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Abstract

The Fast Breeder Test Reactor (FBTR) at Kalpakkam, India is operating successfully since October 1985 with high
plutonium content hyperstoichiometic mixed carbide as driver fuel. The reactor was first made critical with a small core
containing (Pug;Ug3)C fuel (MKI) and the core is now being progressively enlarged with addition of fuel containing
(Pug.s5Ug.45)C (MKII). Comparison of out-of-pile experimental data generated on thermal expansion, hot hardness, ther-
mal conductivity, solidus temperature and fuel clad coolant chemical compatibility predicts similar in pile behaviour for
both the fuels. Progressive post irradiation examination carried out on MKI fuel estimates a conservative burn up capa-

bility of 150 GW d t~' for the fuel.
© 2006 Elsevier B.V. All rights reserved.

1. Introduction

The Fast Breeder Test Reactor (FBTR) at
Kalpakkam, India is successfully operating since
October 1985 with a high plutonium containing
hyperstoichiometic mixed carbide fuel. Initial criti-
cality was achieved with a small core containing
(Pug7Ug3)C fuel (MKI fuel) and the reactor was
operated for several campaigns at low power levels
mainly to gain operational experience and to carry
out various reactor physics and safety experiments.
The small core is now being progressively expanded
with (Pug 55U 45)C fuel (MKII fuel) to increase the
electrical power level of the reactor for fuel and
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material irradiation of prototype fast breeder reac-
tor (PFBR) —a 500 MW fast reactor to be commis-
sioned by the year 2010. As no reported information
were available for these unique fuel compositions,
establishment of fuel fabrication flow sheet and
parameters, fuel pellet specification, process control
and characterization techniques, generation of
thermo-physical and thermo-mechanical properties
data and out-of-pile fuel-clad-coolant compatibility
tests had to be carried out indigenously. A very con-
servative performance was envisaged for the initial
fuel; a burn up of 25GW dt™' and linear power
of only 250 W cm ™.

However, periodic post irradiation examination
(PIE) and performance assessment carried out on
irradiated sub-assemblies gave confidence in pro-
gressive enhancement of the fuel performance and
till date the fuel has seen a burn up of 140 GW d t~!

at a linear heat rating of 400 W cm ™.
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Mixed uranium plutonium carbide fuel is consid-
ered an advanced liquid metal cooled fast breeder
reactor (LMFBR) fuel compared to mixed oxide
fuel due to higher fissile atom density, lower non-fis-
sile atom fraction, better thermal conductivity and
better compatibility with liquid sodium coolant [1].
This permits higher specific power operation and
leads to a higher breeding ratio [2]. However, as
described in the subsequent sections of this paper,
compared to oxide fuels, carbide fuel fabrication is
much more difficult and challenging task. This
may be one of the reasons why no country has yet
ventured to run a fast reactor with mixed carbide
fuel. In fact, India is the only country in the world
to operate a fast reactor with mixed carbide as
driver fuel. The paper describes our experience of
mixed carbide fuel fabrication for the last two dec-
ades and predicts in pile behaviour of the fuels
based on the out-of-pile data of some of the proper-
ties of mixed carbide fuel generated by us and post
irradiation examination (PIE) carried out on MKI
fuel.

2. Fuel fabrication

Table 1 gives some of the important specifica-
tions of the mixed carbide fuel pellets for FBTR
and Fig. 1 gives the general flow sheet developed
for the fabrication of mixed carbide (MC) pellets
meeting all the required specifications. The main
steps in the fabrication of MC fuel pellets are:

Table 1
Specifications of (Pu, U)C fuel pellets for MKI and MKII cores
of FBTR

Specification (Pug7Ug3)C (Pug.55U0.45)C
Chemical

Plutonium (wt%) 66 + 1 51.9+1
Plutonium and >94 >94

Uranium (wt%)

Americium (wt%) Not specified 0.3 Maximum

Oxygen (ppm) <6000 <5000
Oxygen + nitrogen (ppm) <7500 <6000
M,C; (wWt%) 5to 20 5to 15
Tungsten (ppm) <200 <200

Total impurities (ppm) <3000 <3000

(excluding oxygen,
nitrogen, americium)

Physical
Diameter (mm) 4.18 +£0.04 4.18 +0.05
Height (mm) (nominal) 7.00 £ 0.04 7.00 £ 0.05

Density (%TD) 90 +1 86 +2
Linear mass (g/cm) 1.67 £ 0.04 1.60 £ 0.04

e Vacuum carbothermic synthesis of MC from
UO,, PuO, and graphite powder.

e Crushing and milling of MC clinkers.

e Consolidation of MC powders into fuel pellets by
cold pressing and sintering.

