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Abstract

The out of pile thermophysical and thermomechanical properties of Nuclear fuels are essential
parameters for the fuel design, prediction of the in-pile performance and as a reference data for the
subsequent post irradiation examination. Importanat properties like thermal conductivity, thermal
expansion, thermal toughness(creep) of plutonium rich hyperstoichiometric mixed uranium plutonium
monocarbide which is the driver fuel for the Indian fast breeder test reactor ( FBTR ) have been
measured and estimated at BARC, India. The mixed carbide fuel pin has been designed to accomodate
fission gases.

The out-of-pile thermophysical and thermomechanical properties of this fuel have been
generated upto a maximum temperature of 1500°C and the effect of high "Pu" content on these
properties has been discussed with relevance to its inpile performance(fission gas release). The fuel has
seen a burn up of about 25000 MWd/t and its post irradiation examination data are expected shortly.

Introduction

Hyperstoichiometric mixed uranium plutonium carbide pellet stack encapsulated in AISI 316
(20% cold worked) tube has been used as driver fuel for sodium cooled fast breeder test reactor(FBTR)
in India. FBTR is a loop type experimental reactor of 40 MW (thermal) and 13.2 MWe capacity with two
primary and secondary sodium loops and a common steam water circuit which supplies high pressure.

The unique features of the mixed uranium plutonium carbide fuel which prompted us to go for
this fuel are :

Excellent compatibility with pure sodium,

Higher thermal conductivity permitting high linear power,

Good irradiation behaviour reported by other countries for suitably designed mixed carbide
fuels(with Pu upto 20%)

Good breeding ratio and short doubling time

The composition of the uranium plutonium mixed carbide fuel has been chosen in a phased
manner depending upon the experience gained. Hyperstoichiometric plutonium rich mixed carbide
(70%PuC-30%UC) was chosen as fuel for Mark I core. Since the fuel was new it was proposed to
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ascertain its performance through post irradiation examination and increase linear heat rating and burn
up in phased manner as follows:

Phase I Mark I Core, (70%PuC - 30%UC) low power operation

Phase II Mark I Core, intermediate power operation upto 10.5 MWt

Phase III Mark II Core (55% PuC - 45%UC), 40 MWt nominal power operation

Main characteristic features of Mark I and Mark II cores are given in Table I. The target burn up
of the fuel has been realised in two stages. Initially it is upto the fuel-clad gap closure due to free
swelling. The estimated fuel swelling rate for the Mark II fuel is given in Table II. Subsequently, once
the fuel-clad contact is established, fuel-clad mechanical interaction (FCMI) starts. The clad exerts
pressure on the fuel and both the clad and the fuel undergoes creep deformation and the extent of creep
deformation is determined by the smear density of the fuel. Fig. 1 shows the schematic diagram of a
FBTR fuel pin.

Out of pile thermophysical and thermomechanical properties of these fuels were essential to
evaluate the usefulness of these fuels in reactor. It further helps to predict the inpile performance and
computer modelling for calculation of whole core accident analysis, fission gas release, fuel-clad
interface temperature etc. Reported literature(l-13) on the thermophysical and thermomechanical
properties of mixed carbide fuel are mostly limited to compositions with plutonium content < 40%. In
the present investigation certain properties like linear thermal expansion, thermal toughness and thermal
conductivity of (Uo.3Puo.7)C and (Uo.45Puo.55)C have been measured experimentally as a function of
temperature. In the absence of in-pile thermophysical property data attempts have been made to
understand qualitatively the effect of these properties on the fission gas release and in general the fuel
performance.

Material preparation and characterisation

The mixed carbide was prepared by vacuum carbothermic reduction of mechanically mixed UO2,
PuO2 and graphite powder in the form of clinkers. The clinkers were then crushed and milled and the
powders were cold pressed and sintered at 1923K for 4h in Ar-8vol% H2 atmosphere. The details of the
fabrication steps and characterisation procedures have been reported elsewhere [14]. The nominal
compositions of the fuels are given in Table in.

