IGU) processes, respectively for preparation
of hydrated gel microspheres of uranium oxide [17, 15]. The EGU and IGU processes could be extended for mixed
uranium plutonium oxide. The mgjor stepsin EGU and IGU processes are:

— Preparation of sol or broth from nitrate solutions of uranium and plutonium;

« In the EGU process, the broth is prepared by mixing uranium plutonium nitrate solutions with urea and
ammonium nitrate in the proportion of 1.0 mole per liter, 4.0 moles per liter and 2.5 moles per liter
respectively followed by boiling for ~30 minutes. A small amount of polyvinyl alcohol (5g/l) could be
added to the mixed solution for mechanical stability of the gel.

« In the IGU process, uranium and plutonium nitrate solutions are mixed with HMTA and urea in mole
proportions of 1.25 and 1.75 respectively and cooled to 0°C. Urea prevents premature gelation of the
solution.

— Droplet formation by vibrating nozzle.
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— Droplet gelation in NH; gas and NH,OH bath (for EGU) or silicon oil bath at 90 + 1°C which decomposes
HMTA to release ammoniafor conversion of the droplets into hydrous gel-microspheres; in the IGU process,
microwave heating could also be used in place of silicon ail.

— Washing of gel-microspheres; in the EGU process, the microspheres are washed in 1% ammonia solution for
removal of NH,NO;; in the IGU process, the gel-particles are washed with CCl, to remove oil and in
3M NH,OH solution to remove ammonium nitrate.

— Drying of gel-microspheres on a continuous belt dryer at 200-250°C.

— Controlled sintering at ~1600°C in hydrogen atmosphere to produce very high density (>99% TD)
‘non-porous’ UO, or (U, Pu)O, microspheres.

In order to produce ‘porous’ microspheres, carbon black pore former is added to the sol or solution prior to
gelation and later removed by controlled calcination of the gel-microspheres at ~700°C in air followed by hydrogen
[16].

The gel-microspheres are subjected to controlled calcination and sintering, after which they are
‘vibro-compacted' in fuel tubes. The porous microspheres are directly pelletized and sintered to obtain fuel pellets.
The ‘vibro-sol’ and SGMP processes are amenable to automation and remotization and well suited for
manufacturing highly radiotoxic plutonium and minor actinide bearing mixed oxide fuels.

The advantages of sol-gel processes are:

— A high degree of microhomogenity is attained in MOX fuel because uranium and plutonium nitrate solutions
are mixed prior to gelation;

— Generation and handling of fine powders of UO, and PuO, are avoided, thereby, minimizing the problem of
radiotoxic dust hazard associated with the conventional ‘ powder-pellet’ route;

— Dust free and free flowing microspheres facilitate remote and automated manufacturing of fuel rods by
‘vibro-sol’ or SGMP processes,

— The sol-gel plant could be easily integrated with the spent fuel reprocessing plant and could be utilized for
preparation of MOX containing minor actinide oxides.

One of the major limitations of the sol-gel processes is the generation of large volume of high level of liquid
wastes containing organic chemicals. However, this problem could be significantly minimized if the sol-gel plant is
integrated with the spent fuel reprocessing plant.

The sol-gel derived oxide, carbide or nitride fuel microspheres have been used for manufacturing fuel rods of
the following types on a pilot plant scale:

“Vibro—Sol’ fuel

In this process, high density oxide, carbide or nitride fuel microspheres of two or three size fractions
(800—1 000, 80—100 and ~10 micron) are loaded in one end welded fuel cladding tubes and subjected to vibratory
compaction. It is possible to prepare fuel rods of smear density in the range of 70-85% by this process[18, 19]. In
the UK, several MOX fuel assemblies manufactured for PFR by the vibro-sol route wereinitialy irradiated through
the programme, which was given up later. The limitation of vibro-sol elements are lower operating limits on the
linear power of fuel elements at beginning of life (BOL), concern about the fine fraction segregation in the fuel
elements and fuel dispersion in the case of clad breach [20]. The Russian Federation opted for the DDP/DOVITA
process which produces irregular particles and overcame some of the problems in vibro-sol fuel experienced with
sol-gel derived microspheres.

Sol-Gel microsphere pelletization (SGMP)

In the SGMP process sol-gel derived porous or non-porous microspheres are directly compacted to pellets and
sintered at ~1 700°C in hydrogen atmosphere. The ‘non-porous’ microspheres retain their individual identity even
after pelletization at high pressure (~840 M Pa) and sintering at high temperature (1700°C), resulting in ‘ blackberry’
structures with microsphere boundaries and ‘open’ porosity. This is because of densification within the
microspheres and not between them during the sintering process. The ‘porous microspheres have low crushing
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FIG 16. SEM picturesof: (a) ‘non-porous microsphere,(b) ‘porous’ microsphere, (c) sintered pellets from‘non-porous’ microspheres
(showing black-berry structure) and (d) sintered pellets from ‘ porous’ microspheres showing no-microsphere boundaries.

strength, disintegrate easily during pelletization at ~350 MPa and yield sintered pellets without microsphere
boundaries. Figure 16 shows SEM pictures of non-porous and porous microspheres and sintered pellets made from
these microspheres [21].

3.2.3. DDP/DOVITA (Dimitrovgrad Dry Process/Dry reprocessing, Oxide fuel, Vibro-pack, Integral,
Transmutation of Actinides) process in the Russian Federation

The Research Institute of Atomic Reactor (RIAR) in the Russian Federation has developed novel methods,
DDP/DOVITA, for production of UO,, PuO, and (U, Pu)O, fuels, with and without minor actinides, from
fresh/spent UO, and (U, Pu)O, fuels. The initial fuel product (fresh/spent UO, or (U, Pu)O, fuel) is subjected to
molten salt dissolution in a* chlorinator—el ectrolyzer’ made of pyrolitic graphite [22]. Next, the electro refined UO,
and/or MOX is deposited on the cathode as a loose crust that is crushed and sized to produce the required size
fractions which are fed into the fuel rod by vibro-compaction. Figure 17 shows the schematic of pyrochemical
production/reprocessing of spent oxide fuel for co-depositing (U, Pu)O, on cathode. The main chlorinator-
electrolyzer equipment in the pilot plant at RIAR has a diameter of ~380 mm which could co-deposit 30 kg MOX
fuel in a batch. Figure 18 shows a picture of the main equipment, co-deposited MOX and characteristics of the
granulated MOX particles used for vibratory compaction. Several MOX fuel pin assemblies have been prepared by
the DDP/DOVITA process and successfully irradiated in BOR-60 and BN-600.

3.3. IRRADIATION EXPERIENCE

Mixed uranium plutonium oxide has been the driver fuel for most of the demonstration, prototype and
commercial SFRs. Hence, theirradiation experience of MOX fuel in fast reactor has been way above the other type
of SFR fuels. So far, more than 265 000 pins containing MOX have been irradiated in European fast reactors [23].
In the Russian BN-350 and BN-600 reactors 1500 and 2500 MOX fuel rods, respectively, have been irradiated. In
addition, approximately 1000 rods with vibro-pack MOX fuel were irradiated in BN-350 and BN-600 at burnup up
to 130 GW-d/(t HM), and more than 16 000 rods with vibropack MOX fuel were irradiated in the BOR-60 reactor
at even higher burnup. Further, about 54 000 pins have been irradiated in Japan. Of these, 61 pins have reached

25



Clo402+N,
C|2 Iz 02 2

h Cathode L

NazPOy4

Pyrographite bath ——

NaCl+CsCl

Spent fuel

Chlorination (dissolution) Additional electrolysis Purification of melt
(650°C) (630°C) (650°C)
Cathode: UDS +2e = UD; PuO;*"+2e = Pu0;
Anode : 2CF = Cl; +2e”

FIG 17. Oxide electrowinning process steps.

30 kg (U,Pu)O,
deposit on cathode

Equipment for 30 kg MOX fuel batch
Crucible diameter ~380mm

Characteristics of granulated MOX fuel particles for vibro-packing

A b g bl .

r X% Particle density 10.8 gfcm?
| Particle size 30-70 micron
Impurities
Carbon <180 ppm
., |Fluorine < 20 ppm
Chlorine < 70 ppm

Total cationic impurities < 5 ppm

FIG 18. The chlorinator electrolyzer facility with 30 kg MOX fuel batch, co-deposited MOX and characteristics of the granulated
MOX particles for vibratory compaction.

burnup values of 130 GW-d/(t HM), though none have exceeded 150 GW-d/(t HM). In addition, some experimental
pins irradiated in test and prototype reactors throughout the world have attained burnup levels greater than
210 GW-d/(t HM).

Conditions in fast reactor cores cause restructuring of the MOX fuel. Four distinct regions at linear heat
generation rates of 40 kwW/m and above have been formed. The innermost region is a central void that results from
transport of as-fabricated porosity and some of the fuel cladding gap up the temperature gradient to the fuel centre.
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The fuel surrounding this void consists of dense grains, of at |east 98% theoretical density (TD), that are elongated
radially. These grains form lenticular voids that move inwards by fuel vaporizing from the hotter (inner) side of the
voids and condensing on the cooler (outer) side, giving a net outward movement of fuel. The lenticular voids
develop from large (>5 pm) fabrication pores or startup cracks in the fuel, which heal in the process. Zones of
increased plutonium content may be observed within this columnar grain region as well. Outside the columnar
grains is a region where temperatures are sufficiently high for grain growth to take place by bulk diffusion. The
enlarged fuel grainsin this region, although normally termed ‘equiaxed’, are slightly elongated in the direction of
the temperature gradient with their boundariesinvariably decorated with gas bubbles and fission product inclusions.
The fuel between the equiaxed grain growth region and the cladding retains its original microstructure and
density and is ssimply labeled the unrestructured region. Fuel in this region operates at temperatures below about
1200°C, where mobilities are low and where, therefore, the fuel tends to retain most of its original characteristics.

3.3.1. Fuel failure and irradiation behaviour

It isimportant that, for safe operation, the integrity of the cladding be maintained during irradiation. There are
four main threats to the cladding integrity in FBR pins [24]:

— Manufacturing defects;

— Mechanical interaction between pin, spacer and wrapper;
— Fuel cladding mechanical interaction (FCMI);

— Fuel cladding chemical interaction (FCCI).

Fuel cladding mechanical interaction has been largely overcome by suitable fuel pin design such as lower
smear density, annular pellet, etc. However, it could be an issue at higher burnup (>200 GW-d/t) for structural
materials even with large incubation doses.

Among the defects mentioned above, the first two have been identified as the cause in over 40% of the
failures in European fast reactors. FCCI in FBR pins is caused by the migration of oxygen and volatile fission
products to the fuel surface dueto the severe operating conditions and generally low density of the oxide fuel. FCCI
consists mainly of the oxidation of constituents of the cladding material, particularly chromium, in the presence of
caesium, molybdenum, tellurium and iodine.

FCCI has been observed in a number of forms, with broad front oxidative attack being the most commonly
observed mode. The extent of this type of attack is influenced by fuel and cladding temperature and oxygen
potential but is not related to stress. The mechanism is generally believed to be afission product assisted oxidation
process with caesium the main catalyst, although the presence of tellurium has been identified in some cases. The
extent of FCCI increases progressively with burnup but is not considered a life limiting feature since pin designs
have taken the anticipated clad wastage into account. It should be noted that the experience gained with fuel in
Phénix, PFR, JOY O and FFTF since the 1970s, in which there have been only two failures attributed specifically to
FCCI. Thislower than expected incidence of failure has been attributed to the ability of the volatile fission products
to buffer the oxidation of the cladding by absorbing the excess oxygen and forming oxidesin the fuel—cladding gap
[25, 26].

3.3.2. Irradiation capabilities of MOX fuel

The experience gained from irradiation experiments and post-irradiation examination has led to the
conclusion that the behaviour of MOX fuel is not alife limiting factor for fuel pins, even under the stringent high
burnup requirements. The main observations confirming this point are:

— A moderate fuel swelling rate, even at very high burnup, and no dramatic degradation of heat transfer
properties,

— Problems of mechanical and chemical interaction between the fuel and cladding can be overcome with
adequate pin design. Recommended variations include using a moderate linear heat rating and increased pin
diameter, resulting in alower fuel surface temperature, a greater cladding thickness and lower initial oxygen
to metal (O/M) ratio;
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— In the case of pin failure, no major reaction of fuel with coolant, which might lead to a great loss of fissile
material or to arapid development of secondary failures, or to failure propagation within the assemblies, has
been observed.

On the basis of the excellent results obtained with MOX, it is currently believed that the target burnup for
future large FBRs of 200 GW-d/(t HM) can be reached with thisfuel type.

3.3.3.  Fuel behaviour in transient and accident conditions

A number of experimental investigations into the behaviour of FBR fuel in accident or off-normal conditions
have been carried out. The safe and reliable performance of MOX fuel was demonstrated in an extensive and broad
based testing programme in EBR-II in the Argonne National Laboratory (West) facility in Idaho [27]. A total of
57 tests were completed including 100% overpower transients, long term operation with multiple fuel failures and
power to melt tests. These tests showed that MOX fuel pins can survive such off normal conditions with little or no
effect on their performance — in particular, breached blanket pins had no definitive effect on plant operations and
the most limiting parameter for reliability was shown to be the integrity of the cladding properties.

Fuel pin diameter should be looked at first when considering core optimization because it dominates most of
the other design parametersincluding fissile content, breeding ratio, specific power and fissile specific inventory. If
the design requirement is higher breeding ratio, then the pin diameter has to be larger. However, the specific power
of the reactor will go down and requires larger fuel inventory. From the economic point of view, a large diameter
fuel pin has many advantages because it reduces fuel fabrication cost per unit weight of fuel and because it is
effective in lowering any power mismatch due to the burnup extension. It is assumed that the economically
optimum outer diameter of high burnup fuel is much greater than those designed in the past. Design studies from
this viewpoint are being conducted on high burnup cores with large diameter fuel pins[28].

While anumber of countries have postponed their fast reactor devel opment programmes, countries like Japan
in particular, continue with new work programmes. Examples include:

— A development programme on a simplified and shortened pellet fabrication process, the ‘ SPP’, is under way
at INC, the aim of which isto reduce the cost of MOX fuel fabrication markedly [29];

— Long life materials for structural components are essential for extending the fuel discharge burnup; oxide
dispersion strengthened steels are being developed to endure a fast neutron exposure of 250 dpa at 700°C
[30];

— Feasibility studies on acommercial FBR cycle system are also being conducted in Japan;

— In the Russian Federation, construction of a BN-800 reactor has started in which it is planned to use MOX
fuel.

It is generally considered that melting temperature and thermal conductivity of irradiated mixed oxide fuel
decrease with increasing burnup due to the buildup of fission products in a fuel matrix. However, few post
irradiation examination data that make possible a detailed discussion of such irradiation effects have been reported
because of large uncertainties of measured values. A more detailed description of irradiation behaviour of MOX
fuelsisavailablein Refs[2, 31].

4. CARBIDES AND NITRIDES

4.1. INTRODUCTION
Mixed uranium plutonium monocarbide (MC) and mononitride (MN) have been identified as advanced

LMFR fuels, nearly three decades back, on the basis of their high heavy metal density, high breeding ratio (and in
turn short doubling time), high thermal conductivity and excellent chemical compatibility with sodium coolant
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[32]. MC and MN belong to the same family on the basis of their crystal structure (F.C.C, NaCl type) and similar
physical and chemical properties. The monocarbides and mononitrides of uranium and plutonium have complete
solid solubility. However, compared to mixed oxide fuel, the experience on monocarbide and mononitride fuels,
although significant, remains very limited [5, 33, 11].

The research and devel opment programmes on carbide and nitride fuels for FR were actively pursued in the
USA, France, Germany, the United Kingdom and the Russian Federation during the 1960s and 1970s and a little
later in Indiaand Japan. The investigations were, however, restricted to UC, UN, (U, Pu)C, and (U, Pu)N fuelswith
amaximum plutonium content of 20%. Both helium bonded and sodium bonded carbide and nitride fuel have been
developed and irradiated successfully to high burnup (up to 20 at.%).

Carbide fuels can be operated under ideal heat transfer condition at linear heat ratings ~1000 W/cm due to its
high thermal conductivity. However, its high swelling rate necessitates provision of alarge fuel clad gap resulting
in poor gap conductance with helium as bond gas. To extract the full potential of the carbide fuel, sodium can also
be employed as the bonding medium between fuel and the clad improving the gap conductance enabling high linear
power operation. However due to the cumbersome handling of sodium during fuel fabrication and increased
probability of clad carburization through transport of carbon from fuel to the clad through sodium and the
degradation of quality of the bond due to voids, helium bonded fuel pins have been preferred over sodium bonded
fuel pins. The fuel pin failure rate has been significantly lower in helium bonded fuel pins as compared to sodium
bonded fuel pins. However, the helium bonded fuel pins cannot be operated at linear powers >600 W/cm. In the
Russian Federation, a uranium monocarbide core was in operation in the BR-5 reactor from 1965 to 1971 and
achieved a maximum burnup of 6.2 at.%. Mixed uranium plutonium monocarbide of plutonium rich composition
(70% and 55% PuC), has been used asthe driver fuel inthe FBTR in India. The initial mixed carbide core (Mark I)
with 70% PuC as the reference fuel isin operation since 1985 and has reached a peak burnup of 18 at.% without any
fuel failure. An expanded mixed carbide fuel core (Mark 1) with 55% PuC content is under irradiation [34].

A large number of UN sub-assemblies were also successfully irradiated in BR-10 core up to a burnup of
9 a%. In the BOR-60 reactor too, severa UC, U(C, N), (U, Pu)C and (U, Pu)N test sub-assemblies were
successfully irradiated to high burnup. In the USA, nearly 700 helium bonded and sodium bonded fuel pins
containing MC and MN pellets were successfully irradiated in EBR |1 and FFTF to high burnup in the range of
10-20 at.%. Most of these pins were He bonded containing MC pellets. A limited number of test-irradiations were
also carried out using ‘vibro-packed” MC pins.

Irradiation-testings of monocarbide and mononitride fuel pins have also been carried out in thermal reactors,
Rapsodie/Fortissimo and Phenix reactors in France, DFR in UK, BR-2 in Belgium, KNK-II in Germany, HFR
(Petten), Netherlands and JRR-2 and IMTR in Japan. In none of these reactors has mixed carbide or mixed nitride
been used as driver fuel.

Having equivalent densities and thermo physical properties, MC and MN behave basically the same way
under irradiation. From the point of view of fabrication, nitride fuel has the following advantages. (@) it is not as
reactive and as pyrophoric asMC, (b) it isrelatively easier to fabricate single phase MN since plutonium forms only
the mononitride and the higher nitrides of uranium (UN, and U,N,) are unstable and easy to dissociate to UN by
high temperature (>1 673 K) treatment in vacuum or argon. The major problem of MN fuel is the formation of
radioactive “C by (n,p) reaction with *N and the high parasitic absorption of fast neutrons by *N. The problem of
14C could be avoided by using **N. However, the process of °N enrichment is expensive.

