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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 (SMR-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 UO 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 (Wurenlingen, 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. In 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 (UPu)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-fPu = 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 MWe 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 S3 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

f 1 2}SB 316 cladding as compared to the conventional mixed oxide (M0_) fuels. ' '

As a first step to LMFBR programme, India could leap frog and use a new
and advanced fuel, namely hyperstoichiometric (Pu 7U Oc in the 40 MHt fastO. [ U.3
breeder test reactor (FBTR). With FBTR attaining criticality in October 1985,
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
pellet was developed in BARC. ' Simultaneously the thermophysical
properties and out—of—pile behaviour of the hitherto unknown fuel composition

( 1 P>\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. Preliminary design report of a prototype fast breeder reactor (PPBfi)

(9)of 500 MHe capacity has been completed. ' The PPBR will have a heterogeneous
and versatile core capable of accepting both the conventional mixed oxide (MOX)
and the advanced mixed monocarbide (MC) and mononitride (M) 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 ;- Fuels for FBTR & PFBR-500

SI. Baaia of
No. comparison

1 Fuel Material

2 Fuel Pellet
Diameter (mn)
Height (mm)
Density $ T.D. )

3 Fuel Pin

Material

Dimensions (mm) :
Outer dla
Height
Wall thicknese
Pisaile column

4 Fuel Pine/
Sutntasembly

FBTR

(UPu)c driver fuel

(tJPu)N tinder consi-
deration

^U + Pu '•''

4.18

^7
90

S3 316 (20$ cold
worked )

5.1
531
0.37
320

61

Ç Fuel Sub~a3BemblleB/ ,„
Core

6 Fuel inventory/
Core

7 Plutonium imren-

^ 200 kg

~130 Kg

FFBR-500
Oxide

(UPu)02

(..-..-. . c\ T n nn ^ (

5.38
^•\o

85

S3 316 (20$ cold S3
worked )

6.5
2620
0.56
1000

217

180

~ 10,200 kg

— -1,800 fcg

Carbide/Nitride

(UPu)c &

(UPu)K

v

' 4- Pu °'° 'C"

7.53
^10

85

316 (20^ cold
worked)

8.85
2620
0.66

1000

127

180

^8,800 kg

^1 ,700 kg



The mixed carbide fuel fabrication facility in BARG has a capacity of
producing upto 1.2 kg finished pellets per day (i.e. one fuel core for FBTR
per year), starting from UO and PuO_ fe,ed 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, ' less
susceptibility to oxidation and hydrolysis, marginally higher heavy atom
density and thermal conductivity and lower swelling rate as compared to MC.
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 C which causes radiation problem during reprocessing. MN fuel containing
nitrogen as N is superior to MC in all respects.

For developing uranium rich MC and MN fuels for PPBR 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 U )c pellets (^j 16,000 in
(J . / >J • D

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 MWt.

The process flowsheet (Fig.l), described in detail elsewhere^ ', remained
unchanged and involved vacuum carbothermic reduction of tabletted UO , PuO
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 A y and neutron doses for which additional shieldings were provided
within and outside the gloveboxes.

The residual oxygen and M_C 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



Delivery check
0/M, U+Pu contents
Isotopic analysis &

surface area

Weighing, comilling,
blending & tableting

U.Pu (XHP)
c(Combustion)

U, Pu, C, 0 & N
.MgC &JK>2(XKD)

Carbothermic Reduction
0.3 U02-HD.7 Pu02+ 30 =

(U0.3PU0.7)C

Crushing &, milling

Binder
_E

Precompaction, granulation,
Final compaction & sintering

Final process control
(U, Pu, C, 0, N, MC, M

Rejected pellet

Visual, dimension
linear mass & density

Rejected pellet
for "dry recycling"

Accepted carbide pellets
for encapsulation

Fig. 1: Flowsheet for fabrication of mixed
carbide pellet for FBTR
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formation of higher amounts (A/20%) of M?C, second phase during carbothermic
reduction.

Carbide pellets that met the chemical specifications Taut 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 UO and PuO powders.

2.2 (UPu)C and (UPu)N

Process flowsheets have been developed for laboratory scale (^> 400 g batch)
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+8foH2 at 1773 K - 1973 K.

The following three routes have been tried for preparation of the uranium
rich mixed carbide pellets:
- direct carbothermic reduction of (0.8 UCL + 0.2 PuO + 3C) powder mixture

followed by crushing, milling, cold— pelletization and sintering
- separate preparation of UC and Pu(CO) from their respective oxides

followed by co-milling, cold-pelletization and sintering
- separate preparation of UC and (Pu JJ )C from U00 and PuO feedU. [ U. .3 c. c.

materials followed by co— milling, cold— pelletization and sintering.
The characteristics of the sintered (U oPun ?)C pellets thus prepared

are summarised in Table 2. Unlike plutonium rich mixed carbide, the oxygen
and M9C.. contents in (U oPun g)C pellets could be kept within low limits:c. 3 U.o U.£-
,. and ̂ . 10% respectively. The density of the sintered pellets could be
reproducibly controlled within +$> 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 K in flowing nitrogen atmosphere.
The carbon stoichiometry in the oxide— graphite mixture was varied between
110% and 120%. The carbothermic reduction was followed by a high temperature
(1773 K — 1923 K) treatment in A+8%fL atmosphere in order to decompose any
sesquinitride (M N ) formed during the carbothermic synthesis. The nitride
clinkers were crushed, milled, pelletized and sintered at 1973 K for 4 hours
in A+8%H? 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 2: Results of initial trials on fabrication
of (U RPu )c fuel pellet for PFBR-500U» o U# É-

SI.
Ho.