In addition to the radiotoxicity associated with plutonium bearing material, mixed carbide fuel
pellets are prone to oxidation and hydrolysis in the presence of oxygen and moisture. Carbide powders
are also very much pyrophoric hence these materials were handled in leak-proof glove boxes flushed
continuously with a high purity once through nitrogen atmosphere having oxygen and moisture content
of <25 ppm each. The equipment used to measure the thermophysical properties was specially modified
to suit glove box installation, keeping in mind easy operation, maintenance and safety.

Out of pile thermophysical properties

THERMAL TOUGHNESS

Thermal toughness is an indirect way of predicting the thermal creep behaviour of the fuel. In the
absence of conventional creep data of these plutonium rich carbide fuels (Pu : 70% and 55%), high
temperature microhardness data were generated as a function of temperature(Fig.2 & 3). From the plot of
Hardness vs temperature, the transition temperatures were determined. The mechanism for softening
below the transition temperature is stated to be athermal and major mode of deformation mechanism in
the region are slip and twinning. Above the transition temperature deformation occurs by thermal process
such as dislocation climb or glide process. Knowing the melting temperature of the carbides, the
transition temperature in terms of T/Tm was estimated and it was presumed that the material will be
softened enough to undergo sufficient creep deformation both during free swelling and restrain swelling
of the fuel. The Mark II fuel which contain 55%PuC has higher M.P.(1984°C) compare to that of fuel
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containing 70%PuC(1825°C), however the creep behaviour at a particular(T/Tm) is not expected to be
markedly different [Tm = melting temp.].

Table I.

Main Characteristics of FBTR Cores

Parameters Small Core
(Mark I)

Nominal Core
(Mark II)

Research power (Mwt)
(Mwe)

Fuel

Theoretical density(g/cc)

Pellet density (PD)
Smeared density

No. of subassemblies

No. of pins/subassembly

Fuel pin diameter(mm)

Maximum Linear heat rating
(W/cm)

10.5
2

70%PuC-30%UC

13.6

90% TD
85% TD

26

61

5.1

250

40
13.2

55%PuC-40%UC

13.5

86% TD
79% TD

76

61

5.1

350

Control rods
Material B4C (90% enriched in B

10)

4Nos. :

Temperature :

Nominal Maxmimum clad temperature(°C) :

Hot spot clad midwall temperature(°C) :

Design limit for clad hot spot temperature(°C) :

Nominal maximum fuel centre temp.(°C) :

Design limit for fuel central temperature

Melting point of fuel

607, 622

699

700

: 1381, 1415

: melting point

: 1825, 1984
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Table II.

Fuel swelling rate [15] as a function of centre temperature

Fuel Centre
Temp.(oC)

Swelling rate (% V/V)
per Atom% B.U)

1578

1455

1332

1208

1085

961

776

468

98

19

7.2

4.2

2.9

2.2

1.7

1.4
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Fig. l A schematic diagram of FBTR fuel pin
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Table I I I .

Nominal Compositions of Mark I and Mark II fuel

0 ? V 0.550 45
(Mark I) (Mark I I )

Pu
C
D
N2

M2C3

Density

66wt%
<5.06
< 6000
< 1000
5-15%

91% TD

ppm
ppm

52wt%
<5.03
< 6000
< 1000
5-15%

86% TD

ppm
ppm

The hardness vs. temperature relationship for both the fuel are given below by the following
equations:

(U0.3 Puo.7)C ( Mark 1 ):

H = 11548 exp (-1.30 E- 03 T) ( ambient to 1123 K )
H = 24316 exp (- 2.12 E- 03 T) ( 1123 K to 1573 K )

(Uo.45Puo.55)C(Markn):

H = 14520 + 04.5T - 0.036 T2 + 27.6 x 10"6 T3 - 6.23 x 10'9 * T4

COEFFICIENT OF THERMAL EXPANSION

The coefficient of thermal expansion(CTE) is one of the properties that is easier to specify and is
very useful data for the fuel designers. There are many results to draw from e.g.:

- temperature,
- alloy composition,
- stoichiometry,
- manufacturing process.

