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FOREWORD

Twelve fast breeder reactors (FBRs) are in operation in seven
countries which are different in scale from small test reactors with
thermal capacity of 10-60 MW to semi-commercial reactors with capacity of
1500-3000 MW(th). Five FBRs are under construction (SNR-300-FRG,
PEC-Italy, Monju-Japan and two BN-800-USSR) and three more are firmly
planned (Joint European project, PFBR-India and BN-1600 USSR). These
statistics show that industrial-scale implementation of FBRs is rather
limited and does not look as optimistic as it did 5 - 10 years ago.

There are many reasons explaining this fact and among them: current
uranium oversupply and low prices, reduction of prices for organic fuels,
higher construction cost for FBRs than for LWRs, reduction in electricity
demand and others. However taking into account that Pu production will
be increased when large-scale reprocessing plants are commissioned
(totaling approx 1000 tons of Pu by the year 2000) and it could be
optimally used only in FBRs, one could suggest the revival of industrial

interest in FBRs.

The present design for FBR fuel rods includes usually MOX fuel
pellets cladded into stainless steel tubes, together with UO2 axial
blanket and stainless steel hexagonal wrappers. Mixed carbide, nitride
and metallic fuels have been tested as alternative fuels in test
reactors. India's 42,5 MW(th) fast breeder test reactor (FBTR)

commissioned in October 1985, uses (70% Pu-30% U} C as the driver fuel.

Among others, the objectives to develop these alternative fuels are
to gain a high breeding ratio, short doubling time and high linear
ratings. Fuel rod and assembly designers are now concentrating on
finding the combination of optimized fuel, cladding and wrapper materials
which could result in improvement of fuel operational reliability under

high burnups and load-follow mode of operation.

Some of these aspects were discussed at the Agency's Advisory Group
on Advanced Fuel Technology and Performance (Wiirenlingen, Switzerland,
4-6 December 1984) including fabrication technology, irradiation

properties and feasibility of reprocessing of mixed carbide and nitride



FBR fuels. The Advisory Group recommended to hold the meeting on
Advanced LMFBR Fuels Technology and Properties in 1987. 1In spite of some
oversupply of uranium, mentioned above, and the general stagnation in the
nuclear industry, the Agency feels that it is necessary to continue an
effort aimed at the improvement of FBR fuel technology, reliability, and
economics in order to be ready to meet near future requirements of
nuclear power development. Taking this into account, as well as the
recommendation of the Advisory Group on Advanced Fuel Technology and
Performance the Agency decided to hold this meeting. The meeting was
conducted jointly by Division of Nuclear Fuel Cycle and Division of

Nuclear Power in co-ordination with the IWG on FBRs.

The purpose of the meeting was to review the experience of advanced
FBR fuel fabrication technology, its properties before, under and after
irradiation, peculiarities of the back-end of the nuclear fuel cycle, and
to outline future trends. As a result of the panel discussion, the
recommendations on future Agency activities in the area of advanced FBR

fuels were developed.

The Agency wishes to thank all those who participated in the panel
discussion. Special thanks are due to the Session Chairmen,
Messrs H. Blank, and C. Prunier and Co-Chairmen, Messrs. A. Mayorshin and
M. Handa. The officers of the IAEA responsible for the prepartion of the
document are Mr. V. Onufriev, Division of Nuclear Fuel Cycle, and V.

Arkhipov, Division of Nuclear Power.
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STATUS OF (UPuw)C AND (UPu)N
FUEL DEVELOPMENT IN BARC

C. GANGULY, P.V. HEGDE, A.K. SENGUPTA
Radiometallurgy Division,

Bhabha Atomic Research Centre,

Bombay, India

Abstract

Plutonium rich (Pu/U+Pu = 0.7) mixed uranium plutonium monocarbide (MC)
has been used as driver fuel in the fast breeder test reactor (FBTR) in
India. Presently, efforts are being made to have a plutonium rich mixed
uranium plutonium mononitride (MN) core for FBTR and to develop uranium rich
(U/U+Pu = 0.8) MC and MN fuels for the forthcoming prototype fast breeder
reactor (PFBR) of 500 Mde capacity.

In BARC, viable process flowsheets are being developed for commercial
scale production of MC and MN via the carbothermic reduction of oxides
followed by cold—pelletisation and sintering route, Simultaneously, thermal
conductivity and hot hardness data of both plutonium and uranium rich MC and
MN are being generated, The out—of—pile chemical compatibility of these

fuels with SS 316 cladding and sodium coolant is also being evaluated,

The present paper summarises the results of these investigations in

BARC during the last two years.