4.2. FABRICATION EXPERIENCE

The different techniques of synthesis and consolidation of MC and MN are similar because these non-oxide
actinide compounds are isostructural, completely solid soluble and have very similar physical, chemical and
thermodynamic properties. UC, PuC, (U, Pu)C, UN, PuN and (U, Pu)N are difficult and expensive to fabricate
because of the following main reasons:
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— Firstly, the numbers of process steps are more compared to that of oxide fuel;

— These actinide compounds are highly susceptible to oxidation and hydrolysis and are pyrophoric in powder
form. The entire fabrication is, therefore, required to be carried out inside leak tight glove boxes maintained
in an inert cover gas (N,, Ar, He etc) atmosphere containing minimal amounts of oxygen and nitrogen
(<20 ppm eachy;

— The stringent control of the carbon contents is needed during the different stages of fabrication in order to
avoid the formation of the unwanted metallic phase and for keeping higher carbides (M,C; and MC,) within
acceptable limits. Higher nitrides (M,N; and MN,) dissociate to MN at elevated temperature (>1400°C) in
inert atmosphere and pose no problem.

Table 8 summarizes the basic differences in the manufacturing of carbide and nitride fuel with the oxide fuel.
The two main steps for fabrication of UC, UN, PuC, PuN, MC and MN fuels comprise; () preparation of

buttons, powders, clinkers, or sol-gel microspheres of the monocarbide or mononitride, starting either from the

(0),4

ide or from the metal; (b) fabrication of fuel pellets, followed by loading of the fuel pellet stack in cladding tube

and encapsulation or vibro-packing of granules or microspheres in fuel cladding tube followed by encapsulation
[10].

4.2.1. Synthesis of MC and MN

The following are the principal methods of synthesis of MC and MN [10, 35, 36]:

— Direct synthesis by arc-melting;

— Hydriding-dehydriding of bulk metal (to form fine metal powder) followed by carburization and nitridation
with methane/propane and nitrogen for obtaining fine powders of MC and MN respectively;

— Carbothermic reduction of oxide-carbon mixture in vacuum/argon and flowing nitrogen for preparation of
MC and MN respectively.

TABLE 8. COMPARISON OF MIXED URANIUM PLUTONIUM OXIDE, CARBIDE AND NITRIDE FUEL
FABRICATION USING UO, AND PuO, POWDERS AS FEED MATERIALS[M = U, PuOR (U, Pu)]

Basis Oxide Carbide/Nitride
Principal stepsin fabrication (a) Co-milling of UO, and PUO, (a) Mixing of UO,, PuO, and Carbon
(b) Compaction (b) Tableting
(c) Sintering (c) Carbothermic reduction
(d) Crushing
(e) Milling
(f) Compaction
(g) Sintering
Glove box atmosphere Air Inert gas: Ar or N, containing < 20 ppm each of O, and
moisture
Process controls (8 O/M (@ C/M or N/M
(b) Pellet density (b) O, C& N contents of powder and pellet

(c) MO,, M,C;& MC, or MO,, MN, and M,N, contents of
powder and pellets
(d) Pellet density

Additional equipment (a) High temperature furnace for carbothermic reduction
for (U, Pu)C fabrication (b) O, N and C analysers
(c) Trace oxygen and moisture monitors
(d) Personnel safety oxygen monitors
(e) Inert gas system — once through or recirculation —
purification
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Among these methods, the carbothermic reduction of oxides is the most attractive route for large scale
production and has, therefore, been studied extensively in all the laboratories associated with the development of
MC and MN fuels. In the carbothermic reduction of oxide, a high degree of microhomogenity of the starting oxide-
carbon mixture is necessary. Otherwise, localized deficiencies and excesses of carbon will lead to the formation of
unwanted phases. The requisite homogenization is achieved either by a‘dry method’ involving prolonged milling
and blending of the oxide-carbon powder-mixture followed by pelletizing or alternatively by a ‘wet chemical
route’, popularly known as the ‘sol-gel’ process. In the ‘sol-gel’ route, gelled microspheres (100200 pm) of oxide
plus carbon are prepared from the nitrate solution of uranium and plutonium by ammonia external or interna
gelation processes.

Figure 19 shows the sol-gel process adapted by the Paul Scherrer Institute (PSl), Switzerland, for fabrication
of high density (U, Pu)C and (U, Pu)N microspheres for manufacturing ‘vibro-sol’ fuel pins. The ammonia'‘internal
gelation’” was followed for preparation of the hydrated gel-microspheres.
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FIG 19. Vibro-sol process, using ammonia internal gelation, for manufacturing (U, Pu)C and (U, Pu)N fuel pinsin PSl, Switzerland.
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4.2.2. Carbothermic synthesis of (U, Pu)C from oxide

The overall simplified chemical equation for the production of monocarbide by carbothermic reduction of
oxide can be represented by the following reaction [10, 35] :

MO,+3C=MC+2CO1 (4.1)

where MO, is either amechanical mixture or asolid solution of UO, and PuO,.

Figure 20 summarizes the various carbothermic reduction techniques developed for the synthesis of MC.
During carbothermic reduction, the control of the partial pressure of carbon monoxide is very important since the
evolution of this gas not only constitutes the primary reduction mechanism but also controls the kinetics of this
reaction.

‘Single-step, solid state synthesis in a static bed’ is the simplest technique for preparation of MC. In this
method, the MC end product will always contain M,C, second phase and residual oxygen and nitrogen impurities.
This is because oxygen and nitrogen act as carbon equivaents and replace ‘C’ in the MC lattice to form the
compound (U, Pu) (O,N,C, ), where ‘x’, z and their summation is less than 1.0.

Figure 21 illustrates the process steps followed in Indiafor preparation of plutonium rich (U, Pu)C pelletsfor
FBTR by the single step ‘ carbothermic synthesis' route in a static bed.

‘Two-step solid state synthesis in a static bed’ is an improvement over the single-step synthesis and aims at
the preparation of single-phase MC with very low oxygen and nitrogen contents and with practically no losses of
plutonium by volatilization. M,C,, unlike MC, has very little oxygen and nitrogen solid-solubility and can be easily
formed at a lower carbothermic temperature, thereby, minimizing plutonium volatilization loss. In the first step,
carbothermic reduction at arelatively low temperature with excess carbon ensures that only M,C; is formed. In the

TWO STEP SYNTHESIS SINGLE STEP SYNTHESIS REACTION SINTERING
[ro,] [c] [uo,] ro,| [c] [vo, C
Eoecousosusosionsin ¥
BLENDING BLENDING BLENDING
& & &
MILLING MILLING MILLING
COMPACTION COMPACTION [ compacion | /
]
AIR i
ATMOSPHERE !
T
ARGON 1
ATOMOSPHERE !
v v
¥ - ¥ REDUCTION {7 RebuCTION |
REDUCTION REDUCTION A s | ] s ! 4
et ee 1 iy | 1-STAGE ) PUO,+3C=PU(O.C, )+ | I U0#3C=UCH200
O, MG | M0, 3 3C=MCH 300", 2y)CoC | bcmsase v ]
o
CRUSHING & MILLING 1 — * .[.. 5
L i I CRUSHING & MILLING | [ crusninG & MILLING |
| ('()M.PA('T",,\'“. i
COMPACTION | COMPACTION
H, = REDUCTION o l
I1-5TAGE
MO, + 21, = 2MC + CH, arecoanaan
| SINVERING REACTION SINTERING
SINTERING AUCH1-x)Pu(0,C, )+ 2y(1-x)C
: = U, Pu, Cy(1-x) CO

FIG 20. Different carbothermic reduction processes for synthesis of (U, Pu)C starting from UO2 and PuO2 powders (single step
synthesis of oxide + graphite mixtureis most common).
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FIG 21. Process stepsfollowed in India for preparation of plutoniumrich (U, Pu)C pelletsfor FBTR by the ‘single step ‘ carbothermic
synthesis' routein a static bed.

second step, the M,C; is crushed, milled and treated with hydrogen at ~1 123 K in order to reduce it to MC and
remove free carbon as methane.

The three-step ‘reaction-sintering’ process involves separate preparation of UC and plutonium oxycarbide by
carbothemic synthesis of the respective oxides. The low temperature of plutonium oxycarbide formation minimizes
the plutonium volatilization loss. In the third step, the uranium carbide and plutonium oxycarbide powders are
blended, compacted and subjected to reaction sintering.

4.2.3. Carbothermic synthesis of (U, Pu)N from oxide

The overall chemical reaction for carbothermic synthesis of MN starting from the oxide can be represented by
the following equation [32]:

MO, + 2C + /2N, = MN + 2CO 1 (4.2)
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In the carbothermic synthesis of MN, N, plays the dual role of the reactant and the carrier for the removal of
CO. Thereaction product will have the general formula(MN,, ,C,O,). The oxygen and carbon retained in MN will
depend on the partial pressures of nitrogen and carbon monoxide, flow rate of reacting gas (N,, N, + H,), the oxide
to carbon mole-ratio of the starting MO,-C mixture and whether hydrogen is used for removing the excess carbon
[38, 39]. Theideal way to obtain nearly single phase MN with very low oxygen, carbon and higher nitride isto use
around 10% excess carbon in the oxide-carbon mixture, a synthesis temperature of 1500-1600°C in flowing N,
followed by N, + H, and Ar. The CO in the exhaust gas should be closely monitored.

The process flow sheets followed for synthesis of (U, Pu)N fuel by ‘powder-pellet’, SGMP and vibro-sol
processes are shown in Fig. 22.

The initial oxides and carbon are mixed up in ball mill/attritor and are pressed at a pressure of 75-150 MPa.
The tablets are loaded in the furnace and heated up in a flow of nitrogen for nitriding and followed by nitrogen-
hydrogen mixture for removal of excess carbon. Temperature of uranium nitride production isfrom 2020 to 2220 K,
and mixed uranium-plutonium nitride is from 1820 to 1920 K. At the end of nitriding process the product is cooled
in argon atmosphere to avoid formation of U,N,.

4.2.4. Consolidation of MC and MN

The principal methods of consolidation of MC and MN microspheres or powders in the form of small
diameter fast reactor fuel pinsare:

— Cold pelletization of the powder into pellets followed by sintering;

— Direct pressing;

— Vibratory compaction of the granules, microspheres or crushed clinkersin cladding tubes;
— Sol-gel microsphere pelletization.

In the fabrication process involving cold pelletization followed by sintering, suitable binders and sintering
aids (if any) are added to the milled powder and the milling is continued for several hours for proper
homogenization. However, the use of attritor instead of ball mill reduces the milling time for powder
homogenization significantly. The powder is then compacted into pellets (length to diameter ratio ~1.6), preferably
in a double action press at 60200 MPa, followed by sintering in argon — hydrogen gas or vacuum in the
temperature range 1400-1900 °C. Pellets of MN with density 88-95% of theoretica are produced by pressing at
100-300 MPa and sintering in vacuum or in an atmosphere in argon and hydrogen mixture at ~1600 °C.

Inthe ‘direct pressing’ route, [1] the MC or MN clinkers after carbothermic synthesis are directly compacted
and sintered thus avoiding the crushing and milling steps. This process generates fuel pellets with densities in the
range of 80-88% TD, reduces oxygen contamination, risk of self-ignition, dust generation, radiation exposure to
personnel, concentration of metallic impurities, etc.

The vibratory compaction or vibro-sol route has several advantages over the ‘ powder-pellet’ route. First, the
number of fabrication stepsisless and there is maximum flexibility of operation. Given two or three different sizes
of particles, fuel cladding tubes of any internal dimensions can be vibro-filled to a wide range of smear densities
(60-90% TD). Unlike the other methods, the questions of surface grinding of rods, centreless grinding of pellets
and die or mold sizing for particular pins do not arise at al [1]. The vi-pack route is amenable to automation and
remotization and avoids handling and generation of fine MC and MN powders, which are highly radiotoxic and
pyrophoric.

The SGMP process is a hybrid of the ‘vibro-sol’ and the ‘powder-pellet’ routes, where the fabrication
advantages of sol-gel process is combined with the in-pile performance advantages of ‘pellet-pin’ design [43]. The
advantages of SGMP process are as follows:

— ‘Radiotoxic dust hazard’ and pyrophoricity hazard are minimized;

— Dust free and free flowing microspheres facilitate automation and remotization;

— Fabrication steps for monocarbide and mononitride fuel pellets are significantly reduced;

— Excellent microhomogenity is ensured in fuel pellets because U and Pu are mixed as nitrate solutions;

— Fabrication of relatively low-density pellets (~85% T.D.) with ‘open’ pore structure specified for He-bonded
FR fuel pinsis possible without addition of pore former.



Uranyl

nitrate

Plutonium

Y Y
Ammonium Plutonium
Diuranate Oxalate

{ADLU)

Y h 4
CALCINATION CALCINATION
(U0 powder) (Pul); powiler)

Graphite
Powder
Y v A 4

MIXING - GRINDING

Y

TABLETING
(UO; +PullOy +C)

Y

CARBOTHERMIC
REDUCTION
in vacuum for (U, Pu) C clinker
in Nz + H; for (U, Pu)N clinkers

CRUSHING, MILLING &
BINDER ADDITION
(U, Pu)N powder]

- Powder-pellet

PRECOMPACTION &
GRANULATION

!

I PELLETIZATION

Y

| DEWAXING

Y

SINTERING
(U, Pu)N Fuel Pellets]

Y

nitrate

Y Y

BROTH (for external gelation)
or
SOLUTION (for internal
gelation)
PREPARATION

Y

ADDITION CARBON BLACK

Y

EXTERNAL / INTERNAL
AMMONIA GELATION

Vibro-sol route

Y

WASHING & DRYING
Gel-microspheres
(UO; +PulO; +C)

A 4

CARBOTHERMIC REDUCTION
in vacuum for (U, Pu) C clinker
in N2 + H; for(U,Pu)N
microspheres

SGMP route

A 4

A 4

PELLETIZATION

h 4

SINTERING
(U, Pu)N Fuel Pellets]

h 4

Loading in cladding rubes &
encapsulation

Vibratory compaction of
microspheres in cladding to be and
encapsulation

Loading in cladding rubes &
encapsulation

FIG 22. Process flow sheet generally followed for synthesis of (U, Pu)N from UO, and PuO, powders.

35



The process flow sheet developed in India consists of the following major steps:

— Preparation of hydrated gel-microspheres of UO; + PuO, and UO; + PuUO, + C by ‘ammoniainternal gelation’
process, using hexamethylene tetra amine (HMTA) as ammonia generator, urea as a buffer and silicone oil at
90°C as gelation bath;

— Carbothermic synthesis in vacuum and flowing N,/N, + H, for preparation of press-feed microspheres of (U,
Pu)C and (U, Pu)N respectively;

— Cold-pelletization and sintering.

The dust free and free flowing MC and MN microspheres are directly cold-pelletized at around 1200 M Paand
sintered at 1700°C in Ar + 8% H, atmosphere.

4.3. IRRADIATION EXPERIENCE
43.1. EBR-Il and FFTF, USA

During the 1970s and early 1980s a substantial development effort was directed towards irradiation testing of
mixed carbide fuel in EBR-1I and FFTF. Some 470 MC fuel rods were irradiated in EBR-I1 and another 200 fuel
rodswereirradiated in FFTF. The parameters explored included: sodium or helium bond, variation in cladding type,
(316, D9, 321 stainless steels and ferritic HT-9 and nickel based PE-16), variation in pellet density (84% TD for
solid fuel pellets and 97% TD for annular pellets), variation in pellet cladding gap size (0.13-0.2 mm) and both
pellet and sphere-pac fuel. In most cases, all the high density pellet pins failed whereas all low density pellet pins
survived. The main conclusion was that the fuel cladding mechanical interaction (FCMI) is too severe for pellet
densitiesin excess of 85 % T.D.

During the course of irradiating MC fuel in EBR-II, 21 fuel breaches occurred. Fifteen of the breaches
occurred with PE-16 clad fuel. The failures were due to the embrittlement of the cladding where the failures tended
to occur under the wire wrap. The remaining six were observed to be in Na-bonded rods, but those results were
deemed less relevant because emphasis was placed on He-bonded MC fuel [44]. One rod breached in FFTF, but
there was no post-irradiation examination of that rod. The FC-1 FFTF experiment (a full-size, 91-rod FFTF
assembly) attained goal burnup with breach. A peak fuel burnup of 20 at.% was achieved in EBR-11 for 10 MC fuel
rods clad in Type 316 stainless steel [10, 45]. Of those rods, 5 had experienced a 15% transient-overpower test in
EBR-II after attaining 12 at.% burnup. Thirteen other He-bonded rods and 3 Na-bonded rods attained 16 at.%
burnup in EBR-Il without breach. The FFTF AC-3 experiment results showed that, for the relatively low
temperature conditions used for the test, the pellet fuel and sphere-pac exhibited only minor differences in
behaviour, and both performed in a manner consistent with the rest of the MC fuel database [46].

MC fuel tends to crack because the relatively high thermal conductivity of carbide fuel allows the fuel to
operate at alow temperature where its brittle properties cannot withstand even the modest tensile stresses formed
under athermal gradient. Such cracking and resulting fuel relocation has not been observed to cause premature pin
failure. Carbide fuel failures typically result from FCMI, owing to the fact that fuel swelling is greater than that of
the oxide which leads to early fuel/cladding gap closure, and since it generally operates at relatively low
temperature, fuel creep is not effective at relieving cladding stress [44]. For this reason, MC fuel pin design must
incorporate alarge fuel/cladding gap and make use of alow density fuel in order to delay the onset of FCMI. While
cladding carburization has been a historical concern for MC fuels, and was observed in the Type 316SS-clad rods
irradiated in EBR-11, no fuel failures have been attributed to this phenomenon [44, 47].

Ten transient-overpower tests involving MC fuels were conducted in TREAT using fuel irradiated in EBR-II
to burnup ranging from 0 to 12 at.%, primarily for the purposes of establishing that cladding breach would occur at
a margin above that of the FFTF plant protection system settings (at 115% and 125% overpower). The results
suggested FCMI-induced breaches, but most importantly indicated comfortable marginsto failure (roughly 3 times
nominal linear heat generation ratein aMC fuel and up to 6 times the nominal linear heat generation rate typical of
oxide fuel cores). The rods indicated only small cladding strains and small amounts of liquid-phase penetration of
the cladding. The conclusion of the test series was a determination that nothing in fuel transient-overpower
response would prevent or limit application of MC fuelsto fast reactors[10, 47].
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The EBR-II tests also included rods irradiated beyond goal burnup to breach and one intentionally defected
rod irradiated for 100 days beyond cladding breach. The intentionally defected rod exhibited a reaction between the
fuel and the coolant (presumed to be the oxygen within the coolant) that resulted in a higher specific volume
reaction product that caused expansion and widening of the defect. However, it was observed that little fuel was
released from the cladding into the coolant. Other rods irradiated to natural breach in EBR-I1 did not exhibit that
phenomenon. MC fuels appear to operate benignly after cladding breach [16, 44]. Another experiment in EBR-II
irradiated aMC fuel rod with a purposely induced Na-bond void intended to simulate a Nabond void resulting from
Na expulsion during irradiation, and although the fuel rod exhibited microstructural changes reflecting alocal high
fuel temperature, there was no loss of cladding integrity. This experiment indicated that M C fuel would withstand a
Na bond expulsion of some magnitude. A detailed presentation of MC characteristics and performanceis givenin
[32, 10].

Theirradiation performance database for MN fuelsis substantially smaller than that for MC fuels. Compared
to MC fuels, MN fuels exhibit lessfuel swelling, lower fission gasrelease, and are considerably easier to reprocess,
however, the problem of the production of biologicaly hazardous **C in nitride fuels fabricated using natural
nitrogen poses a considerable concern for the reprocessing of MN fuels[48].

