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Foreword

Nuclear fuels as key components of the reactor system have been evolved with
demands for higher safety, better efficiency and performance. A number of innovative
fuels have been being conceived or searched for due to successive new requirements
of the reactor systems as well as the availability of new nuclear fuel materials as a
consequence of the change in nuclear environment. In this respect, several nuclear
institutions are currently looking for efficient nuclear fuel systems for the effective
utilization of energy resources such as higher burnups of uranium resources, thorium
fuel cycle and re-use of products coming from nuclear fuel back-end cycle.
A Meeting for the technical discussion entitled as "The Second Seminar on the
New Fuel Technology Toward the 21 st Century", which will be held in Korea Atomic
Energy Research Institute, Taejon, Korea, during November 25 and 26, 1997
following the first one held in November 29, 1996 at the same place, will focus,
together with the discussion of the results obtained from the R & D works performed
during this year, the topics on the various nuclear fuel technologies being conceived,
envisaged or developed for various reactor systems with a wide spectrum from
fundamental approaches to applied engineering and from fuel design technologies to
manufacturing and materials problems.
The seminar will, we hope also, provide an opportunity for many a scientist and
an engineer in the relevant fields, from all the corners of the global world, to meet
and exchange and share their opinions, and hopefully to improve current situations of
nuclear energy.
We acknowledge the scientists and engineers from abroad, industries, research
organizations and universities who contributed the prominent and interesting scientific
papers.

November, 1997
young-Woo Lee, Editor
Advanced Nuclear Fuel Development Team,
Korea Atomic Energy Research Institute
Ssft BLAI3K
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Overview of Activities on Pu and Minor
Actinides Fuel Research in JAERI
Yasuo Arai and Toshiyuki Yamashita
Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken 319-11, Japan

Abstract
Recent activities on Pu and minor actinides fuel research in JAERI is summarized.
For oxide fuel, the solid state chemistry on U-Np-Pu-0 system has been investigated.
Further, Pu rock-like fuel has been developed from the viewpoint of disposing excess
plutonium. For nitride fuel, research on fuel fabrication, property measurements,
irradiation behavior and application to pyrochemical reprocessing has been carried out.
These studies aim at contributing to the development of advanced fuel cycle and
innovative fuel cycle toward the 21st century.

1. Introduction
Since the foundation for more than forty years, Japan Atomic Energy Research
Institute (JAERI) has contributed the civilian use of atomic energy in Japan as a principal
national institute. As far as nuclear fuel research, several types of fuels for LWR, FBR,
HTGR as well as research reactors have been investigated, which covers from fabrication,
property measurement, irradiation behavior and also reprocessing technology.
In 1994, the Atomic Energy Commission (AEC) in Japan issued the "Long-Term
Program for Research and Development and Utilization of Nuclear Energy". It states
that the basic national policy is to establish a consistent system of nuclear power
generation by LWR, to develop nuclear fuel recycle, to diversify the development of
nuclear science and technology, and to reinforce basic research based on security of
safety.
Following the AEC's program, JAERI has been developing nuclear fuel recycle
technology toward the 21st century. The potential fuel cycle will be characterized as
not only safe and economical one but also strong proliferation resistance, low global
environmental burden and efficient utilization of resources. The "advanced fuel cycle"
considered is based on the use of fast reactors associated with advanced fuel
reprocessing. Power Reactor and Nuclear Fuel Development Corporation (PNC) is in
charge of the development of the cycle, but JAERI also has been engaged in the basic
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research to support the development. On the other hand, JAERI has studied the
"innovative fuel cycle" such as double strata fuel cycle proposed in the OMEGA program.
The OMEGA program, in which the partitioning and transmutation of minor actinides
(MA) are key technology, has been launched to further reduce environmental burden
resulting from geological disposal of high level waste (HLW).
In this paper the outline of the recent Pu and MA fuel research carried out in JAERI is
summarized. The activities of Pu and MA oxide and nitride fuels research are shown in
the following chapters. These studies aim at contributing to the development of
advanced and innovative fuel cycles.

2. Pu and MA Oxide Fuel
2.1 Solid State Chemistry of TRU Oxide
Research on solid state chemistry on U-Np-Pu-0 system has been carried out to
complement the database of the oxide fuel cycle. It concerns rather basic field, which
covers from the phase relations, crystal structure to electrical, thermal and
thermodynamic properties on the system.
Phase relations of UO2-U3Q8-NPO2 and NpO2-PuO2 systems at elevated temperatures
were investigated by high-temperature X-ray diffractometry and thermogravimetry in
order to determine the phase region of the fluorite solid solution [1]. In the former case,
as the analogy to the UO2-ThO2 system, it was found that the fluorite single phase exists
within the region of UO2-NpO2-U~0.4Np~0.6O2.27-U4O9 over the whole Np/(U+Np)
ratio. On the other hand, very narrow single-phase region was confirmed over the
whole Pu/(Np+Pu) ratio in NpO2-PuO2 system.
With regard to crystal structure, the effects of the cation contents on the lattice
parameters of (Ul-yMy)02.oo (M=Pu, Th, La) solid solutions were investigated [2].
The samples were carefully prepared to keep the homogeneity and stoichiometric
composition. On the contrary to the French results showing the deviation from the
Vegard's law [3], any anomalous behavior was not observed in this case. The change in
lattice parameters was analyzed based on the rigid ion sphere model and the speculation
with stoichiometric composition agreed well with the experimental results. These
results suggested that the present solid solutions investigated could be considered almost
ideal.
The electrical conductivities of (U,Pu)02+x and (U,Np)O2+x solid solutions were
measured by four inserted wires method as a function of temperature and oxygen partial
pressures as well as the composition of the solid solutions [4,5]. Different stages in the
oxygen partial pressure dependence of electrical conductivity were observed, from which
the defect structure of the solid solutions was discussed. The activation energy of
electrical conduction was also derived from the temperature dependence to 1273 K.
From the experimental results for (U,Np)02+x it was found that Np always exists in +4
state in the solid solution and the defect structure of the solid solution is identical with
that of UO2.
Thermal expansion of AnO2 (An= Th, U, Np, Pu) and (U,Np)O2 and (Np,Pu)O2 solid
solutions was investigated by high-temperature X-ray diffractometry in controlled
atmosphere up to 1300 K [6,7]. The object of the study is not only to determine the
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linear expansion coefficients (a) but also to find out the relation between a and the
melting temperature and estimate high-temperature specific heat capacity from a. The
linear expansion coefficients of the above compounds have been proposed. The
preliminary results suggested that the present method is a possible way to estimate hightemperature specific heat capacity, although the understanding of the relating mechanical
properties, such as the adiabatic compressibility and Griineisen constant, is needed
hereafter.
2.2 Pu Rock-like Fuel
Plutonium rock-like fuel (ROX fuel), which has a multiphase structure and is
composed of inert matrix and plutonium oxide, has been developed from the viewpoint
of disposing excess plutonium [8]. Plutonium in the fuel will be completely burnt in
conventional LWR core and the spent fuel could be disposed without any further
processing. The advantage of the fuel exists in little reproduction of fissile elements and
its geological stabilities.
Up to now, basic study of ROX fuel material and a preliminary irradiation test have
been carried out besides reactor physics study. Phase relations of ZrO2(Y,Gd)-Al2O3MgO and ThO2-Al2O3-MgO systems were studied on simulated fresh and spent fuels.
According to the results, it was found that Pu is solidified into the fluorite phase as a
solid solution. In the simulated spent fuels, the lanthanides were distributed in hibonite
and fluorite phases, the alkaline earth elements mainly in hibonite phase. Noble metals
formed the alloy with Mo. The geological stability of all phases formed in the simulated
spent fuel is well known. The leaching characteristics of the fuels were also examined.
Further, the disk samples of A12O3(65 mol%)-MgO(10 mol%)-ZrO2(Y,G)(15 mol%)PuO2(10 mol%) and A12O3(65 mol%)-MgO(10 mol%)-ThO2(15 mol%)-PuO2(10 mol%)
were fabricated and subjected to the irradiation in JRR-3M for 4 cycles. The first
results of the post irradiation examinations (PIEs) were obtained in this year.

3. Pu and MA Nitride Fuel
3.1 Why Nitride?
It is well known that actinide mononitride has several characteristics suitable for
advanced fuel for fast reactors; high thermal conductivity, high melting temperature, high
heavy metal density, good compatibility with stainless-steel cladding and sodium coolant,
mutual solubility among actinide mononitrides and so on [9]. The use of nitride fuel in
fast reactors will lead to wider safety margins in designing reactor core and efficient
actinide breeding or burning. So JAERI considers the solid solution of actinide
mononitrides to be probable fuel in the advanced fuel cycle.
On the other hand, JAERI has proposed the concept of the double strata fuel cycle
consisting of the power reactor fuel cycle and the partitioning-transmutation (P-T) cycle
in the OMEGA program [10]. Two dedicated transmutation systems have been studied
for the moment; one is an Actinide Burning Reactor (ABR) and the other is an
Accelerator Driven System (ADS). In both cases, fuel material will be the solid
solution of mononitrides containing minor actinides such as Np and Am as a principal
component from thermal and neutronic consideration
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Nitride fuel cycle mentioned above will be combined with pyrochemical reprocessing
in the scenario [11]. Since actinide mononitride is a good electrical conductor and
actinides and most of fission products will behave almost same as in metallic fuel in
chloride molten salt, the electrorefining process developed for metallic fuel cycle in USA
[12] will be applied to nitride fuel with minor modification. It is well known that one of
the drawback of nitride fuel is the radiological problem of C-14 produced from N-14.
So it is preferable to use N-15 enriched nitrogen in the fuel cycle. This is another
reason that we choose pyrochemical reprocessing process in which recovery of N-15 will
be done with relative ease, although nitride fuel itself is compatible with conventional
PUREX process.
3.2 Nitride Fuel Development
In JAERI, research on fuel fabrication, property measurements, irradiation behavior
and application of nitride fuel to pyrochemical reprocessing has been carried out for
about a decade. Actinide mononitride such as UN, NpN and PuN and their solid
solutions such as (U,Np)N, (Np,Pu)N and (U,Pu)N are prepared by carbothermic
reduction of the dioxides [13,14]. The experiments focused on establishing the
effective manner for preparing high-purity mononitride without loss of actinides. Two
methods of carbothermic reduction were developed; one is the one-step reaction in N2H2 mixed gas stream and the other is the two-step reaction of reduction in N2 stream
followed by removal of excess carbon in N2-H2 mixed gas stream. The residual oxygen
and carbon contents could be lowered to less than 500 ppm by both methods. Sintering
characteristics of nitride powders were also investigated and the sintered pellets have
been used for fuel property measurements and irradiation tests. Further, internal
gelation method for preparing nitride microspheres has been developed.
Thermal conductivity and vaporization behavior of nitride fuel have been investigated.
Thermal conductivity was derived from thermal diflfusivity measured by laser flash
method. Thermal conductivities of actinide mononitride and their solid solutions
showed a similar temperature dependence that they gradually increase with temperature
from 680 to 1600 K. Thermal conductivity decreased from UN-side to PuN-side in
order, especially in UN-rich region in (U,Np)N, in NpN-rich region in (Np,Pu)N and in
UN-rich region in (U,Pu)N [15]. Further, the effects of porosity and oxygen impurity
contents on the thermal conductivity of (U0.8P0.2)N were examined [16,17].
Vaporization behavior was investigated by high-temperature mass spectrometry.
Actinide bearing gaseous species detected in the measurements were only monatomic
An(g) except for a trace of AnO(g). Vapor pressure of An(g) decreased in order of
Pu(g) over PuN, Np(g) over NpN and U(g) over UN. In the series of experiments, the
free energy of formation on NpN was proposed by analyzing temperature dependence of
the vapor pressure of Np(g) over NpN [18]. The activities of each component in the
solid solutions such as (U,Pu)N and (Np,Pu)N were calculated from the vapor pressures
and the present results suggested some deviation from ideality [19,20]. Further,
unusual vaporization behavior of Am(g) over reactor-grade PuN was observed [21].
Irradiation tests of (UO.8PuO.2)N fuel started in 1990 to demonstrate the fuel
performance. Up to now the irradiation of four He-bonded mixed nitride fuel pins in
JMTR has been completed [22]. Thermally stabilized fuel pellets fabricated by use of
organic pore former particles were used in the campaigns. Several basic information
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such as fission gas release and swelling rates could be obtained from the results of PIEs
carried out in a-g hot cells with Ar gas atmosphere. On the other hand, irradiation tests
in fast test reactor JOYO started in 1994 aiming at burnup of 4.5%FIMA under the joint
research with PNC [23]. In this case PIEs of two (UO.8PuO.2)N fuel pins will be
carried out in both JAERI and PNC.
With regard to application to pyrochemical reprocessing, the apparatus for
electrorefining study of nitride fuel were equipped in 1995-1996. Two electrorefiners
and a cathode processor were installed in the glovebox with high purity Ar gas
atmosphere. Following the preceding demonstration of the electrolysis of UN [24], the
preliminary experiments using Np and Pu started in the beginning of this year. The
electrochemical behavior in AnC13-LiCl-KCl (An = Np, Pu) system and distribution of
An in LiCl-KCl-Cd(Bi) system are being studied under the joint research with Central
Research Institute of Electric Power Industry (CRIEPI) [25]. The direct electrolysis
test of NpN and PuN is to be carried out in this year focusing on the anodic and cathodic
behaviors.

4. Summary
Recent activities on Pu and MA fuel research in JAERI is overviewed.
Thermophysical and thermodynamic properties on U-Np-Pu-0 and U-Np-Pu-N systems
have been clarified to contribute to the development of advanced fuel cycle and
innovative fuel cycle such as partitioning and transmutation. The irradiation tests of
ROX and (U,Pu)N fuels developed are also in progress to demonstrate the fuel
performance. Electrorefining of nitride fuel in chloride molten salt is studied to apply to
pyrochemical reprocessing. Further, the design study of "Americium high-temperature
chemistry cell" is under way for research on Am, which is one of the key elements in the
future fuel cycle. Domestic and international collaboration is indispensable for further
development.
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Fabrication and Performance of Advanced Fuels and
Plans for Future - Indian Programme
DSC Purushotham
Bhabha Atomic Research Centre
Bombay-400 085 India

Abstract
The closed fuel cycle philosophy adopted by India and the large thorium reserves
available forms the basis of our planned 3-stage nuclear power programme.
Utilisation of Pu in fast reactors is the primary goal and interim use in the BWRs
and PHWRs is being pursued through the technologies developed for achieving these
goals. Development work relating to Th-U233 system is in progress to enable the
realisation of the large energy potential of the thorium reserves.

1. Introduction
In India, we have somewhat limited reserves of uranium and fairly large reserves of
thorium, which are the basic materials of the nuclear power programme. With this
resource position, the Department of Atomic Energy has planned a 3 stage programme
for the growth of nuclear power in our Country. The first stage has commenced with
Pressurised Heavy Water Reactors (PHWRs) using natural uranium oxide as fuel.
Plutonium (Pu) produced in these reactors is planned to be used in the second stage
for its multiplication through breeders running on Pu-U238 cycle.
Towards the end of the second stage, as the U238 gets consumed, production of
U233 from thoria will be taken up. In the 3rd stage, the U233 produced in the
second stage breeders will be used for running reactors based on U233-Th cycle. Use
of Th in the 3rd phase would enhance the energy potential to the extent of 6 times
over the U238-Pu cycle and is expected to be the mainstay of our energy scenario
for the next century.
As such, for the present, our nuclear power generation is through a series of
PHWRs of 220 MWe capacity using Nat.UO2 fuel, expect for two BWRs of our
Tarapur Atomic Power Station (TAPS) which use LEU fuel. The closed fuel cycle
philosophy adopted by us yields Pu intended essentially for the fast reactor
programme, for which a beginning has been made by the starting of the Fast Breeder
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Test Reactor (FBTR) at Kalpakkam in the mid-80s'. The FBTR is fuelled with mixed
carbide of composition (PuO.7 U0.3)C. Further, as an interim measure for utilisation of
Pu due to delays in the fast reactor programme, we have started a programme on
MOX fuel, initially for use in our BWRs, and to be followed by a recycle
programme in the PHWRs. Also, as part of our strategy for utilisation of Th, an
Advanced Heavy Water Reactor (AHWR) is under development which would use
MOX with ThO2- UO2 to generate most of the energy from U233, bred in-situ from
thorium.
This paper deals with some of the aspects of fabrication and experience gained with
the MOX fuel for the BWRs, mixed carbide fuel for the fast reactor, and plans for
the future which include the PFBR, technologies such as co-reprocessing of spent fuel
with modifications to the PUREX process etc.

2. MOX Fuels
MOX fuels are planned for use in our BWRs and PHWRs, and these aspects are
discussed in this section.
2.1 MOX Fuel for BWRs
With the background of international experimental irradiations and programmes on
MOX fuel, we also examined the feasibility of recycling Pu, initially to be taken up
in the BWRs to utilise the nuclear fuel resources to the maximum extent possible. We
studied the operation of our BWRs at TAPS with a mixed core consisting of MOX
and LEU fuel assemblies. The preliminary studies established feasibility, although to
be limited to l/3rd of the core for MOX fuel. Experimental irradiations[l] of
prototype MOX fuel elements were carried out in our research reactor CIRUS,
wherein modest burnup targets were achieved without any fuel failures. Subsequently,
detailed studies on all aspects of Pu recycle were undertaken and design of a MOX
fuel assembly to substitute the LEU assemblies partially was evolved. Analyses of fuel
behaviour under transient conditions were also performed. The fuel assembly design,
which has the same mechanical design of the LEU assembly [Fig.l(a)] is shown in
Fig.l(b) and consists of an array of 6 x 6 rods, with one water rod in the spacer
capture rod position. An All-Pu fuel rod assembly[2] was chosen to maximise the Pu
content in the assembly, which could also satisfy the local peaking criteria. 3
compositions of MOX are used in the assembly, designed without burnable poisons.
Table-I gives some of the nuclear parameters of the MOX and LEU fuel with Gd.
Based on the earlier work, a flow-sheet for MOX fuel manufacture (Fig.2) was
selected and a plant was constructed at Tarapur where the manufacturing of MOX
fuel assemblies has been in progress. The first 6 assemblies produced here have been
undergoing irradiation in the two reactors. Two assemblies loaded at the first instance
in one of the reactors have so far accumulated a burnup of 10,000 MWd/Te (at
present in the second cycle), and the other four loaded in the second reactor have
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crossed a bumup of about 3,500 MWd/Te (in the 1st cycle). The in-pile performance
of these assemblies has been quite satisfactory so far. The reactors employ 3-batch
cycling of 18 months, with the average burnup for LEU fuel at 20,000 MWd/Te. For
MOX fuel, a discharge burnup limit of 15,000 MWd/Te has been set in order to limit
the reactivity due to the absence of Gd. It is now planned to step up scale of
production and introduce more such MOX fuel assemblies at this Station.
Further studies are in progress for the introduction of burnable poison rods in this
MOX fuel assembly to enhance the reactivity and facilitate 18 month cycle
operation[3]. This would also be one of the steps enabling enhancement of Pu content
in the reactor core.
2.2

MOX for PHWRs

A study has been under way to realise the extension of fuel burnup from 7,000
MWd/Te obtainable with nat.UO2 fuel used in our PHWRs to about 10,500 MWd/Te
by using a small addition of Pu to the central 7-rods of the 19-rod PHWR fuel
bundles[4]. This scheme has major advantages to the back-end of the fuel cycle while
facilitating interim utilisation of Pu in the larger numbers of our PHWRs. The fuel
bundle design evolved, based on this study, is shown in Fig.3 and some of the
features of this design are shown in Table-H This scheme also makes it possible to
introduce Th in these reactors on a once-through basis. A batch of such MOX fuel
bundles are scheduled for fabrication and study of in-pile performance.

3. Fast Reactor Fuels
The on-going programme on the mixed carbide fuel for the Fast Breeder Test
Reactor(FBTR) and plans for fuelling the Prototype Fast Breeder Reactor (PFBR) with
mixed oxide fuel, are discussed in this Section.
3.1

Mixed Carbide Core of FBTR

The Fast Breeder Test Reactor (FBTR) located at Kalpakkam and commissioned in
the mid-80s' is a sodium-cooled loop-type reactor, fuelled with the mono-carbide
(PuO.7UO.7)C. The reactor has operated, to date, up to 12.5 MWth, with a small
carbide core comprising of 26 fuel sub-assemblies. This advanced fuel has performed
satisfactorily with 320 W/cm peak linear heat rating. Recently, a maximum fuel
burnup of about 40,000 MWd/T has been achieved and irradiation is continuing. The
central fuel assembly, at a burnup of about 25,000 MWd/T (15 d pa), was discharged
for post irradiation examination early this year. On completing visual examination of
the 61 pin fuel sub-assembly, dimensional measurements were carried out and fuel
pins were dismantled. Some of these were subjected to leak testing, ultrasonic testing,
metrology, eddy current testing, X-ray radiography, etc.[5]. Cut sections of the pins
were subjected to metallography and Fig.4 shows some typical cross-sections. There
was no swelling or bulging of the sheath in the fuel region of the sub-assembly. Pin
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diameters were within the original limits and there was no clad deformation. Eddy
current testing indicated that the stack length had increased. Further examination
revealed that the pellet-clad gap was closing due to cracking and swelling of the fuel.
Space is still available for accommodating further swelling of the fuel. However, the
swelling rate will be reducing due to lowering of centre-line temperature of fuel due
to gap closure. This fuel has been designed for a burnup of 50,000 MWd/T and is
expected to attain this target in a satisfactory manner.
At this stage, an enhanced core has been under consideration and it is planned to
have a larger core with about 60 fuel assemblies of (PuO.55 U0.45)C composition to
enable 40 MWth operation of the reactor. All preliminary studies, including irradiation
trials, have been completed and fabrication of this core with characteristics given in
Table-IH is in progress at BARC.
3.2

Prototype Fast Breeder Reactor (PFBR) Fuel

A 500 MWe pool-type sodium-cooled PFBR is under detailed design, which is
planned for construction shortly and generation of power during the next decade, at
Kalpakkam. The chosen fuel is mixed oxide, and its design data is given in Table-TV.
The 2-zone core fabrication is scheduled for commencing by about 2005. Annular
pellet design is being adopted, with D-9 alloy as the cladding material. The reference
route for fuel fabrication is the pellet-in-tube process, the feed material preparation
being through the sol-gel process, for which developmental activities have been under
way at our Radio-Chemical Labs, for some time now. Experimental irradiation of this
fuel is to be taken up shortly and preparatory fabrication development work is
currently in progress at the MOX plant at Tarapur.

4.

U233 based fuels

Thorium/Thorium oxide rods have been irradiated in our research reactors over
many years, and separation of U233 has been carried out on campaign basis in our
reprocessing facilities, in a separate line, set up for this work. A1-U233 alloy
fabrication route, for plate-type fuel, has been developed at our Radiometallurgy
Laboratory.
4.1 Plate-Type Fuel
A 30 KWt U233 fuelled, light water research reactor KAMDSIL located in the line
of hot cells for the PIE of fast reactor fuels, has been brought into operation for the
purpose of neutron radiography (mainly fast reactor fuel) and activation analysis. This
reactor uses plate-type fuel through ingot-melting route, followed by roll-bonding and
roll-swaging[6] stages for the picture-frame assembly preparation.
4.2 Pellet Fuels

For the remote fabrication of pellet type U233-containing fuels the pelletimpregnation technique has been studied[7]. Here, ThO2 pellets sintered to about 80%
theoretical density, are impregnated in uranyl nitrate solution, dried and sintered at
1700oC for obtaining the desired density. The ThO2-UO2 forms a solid solution. The
impregnation and subsequent processing is carried out in shielded enclosures. As an
alternate to this process, sol-gel micro-sphere pelletisation may be adopted. Here,
dust-free, free-flowing microspheres of the mixed oxide fuels are produced through the
gelation route, calcined, pelletised and sintered to high density pellets[7]. This process
is also well-suited for automation and remotisation.
4.3

Advanced Heavy Water Reactor Fuel (AHWR)

The AHWR design is under way and is being planned for development in the next
few years. The reactor has several passive safety features and will enable thorium
utilisation, by energy generation largely through in-situ burning of U233. The AHWR
fuel cluster will have 52 pins arranged in a square array. The MOX pins in this
cluster will be surrounded by ThO2 pins, and
Zircaloy-2 will be the cladding
material. This reactor is of great interest to our power programme and the
development work relating to various aspects is planned to be pursued vigorously.

5.

MOX through Co-Processing Route

As a proliferation-resistant and technologically innovative approach for closing the
fuel cycle, we are considering reprocessing and recycle of U and Pu together, without
their individual separation, for the LWR spent fuel. The residual enriched U and Pu
in the spent fuel can be utilised for fabrication of MOX for the PHWRs. This
methodology would involve the co-processing and recovery of U and Pu together by
the PUREX process, co-conversion of U and Pu product mix into their oxides, and
fabrication of the PHWR-MOX fuel.
The proposed scheme[8] for the co-processing of Pu and U is shown in Fig.5.
Essentially, the decontamination cycles are repeated till the fission product
decontamination is achieved to desired levels, and the partitioning stage is manipulated
to strip Pu fully and requisite amount of U will be made to follow this Pu so that
the stripped product has 95% U and 5% Pu. This would be the master-feed for
further dilution with U, and further conversion to MOX using co-precipitation/direct
densification/sol-gel process as suitable, can be effected. Different aspects of this
scheme - technical and economic - are under examination in this regard.

6. Conclusions
For the Indian power programme with the closed fuel cycle philosophy, plutonium
is a resource material and technologies to utilise it in fast/thermal cycles are being
pursued. The utilisation of our large thorium resources needs exploitation of
technologies for the Th232-U233 system, for which a beginning has been made. The
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implementation of these schemes alone can help to meet the large demand for nuclear
power needed by us in the coming decades.
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Table-I. Nuclear Features of MOX

No. parameter Core conditions

JPUELTYP15
MOX LEU fuel with Gd

1.

K*

Cold, no xenon and
0 GWD/ST bumup

1.264

1.162

2.

K«,

Hot, xenon and
0 GWD/ST bunrop

1.217

1.119

3.

K.

Hot^icnon, 4O*/o void
and 0 GWD/ST bumup

1.179

1099

4

K.

Hot,xenon,40% and
10 GWD/ST burnup

1060

1.081

5.

LPF

Hot,xenon,40% void
and 0 GWO/ST buniup

1 172

1 189

6.

1
(uscc)

Cold and 10 GWD/S'f
bumup

24.9

316

7.

1
(Msec)

Cold end 10 GWD/ST
bumup

30.1

382

i.

a

Cold and 0 GWD/ST
bumup

0.0O41

0.0077

9.

A

Cold and 10 GWD/ST
bumup

0.0042

0.0061

10.
(Control)

11. AK/K
(Control)

12. Fuel Temp.
Coeff.
(x 10VC)

Cold, no xenon and
0 GWD/ST burnup

1.168

1.187

Cold, no xenon 40%
void

0.242

0.274

585-1000 °C fuel
temp, 0 GWD/ST

-2.55

-228

-2.70

-228

-227

-1.91

13. Mod.Tcmp. 200-286 °C mod
Coeff.
(x 10-7°C)
14 ModTemp
CoefT
(x lOV'C)

temp, BOC

200-286 °C mod.
lemp, EOC

15 Void Coeff 20%-40% void

-1 38

-1 11

-1.24

-1.07

(x 10° BOC
per % void)
16. Void Cocff. 2(l%-40% void
(xlO'EOC
pxr % void)
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Table-II.

Some Features of MOX-7 Fuel Bundle for PHWR

1 FUEL BUNDLE DESIGN : MOX-7

Inner 7 rods with
0.4% PuO:
Outer 12 rods with
Nat.UO2

2. BUNDLE POWER DISTRIBUTION
[From Center to Periphery]
a) Start of irradiation

1.032 1 175 0.910

b) 10 GWd/Tc burn-up

0.910 0.969 1.023

3. FUEL/BURNUP (MWd/Te)

4

a) Inner Zone

Nat U/11,000

b) Outer Zone

Mox-7/10,200

c) Average

10,700

MAXIMUM BUNDLE POWER (kw)

422 in Nat.U bundle

5 MAXIMUM CHANNEL POWER

3.11MW

6. REACTIVITY WORTH AND
ADJUSTER RODS

13 2milli-K
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Table-Ill.

Characteristics of FBTR-Mark-II Fuel

1.

Composition - 5 5% Pu C - 45% UC

2.

U + Pu - 94 - 95%; Pu - 52.9 + 0.0%
- 0.2%
C - 5 . 0 3 % Max.

3

0 -- 5,000 ppm
N - 2,000 ppm.
M 2 Ca-5-15%
4.

5.

Pellet Dia.

: 4.18 ±0.05 mm

Density (%T.D)

: 86+1
"2

Linear mass

: 160 ±0.04 (g/cm)

Pin;

Outer Dia
I.D
Length

. 5.1 ± 0.03 mm
: 4 36 mm
: 531.5+ 0.4 mm
-12

Bow

; 2 in 1,000

Fissile Column length : 320 ± 1 5 mm
Spacer wire pitch
We.ld

; 90.0 ±4.0 mm
TIG, 110% penetration.
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Table-IV.

Major Specifications of Mixed Oxide Fuel for PFBR

1.

PuO2 Content (Wt.%)
(Zone I/Zone 2)

21/27

2.

Diameter (mm)

Solid
5.55 ±0.04

Annular
5.56 ± 0 04

3.

Central Hole
Diameter (mm)

-

1.70 ±0.10

4.

Length (mm)

10

10

5

Density (% T.D)

87.0 ±1.0

96.0 ±1.0

6.

Linear Mass (g/cm)

2.33±0.08

2.33 ±0.88

7.

0/M

1.95

1.95

8.

No isolated Pu-rich clusters => 100 micron in diameter

9.

Complete solid solution between UO2 & PuO2.
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LEU Assembly

MOX Assembly

L=1.6X U 235

L=0.9% Pu

M=2.1% U 2 3 5

M=1.55% Pu

H=2.6% U 235

H=3.25% Pu

Fig. l(a)

Fig. 1 LEU & MOX Assembly Design
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Fig. 2 Flow Sheet for MOX Assembly Fabrication
with Quality Control Points
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LEU Assembly

MOX Assembly

L=i.8X u 2 3 5
U-ZAX U

L=O.OX Pu

235

M=1.5SX Pu

H=2.6X U 236

H=3.25X Pu

-UO g

-0.4%

MOX FUEL BUNDLE FOR PHWR
Fig. 3 MOX Fuel Bundle Design
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-21 -

MEXT
Sett PLANK

KR9700368
The 2nd Seminar on the New Fuel Technology Toward the 21* Century,
November 25 - 26, 1997, KAERI, Taejon, Korea

Status of The Inert Matrix Fuel Program at PSI
Guido Ledergerber, Claude Degueldre,
Uwe Kasemeyer, Alexander Stanculescu, Jean Marie Paratte and Rakesh Chawla
Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

Abstract
Incineration of plutonium by a once-through cycle in LWRs utilising an inert matrix based
fuel may prove to be an attractive way of making use of the energy of fissile plutonium and
reducing both the hazard potential and the volumes of the waste. Yttria stabilised zirconia
forms a solid solution with oxides of rare earth elements (e.g. erbium, cerium) and some
actinides. The small absorption cross section, the excellent stability under irradiation, and the
insolubility in acids and water recommends this material as an inert matrix. Neutronics
calculations with erbium as burnable poison show that these compositions would be optimal
from the reactivity point of view. A fuel element with an improved reactivity behaviour over its
life cycle has been designed for possible introduction into a heterogeneous LWR core.

1 Motivation
The inventories of spent uranium fuel, and hence of plutonium generated by commercial
nuclear power plants, are continuously increasing. In Europe, reprocessing of uranium based
fuel and MOX fabrication are industrial activities which will develop into a competitive option
for the back-end of the nuclear fuel cycle. Recycling MOX with the aim of radio-toxicity
hazard reduction with emphasis on the long lived isotopes is investigated in the context of
multiple recycling schemes based on fast reactors. Direct disposal of uranium fuel elements is
under evaluation, but it implies the intrinsic problem of burying rather large volumes of soluble
material with a high content of fissionable isotopes. For the elimination of excess plutonium by
its transformation into an inaccessible waste form, zirconia based inert matrix fuel (IMF) for
energy production in a LWR is a feasible option studied at PSI [1],[2]. The chopped claddings
might be seen as the source of zirconium for this matrix material, further reducing the waste
volume and concentrating the radio-toxic materials.

2 Fuel Matrix
Zirconium oxide is a promising candidate as inert matrix because it may be stabilised by rare
earth oxides in a single phase solid solution which offers attractive properties for a nuclear fuel.
In this material, rare earth oxides stabilise the phase in a cubic structure, and the stabilised
zirconia is then comparable to UO2 in MOX fuel. In the suggested fuel material, the stabilised
zirconia fluorite-type phase will be the host phase for plutonium, other actinide elements or
fission products. Binary cubic mixtures Z1O2-YO1.5 form solid solutions with numerous
dopants from room temperature to about 3000 K [3]. Little is known on the properties of
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zirconia based ceramics, and on their behaviour under irradiation. Some early studies reported
data on zirconia lattice expansion [4], thermal conductivity changes [5], and mechanical
property changes [6]. It was also observed that during neutron irradiation of uranium doped
zirconia, the phase transforms to cubic when the neutron fluence increases [7]. More recently,
Clinard [8] studied the behaviour of stabilised zirconia under neutron irradiation and showed
the presence of ordered inclusion arrays. All of this information indicates that these zirconia
based materials have a relatively stable behaviour under irradiation.
For estimating the in-pile behaviour of zirconia based fuel, the behaviour of both inert matrix
and simulated fuel materials is being studied under specific types of irradiation. Since fission
products such as Xe are known to cause considerable material damage, the stability of these
ceramic materials has been assessed under Xe irradiation utilising both high and low energy
particles.