1. INTRODUCTION

Mixed uranium plutonium monocarbide (MC) and mononitride (MN) have been
universally recognised as advanced fuels for liquid metal cooled fast breeder
reactors (LMFBR) on the basis of their higher heavy atom density, better
thermal conductivity and excellent compatibility with sodium coolant and

S35 316 cladding as compared to the conventional mixed oxide (MO2) fuels.(1’2)

As a first step to LMFBR programme, India could leap frog and use a new
u0.7U0-3)C in the 40 MWt fast
breeder test reactor (FBTR). With FBTR attaining criticality in October 1985,

and advanced fuel, namely hyperstoichiometric (P

India has achieved the distinction of being the first country in the world to

use mixed carbide as driver fuel,

The process flowsheet for fabrication of plutonium rich mixed carbide

(3-6)

pellet was developed in BARC, Simultaneously the thermophysical

properties and out—of-pile behaviour of the hitherto unknown fuel composition

(7,8)

were also evaluated,



Parallel to the FBTR activities, the Department of Atomic Energy (DAE),

India initiated a programme for commercial deployment of LMFBRs from the year

2000,

of 500 MWe capacity has been completed.

The PFBR

Preliminary design report of a prototype fast breeder reactor (PFBR)

will have a heterogeneous

and versatile core capable of accepting both the. conventional mixed oxide (MOX)

and the advanced mixed monocarbide (MC) and mononitride (MN) fuels.

Unlike

FBTR, the PFBR fuel will have a uranium rich composition (U/U+Pu = 0,15-0.3).

Natural or depleted uranium would be used.

Table 1 summarises the fuel for FBTR and PFBR.

The fuel requirement per

core for FBTR and PFBR is around 200 kg and 8,000 - 10,000 kg respectively.

Table 1:- Fuelg for FBTR & FPFBR-500

si. Basis of FBIR PFBR~500
No. comparison Oxide Carbide/Nitride
1 Fuel Material (UPu)C driver fuel (uru)o, {urale &
(UPu)N under consi~ (uPu)N
deration
e = 0.3) T = 0.75-0.80) (L - 0.80-0.85)
T + Pu * U + Pu * U + Pu O’ ¢
2 PFuel Pellet
Diameter (mm) 4.18 5.38 7.53
Height (mm) ~T ~10 ~10
Density @& T.D.) %0 85 85
3 Puel Pin
Material SS 316 (0% cold S3 316 (207 cold $5 316 (204 cold
worked ) worked ) worked )
Dimensions (mm) :
OQuter dis 5.1 6.5 8.85
Height 531 2620 2620
Wall thickness 0.37 0.56 0.66
Pissile column 320 1000 1000
4 Puel Pins/ 61 217 127
Sub-assembly
5 Fuel Sub-assemblies/ 65 180 180
Core
€ Fuel invento ~ 200 kg ~10,200 kg 8,800 kg
Core
7 TFlutonium inven-
t Bore ~ 130 Kg ~ 1,800 kg ~1,700 kg




The mixed carbide fuel fabrication facility in BARC has a capacity of
producing upto 1.2 kg finished pellets per day (i.e. one fuel core for FBTR
per year), starting from UO2 and Pu.O2 feed materials, The same facility, with
minor modifications, could also be utilised for fabrication of a mixed mono-

nitride fuel core for FBTR per year.

The MN fuel has the added advantage of easy dissolution,(1o) less
susceptibility to oxidation and hydrolysis, marginally higher heavy atom
density and thermal conductivity and lower swelling rate as compared to MC.

14

The only disadvantage of MN fuel is its N ' content which has a high

parasitic neutron absorption crosssection and also leads to the formation
of 014 which causes radiation problem during reprocessing., MN fuel containing
15

nitrogen as N is superior to MC in all respects,

For developing uranium rich MC and MN fuels for PFBR 500, R&D activities
have been initiated in BARC in the areas of their fabrication, estimation of
their thermophysical and thermodynamic properties and assessment of their

out—of-pile and in-pile performance.

The present paper summarises the LMFBR fuel development work in BARC
during the last 2 years highlighting the production experience of additional
quantity of mixed carbide fuel for FBTR using high dose plutonium, preparation
of mixed carbide and nitride fuel pellets of both uranium and plutonium rich
compositions, thermophysical properties of these fuels and out-of-pile

compatibilities of plutonium rich MC and MN fuel with SS 316 cladding.