2.1. Carbothermic reduction of oxides

The feed materials for the vacuum carbothermic
reduction are UO,, PuO, and graphite powders in
required weight proportion. While fixing the carbon
content in the oxide-graphite powder mixture, the
initial UO, stoichiometry, expected increase of car-
bon content through binder — lubricant used during
pressing of MC powder and expected oxygen pick
up during further processing of the material has to
be taken into account. The characteristics of the
powders, their thorough homogeneous mixing and
consolidation play an important role in achieving
faster reaction rates during carbothermic reduction
and complete conversion of oxides to carbide at a
relatively low temperature so as to keep plutonium
votalization loss at reasonably low level. The reduc-
tion reaction proceeds towards the forward direc-
tion with the evolution of CO, control of whose
partial pressure is very important. Before reaching
the final stage, the reaction

xPu0, + (1 — x)UO, + 3C = (Pu,U,_,)C +2CO 1,
(1)

traverses through various intermediate paths and in
one stage forms a mixed uranium—plutonium mon-
oxy carbide solid solution [3]. Oxygen can be sub-
stantially removed from this solid solution only at
temperatures over 1900 K at the cost of high pluto-
nium votalization loss. Hence, the specification of
MC fuel allows presence of some oxygen depending
on the Pu content in the fuel; higher the Pu content,
higher is the allowable oxygen content. However,
as some Pu loss is unavoidable, proper stoichio-
metric adjustment of Pu content has to be done at
the beginning to compensate for the subsequent
loss.

2.2. Preparation of carbide powder

The MC product available after carbothermic
reduction of oxides is in the form of clinkers and
need to be crushed and milled to fine powder of
required surface area for obtaining the feed material
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Fig. 1. Flow sheet for fabrication of (Pu, U)C pellets from UQO,, PuO, and graphite powder.

for pellet fabrication. From the time carbide clink-
ers are formed, further processing of the material
is difficult as they are highly susceptible to oxidation
and hydrolysis with oxygen and moisture even at
room temperature. Fine powders of carbide are
highly pyrophoric too. Hence, all processing of this
material has to be carried out inside leak tight glove
boxes maintained under dynamic flow of high purity
(oxygen and moisture, each less than 25 vpm) inert
gas both from the view point of product purity
and safety. As oxygen impurity in MC act as carbon
equivalent, the carbon content has to be properly
adjusted in advance depending on the expected oxy-
gen pick up during further processing of this mate-

rial. Large oxygen pick up during processing of
clinkers to the final sintered pellet cannot be com-
pensated by keeping a very low carbon stoichiome-
try at the beginning because, in that case, a large
amount of unreduced oxide will remain in the MC
clinker after carbothermic reduction. High equiva-
lent carbon content will increase the sesquicarbide
content beyond acceptable limit and too low an
equivalent carbon may lead to formation of
unwanted metal phase, which needs to be totally
avoided.

However, plutonium-rich mixed carbide has
some advantages over its uranium-rich counter
parts. First, PuC- and Pu-rich MC have some range
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of carbon stoichiometry, unlike UC- and Uranium-
rich MC which are line compounds [4]. So control
of carbon stoichiometry is somewhat relaxed. Sec-
ond, higher quantities of sesqui carbide phase and
oxygen impurity can be tolerated in MC without
risk of significant carburization of SS-316 cladding.
In the two-phase field of MC and M,C;, M,C; is
richer in plutonium [5] and for Pu-rich MC, M,C;
is virtually Pu,Cs. Pu,C; phase has carbon potential
lower than that of U,Cj5 at all temperatures and SS-
316 up to 978 K [6]. Theoretical calculations have
also shown that for fuel composition of hyperstoi-
chiometric (Pug,Ug 3)C and (Pug 55Uy 45)C contain-
ing 6400 ppm. oxygen, the Pco values are too low to
cause any significant gas-phase carburization of the
cladding [7]. Thus no cladding carburization is
anticipated if the interface temperature of the clad-
ding is kept below 1000 K.