Starting
( carbide

material
clinkers)

Analysis of milled powder

0
w/o

C
w/o

N
w/o

V3
w/o

Analysis of sintered

0
w/o

C
w/o

N
w/o

pellet

w/o

Sintered
Density

% T.D.

0.06 4.80 0.05 0.15 4.75 0.05 8.5

2 UC + Pu(CO)

3 uc

0.07 4.85 0.045

0.115 4.96 0.04

80

UC

Pu(CO)

0.04

1.35

5.08

5.35

0.05 UC2 traces

0.05 r^> 30 w/o PUgC

91

UC 0.04

)C 0.3

5.08

5.55

0.05

0.04

UCg traces

r~> 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
— 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

Sol-gel microsphere pelletisation (SGMP) process (Fig. 2) is being
developed for preparation of carbide and nitride fuel. 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 (80-85/& T.D.) sintered pellets with high open
porosity. The open porosity would facilitate fission gas release and in
turn minimise fuel swelling.

12
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Heavy metal ( MI)
nitrate solution

Heavy metal
nitrate solution

Mixing (Molarity ̂1.0)

Sol preparation

Carbon black

External/Internal gelation

(Oxide+C) Gel microspheres

Oxiàe fuel Carbide/Nitride fuel

Air calcination
(973 K, 24 h)

calcination
(973 K, 8 h )

Carbothermic reduction
MC : Vac. 1673 K
MN : N2 . 1673 K
MO +3C —* MC+2CO
M02+2C+|-N2 —»• MN+2CO

Pelletization
(350-540 MPa)

Pelletization
(350-540 MPa)

Sintering
1923 K,

Sintering
1923 K, A+8$ H.

Fig. 2: Flowsheet of the SGMP process "being developed in BARC
for fabrication of MO , MC and M fuel pellets
starting from heavy metal 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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3. FUEL-CLAD CHEMICAL COMPATIBILITY

Out—of—pile chemical compatibility experiments between plutonium rich MC
and MN fuels and SS 316 cladding were carried out at 973 K for 1000 hours. The
compatibility capsule (Fig. 3) contained 4 fuel pellets sandwiched between
SS 316 discs prepared from the cladding tube. An intimate contact between
pellets and discs was ensured by providing a spring at one end of the tube.
The capsule was TIG welded at both ends. After the test the capsule was cut
open and the SS 316 discs were evaluated by metallographic examination and
microhardness measurements.

SS 3 I 6 (20% C W J C L A O TUBE TIG W E L D E D

MN/MC P E L L E T S SS 316(20% CW ) C L A D DISCS

Fig. 3 Schematic diagram of the fuel-clad
compatibility capsule

3'1 (PU0.7U0.3)C1+x - SS 316

One of the anticipated problems of FBTR fuel pin was transfer of carbon
from hyperstoichiometric (Pu U )C fuel containing relatively high oxygen

U. ( Uo
(AJO.T w/o) and high MC ( 10-2C$) to SS 316 cladding causing solid or gas
phase carburization of the latter and subsequent embrittlement. The main
factors responsible for clad carburization are carbon potential and CO
pressure (Pp„) of the carbide fuel which are controlled by M„C and residual

(11)oxygen contents. Theoretical calculations^ ' have shown that the carbon
potential and PCQ of hyperstoichiometric (PuQ UQ ^)C containing relatively
high M?C (*J 20$) and high oxygen (/^ 1 w/o) is lower than its uranium rich
counterpart with very low l̂ C (~ 2$) and oxygen (~ 0.1$).

The pellets containing upto 0.7$ oxygen and 20 w/o M^ caused insigni-
ficant carburization of the cladding. The depth of carburization was less
than 12 micron (Fig. 4a). However, the pellets containing relatively high
oxygen (<~1$) and high M„C, (60$) caused carburization of the cladding to
depths of upto 90 micron (Fig. 4"b). These values are much lower than the

16



Fuel—clad interface

Fig.4(a) Microstructure of SS 316 in contact
with (puQ ^U0 3)C1+x containing
•0«: 0.7/0 î M2C3: 20 w/o at 973K for 1000 hrs.
(X 300)

Fig.4(» Microstructure of SS 316 in contact with

Fuel-clad
interface

^ JJ )c0.7 0.3 1+xcontaining '0': 0. 1% and MC : 60 w/o at 973K for 1000 hrs.
(X 300) 3
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depth of clad carburization reported ' ' in case of identical test carried
out with uranium rich MC containing Ijfo MpC., and around 0.2 w/o oxygen. Even
a carburization depth of 150 micron was not found to cause any "breach in the
SS 316 cladding.

It, therefore, appears that fuel-clad chemical compatibility would not
come in the way of further relaxing the oxygen and M_C.. specifications of
hyperstoichiometric (Pu U _)C fuel for PBTR.