2., FABRICATION

2.1 Additional fuel for FBTR

Nearly 20 kg of hyperstoichiometric (Pu )C pellets (~» 16,000 in

U
0.7 0.3
numbers), in batches of around 1 kg, were fabricated for making 340 additional
fuel pins for reactor physics experiments and for taking FBTR to a power

level of around 20 Mdt,

(5)

unchanged and involved vacuum carbothermic reduction of tabletted UO

The process flowsheet (Fig.1), described in detail elsewhere'”’, remained

X Pu.O2

and graphite powder mixtures, crushing and milling of carbide clinkers and
"cold~pelletisation and sintering". The plutonium used in this campaign had rela—
tively high/gjy and neutron doses for which additional shieldings were provided

within and outside the gloveboxes.

The residual oxygen and M2C3 contents were within the specification limits
of 0.7 w/o and 20 w/o respectively, The oxygen could not be reduced below

0.6 w/o without causing either significant plutonium volatilisation loss or
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[
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Fig, 1: Flowsheet for fabrication of mixed
carbide pellet for FBTR



formation of higher amounts {a 20%) of M,C, second phase during carbothermic

3
reduction,

Carbide pellets that met the chemical specifications but were rejected
on the basis of oversize, density and visual defects were subjected to "dry
recycling". The chemically unacceptable pellets were subjected to "controlled

oxidation" and recycled with fresh UO2 and PuO2 powders,

2.2 (UPu)C and (UPu)N

Process flowsheets have been developed for laboratory scale {(~ 400 g baxoh)
fabrication of both uranium and plutonium rich MC and MN fuel pellets by
carbothermic reduction of oxide followed by cold—pelletization and sintering

in A+8%H2 at 1773 K - 1973 K.

The following three routes have been itried for preparation of the uranium

rich mixed carbide pelletis:

— direct carbothermic reduction of (0.8 UO2 + 0.2 Pu02

followed by crushing, milling, cold-pelletization and sintering

+ 3C) powder mixture

- separate preparation of UC and Pu(CO) from their respective oxides

followed by co-milling, cold-pelletization and sintering

O.YUO.B)C from U0, and Pu0, feed

materials followed by co-milling, cold-pelletization and sintering,

- separate preparation of UC and (Pu

The characteristics of the sintered (U )C pellets thus prepared

0.8"%.2
are summarised in Table 2, Unlike plutonium rich mixed carbide, the oxygen
and },C, contents in (UO.8Pu0.2)C pellets could be kept within low limits:
4;0.15% and { 10% respectively., The density of the sintered pellets could be
reproducibly controlled within +1% T.D. anywhere between 80-90% T.D. by

altering the sintering temperature between 1773 K and 1973 K.

The mixed mononitride clinkers of uranium and plutonium rich compositions
were prepared by carbothermic reduction of tabletted oxide-graphite powder
mixtures in the temperature range 1773 K - 1923 X in flowing nitrogen atmosphere,
The carbon stoichiometry in the oxide~graphite mixture was varied Ybetween
110% and 120%. The carbothermic reduction was followed by a high temperature
(1773 X - 1923 K) treatment in A+8%H2 atmosphere in order to decompose any
sesquinitride (M2N3) formed during the carbothermic synthesis., The nitride
clinkers were crushed, milled, pelletized and sintered at 1973 K for 4 hours
in A+8%H2 atmosphere, The sintered pellet densities were in the acceptable
range of 85 + 2% T.D, The residual oxygen and carbon contents of mixed nitride

were relatively high (~ 0.5% each) as shown in Table 3.

11



Table 23

of (U

0.8 %.,2

Results of initial trials on fabrication
)C fuel pellet for PFBR-500

Analysis of milled powder

Analysis of sintered pellet

51, Starting material 'gi“t?ied
No. (carbide clinkers 0 c N N,Cq 0 c N LN ensivy
w/o w/o w/o w/o wfo  w/o w/o /o % T.D.
1 (U, gPug,0)C 0,06 4.80  0.05 ~15 0.15 4.75  0.05 s 9 88.5
2 UC + Pu(co) - - - - 0.07 4.85  0.045 9 80
uc 0.04 5.08 0,05 UC2 {races
Pu(co) 1.35 5.35 0.05 v 30 w/o Pu,Cy
3 UG+ (U Puy )0 - - ~ - 0.115 4.96  0.04  ~14 91
uc 0.04 5.08 0.05 UG, traces
(Ug, 3F10,72° 0.3 5.55 0,04 e~ 30

In order to minimise the oxygen and carbon contents in mixed mononitride

the efficiency of the carbothermic reduction process is being improved by the

following modifications:

using cracked ammonia or nitrogen plasma in place of N_ gas

2
carrying out the carbothermic reduction in a fluidised bed
using sol—-gel derived oxide-graphite microspheres in place of tabletted

oxide—graphite powder mixture.