MN fuels were found to exhibit extensive cracking and fragmentation during simple startup and shutdown
transientsif operated at high temperatures. This cracking phenomenon was considered to be the reason for the early
fuel failures seen in US irradiation tests [49]. Use of a metallic shroud around the fuel column to prevent fuel
relocation subsequent to fragmentation provided an engineering solution to this problem to some extent.
Nevertheless, the US specifications for MN fuels recommended that their peak fuel temperatures be restricted to as
low as 1200°C to mitigate fragmentation and eliminate the need for the use of shrouds. A further issue of concern
regarding MN fuels was that they dissociate at temperatures substantially lower than their congruent melting point
if a nitrogen overpressure is not maintained. A more detailed description of MN fuel characteristics and
performanceis givenin [32].

43.2. FBTR, India

The fast breeder test reactor (FBTR) in India uses a unique mixed carbide of high plutonium content
(Ug3 Puy,)C asthedriver fuel and 20% cold worked austenitic stainless steel SS316 as the core structural material.
A design limit of 50 GW-d/t burnup and linear heat rating of 320 W/cm was arrived for this fuel composition based
on out of pile experiments, physiochemical characterization and theoretical studies. However, the burnup of this
fuel has been progressively increased to about 160 GW-d/t at a peak linear heat rating of 400 W/cm aided by
stage-wise post irradiation examination (PIE) carried out after 25, 50, 100 and 155 GW-d/t burnup and thermo-
mechanical modelling. No fuel pin failure has occurred so far indicating the excellent performance of mixed
carbide fuel.

Swelling of the fuel was studied at different burnups using non-destructive techniqueslike X radiography and
neutron radiography and destructive techniques like ceramography. The lower operating temperatures with higher
Pu content of the fuel resulted in lower swelling rates even at high burnup. Ceramography of fuel cross sections at
lower burnups indicated free swelling regime as evident from the radial cracking patterns and observed
post-irradiation fuel-clad gap. The free swelling rates of the carbide fuel were in the range of 1-1.2% per at%
burnup. Figure 23 shows the comparison of photo-mosaics of fuel-clad cross sections at the centre of the fuel
column at different burnups. With increasing burnup beyond 50GW-d/t, the cracking pattern changed to
circumferential with the closure of fuel-clad gap indicating a restrained swelling phase. A progressive reduction in
the porosities was observed on the fuel microstructure with increasing burnups. At the burnup of 155 GW-dt,
distinct porosity free peripheral zones were observed in the fuel. Thisindicated that Pu rich carbide fuel on account
of its lower melting point exhibited sufficient plasticity to accommodate the swelling in fuel clad mechanical
interaction (FCMI) regime by creeping (the melting temperature of mixed carbide with 70% PuC is 2 148 K and
that of the fuel with 20% PuC is 2 750 K). The clad microstructure did not indicate any evidence of carburization
even at high burnup. A maximum gas release of 16% and an internal pressure of 2.09 MPa in the fuel pin due to
fission gas release indicate alow fission gas release in carbide fuel even at 155 GW-d/t burnup [50].

The major concern was the significant increase in dimensions of SS316 hexagonal wrapper and fuel pins and
degradation in their mechanical properties. Dimensional changes were significant beyond 100 GW-d/t burnup
(56 dpa) with a faster rate of increase at 155 GW-d/t (83 dpa) as compared to the trends at lower burnups. The
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FIG 23. Comparison of ceramographs of FBTR fuel-clad cross-section at various burnup.

measured strains were found to be predominantly from the void swelling of the SS316. While cladding operating at
723 K-803 K showed reduction in strength and ductility with increasing neutron displacement damage, the wrapper
at 673 K-703 K indicated increase in strength (hardening) and reduction in ductility. Transmission electron
microscopy (TEM) studies of irradiated SS316 showed extensive void formation beyond 40 dpa and precipitation
of type Si rich MgC (1) and cubic G phases at higher displacement damages.

4.3.3. Experience in France, Germany, the UK and the Russian Federation

In France, the (U, Pu)C fuel pins with 71% T.D. smear density reached a burnup of 12 at.% with clad
deformation of 1 to 3%. The German mixed carbide fuel irradiation programme (75% TD smear density,
800 W/cm) was successfully tested under power cycling and transient conditions.

The mixed carbide pin irradiation programme in the UK was successful with low smear density (70% T.D.)
vibro-packed fuel of about 1000 W/cm, with target burnup of 100 GW-d/t. From the analysis of the failed pins
performed by the programmes mentioned above, the following conclusions can be made:

— The performance of He-bonded (U, Pu)C pins is strongly influenced by design parameters, in particular,
smear and fuel pellet density and the pin diameter play a primordial role;

— Cladding breaches are due to fuel swelling and loss of clad ductility due to carburization. FCMI is tolerable
only when the hoop stress exerted on the cladding is circumferential and of near-cylindrical symmetry.
Localized stresses for long periods of time often lead to clad fracture.

Clad carburization in hyperstoichiometric fuel has been recognized as a problem, less in He-bonded pins but
more in Na-bonded pins, where excessive carburization can occur with hyperstoichiometric (U, Pu)C,,,. The
carburization is generally characterized by the formation of M,;C; type carbide. The transfer of carbon from fuel to
cladding could lead to serious clad carburization problem. The major driving force for the reaction between carbon
and stainless steel is provided by the very low free energy of formation of various carbides among which those of
the type (FeCr),,Cg are found to play the major role in the carburization processes; the equilibrium carbon activity
of Cr,C islower than the carbon activity of ahyperstoichiometric uranium carbide by several orders of magnitude.
The dissociation reaction:

M,C,— 2MC+C (4.3)

can therefore be thought to control carburization of steel cladding.

The problem of clad carburization in case of MN fuel has not been studied to the same extent as MC. In the
case of He-bonded MN fuel pins, wherever the starting fuel contained about 3000 ppm O and C, the proposed
transfer mechanism of C is either by diffusion through the fuel after contact with the clad or by CO/CO, transfer.
The eradication of the clad carburization problem is possible only if the MN fuel contains very low residual oxygen
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and carbon impurities. This could be achieved only if the MN powder is prepared by the hydriding-dehydriding
followed by nitridation route and hot carbothermic nitridation of the oxide in the case of MN fuels.

Russian experience shows that carburization of austenitic stainless steel cladding in case of pure MN (content
of O and C less than 0.2% of each) is 2.5 times lower than that of low purity MN. For MN with 0.2-0.5% O and
0.3-0.5% C, the depth of corrosion attack (carburization) was ~50 um for He-bonded fuel at burnup of 8.2 at%.

4.3.4. Advanced fuels with minor actinides (MA)

Nitride is a candidate material of advanced fuels for fast reactors and for transmutation of minor actinide
elements such as Np, Am and Cm because of its advantageous thermal and neutronic properties [52]. Nitride fuels
are attractive primarily due to high thermal conductivity relative to actinide oxides, high actinide density, and
simple phase equilibria— only arock salt (face-centered cubic) phaseis known to forminthe Np, Pu, Am, and Cm
systems. The major issue confronting the use of this fuel is the need to enrich nitrogen in the N isotope in order to
avoid production of large amounts of *4C in reactor through the N (n,p)*“C reaction.

Typicaly, ZrN, TiN, YN, or AIN are proposed as the inert matrix phase for nitride fuels. Recent emphasis has
been on fabrication of these inert matrix fuels (IMF) of specimensfor irradiation testing. NpN, (Np,Pu)N, (Np,U)N,
AmN, (Am,Y)N, (Am,Zr)N, and (Cm,Pu)N have been recently prepared by JAERI by the carbothermic reduction
of oxides [55]. For the heterogeneous recycling of Am and Cm without U, solid solution or dispersed fuels,
so-called U-free fuels, can be used in order to attain the requirements of the target for ADS such as chemical and
physical stabilities at high temperature and high radiation dose. Nitrides containing MAs such as AmN, (Am,Y)N,
(Am,Zr)N and (Pu,Cm)N have aready been synthesized by the carbothermic reduction technique using their oxide
powders as starting materials, where a carbon-rich condition was chosen from the properties that MA elements
reduce the stability of carbides and increase the stability of oxides. Pellets of (Pu,Zr)N and two-phased TiN + PuN
have been fabricated and these pellets are undergoing irradiation testing. Activities on (Pu,Zr)N fuel fabrication are
also conducted in Switzerland as part of the CONFIRM programme and in the USA as part of the AFCI programme
[54].

5. METALLIC FUELS

5.1. INTRODUCTION

Metallic fuel was the first to be selected for the experimental fast reactors in the USA and the UK, in the
1950s, based on the ease of its fabrication, high thermal conductivity and high fissile and fertile atom densities,
which facilitates higher breeding and the use of smaller cores. The EBR-1 in the USA used unalloyed uranium, U-Zr
and Pu-Al and the Enrico Fermi reactor was fuelled with U-Mo alloy. The DFR in the UK utilized the U-Mo aloy
fuel and aso tried the U-Cr alloy. The major drawbacks of metallic uranium and plutonium and some of their aloys
are unusual irradiation growth and swelling attributed to anisotropic crystal structure and formation of low melting
eutectic with the cladding material. With the addition of proper alloying elements, and following proper heat
treatment, the isotropic phases are made predominant which enhanced the dimensional stability. The EBR-II
initially operated with U-5% Fs (Fsis fissium, a simulated mixture of noble metal fission products of composition
(Wt%): 2.4% Mo, 1.9% Ru, 0.3% Rh, 0.2% Pd, 0.1% Zr and 0.01% Nb) cores and later used U-Zr as driver fuel.
Later, an integral fast reactor (IFR) concept was developed in the USA, for which the choice of fuel was
U-19 wt%Pu-10 wt%Zr. Zirconium was added to increase the solidus temperature of the fuel and to enhance the
chemical compatibility between fuel and stainless steel cladding. A number of U-Pu-Zr fuel pinswereirradiated in
EBR-Il and FFTF to high burnup (20 at.%) [57].

The closed fuel cycle, with the reprocessed product always remaining highly radioactive, was the key to
proliferation resistance. This fuel cycle made use of, through fissioning, the minor actinides (americium,
neptunium, curium) and as well the bred plutonium. During the 1990s to the present, the direct disposal of spent
light water reactor (LWR) fuel in a permanent repository became an obstacle for the further use of nuclear power.
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The actinides in the spent fuel, with their several thousand year half-lives and high heat loads, made licensing the
repositories a difficult task, with many adversaries. If the actinides could be removed from the fuel and fissioned
then the radioactive half-life of the spent fuel would be reduced to hundred year half-lives of the fission productsin
the fuel. The rationale for the repository would then be more credible, the heat load would be much less, and the
capacity of the repository would increase.

The integral fast reactor (IFR) concept and its fuel cycle were developed in the USA, based on the actinide
recycle Programme (ARP). The IFR fuel cycle, shown in Fig. 24, is based on reprocessing of its spent U-Pu-Zr
alloy fuel using molten salt electro refining process.

The molten salt electro refining operation involves the following steps:

— Chopping of fuel pin containing spent fuel into pieces and loading into the electro refining cell in a basket;

— Addition of CdCl, to the electro refining cell at a temperature of 773 K to transfer most of the actinides,
sodium and fission products as chlorides to the el ectrolyte (eutectic mixture of KC1 and LiCl);

— Deposition of U on a solid cathode (dendritic deposit);

— Introduction of cadmium cathode in the cell as the pre-determined concentration of Pu is reached in the
electrolyte to deposit Pu and the remaining actinides, including an approximately equal amount of uranium on
the cadmium cathode.

A cylindrical rod of low carbon steel (zirconium, molybdenum or uranium also may be used) is used as the
cathode for selective deposition of uranium. The higher thermodynamic stability of PuCl; compared to UCl,
rendersthe deposition of plutonium on solid cathode impossible, unless the PUCl, to UCI, ratio is >2 which is not
realizable under normal process conditions. However, co-deposition of uranium and plutonium on liquid cadmium
cathode is enabled by the lower activity coefficient of Puin cadmium compared to that of uranium. Liquid cadmium
cathode (liquid cadmium in a beryllia crucible) is used in the IFR reactor fuel cycle pyroprocess.

The deposit of uranium and plutonium on the cadmium cathode tends to grow and short the electrodes and
hence a rotating cathode is used to compress the salt/cadmium surface to produce a deposit without dendrites.
Cathode deposits are removed from the electrorefining cell after the process is completed. Uranium is separated
from the salt (in case of solid cathode) and U-Trans-Uranium Elements (TRU) from cadmium (in case of molten
cadmium) through distillation in a retort and then melted. Ingots of materials are used for fabrication of fuel
elements by injection casting process [58, 59].

The R&D on fabrication of metal fuel has been performed at the plutonium facility in JAERI/JAEA under the
collaboration of CRIEPI and JAERI/JAEA. A small amount of U-Pu-Zr alloy is now being fabricated at the
plutonium facility in JAEA, and the aloy will be used for pin irradiation test in JOY O. The compatibility test
between metal fuel and sodium was done. A very small scale irradiation test of metal fuel was done in Phenix,
France and PIE was done mainly in ITU, Germany under collaboration between CRIEPI and ITU. The meta fuel
pinirradiation test is planned in JOY O in near future.

Since 2007, fabrication technology of metallic fuel for the SFR is being developed in the Republic of Korea
(ROK) as a national nuclear R&D programme.. Various casting technologies have been tested in laboratory scale.
Rod-type samples of U-Zr and U-Zr-Ce (Cerium as Am surrogate) were fabricated by vacuum injection casting and
vacuum-assisted gravity casting. Alternate fabrication techniques such as continuous casting which was used for
fabrication of U rods and centrifugal atomization for the preparation of spherical powder of U-Zr are being
devel oped.

5.2. FABRICATION

Metal fuel was fabricated with a variety of techniques. Many techniques were deficient in that they did not
lend themselves to remote fabrication in a hot cell and specia heat treatments and alloying were required to avoid
excessive irradiation induced growth due to the preferred orientation of the alpha uranium.

Injection casting of the uranium alloyed fuel was developed early and proved to be the best method to
fabricate the fuel in a remote environment. Figure 25 shows the principal components of a metal fuel pin. The fuel
slug is cast such that agap existsinitially between fuel and cladding. The gap is sized to allow enough fuel swelling
for interconnected porosity and gas release to occur. This phenomenon will be discussed further in the performance
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FIG 25. Principal components of sodium bonded metallic (U-Zr and U-Pu-Zr) fuel pin.

section. The gap is filled with sodium for adequate heat transfer during early stages of irradiation, before the fuel
has swelled to contact the cladding. The sodium partialy fills the porosity when interconnection occurs. The free
plenum above the fuel is sized to keep the hoop stress on the cladding, due to gas pressure from fission gas release,
within tolerable limits, to accommodate displaced sodium and also to accommodate axia expansion of fuel rod.
The plenum above the fuel is initialy filled with helium and a xenon isotope tag gas. The wire wrap around the
cladding affords pin to pin separation and uniform flow of the liquid sodium coolant.

Figure 26 shows the flow sheet for preparation of sodium bonded metal fuel pins. The fuel slugs are injection
cast in an induction furnace. The electro magnetic field from the copper induction furnace is of dual frequency. At
high frequency the field couples with the graphite crucible for heating of the melt while at low frequency the field
couples with the melt for a stirring effect.
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FIG 26. Flow sheet for fabrication of sodium bonded U-Zr and U-Pu-Zr fuel pins.

The graphite crucibles are coated with alcohol slurry of yttria to prevent the melt from reacting with the
crucible. The crucibles are capable of repeated use [60]. The melt is heated to about 1600°C under an argon
atmosphere. The furnace is then evacuated and 100 quartz molds, the open end of which, areimmersed in the melt.
The furnace is immediately pressurized with argon to fill the quartz molds. The pallet that contains the molds is
lifted from the melt where the cast fuel immediately solidifies. Figure 27 shows a photograph of the injection
casting facility at the Argonne National Laboratory, USA.

The quartz molds are coated with zirconia to prevent the fuel slugs from sticking to the molds. Upon cooling,
the fuel slugs are removed from the quartz molds and sheared to length. No grinding of the surface of the slugsis
necessary because the diameter of the fuel slugs reflect the precision of the quartz molds. The temperature of the
melt cannot exceed 1600°C because the quartz will soften to an unacceptable extent. Thus, the amount of zirconium
added to uranium was limited to 10 wt%.

Once injection cast, the fuel slugs are inserted directly into the cladding that contains the sodium bond. Any
excess material after cutting the metal fuel slugsis simply put in the next casting rather than directed to the initial
steps of a complicated ceramic powder preparation line. Subsequent steps for the loading of the fuel pin arefirst to
put the fuel slug in the cladding jacket and then add the appropriate amount of solid sodium. This is done in a
helium glove box for cold fuel. The pins are then heated to liquefy the sodium and xenon tag gas, if desired, is
added. An end cap is then welded on the cladding jacket. Bond quality is deduced by measuring the sodium level in
the plenum above the fuel with X ray radiography and eddy current testing. All of the above steps lend themselves
readily to remote fabrication in a hot cell environment.
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FIG 27. Facilitiesfor injection casting of U-Zr and U-Pu-Zr metallic fuel in ANL, USA.

The casting of the fuel pinsis sensitive to a few parameters. The type of defects that would occur in the fuel
slugs are porosity, hot tears, and short slugs. The parameters that need to be optimized to avoid these defects are the
melt temperature, temperature of the molds prior to injection of the fuel, rate of pressurization, and the quality of the
zirconiamold wash.

Improvementsin the injection casting process involved the search for better molds to replace the quartz molds
and reusable crucibles that would last longer than the graphite crucibles. One method that was successfully used
wasto cast directly into thin zirconium tubes [61]. The ideawas that since the zirconium migrated to the surface of
the fuel during irradiation that the performance would not be atered. Both the fuel and the zirconium tube were put
in the stainless steel cladding. Beryllia crucibles were successfully used on alimited basis to replace the graphite
crucibles used for melting the fuel charge.

Recently, the Central Research Institute of Electric Power Industry (CRIEPI), Japan, has set-up an
engineering scale injection casting facility for manufacturing U-10%Zr aloy in batches of 20 kg [62]. Figure 28
shows the outline of the fabrication process of U-10%Zr by injection casting at CRIEPI. Uranium and zirconium
metals are melted in a graphite crucible which is inductively heated in a 30 kW furnace at 3 kHz. The graphite
crucible is internally coated with yttria to avoid any chemical interaction between the molten metal and graphite.
The mold bundle had 38-72 one end closed silica molds coated internally with zirconia. After melting, the crucible
is evacuated and the open ends of the silicamolds are lowered into the molten metal alloy. The vessel isthen refilled
with argon in order to inject molten fuel alloy into the silicamolds. After cooling, the fuel alloy castings are sheared
off at both ends. The cast slugs met the following specifications:
diameter: 5 + 0.05 mm, length ~400 mm, density: 15.3-16.1 g/cm?, Zr: 10 + 1 wt%, total impurity (C, N, O, Si):
<2 000 ppm.

A similar facility isbeing set-up at JAEA under the collaboration between JAEA and CRIEPI for engineering
scal e experiments with U-Pu-Zr aloys.

In ROK, U-(5, 10, 15) wt%Zr binary alloys and U-10wt%Zr-(2, 4, 6)wt%Ce ternary alloys were cast by
vacuum injection casting using an assembly of quartz tube molds. The diameters of U-Zr and U-Zr-Cerodswerein
the range of 4—7 mm and the lengths were around 200 mm. Although vacuum injection casting was a proven
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FIG. 28. Outline of metal fuel fabrication process by injection casting [62].