2.1 Material Preparation and Analysis
The selected route for material preparation is aqueous co-precipitation of the nitrate salts
solution mixture by ammonia. This wet preparation method was adapted for the fabrication of a
simulated fuel material (ZrQgs.x.yYxEroojM^O] ^ . ^ with M = Ce, U or Th as analogue of Pu
(x= 0.10-0.15, y= 0.07-0.10). Subsequent drying, crushing, pelletising and sintering at 1875 K
was carried out for pellet preparation. The relative density of these material samples was about
95%. X-ray diffraction was used for phase interpretation and determination of second phase
formation. As an example Figure 1 shows that the quaternary material forms a single solid
solution. Lattice parameter measurements where applied for characterisation and the
Figure 1: XRD Spectrum and Structure of Pellet (SEM Micrograph) of a
(Zro.7Yo. 15Ero.o5Ceo. i )°i .9 Sample
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determination of theoretical densities. Specific samples for measurements were obtained by
cutting the pellet using a diamond saw.

2.2 Thermal Conductivity Analysis
Thermal conductivities of zirconia based inert matrix and analogous fuel materials were
measured and modelled [9]. Measurements were performed using the laser flash method and
systematically applied to binary, ternary and quaternary systems including zirconia, yttria, erbia
and ceria or thoria. Measurements were carried out from room temperature up to 1300K.
Thermal diffusivity results for simulated fuels are given in Figure 2 and compared to nonirradiated and irradiated UCX Thermal conductivity was calculated using theoretical values for
specific heat capacity and was also modelled taking into account the effect of dopants on the
lattice parameter of the cubic solid solution and the oxygen vacancy size and concentration [9].
Experimental and lattice parameter values are compared prior to full justification of the results.
In the temperature range from 300 to 1000 K, the thermal conductivity of the single phase solid
solution with yttria, erbia and ceria as analogues of fuel material was confirmed to be about 2
W-TTT'-K"1, a value similar to stabilised zirconium oxide with similar dopant concentrations.
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Figure 2: Thermal Diffusivity for (Zr 075 Y 0 10Er005Me0,\Q)OX 925 Me = Ce (•)
or Me = Th (±), for Uranium Oxide (•) and for High Burn-up Uranium
Fuel ( • ) with 63 MWd/kg UO 2
In addition, inert matrix sample conductivity was measured up to 2200 K. It was striking to
note the large conductivity increase around 1500 K, reaching 3 W-m'-K"1 at 2200 K. These
samples presented, however, lower conductivities at room temperature (about 1.5 Wm'-K" 1 ).
Recently, comparable thermal conductivity values were obtained by oscillating scanning
differential calorimetry for the same material (Figure 3). Energy transfer in this transparent
matrix must, however, be discussed on the basis of both photonic and phononic conductivities.
Based on the phononic conductivity, an annular pellet design to reduce the centre line
temperature has been proposed [2].
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2.3 Behaviour under Irradiation
The inert matrix and simulated fuel materials were irradiated using an analytical electron
microscope with a low energy Xe injector at the Japanese Atomic Energy Research Institute
(JAERI) and using the HVEM-Tandem Facility at Argonne National Laboratory (ANL).
For electron microscopy, trepanning disks of 3 mm diameter with a thickness of 10-20 |im in
the centre part were made by ultrasonic cutting and dimpling. Perforation was made by thinning
with a 3 keV Ar+ ion beam. With the electron microscope, amorphization and defect clusters
due to ion thinning were not observed on the inert matrix samples. In all samples cubic solid
solutions were determined. One as fabricated sample (with thoria included) presented locally
amorphous phases (about 10%) produced in the tri-join boundary spaces.
Observations and irradiation experiments for (Zr 0g5 Y 0 ]0 Er 005 )O] 925 with and without 10%
CeO2 at JAERI were performed in an JEM electron microscope equipped with an ion
accelerator. The beam of 60 keV Xe ions provided a flux of 510 1 2 Xe-cnr2^-1. The irradiations
were carried out at room temperature and at 925 K accumulating relatively large doses,
simulating fission damage under light water reactor conditions (Figure 5).
The thickness of the sample observed with an electron microscope was about 50 nm.
Irradiation performed at the two temperatures demonstrated that for a dose of 1.8 10l6Xecm~2,
no amorphization was observed. The penetration depth of the Xe ions in the inert matrix
irradiated with 60 keV Xe ion was estimated to about 15 nm by the TRIM-95 code.
After ion irradiation, the volume swelling of the specimens was estimated from the total
bubble volume which was measured from bubble densities and average bubble radius. The
volume swelling was estimated to be about 0.19 % at room temperature and about 0.72 % at
925 K, respectively.
Simulated fuel samples (Zr 075 Y 010 Er 005 Th 0 ]0)Oj 925) were prepared to investigate the
microscopic behaviour of the material under high energy irradiation (1.5 MeV). TEM subsamples were prepared by mechanical grinding and ion milling at the University of New
Mexico. The thickness of those samples was of the order of 100 nm and the irradiation took
place in the HVEM-Tandem Facility. The material was irradiated with an ion dose rate of
SAlO^Xe-cm'V 1 , to doses of 2.0-10 l6 Xecm 2 with high energy Xe ions. Irradiation was
carried out at 20 K with a liquid helium stage, because previous experiences on ZrO2 have
shown that the phase is very resistant to amorphization, but that amorphization might occur at
sufficiently low temperatures at which defect recovery could be suppressed. Some observations
were carried on-line. (Figure 6)
At a fluence of 210 16 Xe-cm"2, a high density of dislocation loops was observed, and the size
of the loops ranged from 20 to 60 nm. Detailed TEM analysis after ion irradiation did not
reveal any amorphization even near the grain boundaries. According to a full cascade TRIM-95
calculation (using Ed = 60 eV), the damage in the middle of the electron transparent TEM foil
(100 nm in depth) reached 25 dpa (deplacement per atom) at full ion dose.
The results of all examinations indicate that the irradiation temperature (20 K) is still too high
to destroy the crystal structure of stabilised zirconia [10]. Compared to the stability of UO2
under energetic irradiation conditions [11], the proposed IMF seems to be much more stable.
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Figure 5 : Process of Formation and Growth of Defect and Bubbles in
(Zro.85Yo.ioEro.O5)°i.925 during Irradiation with 60 keV Xe Ions of 5 1 0 l 2 X e c n r
2

-S'' at 650°C.

Courtesy Dr. Hojou, JAERI, Tokai-mura

1.5-10MXe-cm-'
6 10 1 4 Xecm 2
(defect clusters were formed) (bubbles were formed)

Figure 6 : Examination of Defects on a (Zr 0 7 5 Y 0

6-10 1 5 Xecm 2

1.8 1016 Xe cm 2
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during Irradiation with 1.5 MeV Xe Ions of 2-1016Xe-cm"2 at 20 K
Courtesy Prof. Ewing, Uni New Mexico
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3 Fuel Assembly Design
Based on scoping cell calculations [1] addressing the basic reactor physics characteristics
(e.g. depletion dependent reactivity variation, temperature and void coefficients, reactivity
control) of IMF, a promising candidate was identified, with ZrO2 being the inert matrix in
which the PuO2 fuel is embedded, and Er2O3 the burnable poison. This fuel was included in an
international benchmark exercise aiming at data and methods validation [12].
In a second step, whole-core three-dimensional neutronics analyses were performed [13], [14]
to assess the operational, safety-related, and - last but not least - plutonium consumption
characteristics of present-day PWR core designs fuelled with the aforementioned uranium-free
fuel. Within the scope of these studies (i.e. equilibrium cycle situations, homogeneous
uranium-free assembly design), the results obtained have been very encouraging. They indicate,
for a present-day 1 GWe PWR, the feasibility of a 100% uranium-free fuelled four-region core
with a cycle length of over 300 efpd. Its plutonium consumption capabilities (in terms of total
plutonium) are approximately twice as high as in the case of 100% MOX-fuelled cores, i.e.
60% to 70% of the initial plutonium inventory depending on whether reactor-grade or
weapons-grade plutonium is considered. At the same time, the operational characteristics (e.g.
reactivity variation with burnup, and power peaking) of the uranium-free cores are very similar
to those of conventional present-day UO2 fuelled ones. A discussion of the safety-related
parameters, on the other hand, asks for a more discerning approach. While the fuel temperature
feedback reactivity effect (Doppler coefficient) in the uranium-free (reactor-grade) core is
approximately half the value (in absolute terms) of that for the conventional UO2-core, the
moderator temperature coefficient is very similar, and the shutdown margin (reactivity margin
at hot zero-power conditions) is even larger - always when comparing the uranium-free with
the conventional UO2-core. The bottom line to date is that, although no cliff edges are expected
based on the results for safety-related parameters obtained from static neutronics analyses,
detailed transient studies are necessary to strengthen the safety case for the uranium-free cores.
The results presented in this paper summarise the main findings of the third step in the
physics design efforts towards the goal of enhanced plutonium consumption in present-day
PWRs fuelled with uranium-free plutonium fuel. In these studies, we have looked at "real-life
situations" which ask for "transition configurations" in which loadings with mixed UO2 and
uranium-free assemblies must be considered. The plutonium composition of the latter
corresponds to reactor-grade fuel with a burnup of approximately 40 GWd/t and 5 years
cooling time.
The problems faced when introducing uranium-free assemblies into a UO2-assemblies
environment are similar to those encountered in the case of MOX fuel [15]. Figure 7 shows the
distribution of the relative power densities for both a MOX fuel (Figure 7 (a)), and an uraniumfree assembly (Figure 7 (b)). In both cases the special assemblies are homogeneous and
surrounded by standard UO2-fuel. It is worthwhile mentioning that, with the exception of the
outermost corner pin (for which the spectral effect of the neighbouring UO2 - elements is
extreme), the spectral impact of the uranium, zone on the plutonium bearing assembly is
stronger in the case of the MOX fuel assembly than in the case of the uranium-free one.
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Figure 7 :
Relative power density
distributions of a MOX (a) and an
uranium-free plutonium fuel assembly
(b) surrounded by standard uranium
oxide fuel.

1.5

£

(b)
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As a matter of fact, the spectral effects are "felt" well into the MOX assembly, while, in the
uranium-free case, they hardly influence the power distribution beyond the first pin row. This
may be explained by the fact that, on the one hand, the plutonium content in the uranium-free
fuel assembly is approximately 50% higher than in the MOX one (thus having a more
determining influence on the spectral properties), and, on the other hand, to the enhanced
thermal absorption rates, at beginning of life, in the uranium-free assembly due to the presence
of the burnable poison. Based on the results presented in Figure 7, an optimised heterogeneous
design of a 15 x 15 uranium-free fuel assembly has been obtained (Figure 8, V* symmetry). Its
simplicity, when compared to advanced MOX fuel assemblies [15], is apparent. The
distribution of the relative power densities for this subassembly surrounded by standard UO2assemblies at a depletion stage corresponding to 350 efpd is given in Figure 8 (right). This
burnup state - corresponding approximately to the end of the first cycle - has been chosen
because it is the most demanding one (the supplementary gadolinia in the corresponding
poisoned rod at the outermost corner position is depleted at this stage). As can be seen, the
power distribution is very satisfactory (maximum form factor not exceeding 1.16).
To determine the influence of the introduction of the proposed uranium-free fuel assembly on
the core parameters of a standard UO2- fuelled PWR, three-dimensional full core analyses of a
present-day 1 GWe PWR containing 4 and 12 such fuel assemblies have been performed. The
main results are summarised below:
- loading 4 uranium-free assemblies does not alter any of the operational characteristics
of the PWR core, as compared to the standard UO2 -fuelled case;
- in case 12 uranium-free assemblies are considered, the beginning of life boron
concentration is lower than in the standard UO2 -fuelled core.
The results summarised in Figure 9 quantify the effects on the power distribution. In Figure
9 (a), relative nodal power densities are indicated for the beginning of cycle situation of a
standard UO2-fuelled present-day 1 GWe PWR (maximum form factor not exceeding 1.52).
The four uranium-free fuel assemblies have been loaded symmetrically into the peak power
locations. The power distribution results for the beginning and end (gadolinia depleted) of cycle
situations are shown in Figure 9 (b) and Figure 9 (c), respectively. As can be seen, satisfactory
power distributions are attained, with form factors below 1.54 and 1.33 for the beginning and
end of cycle, respectively. The results presented so far strengthen the case for a gradual
introduction of uranium-free fuel assemblies having the design proposed in Figure 8 into a
present-day 1 GW e PWR. They indicate that loading 4 to 12 such assemblies permits to
envisage fuel management schemes compatible with current operational requirements (i.e.
cycle length, boron concentration, etc.). However, when considering the plutonium
consumption capabilities of such a core, caution is due with respect to using results obtained
for 100% uranium-free PWR loadings [14]. Clearly, additional studies are necessary to define a
detailed fuel management strategy beyond the 4-12 uranium-free fuel assemblies considered in
the present study, and towards 100% uranium-free fuelled cores. Nevertheless, based on the
results obtained for 100% MOX and uranium-free PWR-cores (about 430 kg/GWea and
1090 kg/GWea plutonium consumption rate, respectively [14]), conclusions with regard to the
plutonium consumption capability of uranium-free fuelled PWRs as compared to MOX fuelled
ones can be drawn.
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1

Figure 8: Optimised design and related
power density distribution for an
uranium-free plutonium fuel assembly
surrounded by standard uranium oxide
fuel.

1/4 Symmetry

LG43-3S/KIB2/1.07 97

Pu / Er / Zr-oxide
0.95/0.3/5.0 [g/cc]
Pu / Er / Zr-oxide
0.8 / 0.4/ 5.0 [g/cc]
Pu /Er /Gd/Zr-oxide
0.7/0.3/0.3/5.0 [g/cc]
Guide Tube
Water Hole

The 1 GWe PWR considered consumes the
same amount of plutonium when loaded with
4 or 12 uranium-free fuel assemblies, as it
would with 10 or 30 MOX assemblies,
respectively. In other terms, if a PWR loaded
with a 1/3 loading of MOX assemblies can be
considered as operating in a "self-generating
mode", the same would be achieved with as
little as a 1/8 loading of uranium-free fuel
assemblies. The uranium-free fuelled PWR
has an edge over the 100 % MOX core also
when comparing the minor actinides (MA)
production. Per unit amount of plutonium
consumed, this is almost a factor of 2 lower in
the former case [14].
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Figure 9 :
Relative power
distributions derived from 3D
full-core calculations for a
standard uranium oxide
fuelled PWR at BOC (a), and
for the same PWR with 4
uranium-free plutonium fuel
assemblies loaded onto the
peak power locations at BOC
(b) and at EOC (c).
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4 The Fuel Assembly as Waste Form
An assessment of the radio-toxicity risk associated with the waste obtained from uraniumfree fuelled PWRs, and a comparison with MOX has been carried out on the basis of the
nuclide inventories in the discharged fuel. No barrier effects of the waste repository are
considered. The radio-toxicity risk values are thus obtained by multiplying the nuclide
activities in the discharged fuel by the corresponding effective ingestion dose conversion
factors derived from the ICRP Publication 61 data on the limits on intake of radionuclides by
workers [16]. Table 1 summarises the core inventories of the considered PWR variants at
beginning and end of life.

Pu

Core inventory [103 kg]
EOL
BOL
U I MA
U
Pu

MA

0

84.5 |

0

1.0

80.7

0.09

100 % MOX

5.2

80.0 |

0

3.5

76.7

0.26

100 % U-free

7.7

0

3.3

0

0.38

PWR
fuelled with:
UO2

0

|

Table 1: Core Inventories at Beginning (BOL) and End of Life (EOL) of the Different
1 GW e PWRs (1300 EFPD Residence Time)
A meaningful comparison of the radio-toxicity hazard potential has to include also the reactor
systems needed to feed the plutonium-consuming reactor. On the basis of the results given in
Table 1, it is concluded that 5.2 and 7.7 standard UO2 -fuelled 1 GWe PWRs are necessary to
feed one 100% MOX and one uranium-free 1 GWe PWR, respectively.
Radio-Toxicity hazard
given in [106Sv/GWea] after

PWR

104a |

105a i

106a

l'270

257

!

14.1

|

2.33

100 % MOX

899

162

|

7.38

j

1.80

100 % U-free

670

109

|

5.20

|

1.69

fuelled with:
UO2

103a

I

i

Table 2 : Radio-Toxicity
Hazard Potential for the
Different 1 GWe PWRs
Scenarios Considered

Accordingly, the radio-toxicity hazard potential given Table 2 and Figure 10 considers the
waste coming from 5.2 PWRs for the 100 % MOX, and from 7.7 PWRs for the uranium-free
fuelled case, on top of the waste produced by the respective plutonium burning reactor.
Obviously, the plutonium unloaded from the UO2-PWRS to feed the respective burners is not to
be directly considered as waste. It contributes to the radio-toxicity only indirectly, i.e. after
being recycled in the burners.
To help to put the radio-toxicity hazards into perspective, a line at 5-106 Sv/GW e a is drawn
in Figure 10. This value corresponds to the asymptotic toxicity hazard of the natural uranium
(0.7 % 235U) mass needed to generate 1 GWe per year. As can be seen, the additional radio- 34 -
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106

toxicity hazard due to the fission
products
from
actually
generating this power falls
below this level after less than
400 years. The radio-toxicity
associated with the actinides
(plutonium
and
minor
actinides), on the other hand,
reaches this limit only after
lOO'OOO - 200'000 years,
depending upon the fuel type
considered. When comparing
the radio-toxicity hazard in the
period from 1-103 to 1106 years
(Table 2), the uranium-free case
is the most favourable (a factor
of approximately 2 lower than
for the UO2 -fuelled core), with
the MOX case indicating hazard
potentials about 25 - 30%
higher.

However, when assessing the
potential of the proposed
Storage time [a]
uranium-free fuelled PWRs, it
must be borne in mind that the
Figure 10 : Comparison of Hazard Potential
insolubility of this inert matrix
fuel in water and acids, on the one hand, and the important reduction of the waste volumes by
reprocessing with the utilisation of the chopped claddings, on the other, offer important
advantages over UO2- and MOX- fuelled cores.
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Abstract
It is now more or less accepted that the best way to use thorium is in thermal reactors.
This is due to the fact that U233 is a good material in the thermal spectrum. Studies of
different thorjum cycles in various reactor concepts had been carried out in the early days
of nuclear power. After three decades of neglect, the world is once again looking at
thorium with some interest. We in India have been studying thorium cycles in most of
the existing thermal reactor concepts, with greater emphasis on heavy water reactors. In
this paper, we report some of the work done in India on different thorium cycles in the
Indian pressurized heavy water reactor (PHWR), and also give a description of the
design of the advanced heavy water reactor(AHWR).

1. Introduction
In the initial days of nuclear power, conventional wisdom decreed that reactors based
on the fissioning of U235 alone will not be able to provide all the energy requirements of
the world, and a large body of work on thorium was carried out in those days. With time,
however, power growth slowed down in the developed world, the light water reactor
became very successful and captured 85% of the nuclear power market, and the
nuclear community put thorium on the back burner.
India, which has vast deposits of thorium and limited uranium resources, has drawn up
its nuclear power program to consist of three phases, of which the third and final phase
envisages the use of thorium on a large scale. In preparation for the decisions to be taken
for the third stage, we studied the use of thorium in all of the existing reactor concepts.

2. Energy Potential of Thorium
Before looking at the different possible options, we take a look at the energy potential
of thorium in thermal reactors, which is very much greater than that of uranium. This
fact is often forgotten these days, mainly due to the glut of low cost uranium in the
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Western world. Table 1 emphasizes this point by showing the mount of energy that can
be extracted from 1000 tone of natural uranium using three different systems.

3. Existing Concepts
Thorium cycles were analyzed in the following systems
(a). Light water breeder reactor (LWBR).
(b). The high temperature gas cooled reactor (HTGR).
(c). The molten salt breeder reactor (MSBR).
(d). The aqueous suspension heavy water reactor.
(e). The open lattice heavy water reactor.
(f). The pressurized heavy water reactor (PHWR).
(g). The advanced heavy water reactor (AHWR).
(h). The source driven reactor.
The best resource utilization of thorium was, not unexpectedly, in the MSBR. The
next best system turned out to be the heavy water reactor. Since the work horse of the
Indian nuclear power program is the PHWR, we have examined various ways of using
thorium in the PHWR.
The PHWR is basically a system that was optimized for uranium. As such, the use of
thorium in this system is basically a form of retrofitting. It is interesting to see what it
would be like if the reactor itself were to be optimized for thorium. This has led to the
design of the Advanced Heavy Water Reactor (AHWR).
This paper then consists of two parts. In the first, we describe various ways of using
thorium in the PHWR. In the second, we provide some insight into the design of the
AHWR.

4. Description of the PHWR
The Indian PHWR is a tube type reactor using heavy water as both coolant and
moderator. The coolant is physically separated from the moderator by being contained
inside the pressure tube where it is maintained at high temperature and pressure. The
moderator heavy water is at relatively low temperature and is unpressurized.
The reactor core consists of 306 pressure tubes arranged along a square lattice of
22.86 cms pitch. The fuel pins and the coolant are contained within these pressure tubes.
The fuel is a cluster of 19 rods and is divided into bundles of 49.5 cms length. Every
channel contains 10 such bundles in the active portion of the core. Refuelling is done by
simply pushing out eight bundles from a channel on one end, while eight fresh bundles
are inserted from the other end.
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5. Thorium cycles in PHWR
In broad terms, three kinds of thorium fuel cycles are possible in the PHWR. These
can be named as the self-sustaining equilibrium thorium cycle (SSET), the high
burnup, high conversion ratio cycle, and the once through thorium cycle (OTT).
5.1. The self-sustaining equilibrium cycle
In this cycle, the fuel in the equilibrium stage is thorium-U233. The initial enrichment
of U233 in the thorium is so adjusted that the quantity of U233 recovered from the spent
fuel will be exactly sufficient to provide the enrichment for the reload fuel. This cycle can
give a discharge burnup of 11000 - 12000 MWD/T. This burnup is too low for a cycle
that calls for reprocessing and possibly remote fabrication of fuel. The discharge
burnup can be increased by adding a small amount of makeup fissile material to the fresh
fuel.
Figure 1 shows the energy production in an SSET cycle with U235 makeup. Since
there is no net destruction of U233, it can be assumed that all the energy is coming
from the destroyed U235. We see that as the discharge burnup increases, the energy
extracted reduces. Also shown in the same figure is a similar curve for low enriched
uranium, and we can see the immense advantage one gets by going for the thorium selfsustaining cycle.
5.2. The high conversion ratio high burnup cycle
The major problems of the SSET are the need for reprocessing, and for U233
fabrication. The high burnup thorium cycle avoids these. This cycle would be of
particular interest to those countries which subscribe to the concept of direct disposal
of spent fuel, because high burnup enables one to shrink the spent fuel inventory. High
burnup is of course, equally possible with leu too, but the advantage of thorium over leu
lies in the fact that for the same high discharge burnup, the initial fissile content
required is lower with thorium fuel. Figure 2 shows discharge burnup as a function of
initial U235 content for leu fuel and for thorium-U235 fuel. One sees that for low
enrichments, leu gives higher discharge burnup, but for very high discharge burnups, the
enrichment required for the thorium fuel is lower than that required by the leu. For a
discharge burnup of around 66000 MWD/T, the leu requires an enrichment of 4.5%,
whereas the thorium needs only 3.5%. Add to this the fact that thermal absorption in
thorium is about three times that in U238, we can see that the initial reactivity in the
thorium core will be much below that of the leu core for the same discharge burnup.
This leads to lower reactivity swings, which is a definite operational advantage.
5.3. Once through thorium (OTT) cycle
The two cycles described above call for an overall changeover to thorium cycle from
the uranium cycle. Utilities are often reluctant to leave the familiar ground of uranium
cycle. Originally proposed by Milgram (ref. 1), the OTT scheme suggests a way of
introducing thorium that causes the least disruption in the normal fuelling of the reactor.
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The scheme consists of leu or MOX fuel in most of the PHWR with a few channels
being loaded with unenriched thorium. Since the channels are segregated, it is possible to
vary the discharge burnup of thorium fuel and uranium fuel independently. The central
point of the OTT is that the thorium fuel should be irradiated to very high burnups. At
low burnups, the thorium is a load on the uranium, and so the presence of thorium causes
a decrease in the energy obtained from uranium. With increasing thorium burnup, the
U233 which builds up starts producing power, and the sum total of energy extracted
from uranium and thorium can become larger than what is achievable with uranium alone.
At still higher burnups, the accumulated fission product poisons cause the energy
extracted to come down once again. This variation can be clearly seen in figure 3.

6. Beneficial Uses of Thorium in Fuel Management
Judicious placement of thorium in various locations in the reactor core can often
help in improving the core power distribution. This effect is more pronounced in the
PHWR or CANDU kind of reactors where the fuel is in the form of short bundles.
6.1. Initial power flattening in the PHWR natural uranium core
Power flattening in the equilibrium core of the PHWR is achieved by having higher
burnup fuel in the central region. In the fresh core, this effect could be obtained by
using thorium bundles. But in the process it was also important to ensure that the
negative reactivity worth of the primary and secondary shut down systems do not
decrease. The loading shown in figure 4 was worked out in such a manner that all these
three constraints are met.
6.2. Reactivity suppression in the initial PHWR leu core
Slightly enriched uranium for the CANDU type reactors is generally being considered
these days. One could either start a new core fully loaded with leu bundles, or one
could have a gradual transition from the natural uranium PHWR to the leu core. In the
second case, the transition has to be handled without undue derating in the transitional
phase. In the first case, the initial core will be very highly reactive, and this reactivity has
to be contained. One way of course, is to use boron in the moderator. But the initial
reactivity of the leu core could be as high as 250 mk, and to absorb all those neutrons
in boron is hardly an elegant solution and is, in any case, a negation of the very
basic idea behind heavy water reactors, viz., neutron economy.
Our studies have found that this reactivity can be suppressed by thorium bundles.
Figure 5 gives the loading that satisfies these requirements. In the Indian PHWR for
which this problem was analyzed, the power constraints were: full power 655 MW(th),
maximum bundle power 420 kW, maximum channel power 2.75 MW, and maximum
coolant outlet temperature 297 C. The figure shows that all these constraints are met.
The numbers given in the space for each channel are the axial positions of the thorium
bundles in that channel. For convenience of writing, bundle position." 10 has been

- 44 -

represented by 0. Most of the channels have more than one thorium bundle, in some
cases there are three or even four.
Apart from these two, we have also studied a detailed fuel management scheme for the
transition of a natural uranium PHWR to a MOX core, the transition being facilitated by
adding a few thorium channels.

7. The Advanced Heavy Water Reactor (AHWR)
All that has been described above is basically a retrofit into a reactor system that was
evolved and optimized for the uranium cycle. But thorium deserves to have a reactor
which is optimized for the special nuclear characteristics of thorium even from the design
stage. The AHWR is the result of such an exercise.
The design objectives of the AHWR are briefly: (i) about 75% of the power produced
by the AHWR should be contributed by thorium; (ii) the system should have negative
void coefficient of reactivity; (iii) discharge burnup of the fuel should be about 20,000
MWD/T; (iv) plutonium consumption and initial plutonium inventory should be as low as
possible; (v) the system should be self-sustaining in U233; and (vi) the total thermal
power of the reactor should be about 750 MW(th).
Point no. (v) above decides that the starting point will be the SSET cycle described in
art. 5.1. In order to extend the burnup of the SSET, we use plutonium as makeup fissile.
Pu239 has a rather high capture-to-fission ratio in the soft spectrum of the PHWR. To
put plutonium in a favourable spectrum, the lattice is made relatively tight and
undermoderated as compared to the PHWR.
Thorium oxide has got very good fuel performance characteristics, and is capable of
going on to very high burnups. Since this has to be matched by reactivity
considerations, the initial plutonium enrichment could be very high. This would have the
undesirable consequence of too high a fraction of the power coming from plutonium.
The problem has been solved by concentrating the plutonium in a small number of pins.
In the AHWR cluster, which is a 52 rod cluster, only eight pins contain plutonium, the
other 44 being thorium-U233. These eight pins are replaced more frequently than the
remaining 44, thus making a lower plutonium enrichment acceptable, and the fractional
power production from plutonium correspondingly lower.
The thermal absorption of thorium is three times that of U238. Due to this, the
deleterious effects of parasitic absorption are less in thorium systems, and one can
consider the use of light water coolant. This opens the way to direct cycle and in-core
boiling. The reactor then has to be vertical, and then it becomes possible to design for
100% heat removal by natural circulation and passive safety. The possibility of positive
void coefficient of reactivity has been countered by the lattice being undermoderated.
A description of the AHWR at the current stage of evolution is given in table 2.

8. Remarks
Thorium cycles have a degree of flexibility, and particularly in the context of heavy
water reactors which use short bundles, this can be used to great advantage in
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transitional fuelling. On the other hand, they hold out promise for good fuel utlisation
(SSET), high burnup and other objectives like plutonium dispositioning. In this paper,
we have not said anything about this last, but some work is in progress in this area and
will be reported in a future paper.
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1. "Once through thorium cycles in CANDU reactors", M.S. Milgram,
AECL-7516.
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Table 1.

Electricity Generation from 1000 Tons of Natural Uranium

Table 1
Electricity generation from 1000 tons of natural uranium
Installed
capacity
LWR on uranium cycle
PHWR on uranium cycle
PHWR on thorium self-sustaining cycle
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1S5
262
440

years of operation
that can be

sustained
30
30
for all time to come

Table 2. Description of AHWR at the Present Stage of Evolution
750
220

Reactor power MW(th)
Reactor power MW(e)
Fuel description
Number of pins
Number of Pu bearing pins
Number of thoriumU pins
Number of water tubes for ECCS injection
Plutonium content inMOX (%)

52
8
44
8
4.5
self
sustaining

U233 content in thorium

Coolant water density
(varies in the range)
Total number of channels
Number of seeded clusters with all "thorium-U2""1' pins
Number of fuelling zones
Number of reconstitutions
Thorium pins discharge burnup MWD/Te

Lattice pitch (cms)
Active fuel length (cms)
Moderator and reflector
Scatterer balls in the moderator
Calandria radius (cms)

0.50-0.55
408
304
3
2
20,000
approx.
20,000
approx.
29.4
350
D2O
pyrocarbon
380

No. of adjustor rods
Worth of adjustor rods (mk)

4
3.12

No. of SDS-1 rods
Worth of SDS-1 (mk)

24
37.2

Performance data in equilibrium core
Radial form factor
Hot spot factor in the seeded cluster
Hot spot factor in the thorium-U233 cluster
Maximum channel power (MW)
Maximum-to-minimum channel power factor
Fraction of power from thorium (%)

1.11
233
1.37
2.3
1.37
75.0

MOX pins discharge burnup MWD/Te

-

•
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'
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Abstract
The effective utilization of nuclear resource is more important factor to be
considered in the design of next generation PWR in addition to the epochal
consideration on economics and safety. Assuming that MOX fuel can be considered as
one of the future fuel corresponding to the above request, the establishment of basic
technology for the MOX core design has been performed : the specification of the
technical problem through the preliminary core design and nuclear characteristic
analysis of MOX, the development of the basic technology for the MOX core analysis
methodology, the improvement and verification of the neutron library for lattice code,
and the acquisition of data to be used for verification of lattice and core analysis
codes. The following further studies will be done in future : detailed verification of
library E63LIB/A, development of the spectral history effect treatment module,
extension of decay chain, development of new homogenization for the MOX fuel
assembly.

1. Introduction
As the construction time for commercial fast reactor is foreseen after the year 2030
over the world, it is obvious that the pressurized water reactor(PWR) will be the main
reactor type in domestic. The effective utilization of nuclear resource is more
important factors to be considered in the design of next generation PWR in addition
to the epochal consideration on economics and safety. The UO2 fuel technology in
Korea is highly achieved as a results of the propulsion of the LWR and HWR fuel
development program since 1981. MOX fuel can be considered as one of the future
fuel corresponding to the above request. MOX fuel and core design technology still
needs to be developed in order to utilize MOX for the next nuclear reactor core type.
Since the number of the nuclear reactors is increased in domestic, the inventory of
discharged fuel is accumulated rapidly. But the capacity of discharged fuel storage is
limited, which is the important issue to be solved for further progress of nuclear
energy industry. Moreover, Since 10 - 14 more LWRs will be constructed until 2010,
it is important to assure the practical technique for the reduction of the discharged
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fuel and for the reuse of the resource. And, considering the fact that all the nuclear
fuel resource used in domestic LWR is imported, it is requested the development of
future fuel technology in order to accomplish the independence of energy resources
and to assure the safe supply of nuclear fuel even in circumstance of the uranium
resource depletion and of the rise in uranium price.
So the establishment of basic technology for the MOX core design is regarded as
one of the main object of this project. It includes the specification of the technical
problem through the preliminary core design and nuclear characteristic analysis of
MOX, the development of the basic technology for the MOX core analysis
methodology, and the acquisition of the experimental data to be used for verification
of lattice and core analysis codes.