2.3 SGMP of carbide and nitride

developed for preparation of carbide and nitride fuel,

12

Sol—-gel microsphere pelletisation (SGMP) process (Fig. 2) is being
This would:

minimise the number of process steps

avoid handling of fine powders thus minimising radiotoxic dust hazard

and the pyrophoricity hazard associated with carbide and nitride powders
ensure a high degree of microhomogeneity in pellets

produce low density (80-8%% T.D.) sintered pellets with high open
porosity. The open porosity would facilitate fission gas release and in

turn minimise fuel swelling,
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Table 3:

0.87%.2

Results of initial trials on fabrication of (U
pellet for FBTR and (U

0.3 %.7

)N fuel

)N fuel pellet for PFBR=500

Analysis of sintered pellet

Carbothermic nitriding of (Oxide+C) Analysis of milled powder Sintered
Sl . Pellet
No. g:z‘ggn Tempe. Time Atmosphere 0 C N M2N3 0 c N M2N3 Density Remarks
¢ K hrs, w/o w/o w/o  w/o w/o  wfo w/o w/o % 7,D,
1 110 11173 12 N2, 0,267 0,696 4.79 Traces 0.639 0.564 4,68 Nil 85 FBTR
cooled in A +H2 composition
2 115 1713 12 N, 0.343 0.714 5,09 Traces 0.546 0,684 4.57 Nil 83 ~ do -
cooled in A '+H:2
3 120 1773 12 N,, 0.271 1,355 3.96 Traces 0.364 1,242 3.97 Nil 86 - do —
cooled in A +H2
4 120 1923 12 NZ’ 0.154 0.564 5.23 Traces 0.7 0.60 4.56 Nil 84.5 -~ do -
cooled in A +H2 :
5 120 1923 12 NQ’ 0.1 0.4 530 Traces 0.5 0.44 4.88 Nil 88 - do -
cooled in N
2
6 115 1923 12 N, 0.14 0.23 6.58 w25 0.28  0.45 4.80 Nil 8645 PFBR~500
cooled in N, Composition




Pig, 2:

Heavy metal (Mé)

Heavy metal (M1)
nitrate solution

nitrate solution

Mixing (Molarity < 1.0)

Sol preparation

——[ Carbon black W

ExternaL/Internal gelation

3

{Oxide+C) Gel microspheres

Oxide fuel Carbide/Nitride fuel
Carbothermic reduction
Air calcination MC : Vac, 1673 K
(973 K, 24 h) N : N, . 1673 K
A+H, calcination MO,+3C —» MC+2C0
(973K, 8n ) M02+20.+’§N2—-> MN+2CO
h
Pelletization Pelletization
(350-540 ¥Pa) (350-540 Mpa)
Sintering Sintering
1923 X, A+8% H, 1923 X, A+8% H,

Flowsheet of the SGMP process being developed in BARC
for fabrication of MO,, MC and MN fuel pellets
starting from heavy métal nitrate feed solutions

The results (Table 4) of the initial trials with UC and UN have shown

that the kinetics of the carbothermic reduction could be significantly improved

and the reaction could be carried out to completion at relatively low temperatures,

14
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Table 4 :

Results of initial trials on fabrication

of UC/UN through sol-gel route

Carbothermic reduction parameters

Analysis
carbothermic reduction

after

Sintered pellet

19713 K, 4 by, A+H

2
Sl.
No. Type Carbon Temp. Time Atmosphere 0 C N UQCB/ 0 ¢ N U203 Density
Stoice 1in
(00,+) el K h w/o  w/o  wfo U Ny w/o w/o  w/o UpNy % T.D.
w/o w/o
1« Direct SGMP 100% for UC 1673 4 Vacuum 0.1 4485 0.05 10 0.12 4.80 0.05 ~ 10 80
of UC formation 1 Pa
2., Direct SGMP 110% for UN 1773 8 N2, 300 1/h 0.2 0.4 561 Traces 0.25 0.4 5.05 Nil 80
of UN formation cooled in
A +Hy
3. Milling of UG
microspheres
followed by 1005 1673 4 Vacuum 0.11 4.85 0.05 10 0.13  4.80 0.05 ~10 85
pressing & 1 Pa
sintering
4. Milling of UN
microspheres N2, 300 l/h
followed by 110% 1773 8 cooled in 0.25 0.4 51 Traces 0.26 0,4 5.00 Nil 85
pressing & A +H
sintering 2