FIG 29. Avacuum assisted gravity casting system installed in the KAERI metallic fuel research facility.

technology for mass production of metallic fuel pins, further improvements are needed in order to fabricate metallic
fuel with minor actinides. High level vacuum on the melt may facilitate evaporation of Am with a high vapour
pressure and use of the quartz mold may produce huge volume of long lived radioactive wastes.

A vacuum assisted gravity casting system was designed and installed recently as shown in Fig. 29 in order to
reduce the vaporization of Am during the casting process. The upper chamber for a crucible and the lower chamber
for a mold were separated to provide a pressure difference between the two chambers. During the casting of
U-Zr rod, the crucible chamber was pressurized and the mold chamber was evacuated in order to facilitate an
inflow of the melt into the mold assembly. High pressure of the crucible chamber and a crucible cover in this system
can reduce the vaporization of Am under an inert atmosphere [63]. Good quality U-(5, 10, 15)wt%Zr and
U-10wt%Zr-(2, 4, 6)wt% Ce rods with 610 mm in diameter and 300 mm in length were fabricated by the vacuum
assisted gravity casting.
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FIG 31. A conceptual diagram of a continuous casting system and a uranium rod being extracted by continuous casting.

Spherical U-10wt%Zr powder was fabricated by the centrifugal atomization method. When compared with
conventionally cast U-Zr, atomized U-Zr has finer grains and lamellar structure. Fine microstructures of metallic
fuel would enhance fission gas release rate during irradiation. Metallic fuel pins can be fabricated by vibration
packing of spherical U-Zr powder into a stainless steel cladding or a Zr sheath tube. Figure 30 shows the SEM
micrograph of U-10% Zr powder.

Continuous casting method can be an appropriate approach for manufacturing metallic fuel because waste
mould is not produced as a by-product of the fuel fabrication process. In the continuous casting of uranium, all
charged uranium melt in a crucible is extracted completely without any residues and good quality uranium rods
were obtained. The fabricated rod had a uniform diameter of 13.7 mm and alength of 2.3 m. Continuous casting of
U-Zr aloy for the SFR metallic fuel with a smaller diameter is under development (Fig. 31). It is difficult to
optimize the continuous casting conditions for multi-component aloys because their temperature range for
solidification is much larger than single component alloys.

India is also pursuing the metallic fuel programme for fast reactors. Engineering scale Injection casting
facility is being developed to facilitate fabrication of U-Zr fuel slugs. Experimental metallic fuel pin designs based
on sodium bonding and mechanical bonding are being considered for test irradiationsin the FBTR [64].
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FIG. 32. The phenomenon of interconnected porosity and gas release for metallic fuels of various compositions.

5.3. IRRADIATION PERFORMANCE

Early metallic fuel designs, Mark | and Mark |A of EBR Il, were not capable of reaching reasonable burnup
[65]. These designs attempted to control fuel swelling by heat treatment, aloy additions, and reliance on the
cladding strength but all these approaches were only partialy successful. The inexorable swelling of the fuel led to
breach of the cladding. However, by the late 1960s, a breakthrough was achieved and Mark 11 fuel design with a
larger gap between fuel and cladding and larger gas plenum solved the concern over the burnup capability of
metallic fuel. It was found that if the gap between fuel and cladding were made large enough then the fuel could
swell unrestricted until the porosity generated by the fission gas bubbles became interconnected and released [66].
This point occurred when the volume swelling reached 30%. The phenomenon of interconnected bubbles and gas
release, at the same degree of fuel swelling, was found to be independent of alloy composition as shown in Fig. 32
[67].

An added advantage of metallic fuel with the interconnected porosity was that when a transient occurs, the
thermal expansion of the fuel and volume increase due to temperature induced phase transformation would not
stress the cladding. Rather the fuel would flow onto itself into the open porosity [6].

A smeared fuel density of about 75% will ensure interconnected bubble formation by the time the fuel reaches
the cladding. Results of the irradiation experiments carried out on U-Pu-Zr fuel at smeared densities with 70%, 75%
and 85% [72] clearly show alarge increase in cladding diameter for the smeared density of 85%. The same effect
would materialize should the open porosity close due to solid fission product buildup.

The cladding of Mark Il design was changed from 304L to 316 stainless steels annealed and subsequently to
cold worked 316 and D 9 in Mark 111 and I11A. Initially U-5% Fs was used as the fuel and later it was changed to
U-Zr for equal performance without the necessity of the additional aloying elements[70].

Integral fast reactor (IFR) was a metal fuelled breeder concept with an aloy of uranium, plutonium, and
zirconium, designated, U-19Pu-10Zr, (where the compositions are given in wt%) as the fuel. The zirconium
increases the solidus temperature of the fuel and enhances the compatibility between fuel and cladding. A detailed
listing of al the irradiation experiments done on U-Zr and U-Pu-Zr metallic fuel in EBR-Il and FFTF are given in
reference [ 73] and summarized in Annex .
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At the conclusion of the IFR programme it was clear that up to 20 at.% burnup was achievable with U-Zr fuel
clad in ferritic-martensitic HT-9 (advanced alloys developed in the LMFR programme). Since the D9 austenitic
steel swelled more than the ferritic — martensitic HT-9 steel at high burnup, HT-9 was envisaged as the best
candidate material for cladding and duct for high burnup [74].

When metal fuel swells, the fuel slug diameter and length increase. The length increase is consistently less
than that would be predicted from isotropic swelling. This difference was attributed to the difference in swelling
behaviour between the hotter centre of the fuel and the colder periphery [72]. The sodium bonding has alarge effect
on the thermal conductivity of the fuel pin. Initially, the sodium provides a conduction path across the gap between
fuel and cladding. Asthe porosity formsin the fuel, the thermal conductivity of the fuel decreases until the porosity
interconnects and the fission gas is released. The sodium then ingresses into the open porosity and increases the
thermal conductivity. This phenomenon was measured with instrumented fuel pins[72].

Irradiated U-Pu-Zr metal fuel exhibits fuel constituent redistribution (to create Zr-depleted zones with
attendant lower, local solidus temperatures) as well as fuel/cladding interdiffusion enhanced by lanthanide fission
products present in increasing amounts with higher burnup. These two phenomena could lead to formation of lower
melting temperature composition regions in the fuel and to effective thinning of the cladding [79]. However, up to
a burnup of 20 at% and a peak cladding temperature of 590°C, weakening of the cladding was not observed for
U-Pu-Zr fuel clad with HT-9. Recently the constituent redistribution phenomena have been modeled [84]. The
Zr-depleted zone formation is more pronounced in U-Pu-Zr than in U-Zr and is temperature dependent (Fig. 33).
The low solidus temperature Zr-depleted zone would form in aregion of the fuel, where under normal conditions;
the temperature would not exceed the local solidus temperature. However, they melted under simulated transient
conditions at temperatures as low as 675°C, leading to breach in austenitic stainless steel cladding [78]. The
beneficial effects of Zr at the fuel/cladding interface were exhibited in various ways [87]. The zone boundaries vary
along the length of the fuel slug as the temperature changes. The formation of the boundaries is time dependent as
the alloy constituents rearrange in the radial temperature gradient. The porosity in the zones varies with the
composition and crystallographic phases present. The therma conductivity of the fuel would be difficult to
calculate considering the heterogeneity of the fuel. However, the performance parameters of the fuel are
satisfactorily determined by the average thermal conductivity of the fuel [72].

5.4. BEHAVIOUR UNDER TRANSIENT CONDITIONS AND AFTER CLAD BREACH

Tests and analyses were carried out on the metallic fuel core to demonstrate safe performance under a range
of transient conditions including the ultimate test where the liquid sodium coolant flow of EBR-11 was stopped as
the reactor was allowed to shut itself down without SCRAM and without human intervention [88, 89]. The driver
fuel proved to be extremely robust because after al the upset events, the fuel continued operating to its burnup
l[imit. An important result of the tests was that significant axial expansion of the fuel, inside the cladding, occurred
prior to expansion of the clad. Should an overpower transient occur in an operating reactor, this axial expansion
would reduce the reactivity and tend to shut the reactor down. The results consistently showed that metallic fuel
rods of modern design exhibited failure thresholds around 4 times nomina power (under the relatively fast
transient-overpower conditions used in the tests). The data from the transient tests and from a large number of
previous metallic fuel transient tests in TREAT were used to develop and validate models of fuel behaviour under
transient overpower conditions [29].

One of the concerns of the lanthanide buildup at the fuel-clad interface creates the potential for the formation
of alow melting alloy adjacent to the cladding that may cause cladding failure during an over-temperature event.
Irradiated fuel pins were heated in-cell to characterize the phenomenon. Even after heating the fuel that has been
irradiated to 17 at% burnup up to temperatures of 725°C for 7 hours, no evidence of liquid phase formation was
found [72].

Irradiation experiments have also been performed to assess the behaviour of metallic fuel after cladding
breach [73]. These experiments were accomplished with U-Zr and U-Pu-Zr fuel clad with 316, D9 and HT-9 steels.
At the time of cladding breach, the bond sodium was expelled with fission products, mainly ***Cs. No further
reaction occurred and no fuel was washed out. A summary of all the run-beyond-cladding-breach experiments is
given in [6].With the expulsion of the bond sodium the fuel temperature would increase. This increase in
temperature accelerated the diffusion of the lanthanide fission products to the cladding interface. The depth of
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FIG 33. Transverse metallographic section of a U-19Pu-10Zr element at 10 at.% burnup showing radial zone formation.

penetration of the lanthanides into the cladding was larger than that observed on fuel rods that had not breached
[72]. Testsin which previoudly irradiated fuel pinswith U-Pu-Zr fuel clad in HT-9 cladding were furnace heated in
ahot-cell to simulate loss-of flow events also demonstrated significant safety margin [96, 97, 79].

55. METALLIC FUELSWITH MA

Metallic trans uranium — zirconium (TRU-Zr) fuel of composition 40Zr-10Am-10Np-40Pu is being
developed at Argonne National Laboratory for use in the proposed subcritical advanced burner reactor (SABR) in
the USA. In general, metal fuel has properties that prove favourable for high burnup of TRU, besides high thermal
conductivity, the ability to accommodate a high actinide density, and the ability to be directly fed into
pyroprocessing and refabrication facilities. Zirconium is selected as the alloying element because Zr containing
alloy fuels has been successfully fabricated and reprocessed. The inclusion of zirconium in the metal composition
raises the alloy solidus temperature, provides resistance to fuel-clad interactions, provides dimensiona stability

49



LWRs Legacy SNF
from LWRs

v

Reprocessing

Fuel Fabrication

Advanced Recycle Reactors

I

Reprocessing

FIG. 34. Nuclear fuel cycle proposed in Global Nuclear Energy Partnership (GNEP).

during irradiation, and provides the possibility of a negative Doppler coefficient in TRU fuel that is free of 22U. In
addition, metal fuel dispersed in azirconium matrix has demonstrated excellent radiation resistance.

Metal fuel with low MA+RE content has been irradiated in PHENIX [98]. Four types of alloys, namely,
U-19Pu-10Zr, U-19Pu-10Zr-2MA-2RE, U-19Pu-10Zr-5MA and U-19Pu-10Zr-5MA-5RE, were fabricated by
JRC-ITU and encapsulated for irradiation at different burnups. The capsule with low burnup (2.4 at.%) was
discharged from the core in August 2004, and subjected to non-destructive post irradiation examination. For
SUPERFACT 1, severa batches of fuel were fabricated with MA contents of 2%Np, 2%Am, 45%Np and
20%Np + 20%Am. The obtained knowledge is useful for the preliminary evaluation of the above fuels.
Investigations of the thermal performance of MA fuels will include power-to-melt tests and the study of the high
burnup behaviour.

The technology demonstration element of the US Global Nuclear Energy Partnership (GNEP) programmeis
aimed at demonstrating the closure of the fuel cycle by transmuting the transuranic elements separated from spent
nuclear fuel. As shown in Fig. 34, multiple-pass recycling through fast reactorsis envisioned for burning the TRU
initially separated from light water reactor spent nuclear fuel. For the initia technology demonstration, it is
assumed that SFRs will be used as burner reactors as they represent the most mature fast reactor technology
available today.
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The US TRU fuel development programme is focused on the fabrication, irradiation, and post-irradiation
examination of metallic and oxide fuels designed for sodium cooled fast reactors. Test fuels containing uranium,
plutonium, americium, and neptunium are currently being irradiated in the USA (in the advanced test reactor —
ATR) and in France (the FUTURIX-FTA test in Phénix). In addition to the development of TRU fuels, the US
programme also includes research and development of core materials and startup fuel (containing uranium and
plutonium, but no minor actinides) for an initial advanced burner reactor.

The transmutation fuel needed for usein afast reactor differsfrom conventional thermal and fast reactor fuels
in many ways. Transmutation fuels consist of ablend of five heavy metal elements (U, Pu, Am, Np, Cm) rather than
just one or two (U and/or Pu) typical of conventional fuels. The heavy metal elements used in transmutation fuels
have thermodynamic properties considerably different from uranium and plutonium and their effect on fuel
properties must be factored into the fabrication process. High helium gas generation during irradiation of the
americium and curium bearing fuels necessitates afuel design that limits or accommodates fuel swelling and avoids
excessive pressurization of the fuel pins. The final TRU fuel form must accommodate a variable composition in
terms of the ratio and content of the heavy metal elements and associated fission product impurities. It isimportant
to note that the compositional and isotopic variability required of the fast reactor transmutation fuel is much wider
than the narrow technical specifications used in a conventional fuel obtained from a uniform feedstock.

Considering the differences mentioned above, it is clear that the transmutation fuels of interest are not a
simple extension of previously deployed fuels. Therefore, an in-depth research and development programme is
required to investigate solutions to the challenges of developing, testing, and ultimately qualifying new
transmutation fuels.

Irradiation tests of metallic fuels containing minor actinides are currently in progress in the USA. The
compositions of two irradiation experiments are listed in Table 9. The non-fertile fuel compositions in experiment
AFC-1B were designed for accelerator based transmutation; the low fertile fuel compositions in experiment
AFC-1F were designed for reactor based transmutation. The two experiments were irradiated in ATR at the Idaho
National Laboratory in the USA to a burnup level of 4-8 at.%, equivalent to a fission density of 2.7-6.8 x 10%°
fissions/cm?®. Two companion experiments with the same fuel compositions are also being irradiated in the ATR and
are destined for higher burnup, approximately 3040 at.%.

PIE of AFC-1B and -1F has been performed on the metallic fuel compositions from the low burnup
experiments. Fuel performance of the TRU-bearing metallic fuelsis best correlated with fission density as a burnup
metric rather than atom per cent depletion or GW-d/t, which are typically used as burnup metrics. The burnup
metric of atom percent depletion is proportional to the fission density with the proportionality factor dependent on
the density of the fissioning constituents. The fissioning constituent density is determined from the fuel
compositions and the irradiation system neutron spectrum. In athermal neutron spectrum, only fissile isotopes such
as 2°U, 2Py, and ?*'Pu are included as fissioning constituents, however in a fast spectrum all the actinides are
included as fissioning constituents. The transmutation fuels irradiated in the AFC-1F experiment have a much
lower fission density than U-xPu-10Zr fuels at the same atom percent burnup. Using fission density as the burnup
metric eliminates the composition dependence in assessing fission damage and provides a standard basis for
correlating fuel performance parameters.

TABLE 9. NOMINAL TRU-BEARING FUEL COMPOSITIONS IRRADIATED IN THE USA
(ALLOY COMPOSITIONS ARE EXPRESSED IN WEIGHT PERCENT)

Experiment AFC-1B Experiment AFC-1F
Pu-12Am-40Zr U-29Pu-4Am-2Np-30Zr
Pu-10Am-10Np-40Zr U-34Pu-4Am-2Np-20Zr
Pu-40Zr U-25Pu-3Am-2Np-40Zr
Pu-12Am-40Zr U-29Pu-4Am-2Np-30Zr
Pu-60Zr U-28Pu-7Am-30Zr

— U-25Pu-3Am-2Np-40Zr
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Post-irradiation examinations show that fission gas release, radial swelling, and microstructural evolution of
the AFC-1F fuel compositions are consistent with U-Pu-Zr fuels. The actinide bearing metallic fuel compositionsin
experiment AFC-1F exhibited irradiation performance very similar to U-Pu-Zr fuel compositions at equivalent
fission densities [99].

A rich database exists on the usage of metallic fuelsfor fast reactors. Early concerns about the performance of
metallic fuels have been resolved. High burnup has been achieved through the application of a smple design
change whereby keeping the smear density in the range of 70-75%, interconnected porosity and gas release would
occur prior to fuel cladding contact. Extensive compatibility experiments on both irradiated and unirradiated
samples have shown that liquid phase penetration of the cladding is not a problem. Burnup of 20 at.% has been
achieved on U-Pu-Zr fuel pinswithout failure. During the course of developing metallic fuels, a number of positive
attributes were observed. The entire core of EBR-II, fuelled with U-Zr fuels, was subjected to approximately 60
transients in preparation for tests on advanced ceramic fuels. There was a concern that the relatively high thermal
expansion of metallic fuel and phase transformations would cause failure of the cladding. Instead, the fuel
plastically flowed into the open porosity rather than stress the cladding. After the transients, the core was operated
to the normal burnup limit of the fuel.

Another positive attribute that was completely unexpected was the behaviour of the metallic fuel under severe
transients when tested in the TREAT facility. The retained fission gas in the fuel caused the fuel to expand axialy
prior to cladding failure. This axial expansion results in a strong negative reactivity feedback which would shut the
reactor down during an over-power transient event.

Finally, and most importantly, the high thermal conductivity of metallic fuel results in low centerline
temperature and thus low stored enthalpy. During aloss of flow event, the temperature rise of the core is minimal
and the reactivity increase is terminated due to thermal expansion with no human or mechanica intervention. This
behaviour was demonstrated with the primary pumps of EBR-Il shutdown with a, SCRAM and the reactor
shutdown without intervention.

Most of the development work on metallic fuel in the USA was terminated in 1992. However, development
work continued in Japan. More recently, the USA has restarted development studies on metallic fuels within the
framework of the Global Nuclear Energy Partnership (GNEP). This programme is considering metallic fuel, along
with ceramic fuels, for reactor fuel to burn plutonium and minor actinides. Due to the attributes discussed above,
metallic fuel should remain in consideration for future fast reactors. In paralel, because of the ease of remote
reprocessing and fabrication, development of pyro-processing should continue. It may be noted that metallic fuel
will be the preferred host for minor actinides because of the possibility of co-depositing MA with metalic fuel
alloys during pyro-reprocessing. In short, the status of metallic fuel could be summarized as follows:

— Fabrication: Metallic fuels are relatively easy and simple to fabricate. However, there is a need to develop
remote fabrication capabilities for TRU-bearing metallic fuels. To mitigate Am loss, vacuum assisted gravity
casting could be employed. In the first phase, an engineering-scale fabrication facility has to be set-up with
batch size of several kilograms of TRU materials. Based on this experience, an industrial scale plant could be
set-up in the future.

— Properties: The out-of-pile properties and database of metallic fuelsis scanty. There is aneed to augment the
database on the properties of MA-bearing fuels. Likewise, thereis a need to develop and share capabilities to
characterize and measure properties of irradiated metallic fuels with and without MA.