2.3. Pressing and sintering

The carbide clinkers were milled to make pow-
ders of surface areas 1.0-1.2m* g for MKI and
0.3-0.5m?g~' for MKII. They were pre-com-
pacted, granulated and finally pressed to a density
of 65% TD using zinc behenate and naphthalene
as lubricant and binder respectively. The pellets
were dewaxed by heating at a temperature in the
range 623-723 K and the dewaxed pellets were sin-
tered in the temperature range 1848-1923 K in
Ar + 8% H, gas. The furnaces were cooled under
vacuum from 1073 K to room temperature to degas
the pellet. An all-metal furnace was used for sinter-
ing to reduce oxygen pick up on the pellets.

2.4. Process control

In order to obtain the final product conforming
to fuel specification, the quality of the intermediate
products was checked in terms of U/Pu ratio, C, O,
N and M,C; content. The type of tests carried out is
shown in Fig. 1. The equipment used for these tests
are given below:

(a) Combined and sequential ‘O’ and ‘N’ determi-
nators by inert gas fusion method.

(b) Carbon analyzer based on combustion
technique.

(c) BET surface area analyzer.

(d) Automatic combined and sequential XRF/
XRD system for U/Pu analysis.

3. Fuel property evaluation

Knowledge of the out-of-pile thermo-physical
and thermo-mechanical properties of MC fuel is
very important and essential for evaluating the use-
fulness of the fuel in the reactor, predicting the in-
pile performance of the fuel, fission gas release,
fuel-clad mechanical interaction, whole core acci-
dent analysis, etc. The reported literature [2,8-12]
on these properties is limited to a composition up
to 40% Pu. Some of the properties of interest are
coefficient of thermal expansion, thermal conductiv-
ity, hot hardness and solidus temperature. It is also
important to know the out-of-pile chemical compat-
ibility of the fuel, clad and coolant. These properties
for both MKI and MKII fuel have been generated
as a function of temperature and their out-of-pile
chemical compatibility with SS-316 cladding and
liquid Na coolant has been established experimen-
tally.

3.1. The following equipment were used for
evaluation of thermo-physical
and thermo-mechanical properties

(i) For thermal expansion and solidus tempera-
ture: horizontal push rod type dilatometer.
Make: Netzsch, Germany with graphite
sample holder and push rod from ambient to
1773 K at Argon atmosphere.

(i) For measurement of thermal diffusivity: tran-
sient laser flash method. Make: Ulvac Sinku
Riko Inc., Japan from ambient to 1773 K at
0.133 Pa vacuum.

(iii) For hot hardness: high temperature microh-
ardness tester. Make: Nikon, Japan with Vick-
ers pyramid indenters made of diamond and
cubic boron nitride [13,19].

3.2. Thermal expansion

The thermal expansion was measured from room
temperature to 873 K for MKI fuel under vacuum
of 4.65 x 103 Pa. The details of the procedure have
been reported in Ref. [13]. The relation between
(AL/Lo) and T can be expressed by the following
equation:

(AL/Ly) = —16.59 x 107 +4.17 x 10°°T
+4.60 x 107°72, (2)
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Fig. 2. Thermal expansion as a function of temperature for
hyperstoichiometric sintered (Pug s5Ug.45)C.

where AL is the net expansion and L, is the original
length at ambient temperature.

The details of the experimental procedures
followed for measurements of thermal expansion of
MKII fuel are given in Refs. [14,15]. The percentage
thermal expansion [(AL/L,) % 100] at any tempera-
ture between 300 and 1800 K can be expressed by

[(AL/L,) x 100], = —0.3333 4 7.1528 x 10T
+7.6889 x 107772
—2.249 x 107173, (3)

The plot of thermal expansion coefficient (o) versus
temperature for MKII [15] is shown in Fig. 2. An
average value of coefficient of thermal expansion
between 300 and 1800 K has been calculated as
11.6x 107 K~! for MKII fuel where as the same
for MKI fuel in the same temperature range is
13.8 x 107 ® K~'. So, MKI fuel has higher coefficient
of thermal expansion than MKII fuel which is
expected due to higher Pu content in the MKI fuel.