2. MOX Fuel Assembly Design
The variation of cross-sections of plutonium isotopes with energy is more
complex than those of uranium isotopes. The absorption cross sections of main fissile
plutonium isotopes are about two times larger than those of 235U in thermal neutron
spectrum which result in smaller reactivity worths of control rod, soluble boron and
xenon in MOX fuel. In the neutron energy range of 0.3 eV to 1.5 eV, the large
resonance absorption cross-sections of plutonium isotopes characterize the nuclear
behavior of MOX. The neutron-gamma reactions of plutonium isotopes by which
higher plutonium isotopes are produced make much flatter variation of reactivity with
burnup for MOX than for uranium fuel. Because of flatter variation of reactivity and
larger absorption, a method has to be developed to determine the equivalent plutonium
content and optimal zoning for MOX assembly design.

2.1 Determination of the Equivalent Plutonium Content
Due to slower decrease of reactivity with burnup for MOX fuel, it is necessary to
determine the plutonium content of MOX fuel reactively equivalent to the UO2 fuel.
The concept of equivalence adopted in our study states that both fuels should provide
the same cycle length for equilibrium cores.
According to the linear reactivity model, equilibrium cycle length of the core
loaded with the constant enriched fuel is given by[l]

where X = equilibrium cycle length,
p° = initial reactivity of feed fuel,
A = rate of reactivity change per unit of burnup,
n = number of regions in the core.
Under the condition of same number of regions for both the UO2 and MOX fuels, we
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derive the following simple equivalence relation to give the same equilibrium cycle
length for UO2 and MOX cores ;

where

p°a UOi and
AUOl

and

pMOx
p^
AMOX

=

P uo-i

p °MOX

A uo2

A MOX

,2

2)

initial reactivities of uranium and MOX fuel,
=

rates of reactivity change per unit burnup of
uranium and MOX fuel.

.u°2
Auo2

M0X

[ —

A

\

A MOX }

] in Eq.(2.2) means the fuel burnup at zero reactivity. Therefore

the MOX fuel equivalent to UO2 fuel is simply the one that shows the reactivity
0

curve crossing the point ( 0,

"Ol

) in the reactivity-burnup coordinates. The

equivalent plutonium content of MOX fuel was estimated by this graphic method and
corrected by multi-cycle scoping results with FLOS A code[2]. The equivalent plutonium
contents of MOX fuels to uranium oxide fuels are listed in Table 1. It was estimated
that 3.1 w/o of plutonium fissile contents with natural uranium as carrier and 4.0 w/o of
plutonium fissile with depleted uranium as carrier are equivalent to 3.5 w/o and 4.0 w/o
uranium fuel, respectively.
The equivalent plutonium contents listed in Table 1 were determined for the
composition of plutonium isotopes: 238Pu, 239Pu, 240Pu, 241Pu and 242Pu are 1.8,59.0,23.0,
12.2 and 4.0 w/o, respectively. Since the real plutonium composition used in MOX
fabrication stage can be different from the assumed value, the final plutonium content
will have to be adjusted according to the following formula;

where T and T are the reference and the adjusted contents of plutonium in MOX
fuel, a, is the equivalent reactivity factor of each plutonium isotope, and
Pui and Pm' are the plutonium isotope vectors of reference MOX and to be
designed.

2.2 Optimal Zoning in MOX Fuel Assembly
When MOX fuel assemblies are intermixed with uranium fuels in the core, the
peripheral rods in MOX fuel assembly experience steep gradient of thermal neutron
flux leading to higher production of power than the interior rods because they are
strongly affected by the incoming thermal neutron stream from the adjacent UO2 fuel
assembly. Therefore MOX fuel assembly design requires enrichment zoning over the fuel
assembly in order to minimize the peak rod power in the outer region. Fig.l shows the
optimal zoning in the MOX fuel assemblies with three different plutonium
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concentrations.
In the case of fully-loaded MOX core, however, enrichment zoning is not needed any
more, thereby eliminating manufacturing complexity. The rodwise power distribution
within the assembly in a fully-loaded MOX core is rather flat. But the powers of
neighboring rods to guide thimbles tend to be high, which still suggests the benefit of
zoning around guide thimbles in certain core configurations to control peak rod power.
Low-leakage loading requires to employ burnable poisons in some fresh MOX fuels so
that excess core reactivity and peak pin power can be controlled. Gadolinia rod with 9
w/o Gd content was used as burnable poison in this study. As shown in Fig.2, it was
found that the reactivity holddown was reduced by half, but burnout time is extended
twofold, compared to uranium fuel assembly containing the same gadolinia rods, due to
hardened spectrum. Lower reactivity worth together with extended burnout time of
gadolinia rod in MOX fuel suggests more investigation to optimize burnable poison
design.

3. Nuclear Analysis of MOX Cores
3.1 Fuel Management
Three types of conceptual core designs have been developed from transition to
equilibrium cycles for a 3-loop PWR with 900 MWe capacity:
1) 1/3-loaded MOX cores for annual and 18 month cycles
2) fully-loaded MOX cores for annual and 18 month cycles
3) fully-loaded MOX core with high moderation lattice for 18 month cycle.
The fuel cycle characteristics for MOX and UO2 cores are summarized in Table 2.
The fuel loading strategy for annual fuel cycle assumed that each 48-fuel assembly
feed batch consists of 16 MOX assemblies with 3.1w/o fissile plutonium content and
32 UO2 fuel assemblies with 3.5 w/o enriched 235U. For 18-month fuel cycle it was
assumed that each 64-fuel assembly feed batch consists of 20 MOX assemblies with
4.0 w/o fissile plutonium content and 44 UO2 assemblies with 4.0 w/o enriched 235U.
Low-leakage loading scheme which made some fresh MOX and UO2 fuel assemblies
take inboard locations was applied for this core analysis. The cycle lengths of annual
and 18 month 1/3-loaded MOX cores are 12.0 and 16.53 MWD/MtM which are very
close to those of UO2 cores, 12.22 and 16.60 MWD/MtM. This demonstrates our
method to determine the equivalent plutonium content of MOX fuel.
Three batches of MOX fuels with 1.6, 2.4 and 4.0 w/o fissile plutonium with depleted
uranium as matrix material were assumed to be loaded in the initial fully-loaded MOX
core. For subsequent reload cycles low-leakage fuel management scheme was applied
with the feed of 4.0 w/o fissile plutonium fuel. Fifty two and sixty four MOX fuel
assemblies were reloaded for annual cycle and 18-month cycle, respectively. Some fresh
MOX assemblies bear four or eight gadolinia rods mainly to control excess core
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reactivity. High moderation lattice case is intended to see the effect of lattice change on
fully-loaded MOX core. The high moderation fuel lattice was constructed in such a way
to increase the moderation ratio from 1.7 of reference MOX fuel assembly to 1.9 by
reducing rod diameter to the extent that it does not bring about any engineering impact
practically.
The fuel cycle characteristics for fully-loaded MOX cores are also summarized in
Table 2. The cycle lengths of annual and 18-month standard MOX cores are 12.64 and
15.10 GWD/MtM, while high moderation case shows better performance with the longer
cycle length of 17.0 GWD/MtM. In all cases the maximum assembly discharge burnup
exceeds the current practice of MOX utilization. However, we expect that further
development of high burnup MOX fuel will extend the allowable burnup limit well
beyond the present one in the next ten years.

3.2 Nuclear Characteristics of MOX Cores
Some key core physics parameters of designed cores are compared each other in
Table 3. A major difference of MOX loaded core is the hardening of thermal neutron
spectrum in the core which alters various core physics parameters, mainly reactivityrelated ones. Because of hardened spectrum the neutron absorption capability of soluble
boron, control rod and xenon which are thermal neutron absorbers becomes lower
proportionally to the fraction of MOX fuel. Thus the reactivity worths of soluble boron,
control rod and xenon are accordingly reduced in MOX loaded core. The consequence of
smaller soluble boron worth in MOX core is reflected in the high critical boron
concentrations, which require modifications in the boron handling systems for some MOX
cores. Moderator and isothermal temperature coefficients are highly more negative in
MOX core than in UO2 core due to hardened spectrum with MOX fuel which
increases the neutron leakage. Since the content of
ru isotope having large
resonance absorption cross section at around 1 eV is higher in MOX core than in UO2
core, MOX cores have more negative Doppler coefficients.
Because of smaller control rod worths, the shutdown margins of MOX cores at
BOC and EOC for annual and 18 months cycles are generally decreased. The required
minimum shutdown margin is 1.77% hk/k for UO2 core. This limit is still satisfied for
1/3-loaded MOX cases. However, the standard fully-loaded MOX cores do not maintain
the minimum shutdown margin at EOC. The shutdown margins of high moderation
lattice core are larger but still do not meet the minimum shutdown margin of 1.77% A p.
The minimum shutdown margin requirement can be satisfied for standard fully-loaded
MOX cores by increasing the number of control rod clusters from 48 to 68. This
modification can be accommodated without any difficulty for present 900 MWe PWRs in
Korea.
The power distributions of MOX cores were not significantly different from those of
uranium cores. The axial power distributions of MOX cores at HFP at several burnup
stages, however, were bottom skewed which resulted from more negative moderator
temperature coefficient.

-59 -

3.3 Evolution of Plutonium Inventory
Table 4 compares the change of plutonium inventory at equilibrium cycle in 1/3- and
fully-loaded MOX cores. The plutonium inventory of 1/3-loaded MOX core increased
slightly from 1085kg to 1128kg because plutonium production in uranium fuel offset
in-situ burning, but those of fully-loaded MOX cores decreased significantly. This implies
that the current strategy of plutonium recycling (1/3 MOX loading) in PWRs has less
merit in point of plutonium consumption. Table 4 shows that the fully-loaded MOX core
with high moderation lattice can be considered as the best plutonium consumer.
Table 5 shows plutonium inventory of reload batch before and after irradiation. Fissile
and total plutonium quantities at discharge are significantly reduced to 60 % and 70 %
respectively of initial value for standard fully-loaded MOX cores. The reductions are
more pronounced to 52 % and 66 % in the fully-loaded MOX core of high moderation
lattice. The plutonium quality was degraded to some extent and remained nearly the
same to about 60 % of fissile for all cases. High moderation lattice case indicates better
performance in terms of plutonium consumption. It is estimated that one fully-loaded
MOX core with 900 MWe capacity demands about 1 tonne of plutonium per year to be
reloaded. This amount of plutonium requires reprocessing of spent nuclear fuels
discharged from five 900 MWe nuclear power plants operating with uranium fuels.

4. Improvement and Verification of New CASMO-3 Library
As a result of the critical experiments analysis with the existing library, E4LIB/JA,
the necessity of the improvement in library was found. A new CASMO-3 library,
E63LIB/A, was generated from ENDF/B-VI Release 3 for most of elements except a
few elements : ENDF/B-IV for Zircaloy-2, ENDL-84 for Sn, JENDL-3.2 for Pb, and
JEF-2.2 for 242mAm and 242Cm. E63LIB/A contains neutron libraries for 96 isotopes,
including 94 isotopes from E4LIB/JA, Zirconium and Tin. The characteristics of
E63LIB/A library are as follows[3] ;
- Ordering and identification numbers are same format as those of E4LIB/JA, and
new identification numbers are given for Zirconium and Tin.
- Temperature range is extended from 300 °K to 900 °K or 1500 °K in oder to
consider temperature variation.
- The number of isotopes having resonance integral with resonance self-shielding is
increased to nine : 235U, 236U, 238U, 239Pu, 240Pu, 241Pu, 242Pu, 241Am, and 242mAm,
and the lower limit of resonance energy range for 242Pu is extended from 4eV
to 0.625eV in order to explicitly consider resonance self-shielding effect at 2.7eV.
- The fission yield data for 235U, 236U, 237Np, 238U, 239Pu, 240Pu, 241Pu and242Pu in
ENDF/B-VI Fission Product File are used.
- Atomic and molecular mass data used for new library are from NUDAT service
data of BNL/NNDC dated on January of 1995 and the paper titled "The 1993
Atomic Mass Evaluation," authored by G. Audi and A.H. Wapstra.
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- The data for B, Cr, Fe, and Ni are weighted by isotopic fraction associated with
natural abundance.
- The resonance integral and fission cross section of U are adjusted based on
experimental results.
The CASMO-3 benchmark calculation with the E63LIB/A was performed against
the ESADA, PNL, Saxton critical experiments, and WPPR Phase-1 benchmark problem
to verify the improvement of new library. As shown in Tables 6 and 7, the CASMO-3
results with E63LIB/A for MOX cell benchmark problems show the maximum error
of 1.0 % J k for all the range of the fissile plutonium isotope vectors and plutonium
contents except for 12% of the plutonium content, which means that the E63LIB/A is
appropriate for MOX calculation.

5. Development of Neutron Calculation Method (AFEN)
Neutron flux calculation module by the analytic function expansion nodal (AFEN)
method, which is going to be successfully used in the large flux gradient region like
MOX fuel periphery, has been developed[4,5]. This method solves directly the multidimensional diffusion equation within a node instead of solving the transverse
integrated one-dimensional diffusion equation. This is accomplished by expanding the
intranodal homogeneous flux distribution in terms of nonseparable analytic basis
function satisfying the diffusion equation at any point in the node.
The derivation of the nodal coupling equations for rectangular geometry starts from
the two-group two-dimensional diffusion equation within a node :

y

1

L

y

UOTU>
> ) .

(4.1)

"e/f

If we define a new variable gn(x, y) as (/?")" 1<f>"(x,y) so that the two-group
diffusion Equation (4.1) can be decoupled into two partial differential equation as
v2rg(x,y)-Ang rt(x,y) = 0, 8 =1,2 ,
(4.2)
where all elements of matrix /?" and Ag are determined by keg and the group
constants of the node. For the rectangular geometry, the solution of Equation (4.1) is
expanded in a set of nine analytic basis functions:
x"g x + A^CS x"g x + Ang2SN xg y+A"giCS
^
+ Bng3CS -^x"g

^

x SN ^2-xng

-

x

y+B^CS

.
^x*

x

x"g y

CS - ^ x " g y
x CS ^xng

y,

(4.3)

where CS (SN) changes to cos or cosh (sin or sinh) according to the sign of An and
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Xg is the positive square root of \A"g |.
All terms except C"g in Equation (4.3) satisfy the decoupled diffusion Equation (4.2) at
any point in the node. The exceptional term C"g will eventually vanish, as the
multiplication factor ktg converges when solving the nodal coupling equations
iteratively. All the coefficients in Equation (4.3) can be expressed in terms of the
nodal unknowns such as node-average flux, node-interface fluxes, and corner-point
fluxes of the node. As many solvable nodal coupling equations as the number of
unknowns to be determined can be built. First, the equation to be solved for the
node-average flux is obtained by integrating the diffusion equations over the node
volume after substituting the neutron fluxes with their corresponding expanded forms.
Second, the equations for the interface-average fluxes are derived by applying
continuity conditions on the neutron currents across the interface between two nodes.
Finally, the equations for the corner-point fluxes are derived by considering the
neutron leakage balance within a small box around the corner point which is shared
by adjacent nodes. These equations for the nodal unknowns are then solved in an
iteration procedure, which involves two levels of iterative schemes: inner and outer
iterations.
The accuracy of the AFEN method was tested to various benchmark problems in
rectangular geometry. These results showed that AFEN significantly reduces all the
errors in the nodal unknowns, including the corner-point fluxes. The error reduction
was more significant, especially at the assemblies near core periphery and at the MOX
assemblies adjacent UO2 assemblies, where large gradients in the neutron flus exist.
The benchmark result for OECD L-336 problem shown in Figure R indicate that the
AFEN method has proven its ability and accuracy in the analysis of the core loaded
with MOX fuel assembliess without the multiassembly homogenization calculation or
mesh refinement.
In addition to the formulation of the AFEN method introduced here, the response
matrix form of the AFEN formulation are also developed and applied to actual reactor
core analyses. The response matrix in this formulation is defined as the response of
an outgoing interface partial current on incoming partial currents and node average
flux in a node. This formulation of the AFEN method usually comes with the
coarse-mesh rebalance (CMR) acceleration method. By combining response matrix
formulation with CMR, the computing time for core calculation is remarkably reduced
from 12.47 sec. to 0.83 sec. against IAEA-3D benchmark problem[6].
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5. Conclusions and Future Work
The studies on the MOX assembly design procedure and on the nuclear core cycle
strategy analysis for MOX core have been sufficiently performed and expected to be
used as reference in the commercial MOX fuel and core design in future. Also it
would be used to determine the neutronic specifications of the test fuel and fuel
assembly for irradiation test which may be performed before the commercial use of a
MOX fuel. The CASMO-3 library of E63LIB/A has been improved and partly verified
against the experimental and numerical benchmark data. As for development of
neutronic analysis methodology for MOX core, the AFEN method for neutron flux
calculation method has been successfully developed.
The following further studies will be done in future : development of the spectral
history effect treatment module, extension of decay chain, development of new
homogenization for the MOX fuel assembly. The above modules will be incorporated
to a core analysis code in the project phase 2. The library E63LIB/A will be verified
deeply with the data obtained from the international program, and will be improved by
reflecting the verification result. The improved E63LIB/A library will be utilized for
commercial MOX fuel and core design.
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Table 1. Estimation of Equivalent Plutonium Content
Equivalent Plutonium Contents( Pu-fissile w/o)
Graphic Method
235

U w/o

3.3
3.4
3.5
3.6
3.7
3.9
4.0
4.1
4.3
4.5

FLOSA
(with Nat.
Uranium)
2.933
3.032
3.130(4.4total)
3.225
3.317
3.493
3.576(5.022total)
3.658
3.815
3.965(5.57total)

with Depl.
Uranium
(0.225w/o
of 235U)

with Nat.
Uranium
(0.711 w/o
of 235 U)

with Nat.
Uranium
(0.711 w/o
of 235U)

with Depl.
Uranium
(0.225w/o
of 235U)

2.99(4.2 total)

3.39(4.76 total)

3.10

3.50

3.42(4.8 total)

3.9(5.48 total)

3.5

4.0

3.92(5.5 total)

4.41(6.2 total)

4.0

4.50

Table 2.

^""---^^

Estimated

MOX and UO2 Core Cycle Schemes

Fuel Cycle Type

UO2 Core

1/3-Loaded
MOX Core

Fully-Loaded
MOX Core

Core Characteristics^^^^
Annual 18 Month Annual 18 Month Annual 18 Month

High
Moderated
Full MOX
Core
18 Month

Number of Fuel Assemblies in a Core
MOX Fuel Assembly
UO2 Fuel Assembly

157

157

52
105

56
101

157
-

157
-

157
-

Number of Fresh Fuel Assemblies
MOX Fuel without gadolinia
MOX Fuel with 4 gadolinia
MOX Fuel with 8 gadolinia
UO2 Fuel

48

64

16
32

20
44

32
8
12
52

32
12
20
64

32
12
20
64

Fuel Assembly Specification
Fissile Plutonium Content in MOX (w/o)
U235 Enrichment in MOX (w/o)
U235 Enrichment in UO2 (w/o)

3.5

4.0

3.1
0.71
3.5

4.0
0.225
4.0

4.0
0.225
-

4.0
0.225
-

4.0
0.225
-

Cycle Length (MWD/MtM)

12.22

16.60

12.00

16.53

12.64

15.10

17.00

Fuel Burnup (MWD/MtM)
MOX Fuel Batch Burnup
MOX Fuel Assembly Maximum Bumup
UO2 Fuel Batch Bumup
UO2 Fuel Assembly Maximum Bumup

37.59
43.65

40.79
50.03

39.74
41.65
35.45
41.25

45.53
47.23
38.35
47.55

38.24
46.65
-

36.97
46.42
-

41.60
51.00
-
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Table 3.

^ ^ \ ^ ^

Core Nuclear Characteristics of MOX and UO2 Cores

UO 2 Core

Nuclear Parameter

Annual
Cycle

18
Month
Cycle

Annual
Cycle

18
Month
Cycle

>2066
1313
2374
2100
1056

>2187
971
2131
1819
680

>2674
1372
2564
2213
1010

>3969
1506
3079
2531
992

>4144
1843
3392
2830
1313

>3712
999
-

>3762
1808
3221
2720
1336

1907
1541

1519
1155

1908
1520

1920
1453

2234
1754

-

2241
1788

-10/-56

-28/-5B

-23/-6O

-43/-67

-37/-67

-

-32/-64

1.54

-15.65

-11.45

-29.46

-24.44

-

-20.36

^~^\^

Boron Concentration
Refueling CB,ARI(k < 0.95)
Shutdown (k = 0.98) with ARI, HZP
Shutdown (k - 0.98) with ARO, HZP
To control at HZP, ARO, (k -1.0)
To control at HZP, ARI, (k -1.0)
To control at HFP, ARO, (k -1.0)
0 GWD/MtM, No Xenon
240 GWD/MtM, Equilibrium Xenon
Moderator Temperature Coefficient
at HFP (pcm/t)
BOC / EOC
Isothermal Temperature
Coefficient at HZP at BOC (pcm/t)

Fully-Loaded
MOX Core

1/3-Loaded MOX
Core

Fuel Cycle

High
RCCA
Moderated
Addition
Lattice

Doppler Temperature Coefficient
at near EOC (pcm/t:)

-3.96

-4.04

-4.06

-4.14

-4.17

-

-4.11

Boron Worth at HFP (pcm/ppm)
BOC / EOC

-7.2/-8.8

-6.5/-7.8

-SI1-1A

-3.6/-4.5

-3.5/-4.5

-

-3.9/-5.3

-

1879/2309

Xenon Worth (pern)
BOC / EOC

2721/2848 2519/2674 2338/2545 1816/2133 1813/2196

Total Control Rod Worth (pem)
BOC / EOC

8004/8350 7240/8170 7260/7690 5840/6250 5560/6100 8671/9783 5726/6374

Shutdown Margin (%Ap)
BOC / EOC

4.26/2.85

3.44/2.65 3.47/2.63
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1.81/1.31

1.77/1.14

4.02/3.42

2.09/1.53

Table 4. Variation of Plutonium Inventory for Equilibrium Cycle (Kg)

1/3 MOX Core
Pu Isotope

Full MOX Core
for Annual Cycle

Full MOX Core
for 18 Month Cycle

Full MOX Core
with High Moderation
Lattice

BOC

EOC

BOC

EOC

BOC

EOC

BOC

EOC

^Pu

588.6

560.6

1771.2

1362.4

1858.6

1387.2

1696.6

1174.9

240

Pu

276.5

302.9

888.0

861.6

890.7

864.6

850.9

814.2

241

Pu

160.1

183.1

513.2

530.0

505.4

525.5

478.9

484.9

60.0

81.1

187.2

225.2

180.8

224.1

179.9

232.2

Fissile Pu

748.7

743.7

2284.4

1892.4

2364.0

1912.7

2175.5

1659.8

Total Pu

1085.2

1127.7

3359.6

2979.2

3435.5

3001.4

3206.3

2706.2

242

Pu

Table 5. Plutonium Inventory Variation Before and After Irradiation

Pu Isotope

Full MOX Core
for Annual Cycle
(FA Number in a
Batch = 52)

Full MOX Core
for 18 Month Cycle
(FA Number in a
Batch = 64)

Full MOX Core
with High Moderation
Lattice
(FA Number in a
Batch = 64)

BOI

EOI

BOI

EOI

BOI

EOI

Pu 239

751.2
292.8

Pu 241

155.3

242

50.9

345.2
267.2
171.2
81.1

921.7
359.3
190.6
62.5

455.6
330.1
206.9
102.5

879.8
343.0
181.9
59.7

367.4

Pu 240

Fissile Pu

906.5

516.4

1112.3

662.5

1061.7

552.5

Total Pu

1250.2

864.7

1534.1

1095.1

1464.4

964.9

Fissile Pu / Total Pu

72.5 %

59.7 %

72.5 %

60.4 %

72.5 %

57.3 %

Pu

304.4
185.1
108.0

Pu-fiss. at EOI / Pu-fiss. at BOI

57 %

59 %

52 %

Pu-tot. at EOI / Pu-tot. at BOI

69 %

71 %

66 %

BOI : Beginning of Irradiation
EOI : End of Irradiation
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Table 6.

Critical Experiments Benchmark Results of CASMO-3

Experiments

E63LIB/A Library

E4LIB/JA Library

E4LIB/KA Library

ESADA- 1
ESADA- 3
ESADA- 4
ESADA- 6
ESADA- 7
ESADA- 8
ESADA- 9
ESADA-10
ESADA-11
ESADA-12
ESADA-13
PNL-30
PNL-31
PNL-32
PNL-33
PNL-34
PNL-35
SAXTON-1
SAXTON-2
SAXTON-3
SAXTON-4
SAXTON-5
SAXTON-6

0.99656
0.99228
1.00546
1.00667
1.00466
1.00344
1.00038
1.00109
0.99993
1.00351
1.00374
1.00193
0.99397
0.98302
1.00638
1.00291
1.00432
0.97807
0.99287
0.99801
0.98303
0.98683
0.99531

0.99835
0.99110
1.00369
1.00536
1.00496
1.00598
0.99987
1.00417
1.00056
1.00235
1.00280
1.00316
0.99694
0.98070
1.00911
1.00119
1.00690
0.98159
0.99452
1.00062
0.98281
0.98689
0.99685

0.99835
0.99155
1.00478
1.00659
1.00658
1.00606
1.00117
1.00432
1.00206
1.00311
1.00375
1.00327
0.99727
0.98158
1.01064
1.00231
1.00862
0.97792
0.99212
0.99825
0.98261
0.98696
0.99761

Table 7a. WPPR PHASE 1 Benchmark-A Results of CASMO-3
Burnup
(GWD/T)
0
10
33
42
50

E63LIB/A

E4LIB/JA

E4LIB/KA

IKE

1.12129
1.06253
0.99336
0.96992
0.95031

1.10086
1.04093
0.96634
0.94102
0.91986

1.12188
1.06524
0.99694
0.97319
0.95309

1.1308
1.0688
0.9949
0.9705
0.9507

Table 7b. WPPR PHASE 1 Benchmark-B Results of CASMO-3
Burnup
(GWD/T)
0
10
33
42
50

E63LIB/A

E4LIB/JA

E4LIB/KA

IKE

1.18451
1.09543
0.98856
0.95217
0.92172

1.18331
1.09334
0.98325
0.94509
0.91309

1.18134
1.09420
0.99102
0.95490
0.92437

1.1849
1.0936
0.9851
0.9483
0.9178
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X
0.94

0.90

0.94

0.90

0.91

X

0.95

0.95

X

0.96

0.92

0.92

0.98

0.98

0.98

0.94

0.94

1.01

1.04

X

1.03

X

X

1.03

1.06

1.04

1.01

0.89

1.08

1.08

0.90

1.09

1.05

1.08

0.92

1.02

1.01

1.02

1.03

1.02

1.01

1.03

1.09

1,06

2.4 w/o Pu-fissile MOX

3.0 w/o Pu-fissile MOX

4.45 w/o Pu-fissile MOX

Guide Thimble

Figure 1. Zoning and Power Distribution of MOX Assembly Equivalent to 4.0 w/o UO2

100

200

300

400

500

600

Assembly Burnup (EFPD)

Figure 2. Gadolinia Worth in MOX and UO2 Fuel
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Abstract
A nuclear design feasibility of thorium fueled high converting PWR was investigated. Two
kinds of fuel design option were tested for the comparison with conventional UO2 fuel. The
first one was an application of MHTGR pyro-carbon coated particle fuels. The other design
was an application of MOX fuels as a ThO2-PuO2 ceramic pellet. In the case of carbon-coated
particle fuels, there was no benefit in nuclear design aspect because enrichment of U-235 was
required over 5 w/o in order to match with the K-infinite of Ulchin-3/4 fuels. However, the use
of thorium based plutonium fuels in PWR gave favorable aspects in nuclear design such as
flatter K-infinite curve, lower M.T.C. and lower F T C . than that of UO2 fuel.

1. Introduction
For a long time, thorium was utilized in a specialized field since thorium was discovered by
Berzelius in 1828 but it did not bring much attentions. Since the pioneering period of nuclear
industry, 1950-1970, many engineers concerned about thorium as a substitute resource of
uranium in the case of resources shortage. Even though many research activities were done in
the early ages, interests about of thorium have been dropped by virtue of stable energy supply
after the end of cold war. At this point, reprocessing and recycling of fissile were not a crucial
issue in the nuclear industry. However, interests in thorium fuel cycle were appeared again with
motivations not from economics but from environmental aspects. The use of thorium reduces
the amount of total radioactivity of spent fuels. Therefore thorium fuel is more environmentally
adaptable than uranium or plutonium fuel. Th-232 fertile gives other benefits than U-238 fertile
in the aspect of proliferation resistance. In addition, the thorium fuel has better material
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characteristics for fuel because the melting temperature is 1750 °C in metal phase and 3300 V
in oxide. The phase change of thorium is also less than that of uranium.[l]
In this paper, two kinds of fuel design with thorium were tested in order to verify that
thorium fuel gave other benefits in the aspects of proliferation resistance and neutron physics.
The first one was an application of MHTGR pyro-carbon coated particle fuels. UCO seed
particle fuels were mixed with ThO2 blanket particle fuels in a PWR pellet sized homogeneous
graphite matrix. The other designs was an application of MOX fuels as a TI1O2-PUO2 ceramic
pellet. These two design were different from conventional thorium application where seed and
blanket assemblies were reloaded in a heterogeneous core with distinct reloading cycle
period.[2] Homogeneous core design is expected to give better design compatibility than a
seed-blanket assembly design even though U-233 fissile production might not be effective.

2. The Characteristic of Thorium Fuel Cycle
When thorium fuel was partially substituted for uranium fuel, the amount of fissile loaded
actually would be reduced and the discharge burnup also be reduced. In order to prevent from
cycle length reduction, enrichment of U-235 or the contents of plutonium had to be raised. In
spite of this disadvantage, the use of thorium was favored because of the following reasons.
As shown in Table 1, plutonium compositions of spent fuel were very different from that of
existing PWRs, when carbon coated particle fuels were used. In the thorium fuel, amount of
Pu-239 was reduced and amount of Pu-238 was increased vice verse compared to UO2 fuel.
This characteristics were brought much higher proliferation resistance. Because of decay heat
from Pu-238 and smaller contents of Pu-239, spent fuel from Th-232 fertile caused
unfavorable condition of reprocessing - extensive cooling and large volume of reprocessing
fuel.
Secondly, the use of U-238 fertile produced more minor actinides which have long half-life
and high toxicity such as Np-239, Pu239, Pu-240, Am-241 and Am-243 than the use of Th232 fertile. As shown in Figure 1, actinides were produced much more from daughter of Th232. This is well proved in the number density calculations as shown in Table 3.

3.

Calculation Method

Because commercial lattice codes such as CASMO-3a or WIMS/D did not have the decay
chain from thorium and associated data, a new code HELIOS was used in this paper even
though it has not been verified for thorium fuel design. [3] HELIOS was furnished with both
190 group master library based on ENDF/VI and 34 or 89 group libraries condensed from
master library. Fuel assemblies shown in Figure 2 were those of Ulchin-3/4 nuclear plants. For
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the computational efficiency, all calculation were done by 34 group library. However,
calculational accuracy was proved to be reliable compared with 190 group master library.

4. The Use of Carbon-Coated Particle Fuels
Pyro-carbon triso-coated particle fuels packed in graphite matrix has been burned in
MHTGR and other gas cooled reactors with good operating performance. [4] This fuel gives
better design characteristics than PWR UO2 fuel. First of all, fission products release can be
blocked effectively by multiple coating layers resulting in less reliance of cladding tubes.
Higher mechanical strength and thermal conductivity of graphite give longer discharge burnup
and lower fuel centerline temperature resulting in higher thermal margin. From this idea, Kim
[5],[6] tested a nuclear design feasibility of UCO particle fuels packed in graphite pellets and
showed design compatibility. In this study, the use of ThO2 fertile particle fuels with low
enriched UCO particles were tested for the compatibility and conversion characteristics.
4.1 Fuel Design for Carbon-Coated Particle Fuels
As above mentioned, carbon coated particle fuel had to be loaded into a pellet as much as
possible in order to compensate shorter discharge burnup. The cause of shorter discharge
burnup was lack of fissile mass due to carbon and thorium which were loaded instead of fissile
material. A sensitivity tests were carry out to find the particle size which made fuel loading
maximum. When radius of designed fuel pellets was 0.413 cm and height of that was 0.991 cm,
each pellet could have 259 fuel particles in hexagonal closed packing. Each particle fuel had
two coating layers (30 im thickness of buffer and 20 fm of SiC coating) surrounding a kernel
(605 pm radius of UCO or ThO2). As a parametric study, k-infinite of assemblies were
compared with different fissile enrichment (from 5.8 w/o to 19.8 w/o) and different thorium
particle contents (from 0 % to 48.3 % or in particle number 0 to 125) in order to investigate
the similarity to the one of Ulchin-3/4.
4.2 Results
As shown in Figure 3, the use of thorium particles made K-infinite curve a little flatter and
lower. When 125 thorium particles were loaded with 12 8 w/o UCO particles, K-infinite curve
was matched with one of Ulchin-3/4 D-type fuels. In this case, pin peaking ratio was 1.099 and
1.013 at BOC and EOC respectively. Figure 4 showed conversion rates of fissile isotopes in
amount ratio of U-233/U-238 and fissile Pu/U-238. As the amount of thorium was increased,
production of U-233 was increased but this was settled down because of lack in neutron
supply from low enriched fuels. With higher enriched fuels (upto 19.8 w/o), production of U233 was increased a little more but took still longer time period.
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5. The Use of ThO2-FuO2 Ceramic Fuel
Thorium-based mixed oxide fuel has been studied as one of IAEA coordinated research
program. In this study, the use of ThO2-PuC>2 ceramic fuel was tested for the criticality, safety
and feasibility in order to achieve the fuel cycle of 18 months against the fuel cycle of 12
months.
5.1 Fuel Design for ThO • PuO2 Ceramic Fuel
In order to find out the characteristics of ThO2-PuO2 fuel, different fuel designs which able
to compare with ThCVPuC^ fuel were required. In this paper, the merits and the demerits of
ThO2-PuC>2 fuel were investigated as comparison with the change of K-infinite, M.T.C., F T C ,
and amount of actinide production in each kinds of fuel with same cycle length respectively.
Additionally the composition of plutonium isotopes used in this study was the one of SIMENS
type used in general as shown in Table 2.
Three kinds of fuel cases were tested for the comparison with ThO2-PuC>2 fuel. One is a
conventional UO2 fuel with 18 month fuel cycle. UO2 fuel has 4 w/o enrichment of U-235.
When this UO2 fuel burned to 35,000 MWD/MT, the value of K-infinite was reduced to almost
unity. The other is a MOX fuel of UO2-PuO2. When UO2-PuO2 fuel was mixture of PuO2 in 6
w/o with depleted UO2, burnup length to unity K-infinite became almost same with 4 w/o UO2
fuel. Another is a imaginary fuel composition of TI1O2-UO2. When TI1O2-UO2 fuel was mixture
of UO2 (20 w/o enriched Uranium in 23 w/o and of Thorium in the rest), K-infinite curve of
ThO2-UO2 was matched with the one of UO2 fuel.
5.2 Results
As shown in Figure 5, K-infinite curve was matched with one of 4 w/o UO2 fuel with 18
months fuel cycle when ThO2-PuO2 ceramic fuel had 7.5 w/o of PuC>2 in total mass. Initial
excess reactivity of thorium MOX fuel was lower at BOC than one of UO2 ceramic fuel and
also k-infinite letdown curve was flatter. As shown in Figure 6 and 7, M.T.C. and F T C .
curves of TI1O2-PUO2 fuel was lower than a conventional UO2 fuel even though higher than
that of UO2-PUO2 fuel in the entire cycle length.
The followings were findings inferred from Table 3 which showed the amounts of actinides
burned and produced in each type of fuels at BOC and EOC respectively. At first, Amount of
U-232 was more plentiful in the ThO2-PuO2 fuel. U-232 which produced from Th-232 was
head of decay chain with highly gamma radioactive daughter such as Tl-208, Bi-212. Secondly,
Pu-238 which released a lot of decay heat was also produced very much in the ThO2-PuO2 fuel.
Thirdly, when the ratio of total fissile content at EOC and BOC compared with respectively,
the ratio was the largest in the TI1O2-PUO2 fuel such as 0.48. First and second conclusion
showed a higher proliferation resistance in the TI1O2-PUO2 fuel because shielding material was
more needed in order to reprocess the spent fuel with U-232. Third conclusion showed high
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conversion ratio in the ThO2-PuO2 fuel and the possibility which was burned longer than a
conventional UO2 fuel.