The CTE of these fuels containing 70% and 55% PuC were measured using a horizontal
dilatometer from ambient to 1500 K. The relation between L/Lo (Lo being the initial length) and T can
be expressed by the following relation :

(U0.3Puo.7)C (Mark I):

L/Lo = 16.59 x 10'4 + 4.17 x 106T + 4.60 x lO 'V

(Uo.45Puo.55)C(MarkII):

L/Lo = 37.08xlO-4+l.O32xl0'5T+9.85xlO-"T2+4.567xl0"I3T3

The average linear expansion coefficient were 9.2 x 10"6/K and 11.2 * 10"6/K for Mark I and
Mark II fuels respectively.
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THERMAL CONDUCTIVITY

Thermal conductivity (k) of the fuel was calculated from the relation

k = a x C

where a, and C are the thermal diffusivity, density and specific heat respectively. The thermal
conductivity data if required for 100% dense material are corrected using the conventional relation used
for carbides

KThdensity = Km(l+P)/(l-P)

where "p" is the fractional porosity and KTh density is the thermal conductivity of the 100% dense
material.

Thermal diffusivity has been measured from ambient to 1773K by transient pulse or flash
method of Parker [16] using Ruby pulse laser as the flash source. The thermal diffusivity were calculated
using Clark and Taylor's [17] method. The specific heat was calculated from the specific heats of the
constituent UC and PuC from literature [18] and using the Kope's Law of mixture.

Thermal conductivity of Mark I and Mark II sintered fuel pellets are shown in Fig.4 and Fig. 5
respectively and can be expressed by the following relations :

(Uo.3Pu<,7) (Mark I):

k = 10.34 - 2.0xl0"2T+3.25xl0~sT2-8.22xl0"9T3

(Uo.45Puo.55)C(MarkII):

k = 27.92 - 7.1 x 10'2 T + 6.92 x 10"5 T2 - 1.85 x 10"8 T3

200 600 1000 1400 1800

TEMPERATURE (K)-^

Fig. 2 Hot Hardness of (U03Pu07)C as a function of temperature
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Fig. 4 Thermal conductivity of (U03Pu07)C as a function of
temperature

Thermal conductivity of Mark I fuel is close to that of PuC whereas that of Mark II fuel is less
compare to Mark I. It has been observed that when "UC" is being replaced by PuC the overall thermal
conductivity decreases. However the lower thermal conductivity of Mark II fuel containing less amount
of PuC, compare to that of Mark I fuel could not be explained at the moment.

One of the most important phenomena as seen from these figures is that the thermal conductivity
of both Mark I and II fuel are low at lower temperatures but increases very rapidly with temperature.
This sharp positive temperature coefficient helped in flattening the temperature gradient, across the fuel
pin.
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Fuel performance modelling

The mixed carbide fuel is exposed to severe operating conditions which consist of high fission
rate, high temperature and temperature gradient, fast neutron flux, high energy charged particles etc. A
number of thermal, mechanical, chemical and metallurgical processes go on simultaneously inside the
fuel and they interact with each other in a complex manner. In order to evaluate the performance of the
fuel element during its irradiation in the reactor, a computer code is required. The out-of-pile
thermophysical and mechanical properties of the fuel and cladding are important inputs for the fuel
modelling codes. The out-of-pile materials property data generated in our laboratory are being utilised
for the development of computer models for the FBTR fuel.

Thermal conductivity is one of the most important parameters for the calculation of the fuel
centre temperature and radial temperature profile which in turn govern all the important processes e.g.,
fission gas atom diffusion and release, creep and swelling, restructuring, fuel and fission product
redistribution etc. occuring inside the fuel are governed strongly by the temperature of the fuel. The out-
of-pile data generated on thermal conductivity, linear thermal expansion, cladding thermal expansion and
fuel density, along with other data taken from literature are being utilised to develop a computer
programme based on finite difference method for calculating the fuel centre temperature and radial
temperature profile in the FBTR fuel, as a function of its linear heat rating and burnup.

A microstructure dependent advanced fission gas release model is currently available in our
laboratory for oxide (U02) and U02 -PuO2 mixed oxide fuels. An attempt has been made in this model
to include most of the important physical processes involved in the fission gas release mechanism
operating in the fuel during irradiation. These include:

- diffusion of fission gas through the fuel grain,
- either as atoms or bubbles,
- sweeping of fission gas by the fuel grain boundary
- during grain growth process,
- irradiation induced resolution of gas bubbles,
- accumulation of gas atoms on the fuel grain boundary,
- nucleation and growth of bubbles on the grain boundary,
- interlinkage of grain boundary bubbles, and
- release of fission gases to the void space inside the fuel pin.