— Irradiation testing and qualification: Fast reactors, irradiation testing facilities and hot cells for
post—irradiation examination (PIE) are needed for qualification of metallic fuelsfor commercial exploitation.
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6. THERMOPHYSICAL PROPERTIES

6.1. INTRODUCTION

The performance of nuclear fuel in power reactorsis largely dependent on its thermophysical properties and
their changes with temperature and irradiation. Experimental data on out-of-pile properties such as melting point,
thermal conductivity, thermal expansion are required for fuel design, performance modeling and safety analysis
[24]. The variables that influence the out-of-pile properties of fuel are composition, temperature (T), density,
microstructure and stoichiometry (O/M, C/M, N/M) of fuels [100]. These properties also change with irradiation.
Hence knowledge of these properties and their change with irradiation are essentia for fuel design and safety
analysis.

Melting point and thermal conductivity of the fuel are needed to evaluate its thermal performance. These two
play acrucia role in determining the power to melt of the fuel and decides the operating linear heat rating. Melting
point depends on the fuel composition, stoichiometry and burnup. The thermal conductivity of nuclear fuel affects
the temperature profile which in turn influences aimost all important processes such asfission gas release, swelling,
grain growth etc. and limits the linear power [100]. The changesin thermal conductivity occur during irradiation by
the formation of fission-gas bubbles, porosities, build-up of fission products and by the change of fuel
stoichiometry [101]. Heat capacity of actinide fuelsis required in the modeling of heat conduction during normal
and under transient conditions and for cal culating thermodynamic properties [24].

The coefficient of thermal expansion (CTE) is needed to cal culate stresses occurring in the fuel and cladding
on change in temperature. If the thermal expansion varies considerably for the fuel and cladding, stresses will be
accumulated during the thermal cycling leading to the deformation of the clad [103, 104]. Hence, precise evauation
of CTE data of the fuel is needed. The difference between the coefficients of thermal expansion of the fuel and the
cladding determines the status of the fuel-clad gap when the fuel element is brought to power. In safety analysis, the
values of thermal expansion data are required in determining the gap conductance and thus the stored energy [101].

6.2. THERMO PHYSICAL AND THERMO MECHANICAL PROPERTIES OF OXIDES
6.2.1.  Melting point

The UO, melts at a higher temperature than PuO,. MOX fuel melts at a temperature which lies between that
of pure UO, and PuO,. The deviation from the stoichiometry and the burnup lowers the melting temperature. Many
authors have measured the melting temperatures of UO, and PuO, and these show a wide scatter. The IAEA
recommended value for the melting temperature of UO, and PuO, are that of Adamson [105]:

T,,(UO,) =3120 £ 30 K

T, (PuO,) =2701 + 35K

The uncertainty in the recommended temperature is about 1%.

Recently, Manara et al. [106] have measured the melting temperature of UO, and a reported a value of
3 147 + 20 K. Further, the pressure dependence of melting temperature of UO, is reported as:

T,,(UO,) = 3147 + 9.29* 1072 P (MPa) (6.1)

The above relation is valid in the pressure range of 10-250 MPa.
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Effect of plutonium content

Mixed oxide fuel melts incongruently. Solidus /liquidus temperature (Tg)/(T,) of unirradiated MOX fuel of
stoichiometric composition is estimated by the Adamson correlations [105]:

Ts (K) = 3120.0 — 655.3y + 336.4y2 — 99.9y* (6.2)
T, (K) = 3120.0 — 388.1y — 30.4y? (6.3)

where y is the PuO, content in molar fractions. For PUO, mole fraction of 0-0.6 in the fuel, the estimated
uncertainties are £30 K for the solidus temperature and £55K for the liquidus temperature. For the mole fraction of
PuO, above 0.6, the estimated uncertainties for the solidus and liquidus temperatures are £50 K and +75K,
respectively.

Konno et al. [107] have further modified the above values. The solidus and liquidus temperatures of
UO,-PuO, binary system obtained by the using the expression given by Adamson and Konno re given in Table 10.

The influence of Am on the melting temperature for fast reactor MOX composition is given by Konno et al
[108]. The decrease in the solidus temperature is given by the following relation:

AT, = (1,206 — 782*y)* X, (6.4)
AT, = (560 — 141*y)* X, (6.5)

Where X, is Am weight fraction.

TABLE 10. THE SOLIDUS AND LIQUIDUS TEMPERATURE (K) FOR UO,-PUO, BINARY SYSTEM

Adamson, 1985 Konno, 2002
Pu Fraction Solidus Liquidus Solidus Liquidus
(K) (K) (K) (K)
0 3120 3120 3138 3138
0.05 3088 3101 3113 3121
0.1 3058 3081 3089 3103
0.15 3029 3061 3065 3085
0.20 3002 3041 3041 3067
0.25 2976 3021 3017 3049
0.30 2951 3001 2994 3030
0.35 2928 2980 2971 3011
0.40 2905 2960 2949 2991
0.45 2884 2939 2926 2971
0.50 2864 29018 2904 2950
0.60 2826 2876 2861 2907




Effect of stoichiometry

The effect stoichiometry on melting temperature has been studied in detail by Konno et a. [107]. The change
in solidus and liquidus temperatures as function of O/M ratio and Pu fraction is given by the following relation:

AT, = —(1000-2850y)* (2.00-O/M) (6.6)
AT, =—(280-5000y°)* (2.00-O/M) (6.7)

Wherey isthe Pu fraction.
The above relation is valid for an O/M ratio of 1.94 to 2.00.

Effect of burnup

The effect of burnup on the melting temperatures of UO, and MOX fuel has been investigated by Carbajo et
al. [109]. Their data are shown in Fig. 35. They recommended a correction for burnup by decreasing the melting
point by 0.5K/MWd/kgHM for both UO, and MOX fuel.

Konno et a. [107] have measured the melting temperatures of irradiated oxide fuel and the suppression in
melting temperature is provided the following correlation:

AT, =—(1.06-1.43y)* Bu + 0.0008[(1.06—1.43y)/0.66]-%)* Bu? (6.8)

AT, =—0.50-0.38y)*Bu (6.9)

Wherey isthe Pu fraction (Pu/(U+Pu)), Bu is the burnup in GW-d/t.
A good agreement is observed to MOX fuel having Pu fractions below 0.4 with an uncertainty of +16.8K.
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FIG 35. Effect of burnup on the melting temperature for UO, and PuO, fuel with different PuO, contents [ 109].
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6.2.2. Thermal conductivity
Thermal conductivity measurements
Thermal conductivity of asolid can be measured by two methods:

— By determining the stationary heat flow through the specimen (steady state) which givesk directly;
— By determining the variation of the temperature at a fixed plane, that is a specimen surface, due to an induced
non-stationary heat flow (transient) thermal diffusivity, a is obtained.

The thermal conductivity (K) is derived from the measured vaues of thermal diffusivity data by using the
relation:

k=apC, (6.10)

where p isthe density of the material and C,its specific heat at constant pressure.
Since the second method is more versatile and requires smaller specimen, it has become a standard method for
determining k for T > 600 K. For lower temperatures, the first method is generally adopted.

Effect of temperature

A detailed comparison of stoichiometric oxide fuels shows that the thermal conductivity of both uranium
dioxide and mixed dioxide are comparable. Thermal conductivity and melting point are higher at exact
stoichiometric composition. Martin [110] recommended the following relation for (U,gPu,,)O,., between
temperature (k) and thermal conductivity (W/m.K) as function of x

Kypo=(0.037 + 3.33x + 2.37* 10* T)* + 78.9* 10713 (6.11)

The above equation is valid for the temperature range of 500-2000°C, over therange0 < x < 0.1 and isvalid
for PUO, content of about 20%.

Figure 36 shows the variation of thermal conductivity for 100% dense stoichiometric and hypostoichiometric
mixed oxide. The effect of O/M is more prominent at low temperatures (below 1000 K) than at high temperatures
of around 3000 K.

Recently, Inoue [111] proposed a new equation for the thermal conductivity of mixed oxide fuel (with Pu
content up to 20%) for fast reactors as follows:

Ky0o = { 1/[(0.06059 + 0.2754 * (2-O/M)°® + 2.011 * 10 T)]} +(4.715 * 10%T?) exp(-16361/T)
(6.12)

where Kk, is the thermal conductivity of fully dense MOX fuel in W/mK, T the temperature in K. The standard
deviation between the data set and the calculated values is 0.20 W/mK (absolute) or 6.2% (relative).

The excellent predictability of the above correlation was validated by comparing the calculated, with
measured central temperatures in an instrumented irradiation test in the experimental fast reactor JOY O for low
O/M ratio fuel up to 1850 K. This new equation has been shown to predict well and is recommended for fuel pin
thermal analysis with typical FR-MOX fuel pellets under beginning of irradiation conditions.

For fully dense MOX fuel, Carbajo et al. [109] have derived the following expression:

Kyoo (W/MK) = 1.158[ (L/(A + Ct) + (6400/t52) exp (~16.35/t)] (6.13)

Where, A (x) =2.85x + 0.035 (MK/W), C(x) = (<0.715x + 0.286) (M/W), t = T/1000 (K).
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scatter [112].

This correlation isvalid from 700 to 3 100K, x less than 0.05 and for PUO, concentration between 3 and 15%.
The uncertainties for the above equation are estimated to be 7% between 700 and 1 800K, increasing to 20% at
3 100K.

The temperature dependence of the thermal conductivity of nearly stoichiometric oxide fuels are shown in
Fig. 37. Itillustrates that the thermal conductivities measured for FR-MOX by severa authors agreefairly well with
each other.

Martin [110] recommended the following relation for hyperstoichiometric oxide, (UygPu,,)0,,, between
temperature (K) and thermal conductivity (W/m.K) as function of x (0.00 < x < 0.12):

Kyoo= (0.037 + 1.67 X + 2.37* 10 T) 1 + 78.9* 102 T3 (6.14)
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FIG 38. Showsthe variation of thermal conductivity with O/M ratio for different temperatures for UO,-15%PuO, composition [ 113].

The stoichiometric fuels have the highest thermal conductivity values. It is observed that for the same
deviation from the stoichiometry, the thermal conductivity of hyperstoichiometric fuel is lower than that of
hypostoichiometric fuel. The conductivity of hyperstoichiometric oxide fuel containing a certain oxygen excess
value is approximately equal to that of hypostoichiometric material with a deficiency equal to half this particular
value. Figure 38 shows the variation of thermal conductivity with O/M ratio for different temperatures for
UO,-15%PuO, composition. This figure shows thermal conductivity variation for UO,-15%PuO, composition for
arange of O/M ratio form 1.94 to 2.00.

Effect of Pu addition

Addition of a small amount of PuO, to UO, decreases the thermal conductivity. However, PuO, additions
between 3 and 15% does not further decrease the thermal conductivity. If the amount of PuO, is increased beyond
15%, then there is an additional decrease in thermal conductivity values of MOX fuel [109]. Washington [114] has
recommended that the conductivity of 20% Pu stoichiometric mixed oxide fuel is 5% lower than the corresponding
UO, fuel. Inoue [111] has reported that 20% plutonium additions to uranium oxide lower the thermal conductivity
by 5% to 8%. It can be seen that the effect of PuO, additions on thermal conductivity is felt more at low
temperatures.

Thermal conductivity of UO,-21%PuO, and UO,-28%PuO, compositions has been determined by Vasudeva
Rao et a. [115]. The thermal conductivity data for the above compositions (96%T.D; O/M = 2.00) could be
expressed by the following relation:

k(UO,-21%Pu0,) = 4.935 + 0.0061 T —9.787*10° T? + 3.25510° T* (6.15)

k(UO,-28%Pu0,) = 8.752 —0.0116 T + 8.632* 10° T2 - 2.348*10° T3 (6.16)
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FIG 39. Thermal conductivity of UO,-44%PuO, pellet as a function of temperature [ 116].

It is seen from the above study that thermal conductivity is sensitive to Pu content and decreases with increase
in the Pu content at a given temperature.

Figure 39 shows the plot of thermal conductivity as afunction of temperature for UO,-44%PuO, composition
corrected to 95%TD as reported by Sengupta et al. [116]. It was observed that thermal conductivity decreases with
increase in temperature and follows a /(A + B*T) relation. Thermal conductivity of UO,-44%PuO, was found to
be 1.80 W/m K while the same for UO,-30% PuO, was 2.33 W/m K at 1000°C. The thermal conductivity data for
the above composition could be expressed by the following relation [116]:

k=1/(-0.61+142*10° T -3.93*107T? (6.17)
Effect of porosity on thermal conductivity

Pores, like any other defect, scatter phonons and reduce the thermal conductivity. There are many relationsin
the literature describing the effect of porosity on thermal conductivity. For an exact derivation, the shape and the
distribution of porosities must be known. Some of the important relations listed in the literature are given in the
annex.

Among these, the following equation proposed by Maxwell-Eucken and also recommended by Carbajo [109]
is most commonly used.

ku = [(1=P)/(1 + BP)] koo (6.18)
where P is the porosity fraction and 3 is a constant and is 2.
Effect of burnup

For MOX fuel, the thermal conductivity variations with bumup are not significant. Recommendations
provided by Martin [110] and Philipponneau [117] as well as previous data obtained by Gibby [118] and Schmidt
[52] of unirradiated MOX fuel are shown in Fig. 40. It is found that thermal conductivity of mixed oxide fuel

irradiated up to a burnup of 35 GW-d/t is amost in agreement with these recommendations and database for
unirradiated fuels. Since the error of this measurement is 10 to 20%, the bumup effect, mainly the effect of fission
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FIG 40. Thermal conductivity of irradiated MOX fuel [120].

products accumulation, may be hidden by it. Microscopic changes in density and heat capacity during the
irradiation can introduce a large error into the measured value. The effect of burnup on thermal conductivity is
negligible above 2200 K [119].

6.2.3. Specific heat

For a mixture of UO, and PuO,, the specific heat capacity of the solid is determined by combining the
contribution from each constituent in proportion to its weight fraction. For example, the heat capacity for solid
MOX [(Uy,Pu))O,] fuel is expressed as

Co (T, MOX) = (1—y) Co (T, UO,) +y Cp (T,PUO,) (6.19)

wherey isthe mole fraction of PuO,.

The specific heat capacity of MOX (or PuO,) fuel is reported to be slightly larger than the values of UO, fuel
up to a temperature of 1800 K [119]. The specific heat capacities of pure UO,, PuO, and MOX are shown in
Fig. 41. Above 1800 K, the reverse is true: UO, fuel has a larger heat capacity than MOX fuel. However, the
temperature and the fuel composition are the main variables that influence the heat capacity values. The effect of
variation in O/M ratio for MOX fuel may be more significant as indicated in studies by Ogard and Leary [121] and
also by Affortit and Marcon [122]. The stoichiometric composition has the lowest heat capacity at all temperatures.
Deviations from stoichiometry result in higher heat capacity values. The uncertainty in these specific heat valuesis
~5%.

Kandan et al. [123] have done cal orimetric measurements on Pu rich (U, Pu)O, solid solutions. From Fig. 42,
it can be seen that the heat capacity values of the solid solutions are in agreement with the computed mole average
values using the equations of Carbajo et a. [109] the maximum deviation being 4%. The results indicate that the
heat capacities of these plutonium rich U,_,,Pu O, solid solutions, in the temperature range 298-1800K, obey the
Neumann—Kopp’s molar additivity rule.

The measured heat capacity of irradiated fuel remains in the band +10% around the values corresponding to
fresh fuel, so that the marked deterioration of the thermal conductivity, k, with burnup is mainly due to a decrease
of the thermal diffusivity [109].
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6.2.4. Coefficient of thermal expansion

Both UO, and PuO, have identical coefficients at low temperature range as shown in Fig. 43. However, at
high temperatures (>300°C) PuO, has a higher expansion coefficient.

Existing data on the thermal expansion of UO, and (U, Pu)O, were reviewed by Martin [124] to establish and
recommend avalue for reactor usage. He has derived the following expressions for the linear expansion for UO, or
MOX fuel asafunction of temperature.

For 273 K< T < 923 K, the coefficient of thermal expansion (a(T)),

ofT) (UK) = 9.828* 10°—6.39* 100 T + 1.33 * 10°2T2 — 1.757 * 101 T® (6.20)
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For 923 K< T <3 120K
a(T) (UK) =1.1833* 10°-5.013* 10° T +3.756 * 10°T?>-6.125*107Y" T3 (6.21)

Errorsin the values of thermal expansion coefficients are £0.11 * 1075, £0.22 * 107°, +1.1 * 10°° (1/K) in the
temperature regions of 293-1 273K, 1 273-2 273K, and 2 273-2 929K, respectively [109].

The thermal expansion data for (U, Pu)O, lay close to the UO, values. The room temperature thermal
expansion coefficients for stoichiometric (U, Pu)O, and hypostoichiometric (U, Pu)O, 4, fuels are approximately
10.5 x 10° K and 13 x 107° K™ respectively [103, 125].

The effect of the oxygen-to-metal ratio on the thermal expansion coefficient for (U, Pu)O,,, depends on the
deviation from stoichiometric composition according to [24]:

O (U, Pyo2ex = Ao (1 —5.1X) (6.22)
where o, is the thermal-expansion coefficient of (U, Pu)O, of the same plutonium content. This relation was
established only for 20%PuO,-UO, mixture for an O/M ratio of 1.94 < O/M < 2.01 [24].

The coefficient of linear thermal expansion of UO,-44%PuO, was determined using a dilatometer. The
Percentage (AL/L) could be expressed as a function of temperature by the following relation:

(AL/L) *100 = —0.071 + 0.001* T — 1.692* 10~ * T2 + 2,018* 1071+ T3 (6.23)

The uncertaintiesin the above val ues are £6%. The average coefficient of linear thermal expansion was found
to be 12.52* 10K (ambient to 1 000°C) and the same for MOX containing 30% PuO, is 10.65*10°%/K obtained
from MATPRO [119].

6.2.5. Density

Densities of pure UO, and PuO, at 273 K are 10 970 and 11 460 kg/m?®, respectively. The density of UO, or
MOX as a function of temperature for the temperature range of 273-923 K is given by the following equation
[109]:

p (T) = p(273)(9.9734* 101 + 9.802* 10°°T — 2.705* 1071°T? + 4.391* 1073T3) 3 (6.24)
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And the density of UO,or MOX for the temperature range of 923 K to the melting temperature:

p (T) = p(273)(9.9672* 1071 + 1.179* 10°°T — 2.429* 10°T2 + 1.219* 10722733 (6.25)
The density of the solid solution of UO, and PuO, changes according to the linear law:

p (kg/m?) = 10 970 + 490y (y is mole fraction of PuO,) at 273 K (6.26)
Density of UO,-20%PuO, fuel is evaluated by the correlation: [126, 127],

p (kg/m3) = 11080 [1 + 2.04 * 10°3(T — 273) + 8.7* 10°%(T — 273)3] ¢ (6.27)

Based on the above equation, the density of UO,-20%PuO, fuel is 9889 kg/m® at T and 9865 g/m*at T, . The
recommended uncertainty in the density valueis 1% in the entire temperature range [109].

The changein density on melting is of practical concern to the reactor operations since it may contribute to the
fuel failure. The accepted value of the density of liquid UO, at the melting point is 8.74 + 0.016 g/cm®. The volume
expansion on melting is about 10%. A similar value can be assumed for (U, Pu)O, [129].