6. Conclusions
In case of carbon-coated particle fuels, there was no benefits in nuclear design aspects
because of large amount of carbon in pellets. The limited amount of heavy metal loading in fuel
pellet made fissile enrichment high above 5 w/o. Expected cycle length from 12.8 w/o
enrichment was comparable with conventional PWR fuels. This made carbon-coated particle
fuels be hardly competitive in economics sense although it might give larger thermal margins.
Therefore, a totally new reactor core design is needed for the effective use of particle fuels in
PWR.
The use of Th based plutonium fuels in PWR gave favorable aspects in nuclear design in
disregard of price. Considerable reduction in proliferation hazard and long-term toxicity was
expected in TI1O2-PUO2 fuels compared to UO2 fuel. However, a good compatibility in nuclear
design was found.
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Table 1.

Amount of Plutonium Isotope in Spent Fuel
Carbon Coated Particle Fuel
(Enrichment: 12.8 w/o)
UCH 3/4
# of Particles
# of Particles
UO2 Fuel
Uranium: 259
Uranium : 134
Thorium:
0
Thorium : 125
0.0191 ( 1.39)
0.0144(1.85)
0.0249 ( 5.54)
0.6957 (50.66)
0.4529 (58.23)
0.1836(40.85)
0.3652 (26.59)
0.1645 (21.15)
0.1139(25.34)
0.1961 (14.28)
0.1128 (14.50)
0.0665 (14.79)
0.0973 (7.08)
0.0331 (4.26)
0.0605 (13.46)
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Table 2.

Plutonium Compositions of Spent Fuel

Pu Isotopes

SIMENS type (w/o)

COGEMA type (w/o)

Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-242

1.80
59.00
23.0
12.20
4.00
0.00

1.83
57.93
22.5
11.06
5.6
1.08

UO2 ( 4 wfo Enriched)
UO2 + PuO2( 6.0 wto PuO2 Content)
ThO2 + UO2( 23.0 w/o UO2 Content)
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Figure 7. Change of F T C . vs. Burnup
for Different Fuel Type.

Table 3.
Bumup
(MWD/MT)
Th-232
Pa-231
Pa-233
U-232
U-233
U-234
U-235
U-236
U-238
Np-237
Np-239
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242M
Am-243
Burnup
(MWD/MT)
Th-232
Pa-231
Pa-233
U-232
U-233
U-234
U-235
U-236
U-238
Np-237
Np-239
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242M
Am-243

Change of Isotopes vs. Burnu 3 for ThO 2 -PuO 2 Fuel
U0 2 (#/barn-cm)
0
0.0
0.0
0.0
0.0
0.0
0.0
9.1255E-04
0.0
2.1625E-02
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

UO2 + PuO2 ( #/bam-cm )

60,000
0.0
0.0
0.0
0.0
0.0
0.0
8.6856E-05
1.2671E-04
2.0627E-02
1.7802E-05
2.4519E-06
9.7126E-06
1.1929E-04
6.7744E-05
3.9647E-05
2.6841E-05
1.2168E-06
2.2266E-08
8.1016E-06
ThO2 + UO2 ( ^ a r n - c m )

0
0.0
0.0
0.0
0.0
0.0
0.0
4.9167E-05
0.0
2.1528E-02
0.0
0.0
2.4646E-05
8.0783E-04
3.1492E-04
1.6705E-04
5.4768E-05
0.0
0.0
0.0

0
1.7566E-02
0.0
0.0
0.0
0.0
0.0
1.0388E-03
0.0
4.1028E-03
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0
2.1102E-02
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.9936E-05
9.8125E-04
3.8252E-04
2.0291E-04
6.6525E-05
0.0
0.0
0.0

60,000
1.6739E-02
1.5986E-06
2.3309E-05
1.5601E-06
2.9088E-04
5.2233E-05
1.4921E-04
1.4596E-04
3.7886E-03
1.6596E-05
7.3533E-07
7.8438E-06
4.3030E-05
1.7148E-05
1.5906E-05
9.5637E-06
5.5919E-07
1.1107E-08
3.0880E-06
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60,000
0.0
0.0
0.0
0.0
0.0
0.0
1.5768E-05
6.4374E-06
2.0605E-02
4.3358E-06
1.9996E-06
2.3781E-05
2.9592E-04
2.4701E-04
1.6134E-04
1.0742E-04
1.1907E-05
2.9594E-07
3.4698E-05
ThO2 + PuO2 {#/barn-cm)
60,000
2.0330E-02
2.6169E-06
2.2242E-05
1.8371E-06
3.6010E-04
4.4757E-05
1.13O5E-O5
9.5933E-07
0.0
6.0229E-08
0.0
2.6175E-05
6.2821E-05
1.9258E-04
1.4281E-04
1.2392E-04
1.2053E-05
3.0362E-07
3.8788E-05
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Abstract
A computer code called COSMOS has been developed for the thermal analysis of MOX and
UO2 fuel rod during steady-state and transient conditions. The main purpose of COSMOS is
to calculate the temperature distribution in the fuel and cladding and the fission gas release.
Based on a computer code developed for the analysis of UO2 fuel, following features have
been taken into account to analyze the MOX fuel: 1) changes in thermo-mechanical properties
such as thermal conductivity and thermal expansion coefficient, 2) change in radial power
depression as a function of Pu fissile content, and 3) change in the mechanism of fission gas
release resulting from the heterogeneity of microstructure of MOX fuel. In addition, recent
experimental findings such as rim effect and thermal conductivity degradation with burnup
are taken into account to analyze high burnup fuel. A mechanistic fission gas release model
developed based on physical processes is applied to steady-state operation and an empirical
model developed based on the amount of fission gas stored at grain boundary is used for
transient operation. Another important feature of COSMOS is that it can analyze the fuel
segment refabricated from the base irradiated fuel rods. This feature makes it possible to
utilize database obtained from international projects such as HALDEN and RISO, many of
which were collected from refabricated fuel segments. The capacity of COSMOS has been
tested with a number of experimental results from some international fuel irradiation
programs. This paper provides a general description of the models contained in COSMOS and
some results of comparison between calculation and measurement.

1. Introduction
Fuel rod performance codes are extensively used by manufacturers, fuel designers and
licensing authorities for the analysis of in-reactor behavior of fuel rods. In recent years, some
theoretical modeling has made a major contribution to the successful evolution of fuel
analysis code. However, there are increasing demands for a detailed understanding of the
thermal, mechanical, physical and chemical processes governing the fuel rod behavior during
normal reactor operation, for design basis accidents or severe accidents of extremely low
probability. In addition, it is necessary to take into account the recent experimental findings
such as rim effect and thermal conductivity degradation with burnup. Moreover, modem fuel
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rod performance code needs to be flexible enough to allow for an easy modification of
existing physical models or of material data as well as for the incorporation of new ones.
With these things in mind, a computer code COSMOS has been developed that can be used
in PC with considering above-mentioned requirements. The main purpose of COSMOS is to
calculate the temperature distribution in the fuel and cladding and the fission gas release in
both MOX and UO2 fuel with rim effect and thermal conductivity degradation being taken
into account. In addition, a mechanistic fission gas release model has been developed and
incorporated into the code. Another important feature of COSMOS is that it can analyze fuel
segment refabricated from base irradiated fuel rods. This feature makes it possible to analyze
database obtained from international projects, many of which were collected from refabricated
fuel segments.

2. MOX Feature
MOX fuel for LWR is different from typical LWR UO2 fuel in that it contains small
amount of Pu from the beginning. Due to the difference in microstructure arising from the
addition of Pu, following features should be taken into account when we develop a computer
code for the analysis of MOX fuel based on the performance models for UO2 fuel: 1) changes
in thermo-mechanical properties such as thermal conductivity and thermal expansion
coefficient, 2) change in radial power depression as a function of Pu fissile content, and 3)
change in the mechanism of fission gas release resulting from the heterogeneity of
microstructure of MOX fuel.

2.1. Temperature
Following themo-mechanical properties of MOX fuel are different from those of UO2 fuel
depending on the amount of Pu added to the UO2 matrix:
(i)
(ii)
(iii)
(iv)

thermal conductivity
thermal expansion coefficient
specific heat capacity
melting temperature

In-reactor behavior of MOX fuel resulting from the differences in above properties was
described in [1]. The most significant difference is found in the thermal conductivity. Out-offile measurements of thermal conductivity have shown that values for MOX fuel are slightly
lower than that for UO2 fuel by about 10%. This gives rise to different radial temperature
profile in fuel pellet in combination with different radial power depression.

2.2. Radial Power Depression
Radial power depression is very important because it determines radial temperature profile
that governs almost all the physical processes occurring in the fuel rod. The computer
program FACTOR [2] that has originally been developed for calculating the normalized
power density and burnup factors UO2 fuel has been extended to MOX fuel and incorporated
into the COSMOS. This program calculates the radial power depression in MOX fuel as a
function of Pu fissile content using a nuclear physics calculation [3]. As shown in Fig.l(a),
MOX has a higher radial power depression early in life due to the higher absorption cross
section of Pu isotopes. This implies that, if operated at the same power, centerline temperature
-80-

in MOX fuel would be lower than in UO2 fuel. However, with burnup Pu buildup increases in
the periphery of UO2 fuel due to the capture of epithermal neutrons in the resonances of 238U,
whereas the amount of Pu in the outer part of MOX fuel decreases by consumption. This
makes the radial power distribution for two types of fuel almost the same as shown in
Fig.l(b). Therefore, only the difference in thermal conductivity produces different radial
temperature profile for the same power.
Using FACTOR, the radial distribution of burnup has been calculated and compared for
the fuels experimented in RISO [4]. As seen from Fig.2, there is close agreement between
measurement and prediction. This implies that the radial power distribution in LWR fuel is
well predicted by the FACTOR.

2.3. Effect of Microscopic Heterogeneity
Depending on the manufacturing method, heterogeneity can exist in the microstructure of
MOX fuel pellets due to the incomplete mixing of PuO2 powder with UO2 powder. There are
some controversies over whether fission gas release is enhanced in MOX fuel compared with
UO2 fuel under similar operating conditions or not. According to recent experiments, there
appears to be little effect of microstructure in currently produced fuel. In addition, high gas
release in MOX fuel results from higher operating powers in MOX fuel later in life because
reactivity falls more slowly with burnup.
To analyze the effect of microscopic heterogeneity on fission gas release, a spherical
model has been developed using the assumption that Pu-rich particles are distributed
uniformly in UO2 matrix [5]. Fig.3 shows how the size of Pu-rich particle affects fission gas
release in MOX fuel at 1000°C, where Ep is the average Pu content of pellet, Ea is the Pu
content of Pu-rich particle, Em is the Pu-content in UO2 matrix, D agg is the average size of Purich particle, and D ^ , , is the grain size of UO2 matrix. This model has been tested with use of
the data obtained from the FIGARO program. Since these are confidential information, only
arbitrary power histories and centerline temperatures are shown in Fig.4(a) and (b) for two
MOX fuel rods 12 and D3, respectively. The two MOX rods manufactured by MIMAS
process were irradiated in the BEZNAU reactor for five cycles. These fuel rods contained
pellets of different grain size of 15 and 8 urn, respectively. Fig.4(c) displays the kinetics of
fission gas release and compares the measured and calculated fission gas release for 12 and
D3. The measured releases for 12 and D3 are 2.5 and 1.65%, respectively, whereas the
calculated ones are 3.3 and 2.1%.

3. Rim Effect and Thermal Conductivity Degradation
The geometrical model, heat transfer model, gap closure model and basic equations for the
thermal analysis of fuel and cladding are the same as those of generally well-known computer
codes, for example Ref. 6. Therefore, in this paper, recent experimental findings such as
thermal conductivity degradation with burnup and rim formation at high burnup are described.
These topics are very important in terms of thermal analysis because they cause fuel
temperature to increase significantly at high burnup fuel. Consequently, it would lead to
enhanced fission gas release and then rod internal pressure yielding the possibility that fuel
design criterion that fuel-to-clad gap should not be reopened could be violated.
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The rim region, which acts as thermal barrier in the periphery of pellet, develops by Pu
production and fissioning in low temperature. Using Lee et al.'s correlation for thermal
conductivity, which is described in detail in [7], temperature distribution in high burnup fuel
is analyzed. This correlation is developed using following procedure. First, rim burnup is
calculated from rod average burnup using the formula BURim=1.43 BUavg, where BU^n, is rim
burnup and BUavg is pellet average burnup. Arimto average burnup ratio of 1.43 is derived
from the measured data in RISO project [8]. Then rim width, which is another characteristic
of rim, is estimated from the measured data based onrimburnup. The least square method
using linear relationship yields the following formula between rim width and rim burnup:
R.,^5.24 BV^m - 305.8, where is the rim width in urn. Second, porosity in the rim region is
calculated using the assumption that all the fission gases produced in the rim region exist as
pores. Finally, thermal conductivity in the rim region is obtained using the assumption that the
rim region consists of pores and fully dense material. The dependence of thermal conductivity
on porosity is given as follows:

v

Rim

where

\-a-P,
Rim

1-

1

kmm= thermal conductivity of the porous rim (W/m K),
ko = thermal conductivity of the fully dense material (W/m K),
k = thermal conductivity at 95% theoretical density,
= l/(A+B.BU+CT)+f(T),
f(T) = thermal conductivity due to electron excitation,
kp = thermal conductivity of the pore (W/mK),
= kXe=0.72\

10-4. To.79,

P = porosity (volume fraction of the porous phase),
a - anisotropy factor {a = 1 means isotropic pore distribution).
In the pellet interior region where rim characteristics does not exist, k is also calculated
using the above formula with porosity corresponding to its region. In addition, thermal
conductivity degradation with burnup is considered by adding the term B«BU in the
denominator of the correlation for thermal conductivity at 95% theoretical density.
MATPRO, SIMFUEL and HALDEN's thermal conductivities have been adopted and
combined with the above formula, which are given in Table 1. Then kmm is incorporated into
the COSMOS to compare the calculated and measured fuel centerline temperature.
Fig.5 shows the comparison with the RISO data whose linear heat rate was 30, 35 and 40
kW/m, respectively, at the pellet average burnup of 43.5 MWd/kgU. Radial temperature
profile calculated using the HALDEN's correlation shows good agreement with measurement.
This indicates that the assumption that all the gas atoms produced in the rim region are
retained in therimporosity is reasonable.
Fig.6 gives the measured centerline temperature at 25 kW/m as a function of fuel average
burnup in a HALDEN experiment. It shows that centerline temperature increases linearly with
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burnup implying conductivity degradation, while the calculated result displays complicated
trend since the gap conductance is affected by both gap size and fission gas release. However,
substantial temperature increase after 40 MWd/kgU results from the formation of rim at pellet
edge. In the early stage of irradiation, good agreement exists between measurement and
calculation obtained using HALDEN's correlation that considers rim effect. Although
deviation becomes wider up to about 35 MWd/kgU, calculated temperature obtained with
HALDEN's correlation is consistent with the measured data. From this comparison, it can be
concluded that thermal conductivity developed in this paper could predict more reasonable
fuel temperature for high burnup fuel when it is combined with the HALDEN's correlation for
thermal conductivity.

4. Fission Gas Release Model
4.1. Steady-State Model
Fission gas release model used in COSMOS is a new mechanistic model developed Koo
and Sohn [9]. The model is applied to analyze fission gas release during steady-state operating
conditions. It is assumed that grain face is composed of 14 identical circular faces and grain
edge bubble can be represented by a triangulated tube around the circumference of three
circular grain faces. The main features of the model are as follows:
(i) diffusion of gas atoms from grain interior to grain boundary
(ii) precipitation of gas atoms into matrix and intergranular gas bubbles
(iii) resolution of gas atoms from matrix and intergranular gas bubbles
(iv) fission gas release due to bubble interconnection at grain boundary
(v) fission gas release due to recoil and knock-out and through open pore
(vi) sweeping of gas atoms by grain growth
Both matrix and intergranular bubbles are assumed immobile in the model and they are
given as a function of temperature. Extent of interlinkage at grain boundary is assumed
proportional to gas bubble swelling at grain edge. Analytical solution gives the release rate
from matrix to grain boundary, which considers the reinjection of fission gas atoms from
grain face into matrix through the action of irradiation induced resolution.
The model's capacity has been tested with the KWU's database, which covers very wide
range of steady-state and transient operating conditions. Rod average burnup reaches up to 51
MWd/kgU and linear heat rate up to 490 W/cm. Fig.7 shows that although there is some room
for improvement reasonable agreement has been obtained considering an intricate nature of
fission gas release.

4.2. Transient Model
4.2.1. Release due to Microcracking
According to recent experiments performed during transient conditions, additional fission
gas release during power change is observed. Analysis of the experimental results for transient
fission gas release has shown that there exists a considerable fission gas burst in case of both
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power increases [10] and power reductions [11,12]. These two effects can be explained in
terms of the microcracking mechanism where changes in the stresses within the fuel cause
grain boundaries where fission gas is stored to tear apart. This mechanism is not a thermally
activated process, but simply requires a specific temperature level since the stresses only
change appreciably if this requirement is met. It is assumed in the present model that the
entire fission gas inventory stored at the grain boundaries is released instantaneously if the
conditions given below are met. Based on Hering's work [13], following conditions are
suggested for the fission gas release due to microcracking (where q' values are linear power
values for the axial node, while the T values are ring temperatures):
Case 1: Power increase q', => q72 induces a local increase in temperature T, => T2. Fission
gas release due to microcracking if q'2 - q', > 35 W/cm, q'2 > 300 W/cm and T2 >
Tg. The burnup dependent threshold temperature Tg is defined by Tg = 1500 (1Bu/80), where Tg is temperature in °C and Bu is burnup in MWd/kgU.
Case 2: Power decrease q', => q2 induces a local decrease in temperature T, => T2. Fission
gas release due to microcracking if q', - q'2 > 35 W/cm, q', > 300 W/cm and T, >
T

s-

Case 3: In the last time interval of power history, fission gas release due to microcracking
ifq'> 300 W/cm and T>T g .

4.2.2. Additional Release during a Power Transient
The basic equations (1), (2), and (8) given by Koo and Sohn [9] are derived for steady-state
operating conditions. This means that the differential equation for dgb/dt (gas release rate from
grain interior to grain boundary) is solved under the assumption that power (temperature) does
not change or change slightly over time, which is equivalent to dgb/dt = 0. This assumption is
no longer valid for power transients where power changes rapidly. An exact mathematical
analysis implies that in the case of transient an additional term has to be included in the
solution of dgb/dt, which however would involve considerable effort. For this reason, an
empirical equation describing the additional contribution to gas transport from the grain to
grain boundary is selected for use in the model. In contrast with gas release due to
microcracking, this mechanism is activated only during power increase. This is obvious
because gas diffusion coefficient increases only when power increases leading to additional
gas release compared with steady-state conditions. In the model the additional gas release
under transient conditions is described as follows:
Power increase q', => q'2 (linear power of an axial node) induces a temperature increase T,
=> T2. Additional fission gas is released during a power transient if q'2 - q', > 35 W/cm, q'2>
300 W/cm and T2 > Tg. The burnup dependent threshold temperature Tg is defined as the
same as above.
The released amount AGTis given by FTGM, where FT = (T-Tg)/1000 < 0.3 and GM is the
momentary gas inventory in the grain interior when the power increase occurs.
Calculations were carried out for AN3 and AN4 fuels refabricated from ANF fuel with
pressure transducers and fuel centerline thermocouples installed [8]. The ANF fuel was of
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PWR design and had been irradiated in the Biblis-A reactor (Germany) to a rod average
burnup of about 40 MWd/kgU. The highest linear heat rating seen by this fuel was 26.7
kW/m. The fuel did not release more than 0.3 % of their fission gas inventory during its base
irradiation. The restructuring was found negligible too.
Fuel centerline temperature and relative fission gas release observed for AN3 and AN4
fuel rods during transient test in the DR3 reactor at RISO are compared with calculation
results in Figs.8 and 9, respectively. The main difference between these two fuel rods is the
initial gas filling. The AN3 fuel rod was filled with 15 bar helium and AN4 fuel rod was filled
with one bar xenon.

4.2.3. Verification
The temperature at the fuel center was measured with a thermocouple inserted at the top of
the fuel stack in a 2.5 mm diameter. Since the temperature measurement was made for annular
fuel pellet having inner diameter of 2.5 mm, correction has been made to convert this value to
corresponding one in solid fuel pellet using the method given in Ref.8. The assumption that
fuel thermal conductivity and volumetric heat generation rate are unchanged across the radial
direction was used in the correction. It was found that these corrected temperatures for solid
pellet were 275-280 °C higher than the measured temperatures. The dotted lines in Figs.8(a)
and 9(a) represent the corrected centerline temperatures.
In the analysis gap conductance was assumed to be 1 W/cm2 K for the situations when the
gap is closed [8]. In addition, it should be noted that in calculating the fuel temperature,
thermal conductivity degradation with burnup was considered with use of the Lee et al.'s
correlation for thermal conductivity [7]. As can be seen in Figs.8(a) and 9(a), the calculated
and measured fuel centerline temperatures are in good agreement for AN3 fuel, while the
calculated temperatures for AN4 fuel are 0-150 °C lower than measured ones. This implies
that the correlation is suitable for the prediction of temperature during transient condition for
fuel rodlet refabricated from base irradiated fuel rods irradiated up to a relatively high burnup
of 40 MWd/kgU.
Fission gas release during power change depends on the temperature and power conditions
and the fuel burnup when the power change occurs. In addition, it depends on the amount of
fission gas stored in the grain interior and grain boundary during steady-state operation.
Therefore, the prerequisite for the prediction of fission gas release during power change is to
predict the amount of fission gas stored in the grain interior and grain boundary. In this paper,
Koo and Sohn's steady-state fission gas release model [9] was used to calculate the amount of
fission gas deposited in the grain interior and grain boundary. Figs.8(b) and 9(b) show that
calculated release kinetics yields reasonable agreement with the measured one. However, in
both cases there is about 10% difference at maximum. According to Morgan et al. [14], there
existed athermal gas release of 6-7% at a low power of 11 kW/m due to fabrication
characteristic specific to AN3 and AN4 fuel, which can not be modeled by the present model.
This rather high athermal gas release was found in low density fuels where fission gas may
have collected in the fabrication pores during steady-state irradiation and been released during
power ramp through cracks. Considering this unusual phenomenon, it can be concluded that
agreement between calculation and measurement is excellent.
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5. Conclusion
A computer code COSMOS has been developed for the thermal analysis of UO2 and MOX
fuel rod during steady-state and transient conditions. The main purpose of COSMOS is to
calculate the temperature distribution in the fuel and cladding and the fission gas release. It
considers recent experimental findings such as rim effect and thermal conductivity
degradation with burnup. In addition, a new mechanistic fission gas release model developed
based on physical processes is incorporated into the code. Another important feature of
COSMOS is that it can analyze fuel segment refabricated from base irradiated fuel rods. This
feature makes it possible to analyze database obtained from international projects such as
HALDEN and RISO, many of which were collected from refabricated fuel segments. MOX
specific features are also included. The capacity of COSMOS has been tested with a number
of experimental results from some international fuel irradiation programs.
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Table 1. Thermal conductivity correlation for MATPRO, SIMFUEL, and HALDEN [15]
MATPRO

it = 1 /(0.04378 + 2.294 x 1 (T4 T) +1.429 x 1(T2 • e"1876xl0"3 r

SIMFUEL

k = 1/(0.0432 + 0.0153 BU + (0.202 + 0.0025 -B£/)xl(r 3 r)

HALDEN

k = 1/(0.1148 + 0.0030 BU + 2.475xlO"4-T) + 0 . 0 1 3 2 . e ^ M m r

2-

120-

£

0M-

0.00

0.2O

0 40

0 6C

0.U

100

000

0K)

Relative Radius

040

0 90

0«>

100

Relative Radius
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Abstract
As the nuclear industry extends the fuel cycle length, waterside corrosion of Zircaloy
cladding has become a limiting factor in PWR fuel design. Many plant chemistry factors such as,
higher lithium/boron concentration in the primary coolant can influence the corrosion behavior
of Zircaloy cladding. The chemistry effect can be amplified in higher duty fuel, particularly
when surface boiling occurs. Local boiling can result in increased crud deposition on fuel
cladding which may induce axial power offset anomalies (AOA), recently reported in several
PWR units. In this study, the effect of reactor chemistry and operating variables on Zircaloy
cladding corrosion is investigated and simulation studies are performed to evaluate the optimal
primary chemistry condition for extended cycle operation.

1. Introduction
In light water power reactors, like pressurized water reactors (PWRs) and boiling water
reactors (BWRs), Zirconium based alloys have been used for the cladding of the fuel rods and
structural components of fuel assemblies for many years, because of their low neutron
absorption cross-sections. Two different types of zirconium-based alloys have been developed.
Zircaloy-2 (for BWR application, an alloy with -1.5% Sn and 0.3% Fe+Cr+Ni) and Zircaloy-4
(with a composition similar to Zircaloy-2 but free of Ni and with a lower tendency of hydrogen
pick-up, for PWR application), were developed in the USA, whereas in the USSR a binary ZrNb alloy with 1 % Nb was selected for the Soviet PWRs. The behavior of these alloys as fuel
claddings and other components has been satisfactory over the past decades; with increasing
operational requirements some lessons had to be learned. Fuel failures attributable to primary
water chemistry conditions have occurred only in isolated cases in the past two decades.
However, as the fuel duty and burnup increases, the oxide thickness of low tin Zircaloy-4
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cladding has been reported to reach ~100um at a rod burnup of 50-60 GWd/MTU[l,7,8].
The major effect of corrosion on cladding integrity results from two related processes: 1)
the formation of a ZrCb layer causing cladding thinning and 2) the hydriding of Zircaloy
causing cladding embrittlement. Both phenomena degrade cladding integrity. The rate of
Zircaloy corrosion is controlled by the temperature of the metal-metal oxide (Zr-ZrC>2)
interface. Since the cladding transfers heat to the coolant, the interface temperature during
operation is always higher than that of the coolant. As the oxide grows thicker, the interface
temperature increases, which in turn increases the corrosion rate. This effect is the major factor
leading to accelerated corrosion at high burnups. Recently, extended cycle length operation of
PWRs has become a major issue in nuclear industry. To comply with the increase in cycle
length, it also requires increases in the concentrations of boric acid and lithium hydroxide. The
effects of the chemistry changes on fuel performance and reliability should be evaluated.
Uniform corrosion of Zircaloy-4 cladding has become a major concern for high burnup fuel
design. As the thermal duty of fuel rods increases due to higher energy core design, the
cladding corrosion rate is expected to further increase The decreasing corrosion margin in high
duty and high burnup fuel design has imposed a constraint on changing the RCS chemistry for
other purposes, such as increasing pH (and Li) for radiation dose rate control and injecting Zn
for mitigation of Inconel stress corrosion cracking. Recent improvements in Zircaloy cladding
material have resulted in 10-30% reduction in the oxide thickness, as claimed by the vendors.
However, such corrosion improvements have not yet yielded enough margin for further burnup
extension or for tolerating further increases in thermal or chemical duties during operation. One
example of higher chemical duties for Zircaloy cladding is higher Li/pH in the primary coolant.
The conditions that have existed in the past, namely lithium at <2.2 ppm and pH(300°C) at
>6.9, cannot be easily attained when the cycle length is stretched from 12 to 18 or 24 months
and the startup boron concentration is increased from -1200 ppm to 1400-1600 or 1700 to
2000 ppm, respectively. (Actual concentration depends on the enrichment and amount of
burnable poisons in the fuel design.) In the early 1980's, most plants adopted Coordinated
Chemistry (Figure 1-1) in which lithium is coordinated with boron to maintain a pH of 6.9. In
late 1980, Elevated lithium Chemistry (Figure 1-2) regime was tested in several PWRs to
reduce nickel ferrite precipitation on fuel and thus reduce plant radiation levels. Solubility
studies suggest that operating in the pH=7.2-7.4 region will minimize nickel ferrite
precipitation on lower core surfaces and prevent precipitation on upper core areas. This scheme
was terminated after one cycle due to concerns over the potential effects of prolonged
exposure to 3.5 ppm lithium on primary water stress corrosion cracking (PWSCC) of Alloy
600 and Zircaloy cladding corrosion. This results in the Modified Chemistry scheme currently
adopted by most PWRs[3], as shown schematically in Figure 1-3. The modified chemistry
results in an increase in the integrated time of exposure of fuel to lithium in the coolant.
Maintaining lithium concentrations <2.2 ppm during startup, however, can result in a
pH(t)<6.9 for plants operating with an initial criticality boron concentration exceeding -1200
ppm. An Extended Cycle Chemistry regime as shown in Figure 1 -4 has been under discussion.
In this regime, the startup lithium and boron are coordinated to maintain pH(t) >6.9 until the
required lithium concentration decreases to 2.2 ppm. At this point, the pH(t) is permitted to
increase with a constant 2.2 ppm Li, similar to the Modified Chemistry regime.
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A final pH(t) =7.2-7.4 is implemented. It is important to note that implementing an Extended
Cycle Chemistry regime may require significant concentrations of lithium for the early portion
of the cycle, as shown in Figure 1-4. Specifically, a startup lithium value of >3.5 ppm may be
required for a 20-24 month cycle core. For a 24-month cycle, a startup lithium of ~3.5 ppm
may be needed to keep the pH(300°C) at 6.9. Thus Extended Cycle Chemistry regime is under
consideration. So far, no consensus on the extent of the effect of Li/pH on fuel cladding
corrosion in PWRs has been reached. However, the validity of the predicted effects of various
lithium chemistry regimes on cladding corrosion should be further verified for the following
conditions: (1) oxide thickness exceeding 80-100|am when cracking of the oxide may occur, (2)
significant boiling, and (3) crud deposition. In particular, crud deposition may cause hideout of
Li, leading to significant corrosion enhancement. This is because lithium hydroxide is among a
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few chemical species that can accelerate Zircaloy uniform corrosion in 300-400°C water. At
higher lithium concentrations and high void fractions, corrosion enhancement was detected in
ex-reactor coupon tests[5] and heated rod tests[6]. Thus, for high duty fuel with significant
surface boiling, an assessment of the impact of lithium on cladding corrosion should be made.
As the increase in the fuel duty for the extended cycle operation the hot channels of PWR
fuels become undergoing more severe thermal-hydraulic conditions. The increase in thermal
duty results in the increase in rod power, increase in cladding temperature which led to several
studies on the effect of local boiling [2,6]. It is known that an increase in the fuel cladding
corrosion rate can occur under subcooled boiling conditions. One postulated explanation is that
significant subcooled boiling leads to local radiolytic production of oxidizing species, which can
increase the corrosion rate of Zircaloy. Another possibility is the formation of crud deposits
during operation to cause a thermal impedance effect or hideout of lithium inside the crud
deposit.
This report represents a study on the effects of chemistry changes and reactor operating
variables on PWR fuel cladding corrosion using EPRJ PFCC code. In Section 2, the plant and
fuel types introduced in this study and the corresponding PFCC inputs are explained. Cladding
corrosion predictions are given in Section 3 for Westinghouse and CE type fuels. The effects of
lithium concentration, Sn content, power peaking factors and cladding surface temperatures are
considered.