3.3. Thermal conductivity

The thermal conductivity, k, at any given temper-
ature was calculated using the relation

k=D xpxC,, (4)

where D, p and C, are thermal diffusivity, density
and specific heat respectively at the measurement
temperature.

Thermal diffusivity («) was measured by transient
laser flash method from ambient to 1773 K in vac-
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Fig. 3. Thermal conductivity of MKI [(Pug 70Ug 30)C] and MKII
[(Pug.s55Ug.45)C] fuels as a function of temperature.

uum of 0.133 Pa. The details of the experimental
procedure are given in Ref. [13]. The density (p) of
both MKI and MKII fuels were corrected for tem-
perature using the measured average coefficient of
linear thermal expansion data, to calculate thermal
conductivity at each temperature using the relation
(4) above. Specific heat capacity C, of both MKI
and MKII fuels were determined by adding the spe-
cific heat data available in literature [16] for UC and
PuC proportional to the weight fraction present in
MC fuels.

Thermal conductivity of MKI and MKII fuels
are plotted as a function of temperature and shown
in Fig. 3. It may be mentioned that fuel specification
of MKI and MKII specifies a density of 91 4+ 1%
and 85 &+ 1% TD respectively. Fig. 3 indicates that
for both the fuel, thermal conductivity increases
with increase in temperature and thermal conductiv-
ity of MKI fuel is lower than that of MKII up to
about 1100 K although density of MKI is higher
than that of MKII. Thermal conductivity of mixed
carbide fuel decreases with increase in PuC content
and increase with increase in temperature and den-
sity. The effect of PuC appears more prominent
which explains why MKI fuel has lower thermal
conductivity (up to a temperature of 1100 K).
Beyond a temperature of 1100 K thermal conductiv-
ity of MKI is more than that of MKII. This could
be attributed to the fact that in MC, PuC is present
as a defect structure (PuC,_,) and contributes to
electronic transfer of heat which is a function of
temperature. This contribution appears to be more
for MKI containing 70% PuC than that of MKII
containing 55% PuC beyond 1100 K. However, at
the average working temperature, both MKI and



170 S. Majumdar et al. | Journal of Nuclear Materials 352 (2006) 165-173

MKII fuels have
conductivity.

almost similar thermal

3.4. Hot hardness

Hot hardness for MKI and MKII fuels was mea-
sured using a high temperature micro hardness tes-
ter with Vickers pyramid indenters made of cubic
boron nitride. The accuracy and reproducibility of
the equipment was tested at room temperature using
standard test pieces JIS — B 7725 and NB5 SRM
1894. The details of the equipment and the proce-
dure are given in Refs. [13,17].

The relation between the hardness (H,) and tem-
perature (7) is given by the Ito—Shishokin [18,19]
relation

H, = Aexp(—BT), (5)

where A is the intrinsic hardness of the material at
absolute zero and B is the softening coefficient.
The plot of LogH vs. T for MKI and MKII fuels
are shown in Fig. 4. For MKI fuel the plot clearly
shows a change in slope at around 1123 K (~0.52
Tw; where T, is the melting point of the material).
The change in slope indicates change in deformation
mechanism from simple slip to diffusion-controlled
processes. For MKII fuel also, hardness decreases
with increase in temperature; the decrease being less
at lower temperature range (<973 K) than the same
at higher temperature. No sharp transition could
however be observed in this fuel. The data generated
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Fig. 4. Variation of hardness with temperature for MKI [(Puyg 7o-
Up30)C] and MKII [(PugssUg45)C] fuels as a function of
temperature.

have been compared with that of Tokar [11] who
had reported data from experimental measurements
for mixed carbide containing 21% and 69% PuC.
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Fig. 5a. Shrinkage rate versus temperature for (Pug s5Ug45)C.
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The data generated by Tokar for 69% PuC are in
close agreement with those of the present data con-
taining 70% PuC (MKI) up to 1100 K. The small
variation in the hardness could be attributed to dif-
ference in composition, second phase sesquicarbide
and porosity between the samples.