Finally, the burnup also affects the density by the change in the porosity. At low burnup (<15GW-d/t), density
increases by the fuel densification process; at the higher burnup, density decreases (porosity increases) due to the
fuel swelling [109].

6.2.6. Hot hardness of oxide fuels

Hardness versus temperature plot for UO,-20% PuO, and UO,-30% PuO, pellets are shown in Fig. 44. For
comparison, the hardness values of pure UO, are also shown in the same figure. The data points are fitted and used
athird degree polynomial of type:

H (kg/mm?) = A + BT + CT?+ DT?, (6.28)
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FIG 44. Hardness versus temperature plot for UO,, UO,-20% PuO, and UO,-30% PuO, pellets.
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TABLE 11. CONSTANTS OF THE POLYNOMIAL FOR UO,-20% PUO, AND
U0,-30% PUO, COMPOSITIONS

Composition A B C D

uo, 522.13 -1.46 0.0018 -8.79 x 10”7
UO,-20%Pu0, 683.85 —2.33 0.003 -1.24 x 10°°
UO,-30%Pu0, 767.95 —2.65 0.0036 -1.60 x 10°°

Where T istemperaturein °C, and A, B, C and D are constants. The constants of the polynomial for the above
compositions are given in Table 11. It can be seen that for the mixed oxide, the hardness values fall sharply up to
about 400°C. Thefall in hardness values above 400°C is gradua. However, above 600°C, UO,-30% PuO, and UO,
have the highest and lowest hardness values, respectively.

6.3. THERMO PHYSICAL AND THERMO MECHANICAL PROPERTIES OF CARBIDES AND NITRIDES

Advanced ceramic fuels such as carbides and nitrides have higher thermal conductivities and lower melting
points than oxide fuels [10]. The thermal conductivity of mixed carbide fuelsincreases with temperature, which has
adistinct advantage over oxide fuel [10].

6.3.1. Melting point

The melting point of pure UC is given by Matzke [10] as 2780 + 25 K and Nickerson et al. [130] as
2638 + 165 K. The melting temperature of PuC is 1875 + 25 K (PuC decomposes peritectly). The melting
temperatures of U,C,; and Pu,C; are given as 2100 and 2285 K, respectively [32]. The solidus temperature of
(UpgPuqy2)C and (U gPuy 5),Cs are 2750 = 30 and 2480 + 50 K, respectively [32, 10].

The melting temperatures of UN and PuN (under 1 bar N, pressure) are given as 3035 + 40 K and 2843 + 30K,
respectively (PuN decomposes by peritectic reaction). The melting temperature of (U,gPuy,)N is given as
3053+ 20K [35].

Melting point as afunction of vapour pressure [Pa] of nitrogen over UN at 108 < Py, < 7.5 x 10° is defined by
formula[131]:

T,(K) = 3055*P,,2 %8, (6.29)

Uranium mononitride melts congruently only at high values of partial pressure of nitrogen P, at low values
of Py, UN decomposes, UN(s) — U(lig) + 0.5 N,(gas).

The solidus temperature for (U, 45PU, 55)C fuel was determined in a horizontal dilatometer by heating a pellet
up to 2283 K in flowing Argon gas and monitoring the change in length as a function of temperature. A
sudden/abrupt change is slope at 2193 K was observed as shown in Fig. 45 [132]. Beyond this temperature, a high
rate of shrinkage was observed which could be attributed to gradual melting of the pellet. This was confirmed by
visual and metallographic examination of the sample after cooling to room temperature. Similarly the solidus
temperature of (U, ;Pu, ;)C has been found to be 2148 K.

6.3.2. Thermal conductivity

The cumulative literature on thermal conductivities of UC, PuC, and (U, Pu)C includes several review articles
written since 1967 [133]. The thermal conductivity is influenced by severa factors such as; fabrication method,
impurities, stoichiometry (C/M or N/M), Pu fraction, higher phases, microstructure, irradiation effects, and method
of measurement [32].
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The suggested values of thermal conductivity of UC, PuC and (U, gPu,,)C pellets are shown in Fig. 46. For
MC, adecrease in conductivity from ambient to about 400°C isillustrated in Fig. 46. However, the uncertainty in
conduction mode is illustrated by the cross-hatched area. The values of conductivity of (U,gPu,,)C are roughly
20% lower than UC at temperatures below 700°C as indicated by most investigations; a positive temperature
dependence above 500°C such that the conductivity approaches that of UC above 2000°C.

Most investigators believe that oxygen concentrations below about 2500 ppm do not significantly affect the
thermal conductivity [135]. Bates[136] and Wheeler et al. [137] provide the most comprehensive study for oxygen
concentrations in the range 2 at.% (about 0.3 wt%) to 17 at.% (about 2.0 wt%) oxygen. The results of these two
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investigations are in reasonable agreement, showing conductivities of about 18 to 19 WmC?! and 12 to
13 WmC™! at 100°C, and 18 to 20 Wm~*C* and 15 to 18 Wm™C* at 1 200°C, respectively, for UC containing
about 2 at.% and 17 at.% oxygen. Figure 47 summarizes the thermal conductivity values of UC, PuC and (U, Pu)C
containing varying amounts of PuC [10]. The thermal conductivity values decreases with the increase in Pu in the
fuel. Storms [138] found that k of MC + M,C,with M = U, sPu, , and low oxygen content changes between 500 K
and 1500 K from 17 to 19 Wm™K ™! nearly linearly. This means that the effect of substituting up to 20% of
uranium by plutonium is rather strong around 600 K but relatively weak near 1600 K (Fig. 47). The uncertainties of
k is+10% for UC and +15% for (U, Pu)C for temperatures above ~500°C and still higher for lower temperatures.

Thermal diffusivity of mixed uranium plutonium carbide fuel used in FBTR was measured by transient laser
flash method from ambient to 1 773 K in vacuum of 0.133 Pa [132]. The density of MKI (U, ;Pu,,)C and MKII
(UgusPUg s5)C fuels were 90 + 1 and 86£2% TD, respectively. The density values were corrected for temperature
using the measured average coefficient of linear thermal expansion data, to calculate thermal conductivity at each
temperature. Specific heat capacity, C, of both MKI and MKI|I fuels were determined by adding the specific heat
data available in literature for UC and PuC proportional to the weight fraction present in MC fuels.

It is shown in Fig. 48 that for both fuels, thermal conductivity increases with increase in temperature and
thermal conductivity of MKI fuel is almost same as that of MKII up to about 1100 K although density of MKI is
higher than that of MKII. Therma conductivity of mixed carbide fuel decreases with increase in PuC content and
increase with increase in temperature and density. The effect of PuC appears more prominent which explains why
MKI fuel has lower thermal conductivity (up to atemperature of 1100 K). Beyond atemperature of 1100 K thermal
conductivity of MKI is more than that of MKII. This could be attributed to the fact that in MC, PuC is present as a
defect structure (PuC,_,) and contributes to electronic transfer of heat which is afunction of temperature [139]. This
contribution appears to be more for MKI containing 70% PuC than that of MKII containing 55% PuC beyond
1100 K. However, at the average working temperature, both MKI and MKII fuels have almost similar thermal
conductivity [140].

For nitrides, the situation is simpler than for carbides because neither oxygen nor large deviations from
stoichiometry play an important role [32]. The therma conductivity values of UN have been determined by
different authors [142]. The scatters in the reported results are larger than that for UC [10]. Washinton [114]
recommended the following relation for UN:

kyn (W/m/K) = 10.55 + 0.02T —5.96 * 10°T? for 200 < T < 1 800°C (6.30)
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FIG 47. Thermal conductivity data for UC, PuC and (U, Pu)C containing different amounts of Pu [32].
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Thus compared to UC, UN shows a smaller conductivity at low temperatures (<600°C), where as k, > K¢
for T > 1000°C [1Q].

The effect of alloying UN and PuN appears to be different from the alloying of UC with PuC [32]. In the case
of carbides, the effect of alloying on k was stronger at low temperatures than at high temperatures, thisis hardly the
caseif PUN isaloyed with UN (Fig. 49).

The temperature dependence of thermal conductivity of PuN is given by the following relation [10] :

Koy (W/M/K) =7.73 + 1.34* 10T - 9.5* 10°°T?for 200 < T < 1 500°C (6.31)
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The thermal conductivity of (U, Pu)N was found to decrease with increase in Pu content [146, 147]. Thermal
conductivity of the pellets containing about 1 wt% oxygen is lower than that of usua nitride pellets containing
0.1-0.2 wt% oxygen by 9-10% and 12-13% at 1000 and 1500 K, respectively. Thermal conductivities of two
promising compositions, UN-55%PuN and UN-20%PuN are given in Fig. 50 [147].

The thermal conductivity dataon MC and MN fuels may be summarized as follows [32]:

— Thermal conductivity of MC and MN fuels increases with temperature. However, there is significant scatter
(£20%) in the reported values;

— Thermal conductivity of MC and MN fuels decreases with increase in plutonium content;

— Thermal conductivity of MC reduces with M,C; and oxygen contents and improves with higher pellet
density;

— For (U, Pu)N, aminimal thermal conductivity is reported corresponding to nearly 50% Pu at all temperatures.

6.3.3. Heat capacities of carbides and nitrides

A final assessment of the available thermal and thermodynamic data of the actinide carbide is given by Holley
et al. [152]. This contains C, versus T relation for all actinide carbides, with the exception for U,C,. The data for
U,C; are those of Oetting et al [153]. In Fig. 51, Cp values of PuC and Pu,C; are plotted together with that of UC
for comparison.

C, versus T relations for nitrides are shown in Fig. 52. C, (T) relation for UN by Tagawa [154] has been
modified recently by Haynes et al. [155]. In Fig. 52, it can be seen that the datafor MN lies between that of UN and
PuN. On similar ground, one can argue that the value MC should lie between that of UC and PuC.
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The experimental C,, values are usually represented by 4 or 5 fitting parameters [32]:
C,(J(mol.K) =a+bT +cT? +dT° + &/T? (6.32)

The coefficients of the above equation for carbides and nitrides are given in Table 12.
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TABLE 12. COEFFICIENTS OF SPECIFIC HEAT RELATION Eg. (6.32) [32]

Fuel Trax (K) a b c d e

uc 2780 50.984 257 x 107 -1.87x10°° 572 x 107° -6.19 x 10°
U,C, 1670 75.354 -2.39x 1072 2.07x10° 0 —1.45 x 10°
PUC, g5 1875 57.876 —1.45 x 1072 7.71x 10°° 8.62 x 10°° —6.55 x 10°
Pu,C, 2285 78.037 —3.99 x 1072 352 x10° 0 —1.09 x 10°
UN 2628 54.15 2.28x 107 437 x10°° 0 -6.82 x 10°
PuN — 50.2 419x%10°° 0 0 -8.37 x10°
MN 1800 45.38 1.09 x 107 0 0 0

TABLE 13. VALUES OF THE COEFFICIENTS OF THERMAL EXPANSION FOR CARBIDES[10]

Material CTE x 10°9/°C (at 25°C) Mean CTE x 107%/°C (25-1 000°C)
uc 10.1 11.2

PuC 85 10.8

(U, PuC 8.8 11.9

U,C, 10.7 106

Pu,C, 12.9 14.9

(U, Pu),C, 9.6 11.2

6.3.4. Thermal expansion of carbide and nitrides

were

Most of the carbide data have been determined between 1960+— and 1970 [5]. The expansion coefficients
obtained by dilatometer and X ray diffraction for U,C,; and UC respectively. The pronounced difference in

expansion between UC and U,C, will lead to considerable internal stressesin UC + U,C, system.

The UC data can be described analytically by the relation [158]:

AL/Ly=-2.01 x 10+ 1.004 x 10°°T + 1.17 x 107°T? 20 < T < 2000°C (6.33)
Similarly, the data for PuC, ¢; and U,C, can be described by the following relations [158]:

PUCO.SS,

AL/Ly=-4.01 x 10+ 8.3 x 10°°T + 3.0 x107°T? 20 < T <900°C (6.34)
U,Cs

AL /Ly=12.6 x 10+ 1.077 x 10°T — 1.69 x 107°T?+ 1.55 x 107213 20<T<1700°C (6.35)

WhereL isthelength at temperature T (L) or at 0°C (L), and T isin °C. For UC, the CTE values at 1000 and

2000°C are 11.2 x 107° and 12.4 x 107%/°C, respectively [32]. For PuC, CTE values at 900°C are 10.9 x 10°°C. The
recommended values of CTE for carbide fuels are given in Table 13 [10].
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U,C; and UN preferentially remain stoichiometric and do not accept large amounts of oxygen as impurity
[32]. Alloying with Pu,C; and PuN, respectively, leads to systematic increase in thermal expansion in mixed M,C,
and MN with Pu content. In contrast to U,C; and UN, in UC and in two phase structure MC+ M,C,, the effect of Pu
is apparently overshadowed by the following factors [32],

(1) TheCdeficiency in the alloying component PuC,_;
(2) Varying amount of dissolved oxygen in the MC phasg;
(3) Varying amount of size distribution of M,C; precipitate in two phase structure MC + M,C,.

The thermal expansion was measured from room temperature to 873 K for MKI fuel [(Puy,U,3)C] under
vacuum conditions [132]. The relation between (AL/L,) and T can be expressed by the following equation:

AL/Ly=-16.59 x 107 + 4.17 x 10°°T + 4.60 x 107°T? (6.36)

The percentage thermal expansion [(AL/L,) x 100] at any temperature between 300 and 1800 K can be
expressed by

AL/L,x 100 =-0.3333 + 7.1528 x 10 + 7.6889 x 107" T2 + 2.249 x 10713 (6.37)

The plot of thermal expansion coefficient versus temperature for MKII [(Puys5Ug45)C] is shown in Fig. 53.
An average value of coefficient of thermal expansion between 300 and 1800 K has been calculated as
11.6 x 10° K™ for MKl and MK fuel as13.8 x 10° K. So, MK fuel has higher coefficient of thermal expansion
than MKII fuel which is expected due to higher Pu content in the MK fuel [132].

The situation of nitrides is less complex. Oxygen is hardly soluble in UN and PuN. Sesqui nitride is usually
avoided while fabrication of UN. The available experimental data are scarce but relatively consistent [159]. The
expansion curve of MN is shown in Fig. 54 along with that of MC (M = U, ¢Pu, ). Nitrides have lower expansion
coefficient than carbides for the same Pu content [31].

Linear expansion coefficient of UN is calculated by the correlation [131]:

a (UK) = 7.096 x 10 +1.409 x 10° T (298 < T < 2523 K) (6.38)
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FIG 53. Thermal expansion as a function of temperature for (Puy 55U 45)C pellet [132].
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6.3.5. Density

The densities of advanced fuels at high temperature, p(T), is given by the following relation:
p(T) = po[1 + (AL/LR] (6.39)

where pyisthe density at room temperature.
Density of UC is defined by the following correlation:

p(T) (kg/m®) = 13630 (1-3.117 x 10 °T — 3.51 x 10 ° T?) (6.40)

where T istemperature, K. This correlation has been derived based on the experimental datain Ref. [161] that were
obtained by measurement of linear expansion coefficient in the temperature range from 0 to 2800°C.

The analysis of datain Ref. [163] results in the correlation, which gives more severe decrease of UC density
with temperature:

p (kg/m?) = 13500 (1-2.13 x 10° T — 2.04 x 10° T?) (6.41)
Theoretical density of UN at 298 < T <2523 K [131],
p (kg/m®) = 14420 — 0.2779T —4.897 x 107°T2, (6.42)
The density of (U, gPuy,)C and (U, gPu,,)N pellets are 13.58 and 14.32 g/cm?, respectively.

6.3.6. Hot hardness

The hardness of mixed carbides and nitrides has been extensively studied in India [139, 140, 141, 148, 151,
165, 167]. The hardness-temperature plots for FBTR MKI and MKII fuels are shown in Fig. 55. For MKI fuel, the
plot clearly showsachangein slope at around 1123 K (0.52 T,,; where Tm isthe melting point of the material). The
change in slope indicates change in deformation mechanism from simple slip to diffusion controlled processes. For
MKII fuel also, hardness decreases with increase in temperature; the decrease being less at lower temperature range
(<973 K) than the same at higher temperature. No sharp transition could however be observed in thisfuel.

The data generated have been compared with that of Los Alamos [168] who had reported data from
experimental measurements for mixed carbide containing 21% and 69% PuC. The data generated at Los Alamos
[168] for 69% PuC are in close agreement with those of the data containing 70% PuC (MKI) up to 1100 K. The
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FIG 55. Variation of hardness with temperature for MKI and MKII fuels[165].

small variation in the hardness could be attributed to difference in composition, second phase sesquicarbide and
porosity between the samples. Hardness data of MKII fuel is higher than that of MKI fuel at all temperatures. This
could be attributed to higher melting point of MKI1 fuel compared to MK, which has a direct bearing on hardness.
Higher hardness of MKI1 fuel than either MKI containing 70% PuC or that containing 20% PuC could also be due
to solid solution hardening. An increase in hardness beyond 1300 K could be due to either or combined effects of
micro structural changes and oxidation at higher temperature. The hot-hardness data for UN, PuN and (U, ,Pu, )N
are shown in Fig. 56.
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Diamond Pyramid Hardnes Number (200g Load)

TABLE 14. PROPERTIES OF U-Pu-Zr ALLOY S[171]

U U U U

Property

Pu Zr Pu Zr Pu Zr Pu Zr
Nominal composition: wt% 111 6.3 15 6.8 15 10 185 14.1
At % 10 15 13.6 14.3 12.9 225 15 30
Approx. Liquidus temperature (°C) 1200 1240 1250 1290
Approx. solidus temperature (°C) 1120 1105 1155 1170
Hardness at 25°C as cast (DPH)* 470 440 540 410

* Diamond pyramid hardness.

6.4. THERMOPHY SICAL AND THERMO MECHANICAL PROPERTIES OF METAL FUELS
6.4.1. Melting temperature

Plutonium is the lowest melting element among Th, U, Pu, Am, Np at 640°C (913K), with Np close at 645°C
(618K). The melting temperature of pure U is 1 405K. For U-15 wt% Pu [169, 170], solidus temperature and
liquidus temperatures are 1249 K and 1335 K, respectively. The solidus and liquidus temperatures of some
important U-Pu-Zr aloys are shown in Table 14. The solidus temperature of fuel increases by ~13°C for each per
cent of zirconium present for a U-20% Pu alloy [171]. The solidus and liquidus temperatures of U-Pu and U-Pu-Fs
alloysare givenin Table 15.
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TABLE 15. PROPERTIES OF URANIUM-PLUTONIUM-FISSIUM* ALLOY S[171]

Property U Uu Pu u Pu Fz U Pu Fz U Pu Fz
Composition: wt%% 90 10 80 10 10 75 15 10 60 20 10
At % 0 10 699 87 214 655 131 214 6L1 175 214
Liquidustemp (°C) 1133 1060 1010 1000 990
Solidus temp (°C) 1133 1025 910 865 820

Pu 64,00

;', 3gﬂ Elata / Grid: al,%

Pu 64,00
U 3800
Zr 009

FIG 57. Liquidus (dashed lines) and solidus (solid lines) temperature in the Pu rich corner of Pu-U-Zr ternary system[172, 173].

In the U-Pu system, both the solidus and liquidus temperatures increase with the addition of Zr as shown in
Fig. 57 based on work by Farkaset a. [172, 173].