0.( \J* D

3.2 (Pu0t7V3)N - SS 316

Like MC, high purity stochiometric MN fuel is not likely to have any
chemical interaction with SS 316 cladding. However, uranium rich MN

I "T" jC

contains the mixed sesquinitride (MpN_) as second phase which has been
reported to cause nitriding of SS 316 cladding and consequent loss of its
ductility. ' The clad nitriding occurs according to the following chemical
reaction:

+ 2 Cr ——>- CrN + 2 MN

!0! impurity in fuel plays a vital role in controlling nitriding of
SS 316 cladding. If the '0' is present as MO , it stablizes the M N phase
and decreases the nitrogen activity, thus reducing clad nitriding. ^ IJJ On
the other hand if *0* is present in MN as solid solution or exists as
impurity in the filling gas, it causes oxidation of MN as per the following
equation, leading to release of N and nitriding of the clad. '

MN + 02 —— »- MD2 + i N2

The compatibility test of (Pu ~U )N pellets containing high '0*U. f U. 3
(<~> 0.5 w/o) with SS 316 cladding tube showed a discontinuous and relatively
harder reaction zone of around 35 V^ on 'the SS 316 cladding (Pig. 5). Similar
observations have also been reported for uranium rich mixed nitride. ' The
microhardness values at locations in the reaction zone and away from it were
265 VHW and 210 VHN respectively.

4. THERMOPHYSICAL PROPERTIES

The basic out-of-pile thermophysical data, i.e. thermal conductivity and
hot hardness, of the mixed carbide and nitride have been determined upto
1800 K.

18



Fuel—clad
interface

Pig.5 Microstructure of SS 316 in contact with (Pu ~U -.)NU * f w • ,j
containing '0': 0.5$, at 973K for 1000 hrs. (X 600)

The thermal conductivity was calculated from the relation:

k = a x p x C

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

The thermal conductivity values were corrected for 100% T.D. using the
relation:

k. rTJ

where P is pore volume fraction, k^, their thermal conductivity fori »JJ»
dense material and le, the thermal conductivity of the as sintered material.
The thermal diffusivity 'a' was measured from 800 K to 1775 K in vacuum
(0.13 Pa) by the transient laser flash method described in detail elsewhere.

The hot hardness measurements were conducted from room temperature to
1575 K in vacuum (0.133 Pa) using a diamond vickers pyramid indentor. Both
the indentor and the sample were heated separately to the measurement
temperature by two independent furnaces before the indentations were made.
The diagonals were measured accurately at the measurement temperature by a
semi-automatic telecomparator system on a video screen after electronic
magnification. The technique and the equipment has been described in detail
elsewhere.
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Table 5* Mixed carbide and nitride sample details for
thermophysical properties measurement

SI.
No. Sample Density

% T.D.
0 C

w/o
N
w/o

Second phaee
w/o

(U0>3PuQ>7)C 91 0.60 4.86 0.10
(FBTR)

("o.s^o.a)0 88>5 0<15

(PEER)

3

4

(U0.3FU0.7)N

(FETE)

(u0>8PuQ>2)N
(PPBR)

88 0.5 0.44 4.88 Nil

86.5 0.28 0.45 4.8 Nil

The characteristics of the samples for which the thermal conductivity
and the hot hardness were measured are summarised in Table 5.

4. 1 Thermal conductivity

The thermal conductivity data have been estimated for (U -fur< 7^C'U. .3 U« (
(UA oPu o) c i (un -3pun -7)^ anci (un «Pun o)N from the experimentally determinedU«o U«£- vJ»o U»J \J • o U«i_
thermal diffusivity values and the specific heat values reported in litera-

ed
(20 2l)' ;

ture. ' The results (Fig. 6a & 6"b) thus obtained on uranium rich mixed
carbide and nitride are in close agreement with what has been reported.
The data of plutonium rich mixed carbide and nitride have been generated for

the first time. These values are lower than their uranium rich counterparts,
particularly, at lower temperatures (below 1200 K).

4.2 Hot hardness

The hot hardness data of (U- J?u -v) 0 ) (Un fipun o) c i (UA ^Pun T)N aJCla-U.o ^«i U»O U.̂ - U.^ U.j
(U oPun o)N are shown in Fig. 7& & 7b as a function of temperature. The

Q.Ö Q,IL

hot hardness data of the plutonium rich mixed carbide are similar to that of
the uranium rich carbide at almost all temperatures. Hence, their softening
behaviour is expected to be similar. For the mixed uranium plutonium nitrides,
the plutonium rich mixed nitride had a slightly higher hardness at ambient
temperature. The values were almost the same at higher temperatures.
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A(PU0.7U0.3)N '

2000

Fig.6 Thermal conductivity of uranium plutonium mixed
carbides and nitrides (corrected to 100% T.D)
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Fig.7 Hot hardness of uranium plutonium mixed
carbides and nitrides
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FABRICATION OF URANIUM-PLUTONIUM MIXED
NITRIDE AND THERMALLY STABLE CARBIDE FUELS