An output from the model is shown in Fig.6 which illustrates the behaviour of fission gas inside
the fuel at an isothermal local temperature of 1600 K. The straight line marked A in the plot represents
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Fig. 6 Microstructure based fission gas release model

the fission gas generation in the fuel at a constant rate which is dependent on the local fission rate.
Curve B and C show the partitioning of the fission gas between the grain interior and the grain
bounadary. Curve D shows the gas release to open void space. It is observed from the plot that the fuel
grain boundary gets saturated at a certain fuel burnup (which depends on the local fuel temperature) and
there is no further increase in the grain boundary gas content thereafter. As soon as the grain boundary
gets saturated, any further gas atom reaching the grain boundary is released to the open void space as the
grain boundary cannot contain any more gas.

Discussion

The FBR's operate at higher fuel temperature and hence it is expected to release more fission gas.
In oxide fuels most of the gases are released but in carbide fuels most of the fission gases are retained in
the fuel matrix. The fission gas pressure has been calculated in two steps. First the fission gas generated
is calculated and then the pressure developed in the plenum area and the temperature existing there by.
The fission gas pressure calculated as a function of bum up for the FBTR fuel pin is

P(Kg/cm2) = 5.48146 x 10"4 x B + 2.6156 (B in MWd/t)

For 50,000 MWd/t, fission gas pressure will be 30 bar.
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The mixed carbide fuel has seen a burn up of about 25000 MWd/t and the post-irradiation data
are yet to be obtained. In the absence of the post irradiation data it is difficult to make definite conclusion
quantitatively on the effect of the different thermophysical and thermomechanical properties on the
control of fission gas relase. A model of fission gas release has however been developed for mixed
(U,Pu)O2 fuel. The same is considered to be used to predict the level of gas release in the mixed carbide
fuel after its validation with post irradiation data on mixed carbide fuel.

The mixed carbide fuel having FCC(NaCl) structure is closed packed structure and is expected
to swell more and hence fission gas relase will be less compared to that of mixed oxide fuel having more
open CaF2 structure.

The higher thermal conductivity of the carbide fuel and its strong positive temperature
coefficient causes a flattening of the temperature gradient across the fuel cross-section. The mean
volumetric temperature of the fuel will be low and hence fission gas release will be less.

As already discussed the burn up has been divided into two stage. In the first stage there is fuel-
clad gap closure by free swelling and in the second stage FCMI occurs. For both free swelling and
restrained swelling to occur, the material must be soften enough at the mean volumetric temperature of
the fuel to undergo creep deformation so that the growth of fission gas bubble can be accomodated and
its release can be prevented. Since for the relase of the fission gas, it has to migrate to the grain boundary
a large grained fuel would give lower gas release. Similarly following the same reason a high density
fuel retains more of fission gases, while porous fuel releases more of fission gas.

The high thermal conductivity of the carbide fuel minimises the mean volumetric temperature of
the fuel which means the fuel becomes less prone to thermal creep deformation in the absence of
sufficient thermal activation. However, for both free swelling and restrained swelling to occur the
material should undergo creep deformation. It has been found from the plot of hot hardness data with
temperature that both the Mark I & Mark II fuels become soft enough to undergo creep deformation.

Thermal conductivity is one of the most important parameter for calculation of the central
temperature and the radial temperature development. The accuracy and reliability of these data is an
important factor in determining the strongly temperature dependent physical effects such as fission gas
diffusion and relase, restructuring, creep deformation and thermal expansion.

Conclusions

Out-of-pile thermophysical and thermomechanical properties eg. thermal conductivity, thermal
expansion and thermal toughness of mixed (U0.3Puo.7)C and (U0.45PU0 55)C carbide fuels for FBTR have
been measured upto 1500°C. These data are being utilised for development of models for performance
evaluation of the fuel.
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