6.4.2. Thermal conductivity

Thermal conductivity of pure uranium in the range of 293-1405 K is estimated using the correlation given
below to an accuracy of +10% [174]:

k(W/m/K) = 22 + 0.023(T — 273) (6.43)

Thethermal conductivities of U-Zr alloys were determined by Takahashi et al. [175] at temperatures from 300
to 1000 K. The thermal conductivities were calculated by the additivity law using heat capacity values estimated
from those of uranium and zirconium. Figure 58 shows the thermal conductivities in the temperature region from
300 to 1400 K, together with those of metallic uranium and zirconium [176]. Both the thermal diffusivities and the
thermal conductivities of U-Zr alloys exhibited minimum values in the §-phase alloy having a composition of
U-72.4 a% Zr.

A correlation to predict the thermal conductivity of U-Zr aloys for U-rich (U > 50 wt%) cases has been
developed at ANL [176]. Thisincludes the U-Zr data from Touloukian et a. [177], Takahashi et a. [175], and the
Zr datafrom Fink et al. [178].
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Kzry = [1= (1= X5) 7Kz, + (1= X5)*° [X5, Keu + (L=Xz)ky] (6.44)

where is the X, weight fraction of Zr, k; is the thermal conductivity of uranium, k, the thermal conductivity of Zr,
and k., isathermal conductivity correction due to the alloying effect.

Thermal conductivity data on U-Pu-Zr alloys are scanty. The thermal conductivity of U-15%Pu-15%Zr and
U-15%Pu-25%Zr (at %) has been determined by Farkas et al. [179] in the temperature range 100-900°C and is
shown in Fig. 59. Thermal conductivity of U-15%Pu-15%Zr is 11.1 W/m/°C at 100°C and rises to 30.1 W/m/°C at
900°C. Similarly, for U-15%Pu-25%Zr alloy, it rises from 9.2 W/m/°C at 100°C to 26.01 W/m/°C at 900°C. The
thermal conductivity of the extruded specimen of U-15%Pu-6.8%Zr was measured from 110-892°C. The thermal
conductivity increased from 12.7 to 31.7 W/m/°C. Above the transition temperatures, the material became
sufficiently soft and deformation occurred. Measurements in this temperature range were adjusted to reflect the
magnitude of this deformation. Ogata [180] has given the following relation for the thermal conductivity of
U-Pu-Zr fuel.

k (W/m/K) = 16.309 + 0.02713 T — 46.279C, + 22.985C2 — 53.545C, (6.45)
(T < 1173K, C,< 0.16, C,< 0.72)

Where C,,, C, isthe atom fraction of Pu and Zr, respectively, T in Temperature K.
The thermal conductivity of U-Pu-Zr alloy can aso be represented by the following relation [181]:

k( W/m/K) = a+ bT +cT? (6.46)
Where, a= 17.5*((1 — 2.23*W,,)/(1 + 1.61*W,,) — 2.62*W,,)

b =0.0154* ((1 + 0.061*W,,)/(1 + 1.61*W,,) + 0.9*Wp,)

€=9.38*10%(1-2.7*W,)

where W,;, W, and W, are the weight fractions of U, Pu and Zr, respectively.
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FIG 59. Thermal conductivities of U-Pu-Zr alloys at different temperatures [179].

For U-15%Pu, the above equation becomes:
K(T) = 10.6225 + 0.17479 T + 5.5811 *10°° T2 (W/m/K)

Where T isin K.

For fuel containing porosity, the following correction factor is employed:

f(p)=(1-p)/(1+25p)
where p isthe porosity fraction, and
k (T,p) = f(p)* k (T,2100%TD)

6.4.3.  Specific heat of metallic fuels

Heat capacity of uranium in the range of 293-942 K is calculated by expression in Ref. [174]:

Cp [J(kg.K)] =104.82 + 5.3686 x 103 T + 10.1823 x 10° T2,
At 942 < T <1049 K Cp = 176.4 J(kg.K);

At1049<T < 1405 K Cp = 156.8 J(kg.K) [182]

(6.47)

(6.49)

(6.49)

(6.50)

(6.51)

(6.52)

Heat capacities of U-Zr aloys have been determined by laser-flash calorimetry from 300 to 1100 K [183].
The measured specific heat for the un-irradiated fuel is representative and consistent with the val ues estimated from
the Neumann—Kopp rule. The heat capacities of uranium rich alloys show the normal temperature dependence up to
870 K, while those of zirconium-rich aloys have a small hump above 650 K. The heat capacity anomalies were
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observed between 870 and 970 K, which correspond with the predicted phase transitions of the aloys. At
temperatures above the phase transitions, heat capacities of U(y)Zr(B) phase were determined to be 31-36 Jmol/K
and have avery small temperature dependence up to 1100 K [183].

Limited amount of thermodynamic data is available on ternary U-Pu-Zr aloys. Farkas et a. [184] have
determined the heat capacity of U-12.23%Pu-21.8%Zr (at.%) from 25°C-1150°C. They gave the following
relations:

For temperature range of 25°C-650°C, for the two phase alloy of a(U) + (U,Zr),

AH (T) (¥mol/K) =—6833.1 + 18.76 T + 0.0129T? (6.53)

Cy(T) (Imol/K) = 18.76 +0.0258T (6.54)

For temperature range of 25°C to 650°C, for the two phase alloy of a(U) + y(U),

AH (T) (Jmol/K) = 8560.1 + 14.15 T + 0.01265T? (6.55)

Cy(T) (Imol/K) = 14.15 +0.0253T (6.56)

The specific heat of U-15%Pu-10%Zr (composition in wt%) is given as a function of temperature by Savage
[185] as:

Cy(T) (cal/g.atom.°C) = 6.36 +0.00636T (25-600°C) (6.57)
C,(T) (cal/g.atom.°C) = 3.79 + 0.00623T (650 150°C) (6.58)
The specific heat of U-10%Pu-10% Fs (composition in wt%) is given as afunction of temperature as [185]:
Cy(T) (cal/g.atom.°C) = 2.69 +0.0131T (100-500°C) (6.59)
Cy(T) (cal/g.atom.”C) = -3.52 + 0.0176T (600-800°C) (6.60)
And the specific heat of U-10%Pu (composition in wt%) is given as[185]:

Cy(T) (cal/g.atom.’C) = 4.40 +0.0117T (100-550°C) (6.61)
Cy(T) (cal/g.atom.’C) = -58.3 + 0.0100T (600-700°C). (6.62)

6.4.4. Thermal expansion of metallic fuels

Metal fuels have large expansion coefficients compared to oxides or carbides. The linear expansion versus
temperature (T in °C) for alpha uranium without texture is given by:

L(T) =Lo(1 + 14.8.10°T + 5.5.10°T?) (6.63)

The expansion values of ternary U-Pu-Zr are shown in Table 16 [186]. It can be seen that metallic fuels have
comparatively high CTE values. The CTE values above the transformation temperature are about 25% higher than
that at low temperature.

The coefficients of thermal expansion for U-Pu-Zr alloys as a function of the composition are given by the
following relation:

O ¥ 107 (K™) = 19.41 + 12.67%C,,, -13.37*C,, (6.64)

Where, Cp,, and C,, are the concentration of Pu and Zr in atom fractions, respectively.
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TABLE 16. THERMAL EXPANSION COEFFICIENTS OF U-Pu-Zr ALLOY S

Composition (wt%) U-17.2Pu-14.1Zr
Expansion coefficient x 107%/°C (ambient to transformation) 18.2
Transformation range, °C 596 to 665
Expansion dl (%) 0.58

Expansion coefficient x107/°C (transformation to 950 °C) 22.3

Using the above relation, the coefficients of thermal expansion for U-15%Pu is given by:
Og*10° (K1) =213 (6.65)

The thermal expansion coefficient for U-15Pu—10Zr is 17.6 * 10° K™ for 298 < T < 900 K, and
20.1* 10° K for T > 900K [171, 187].

6.4.5. Density

The density of uranium as a function of temperature is given by the following relations [174, 188]:

=p (kg/m°®) 19.36 x 103 — 1.03347 T at 273 < T < 942 K (a phase), (6.66)
p (kg/m?) = 19.092 x 103 — 0.9807 T at 942 < T < 1049 K (B phase), (6.67)
p (kg/m®) = 18.447 x 103 - 0.5166 T at 1049 < T < 1405 K (y phase). (6.68)

The density of liquid uranium at 0.1 MPaand at 1405 < T < 2100 K [189, 190]
p (kg/m?) = 20332 — 2.146T (6.69)

Density of liquid plutonium at the melting point is [191] = 16 500 + 80 (kg/m®). In the temperature range
t = 650-950°C, density is given by the following relation:

p (kg/m®) = 17567 — 1.451 t. (6.70)
The densities of U-Pu-Zr and U-Pu-Fs alloys as a function of composition are given in Tables 17 and 18,

respectively.

TABLE 17. PROPERTIES OF U-Pu-Zr ALLOYS

U U U U
Property
Pu Zr Pu Zr Pu Zr Pu Zr
Nomina composition: wt% 11.1 6.3 15 6.8 15 10 185 14.1
At.% 10 15 13.6 14.3 12.9 225 15 30
Density at 25°C as cast (g/cm?) 16.8 16.6 15.8 14.8
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TABLE 18. PROPERTIES OF URANIUM-PLUTONIUM-FISSIUM ALLOYS:

Property U U Pu U Pu Fz U Pu Fz U Pu Fz
Composition: wt% 90 10 80 10 10 75 15 10 60 20 10
At.% 90 10 699 87 214 655 131 214 611 175 214
Density at 25°C (g/cm®) 19.1 18.7 16.8 16.5 16.8

Density of U-15Pu-10Zr (wt%) as afunction of temperature is given by the following relation [192]:

p (g/em®) = 15.8/[1.0 + 0.000018(T —298)]° for 298 < T < 868K (6.72)
p (g/cm®) = 15.3235/[1.0 + 0.000074(T — 868)]° for 868 < T < 938K (6.72)
p (g/cm®) = 15.0/[1.0 + 0.000020(T —938)]* for 938K < T (6.73)

6.4.6. Hot hardness

Figure 60 shows the hardness versus temperature plot for pure U, U-10%Zr and U-Pu-Zr aloys. Hardness
data of some common cladding materials are also shown in the same figure. Among the fuels, pure U showed the
lowest hardness values in the low temperature range up to 600°C. However, in the temperature range of 650—700°C,
the hardness of U showed aconsiderableincrease. Thisis clearly shownin Fig. 60. The sudden increase in hardness
is due to the formation of  phase. On heating further, the hardness falls steeply with the formation of y phase. The
y phase was found to be very soft with hardness values falling to about 1 kg/mm?. On addition of 10% Zr to U, the
hardness value increases by about 20%. The hot hardness behaviour of ternary of U-15%Pu-7%Zr was studied by
Tokar [193]. These values are a'so shown in Fig. 60. The hardness values for the ternary alloys are higher than that
of U and U-10%Zr alloy up to 500°C. However, above 600°C, the above composition has the lowest hardness.

It can be seen that hardness of austenitic steel is the least at al temperatures covered in this study. The
hardness of ferritic martensitic steel like HT-9 is about 30% higher than that of D-9. Among the cladding materials,
the highest hardness values were shown by nickel based alloy, Inconel 718.

Figure 60 shows that for the temperature range covered in this study, the hardness of nickel based aloy is
higher than the fuels, viz., U, U-10%Zr and U-Pu-Zr aloys. This indicates that the chances of clad failure due to
FCMI isvery little since fuel can easily creep on contact with the clad rather than rupturing it. Generally, creep rate
is inversely proportional to the hardness, which means that the higher the hardness the lower the creep rate. The
hardness values of the clad and fuel at the reactor operating temperature of 600°C is 360 kg/mm? and that of U-
15%Pu-7%Zr is only 40 kg/mm?. This means that the fuel can easily creep on contact with clad without damaging
the clad.

For ferritic martensitic alloy like HT-9, the clad is softer than the fuel compositions in the low temperature
range. However, above 500°C, HT-9 is stronger than the fuel compositions covered in this study. At 600°C, the
hardness of HT-9 is 130 kg/mm? while that of U-10%Zr and U-15%Pu-7%Zr aloy are 45 and 40 kg/mm?,
respectively. This again indicates that there is a sufficient margin in the hardness values to avoid FCMI. D-9 clad is
the softest among the cladding materials covered in this study [195, 196]. It is softer than U-10%Zr and
U-15%Pu-7%Zr alloys up to 550°C. On comparing the hardness values at 600°C, it can be seen that the hardness of
D-9isonly marginaly higher than the fuel compositions [194].

6.5. THERMO PHY SICAL PROPERTIES OF FUELS CONTAINING MA
6.5.1. Oxides containing MA

Fast reactors in advanced burner mode could also utilize minor actinide elements together with uranium and
plutonium as fuel. Thereis aso R&D experience on minor actinide based fuels and targets for ADS. Several MA
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FIG 60. Hardness versus temperature plot for U, U-10% Zr, U-15%Pu-7%Zr alloys. Hardness data of D-9, HT-9, Inconel 718 are
also shown in the figure [194].
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FIG 61. Temperature dependence of thermal conductivity of AmO,_, and NpO,, together with those of UO,, PuO, and (U, gPu,,)O,., [197]

which has a half-life of 14.4 years, is generated. Consequently, its daughter nuclide 2**Am builds up in the MOX
fuel with time. Hence, it is essential that one must know the thermal behaviour of minor actinides.

The thermal conductivities of AmO,, and NpO,, together with those of UO,, PuO, and (U, ¢Pu,,)O,., for
comparison, are shown in Fig. 61. The thermal conductivity of NpO, from 87310 1 473 K lay between those of UO,
and PuO,. The therma conductivities of AmO,, and NpO, decreased with increasing temperature in the
temperature range investigated. This temperature dependence of the thermal conductivities of AmO,_, and NpO,
was similar to that of UO,, PuO, and (U, gPu,,)O,., [197, 198]. The thermal conductivities of MOX containing Np-
and Am-oxides (Am-MOX and Np-MOX) were measured by the laser flash method in the temperature range from
900 to 1 770 K. The obtained conductivities were normalized to those of 100% and are shown in Fig. 62 [199].
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The thermal conductivities of 2%AM-MOX having a different O/M ratio are shown in Fig. 63 as a function
of temperature [200]. The thermal conductivities data were normalized to 100% of the theoretical density by using
the modified Maxwell-Eucken relationship. This figure indicates that the thermal conductivities of 2%AM-MOX
decrease with increasing temperature and larger deviations of O/M ratios from 2.00. The effect of O/M ratio on the
thermal conductivity islarge and is significant especially in the low temperature region.

The heat capacity of NpO, was determined by drop calorimetry and was found slightly larger than that of UO,
and about 7% smaller than that of PuO,[199] (see Fig. 64).

6.5.2. MN fuels with MAs

Nitride is a candidate material of advanced fuels for fast reactors and for transmutation of minor actinide
elements such as Np, Am and Cm [54] because of its advantageous thermal and neutronic properties [53, 201, 202].
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The thermo physical and thermodynamic properties of actinide mononitrides; i.e., UN, NpN, PuN and AmN, are
essential in fuel designs and evaluation of fuel behaviour. The thermal conductivities of UN, NpN and PuN are
found to have atendency to increase gradually with temperature [197], while to decrease with the atomic number of
the actinide element component because of the decrease of electronic contribution (see Fig. 65). The solid solutions
of the mononitrides show temperature dependence similar to those of two component nitrides each and possess
intermediate thermal conductivity values.

Thermal conductivities ZrN, PuN and (Pu,Zr)N with varying amount of Zr contentsisgivenin Fig. 66 [176].
The thermal expansions of UN, NpN, PuN and AmN are shown in Fig. 67. The therma expansions of AmN and
PuN were found to be close to each other and larger than that of UN, whereas the thermal expansion of NpN was
nearly the same asthat of UN [197]. The heat capacities of AmN and NpN obtained, together with those of UN and
PuN, are shown in Fig. 68. The heat capacity of AmN was found to be slightly smaller than those of UN, NpN and
PuN.
6.5.3. Metal fuels with MA
The USfast reactor fuel programme demonstrated the use of americium bearing fuel in the early 1990s [203].
The X501 experiment was conducted in EBR-1I as part of the IFR programme to demonstrate MA burning through
the use of a homogeneous recycle scheme. The nominal fuel composition used in the X501 experiment was
U-20.3%Pu-10.0%Zr-2.1%Am-1.3%Np and is based on a concept where the standard | FR fuel is fabricated with Pu
extracted from spent LWR fuel which has cooled 10 years Limited post-irradiation examination results from the
X501 experiment indicate that the addition of 1.2 wt.% of americium did not ater the behaviour of metallic
U-Pu-Zr fuel. Metalic fuel is being considered as the transmutation fuel for the HY PER (hybrid power extraction
reactor) in the Republic of Korea [204]. U-TRU-Zr is being considered for the aloy fuel slug, and the cladding
material isHTO.

The thermal conductivity of the unirradiated U-TRU-Zr aloy, k,o, can be expressed as the function of the
temperature and alloy composition [181].

Ko = 17.5[(1 — 2.23 W2)/(1 + 1.61 Wz) — 2.62 W] + 1.54* 102[(1 + 0.061 Wz)/

(1+1.61Wz) + 0.9 Wp)]T +9.38*1075(1 — 2.7 Wp) T? (6.74)
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where, T isthe temperature in Kelvin and Wz, W, are the weight fraction of zirconium and TRU, respectively.

Figure 69 shows the therma conductivity values U-Zr aloys aong with that of Pu-12Am-40Zr and
U-29Pu-4Am-30Zr alloys [175, 205]. Figure 70 compares the thermal conductivity values U, Pu, Np, Am, Cm.
Their thermal expansion values are compared in Fig. 71.
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7. SUMMARY AND RECOMMENDATIONS

The present generation of nuclear power reactorsin the world are mostly thermal reactors. The LWRSs account
for more than 85% of these reactors followed by the PHWRs, which contribute to some 6% of the reactors. The
water cooled reactors are likely to dominate the nuclear power programme worldwide up to the middle of this
century and beyond. The LWRs and PHWRs use low enriched uranium containing <5% 2°U and natural uranium
(99.3% 23U + 0.7% 2*°U), respectively, as fuel in the form of high density uranium oxide pellets, which are stacked
and encapsulated in zirconium alloy cladding tubes. These reactors mostly use the fuel in ‘ once-through’ mode. In
such ‘open’ fuel cycle, <1% of the uranium that is mined and used in reactors asfuel is utilized and most of the>U
is locked either in the tailings of the 2°U enrichment plant or in spent fuel. It is universally agreed that the natural
uranium utilization could be increased by a factor of 60 or more by reprocessing the spent fuel and recycling the
plutonium, transmuted from uranium 238, in afast reactor. Thus fast reactors and multiple recycling of plutonium
in ‘closed’ fuel cycle ensure most efficient utilization of natural uranium resources. The main mission of fast
reactor, either as breeder or as burner or both, is to generate nuclear electricity economicaly and safely in a
sustainable manner on along term basis, while managing the high level waste and protecting the environment and
ensuring proliferation—resistance of fissile materials. Sodium is the proven and accepted coolant for fast reactor and
several test, prototype and commercial sodium cooled fast reactors (SFR) have demonstrated satisfactory
performance in the last 50 years (reactor year experience). One of the key issues to the commercial success of the
SFR is to develop plutonium based fuels, with or without minor actinides, that will perform satisfactorily to high
burnup (present target: 20 at.% or ~200 GW-d/t HM) and also develop cladding, duct and other structural materials
for fuel assembly that would not fail due to radiation damage up to 200 dpa. The early fuels were capable of only
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1-3 at.% burnup. In the initia phase of the SFR fuel development, a great deal of emphasis was placed on
developing individual fuel pinsthat could achieve high burnup. However, no fast reactor fuel system has been able
to take advantage of the high burnup capability of individual fuel pins. The interaction of fuel pins within the fuel
bundle, the interaction of the fuel bundle with the duct, and the bow and swelling of the duct are equally important
as the burnup capability of individual fuel pins. In fact, the exposure capability of all past and existing fast reactor
fuel systems has been limited by distortion of the duct when excessive fuel handling forces are needed. During the
last five decades, many hurdles had to be overcome, not the least of which was the fast neutron irradiation damage
of cladding and duct materials. Development of high performance cladding and duct materials was truly an
international effort.