2. Fuel Geometry and Operating Data
Two types of reactor cores (plant A and B) were investigated in the simulation. Plant A is a
970MWe Westinghouse plant loaded with 17x17 Vantage-5 and plant B is a lOOOMWe CE
plant with 16x16 fuel assemblies.

2.1 Oxidation Model Parameters
The variation of the oxide growth rate versus time is calculated by using the following preand post-transition model;
= /c, exp(- Qj RTj) pre-transition regime (s<Stram)
dt
ds
— = k2 exp(- Q21 RTj) post-transition regime (s>Strans)
where s = oxide thickness (\xm)
R = ideal gas constant (cal/mol-K)
Ti = oxide to metal interface temperature
Q/R = activation energy (K)
The corrosion enhancement factors (k/ and k2) are the functions of empirical coefficients.
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2.2 Fuel Geometry Data
The fuel type and geometry data are shown in Table 2-1.
Table 2-1 Fuel Design Characteristics
Fuel Design
Assembly geometry
No. of rods per assembly
Overall assembly length (mm)
Overall maximum assembly width (mm)
Rod length (mm)
Rod outside diameter (mm)
Clad material
Clad thickness (mm)

Plant A (W)
17x17
264
4063
214
3866
9.5
Improved Zr-4
0.572

Plant B (CE)
16x16
236
4528
207
4528
9.7
Improved Zr-4
0.64

2.3 Thermal-hydraulic Data
In this study, the thermal-hydraulic methodology of the Single-Channel Model (SCM) was
used primarily to predict the axial temperature distribution of the cladding surface and the
resulting oxide buildup along the axial length of a single PWR fuel rod throughout exposure. It
utilizes the energy balance in a single closed channel and heat transfer correlations to derive the
thermal-hydraulic conditions of the coolant around a given fuel rod and the surface temperature
of the cladding. Thorn's correlation was used for the convective heat transfer coefficient. The
flow and turbulent mixing factor were considered for non-uniform flow factor and turbulent
mixing factor were used.

2.4 System Parameters
Nominal design values are used for system pressure and coolant inlet temperature. The
thermal design value of the core mass flux was used as shown in Table 2-2.

Table 2-2

System Parameters

Parameter
System pressure (psia)
Coolant mass flux (kg/m2-s )*
Inlet coolant temperature (°C)
Core average linear power density (kW/m)

Plant A (W)
2250
1.945E5
291.4
17.83

* thermal design flow rate
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Plant B (CE)
2250
2.14E5
295.8
17.69

2.5 Operating History Data
The maximum radial power peaking factor (RPF) for each cycle of both plants are assumed
to be 1.35, 0.8, 1.2, respectively (Figure 2-1). In the third cycle, the maximum peaking factor
has been trending upward. This bounding feature is introduced to consider the loading of the
twice burned fuel into the core center. However, this peaking factor history is compatible with
the realistic power history not the bounding power history which might give too conservative
result in cladding corrosion calculation. The axial power shape profile is assumed to have
typical variation during a cycle operation of the reactor. The effect of lithium is simulated for
extended cycle operation stretched from 12 to 18 or 24 months with Extended Chemistry and
Elevated Lithium schemes.
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Figure 2-1

Power Peaking Factor History for 3 Cycles

3. ANALYSIS OF PLANT CHEMISTRY EFFECTS ON FUEL
CLADDING
In this section, the separate effects of Zircaloy cladding corrosion under extended-cycle
operation are discussed including the effects of lithium concentration, tin (Sn) content of
cladding, power peaking factor and local boiling, etc. These factors have been known to
contribute to in-reactor corrosion of Zircaloy cladding.

3.1 Lithium Concentration
For 18~24-month cycle, a startup lithium of -3.5 ppm may be needed to keep the pH(300°C)
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at 6.9. In this study, two types of lithium chemistry schemes are considered: Extended Cycle
and Elevated Chemistry schemes with various levels of lithium concentration (Figure 3-1). The
initial lithium concentrations of 3-3.5 ppm for extended chemistry scheme and 2.5-3.5 ppm for
elevated chemistry scheme are considered. Although the 3.5 ppm elevated lithium program was
terminated, the high lithium elevated scheme is simulated to check the effect of various lithium
chemistry regimes on cladding corrosion. This scheme exhibited considerable increase in oxide
thickness in extended-cycle operation which is due to the more integrated exposure to the high
lithium concentration. The simulation results for plant A and B show no big difference in peak
oxide thickness. But Figures 3-2 and 3-3 show -13% increase in the peak oxide thickness when
adopting elevated chemistry regime. This may be not a significant increase if there remains a
enough corrosion margin, i.e., up to the burnup of 40-50 GWD/MTU. However, for extendedcycle operation, elevated chemistry regime with 3.5 ppm lithium gives 120-135 urn of oxide
thickness at the burnup of 60 GWD/MTU. Extended Chemistry scheme also gives 115-120 um
of oxide thickness at the burnup of 60 GWD/MTU. For high burnup fuels with the possibility
of oxide cracking, which may occur at oxide thickness exceeding 80-100um, special concerns
should be implemented to assure the integrity of the cladding. As shown in Table 3-1, the
sensitivity of lithium concentration for Extended Chemistry scheme is very low compared with
that of Elevated Lithium Chemistry regime. Thus, for extended-cycle operation, Extended
Chemistry scheme can be a viable approach to control the pH of RCS.
— • — Ex t ended-A — • — -Extended-B
— A — Ex t ended-C --n- - Eleveted-A
- -O- - Eleveted-B
- Eleveted-C

10000

20000
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30000

40000

Figure 3-1 Lithium Histories

3.2 Tin (Sn) Content of Cladding
Lowering tin content is believed to reduce the solubility of Fe, hence reducing the uniform
oxide growth rate. The published data include a low tin content in the range of 1.2 to 1 4%wt.
As noted previously, tin content has a very significant effect on cladding corrosion as shown in
Figures 3-4 and 3-5. It reaches a thickness -120 urn for the nominal tin contents of each type
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of fuels at a burnup of -60 GWD/MTU. The measured nominal values and standard deviations
of tin content of plant A and B are 1.32%wt, 0.04%wt and 1.31%wt, 0.02%wt respectively.
As shown in Table 3-1, there seems no big difference in the sensitivity factors of tin content for
each plant.
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3.3 Power Peaking Factor and Local Boiling
The RPF, an index of fuel thermal duty or heat flux, has a significant effect on the cladding
corrosion rate by affecting the rod wall temperature. An increase in the Zircaloy cladding
corrosion rate can occur under subcooled boiling conditions. The precise mechanism which
causes the increase in the corrosion rate is not completely identified. However, high coolant
lithium concentrations, combined with local boiling effect, have been known to cause
accelerated Zircaloy corrosion [2,4]. When bubbles depart from the cladding surface,
concentrated lithium is left behind in the liquid adjacent to the surface. Thus, to prevent an
excessive Zircaloy corrosion rate, some limitations on the amount of local boiling and the
lithium concentration in the coolant have to be placed. So far, there is insufficient data available
to accurately determine the exact void fraction value which leads to accelerated corrosion.
Figures 3-6 and 3-7 show the peak oxide thickness for the increase in RPF. It can be seen
that the cladding surface temperature exceeded the system saturation temperature of 344.83 °C
at the upper region of the core if the RPF is greater than -1.20 for Westinghouse fuel and
-1.25 for CE type fuel (Figures 3-8 and 3-9). Thus in the normal operating region, there
happens significant local boiling in both plants since the peak cladding surface temperature
reaches more than occurs in the 348 °C if RPF is greater than 1.35. The local boiling prevents
rapid increase in fuel surface temperature induced by increase in RPF. The corrosion
enhancement factor for surface boiling has not been implemented yet, hence the rate of increase
in peak oxide thickness as a function of the RPF can be lowered due to the onset of nucleate
boiling. However, local subcooled boiling may result in the local concentration of boron and it
can be accelerated in the presence of crud deposits on the fuel cladding [2]. The result of the
overall process may induce the axial offset anomaly in the reactor core. As shown in Table 3-1,
the sensitivity factors increased linearly as increase in RPF in both plants.
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3.4 Effect of Core Inlet Temperature and Flow Rate
The amount of nucleate boiling in a PWR depends on the plant specific system design, i.e.,
core power, coolant flow rate, inlet temperature, and core pressure. Plants A and B are
operating under the same system pressure. However, plant B has greater values of the coolant
flow rate, inlet temperature, ciadding thickness and equivalent hydraulic diameter than those of
plant A (Table 2-1 and 2-2). This gives somewhat different sensitivity of inlet temperature and
mass flow rate for cladding corrosion in each plant. The higher inlet temperature and core mass
flux can be compromised and give similar level of sensitivity for cladding corrosion.
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Table 3-1

Percent Changes in Oxide Thickness for Operating Parameters
]Plant

Burnup (MWD/MTU)
Lithium chemistry
elevated
-5%
+5%
extended
-5%
+5%
Sn content
-5%
+5%
RPF
-5%
+5%
Core inlet temperature
-5°F (-2.8°C)
+5°F (+2.8°C)
Core mass flux
-5%
+5%

25000

A (W)
30000

36000

Plant B (CE)
36000
25000
30000

(%)

-2.605
2.692
-0.852
0.852
(%)
-15.481
16.848

-2.676
2.775
-0.953
0.966

-2.653
2.749
-0.787
0.795

-2.529
2.285
-0.833
0.813

-2.584
2.406
-0.905
0.905

-2.542
2.424
-0.741
0.741

-15.843
16.834

-16.019
17.339

-15.263
16.947

-15.209
16.805

-15.455
17.357

-5.457
4.654

-6.304
5.323

-4.361
4.321

-5.241
5.065

-6.086
5.985

-3.575
2.760

-3.580
2.530

-3.608
3.211

-3.695
3.142

-3.712
3.123

2.095
-2.860

1.980
-3.123

2.438
-2.319

2.577
-2.690

2.685
-2.904

(%)

-4.480
4.480
(%)

-3.449
3.449
(%)

2.636
-2.498

4. CONCLUSIONS AND SUMMARY
1. The effect of reactor chemistry and operating variables on Zircaloy cladding corrosion is
investigated and simulation studies are performed to evaluate the chemistry and operating
conditions for extended cycle operation of Westinghouse and CE plants.
2. The separate effects of Zircaloy cladding corrosion under extended-cycle operation are
discussed including the effects of lithium concentration, tin (Sn) content of cladding, power
peaking factor and local boiling, core inlet temperature and mass flow rate which have been
known to contribute to in-reactor corrosion of Zircaloy cladding.
3. Nominal design values were used for system pressure and coolant inlet temperature. The
thermal design value of the core mass flux was used instead of measured value. A conservative
power step time history was used. This bounding feature is introduced to consider the loading
of the twice burned fuel into the core center. The axial power shape profile is assumed to have
typical variation during a cycle operation of the reactor. Two types of lithium chemistry
schemes were considered: Extended Cycle and Elevated Chemistry schemes with various levels
of lithium concentration. The initial lithium concentrations of 3-3.5 ppm for extended
chemistry scheme and 2.5-3.5 ppm for elevated chemistry scheme were considered.
4. Predictions of oxide thickness have shown that there is not enough margin of cladding
oxidation if the plant is operating under high inlet temperature and the rod burnup exceeds 55
GWD/MTU for extended chemistry and 50 GWD/MTU for elevated chemistry regime. For
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extended chemistry regime, the results indicate small sensitivity factor of cladding corrosion on
lithium concentration.
5. The axial temperature distributions of cladding surface show significant subcooled boiling
in both type plants near core exit region since the peak cladding surface temperature exceeds
the saturation temperature. Local subcooled boiling may result in the local concentration of
boron and it can be accelerated in the presence of crud deposits on the fuel cladding surface.
6. Based on the results of the prediction calculation , special concerns about cladding
corrosion should be considered for extending the cycle length of PWRs beyond 18 months. For
burnup exceeding 50-55 GWD/MTU, the low tin improved Zircaloy-4 cladding should be
further improved.
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Abstract
In order to simplify the preparation process and improve the properties of uranium silicide fuels
prepared by mechanical comminution, a fuel fabrication process applying rotating-disk centrifugal
atomization technology was invented in KAERI in 1989. The major characteristic of atomized U3Si
and U3Si2 powders have been examined. The out-pile properties, including the thermal compatibility
between atomized particle and aluminum matrix in uranium silicide dispersion fuels, have generally
showed a superiority to the comminuted fuels. Moreover, the RERTR (reduced enrichment for
research and test reactors) program, which recently begins to develop very-high-density uranium
alloy fuels, including U-Mo fuels, requires the centrifugal atomization process to overcome the
contaminations of impurities and the difficulties of the comminution process. In addition, a
cooperation with ANL in the U.S. has been performed to develop high-density fuels with an
application of atomization technology since December 1996. If the microplate and miniplate
irradiation tests of atomized fuels, which have been performed with ANL, demonstrate the stability
and improvement of in-reactor behaviors, nuclear fuel fabrication technology by centrifugal
atomization could be most-promising to the production method of very-high-uranium-loading fuels.

Introduction
Research on the intermetallic compounds of uranium was revived in 1978 with the decision by
the international research reactor community to develop proliferation-resistant fuels [1]. Although
fuel with a uranium density of 4.8 g U/cm3 is sufficient to convert approximately 90% of all
research reactors, conversion of the remaining reactors, which use a significant quantity of HEU,
requires fuels with considerably higher densities [2]. Uranium intermetallic compounds, in
particular, U3Si and U3Si2, have been preferred choices of fuel materials for high flux research
reactors [3-6]. Uranium silicide powders are supplied by the comminution of cast U3Si2 or
heat-treated U3Si alloy [7]. The Korea Atomic Energy Research Institute (KAERI) has been
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developing uranium silicide fuel for the HANARO of the 30 MW research reactor since 1987.
In order to simplify the preparation process and improve the properties of uranium silicide fuel,
a centrifugal atomization method has been developed [8]. In addition, centrifugal atomization used
for the rapid solidification processing (RSP) of nuclear fuel materials can provide beneficial
features which could be not achieved easily by conventional methods. It is known that the powder
has several advantages, such as a rapidly solidified microstructure, a relatively narrow particle size
distribution, and a spherical shape [9-10]. Spherical particles are especially desirable for improving
the plastic flowability and do not have any preferred orientation after extruding or rolling.
There are basically two aspects to the development of high uranium-density LEU dispersion
fuels. The first challenge is to discover or develop a uranium compound or alloy with the highest
possible uranium density that can be fabricated in a dispersion, and has acceptable irradiation
behavior. While the vast majority of reactors can be satisfied with U3Si2-Al dispersion fuel,
several high performance reactors require high loadings of up to 8~9 g U cm3. Experience with
highly loaded U3Si2-Al and UN-Al [11-12] fuels indicates that one is not likely to achieve a fuel
volume loading greater than 55% in a commercially viable process; therefore, fuel dispersants with
very-high uranium densities, > 15 g U/cm3, must be used. A series of alloys which maintain
uranium in the metastable y-U phase have shown good irradiation performance in bulk form under
fast reactor conditions. The customary technique for making fuel powders for dispersion, which
involves crushing and grinding of rather brittle uranium compounds, is not suitable for the
uranium alloys with ductility [13-14]. Metallic powders, however, have been routinely made by
centrifugal atomization. Hence, spherical powders produced by centrifugal atomization meet the
requirements for use in dispersion fuel. In addition, by centrifugal atomization having a rapid
cooling effect, it is expected that U alloys with gamma phase stability easily retain this phase in a
metastable state. If this metastable gamma phase can be maintained during irradiation, and if the
alloy has good compatibility with aluminum matrix, the metastable y-phase alloy would be a
candidate for the dispersion fuel for research reactors.
The second challenge is to improve the maximum volume fraction of fuel particles in the core.
To date, the highest density qualified compound isU3Si2used in comminuted powder form. U3Si2
fuel has been conventionally prepared by compaction or rolling of blended powder with U3Si2 and
aluminum. During the rolling for plate type fuel or extrusion for rod or tube type fuel, a certain
amount of porosity is formed. This is primarily due to fracturing of the fuel particles in response
to the rolling or extrusion force. It seems reasonable to conclude that a reduction or elimination
of the fabrication porosity would result in a higher practical maximum fuel loading.
hi addition, alloys containing silicon and molybdenum were used to produce the powders,
applying the centrifugal technique. Especially, U-Mo powders having high density of above 15
g U cm'3 were prepared by rotating-disk centrifugal atomization and were characterized for
application as a dispersant for research reactor fuel. The fuel rods were made by extruding the
blended powders with atomized U-Mo and aluminum. The major characteristics, including phase
stability and thermal compatibility of U-Mo alloy fuels, were examined. The as-fabricated porosity
characteristics of the extruded U3Si2 fuel cores having atomized and comminuted uranium silicide
powders were examined. Thermal compatibility of atomized uranium silicide fuel meats was
evaluated, and compared with that of comminuted uranium silicide fuel meats.
The ANL and KAERI entered into a cooperation agreement for the development of a low-enriched
uranium (LEU) plate-type research reactor fuel using atomized fuel particles in December 1996. The
RERTR program makes efforts to develop high density dispersion fuel using atomized particles.
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This co-operation will be valuable both in comparing the irradiation performance of atomized and
comminuted dispersion fuels and in developing higher-density fuels using other fuel alloys, where
atomization may be the most-practical fuel particle production method. In addition, in order to
develop dispersion fuels having densities in the range of 8 to 9 g-U/cm3, a microplate irradiation
experiment was initiated at the Advanced Test Reactor (AIR) located in Idaho in August of this
year [15]. This experiment is scoping in nature, attempting to obtain performance data on the (12)
different uranium alloy dispersion fuels. U-10wt.%Mo and U3Si2 samples prepared by the
centrifugal atomization method in KAERI were included in this test. CERCA in France decided to
purchase U3Si2 and U-10wt.%Mo powders, in April this year, to examine the potential benefits of
such powders to the highly loaded fuel plates. BWXT in the U.S. also requested to supply U3Si2
powder recently, in order to compare to the characteristic of the comminuted powder and to test the
benefits such a powder to the high loaded fuel plates. On the other hand, in order to localize
HANARO fuel, an irradiation test has been aimed at evaluating the in-reactor performance and the
integrity of both atomized and comminuted LEU U3Si dispersion fuel developed by KAERI.

Major Characteristics of Atomized Powders
The typical morphology and size distribution of atomized U3Si, U3Si2, and U-Mo particles are
shown in Fig. 1. Most of the particles have nearly perfect spherical shapes with smooth surfaces and
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Fig. 1. Typical morphology (a) and size distribution (b) of the atomized particles.
few attached satellites, regardless of the sort of alloys. The fragment from the melt-drop becomes
spherical due to the surface tension force before it begins to solidify. In addition, the size
distribution of the powder is relatively narrow, and the median particle size is about 80 pim.
The size distribution for nuclear fuel powder can be controlled through the adjustment of the
atomization parameters such as the feeding rate of the melt and the revolution speed of the disk.
The atomized U3Si2 powder yield below 125 ^m in size was about 95%, compared to the totally
produced U3Si2 powder weight.
Scanning electron micrographs of atomized U3Si and U3Si2 powders are illustrated in Fig. 2. The
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00

Fig. 2. Scanning electron micrographs of atomized U3Si (a) and U3Si2 (b) powders.
centrifugally atomized U3Si powder shows a dendritic microstructure with primary precipitates
having non-faceted growth morphology independent of the particle size [16]. The arm thickness of
primary U3Si2 precipitates in the atomized U3Si powder was found to be fine; about 2 /an due to the
rapid solidification effect, compared with the conventionally frozen ingot [17]. On the other hand,
the U3Si2 particles consist of a cellular structure with fine U3Si2 grains below 5 /an in size and finely
dispersed silicon-rich precipitates at grain boundaries. The formation of a fine cellular structure
generally originates from the great cooling rate before the solidification [18]. The X-ray diffraction
patterns of atomized uranium silicide powders show the formation of crystalline phases. The
major phases of atomized powders are a -U and U3Si2 in the U3Si powder, and U3Si2 in the U3Si2
powder. A shorter time for a peritectoid reaction of atomized U3Si powder, compared with
comminuted U3Si powder, results from the small secondary arm spacing of primary U3Si2
precipitates and the rapid nucleation of the U3Si2 phase, and the grain size of atomized powder
decreases to below 3 /an after the peritectoid reaction, much finer than the 20 /an in size of
comminuted powder. The completed transformation in the centrifugally atomized specimens needs
after 6 hours, which is one-twelfth of that for the conventionally frozen specimens [17].
The cross-sectional micrograph and the X-ray diffraction pattern of atomized U-10wt.%Mo alloy
particles are illustrated in Fig. 3. It is seen that the microstructure of atomized particles is
polycrystalline, with many y-U grains below 5 /an in size. Despite the rapid solidification, the
SEM images reveal some Mo segregation, or cored microstructure, characteristic of an alloy with
a substantial liquidus-solidus gap, such as U-Mo alloy [18]. All phases of atomized alloy powders
below 150 /an are found to be the isotopic-metastable y-U (bcc) phase. It is known that
U-10wt.%Mo alloys frozen slowly consist of a-U phase and y'-U2Mo intermetallic compound
with lamellar structure [19], however y-U (bcc) phase, which is the equilibrium phase above
about 560 °C, can be retained in ametastable state at room temperature by rapid solidification.
Scanning electron micrograph for the U-10wt.%Mo powder annealed at 400 °C for 100 hours
illustrates that U-10wt.%Mo powder still reveals fine grain structure below 5 /an in size with
microsegregation of Mo. It is thought that these results originated from the supersaturation of Mo
in the metastable y-U solid solution ofU-10wt.%Mo alloy. Large substitution of Mo atom within
the U matrix causes U atoms to become immobile due to Mo with low diffusivity [20]. This
therefore confirms that the y-U phase of atomized U-10wt.%Mo powder can be retained for
extended times, presumably because the diffusion- controlled transformation is retarded at increased
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Fig. 3. The cross-sectional micrograph (a) and the X-ray diffraction pattern (b) of
atomized U-10wt.%Mo alloy particles.

Major Characteristics of Atomized Fuels

Fig. 4. The cross-sections of the U3Si fuel meat with comminuted particles (a)
and atomized particles (b).
Comminuted U3Si fuel particles with a certain aspect ratio lie along the working direction during
forming, i. e., in the extrusion or rolling direction. Fig. 4-(a) shows a cross-section of the fuel meat
with comminuted particles in which the fuel particles are reoriented along the working direction
of the fuel meat. In contrast, the atomized particles shall never have an aspect ratio since they are
spherical. Regardless rolling or extruding, they have no chance of developing anisotropic
orientation along the working direction during forming. Fig. 4-(b) shows the atomized particles
without anisotropic orientation in the fuel meat in comparison with the comminuted particles
aligned in the working direction. The shape of the fuel particles greatly effects the fuel properties
in relation with the orientation in the fuel meat. The direction of heat transfer in the fuel meat of
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reactor operation is perpendicular to the plate, which means a heat is dissipated perpendicular to the
working orientation of the fuel particles in the meat with the comminuted powder. Fig. 5 shows the
difference in thermal conductivity between the fuel meats with comminuted powder and atomized
one. The meat with the atomized particles has about 23% higher thermal conductivity in the
heat-transfer direction of reactor operation than the one with the comminuted particles does. These
data of conductivity, which show the great difference, say that thermal conductivity increases by a
sufficient amount using atomized powder.
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Fig. 6. Volume changes of fuel meats as a function of annealing time at 500 °C.
The annealing time versus the dimension percent increases for the heat treatment of the
Al-15vol.% U3Si2 and the Al-50vol.% U3Si2 fuel samples at 500°C are shown in Fig. 6. U3Si2 fuel
samples with the comminuted powder showed a larger volume increase compared with those
prepared with the atomized powder after annealing at 500°C. As the aluminum reacts with the fuel,
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the fuel's volume increases due to the difference between densities of the original particle and
reaction product, and to the pores produced by the Kirkendall effect [21]. It is supposed that the
smaller surface area of atomized spherical powder compared to the irregular comminuted powder
is also related to the reduction of volume change in terms of the diffusion-controlled process. In
addition, comminuted fuel samples have a higher porosity than atomized fuel samples, as illustrated
Fig. 7. Lots of pores in the fuel samples are stabilized by trace impurity gases such as hydrogen,
due to the formation of the intermediate phase without dissolution of the gases [22]. It is thought
that higher porosity contributes to reducing a restraint force on the swelling.
Dimensional changes in the samples are given in Table 1. The U-2wt.%Mo sample exhibits a
rather steep volume increase, reaching 26% after 2,000 hours. The volume of the U-10wt.%Mo
sample, on the other hand, remains the same, except for a temporary decrease after the 1,000 hour
anneal. The U-10wt.%Mo/alurninum dispersion, however, increased in volume by 31% after 215
hours at 500°C, similar to the volume increase in the U3Si2/aluminum dispersion. The retarded
diffusion behavior is primarily due to the fact that U-10wt.%Mo is not liable to decompose from an
as-atomized metastable y-phase (bcc) solid solution into the equilibrium oc-U and U2Mo two-phase
structure, still leaving some y-U phase, despite thermal annealing at 500 °C for 215 hours. In
addition, the substitutional molybdenum supersaturated in the unreacted U-10wt.%Mo island along

0
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Vol. FRACTION PARTICLES

Fig. 7. The void content of fuel cores in extruded dispersion cores
with comminuted and atomized U3Si2 particles.

the cell boundary inhibits the diffusion of aluminum atoms into the particle. Consequently, the
atomized U-10wt.%Mo powder showed good y-U phase stability at elevated temperatures, and the
U-10wt.%Mo fuel meat with the rapidly solidified powder displays superior thermal compatibility
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with aluminum compared to U3Si2 [Fig. 8],
(Unit %)
U-2wt.%Mo Alloy

Time
(hr)

U-10wt.%Mo Alloy

A i

A d

A V

A i

A d

A V

11

-0.15

-0.17

-0.49

-0.09

-0.18

-0.45

40

-0.03

-0.30

-0.63

-0.02

-0.06

-0.14

0

-0.23

-0.46

-0.14

-0.05

-0.24

107

-0.07

350

+0.19

+0.06

+0.31

-0.07

1000

+1.83

+0.39

+2.61

-1.04

-1.52

-4.08

2000

+4.28

+10.86

+26.00

-0.12

-0.11

-0.34

0

Table 1 Dimensional changes of Al-24vol.% U-Mo fuel meats
after annealing at 400°C for various times.

(a)

Fig. 8. Backscattered electron images of atomized fuel meat after annealing at 500°C
for 20 hours; (a) U3Si2, (b) U-10wt.%Mo.

In-pile Irradiation of Atomized U3Si Fuel in HANARO
The HANARO fuel which is U3Si dispersion fuel in Al matrix has only been supplied by AECL
in Canada. This irradiation examination has aimed at identifying the in-reactor performance and
the integrity of both atomized and comminuted U3Si dispersion fuel for the localization of the
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Fig. 9. The design draft of the irradiation LEU fuel rods.

reactor operation, optical inspection, and examination post irradiation, were established. The
irradiation fuel rods are the same as the standard HANARO fuel rods except that the fuel meat
length of irradiation rod is 20 cm (Fig. 9). The irradiation fuel assembly consisted of 3 atomized
fuel rods, 3 comminuted fuel rods, and 12 dummy fuel rods. The irradiation fuel rods were
fabricted using LEU metal. The end plugs were inserted at both ends of fuel meats technically.
The co-extrusion then put the cladding on the fuel rods. All fabrication steps followed the quality
control system which was developed by referring to the CANDU fuel Q/A system. The fuel meat
homogeneity was inspected using a gamma scanning method and the soundness of the welding part
was inspected using a real time radiography method. In addition, the defects of the cladding were
inspected using an eddy current detection method. Safety analysis of the irradiation fuel assembly
was performed using the MCNP4A code supposing the linear power to be 27.5 MW. The results
calculated for all parts divided by the 5 cm interval showed that the maximum linear power was
101.06 W/m. According to the results calculated using the DIFAIR code, the maximum centerline
temperature on the linear power 120KW/mwas expected to be 267°C. Also, for the linear
power of 110 KW/m, the temperature was 262 °C. The expecting linear power of the irradiation
fuel rod is lower than the supposing temperature used for calculation. Accordingly the centerline
temperature of irradiation fuel rod would be lower than 262 °C. The temperature is lower than the
breakaway swelling temperature 350°C and much lower than the blistering temperature 640°C. hi
addition, the swelling was calculated to be about 9.3% at 95 at% burnup using the DIFAIR computer
code. This swelling value is much lower than the HANARO requirement of 20%. Consequently,
the irradiation fuel rods were evaluated to maintain a soundness and a safety. The quality assurance
system was established by applying the Q/A system of CANDU fuel fabrication. The Q/A
assurance plan was worked out first of all. And then the other Q/A documents, specially, material
specification, product specification, process specification, procurement manual, flowsheet, work
ordering sheet, test and inspection plan, quality inspection instruction, technical qualifying
report, and drawings were prepared. The quality inspection technologies of the Gamma Scanning
System, Real Time Radiography System, and Eddy Current System were developed. The
established Q/A system was applied to the fabrications of dummy fuels, hydraulic test fuels, and
irradiation test fuels.
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As mentioned above, two test fuel assemblies designated HFT Bl and HFT-B2, including both
atomized and comminuted U3Si dispersion fuel, are supposed to be charged in HANARO. The HFT
B2 assembly, which will begin to irradiate in the end of 1997 as the first step, is going to examine
to the integrity of developed U3Si fuels under the normal linear power condition of 30-108 KW/m.
It is planned to be discharged from the reactor after fuel burnup of- 30% and -60%, respectively,
in order to examine the in-reactor behavior and the appearance integrity with the naked eye. The
target fuel burnup at this HFT B2 assembly will be -60 at.%. After the HFT B2 assembly shows
sound in-reactor behaviors similar to that produced by the AECL in Canada, the next HFT Bl
assembly, which is going to irradiate from the middle of 1998 as the second step, will examine to
the integrity of developed U3Si fuels under the high linear power condition of 113 KW/m. The target
fuel burnup at this HFT Bl assembly will be -85 at.%. These irradiation tests for the HFT B2 and
the HFT Bl assemblies are expected to be finished by the end of 1998. Thereafter, the HTF B3
assembly for the actual proofs of the developed fuels will begin to charge and irradiate so that the
in-pile integrity of the U3Si fuels may be examined, and compared with that of the actual driver fuel
for HANARO.

Miniplate and Microplate Irradiation of Atomized Fuels with ANL
In order to examine the in-reactor performance of atomized LEU U3Si2 fuel miniplate in the
HANARO, the miniplate fuel assembly has been in the progress of design and fabrication in cooperation with the ANL and the BWXT in United States. An miniplate irradiation test rig of
atomized U3Si2 fuel was already designed and preliminarily manufactured (Fig. 10). Thermal
hydraulic and linear power calculations were performed by using the PLTEMP and the MCNP4A
computer codes respectively. The results obtained from hydraulic test for the preliminarily
manufactured rig showed that the pressure drop was 327 kPa at flowrate 9 kg/sec and met the
HANARO requirement. The vibration measurement revealed that vibration amplitude is very low.
For the development of U3Si2 atomization technology, an atomization system was modified from
outside-coil-type to inside-coil-type. The disk rotation motor was improved using electric pulse
motor. The crucible and nozzle material was changed from ceramic-coated graphite to ZrO2
ceramic. Hence, a higher temperature could be applied to U3Si2 atomization. As the result, the
atomized LEU U3Si2 powder has successfully been prepared in spring this year. The U3Si2 powder
yield below 125 IM in size was 94%, compared to the totally produced U3Si2 powder weight. The
carbon contamination was about 580 ppm and the powder generally had a spherical shape with a
smooth surface, and also showed a narrow size distribution with the median size of 51 jm The LEU
atomized U3Si2 fuel powder will be shipped from the KAERI to the ANL, as soon as the container
arrives at KAERI. So to mention of the following plan, miniature test plates containing the atomized
fuel powder will be produced or otherwise procured in ANL. KAERI will assemble the irradiation
bundle and install it in the test rig. The test plates will be irradiated in the HANARO, and then the
post-irradiation examinations of the test plates will be performed.
The U.S. RERTR program is currently attempting to develop dispersion fuels having densities in
the range of 8 to 9 g-U/cm3. To gain initial fuel performance data on a sample of such y-stabilized
uranium alloy dispersion fuels, a microplate irradiation experiment has been initiated in the
Advanced Test Reactor (ATR) located in Idaho [15]. This experiment is scoping in nature,
attempting to gain performance data on the following ten (10) different uranium alloy dispersion
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Fig. 11. The microplate.

(a)

Fig. 12. The cross-section of Al-25vol.% U3Si2 (a) and Al-25vol.% U-10wt.%Mo(b)
fuel meat with the atomized powder.
phases and the fission gas retention/swelling characteristics of these fuel alloys.
If in cooperation with ANL in U.S. the irradiation test of atomization fuel is performed and the
improvement of fuel performance is proven, the atomization process would disseminate worldwide and a considerable profit could be achieved through the technology export. In addition,
uranium high loading fuel for high performance research reactors would be hopefully developed
with application of atomization process. This result would be contributed to the development of
advanced nuclear material.
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Foreign Supply of Atomized Powders
Atomized U3Si2 and U-10wt.%Mo powders for CERCA were already prepared last month and
currently are being packed for shipment now. Depleted uranium lumps with no trace of fission
products or transuranian elements were used to fabricate the atomized powders. The U3Si2 and U10wt.%Mo powders had about 20% of the powders below 45 [M against the powders below 125 (M
in limited size. The chemical compositions of as-atomized powders in this preparation are shown
in Table 2. The metallurgical phases of the powders had almost pure U3Si2 in the U3Si2 powder and
Y-U in the U-10wt.%Mo powder. In addition, the atomized U3Si2 powder for BWXT are being
prepared now.