Hardness data of MKII fuel is higher than that
of MKI fuel at all temperatures. This could be
attributed to higher melting point of MKII fuel
compare to MKI, which has a direct bearing on
hardness. Higher hardness of MKII fuel than either

5% FILTER

CHAMEEH-I

\ /o

MKI containing 70% PuC or that containing 20%
PuC could also be due to solid solution hardening.
An increase in hardness beyond 1300 K could be
due to microstructural changes or due to oxidation
at higher temperature.

3.5. Solidus temperature

The solidus temperature for MKII fuel was
determined in a horizontal dilatometer by heating
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Fig. 6. Schematic diagram of fuel-clad-coolant compatibility capsule.
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Fig. 7. Photomicrograph of SS-316 (20% cold worked) showing Vickers indentation after fuel-clad-coolant compatibility experiment.
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Fig. 8. Hardness profile of SS316 (20% cold worked) cladding
from fuel-clad interface.

a pellet up to 2283 K in flowing Argon gas and
monitoring the change in length as a function of
temperature (Figs. 5a and 5b). A sudden/abrupt
change is slope at 2193 K was observed. Beyond this
temperature a high rate of shrinkage was observed
which could be attributed to gradual melting of
the pellet. This was confirmed by visual and metal-
lographic examination of the sample after cooling to
room temperature.

4. Out-of-pile chemical compatibility

The fuel-clad-coolant compatibility capsule
design is shown in Fig. 6. The capsules have two
chambers, separated by a SS filter. Chamber 1 con-
tains a perforated SS-316 cladding tube, in which
four numbers of sintered MKI and MKII pellets
are loaded. Chamber 2 contains titanium sponge
(Oxygen getter) and sodium rod. Sodium is allowed
to come in chamber 1 after melting. Capsules were
heated in this condition at 883 K up to 2000 h. After
the experiments, sodium was leached out both
from the pellet and the cladding material. The clad
and the fuel were observed to be in good physical
condition. Metallographic examination revealed
very narrow reaction layer near clad-coolant inter-
face (Fig. 7). Hardness profile of SS-316 (20% cold
worked) cladding material from the fuel-clad inter-
face is shown in Fig. 8.

5. Post irradiation examination (PIE) of MKI fuel
sub-assembly and pins

PIE of MKI fuel sub-assembly (FSA) and pins
after 100 GW dt~! burn up have recently been
taken up at Indira Gandhi Centre for Atomic
Research (IGCAR), the site for FBTR. The PIE
results indicate [20] that, in general the fuel has
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performed very well. The clad tubes still have resid-
ual ductility of the order of 3% at 703 K, the esti-
mated nominal mid wall operating temperature of
the fuel pin clad. The maximum increase in fuel
pin diameter is 1.6% due to combined effect of creep
and swelling of clad tube. The maximum increase in
fuel pin length is 0.4% and the average increase in
fuel pellet stack length is 1.73%. The maximum fis-
sion gas release is only 14%. A maximum increase
of about 0.7% was observed in the width-across flat
and 0.5% in the corner to corner distance of wrap-
per. Head-to-foot misalignment of the FSA was
found to be 4.3 mm. The fuel-clad gap was seen
closed at the centre of the fuel column. The pattern
of fuel cracking was found to change from radial to
circumferential after 100 GW d t~! burn up, indicat-
ing annealing of radial cracks due to fuel-clad
mechanical interaction (FCM1). No significant clad
carbonization was observed. It has been predicted
that the fuel will be able to withstand a burn up
of about 150 MW d t ! before the limit is reached.

6. Conclusion

Fast Breeder Test Reactor has been operating for
the last two decades with a high plutonium content
hyperstoichiometric mixed carbide as driver fuel.
The initial MKI fuel has already seen a burn up
of 140 GW d t ! without any fuel pin failure. From
PIE of MKI fuel at different burn ups, it has been
estimated that the fuel is capable of reaching a burn
up of 150 GW d t~! without any failure. As the out-
of-pile properties of both MKI and MKII fuels at
the average working temperature of the fuels are
not very different, it is expected that even MKII fuel
will behave in a similar way. Indigenous develop-
ment of MC fuels, and operation of FBTR with
these fuels for the last twenty years has helped us
mastering the fast reactor technology, which has
culminated in launching a 500 MW Prototype Fast
Breeder Reactor programme in India.
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