The SFR should offer very high flexibility to enable operation of the reactor in plutonium and minor actinide
burning mode or to sustain and increase the plutonium inventory by breeding. Arising out of the results obtained
from experiments with MOX fuel, it is currently believed that the target burners for future large commercial fast
reactors of about 200 GW-d/(t HM) can be achieved if improvementsin fuel assembly and rod structural materials
are incorporated. In addition to this, SFRs because of its flexibility in accommodating different fuel types and
compositions, could contribute to the burning and reduction of the amount of minor actinides. One of the important
concerns for plutonium management is the protection of plutonium from unauthorized diversion while at the same
time allowing the sustainable use of nuclear power. SFRs and closed fuel cycle with co-location of fuel fabrication,
reactor and reprocessing plants facilitate proliferation resistance. The neutron and gamma emitting isotopes of
plutonium namely 2¥pu, 2°Pu, 2**Pu and ?*Pu act as effective barriers and provide proliferation resistance.

Based on the experience in the | ast five decades, the following conclusions are drawn on the status and further
development of SFR fuels:

— Mixed uranium plutonium oxide (MOX) is the reference fuel for SFR. The mixed oxide or MOX fuel has
attained maturity in France, the UK,and Japan, where: (@) industrial scale fabrication, (b) large irradiation
database both as driver fuel and as experimental fuel pins to high burnup and (c) industrial scale reprocessing
have been demonstrated. In fact, fabrication of MOX fuel is virtually an extension of UO, (HEU or Nat. U)
fuel fabrication because UO, and PuO, are isostructural, completely solid soluble and have very similar
thermodynamic and thermo physical properties. However, MOX fuel fabrication is done in shielded glove
boxes, with remote and automated operations because of the high radio toxicity of plutonium. MIMAS
(Belgo-nuclear) and SBR (UK) are still the reference methods of production of MOX fuel, though these are
associated with ‘radiotoxic dust hazard’. The DDP process developed at RIAR, based on vibro-compaction of
MOX granules obtained by pyro-chemical processing of spent MOX fuel is an advanced technique for the
fabrication of MOX fuel pins for fast reactor. Similar to DDP, the DOVITA process has been developed for
fabrication of MOX fuel with minor actinides. Dust free Vibro-sol and SGMP process are other advanced
techniques for fabrication of MOX fuel. The SGMP process is a hybrid of sol-gel and conventional
pelletization process. It is dust free, amenable to automation and remotization, ensures excellent micro
homogeneity and could be tailored to produce MOX pellets of controlled density and microstructure.

— Mixed uranium plutonium monocarbide and mononitride fall in the same category of non-oxide advanced
ceramic fuels for SFRs. Mixed carbide has demonstrated high burnup (160 GW-d/t HM) as driver fuel in
FBTR, India The MC and MN fuels are however more difficult and expensive to manufacture and are
associated with the challenges of pyrophoricity, reprocessing and C-14 in case of MN fuel.

— Metallic fuel is an advanced fuel for SFR and is very efficient from the point of view of high breeding ratio
and low doubling time. Metallic fuel, in combination with pyro-electrolytic reprocessing and injection casting
isvery promising for IFR with co-location of reactor, fuel fabrication and reprocessing facility. Metallic fuels
are easy to manufacture remotely on an industrial scale. The IFR initiative allowed metal fuel to be the
center-piece of fuel development for the USDOE throughout the 1980s and well into the 1990s. Metal fuel,
along with the high burnup capability, has the highest fissile density for breeding and lends itself to the
proliferation resistance and remote pyro-reprocessing. Tests in EBR-II, that extrapolate to large pool-type
sodium cooled reactors, demonstrated that a metal fueled core could sustain aloss of coolant flow and aloss
of heat sink, without SCRAM, and shut itself down, with no core damage. This inherent safety featureis due
to the high thermal conductivity of metal fuel, in contrast to the low thermal conductivity and high fuel
temperature of mixed oxide fuel. However, the experience on metallic fuel is restricted to the USA mainly,
though R& D efforts are underway in Japan, the ROK and India.
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— One of the objectives of SFRs will also be to burn MA. It is possible to introduce small amounts (1-5%) of
MA in MOX, MC, MN and metallic fuels without much difficulty and without affecting the properties and
performance significantly. However, remote, automated and heavily shielded facilities are needed for
handling MA bearing fuels. The details of MA bearing fuels are being covered in a separate 1AEA
publication.

— The radiation damage of fuel structura materials is a mgor challenge of high burnup SFR fuels. Several
sections of this report showed the progression in improvement of fuel performance as the cladding and duct
materials changed from the austenitic alloys (304, 316, 316CW, 316CW-Ti modified) to the very low swelling
martensitic alloy HT-9. Further improvement is underway with oxide dispersion strengthened (ODS) alloy. If
one single effort were to be chosen that contributed to the successful development of fast reactor fuels, it
would be the cladding and duct development programmes from several nations. The details of the SFR fuel
structural materials have been covered in arecent IAEA publication.

— There is a need for international database and collaborative research on out-of-pile and in-pile property
evaluation and irradiation-testing of MOX, MC, MN and metallic fuels and fuel structural materials like
modified austenitic steel, ferritic-martensitic aloys including HT-9 and ODS steels. International
collaboration is also needed for effective utilization of the very few SFRs that will be in operation in the
world, namely, BOR 60, BN-600, JOY O, Monju and FBTR for development of advanced fuels and fuel
assembly structural materials. The IAEA could play a pivotal rolein facilitating this.
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A-ll. THERMAL CONDUCTIVITY OF NUCLEAR FUELS

In normal conditions, thermal conductivity and linear power determine the peak fuel operating temperature.
Under the accident conditions, the thermal conductivity of the fuel determines the maximum permissible linear
rating, xa If central melting isto be avoided [A—1, A—2]. Thethermal conductivity, k, allows the determination of
centre temperature of fuel T, when the surface temperature T, is known by using the conductivity integral,

TC
x= 47:_[ kdT (A-1)
T

S

where y isthe linear rating.

In actinide oxides, the deviation from stoichiometry and the presence of foreign atoms or porosity resultsin
lower values of k. In general, phonon—-phonon scattering and phonon—impurity scattering are the dominant
mechanisms of the thermal conductivity in ceramics. Klemens [A—3] has proposed a heat conduction model in
materials where the phonon—phonon (Umklapp) scattering and the phonon-impurity scattering occur
simultaneously. Theoretically the phonon component the thermal conductivity k may be written as:

k=(A+BT)? (A-2)

where A and B are constants and T is the absolute temperature.
Thermal resistivity (R), which is the reciprocal of therma conductivity (k), of the above oxides, can be
described by the following equation:

R=1k=A +BT (A-3)

The parameter A represents the influence of phonon scattering by lattice imperfections and the parameter B
describes the influence of phonon-phonon scattering [A—4]. The influence of substituted impurities on the thermal
conductivity is described by the increase of the parameter A, while parameter B remains nearly constant by
substitution. The parameter A aso depends on the difference in mass and radius between the substituted atom and
the host atom [A—4, A-5]. The constants A and B can be obtained from the least squares fitting of the experimental
data.

A-ll. EFFECT OF POROSITY ON THERMAL CONDUCTIVITY

Pores, like any other defect, scatter phonons and reduce the thermal conductivity. There are many relationsin
the literature describing the effect of porosity on thermal conductivity. For an exact derivation, the shape and the
distribution of porosities must be known. Some of the important relations listed in the literature are given below
[A-1, A—6-A-11]:

1. Loeb: ky=(1—P)kqp (A—43)
2. Modfied Loeb ky= (1 - aP)k;p, where2< a<5 (A—4b)
3. Kampf & Karsten k= (1 —P*¥)k;p (A—4c)
4. Biancharia ky=(1-P)/(1—-(f—-1)P)k:p, S = 1.5 for spherical pores (A—4d)
5. Maxwell-Eucken k= [(1—P)/(1 + SP)]kp (A4e)
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6. Bauer ky=[(1 + 0.5P)/(1 - P)]kp (A-4f)
7. Steinbock ky= (1—=P)*?kp (A-5g)

Among the above, Eq. (A—4a) under predicts the data and equations (A—4d) and (A—4e) account for the shape
of the pores. IAEA recommends the value of a as 2.5 for UO, and mixed oxide. It is found that values for 100%
dense (kyp) materials can vary considerably depending upon the type of correction employed. Since there are so
many relations available in the literature, either a directly measured data are needed for the actual fuel, or else
porosity corrections should be made for a small variations in porosity only.

A-V. THERMAL CONDUCTIVITY OF ACTINIDE OXIDES

The analysis of the lattice defect thermal resistivity and the evaluation of phonon scattering by the various
defect scattering centres in pure and mixed actinide oxides have been carried out by several authors [A-1, A2,
A-5, A—6, A—12-A-15] Accordingly, A of Eqg. (A—2) can be given as.

A=C(T,+T) (A-6)

Where C = (7?V0)/(3hv?) and V, 0, h and v denote the average atomic volume, Debye temperature, Planck’s
constant and phonon velocity, respectively. T',, is the scattering cross section arising from Pu substitution and ', is
that from all other native defects present in the sample[A—1]. The scattering cross-section I', can be expressed in
terms of the mass and size difference of the substituted atom over that of the host:

[, = (1=X)X[(AM/M)? + ¢ (Ar/r)3] (A7)

Where x is atomic fraction of Pu, AM and Ar are the mass and radius difference between U and Pu atom
respectively, M and r average mass and radius of the substituted atom and ¢ is an adjustable parameter. From the
above, it is clear that scattering cross section depend up on the following viz:

— mass difference between U and Pu atoms;
— size difference between U and Pu atoms;
— charge of U ion;

— microstructure.

The mass differences between U and Pu atoms are less than 3%, and hence its contribution to thermal
resistivity can be neglected. The difference between their sizes is not appreciable and hence its contribution to
thermal resistivity may aso be neglected. The charge of the U ion depends up on the O/M ratio of the pellet. This
means that at higher O/M, some of U™ ions are converted to U*® or U*® ions. This suggests that O/M ratio is the
most important factor controlling the thermal conductivity of mixed oxide fuels.

The parameter B is given by the following relation [A1],

B = B{[a/ (80)ucal* [(Tm)uo Tul*% (A-8)

where, B, is the value for pure UO,, &, is the lattice constant, T,, is the melting point of the mixed stoichiometric
oxide, and (a,) 0, and (T\,)uo, ae the same properties for pure UO,,.

Therma conductivity studies on oxide fuel constitute an area of work which was particularly active in the
1960s, and a number of reviews were published during that period [A-16-A—20]. Every parameter affecting
thermal conductivity was widely studied and reported in the literature. The thermal conductivity of fully dense
oxide fuel (kJ) in the as-fabricated condition is normally described by:

ks = kPhonon + kEIectron (A—9)
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FIG A-l. Thermal conductivity of MOX fuel is plotted against temperature showing scatter [ A-24].

which isthe sum of the contributions by phonon (Kenen) @nd electron (Kgeqron) cONduction. The above equation can
be rewritten as [A-1]:

ks = [/(A + BT)] + [(C/T?) exp(-D/T)] (A-10)

where T is the temperature, and A, B, C, and D are constants. Below 2 000 K phonon conduction is dominant
whereas at higher temperatures el ectron conduction becomes dominant. The temperature dependence of the thermal
conductivity of stoichiometric oxide fuels, measured by laser flash and radial heat flow techniques, are shown in
Fig. A—1. The scatter in values of thermal conductivitiesiswith in 5%.

The effect of Pu on thermal conductivity of MOX fuel for various temperatures is shown in Figs A-Il and
A-lI1 shows the variation of thermal conductivity with O/M ratio for different temperatures for UO,-20%PuO,
composition. Gibby [A—21-A—23] has reported that the AA values that best fit his measured thermal conductivities
were proportional to the nonstoichiometry parameter x:

AA/X ~ 400 (A-11)

Substituting the above valuesin equation (A-11),

k = U[A, + 400x + B(x,q)T] (A-12)

As the temperature is increased, the O/M effect becomes less pronounced because the last term in the
denominator of Eq. (A—12) dominates the middle term.
A-V. SPECIFIC HEAT

Fuel enthalpy and its temperature derivative, heat capacity, are important for fuel behaviour during normal
and transient conditions. Accurate knowledge of the specific heat of the fuel material is needed for assessment of
reactor behaviour under transient conditions, where the thermal diffusivity, k/pC,, determines the time dependence

of the temperature [A—1, A-25]. Finally, fuel heat capacity and thermal conductivity together determines the fuel
time constant, which isakey parameter in fuel stability analysis.
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The enthalpy and heat capacity for actinide fuels are functions of the following [A—25]:

— Temperature,

— Fuel composition,
— O/M ratio,

— Fuel burnup.
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FIG A-V. Specific heat capacity of (U, gPu,,)O, from three different experiments plotted against temperature [ A-25].

The most common technique of determining specific heat capacity isto measure the enthalpy of a sample by
adrop calorimeter or by adifferential scanning calorimeter (DSC) and deduce the heat capacity by finding the rate
of enthalpy change with temperature. Generally, the enthalpy data are fitted using an empirical function, often a
simple polynomial equation.

The effect of O/M ratio and burnup on heat capacity is small. Their effect is to increase the heat capacity
slightly. In UO,, Hiernaut et al. [A—28] have observed a A shaped phase transition at 2670 + 30 K prior to melting.
At thistransition, the heat capacity increases very sharply in anarrow temperature interval. A similar kind of phase
transition is expected in MOX fuel [A—26-A—27]. The MATPRO data of specific heat capacity of (U,gPu,,)0,
from three different experiments plotted against temperature and is shown in Fig. A—4 [A-25]. Figure A5 shows
the effect of O/M ratio on specific heat for (U, gPuy )0,

A-VI. HOT HARDNESS

Hardness is an easily measured mechanical property that can provide insight into the strength of the fuel.
Since hardnessisrelated to yield stress, U.T.S, stress exponent and other mechanical properties by simple empirical
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relations, prediction of these mechanical properties from hardness data will be very useful for radiotoxic materials
where conventional testing is very difficult to perform [A—29]. The hot hardness data further give information on
softening behaviour [A—30] and can be correlated to the Larson-Miller and Sherby-Dorn parameters to predict the
long term rupture and creep properties. The basis of the hardness testing is the assumption that hardness is
independent of the loading time. If the indenter is sinking into the specimen after attaining the full load, the solid is
said to exhibit indentation creep. Walker [A—31] has defined indentation creep as a time dependent motion of hard
indenter into a solid under a constant load [A—32—A—-33]. During the indentation creep, the indenter maintains its
load over a period of time under well-controlled conditions and changes in the indentation size are monitored
[A—33]. Indentation creep is influenced by a large number of variables such as material's plastic deformation
properties, diffusion constants, the normal acting load on indenter, duration of indentation etc.
Itiswidely recognized that the flow stress, o of any metal consists of two components [A—34-A-35]:

c=c6ET)+0,(e) (A-13)

where ¢ is called the frictional stress which depends on temperature and strain rate but not on the level of work
hardening. c” becomes negligible at intermediate and high temperatures. In contrast, o,, the athermal stress, depend
on temperature only through the temperature dependence of shear modulus [A—34]. ¢ is associated with the stress
required in order to permit the glide dislocations to overcome the short-range barriers by thermal activation where
as o, is associated with the long-range elastic interaction of dislocations. Since hardness and flow stress are
intimately related, H can be separated into rate dependent and rate independent components as:

H=H(ET)+H,(e) (A-14)

where H” represents the frictional component of hardness and H, represents an athermal component, the latter
dependent on temperature through the temperature dependence of shear modulus. It is reported that the hardness
and elastic properties of metals and aloys are closely related. Young's modulus of steel decreases by about 1/3 on
heating up to 1 073 K but a proportional reduction in hardness is of the order of 90% [A—35]. This indicates that
softening is associated with the reduction of modulus. To account for this, H-T data are to be treated after correcting
for the temperature variation of modulus. The data can then be represented by the relation:

H/G = A, exp(-B,T/T,) (A-15)

107



The correction for shear modulus variation with temperature is made by computing the shear modulus at any
temperature from

Gy = G [1 + (T —300)/T)](T, /G, x dG/dT) (A-16)

where G, and G; are the shear modulus at room temperature and at temperature T, respectively.

Hot hardness measurements are carried out with the help of a hot hardness tester. The indenters are generally
made of sapphire, cubic boron nitride (CBN) or diamond. For testing, metallographically polished sample was
loaded into the specimen holder. Care was taken to maintain the sample surface perpendicular to the microscope
axis. The load was applied at a rate of 0.2 mm/min. The instrument is calibrated using a standard (Cu: SRM;
National Bureau of Standards, USA) sample. Hot hardness measurements are generally carried out in vacuum
(0.1Pa) from room temperature to the required temperature at every 100°C interval or any suitable interval using a
dwell time of 5 s. The sample temperature is kept constant within £1°C and that of the indenter was kept within
+3°C. Hot harness measurements were carried out judiciously selecting representative areas. At each temperature,
three indentations are made and their average value is reported. For indentation creep experiments, at each
temperature, the hardness was measured as a function of dwell time.

A-VII. THERMAL CONDUCTIVITY RELATIONS FOR UC AND MC
The thermo physical properties of UC and UN are affected by the following factors [A-12, A-36]:
— Effect of excess carbon in carbides;
— Amount of PUC and PuN present in mixed carbides and nitrides, respectively;
— Effect of oxygen asresidual impurity from fabrication in UC and in UN;
— Effect of porosity for both carbide and nitride;
— Effect of metallic impurities within and beyond their solubility limits, especially with regard to fission

products.

Lewis and Kerrisk [A—37] reviewed thermal conductivity studies carried by various authors of carbides and
recommended the following equations for UC for 100% T.D.:

k(WmiCch)=217-3.04*103T +3.61* 10°T2 50 < T < 700°C (A-17)
k (Wm?C?h =20.2+1.48* 10°T 700 < T < 2 300°C (A-18)
The recommended equation for PuC (100%T.D.) is as given below [A37]:

k(Wm?C?Y =745-4.04* 10°T + 1.20* 10°°T? 50 < T < 1 300°C (A-19)

Matzke [A12] has given the following relations of k (Wm™C™) of (U, gPu, ,)C between 50°C and 2 300°C for
fully dense material,

k=175-565* 103 T + 8.14 * 10°°T2 50 < T < 500°C (A—20)

k=12.76+871* 10°T —-1.88* 10°T? 500< T <2 300°C (A-21)
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