Tabel 2 The chemical compositions of as-atomized powders for CERCA
(Unit: wt.% in alloying element, ppm in impurity element).
U

Si

Mo

Cd

Al

Cu

Li

B

C

U3Si2

92.0

7.78

-

<10

37

10

<10

<0.3

400

U-lOMo

90.8

-

9.7

<10

86

20

<10

<0.5

120

Conclusion
In order to simplify the preparation process and improve the properties of the uranium alloy
fuels, a rotating-disk centrifugal atomization technique has been applied to the production of the
fuel powders of uranium-silicide and uranium-molybdenum alloys. Most of the nuisances in the
fabrication process of uranium-silicide and uranium-molybdenum fuels could be eliminated by
obtaining the powders directly from the molten alloys, which enhances the production economy
and results in product powders with less impurities.
The characteristics, specially, morphology, size distribution, alloy phase and microstructure of
high-density U3Si, U3Si2, and U-10wt.%Mo alloy powders have been examined. The out-pile
properties, including the thermal compatibility between atomized particles and the aluminum matrix
in U3Si, U3Si2, and U-10wt.%Mo fuel meats, have been studied. The particle size distribution of
atomized U3Si, U3Si2, and U-10wt.%Mo powders could be controlled by adjusting the atomization
parameters irrespective of alloy composition. The resulting particle shapes of most powders are
near perfectly spherical with relatively narrow distribution, giving no chance of anisotropic
alignment of the particles along the working direction. Thermal conductivity of the atomized U3Si
fuel core increases in the radial direction due to the isotropic distribution of particles in the fuel
rod, compared with that of comminuted U3Si fuel core. Formability increases in the extruded
U3Si2 fuel rod using spherical powders, which improves the U-loading drastically.
U-10wt.%Mo powder has a fine grain structure with an isotropic y-V phase. In addition,
U-10wt.%Mo fuel meats, show a excellent thermal compatibility with the Al matrix and maintain
a relatively good phase stability.
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Moreover, the RERTR (reduced enrichment for research and test reactors) program, which recently
begin to develop very-high-density uranium alloy fuels, including U-Mo fuels, further requires the
centrifugal atomization process to overcome the contamination of impurities and the difficulties of
comminution. A cooperation with ANL in U.S. was established to develop high-density fuels with
application of atomization technology for RERTR since Decemberl996. The microplate and
miniplate irradiation tests of atomized fuels have been performed with ANL. If these results
demonstrate the stability and improvement of in-reactor behaviors, nuclear fuel fabrication
technology with centrifugal atomization could be most-promising to the production methods of veryhigh-uranium-loading fuels for RERTR, and the atomization technology would disseminate worldwide.
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Abstract

Fuel design is a key feature to assure LMR safety goals. To date, a large effort had been
devoted to develop metallic fuels at ANL's experimental breeder reactor (EBR-II). The major
design and performance parameters investigated include; thermal conductivity and
temperature profile; smear density; axial plenum; FCMI and cladding deformation including
creep, and fission gas release. In order to evaluate the sensitivity of each parameter, in-LMR
performances of metallic fuels are not only reviewed by the experiment results in literatures,
but also key design characteristics according to the variation of metallic fuel rod design
parameters are analyzed by using the MAC SIS code which simulates in-reactor behaviors of
metal fuel rod. In this study, key design characteristics and the criteria which must be
considered to design metallic fuel rod in LMR, are proposed and discussed.

1. Introduction
In 1983, a concept emerged at Argonne National Laboratory (ANL), called the Integral
Fast Reactor concept (IFR), the objective of which was to offer a safe and economical
solution to the technical and institutional issues that had inhibited nuclear power from meeting
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a larger share of the world's energy demands[l]. The IFR fuel cycle is based on pyroprocessing and injection-casting fabrication. The steps in this fuel cycle are few and all
processes are extraordinarily compact[2,3]. The technical feasibility of IFR had been
demonstrated and the technology database had been established to support its practicality
before IFR project was suspended in 1995 [4]. Also, metallic fuel properties had provided for
the significant breakthroughs achieved by 1994[5]. Metallic fuel appeared to be the most
suitable candidate for the integral concept, and the U-Pu-Zr metallic fuel system, which was
under development in the late 1960's, was chosen as the candidate fuel because of superior
performance characteristics over other metallic fuel systems. By the utilization of small
modular fast breeder reactor design concept, the LMFBR power plant with binary (U-Zr) and
ternary (U-Pu-Zr) uranium alloy fuel, pool-type reactor configuration, liquid sodium cooling
and integral fuel cycle based on pyrometallurogical processing and injection-cast fuel
fabrication, has inherent safety and high breeding ratio, and it is also expected to be more
economical. Therefore, renewed interest in metallic fuel for FBR has arisen in the USA, Japan,
China, and Korea. According to the KALIMER development program, KALIMER with
metallic fuel shall be built by the middle of 2010's. KALIMER is to be the first LMR in Korea
where a commercial LMR is expected to be operated in 2030's. The base alloy, binary (U10%Zr) metal fuel is a potential start-up for KALIMER as driver and blanket fuels[6,7]. As
mentioned before, metallic fuel properties had provided for the significant breakthroughs
achieved by 1994. The good neutron economy of metallic fuel provides for a good neutron
economy and effective breeding. This attribute may not appear significant today when energy
resources seem plentiful but it does provide a long-term solution if one is needed and no
additional development cost[8,9]. The immediate benefit of this property, however, enables
minimizing the burnup reactivity swing. This drastically reduces the required control worth
such that even with a multiple-rod-runout transient overpower initiator, the passive reactor
response limits temperature increase [9,10]. Another metallic fuel property, high thermal
conductivity, enables passive response to the loss-of-flow and loss-of-heat sink upset events.
Because of the high thermal conductivity, radial temperature gradients in the fuel rod are
small and heat stored in fuel slug is small compared to ceramic fuel pellet. In-LMR
performances of metallic fuels are reviewed in section 2, by the experiment results in
literatures. Also, a sensitivity study on the variation of design parameters for metallic fuel rod
is performed by using the MACSIS[7] code in section 3.

2. Irradiation Behavior of Metallic Fuel
Fuel performance issues important to design of advanced LMR systems include fission
gas release and swelling, fuel-cladding interaction, axial growth of the fuel and the breach
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characteristics demonstrated by metallic fuels.
2.1 Swelling and Fission Gas Release
The general swelling behavior for U-Zr and U-Pu-Zr alloys is the increase of fuel pin size
versus burnup. Virtually all length increase takes place during a lower burnup interval before
the swelling fuel slug contacts the cladding. The leveling-off in axial swelling is thus
determined by the fuel-smeared density. The planar smeared density in typically chosen at
approximately 75 % to allow sufficient swelling, approximately 30 %, to facilitate fission gas
release from the fuel slug. This much planar swelling world, for isotropic swelling, translate
to a length increase of approximately 5 %[11]. However, the observed length increases are
consistently smaller, indicating anisotropic swelling. The main reason for this effect appears
to be the difference in swelling behavior between the hotter center of the fuel pin and the
colder periphery.
2.2 Fuel-cladding Interaction
Fuel-cladding interaction that may result in cladding failure can be both mechanical and
chemical.
2.2.1 FCMI (Fuel-Cladding Mechanical Interaction)
Since the presence of open (interconnected) fission gas porosity appears to be a key
feature in reducing FCMI, the question arises as to what the effect of accumulation of lowdensity solid fission products on this porosity might be at high burnup. The following
discussion shows an approximate calculation of the next volume change due to non-gaseous
fission product accumulation. The accommodation of the non-soluble fission products
predictably results in a volume expansion as a function of burnup.
However, the U and Pu are depleted from the lattice as they fission, resulting in a volume
decrease that partially offsets the volume expansion due to fission products. Further, it can be
assumed that all the fission product Zr, Nb, and Mo are soluble in the matrix, which in turn
compensates for some of the volume decrease due to the disappearance of U and Pu from
fissioning. Thus, non-gaseous fission products contribute to the volume change in three
ways[ll]:
(1) Volume increase due to non-soluble fission products
(2) Volume decrease due to the fissioning U and Pu
(3) Volume increase due to the increase of the Zr, Mo, and Nb, which are soluble in fuel
matrix.
To date, the tests of IFR metallic fuel clad in U-Zr and U-Pu-Zr alloys have shown no
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definitive evidence for FCMI due to the low levels of total strain measured. Present element
design allows the fuel sufficient free swelling due to as-built smeared density of about
75 %[11]. Thus, the gas bubble pressure in fuel slug does not transmitted directly to the
cladding. The important point is that no unexpected large cladding strain, which would affect
pin reliability, has been observed in as-built smeared density (75-80%) fuel with HT-9 clad.
As built 75 % smeared density fuel rod allows free fuel swelling of approximately 30 %, at
which point porosity becomes largely interconnected and open to the outside of the fuel,
releasing a large fraction of the fission gas to a suitably large plenum at the top of the element.
2.2.2 Fuel-cladding Chemical Interaction(FCCI)
FCCI in an all-metallic fuel element is in essence a complex multi-component diffusion
problem. It involves the inter-diffusion of fuel and cladding constituents at operating
temperatures [12]. Specifically, the inter-diffusion has been characterized by diffusion of Fe
and Ni, when available as cladding constituents into the fuel with corresponding diffusion of
lanthanide fission products(La, Ce, Nd, Sm, Pr) into the cladding. The inter-diffusion is also
characterized by diffusion of cladding alloying elements into the body of the fuel slug. The
potential problem of inter-diffusion of fuel and cladding components in essentially two-fold:
weakening of cladding mechanical properties and formation of relatively low melting point
compositions in the fuel.
Experimental data[ll] on diffusion experiments with uranium also lead the researchers to
conclude that Ni played an important role in cladding fuel inter-diffusion. Their findings and
conclusions are relevant to the newly developed low-swelling cladding material used for the
IFR fuel elements, such as HT-9. In the case of basically Ni-free ferritic steel, HT-9, the U6Fe
and UFe2 type phases form a single zone without the finger-like structure. There exists a
eutectic composition between these two phases the temperature of which depends on the
concentration of Pu, Ni and Zr in the phases, as well as U and Fe. The eutectic temperature in
the Fe-U-Pu-Zr system drops significantly with Pu concentration, which may be explained the
lower melting temperatures for the 26 wt% Pu fuel. The melting in this case is also started in
the fuel side of diffusion couple[13]. At very high temperatures of 725-800 °C eutectic
melting occurs in a short time. The thickness, uniformity, and rate of formation of the Zr layer
appears to be the controlling factor. It seems that a thick and uniform Zr layer retards the
formation of molten phases, and that the ample availability of Zr, and N in particular, can
assure such a layer[13].

3. Parametric Study
3.1 Design tool
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MACSIS code is used for present parametric study. MACSIS is metallic fuel performance
computer code, which calculates the thermal performance characteristics and dimensional
changes of the fuel rods in a fast neutron environment. MACSIS is comprised of a series of
subroutines, which model certain liquid metal reactor fuels phenomena. MACSIS code
calculates the temperature distribution, thermal expansion, axial growth, and gas release, and
the radial redistribution of the fuel alloying elements during irradiation in the metallic fuel
slug assuming that the fuel slug is an infinitely long rod concentric with an infinitely long
clad. This assumption, together with the assumption of axisymmetry, makes the analysis onedimensional. The other major assumption is that the conditions of the fuel and its environment
are at steady state once an element power is specified. A detailed thermo-mechanical analysis
is performed in the radial direction with provisions to specify up to 10 radial rings for the
fuel-cladding system. Axial variations in operating conditions are accounted for by inputting
powers and fast fluxes for up to 20 fuel axial nodes and one plenum node. Thermally, the
axial nodes are coupled through the calculated coolant temperatures. However, axial heat
conduction is ignored, and there are no provisions for mechanical coupling between axial
nodes, except for calculating rod internal pressure. The heat generated in each segment and
released fission gas is accumulated over the segments for calculation of coolant temperatures
and plenum pressure.
3.2 Temperature profile calculation
Axial temperature distributions for KALIMER fuel, cladding, and coolant are plotted in
Fig. 1 for fresh fuel. The inlet and outlet coolant temperatures of KALIMER are 360 °C and
530 °C, respectively. The outlet temperatures of fuel assemblies are maintained
homogeneously by orificing the flow rate through each assembly. Since axial power profile of
the pin has a chopped cosine shape, the coolant and cladding temperatures are S-shaped
curves and their shapes hardly change during the irradiation. The temperature difference
between coolant and cladding is small due to high heat removal rate of the sodium coolant.
The temperature drop across the fuel-cladding gap is also small because sodium with high
thermal conductivity is filled in the gap. Furthermore, the high thermal conductivity of the
metallic fuel slug gives very low thermal gradient in radial direction. Therefore overall
operating temperature of metallic fuel pin is very lowly maintained during normal operation
of the reactor, and it has a comparatively low stored energy. This facet implies that metallic
fuel gives a little thermal shock in the flow channel during RBCB (run beyond cladding
breach) operation. Because of high heat removal characteristic of metallic fuel pin, the peak
temperature of fuel centerline appears near to the top of the fuel pin. Should the accident
sequence proceed to fuel melting, the melting initiates at the top of fuel pin so that molten fuel
easily expand into plenum region, this provide a significant source of negative reactivity
feedback.
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Fig. 1 Axial Temperature Distribution of KALIMER Fuel Pin at Beginning of Life
(peak linear heat = 330 W/cm)
Fig. 2 shows several cases of temperature variation with respect to linear heat generation
of a typical KALIMER fuel pin. In the design of metallic fuel pin, fuel temperature limits on
fuel melting and eutectic/liquid-phase formation should be considered in the temperature
point of view. Based on the aggregate of TREAT tests, ANL concluded that centerline fuel
melting, even extensive melting exceeding 80 % of a given radial cross-section, is not a
problem and does not result in pin failures[14]. However, the prevention of centerline fuel
melting is regarded as a design limit of KALIMER fuel pin for conservatism. The solidus
temperature of U-lOZr metallic fuel is known as 1240 °C so that the linear power-to-melt for
BOL (beginning of life) is around 1240 W/cm by the calculation of MACSIS code. As
irradiation proceeds, the thermal conductivity of metallic fuel is degraded down to
approximately 50 % of initial condition at around 1.5 at.% burnup. For the further irradiation,
the conductivity is restored with bond sodium infiltration into fuel slug. In the case of 50 %
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degraded thermal conductivity, which is the worst condition of fuel temperature, the
calculated power-to-melt is about 970 W/cm. These levels of power-to-melt are very high
compared to those of mixed oxide fuel, and this means metallic fuel has a large safety margin
in the reactivity related accidents such as UTOP (unprotected transient overpower).
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Fig. 2 The Operating Limits on Linear Power Rate for Metallic Fuel Pin in KALIMER.
During irradiation, complicated multi-element metal mixture including fission product is
formed at the fuel-cladding interface of a metallic fuel pin. According to the experimental
results, no liquid phase has been observed at temperature below 700 °C. Above this
temperature, liquid phase is formed at the interface and its penetration reduces cladding
thickness. Although the detail mechanism of this behavior is not known yet, it is being
revealed that the penetration does not cause an instantaneous failure but proceeds at a certain
rate that depends on the composition and temperature of the mixture. Considering this
indication, the most conservative criterion that prevents any eutectic reaction during steady
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state operation is considering in KALIMER fuel pin design. Using the nominal irradiation
temperature of KALIMER fuel pin, the calculated power-to-eutectic is about 600 W/cm. If we
consider the hot channel temperature of 150MWe KALIMER core, the coolant temperature at
top-end of the fuel including +2CT uncertainty reaches 593 °C. In this case, the power-toeutectic is decreases to about 420 W/cm. The linear power of KALIMER fuel pin is not
determined yet, but the limiting pin power including overpower rate will be around 420 W/cm
based on above analysis.
3.3 FGR and rod internal gas pressure
The cladding strain of fuel pin with the high-smeared density is primarily creep strain due
to FCMI. The cladding strain of the low-smeared density can be accounted for by the plenum
pressure stress alone, which confirms[ll] that FCMI is virtually nonexistent in suitably
designed metallic fuel rods and that cladding stress is determined by the fission gas pressure
in the interconnected porosity.
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The effects on total diametric strain and rod internal gas pressure with different plenum
sizes were analyzed by MACSIS code. Fig. 3 shows that the evolution of total strain and rod
internal gas pressure with burnup according to the variation of different plenum sizes, under
very high operation condition with peak clad mid-wall temperature of 653 °C. As shown in
Fig. 3, the deformations at below range of 14 at.% burnup are less than approximately 0.5 %
in every cases. Apparently little diametric strain has occurred in case of 1.3 times plenum as
the length of fuel core, which shows that the deformations at below range of 18 at.% burnup
are only approximately 1 % or less. Less plenum length gives larger total diametric strain and
rod internal gas pressure. However, in case of 0.9 times plenum as the length of fuel core,
total diametric strain was largely increased up to 4.5 % at 18.1 at.% burnup.
3.4 Smear density and cladding strain
The effects on total diametric strain with different smeared-densities were analyzed by
MACSIS code, to evaluate the effective smeared-density value at which significant FCMI
does occur. Because the five types of different smeared densities differ mainly in the clad
strains behaviors. Fig. 4 shows that the evolution of total strain with burnup for different
smeared densities, under very high operation condition with peak clad mid-wall temperature
of 659 °C. Peak fuel surface and clad-inside temperatures were 668 and 667 °C, respectively.
Total diametric strain is generally increased as the smeared density increases.
Apparently little FCMI has occurred in both cases of 72 % and 76 % smeared-densities,
which shows that the deformations at below range of 18 at.% burnup are only approximately
1.7 % or less. This means no FCMI is occurred in the fuel pin with high-smeared density.
Maximum total diametric strain in case of 80 % smeared-density is approximately 3 %, the
level of this strain is acceptable by a narrow margin. However, in cases of 84 % and 88 %
smeared-densities, total diametric strains were largely increased up to approximately 5 % at
9.8 at.% at the burnup of 17.5 at.%, respectively. It may conclude that total diametric strains
are largely increased when the smeared densities are over than 80 %.
Below 550 °C of cladding temperature at normal operating conditions, it appeared that
there were no big differences of total diametric strain with burnup for different smeared
densities for which were analyzed in this study. In all cases of these, the integrity criteria of
clad are largely satisfied.
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4. Conclusion
Key performance issues important to the design of metallic fuel system for advanced
LMR include fission gas release and swelling, fuel-cladding interaction, axial growth of the
fuel and the breach characteristics demonstrated by metallic fuels. It is appeared that metallic
fuel gives a little thermal shock in the flow channel during RBCB operation.
Parametric study is performed using the MACSIS code. For the worst case of 50 %
degraded thermal conductivity, calculated power-to-melt is about 970 W/cm, which is very
high comparing with that of MOX fuel. Considering the hot channel temperature of
KALIMER core, the power-to-eutectic is decreased to about 420 W/cm. Less plenum length
gives larger total diametric strain and rod internal gas pressure. However, in case of 0.9 times
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plenum as the length of fuel core, total diametric strain was largely increased up to 4.5 % at
18.1 at.% burnup. Apparently little FCMI has occurred in both cases of 72 % and 76 %
smeared-densities, which shows that the deformations at below range of 18 at.% burnup are
only approximately 1.7 % or less. It appeared that total diametric strains are largely increased
when the smeared densities are over than 80 %. Below 550 °C of cladding temperature at
normal operating conditions, it appeared that there were no big differences of total diametric
strain with burnup for different smeared densities so that the integrity criteria of clad are
largely satisfied.
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Abstract
The microstructure
and precipitates of the U-10wt.%Zr alloy, one of the fuel
candidates for the liquid metal reactor, were studied. The matrix of the alloy was
composed of an eutectoid lamellar structure and the precipitates were a Zr-rich phase
and SiZr phase. Atomized U-lOZr alloy powders showed fine dendrite structures and
are considered to have a better resistance to swelling after irradiation and also, better
fission gas release properties due to more grain boundary areas. Ternary alloys, part
of the Zr in U-lOZr alloy is substituted with other elements (e.g. Mo, Nb, Ta, W),
showed fine lamellar structures. Ta and W added to ternary alloys have an especially
good structural stability after heat treatment at 500 °C for 2000hrs.

1. Introduction
Since metallic fuels were developed for liquid metal reactors it had been considered
as not better than ceramic ones because it had been difficult to raise the burn-up due
to dimensional instability, swelling and interaction with cladding materials[l]. However
the Argonne National Laboratory succeeded in developing a porous U-Zr metallic fuel
with raised burn-up for EBR-II and Mark III[2,3]. The fission gas products as volatile
fission gas were released to the fuel element plenum space because fission gas
bubbles interconnect each other to the fuel surface. Therefore the metallic fuel showed
low swelling, and good compatibility with the cladding material. Since metallic fuel
has higher density and greater thermal conductivity than ceramic fuels it could be
possible to adopt new concepts like compact core due to high linear power; a long
burn-up life and blanketless core due to high proliferation; low decontamination
coefficient of fission products and potential of Waste Burner, and so on.
Because the U-10wt.%Zr (unless otherwise stated, all compositions are in weight
percent) alloy is beneficial to fast fission gas release and has good compatibility with
cladding material, it is used as the driver fuel and blanket.
In this study, the U-lOZr alloy was prepared by vacuum induction melting, and its
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microstructure and precipitates were investigated. To develop a new metallic fuel alloy
with reduced grain boundary cavitation swelling, faster fission gas release rate, high
burn-up, and long life cycle, U-lOZr alloy powder was fabricated by centrifugal
afomization. The microstructure of atomized powder was compared with that of the
alloy ingot. Ternary alloys were also fabricated by substitution of third elements (e.g.
Mo, Nb, Ta, W) was added and the microstructural change and structural stability at
high temperature were also investigated.

2. Experimental Procedure
The U-lOZr alloy was prepared by vacuum induction melting of depleted uranium
metal and a zirconium sponge (99.2%) at around 1600°C A Cylinder type graphite
mold(025 x 250L) coated succesively with Y2O3 stabilized ZrO2, Y2O3 slurry and ZrCh
•SiCh slurry was used for the 025 ingot cast and a quartz tube coated with the same
as above was used for the U-lOZr pin(01O, 06 each) cast. U-lOZr alloy powder was
prepared by atomizing the molten alloy on a graphite disc rotating at 22,000 rpm and
then cooling it with Ar gas.
U-Zr-X ternary alloys were prepared by vacuum melting the mixture of uranium
metal, zirconium sponge, and a third element(Mo, Nb, Ta, W) in a MgO crucible and
then furnace cooling. After holding the ternary alloy specimens at 500 °C for 2000hrs,
the microstructural change was investigated by a scanning electron microscope. The
microstructure of the metallic fuel specimen was observed by SEM, and TEM,
Identification of the alloy phase and precipitates was done by XRD and EDS.

3. Results and Discussion
3.1 The Microstructure of U-lOZr Alloy.
A sound ingot of the U-lOZr alloy was prepared by vacuum induction melting and
casting in a graphite mold. Table 1 shows the chemical composition of the top,
middle and bottom section of the ingot. The Zr content shows about a 9 wt.%, i.e. a
Table 1. Chemical composition of U-lOZr alloy Ingot.

Uranium Zr(wt.%) C(ppm) O(ppm) N(ppm) Mg(ppm) Si(ppm)
Top

Bal.

9.05

63

899

26

< 20

<100

Middle

Bal.

8.95

26

789

23

< 20

<100

Bottom

Bal.

9.10

68

913

28

< 20

<100
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the yield of 90%. Segregation of the Zr element with an ingot position was ±
0.076wt.%.
When slow cooling of the U-5Zr alloy, the solid solution of the U-Zr decomposes
into a lamellar structure of a uranium and a 8 phase. Fig. 1 is an SEM micrograph
of the U-lOZr alloy. It also shows a wel-developed lamellar structure that is known
good structure to fission gas release in LMR. The thickness of the lamellar structure
is 0.2-0.3//m. Fig. 2 shows an SEM micrograph of precipitates in the U-lOZr alloy.
Precipitates show three different shapes - a round, rectangular and rod shape. Fig. 3-a)
shows an elemental mapping of U, Zr and Si of the round, rectangular and rod
shaped precipitates. Round-shaped precipitate is revealed to be the Zr-rich phase with
more than 94wt.%Zr, and the rod-shaped precipitate is composed of Zr and Si. Fig.
3-b) shows an elemental mapping of U, Zr and Si of the rectangula-shaped
precipitate. The rectangula-shaped precipitate is also composed of Zr and Si. Fig. 4-a),
b), c) are TEM bright field images of the lamellar matrix and precipitate of the
U-lOZr alloy. The matrix shows a wel-developed lamellar structure and the dark phase
is revealed to be 97-99
at.%U, a phase, and the bright phase to be a 8
phase(UZr2) with 55-67 at.%Zr. The round-shaped precipitate is a Zr-rich phase with
above 94 at.%Zr. The rod-shaped precipitate seems to be SiZr2 with about 66 at.%Si
and about 34 at.%Zr. Fig. 5 shows an X-ray diffraction pattern of the U-lOZr alloy.
X-ray peaks reveal a uranium, 8 (UZr2) phase and a Zr-rich precipitate.

3.2 Pre-pin Casting
A U-lOZr pre-pin(06.6x480L) with a clean surface was fabricated by gravity
casting instead of vacuum injection casting. The pouring temperature was 1600°C, and
the top of the graphite mold was preheated to above 500 °C. Fig. 6 is a photograph
of the pre-pin casting. Fig. 7-a), b) are SEM micrographs of the top and the bottom
part of the pre-pin. The top part shows a well-developed lamellar structure while the
bottom part shows a fine structure, but not a fully-developed lamellar structure. This
is attributed to the difference in the cooling rate between the top and bottom portion
of the graphite mold. Since the top part of the mold is hotter than the bottom part
due to the heat of the crucible, the cooling rate of the melt in the bottom part is
higher than the later-poured melt in the top part and the nucleation rate within the
melt in the bottom could be much higher, Accordingly, atomic diffusion was more
restricted in the bottom portion and therefore, a finer lamellar structure developed in
the bottom part.

3.3 Atomized U-lOZr Alloy Powder
The chemical composition of the atomized powder is shown in Table 2. The
zirconium and carbon contents in fine powders were usually lower than those in
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Fig. 1 SEM image of U-lOZr alloy ingot.

Fig. 2 SEM image of the precipitates in U-lOZr alloy ingot.
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a) Round shaped precipitate

Label: L2-U-ZR (5 Sep 97 14:51:08)

b) Rectangular shaped precipitate
Label M7-U-ZT (5 Scp »7 1639:48)

Fig. 3 X-ray (U, Zr, Si, O) mappings of the precipitate in U-lOZr alloy.

- 137 -

a) Lamellar matrix

c) Rod shaped precipitate

b) Round shaped precipitate
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Fig. 4 TEM BF images of the lamellar matrix and precipitates in U-lOZr alloy.
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Fig. 5 X-ray diffraction pattern of U-lOZr alloy revealing
the presence of 8 -UZr2 in a uranium.

Fig. 6 Photograph of U-lOZr pre-pin by gravity casting into graphite mold.
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a) Top

b) Bottom

Fig. 7 SEM image of a) top and b) bottom portion U-lOZr pre-pin.
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Fig. 8 Particle size distribution of atomized U-lOZr powders.

Table 2. Chemical composition of U-10wt.%Zr atomized powder.

Powder size(//m) Uranium Zr(wt.%) C(ppm) O(ppm) N(ppm) Mg(ppm) Si(ppm)
63 ~ 75

Bal.

7.1

100

610

10

< 30

<100

106 ~ 125

Bal.

8.1

110

610

10

< 30

<100

180 ~ 212

Bal.

8.1

180

610

10

< 30

<100
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b) 53 -

a) 53//m max.

c) 90 - 106/an

d) 150 -

e) 250 -

3

Fig. 9 A series of SEM image of atomized powder shape
with different powder size range.
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coarse ones. Fig. 8 shows the size distribution of atomized U-lOZr powders. Atomized
powder larger than 300#m was about 30wt.%. Fig. 9-a), b), c), d), e) are SEM
micrographs of atomized U-lOZr powders. Powders below 100//m in diameter were
mostly spherical shape and coarse powders as large as 300//m in diameter had
subangular shapes with rough surface. This attributed to the lower melt temperature
and instantaneous solidification of the melt droplet upon reaching the rotating disc.
Fig. 10 shows an SEM micrograph of atomized powder which shows a fine
dendrite structure with an arm spacing of 2-4fm. It is expected that this fine structure
with random texture is advantageous to the reduction of grain boundary cavitational
swelling due to the random distribution of anisotropic irradiation growth of uranium
grains. Also, the fine structure can raise the grain boundary area and enhance fission
gas release during irradiation, thereby reducing the swelling.
Fig. 11 shows the density variation of atomized powders with particle size. The
density tends to increase with powder size, but only to a small extent. Fig. 12 shows
an X-ray diffraction pattern of atomized U-lOZr powders. The intensity peaks from
the atomized powder are smaller in peak numbers compared with those from the
ingot, and less sharp. The matrix of atomized powders is a mixture composed of an
a uranium phase and a 8 (UZr2) phase and the precipitate is a Zr-rich phase, similar
to those of the U-lOZr ingot.

3.4 Development of U-7Zr-3X(X=Mo, Nb, Ta, W) Alloy
To achieve a finer lamellar structure and to develop a higher burn-up metallic fuel
material, third elements of 3wt. % (Mo, Nb, Ta, W respectively) were substituted for
Zr in the U-lOZr alloy. Fig. 13-a), b), c), d), e) are SEM micrographs of U-lOZr and
U-7Zr-3X(X=Mo, Nb, Ta, W) ternary alloys. All ternary alloys show a clear lamellar
structure compared with the U-Zr binary one. The X-ray diffraction study revealed an
alloy phase, like U2M0, Mo2Zr, W2Zr with an a uranium and 8 (UZr2) phase in
ternary alloys. Fig. 14-a), b), c), d), e) show SEM micrographs of binary and ternary
alloys after holding at 500"C for 2000hrs. The U-lOZr binary alloy shows that the
lamellar structure is decomposed to some extent and finally into a porous structure.
The ternary alloys, U-7Zr-3Mo and U-7Zr-3Nb, showed a partly decomposed lamellar
structure, while the U-7Zr-3Ta and U-7Zr-3W alloys showed good thermal stability,
i.e. a clear lamellar structure with the same lamellar thickness, even after the heat
treatment.

4. Summary
To develop a metallic fuel material for an LMR, a U-lOZr ingot and powder were
prepared by vacuum induction melting and atomizing, respectively. Phases were
identified by XRD and EDS analyses. Ternary alloys, third elements (Mo, Nb, Ta, W)

- 143 -

substituted for Zr, were also fabricated and the thermal stability of the microstructure
was studied after heat treatment at 500 °C for 2000hrs.
1. The U-lOZr alloy is composed of a lamellar eutectoid structure with an a
uranium and 8 (UZr2) phase. A round-shaped Zr-rich phase, rod-shaped SiZr;
phase and rectangular-shaped SiZr phase were observed.
2. A U-lOZr pre-pin (06.6X48OL) was successfully fabricated by gravity casting
with relevant melt temperature and preheating of the mold.
3. Atomized U-lOZr alloy powder showed a fine dendrite structure with random
orientation due to rapid solidification. It is expected that atomized powders shall
show reduced grain boundary cavitation swelling and enhanced fission gas
release rate due to the larger grain boundary areas.
4. Ternary alloys, third element(Mo, Nb, Ta, W) substituted for Zr, showed a clear
lamellar structure. Ta or W added ternary alloys showed good thermal stability
of the microstructure compared to the binary one at 500 °C for 2000hrs, while
Mo or Nb added ternary alloys showed similar structural instability at the same
heat treatment condition as the binary U-lOZr one.
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Fig. 10 SEM images of cross-section of atomized U-lOZr powder.
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Fig. 11 Variation of the density of atomized U-lOZr powder with particle size.
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Fig. 12 X-ray diffraction pattern of atomized U-lOZr powder.
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Fig. 13 SEM images of binary U-lOZr and ternary
U-7Zr-3X(=Mo, Nb, Ta, W) system.
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b) U-7Zr-3Mo

a) U-lOZr

d) U-7Zr-3Ta

c) U-7Zr-3Nb

e) U-7Zr-3W

Fig. 14 SEM images of U-7Zr-3X(=Mo, Nb, Ta, W) ternary
system after heat treatment at 723K for 2000hrs.
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Abstract
Powder metallurgy processing technique of metal matrix composites is reviewed and its
application to process homogeneous dispersion nuclear fuel is considered. The homogeneous
mixing of reinforcement with matrix powders is very important step to process metal matrix
composites. The reinforcement can be ceramic particles, whiskers or chopped fibers having
high strength and high modulus. The blended powders are consolidated into billets and
followed by various deformation processing, such as extrusion, forging, rolling or spinning
into final usable shapes. Dispersion nuclear fuel is a class of metal matrix composite consisted
of dispersed U-compound fuel particles and metallic matrix. Dispersion nuclear fuel is
fabricated by powder metallurgy process such as hot pressing followed by hot extrusion,
which is similar to that of SiC/Al metal matrix composite. The fabrication of homogeneous
dispersion nuclear fuel is very difficult mainly due to the inhomogeneous mixing
characteristics of the powders from quite different densities between uranium alloy powders
and aluminum powders. In order to develop homogeneous dispersion nuclear fuel, it is
important to investigate the effect of powder characteristics and mixing techniques on
homogeneity of dispersion nuclear fuel. A new quantitative analysis technique of homogeneity
is needed to be developed for more accurate analysis of homogeneity in dispersion nuclear
fuel.