Y. ARAI, S. FUKUSHIMA, K. SHIOZAWA,
M. HANDA
Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken,
Japan

Abstract

Synthesis of uranium-plutonium mixed nitride, (U,Pu)N, by
carbothermic reduction in a mixed 9270N2-870H2 stream was studiedon a laboratory scale. UOo, PuO£ and graphite powders were
mixed in a molar ratio, C/(0.8U02+0.2PuC>2) , of 2.2, 2.5, 2.8,
3.1 and 3.5, and carbothermic reduction was performed at 1773 K
for 0.2, 0.5, 1, 3, 6, 10 and 20 h. In the early stages of the
reduction, oxide, sesquinitride and graphite phases were
present besides (U,Pu)N, but they disappeared in the final
stage where the weight change obtained was in a good agreement
with the calculated value. Present experimental results show
that the increase of C/(0.8U02+0.2Pu02) ratio aids the rapidremoval of oxygen, but results in taking a long time to obtain
high purity (U,Pu)N. Thermally stable uranium carbide pellets
with low densities were fabricated by using pore former. In the
present study, 0.5, 1.0 and 1.5 w 170 of the pore former
particles with a diameter ranging 10-100 (am were added to UC
besides 0.1 wt% of Ni as a sintering aid. The powders were
compacted into green pellets without an organic binder under
the pressure of 300 MPa, followed by sintering at 1873 K for 3
h in a flow of Ar gas. Bulk density of sintered uranium
carbide pellets decreased with an increase of addition of the
pore former; i.e. 94, 90 and 87 %TD for 0.5, 1.0 and 1.5 wt%
addition of pore former, respectively. Microstructure of the
pellets showed that UC matrix phase was fully sintered and
spherical pores, not interconnected, were uniformly distributed
in the pellets. It was confirmed by the heat-treatment
experiments that the present pellets were by far thermally
stable compared with those prepared by a coventional method
with similar densities.

1. Introduction
Uranium-plutonium mixed nitride and carbide are being

considered for possible use as advanced fuels of FBR, for they
have higher thermal conductivity and heavy metal density, and
superior breeding properties than mixed oxide fuels [1-2].
However, the knowledge of their irradiation behavior is not so
sufficient. Present study aims at establishing the fabrication
method of mixed nitride and carbide fuels for the irradiation
experiments. Carbothermic reduction of oxides has been used
for the synthesis from the economic reasons.

In synthesizing mixed nitride fuels, although the detailed
information has not been published to date, the carbothermic
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reduction in a mixed N2-H2 stream was adopted because the
method has several advantages over others mentioned as follows
[3-4]. The reaction process itself is simple, the strict
abundance of graphite added to oxide is not required and the
high purity nitride can be obtained. The reaction process of
this method was investigated in the present experiments.
Sintering study of the mixed nitride is now in progress.

Uranium carbide pellets with low densities were fabricated
by using pore former as a first step of fabrication of mixed
carbide pellets. This type fuel will be called "thermally
stable pellets" [5], which could be irradiated to a high burnup
accommodating fission gas swelling of carbide fuel.

2. Experimental
2.1 Synthesis of mixed nitride

Carbothermic reduction performed in the present study is
expressed as following equation,

N2-H20.8U02+0.2Pu02-K2+X)C ————> (UQ< 8Pu0f 2)N+2CO+XCH4 (1).
In the procedure, a mixture of UO^, PuOo (Pu/(U+Pu) = 0.2) and an
excess amount of graphite over 2.U was neated in a 9270N2-870H2stream using a furnace with a tungsten plate heater. Detailed
characteristics of UOo, PuOo and graphite powders have been
described elsewhere [6]. After being blended mechanically,
they were pressed into compacts 9.3 mm in diameter and about 2
mm in height, 0.7-0.8 g per one specimen. Reaction temperature
was kept at 1773 K. The reduction process was investigated by
examining compositions and phases of the products, taking the
reaction time (0.2, 0.5, 1, 3, 6, 10 and 20 h) and the amount
of excess graphite (0.2, 0.5, 0.8, 1.1 and 1.5 for X in eq.
(1)) as parameters. The atmosphere during heating and cooling
(<1673 K) was replaced by Ar in order to prevent formation of
higher nitrides. The products were subjected to X-ray
diffraction and chemical analysis (U, Pu, N, C, 0) after the
weight change measurements. Details of these techniques will
be described in the successive paper [7].
2.2 Fabrication of thermally stable uranium carbide pellets

Uranium carbide was synthesized from U02 by a usual way.The mixture of U02 and graphite in a loose compact form was
heated at 1703 K for 7 h under a dynamic vacuum.
Characteristics of U02 and graphite powders were the same as
those mentioned above. The molar ratio of graphite to U02 was
chosen at 3.05 as the thermally stable mixed carbide fuel which
is scheduled to be irradiated will have a hyperstoichiometric
composition (C/(U+Pu) = 1.05). In order to make the fuel matrix
high density, 0.1 wt70 of Ni powder was added as a sintering aidafter the carbide bricks were ground to fine powder with a
ball-mill of tungsten carbide for 48 h. Then the wax-type pore
former particles with a spherical form were added and blended
with a V-blender of hard-glass. The relation between the
amount of pore former added (0, 0.5, 1.0 and 1.5 wt70) and thedensity of fuel pellets obtained was examined. The particle
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size of the pore former used in the present study was among 10-
100 |j,m. The powders were pressed into green pellets without an
organic binder under the pressure of 300 MPa, followed by
sintering at 1873 K for 3 h in a flow of Ar gas. X-ray
diffraction, chemical analysis (C, 0) and ceramography were
carried out besides the density measurements for the purpose of
determining the characteristics of the carbide pellets.
Furthermore, the heat-treatment experiments confirming the
thermal stability were carried out.

Present experiments mentioned above were mainly conducted
in glove boxes filled with purified Ar gas in order to prevent
oxidation of nitride and carbide specimens. The details of the
glove boxes have been described elsewhere [8].

3. Results and discussion
3.1 Mixed nitride

In the syn thes i s of m i x e d n i t r ide , the we igh t loss
accompanied by the reaction progressing was shown in Fig. 1 for
five specimens wi th d i f f e ren t mixing ratios of graphite to
oxides ( C / M Ü 2 ) . I t was seen f r o m the f i g u r e t ha t the
carbothermic reduction proceeded rapidly at the early stage and

EP
o>

Reaction temperature,
1773 K

10 15
Reaction t ime, h

20

FIG. 1 The weight loss accompanied by carbothermic reduction
in 927oN2-87„H2 stream at 1773 K.
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the weight loss became almost constant after the 10 h's
reaction except the case of C/MC>2 = 3.5. Assuming that the
reaction proceeds with eq. (1), the weight loss at 20 h agreed
with the theoretical weight change for all specimens, which
suggested that the reaction was almost completed. At the early
stage of the reduction, the remains of oxide and graphite
phases were identified in the X-ray diffraction pattern besides
(U,Pu)N which would dissolve carbon and oxygen, and the
sesquinitride, which would not exist under the equilibrium
state, was also found as an intermidiate product. At the final
stage of the reduction, all specimens were confirmed to be a
single phase of (U,Pu)N.

Variations of the oxygen and carbon contents remained were
plotted in Fig. 2 for three cases of C/M02=2.2, 2.8 and 3.5.
The oxygen content of the final products (200-300 ppm) was
attained within 3 h for the cases of C/M02=2.8 and 3.5. The
decreasing rate of oxygen content was relatively slow for the
case of C/MC>2 = 2.2 and it took about 10 h to reach the final
value. As for the carbon contents, the decreasing rate was
sluggish for specimens which had large values for C/MOo.
Especially, for the case of C/M02 = 3.5, it was not until 20 n
since the reaction was started that the carbon content barely
reached the level of the final products (1000-3000 ppm).

® C/MÛ2 = 2 2

• C/M02 =2 8

o C/M02 =35

oo

o
-O

5 10 15

React ion t i m e , h
20

1 -

5 10 15

Reaction t i m e , h

FIG. 2 Variation of oxygen and carbon contents remained in the
specimens.

Figure 3 shows the variation of the lattice parameters of
(U,Pu)N with the reaction time for three cases of C/MC>2 = 2.2,
2.8 and 3.5. It is generally known that lattice parameters of
UN or (U,Pu)N are strongly affected by carbon and oxygen,
especially carbon, dissolved in the mononitride phase. In the
present study, (U,Pu)N phase was found from the early stage of
the reduction, and its lattice parameter considerably changed
with the reaction time. The reported lattice parameters of
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C/M02 =
C / M 0 2 = 2

o C/MO? =

React ion t ime , h

FIG. 3 Variation of lattice parameters of (U,Pu)N phase.
Shadowed portion indicates the results of Benedict et
al. [9] and Tannery et al. [10].

"high purity" (U,Pu)N which contained about 20 at% of plutonium
were also shown in Fig. 3 as shaded band [9-10]. Therefore, it
was suggested that (U,Pu)N phase which had dissolved carbon and
oxygen gradually changed in quality in the present study. The
specimens having the higher initial C/MOo ratio required a long
time to reach the final lattice parameter (0.4890-0.4891 nm),
as was seen in the change of carbon content. This result
showed the strong correlation of the lattice parameter and the
carbon content dissolved.

Table I summarized the characterization data of five
specimens heated for 20 h. As mentioned before, the weight
change obtained agreed with the calculated one for all
specimens. The oxygen and carbon contents in the final products
were 200-300 and 1000-3000 ppm, respectively. Carbon would
probably remain not as solid solution but as free carbon, for
the lattice parameter obtained in the present study, 0.4890-
0.4891 nm, agreed well with the results of high purity
(Un 8 Û0 2^* ê nitr°gen contents were about 5.4-5.6 wt% forall specimens, which also agreed with the results for the
stoichiometric mixed mononitride [10-11]. The atomic ratio of
plutonium to uranium had been kept unchanged (Pu/(U+Pu)=0.2)
during the carbothermic reduction, and the loss of plutonium
which may be caused by vaporization was able to be disregarded.
3.2 Thermally stable uranium carbide pellets

Sintered uranium carbide pellets fabricated in the present
study had no detrimental cracks or flaws, with a metallic
appearance. It was found that the addition of the pore former
did not spoil the soundness of pellets. The characterization
data for the sintered pellets were summarized in Table II. The

29



TABLE I. CHARACTERISTICS OF (U,Pu)N SPECIMENS AFTER 20 h
REACTION IN 927<,N2-87,H2 STREAM AT 1773 K.

Oxygen Carbon Nitrogen Pu/(U+Pu) Lattice parameter
(wt7o) (wt7.) (wt7o) (at%) (nm)

2.2
2.5
2.8
3.1
3.5

0.03
0.02
0.03
0.03
0.02

0.20
0.11
0.20
0.20
0.29

5.48
5,39
5.47
5.57
5.55

20.8
20.3
19.8
20.5
19.8

0.48906
0.48903
0.48905
0.48904
0.48909

M02=0.8U02+0.2Pu02

TABLE II. CHARACTERISTICS OF SINTERED URANIUM CARBIDE PELLETS

Pore former Nickel Carbon Oxygen Sintered density
addition addition

(wt%) (wt%) (wt%) (wt%) (g/cm-3) (7.TD)

0

0.5

1.0

1.5

0.1

0.1

0.1

0.1

5.20

5.19

5.23

5.18

0.09

0.16

0.24

0.27

13.4

12.9

12.3

11.9

98

94

90

87

pellet fabricated with only 0.1 wt% of Ni had a very high
density (98 7»TD). On the other hand, the density of the
pellets decreased in order with the amount of pore former;
i.e. 94, 90 and 87 70TD for 0.5, 1.0 and 1.5 wt70 addition ofpore former, respectively. Assuming that the density of the
fuel matrix was equivalent regardless of the addition of pore
former, the porosity produced by the pore former was
approximately proportional to its amount. Therefore, the
addition of about 2 wt70 will be required in case of fabricatingpellets with 85 70TD. Volume schrinkage of green pellets, in
both radial and axial directions, was almost the same
regardless of the amount of pore former. This result indicated
that there existed no significant difference of sintering
mechanism between the pellets fabricated in the present study.