1. Introduction
Metal matrix composites(MMCs) reinforced with high strength and high modulus ceramic
reinforcements, have received considerable emphasis due to the potential applications as
structural materials which can take advantage of their excellent specific strength and specific
modulus[l]. It is known that powder metallurgy processing of metal matrix composites results
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in better mechanical properties with homogeneous microstructure compared to casting
process[2-3]. The powder metallurgy process of metal matrix composites consists of mixing,
consolidation and secondary processing and the process parameters at each stage need to be
controlled to improve the homogenization and densification of metal matrix composites[4].
Mixing of powders is defined as the thorough blending of reinforcements and matrix alloy
powders into same nominal composition with the uniform distribution of reinforcements[5]. A
billet is formed by either hot pressing in vacuum or hot isostatic pressing. The microstructures
of composites are sensitively determined by the consolidation conditions and are also closely
related to the mechanical properties[6]. Secondary processing such as extrusion, rolling,
forging and superplastic forming is also an important fabrication step of metal matrix
composites. Specifically, in order to achieve maximum composite strengthening effect by the
addition of whiskers, the whiskers need to be aligned parallel to one direction[7]. The hot
extrusion process is the most common deformation process applied to align the whiskers in
metal matrix composites[8-9].
Dispersion nuclear fuels consisted of U-compound fuel particles dispersed in metallic matrix
are distinguished from the metallic uranium fuel used in early reactors and the U02(ceramic
pellet) fuel used in most power reactors today[10-l 1]. The basic idea of a dispersion fuel is to
fabricate by powder metallurgy process such as hot extrusion or hot rolling, which is similar
to that of SiC/Al metal matrix composite[ll]. In order to get high performance dispersion
nuclear fuel, the uranium alloys powder need to be homogeneously distributed in a aluminum
matrix. However, the fabrication of homogeneous dispersion nuclear fuel is very difficult
mainly due to the inhomogeneous mixing characteristics of the powders from quite different
densities between uranium alloy powders and aluminum powders.
In this paper, the fabrication processes of composite materials and dispersion nuclear fuels
are compared. The improvement on homogeneity of dispersed uranium fuel particles in
aluminum matrix is investigated to develop a high density fuel with improved characteristics
such as homogeneity, fabricability, compatibility with aluminum, and stable irradiation
behavior.

2. Fabrication Process of Metal Matrix Composites
The conventional fabrication process of metal matrix composites includes mixing of
reinforcement with matrix powders, consolidation of blended powders and secondary
processing of consolidated billet. Fig. 1 shows the conventional processing routes of SiC/Al
metal matrix composite via powder metallurgy process.
2-1. Mixing of Reinforcements with Matrix Powders
A mixing step normally follows the selection of the reinforcement and matrix of composite
materials. The mixing step ultimately controls the final properties of metal matrix composites,
which are intended to achieve[12]. The properties of consolidated composite materials are
sensitively dependent upon the homogeneity of the mixture. Generally, dry mixing, wet
mixing and ball milling are used for mixing of metal matrix composites. Fig. 2 shows three
kinds of mixing techniques used in powder metallurgy process.

- 150-

Al Powders

SiC Powders

T

X
Mixing

Consolidation

Secondary Forming

Heat Treatment

SiC/AI Composites

Fig. 1. Fabrication process steps of SiC/AI composites via powder metallurgy process
Dry mixing is easily employed for mixing of metal matrix composite by using rotating
cylinder mixer, double cone mixer or V-mixer. The important consideration in dry mixing is
that the powder must not fall freely through the air during any stage of mixing because this
will always cause segregation[13]. A desirable rotational speed for homogeneous mixing is
one which balances gravitational and centrifugal forces[5].
Wet mixing is preferable when the reinforcements like whisker or short fiber are easy to be
agglomerated and damaged during dry mixing or ball mill [14]. The method for
deagglomeration during wet mixing may involves ultrasonic agitation of alcohol/fiber
suspensions[15]. It is more effective to use surface active agents to induce repulsive forces
between whiskers or short fibers[16].
Ball milling is used for homogeneous mixing of strongly agglomerated powders[17]. The
impact between balls breaks apart the stable agglomerates. The typical mill used for these
purposes has been the tumbler ball mill which is a cylindrical container rotated about its axis
in which balls impact upon the powder charge[13]. The balls may roll down the surface of the
chamber in a series of parallel layers or they may fall freely and impact the powder and balls
beneath them.

drive
rollers

(a)
(b)
(c)
Fig. 2. The mixing methods in powder metallurgy process: (a) dry mixing, (b) wet mixing and
(c) ball mill.
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2-2. Consolidation of Blended Powders
Final billet fabrication involves cold compaction, outgassing and hot isostatic or vacuum hot
pressing as shown in Fig.3[6]. While the principal function of the cold compaction step is to
provide a compact have some green strength, it is essential that the cold compaction densities
be controlled to insure an open interconnection pore structure. The latter allows exit of the
most common secondary forming process has been extrusion[19]. Consolidated billets, having
relative density above about 95%, can be fabricated into a wide variety of shapes with almost
various gaseous products that are liberated during subsequent heating and outgassing.
Reinforcement/matrix blend outgassing involves the removal, through the combined action of
heat, vacuum, and inert gas flushing. For example, outgassing of SiC reinforced aluminum
metal matrix composites involves removal of adsorbed water from both SiC and aluminum, as
well as chemically bound water from the aluminum alloy[12].
Hot pressing is the usual consolidation step by simultaneous application of pressure and
temperature[6]. The application of pressure at the sintering temperature accelerates the
kinetics of densification by increasing the contact stress between particles and rearranging
particle positions to increase density. Because of the increased contact stress at particle to
particle interfaces, the energy available for densification is many times higher than for
conventional sintering[13]. This result in less porosity, less grain growth and thus higher
strength. It can also result in a decrease in the amount of sintering aid required for
densification. Hot isostatic pressing benefits from reduced friction between die wall and
powder, which is characteristic of rigid die compaction[6]. The uniformity of stress
transmitted through the powder mass and the density distribution in the green compacts
produced in rigid dies are much less uniform than in isostatic compaction.
The effects of temperature and pressure during hot pressing on the tensile properties and
microstructures of SiCw/2124Al composites revealed that the tensile strength of composites
increased with increasing vacuum hot pressing temperature, since the aspect ratio of whiskers
and density of the composite were improved due to the softening of 2124A1 matrix with
increasing volume fraction of liquid phase[18]. The vacuum hot pressing pressure was needed
to be higher than 70MPa to achieve high densification above 99% of SiCw/Al composite. The
vacuum hot pressing pressure above 70MPa was not helpful to enhance the tensile strength of
SiCw/Al composite due to the decrease in aspect ratio of SiC whiskers from damage during
consolidation 18].
pressure
•

upper punch

heater

hot isostatically
press

uniaxial hot pressing

(a)
(b)
Fig. 3. The schematic showing of consolidation method of blended powders in powder
metallurgy process: (a) hot pressing and (b) hot isostatic pressing.

- 152 -

2-3. Secondary Forming Processing of Consolidated Billet
Secondary forming processing such as extrusion, rolling, forging and swaging is also an
important fabrication step of metal matrix composites [6]. The density and homogeneity of
metal matrix composites could be enhanced by the secondary forming processing[16]. The
full relative density above 99% by secondary forming process. The secondary process
conditions, such as temperature, deformation rates, and flow conditions, are uniquely
identified with each composite system.
Specifically, in order to achieve maximum composite strengthening effect by the addition of
whiskers, the whiskers need to be aligned parallel to one direction. The hot extrusion process
is the most common deformation process applied to align the whiskers in metal matrix
composites as shown in Fig.4(a). In SiCw/21214Al metal matrix composites, the extrusion
improved the alignment of whiskers along extrusion direction but the aspect ratio of whiskers
were decreased due to increased damage on whiskers during extrusion as shown in Fig. 4 [20].
Higher extrusion temperature results increased tensile strength of SiCw/2124Al composite due
to increased relative density of composites and increased aspect ratio of whiskers. But, if
extrusion temperature is too high, surface cracking occurred known as fir-tree cracking[20].

Extruded
product

Ramj
Dummy
block

Die

(a)
(c)
Fig. 4. (a) The extrusion process for consolidated billet. The scanning electron micrographs of
SiCw/Al metal matrix composites (b) before extrusion and (c) after extrusion, showing the
effect of extrusion on the aspect ratio and misorientation of whiskers in SiCw/2124Al metal
matrix composites.

3. Fabrication Process of Dispersion Nuclear Fuels
Dispersion nuclear fuels consisted of U-compound fuel particles dispersed in metallic matrix
are distinguished from the metallic uranium fuel used in early reactors of the UO2(ceramic
pellet) fuel used in most power reactors today[10-ll]. The primary requirement for a good
composite structure is a homogeneous distribution of the reinforcement in the matrix.
Therefore, the basic idea of a dispersion fuel is to isolate the fuel particles by powder
metallurgy processes such as hot extrusion or hot rolling, which is similar to that of SiC/Al
metal matrix composite.
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The RERTR program has begun an aggressive effort to develop dispersion fuels for research
and test reactors with uranium densities of 8 to 9gU/cm3 at the same time required
homogeneity and formability criteria should be considered an unqualified success[ll]. Highdensity uranium compounds are listed in Table 1. Many of these compounds offer no real
density advantage over U3Si2 and have less desirable fabrication and performance
characteristics as well. Of the higher-density compounds, U3Si has approximately a 30%
higher uranium density but the density of L^X compounds would yield the factor of 1.5
needed to achieve 9gU/cm3 uranium loading. Fig. 5 shows the conventional fabrication
process of dispersion nuclear fuel via powder metallurgy process, which is similar to that of
SiC/Al metal matrix composite.
3-1. Production of Fuel Powders
Uranium aluminide and uranium silicide are produced either by arc melting or by induction
melting and casting. For production of UaSi powder, various standard technique is used to
comminute to powder for example, hammer milling, ball milling, machining of the resulting
chips or use of a shatterbox[21]. Typically the particle size is limited to <150um ( in many
cases to <125um) and up to 40wt% of the powder can be <44um in size. Recently, Kim and
Kuk have devised a method for producing spherical U3Si and U3Si2 powders with
reproducible particle size distributional]. Also, U3O8 has been produced by several methods.
The U3O8 powder used in the HFIR and several other U.S. research reactor is produced by the
peroxide precipitation process, calcining in a low grade nitrogen atmosphere at 800°C, and
calcining again in air at 1400°C[10].

Table 1. Nominal Density, Uranium Content and Melting Point of Uranium Compounds[l 1].
U-Density, gU/cm3
9.7
9.7
13.0
13.5

Melting Point, °C
2750

UN

Density, g/cm3
10.9
11.2
13.6
14.3

UA12

8.1

6.6

U 3 Si 2

U 6 Fe

12.2
15.4
17.6
17.7

11.3
14.8
16.9
17.0

1590
1650
930(b)
790(c)
815(c)

U 6 Mn

17.8

17.0

725(c)

Compound
UO2
U4O9

UC

U3Si
U6Ni

(a)
2400
2650

(a)Transfors to UO2 at high temperature, (b)Peritectoid temperature (c)Peritectic temperature.
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Uranium Alloy Powders

Al Powders

Combined & Mixing

Compact

Hot Extrusion or
Hot Rolling

Dispersion Nuclear
Fuel

Fig. 5. Fabrication process of U/Al dispersion nuclear fuel via powder metallurgy process.

3-2 Mixing of Dispersion Nuclear Fuel
The objective of mixing is homogenization, manifesting itself in a reduction of concentration
within the agitated system. There are several factors affecting the mixing characteristics of
powder materials. The particle shape affects the flow characteristics of a mass of particles
during mixing process[22]. Smooth, round, spherical particles tend to flow readily than rough
irregularly shaped particles. Particle size is also of importance[23]. Segregation of particles
according to relative sizes can occur whenever a solid mass comprised of a range of particle
sizes is moved[5]. Usually, the smaller particles rise to the top of the mass and the larger
particles settle to the bottom. Also, if a mass of particles of widely different densities are
being blended, segregation will occur similar to that encountered when blending widely
different-size particles[22]. Moisture content is another factor that influences the flow of
solids. The sticky particles retard flow and are a deterrent to the mixing process especially if
they stick or adhere to the walls of the mixer or cause agglomeration of particles.
Not only do the particulate solids properties influences their mixing characteristics, but also
the equipment geometry[13, 22]. The size and shape of body and stirrer(if used) affect the
particle flow patterns and velocities. Even the point of addition of ingredients and the surface
finish of equipment parts have some effect on the particle movements within the mixer. The
mixer rotational speed has a major effect on particle movement and rate of mixing[13, 22].
The sequence of addition of ingredients can also have a major effect on mixing.
Uranium alloys powder and aluminum powders were blended using drum-type blender with
various fuel fractions[25]. Typical micro-graphs of dispersion nuclear fuel cross section are
shown in Fig. 6(a). However, sometimes aluminum rich regions were found as shown in Fig.
6(b). This inhomogeneous microstructures is occurred during mixing the powders due to the
widely different densities between U3Si and aluminum powders. Therefore, it is important to
improve the homogeneity in blended powders of U-alloy powder and Al powders.
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Fig. 6. (a) Typically microstructure of homogeneous by distributed l^Si fuel particles in Al
matrix and (b) microstructure of inhomogeneous by distributed l^Si fuel particles illustrating
aluminum rich area.

3-3 Consolidation and Secondary Forming of Dispersion Nuclear Fuel
After mixing the powders, compaction is widely used to consolidate the blended powders.
The compaction process is important to control the green density of compacts, which
influences the densification of the samples during sintering and secondary forming
process[26]. In generally, cold die compaction is performed to produce a compact billet of
dispersion nuclear fuel[l 1].
There are two types of processes for secondary forming of dispersion nuclear fuel. Extrusion
process is used to produce fuel tubes or rods, for examples, using the KMMR[25]. The other
is roll-bonding process for producing fuel plates[ 10,27]. For extrusion process, compacted
billet is extruded up to the diameter for fuel rods about 400°C. For rolling-process, the
compact is placed into an aluminum alloy frame, and two cover plates are welded on to
produce a rolling billet. Some fabricators vacuum degas the compact before the rolling billet
is assembled in order to remove moisture or lubricant remaining from the compaction process.
The rolling billet is then preheated and rolled through several passes with intermediate
reheating until the thickness reaches 110-120% of the final plate thickness. Rolling
temperatures range from about 425°C to about 500°C, depending on the particular cladding
alloy being used. We can not expect to increase the fuel volume fraction significantly, if at all,
beyond 53%. Thus our only hope lies in finding a much-higher-density fuel than U3Si2 with
however, similar characteristics such as homogeneity, fabricability, compatibility with
aluminum, and stable irradiation behavior.

4. Characterization of Homogeneity in Composite Materials
Several techniques have been proposed to characterize the homogeneity of composite
materials processed by powder metallurgy. However, the current techniques are all limited to
the qualitative comparison of homogeneity in multi-phase materials.
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4-1. Characterization of Homogeneity by Composition Analysis
The homogeneity of the mixture may be evaluated from the scatter compositions of samples,
which can be expressed on a weight basis[24]. For examples, the composition of a binary
mixture of the material A and B containing the weight proportions WA and WB of both
constituents is given by the relations

where PA and PB are the mean concentrations of the individual constituents in the mixture and
W is the total amount of the mixed material. Therefore
PA+PB=1

(2)

For judging the function of the mixture a set of small samples of weight w is taken from the
bulk of the mixture. For an ideal mixture the sum of the proportions by weight of all samples
gives the respective weight of each component, in the total mixture;
X. =

and

XR. =

(3)

XAl + X B i=l
N

(4)

N

IX+IX=PA+PB = 1

(5)

In a random mixture, the values XAJ, XBJ always differ from the values required for perfect
mixing and are given by PA and PB. Therefore, dispersion of the weight frequencies XAi and
XBJ is existed. The homogeneity of mixture is then given by the ratio sample standard
deviation and standard deviation of the weight frequencies of an equilibrium mixture.
4-2. Characterization of Homogeneity by Microstructure Analysis
Microstructure of materials are studied experimentally using various methods of imaging to
resolve specific microstructural elements. These methods include transmission microscopy
through thin slices and reflected microscopy on surfaces and polished sections. In all cases,
attention is focused on images of the microstructure and these, in many cases, are found to be
of considerable complexity. The characterization of microstructures usually requires an
analysis of a large number of complicated images with each of them containing the
microstructural elements required as well as some artifacts produced by the imagining
technique[28]. The term image processing is used to describe operations that are performed on
images of microstructures in order to correct them or to make more accessible to quantitative
analysis.
Whatever the imaging technique, it produce a 2-D image that can be recorded either on a
film or displayed on a monitor. An image contains specific patterns of points and regions,
which differ in their intensity or color. From this point of view, the image is a function of two
spatial coordinates, for instance (x,y), which ascribes to each point on the plane a specific
value of point image intensity. Two-dimensional images of the microstructure can be viewed
as sets of different color/gray level dots filling the picture. This image can be divided into a
finite number of elements. These pixels forming the image are distinguished by different gray
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level. If the intensity of the gray tone is measured on a scale ranging form 0 to Nj,, then the
image analyzed can be represented as a matrix[28].
To analyze the homogeneity, the particles are characterized by a distribution function which
defines the relative number of particles of size. This distribution function can be of a discreet
of continuous type. Two of these characteristics of the distribution include;(a) some measure
of the value about which the observations tend to center, and (b) the spread or variation of the
observations about the central value. The measure described in (a) above is called the measure
of central tendency and may be expressed as the median, mode, or most commonly, the
arithmetic mean. The measures which describe the spread or variation of observations are the
standard deviation and the variance[24,28].
4-3. Characterization of Homogeneity by Radiograph Analysis
This method is suitable for testing the homogeneity of metals, either in solid or powdered
form, and finely ground oxide materials that are intended for use as reference materials in Xray emission or optical emission spectroscopy, or both[27]. This procedure, which is based on
statistical methods, consisted of stepwise instructions for testing homogeneity of candidate
reference materials and requires that repeated measurements on the same specimen have
sufficient precision, that is, repeatability. In order to do X-ray emission spectroscopy test
procedure, select optimum instrumental conditions to assure adequate count rates from each
element to be tested in the specimens. It is needed to select a counting time that is long
enough to minimize the random error due to counting, and measure the element of interest on
the specimens. And repeat the measurements of X-ray intensity until a minimum of four sets
have been made, and examine the data and discard any values which have been determined to
be outlier. After this procedures, the calculation can be done to determine homogeneity of a
95% significance level for this procedure[27]. Fig. 7 shows the homogeneity data point plot
by radiography attenuation.

Length
Length

Fig.7 Homogeneity data point plot of U3Si2 powders[27]

- 158 -

y-scanner is used to examine the homogeneity of the fuel cores. U-235 mass and active fuel
length are evaluated on the basis of the 186 keV gamma emission intensity. Self- and cladding
absorption are corrected on the basis of the 136, 265 and 401 keV gamma transmission
intensities. We can evaluate that simultaneous acquisitions of the combined emission and
transmission gamma spectrum and of the emission profile by front and/or rear scanning, online data processing and printing, plotting of spectrum and profile such as Fig. 7.
In order to develop high performance dispersion nuclear fuel, the improvement of
inhomogeneity of U fuel particles in Al matrix is the key technology. It is required to
investigate the effect of powder characteristics, such as average size, size distribution, shape
and density, on homogeneity after mixing of dispersion nuclear fuels. In addition, a new
characterization technique of homogeneity is needed to be developed for quantitative analysis
of homogeneity in extended dispersion nuclear fuels.

5. Conclusions
Powder metallurgy processing technique for metal matrix composites is reviewed and its
application to process homogeneous dispersion nuclear fuel is considered. The homogeneous
mixing of reinforcement with matrix powders is very important step to process metal matrix
composites and performed via dry mixing, wet mixing and ball mill process. The blended
powders are consolidated into billets using hot pressing or hot isostatic pressing followed by
secondary forming processing, such as extrusion, forging, rolling or swaging. Dispersion
nuclear fuels is a composite materials in which U-compound fuel particles dispersed in Al
matrix. The fabrication process of dispersion nuclear fuel is typical powder metallurgy
process, which is identical to that of metal matrix composite. When the particles of uranium
alloy powders and aluminum powders are mixed, homogeneous mixing is very difficult due to
the large difference in densities between uranium alloy powders and aluminum powders. In
order to develop high performance dispersion nuclear fuel, the improvement of inhomogeneity
of U fuel particles in Al matrix is the key technology. It is required to investigate the effect of
powder characteristics, such as average size, size distribution, shape and density and mixing
process parameters, on homogeneity of dispersion nuclear fuels. In addition, a new
characterization technique of homogeneity is needed to be developed for quantitative analysis
of homogeneity in dispersion nuclear fuels.
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Abstract
The impact of various sintering atmosphere on thermochemical behavior of main
refractory materials of the UO2 sintering furnace and on microstructure of sintered
UO2 pellets has been investigated. It is found that Mullite (3Al2O3-2SiO2) and
Andalusite/Sillimanite (AhCvSiCh) which are main constituents in the Transition
sintering zone have low possibility of pure H2-induced reduction, whereas Fire Clay
and Chamotte in the Presintering Zone which are composed of SiCh bonded with
AI2O3 or free S1O2 have high possibility of pure H2 gas-induced reduction. This is
because Fire Clay and Chamotte have negative free energy change over the test
temperature, while Mullite and Andalusite/Sillimanite positive free energy change. In
order to investigate the effect of mixed gas on the H2 gas-induced reduction of the
refractory materials, two kinds of mixed gas such 70%H2-30%N2 and 50%H2-50%N2
are used. The H2-N2 mixed gas experiment show that the larger amount of N2 will
retard the H2 gas-induced reduction rate of the refractory materials with the increasing
sintering temperature. The 50%H2-50%N2 mixed gas test indicates the H2 gas-induced
corrosion resistance improvement of about 50% at 1400°C, but negligible improvement
at 1200cC. On the other hand, the H2-N2 mixed gas has negligible impact on
microstructure and properties of UO2 pellet such as density, grain size, pore size
distribution and open porosity.

1. Introduction
Uranium dioxide pellets are produced in the sintering furnace over the temperature
of 1700°C under the reduction atmosphere of 100% H2 gas. This sintering condition
may cause the critical failure of the refractory materials in the Presintering and
Transition sintering zone at temperature range of 900 ~ 1400°C (Fig. 1) through the
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For the frequently failed Ni-Cr heating elements, on the other hand, the reaction of
heating element with silicon produced by the reaction mentioned above in the
surrounding heater brick material of Chamotte, which contains so much S1O2 content,
makes the melting of the heating element easy. For the Mo-heating elements located
in the main sintering zone, they are likely to fail during oxidation of molybdenum by
the oxygen source generated by the S1O2+H2 reaction mentioned above[5].
By identifying the thermochemical behavior of the refractory materials under the
various atmospheres, the chemical corrosion of the refractory materials by H2 gas may
be prevented.
The object of the study is to establish the optimum sintering condition as a way to
extend the operating life of the sintering furnace and improve its operating efficiency,
considering the effect of the various sintering atmospheres on the thermochemical
behavior of the refractory materials and also on the microstructure of the UO2 pellet.
The scope of this study is summarized as follows:
0
#
$

Study on the effects of the sintering atmosphere and temperature on the
thermochemical behavior of the refractory materials,
Study on the effects of the sintering atmosphere and temperature on the
microstructure of the UO2 pellets,
Identification of the gas corrosion mechanism of refractory materials.

2. Experimental Procedure
Table 1 shows the test material and conditions used in this study to identify the
reaction mechanism with H2 gas in the furnace.
2.1 Corrosion of refractory materials
Corrosion of refractory materials in the H2 gas atmosphere, one of the major failure
causes, is measured by weight change with the use of analysis.
2.1.1 Thermochemical analysis
Thermochemical analyses were performed to identify the reduction of main
constituents and bonding phases in the refractory located at pre- and transition
sintering zone at various temperature conditions. Fire clay and Chamotte type
refractories, which contain Mullite (3AI2O3 • 2SiC«2), Andalusite/Sillimanite (AI2O3 •
S1O2, Transition sintering zone refractories) and free SiC>2, were selected to investigate
possible reactions. Main sintering zone refractories consisting of almost 100% pure
high alumina is excluded from this study because of less reactivity with H2 gas at
1700°C.
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Table 1. The Composition of Specimen and Test Conditions
Additive

\

U3O8 :
10 wt.-%

UOi Pellet

Refractories
(total 9 sorts)

-

Sintering
Condition
Temp
fC)

1600
1700
1750

Holding
Time (h)

Target
Density.
95-96.5
%TD

5,
10,
20

1200,
1400*

Sintering
Atmosphere
(H2+N2 mix)

Analysis Item

Remarks

Density
Grain Size
Dilatometer
Pore Size Distribution
(Sintering
N2: 0, 50,
Open Porosity
Behaviour of
30, vol.-%
Weight Change
UO2 Pellets up
Length/Diameter
to 1600 °C)
Change

N2: 0, 50
vol.-%

Density
Visual Test
Sample Size:
Microstructure Change
30x20x20 (mm)
Corrosion
(Weight Change)

(#): The expected max. temperature in Pre and Transition Sintering Zone
Table 2. The Characterization of Refractory Specimens for H2-N2 Mixed Gas
Corrosion Test
Use zone*

Materials

SiO2 (%)

KR99AC

S

High alumina

i 0.2

KR98AA

S

High alumina

1.0

TKAL

T

High alumina

1.0

KB81LA

T+S

High alumina

1.5

KR84LB

P+S

Alumina

11.83

SC37LU

P

Alumina-silica
(Andalusite/Sillimanite)

50-60

SC37LA

P

Alumina-silica
(Andalusite/Sillimanite)

54.63

SCHAM

P

SC40AA

P
(Heater Brick)

Silica-alumina
(Chamotte)
Silica-alumina
(Fireclay)

55-70
57

(*): S (main sintering zone), P (presintering zone)
T (transition zone: area between main- and presintering zone)
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2.1.2 Refractory corrosion test under various atmosphere and temperature
conditions
Refractory specimens for gas corrosion test to study the effects of sintering
atmosphere and temperature is shown in Table 2. The weight of the nine kinds of
refractory specimens of 30x20x20 (mm) each were measured before and after the
corrosion test. Corrosion tests were performed under the various sintering atmospheres
such as 100% H2, 70%H2-30%N2 and 50%H2-50%N2, and at temperatures of 1200 and
1400°C. Heating cycle for the corrosion test is shown in Fig. 2.
2.2 Test procedure of sintered UO2 pellets
Test procedure of sintered UO2 pellets is shown in Fig. 3 to investigate the effects
of sintering atmosphere and temperature on the microstructure of the UO2 pellets.
2.2.1 Specimen preparation
The chemical composition of UO2 and U3O8 powder is shown in Table 3. After
blending UO2 powders with 10% U3O8 for 2 hours, the blended powders were
compacted to green pellets with density of 5.6g/cm3. Commercially produced pellets
were also tested to compare the characteristics. The green pellets were sintered under
atmosphere varying from 100% H2 to 50%H2+50%N2 and at temperature 1600°C,
1700°C and 1750°C. Fig. 4 shows the sintering temperatures and holding times.
2.2.2 Experiment
Immersion density and open porosity of sintered UO2 pellets were measured with
commercial procedure. Pore size distribution was measured on the unetched specimens
and grain size on thermal etched specimens with image analyzer system. The pore
shape also was measured with SEM.
1200 °C, 1400 °C
5°C/min

5hr, lOhr

Fig. 2. Heating Cycle of the H2-N2 Mixed Gas Corrosion Testing for
Refractories
Table 3. The Chemical Analysis Results for the Uranium Oxide Samples
\
U3O,

O/U
ratio

Moisture
content
(ppm)

BET

Apparent

surface

density

(mVg)

(g/cmJ)

87.460

2.106

1370

5.57

2.20

1.36

99.85

41

84.790

2.654

620

0.53

-

-

-

-

U-235
Enrichment
(wt.%)

content
(%)

U-

3.8
3.802
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Flowability
(sec /50g)

Particle
size
(%)

F-content
(PPm)

U3O8 Powder

U0 2 Powder

TZ
Mixing
Blending
Pelletizing
Sintering

(90%UO2+10%U3O8)
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Fig 3. Schematic Diagram of Testing Procedure

1600 °C, 1700 °C, 1750 °C
5°C/min

Fig. 4. Heating Cycle for UO2 Pellets Sintering Test
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3. Results and Discussion
3.1 Corrosion behavior of refractory materials
3.1.1 Thermochemical analysis results
In principle the reaction of Al2O3(s) and H2(g) may generate gas phases such as
AlH(g), OAlH(g), AlOOH(g), OAlOH(g) but, because these reactions occur at much
higher temperature than sintering temperature, they are excluded in the thermochemical
analysis. Although the reaction of SiCtys) and H2(g) may generate Si(s), SiO(g), Si(g),
SiH4(g), SiH(g), SiO(g) and Si (s or g) are likely to be produced under low oxygen
partial pressure in the current testing condition. Equilibirum reactions in the
AbCh-SiOi-fh reaction system may be written as follows;
1) Case
1-1.
1-2.
1-3.

1 : A12O3 • SiO2 - H2
A12O3 • SiO2 + H2(g) = AI2O3 + SiO(g) + H2O(g)
AI2O3 • SiO2 + 2H2(g) = A12O3 + Si + 2H2O(g)
2(A12O3 • SiO2) + 3H2(g) = 2A12O3 + SiO(g) + Si + 3H2O(g)

2) Case
2-1.
2-2.
2-3.

2 : 3A12O3 • 2SiO2 - H2
3AI2O3 • 2SiO2 + 2H2(g) = 3A12O3 + 2SiO(g) + 2H2O(g)
3AI2O3 • 2SiO2 + 4H2(g) = 3A12O3 + 2Si + 4H2O(g)
3A12O3 • 2SiO2 + 3H2(g) = 3A12O3 + SiO(g) + Si + 3H2O(g)

* all solid phase except (g)
3) Case 3 : for refractories containing SiCh as main constituents or
including SiCh (s or 1) as main bonding phase
3-1.
3-2.

SiO2(s) + H2(g) = SiO(g) + H2O(g)
SiO2(s) + 2H2(g) = Si(s) + 2H2O(g)

4) Case 4 : precipitation of SiO2 is not considered because of the
decomposition of AI2O3.
Considering the furnace operation conditions, the analysis was performed in the
temperature range from 1400K to 1900K and the z/G° values were calculated for
each component from JANAF table(Table 4). From the equations of 3-1 and 3-2,
which are expected to react significantly, it seems that SiC>2 reacts with H2 gas to
produce SiO/H2O or Si/FbO. According to the AG° values, SiCh is likely to react to
produce SiO gas. Therefore weight loss is expected due to the evaporation of the
SiO(g) and/or H2O(g), resulting refractory failures. The evaporation of SiO(g) and/or
H2O(g) act as a oxygen source to the Mo-heating elements oxidation. From the above
thermochemical analysis, it can be summarized as follows;
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#

Under 1 atm, Andalusite(Al2O3 • SiO2) and Mullite(3Al2O3 • 2SiO2) as stabilizing
refractory in the (Al2C>3-Si02) System and free SiO2, main bonding phase in the
Silica brick, were selected.

#

The decomposition of A12O3 into AlH(g), OAlH(g), AlOOH(g) were neglected
because these reaction were not shown and SiH^g) or SiH(g) was not
considered in the reactions because JG°f value of the SiH4(g) or SiH(g) is
much higher than that of SiO(g) and Si(s).

#

All free energy change (zJG°reac.) in the equilibrium reaction (Table 4, eq. 1-1 ~
2.3) for the high alumina brick at 1400K—1900K is very positive values, that
is, the stability of refractory is maintained under the hydrogen atmosphere at
these temperture ranges.

% For silica brick, all free energy change (zJG reac.) in the equilibrium reaction (eq.
3-1 and 3-2) at 1400K—1900K is highly negative values. So, corrosion will
occur in the Silica Brick by hydrogen.
Fig. 5 shows AG

reac

curves of all equations with temperature.
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2000

Table 4. The Calculated zJGVac. Values of the Possible Reactions [kJ/mol]
PH2/PH2O

reac.