Carbon contents in the pellets were about 5.2 wt70. This
value corresponded to about 1.1 for the atomic ratio of carbon
to uranium (C/U), which was significantly larger than that
expected from following equation of the carbothermic reduction,

U02+3.05C (2).
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This tendency was peculiar in sintering uranium or uranium-
plutonium carbide pellets with Ni as a sintering aid [12].
Oxygen contents changed with the amount of the pore former
added. The high density pellet had a low oxygen content for
uranium carbide synthesized by carbothermic reduction. As to
the pellets fabricated with the pore former, the oxygen content
increased with the amount of pore former. This was probably why
a part of oxygen produced by a thermal decomposition of the
pore former was left in the pellets. Uranium sesquicarbide was
identified as a secondary phase by X-ray diffraction analysis
for all pellets. The lattice parameters measured for UC and
UoCo agreed well with the values recommended by Storms et al.
[137.

Microstructure of the uranium carbide pellet with 87 %TD
was shown in Fig. 4. As was obvious from the figure, spherical
pores produced by the pore former were distributed in the fuel
matr ix. By comparing the micros t ructure of pe l le t s with
d i f f e r e n t densi t ies , i t was conf i rmed that the propor t ion
occupied by pores increased with the amount of the pore former
a d d e d . T h e r e w a s n o s i g n i f i c a n t d i f f e r e n c e o f t h e
mic ros t ruc tu re between radial and axial sections of the
pel le t s . The shape and size of pores were considered to be
equivalent to those of pore fo rmer par t ic les , without being
deformed in blending, pressing and sintering stages. Figure 4
also showed the f u l l y s intered fue l mat r ix wi th r e l a t ive ly
large grains.

FIG. 4 Mic ros t ruc tu r e of uranium carbide pe l le t wi th 87 %TD
fabricated by using pore former.

Two kinds of sintered pellets with the similar density, 87
%TD, were subjected to the heat-treatment experiments at 1873 K
in a f low of Ar gas; one was fabricated using the pore former,
the other was by a conventional me thod . Vo lume shrinkage of
about 5 % was observed for 20 h in the la t ter whi le no volume
change occurred at all in the former for still longer heating.
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This was why relatively large pores produced by the pore former
were thermally stable and the pellet had the fuel matrix with a
very high densi ty. It was expected that the present pe l le t s
were also resistant to the in-pile densification.

4. Summary

(1) Regard less of the d i f f e r e n t C / M C > 2 ra t ios , high puri ty
(U,Pu)N was obtained without the loss of plutonium by the
carbothermic reduction in a ^-H^ stream at 1773 K for 20
h. It was found that the increase of C/MC^ aids the rapid
removal of oxygen, but resu l t s in taking a long t ime to
obtain high purity specimens.

( 2 ) T h e r m a l l y s t a b l e u r a n i u m ca rb ide p e l l e t s w i t h l o w
densit ies were f ab r i ca t ed by using the wax- type pore
f o r m e r . S p h e r i c a l pores 10-100 jj,m in d i a m e t e r w e r e
u n i f o r m l y d i s t r ibu ted in the fue l matr ix wi th a high
d e n s i t y . The oxygen con ten t i n c r e a s e d s o m e w h a t and
t h e c o m p o s i t i o n s l i g h t l y s h i f t e d t o t h e h y p e r -
s to ichiometr ic side by adding the pore fo rmer and Ni
sintering agent.
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QUALITY CONTROL OF URANIUM-PLUTONIUM
MIXED CARBIDE AND NITRIDE FUELS

A. MAEDA, T. IWAI, T. OHMICHI, M. HAND A
Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki-ken,
Japan

Abstract

The special characterization methods and apparatus
developed for the quality control of uranium-plutonium mixed
carbide and nitride fuels are described. For the determination
of oxygen in carbides, it is very important to prevent the
samples from oxygen contamination before loading them into an
analyzer. A new sample preparation procedure was developed,
i.e., carbides were pulverized, weighed and hermetically
pressure sealed immediately into platinum capsules in a high
purified argon atmosphere (oxygen and moisture levels less than
2 ppm). It was revealed that even in such a high purified argon
atmosphere, fine carbide powders were oxidized with oxygen and
moisture. The true oxygen content was successfully estimated
by extrapolating the oxygen values determined at various
exposure times to zero. The carbon loss via methane gas
produced by the reaction of carbides with trace moisture at
room temperature was relatively small presumably because of the
adsorption of methane on fuel surface. For X-ray diffraction
analysis, a sophisticated method was adopted to preserve
samples from oxidation during measurement, namely, the mixture
of the fuel powder with a small quantity of epoxy resin was
mounted on a sample holder in the argon atmosphere. The gas
occluded in the fuels was measured by the apparatus with a
newly designed gas line filter. For mixed carbide fuels, most
of the gases evolved below 1473K was hydrogen. Above this
temperature, carbon monoxide equilibrated with oxycarbide was
released continuously. An electron probe microanalyzer
connected with glove boxes was constructed. About thirty
modifications were incorporated to facilitate the repair of the
analyzer contaminated with plutonium.

1. Introduction
The research on uranium-plutonium mixed carbide and

nitride fuels has been going on in the past decade at JAERI[1].
Equipment design safety for plutonium fuels and pyrophoricity
due to the extreme reactivity with oxygen and moisture are
matters of major concern in work with these fuels. The argon
atmosphere glove boxes were installed on fuel fabrication line
and for preparation of analysis sapmples. These glove boxes
are being operated satisfactorily and their cumulative
operating time exceeded 70,000 hrs without troubles. A reliable
characterization is essential to evaluate the results of
irradiation tests. In this paper, the special characterization
methods and apparatus developed at JAERI for uranium-plutonium
mixed carbide and nitride fuels are described.
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2. Chemical analysis
2.1 Determination of oxygen

Uranium-plutonium mixed carbide fuels react easily with
oxygen or moisture. For the determination of oxygen in
carbides, it is very important to prevent the samples from
oxygen contamination before loading them into an analyzer.
A new sample preparation procedure was developed, i.e.,
carbides were pulverized , weighed and hermetically pressure
sealed immediately into platinum capsules in the high purified
argon atmosphere (oxygen and moisture levels less than 2 ppm).
The capsules were then transferred into the analyzer installed
in an air atmosphere glove box. Impurity oxygen in carbide and
nitride are determined by inert gas fusion-coulometry. It was
confirmed that the analyzed values did not show any variation
even if the capsules were exposed in air for a prolonged time.

The determination of oxygen in powdered and lump samples
of the same mixed carbides was performed [2] and the results
were shown in Table I. The oxygen values determined for lump
samples were lower compared with those for powdered ones
because the extraction of oxygen from lump samples was
insufficient. The relatively poor precision obtained on lump
samples was due to the inhomogeneity of oxygen in massive
carbides.

TABLE I.
FUELS.

OXYGEN DETERMINED FOR POWDERED AND LUMP (U,Pu)C

P o w d e r e d

Oxygen determined
(wt.I)

0 . 3 5 5 ± 0 . 0 1 2

0. 24 1 ±0. 008

Coeff . of variation
(%)

3. 4

3. 3

L u m p

Oxygen determined
(wt .Z)

0 . 2 8 5 ± 0 . 0 4 0

0 . 2 0 3 ± 0 . O i l

Coeff, of variation
(I)

1 4 . 0

5. 4

The oxygen determination for powdered carbides exposed in
the argon atmosphere was carried out in order to estimate the
true oxygen contents. The specification of mixed carbide fuels
used are listed in Table II. The oxygen values determined are
shown in Fig. l as a f u n c t i o n of the l e a s t s q u a r e of the
exposure time. Each line was depicted from the calculation by
the m e t h o d of l ea s t squa res . So l id and dashed l ines
c o r r e s p o n d to the r e s u l t s for s t o i c h i o m e t r ic and
hypers to ichiometr ic mixed carbide f u e l s , respectively. The
oxygen values increased gradual ly wi th exposure t ime even in
such a high purified argon atmosphere. The linear relationship
suggests that oxidation is controlled by a diffusion process of
oxygen through the surface oxide l aye r [3 ] . All da ta obtained
for the hyperstoichiometric carbides have the same relationship
and the true oxygen content for each carbide can be easi ly
estimated by extrapolating the data to zero exposure time. On
the other hand, the data of some stoichiometric carbides with
the part icle size smal le r than 63 pm have the fo ld at about
one hour exposure. This complicated behaviour causes some
d i f f i c u l t y in e s t i m a t i n g the t rue oxygen con t en t for
stoichiometric carbides.
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TABLE II. SPECIFICATIONS OF ( U , P u ) C FUELS USED FOR

OXYGEN DETERMINATION.

S a m p 1 e

A

A*

B

B*

C

D 1

D 2

E 1

£ 2

F 1

F 2

G l

G 2

H 1

H 2

S t o i c h i o m e t r y

stoichioeetric

/;

;;

H

II

hypers toi chi onetric

;;

stoichionetric

n

hypers toi chi oaetric

ii

il

n

stoichioœtric

//

D e n s i t y
(%TD )

8 1

8 1

8 1

8 1

9 0

8 9

8 9

8 9

89

9 3

9 3

84

84

83

83

P a r t i c l e
S i z e ( jj. m )

under 6 3

n

n

ii

il

n

6 3 - 1 7 7

under 6 3

6 3-1 7 7

under 6 3

6 3-1 77

under 6 3

63-1 77

under 6 3

6 3-1 7 7

A'*. B* : the fragments of A and B stored in stainless steel
vessels for 120 and 140 day respectively.
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FIG.l Oxygen Determined for Powdered ( U , P u ) C Fuels
Exposed in Argon Atmosphere.
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2.2 Determination of carbon and nitrogen
Carbon in carbide and impurity carbon in nitride are

determined by combustion-coulometry. Nitrogen in nitride can
be determined in a short time by inert gas fusion-gas
chromatography using argon carrier gas instead of helium
usually used. The procedure of sample preparation for the
determination of carbon and nitrogen is as almost same as that
for oxygen. Tin capsules are used for carbon determination
instead of platinum.