\remp[K]
^^
1400

1500

1600

1700

1800

1900

(at 1900K,
Psio = 10"W)

1-1

275.639

256.081

236.693

217.466

198.4

179.49

8.6X10°

1-2

325.254

319.302

313.478

307.321

298.753

290.308

9.5 xlO 3

1-3

600.893

575..383

550.171

524.787

497.153

469.798

8.2 xlO 9

2-1

560.985

525.287

489.863

454.685

419.741

385.012

3.8 xlO 6

2-2

660.215

651.729

643.729

634.395

620.447

606.648

4.7 xlO12

2-3

610.6

588.508

566.648

544.54

520.094

495.83

4.5 xlO 9

3-1

-72.424

-122.088 -171.995 -276.309 -330.374 -384.661

2.7xlO"15

3-2

-22.809

-58.867

1.7xlO"4

Reaction N r \

-95.210

-186.454 -230.023 -273.843

3.1.2 Reaction of refractories with H2 gas
Test temperatures of 1200 and 1400°C were selected because they might represent
the temperature range of 900~1400°C in the transition sintering zone showing most
frequent refractory failure. Reactivity of refractory with H2 gas was analyzed under
the sintering atmosphere of 100% and 50% H2 gas with time of holding 5, 10 and
15 hours at each temperature. The location in the sintering furnace is shown in Fig.
1 for each testing specimen.
From the thermochemical analysis results, it was found that high alumina brick
composed of AI2O3 and SiC>2 is not likely to react, while free silica is likely to
react and reduced by H2 gas. So, it is important to examine the SiC»2 phases in the
refractories(Table 2) and the temperature at each zone(Fig. 1).
Corrosion-induced weight loss data are given in Figs. 6, 7 and Table 5 at various
sintering atmosphere and temperatures. From the Fig. 6, corrosion resistance was
significantly increased by substituting hydrogen content with nitrogen by 50% under
the condition of 1400°C-10hrs. In particular, it was found that the weight loss was
reduced more than 2 times for pre- and transition zone refractories (KR84LB,
KR81LA & SC37LU).
From the test results at 1200°C (Fig. 7 and Table 5), there were no significant
differences with gas contents, but corrosion resistance was improved in most cases.
As shown in Table 5, weight loss was increased by increasing holding times at
1200°C irrespective of gas contents. And also under 100% H2 atmosphere, weight
loss was increased by increasing temperature from 1200°C to 1400°C. Under 50%
H2 atmosphere, weight loss was increased by temperature increase in most cases, but
for Scham and SC37LU containing much SiO2 the weight loss was highest at
1200°C.
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Table 5. The Weight Loss (%) of Main Refractories Tested under H2-(N2) Gas
Corrosion Conditions
Test

^^-Sgecimen TKAL SCHAM SC37LA SC37LU KR81LA KR84LB

Condition

^ \ ^

SC40AA
(HB)

KR98AA KR99AC

0.0791

0.2969

0.8688

0.5363

0.0903

0.0406

0.2662

-

-

1200°C+10h 0.1235

0.3161

0.9912

0.5690

0.1154

0.0472

0.2809

-

-

1200°C+20h 0.1476

0.3651

1.0675

0.6143

0.1233

0.0836

0.2926

-

-

1400°C+10h 0.2837

0.4608

1.5755

0.8178

0.3067

0.4915

-

0.4009

0.1317

0.0632

0.2902

0.8288

0.4934

0.0259

0.0397

0.2554

-

-

50%H21200°C+10h 0.0980
50%N2
1200°C+20h 0.1384
Mix
1400°C+10h 0.2539

0.3121

0.9627

0.5362

0.0664

0.0459

0.2579

-

-

0.3327

1.0571

0.5853

0.1005

0.0702

0.2613

-

-

0.2429

1.2136

0.2424

0.1231

0.0732

-

0.2969

0.0811

1200°C+5h
100% H2

1200°C+5h

(-): not tested

1.00

0.80

co

0.60

o
D) 0.40
"a;
0.20

0.00

Refractories
Fig. 6. The Weight Loss of Refractories
under Various H2-(N2) Gas
Corrosion Conditions(1400°C+10h)

Refractories
Fig. 7. The Weight Loss of Refractories
under Various Eb-(N2) Gas
Corrosion Conditions (1200°C+10h)
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3.2 Characteristics of sintered UO2 pellets
3.2.1 Sintering density
Sintering was performed under the condition selected at temperature of 1600, 1700
and 1750°C, and atmosphere of 100% H2, 70%H2(+30%N2) and 50%H2(+50%N2).
Sintering density of the testing and commercial pellets is shown in the Tables 6 and
7 and Figs. 8 through 10, respectively. As shown in these tables and figures, except
the results at 1600°C, the sintering density of the pellets is almost constant
irrespective of gas composition in the commercial sintering temperature range of
1700-1750°C. Contrary to expectation, sintering density was slightly increased by
reducing H2 contents, and the sintering density values were highest at 70% H2 gas for
testing and commercial pellets. From the testing results, it is concluded that the effects
of atmosphere on the sintering density is not significant in these testing temperatures.
10.45
50%H 2 + 50%N 2
100%H2

10.43

i •

CO

c 10.41
Q

10.39
Fig. 8. The Density Change of Testing UO2 Pellets Sintered under Various Sintering
Atmospheres (1700°C+5h)

10.49
10.47

1051
70%H 9 +30%N,
10.50

.0

10.45

I

10.43

I

I

£
o
10.49

1

CO

10.41

c

Q

CD

10.39

O

100%H;

70% H2 + 30%N 2

10.48

•

1
*

50%H 2 + 50%N a

50%H?+50%N ;

10.37

100%H 2

1
•

10.47

Fig. 9. The Density Change of Testing
Fig. 10. The Density Change of Commercial
UO2 Pellets Sintered under Various
UO2 Pellets Sintered under Various
Sintering Atmospheres (1750°C+5h)
Sintering Atmospheres (1750°C+5h)
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Table 6. The Average Density Change of Testing Pellets Sintered under
Various Sintering Conditions
Sintering
Condition

Measured
Density*

Density (g/cm3 / %TD)
Remarks

100 % H2 70 % H2 50 % H2
10.4391
/95.2468

• 0.37% TD increase in

10.3923
/94.8203

• 0.55% TD increase in

10.4209
/95.0809

• 0.01% TD increase in

10.3859
/94.7619

• 0.09% TD increase in

10.4390
/95.2466

10.4271
/95.1379

• max. 0.11% TD increase

0.0092

0.0088

0.0147

10.3946
/94.8412

10.4192
/95.0657

10.4149
/95.0265

DI

10.3985
/94.8768

-

DII

10.3326
/94.2756

-

DI

10.4200
/95.0729

-

DII

10.3758
/94.6697

-

DI

10.4349
/95.2086

Std.
Deviation
DII

50% H2

1600°C-10h
50% H2

50% H2

1700°C-5h

1750°O5h

50% H2

• max. density in 70% H2
• max. value in 50% H2
• max. 0.23% TD increase
• max. density in 70% H2

Table 7. The Average Density Change of Commercial Pellets Sintered under
Various Sintering Atmospheres
Sintering
condition

Measured
density*
DI

1750°O5h Std. Deviation
DII

Density (g/cm 3 / %TD)
Remarks
100 % H2 70 % H2 50 % H2
10.4880
/95.6935

10.4903
/95.7142

10.4870
/95.6846

• max. 0.02% TD increase

0.0028

0.0041

0.0037

• max. density in 70% H2

10.4516
/95.3613

10.4575
/95.4151

10.4607
/95.4443

• max. 0.08% TD increase

• max. density in 70% H2

• max. density in 50% H2

(#) DI: density measured by Archimedes method
DII: density considered open porosity mesurement
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3.2.2 Open porosity
Average Open porosity values of the pellets sintered at
in Tables 8 and 9. From these tables it is seen that
50%H2-50% N2 gas show the microsture containing less
same sintering condition, it is seen that the least open
70%H2-30% N2 gas atmosphere.

various condition are shown
most of pellets sintered at
open porosity. Also, in the
porosity is obtained at the

Table 8. The Average Open Porosity Change of Testing Pellets Sintered under
Various Sintering Conditions
Open Porosity (%)
Remarks

Sintering Condition
100 % H2

70 % H2

50 % H2

1600°C-10h

3.401

-

2.479

1700°C-5h

2.662

-

2.494

1750°C-5h

1.841

1.617

1.843

Table 9. The Average Open Porosity Change of Commercial Pellets Sintered
under Various Sintering Atmospheres
Open Porosity (%)
Sintering Condition

1750°C-5h

Remarks
100 % H2

70 % H2

50 % H2

0.114

0.078

0.088

3.2.3 Pore size distribution and shape
Pore size distribution measured by an image analyzer is summarized in Table 10.
From this table, all pellets have monomodal type pore size distribution irrespective of
sintering conditions, show peaks located in the range of 0.5~1.5//m and consist of
very typical fine pores with average pore size of 1.5~1.9/mi for all specimens. It is
concluded that the pore structure is not affected by gas content variation within the
test ranges.
3.2.4 Grain size
Grain sizes of the sintered pellets measured by an image analyzer and their >
metallograpy is summarized in Table 11. The pellets sintered in pure H2 gas show
grain growth earlier than pellets sintered in the H2-N2 mixed gas.
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Table 10. The Change of Pore Size Distribution for UO2 Pellets Sintered under
Various Sintering Conditions
Max. fraction (%)
(Average Pore Diameter, /nn)

Type of
Sintering
Pore Size
Condition
Distribution
1600°C
+ 10h

Test Pellets

1700°C
+5h

1750°C
+5h

Commercial
Pellets

1750°C
+5h

70% H2

50% H2

-

•0.5-1.0//m: 30
• 1.0-1.5// nv 28
(1.8)

Monomodal

•0.5-1.0fitn- 29
• 1.0-1.5// m: 29
(1.9)

-

•0.5-1.0//m: 30
• 1.0-1.5//m: 29
(1.8)

Monomodal

•0.5-1.0// m: 36
• 1.0-1.5//m: 32
(1.6)

•0.5-1.0// m: 34
•1.0-1.5//m: 31
(1.6)

•0.5-1.0// m: 31
• 1.0-1.5// m: 32
(1.7)

Monomodal

•0.5-1.0//m: 30
• 1.0-1.5//m: 32
(1.7)

• 0.5-1.0 //m: 32
• 1.0-1.5// m: 32
(1.6)

•0.5-1.0//m: 34
• 1.0-1.5// m: 34
(1.5)

Monomodal

100% H2
• 0.5-1.0//m: 30
• 1.0-1.5// m: 27
(1.9)

Table 11. Grain Size Change of Pellets Sintered under Various Sintering
Conditions
Average Grain Size (//m)
Sintering Condition

Test Pellets

Commercial
Pellets

100% H2

70% H2

50% H2

1600"C+10h

5.3

-

5.5

1700°C+5h

7.7

-

6.3

1750°C+5h

7.9

6.3

6.5

1750°C+5h

7.6

6.4

6.4-
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4. Conclusion
The effect of various sintering atmospheres on thermochemical behavior of mainrefractory materials of the UO2 sintering furnace and on microstructure of sintered
UO2 pellets have been investigated.
Thermochemical analysis for the refractory materials was performed for the reactions
3Al2O3-2SiO2, Al2O3-SiO2, free SiO2(s) + H2(g) -> Si(s) or SiO(g) and H2O(g) (1400
-1900K, all 100 K). It was found that Mullite (3Al2O3-2SiO2) and Andalusite/
Sillimanite (Al2O3'SiO2) which are main constituents in the Transition Sintering Zone
had low possibility of pure H2 gas-induced reduction, whereas Fire Clay and Chamotte
in the Presintering Zone which are composed of SiO2 bonded with AI2O3 or free
SiO2 had high possibility of pure H2 gas-induced reduction. This is because Fire Clay
and Chamotte have negative free energy change over the test temperature, while
Mullite and Andalusite/Sillimanite positive free energy change.
In order to investigate the effect of mixed gas on the H2 gas-induced reduction of
the refractory materials, two kinds of mixed gas such 70%H2-30%N2 and
50%H2-50%N2 was used. The H2-N2 mixed gas experiment showed that the larger
amount of N2 retarded the H2-induced reduction rate of the refractory materials with
the increasing sintering temperature. The 50%H2-50%N2 mixing gas indicated the
H2-induced corrosion improvement of thermochemical gas corrosion (weight loss)
resistance improvement of about 50% at 1400°C but negligible improvement at
1200°C.
On the other hand, the H2-N2 mixed gas had negligible impact on microstructure
and properties of UO2 pellet such as density, grain size, pore size distribution and
open porosity.
UO2 pellets showed almost constant density values irrespective of test sintering
atmosphere and slightly higher values in both grain size and open porosity under pure
H2 sintering atmosphere above 1700°C. For pore size distribution it was found
monomodal type distribution with peak values at 0.5 — 1.5 /m independent of sintering
atmosphere and no significant difference in pore shape.
It can be concluded that reducing of H2 content in the sintering atmosphere strongly
contribute to diminish the failure of refractory materials and the effect of the H2-N2
mixed gas on microstructure of the UO2 pellet is not significant in the test ranges.

References
[1] M.S. Crowley, Am. Ceram. Soc. Bull., 46 (1969), 679-682
[2] Kiyosh Naito, Masumi Toda and Toshihiro Kakehi,
Shinagawa Fire Brick Co. Tech. Report, 16 (1970). 55-73
[3] Stephen T. Tso and Joseph A. Pask, J. Am. Cearm. Soc, 65 (1982), 457-460
[4] Stephen T. Tso and Joseph A. Pask, J. Am. Cearm. Soc, 65 (1982), 383-387
[5] Technical Report, KNFC/TR-031/95

. 175 -

I

left BLANK

KR9700379
The ¥

Seminar on the New Fuel Technology Toward the 21 Century,
November 25 - 26, 1997, KAER1, Taejon, Korea

Development of Fabrication Process and Equipments for
Advanced-feature Fuel Pellet
Young-Woo Lee, Si-Hyung Kim, Han-Soo Kim and Sang-Ho Na
Korea Atomic Energy research Institute
P.O.Box 105, Yuseong, Taejon 305-600 Korea

Abstract
The processes of UO2 fuel pellet and other related binary mixture are reviewed in
the aspect of microstructural homogeneity when UO2 is mixed or doped and sintered
with different oxides for advanced-feature fuel pellets. Among the three different
concepts of powder mixing, mechanical blending, Masterblending(MB) and Single Step
Final Compaction Milling(SSFCM), SSFCM showed the highest degree of
homogeneity. Dopants for microstructure control are also considered for
homogenization in the aspect of solid solution formation. The equipment developments
for mixing process was pursued to overcome the disadvantages which give rise to the
problem especially when handling radioactive materials. An example is given for the
continuous two-stage attrition mill.

1. Introduction
UO2 fuel is used worldwide mostly in sintered pellet form for various types of
current nuclear power reactors due to its positive in-reactor performance and
well-established manufacturing technology. The sintered uranium dioxide is very stable
in almost any room-temperature circumstances which involve mechanical and physical
behaviors and radiation-resistant behavior, compared with its metallic phase or other
ceramic compounds such as nitride and carbide.
The use of UO2 for nuclear fuel goes back to as early as mid-1940's historically,
when the U.S. Shippingport nuclear reactor came first into the operation and since
that time on, the researches n UO2 and other related phases have been undertaken in
as many aspects as where its properties were involved for nuclear fuel : materials and
properties, irradiation behavior, nuclear physics, chemical behavior in relation fuel
cycle consideration. Hence, UO2 technology is nowdays commercially well-developed
and available for mass production to supply fuels for operating commercial nuclear
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power plants
Fuel cycle studies have been also performed including reprocessing and recycling
of the spent nuclear fuel which involve the separation of U and Pu and re-use of
these fissile materials in commercial reactors.
The nuclear fuel can be burnt to a higher burn-up and to a longer extent if the
fuel material properties can withstand such circumstances and hence, currently, studies
are directed to the higher and extended burn-ups by considering its in-pile behavior of
which significant knowledges and database have been accumulated during several
decades.
For the points that are mentioned above, technologies available for UO2 fuel pellet
currently employ doping of UO2 with additives to control and improve the pellet
microstructure for higher and extended burnup, mixing desirable burnable poisons with
UO2 and even mixing UO2 with PuO2 for its re-use in thermal reactors.
This paper deals the developmental works associated with the fabrication of these
advanced-feature fuel pellet, i.e., mixing of different oxide materials with UO2, and to
control and obtain the microstructure of the UO2 matrix desirable for in-pile behavior.
Larger grains and proper porosities and their distributions in these pellet microstructure
are to a larger extent pursued by doping with additives in the case of pellets for high
burn-up. Micro-homogeneity in the pellet is the key feature when mixing UO2 with
different oxide phases such as Gd2O3, Er2O3 and PuC>2 to form solid solutions.

2. Process development
Processes currently employed for manufacturing fuel pellet are so-called conventional
ceramic process : i.e., cold pressing and sintering. For UO2 fuel pellet, a single oxide
sintered phase, depending on the powders used, can be obtained by compaction of
hyperstoichiometric UO2 powder with or without any powder pre-treatment, and
sintering perferably in reducing atmosphere at sufficient high temperature to be
stoichiometric and of sintered density higher than 95%T.D.
If UO2 is to be doped or mixed with different oxides, the ceramic process
employed for UO2 pellet can still be used : however, a step for doping or mixing
would be added somehow during the process. The simplest method that can thus be
considered is mixing two materials before powder compaction step. Several fuel
industries, based on much research results related to powder mixing and milling,
currently employ various alternatives depending mainly on their own further
developments.
2.1 Powder mixing and homogeneity
Fig. 1 shows schematic process flow diagrams for UO2 pellet fabrication(l(a)) and
additive-doped UO2 pellet fabrication(l(b)), currently employed in the most fuel
manufacturing industries. Simple mechanical mixing or blending operation is frequently
used through electrically driven mechanical mixer in case of doping with additives
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Milling operation is often used when the required homogeneity is not achievable
through simple mechanical mixing and hence, the resultant pellet microstructure can
not be satisfactory. As is the case for Mixed Oxides such as (U-Pu)O2, U0 2 -Gd 2 03 or
UO2-Er2O3 which have fairly high contents of secondary oxides (typically 5-10%wt),
two different powder materials are not only mixed through mechanical blending but
also milled to obtain a micro-homogeneity between two materials. As a matter of fact,
the homogeneity of the powder mixtures greatly influences the microstructural
homogeneity of pellets after sintering and the formation of solid solution.
The inhomogeneity can be overcome by several different techniques such as by
using Masterblend(MB) concept and Single Step Final Composition Milling(SSFCM)
concept. Examples of these different
techniques are:
MTMAS(MIcronized
MASterblending) and OCOM(Optimized CO-Milling) processes for MB concept and
SBR(Short Binderless Route) and CoCA(Co-broyage a CAdarache) processes for
SSFCM concept currently employed in Plutonium Mixed Oxide manufacturing
industries worldwide[l,2,3].
In the Fig. 2 are shown the process flow diagrams for these two different
concepts for the case of UO2-PUO2 Mixed Oxide pellet. In the MB concept(Fig. 2(a)),
the first mixture of higher content(typically 25-30%wt) of powder to be added and
mixed(PuO2, in this case) is made, which is so called Masterblend, by utilizing an
intensive milling operation, and then the mixture of final composition is made by
further addition of the original raw powder(UO2, in this case) an mechanical blending.
In the SSFCM concept(Fig. 2(b)), the mixture of final composition is made in one
step also by utilizing an intensive milling, avoiding any further mixing operation.
For the burnable poison fuel pellet in particular, industries employ only mixing
operation taking either of the above explained two different concepts. This may cause
the inhomogeneity and insufficient formation of solid solution by insufficient
micro-homogeneity through simple mixing operation.
Recent results of several observations[4,5] showed that even with MB concept, there
were fairly large inhomogeous regions in the pellet and second phase-rich regions took
place, when applied to UO2-PUO2 Mixed Oxide pellet manufacturing. This leads to a
more detailed study in mixing of two different oxides and give a tendency to adopt
the SSFCM concept which gives relatively high degree of homogeneity in solid
solution formation and microstructural aspects.
Fig. 3 shows an example of pellet microstructures obtained following three different
routes: by simple blending, masterblend concept and single step final composition
milling concept. The materials used in this study are UO2-4wt%CeO2, for both oxides
are known to form a complete solid solution. As is shown in the figures, in the
microstructure obtained by simple mixing(Fig. 3 (a)), one can clearly observe
agglomerates of small grains which imply that CeO2-rich regions exist, large pores and
grain pull-outs. The average grain size is also very small (about 3 or" 4#m) compared
with the required values(about 8//m). This microstructure is likely due to its
inhomogeneity originated from the insufficient powder microhomogeneity.
In the microstructure with MB concept(Fig. 3(b)), agglomerates of small grains are
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clearly reduced in area but still remain to a lesser extent compared with the former
This implies that the agglomerates existing in small portion can be due to the final
mixing step to make the mixture with the final composition. The grain size does not
s*eem to increase either, however the pores and their distribution are fairly even.
Above inhomogeneous features in microstructure is much improved when the SSFCM
concept is taken(Fig. 3(c)): grain size is measured 7 jam in average, larger compared
with the above two results and microstructure does not seem to reveal much
inhomogeneous feature, but still there exist some agglomerates of smaller grains.
2.2 Microstructure control in sintering
Homogeneity in microstructure is inherently controlled during sintering by
inter-diffusion characteristics of cations when two different oxides are mixed and
sintered in high temperatures. Thus, increase of the diffusivity of the cations involved
in the material phases is very effective in mircrostructure control and homogenization.
In the aspect of material science, the ways frequently adopted for increasing the
diffusivities of cations in the system are use of sintering additives and/or increase of
the oxygen potentials, for cations involved in the rate-controlling diffusive species to
diffuse more easily. These techniques are also valid for control of microstructures such
as grain growth and porosity distribution.
There have been extensive studies on the effect of additives in the sintering of
UO2 and other UO2-related phases. Among the additives, Nb2Os[6] and TiC>2[7,8] are
the most promising additives to enhance the grain growth in UO2 sintering. Aluminum
compounds are also known as a dopant to grow the grains in UO2 sintering.
Recently, aluminum distearate(ADS) has been selected for both grain growth and
lubrication in compaction step and tested in UC>2[9] and Gd-containing burnable poison
UO2 fuel pellet[10], showing positive results for its effects on the grain growth and
homogeneity improvement in the case of UO2-Gd2C>3 fuel pellet. Ta2Os and Li2O are
found the most effective dopants in UO2 published in recent literatures[ll,12], as far
as the grain growth is concerned, exhibiting a strong enhancement of grain growth.
Fig. 4 shows the example of microstructures for Ta- and Li-doped UO2. As can be
observed, while Ta-doped UO2 reveals both grain growth to about 50[m and effective
densification leaving very little pores after sintering, Li-doped UO2 shows grain growth
even to a larger extent compared with Ta-doped UO2 but leaving large portion of
porosities. This may due to the evaporation of Li2O during sintering. The mechanism
responsible for such behavior and the effect on other properties are not yet completely
elucidated, and detailed analyses are currently in the progress.
The above-mentioned additives are also likely to be applied to the binary systems
such as UO2-PUO2 and UO2-Gd2O3 or IKVE^Qj. Nevertheless, no additive has been
shown to increase grain size and improve their homogeneity except Li2O of which the
effect on grain and pores are simulatedly shown Fig. 5. The system chosen for this
study is known to simulate the UO2-PUO2 to a large extent with up to 30% of PuO2
Compared with the microstructure of sintered UC>2-4wt%CeO2 without Li2O, shown in
Fig. 3(c), grain size is about 4 times larger in average but, again, leaving relatively
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big intergranular pores depending on the amout of LJ2O added.

3. Equipment development
In section 2.1, it was shown clearly the different levels of homogeneity to be
obtained by 3 different concepts of mixing methods, namely ; simple mechanical
blending, Masterblending and Single Step Final Composition Milling, from whence
SSFCM can be recommended to be the most effective. In the powder milling
operation, which is usually dusty when operated in dry method, there have been
developed several milling equipments following how milling media and driving system
were used: e.g., with a variety from simple ball-mill to plenetary mill or jet-mill.
Nuclear fuel laboratories frequently use simple ball-mills, attrition mills or vibratory
mills among which the attrition mill was found to be the most effective in size
reduction as well as in homogeneity achivement[13].
The milling operations sometimes give rises to the disadavantage that, when
powder becomes fine, a large portion of powders milled during the operation in
milling media has tendency to be sticked to the wall inside the mill jar and will not
move following the milling sequence, and hence decrease the effectiveness of milling
operation. This may also give problems of handling and radioactive hazards especially
when handling nuclear materials.
A simple attrition mill consists of a motor-driven rotating shaft with paddles in
vertical center and a cylindrical mill jar in which milling media and the powders to
be mixed and milled are put together in an appropriate proportion. During milling
operation, the powders move to the center of the mill jar where the shaft turns and
come downward to the bottom. Then the powders continue to move to the periphery
from the center of the bottom and go upward until they move again towards the
center of the upper part of the mill jar. During the trajectory of powder bulk, if the
revolution of the shaft increases to get a maximum milling effect, powder tends to
stick to the wall by a combined force from movements of milling media and shaft
revolution.
In order to reduce this disadvantage, continuous two-stage attrition mill is
developed with an improvent of function of paddles attached to the shaft, as shown in
Fig. 6. Fig. 6(a) gives a schematic diagram of multi-functional paddles and Fig. 6(b)
shows the whole feature of the improved attrition mill for continuous two-stage
milling operation.

4. Summary
For the development of nuclear fuel pellet fabrication technology, both the process
and the equipment to be used in the process should be simultaneously developed as
the process to be adopted and establishment of process parameters are based upon the
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equipment to be used.
For the fabrication processes used in UCb-related binary mixture fuel pellets, a
desirable homogeneity of these mixtures can be obtained either by selecting an
appropriate mixing technology or by developing sintering technologies through the use
of sintering additives and/or sintering atmosphere, or by combining these three
technologies. Examples of results obtained by some of these technologies such as
simple mechanical blending and two different concepts using intensive milling are
given. Dopants are also considered for such microstructural homogenization. Several
cases are analysed by using simulated materials.
Equipment development must be continued and follow the process development
based on the technologies currently employed and in any time the problems are
encountered. An example of developmental work for powder milling equipment is
given here to avoid problems associated with powder sticking to mill container by
continuous two-stage attrition mill.
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Fig. 1. Schematic fabrication flow diagrams for :
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Fig. 3. Different microstructures of sintered UO2-3.25wt%CeO2 pellet
following :
(a) mechanical blending, (b) Masterblending and
(c) Single Step Final Composition
Milling
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Fig. 4. Examples of microstructures of additive-doped UO2
(a) Ta2O5-doped UO2 and (b) Li2O-doped UO2
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Fig. 5. Microstructure of Li20-doped UO2-3.25wt%CeO2
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Fig. 6. Continuous two-stage attrition mill
(a) shaft with paddles and (b) assembled attrition mill
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Abstract
This paper presents experimental results of the preparation of silicon carbide and graphite
layers on a nuclear fuel from silane and propane gases by a conventional chemical vapor
deposition and combustion synthesis technologies. The direct reaction between silicon and
pyrolytic carbon in a high temperature releases sufficient amount of energy to make a
synthesis self-sustaining under the preheating of about 1200°C. During this high temperature
process, lamellar structure with isotropic carbon layer and beta-silicon carbide layer was well
formed by self-propagating high temperature synthesis. A full characterization of phase
composition and final morphology of the coated layers by X-ray diffraction, SEM and AES
is presented.

Introduction
Coating on a nuclear fuel is one of methods to enhance the safety and reliability of the
nuclear fuel.[1,2] The coating layers contains pyrolytic carbon, silicon carbide and zirconium
carbide layers. Since the most important function of the pyrolytic carbon layer on a nuclear
fuel is to retained the fission products generated during reactor operation and prevent cooling
gas contamination, pyrolytic carbon layers with a desirable neutron irradiation behaviors and
structural integrity are required to be prepared. The good neutron irradiation behavior and
reliable strength of the carbon layer are obtained when its microstructure is so called,
"carbon-black-like component (CBC), which contains the ratio and the distribution of ordered
and disordered carbon in the pyrolytic carbon. To fulfill this function like withstanding the
loads, the pyrolytic carbon is produced from such hydrocarbons as methane, propylene and
acetylene by thermal deposition.[3] Silicon carbide layer on the nuclear fuel for high
temperature gas cooled reactor acts as a diffusion barrier and prevents radioactive fission
products from migrating into the coolant circuit. [4] The silicon carbide is well prepared by
the thermal decomposition of various source gases including methychrolosilane and methane,
acetylene and propane at high temperatures above 1400°C. Considering the irradiation effect
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and thermal and mechanical properties for the application of nuclear fuel, P-SiC with fine
columnar grains is optimum microstructure, which is normally formed at the thermal
deposition temperature range of 1600 and 1700 °C. This kind of high deposition temperature
-resulted in introducing structural defects in the layers and difficulties to operate the
production systems in the field. It is known that the silicon carbide is also well prepared
with relatively low thermal shock by a combustion synthesis between silicon and graphite.
This study was initiated to develop unique coating technology including a combustion
synthesis reaction and to prepare the pyrolytic carbon and silicon carbide layers for a nuclear
fuel. A full characterization of phase composition and final morphology of the coated layers
prepared by a combustion synthesis reaction was carried by X-ray diffraction, SEM and AES.

Experimental procedure
Figure 1 shows the schematic diagram of the carbon deposition unit, which consists of a
1500 kW resistance furnace, a preheater of the source gases, a gas mixer to prepare mixing
gases, temperature controller, and gas controller systems. Inside of the furnace, a coater with
a cone angle of 60° chamber and 300 mm in length is installed. The total gas flow dunng
each experiment maintained constant by gas flow meter and mass flow controller.
Propanc(99.9%) and argon gases were used as a carbon source and a earner gas. respectively.
The total pressure in the coating chamber was 1 atm. The source gas and earner gases were
blended in a gas mixer with various compositions and preheated at 400 °C in pre-heater
before flowing into the coater. The coating temperature was measured by Pt/Pt-5% Re
thermocouples contacted to the graphite coater in the furnace. Coating conditions employed in
this study are shown in Table 1.
The silicon was deposited on dummy fuels with spherical and cylindrical shapes with
ECR PECVD unit., which contains 3-dimensional coating stage as shown in Fig. 2.
Expenmental method is mentioned in detail in the previous study [7]. Combustion reaction
between silicon and carbon was carried out by igniting with heating coil after preheating
above 1000°C. During the reaction combustion behavior was observed with a video camera.
The
phase
identification
of
the
deposits
was
performed
with
a
X-ray
diffractometer(MXP3A-HF2000)
and an auger electron spectroscope(VG 2400). The
microstructure of each deposit was observed by scanning electron microscopy (Jeol 6400).

Results and discussion
Figure 3 is a cross section of a coated fuel, which shows the uniform coating layer on
the substrate Figure 4 shows x-ray diffraction pattern of the bottom coated layer, which is
typical carbon spectra. Figure 5 is the top and cross sectional views of the carbon layer
observed by SEM. The thickness of the pyrolytic carbon was about 100 |im. As shown in
figure 5, the morphology of pyrolytic carbon is round shape with isotropic structure.
Figure 6 shows the effects of the composition of flow gas and the coating temperature on
the pyrolytic carbon deposition rate with various total flow rates. Deposition rate increased
as both the temperature and the flow rate increased. The temperature dependence of the
deposit layer is related to the thermal decomposition of propane. The propane can be
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thermally decompensates above the temperature of about 900°C.[6] Since the decomposition
process is endothermic, the increased coating temperature resulted in enhancing the
decomposition process. The denser carbon content in the flow gas produced the thicker coated
layer due to the amount of carbon in the flow gas, which was thermally decomposed inside
the coater. Although the density of the coated layer was not determined in this study, it is
clear that the deposition rate was significantly dependent upon the thermal decomposition of
carbon in the source gas.
Figure 7 is the combustion wave propagating behavior observed by video camera. The
combustion reaction between silicon and graphite was well occurred after preheating above
1200°C followed by a ignition with tungsten heating coil. Figure 8 is the surface morphology
of the silicon layer. The morphology is round shape with average diameter of about 1.0 pm.
Figure 9 is the EDX spectra of the each layer. Inner and outer layer show typical graphite
and silicon carbide spectra, respectively.
Figure 10 shows the X-ray diffraction pattern
of the top layer before and after combustion reaction P-SiC was formed after the combustion
reaction. Figure 11 is auger spectra of the deposit surface after combustion reaction. As
shown in figure 11. a typical silicon carbide spectra was observed. Comparing figures form 8
to 10, lamellar structure with isotropic carbon layer and beta-silicon carbide layer was well
formed by self-propagating high temperature synthesis. Since the isotropic microstructure of
pyrolytic carbon and beta-silicon carbide is recommended structure for the coated nuclear fuel,
the coating technology selected in this study is useful for the preparation of the coated
nuclear fuels.

Summary
To develop coating technology for the preparation of coated nuclear fuel, a microstructure
evaluation of the coated layers prepared by chemical vapor deposition and combustion
synthesis reaction was carried out with XRD, SEM, EDX and AES. The uniform and
relatively homogeneous deposition was formed on dummy fuels. The pyrolytic carbon with
about 100 nm thickness has isotropic structure with spherical morphology. The deposition rate
of pyrolytic carbon was about 11 Jlm/hr. in the flow gases containing Ar-30% C3H8 gas at
1300°C with 2.0 1/min. of total flow rate. Silicon layers has also fine round grains. The
deposition rate was depended on the microwave frequency. After combustion reaction between
two layers, isotropic carbon layers with beta-silicon carbide was prepared. This process makes
desirable microstructure for the coated nuclear fuel considering the structure integrity and
neutron irradiation behavior.
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Table 1. Coating conditions of pyrolvtic carbon

deposition temperature [°C]
total flow rate [//mini
composition of source gas [%]
total weight of specimen installed [g]
size of each sample [mm]
preheating temperature [°C]
cone angle of coater [degree]
size of coater [mm]
cone angle of distributer [degree]
size of distributer [mm]
nozzle size of distributer [mml
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1100-1300
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Fig. 1. Schematic diagram of the coating unit.

Fig. 2. Photographs of operating mechanism of 3-dimensional coating unit of ECR
PECVD
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Fig. 3. Cross sectional view of a coated fuel
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Fig. 4. X-ray diffraction spectra of the bottom coated layer
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(a)

(b)
Fig. 5. Scanning electron micrographs of pyrolytic carbon layer
(a) top (b) cross section
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Fig. 7. Combustion wave propagation behavior observed by video camera
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Fig. 8. Scanning electron micrograph of silicon layer
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Fig. 9. EDX spectra of the interface layers (a) bottom (b) top
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Fig. 10. X-ray diffraction spectra of the coated layer after combustion reaction
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