Methane is predominantly produced by the reaction of
carbides with trace moisture at room temperature. The carbon
loss from the sample could occur if methane was released.
Figure 2 shows the results of the carbon determination for
powdered mixed carbide exposed in the argon atmosphere. It was
confirmed that the carbon loss was relatively small presumably
because of the adsorption of methane on the fuel surface.

•a
a;c

<D
-a
c
o
.a
w
O
O

4.8

4.7

4.6

4.5

0 10 15 20
Square roof of time exposed in argon atmosphere (hr )

FIG. 2 Carbon Determined for Powdered ( U , P u ) C Fuel
Exposed in Argon Atmosphere.

3. X-ray di f f ract ion analysis

A s o p h i s t i c a t e d technique to prepare samples for X-ray
d i f f r a c t i o n analys is was devised in order to prevent sample
oxidation during measurement. Figure 3 il lustrates the sample
prepara t ion procedure . In a high p u r i f i e d argon a tmosphere
glove box, the mixture of fuel powder with a small quantity of
epoxy resin is mounted on a sample holder. The fuel particles
sink to the su r face for d i f f r a c t i o n before hardening of the
resin. X- ray d i f f r a c t i o n pa t te rns were obtained wi th high
accuracy as the sample powder was concent ra ted on the f l a t
sur face for d i f f r a c t i o n . The la t t ice pa ramete r s of ( U , P u ) C
samp le s prepared by the procedure using epoxy resin did not
change in air even af ter 60 days.
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Aluminum Frame
Acetvl Ce l lu lose
F i l m Glass Plate

Advanced Fuel
Eooxy Resin

^ Mix Same Volumes

Soread the Mixture
In the Frame

Add Additional Resin

I
Remove the Film and

v___^ Glass Plate

Surface for Diffraction Analysis

FIG. 3 Sample Preparation Procedure for X-ray Diffraction
Analysis.

4. Measurement of occluded gas

The gases evolved f rom the fue l s increase the inner gas
pressure of a fue l pin. Therefore , the de terminat ion of the
occluded gas is essential to evaluate the fuel pin performance.
The data for uranium-plutonium mixed carbide fuels was reported
only by S.Evered et al. [ 4 ] , who measured the total volumes of
gases evolved upto 1273K.

The o c c l u d e d gas in m i x e d ca rb ide p e l l e t s for an
irradiation test was measured. The character is t ics of the
p e l l e t s used are shown in T a b l e III. The p e l l e t s were
subjec ted to centerless griding wi th wet method fo l lowed by
degassing at 1473K for an hour. The procedure for the
measurement is mentioned b r i e f l y in this paper since the
details are described elsewhere[5]. About 2g of the sample in
the fo rm of lump were put into a tungsten crucible and set at
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TABLE III. CHARACTERIZATION OF SAMPLES USED FOR
MEASUREMENT OF OCCLUDED GAS.

(U,Pu)C,.0 : u, PU}c I !

Pu/U+Pu at. ratio

Carbon content (wt. %)

Oxygen contenr (wt. %)

Estimated composition (Uc

Density (g/cm3 )

(%T .D . )

0.2

4.66

0.25

).8PUo.2)Co9800(

1 1.3

83

0.2

5.09

0. 16

)4 (U08PU0.2)C |070003

11.3

84

the upside of a tungs ten reaction tube. A f t e r evacuating an
ext rac t ion sys t em, the t empera tu re of the furnace was raised
and then the crucible containing the sample was taken down into
the reaction tube. The evolved gases were ex t rac ted by a
mercury di f fus ion pump and passed through the new type of gas
line f i l ter (shown in Fig.4) which was set at the side wall of
the glove box to el iminate plutonium particles. Af te r removal
of moisture with a dessicative bed packed with MgCClO^)? , the
gases e x t r a c t e d w e r e c o l l e c t e d in a gas p i p e t u s i n g an
au toma t i c Teopler p u m p and the total volume was measured . A
part of the gases was introduced into a gas Chromatograph with
thermal conductivity cell to analyze their composition.

275
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SuSh euro holder
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_C_ollar
Stem
jprmg oin
Handle

FIG. 4 Gas Line Filter with. New Exchange Mechanics.
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The occluded gases in the mixed carbide pel le ts were
measured consecutively at 1473, 1673 and 1873 K and the results
are shown in Fig.5. The gas release at 1473K was comple ted
within 10 minutes and the gas composition was 2070 CO and 8070 H9surmised that H

moisture
The total

upto 1673 K

2 is generated by
adsorbed on the surface

volume of hydrogen
amounted to ca. 100

for both mixed carbides. It is
the reaction of the fuel with
of the fuel during storage,
which was evolved comple te ly
ul .atm/g-fuel .

Above this temperature, CO gas was released continuously
as shown in Fig.5 and the r e l ea se ra te of CO f r o m the
hyperstoichiometric mixed carbide fuel including sesquicarbide
as second phase was higher than that f rom the s toichiometr ic
one. M . S a i b a b a e t a l . [ 6 ] c a l c u l a t e d the e q u i l i b r i u m CO
pressure in U-Pu-C-N-0 system and showed that the CO pressure

( C , N , 0 ) containing 15%-sesquicarbide
arger than tha t e q u i l i b r a t e d near

2)(C,N,0) . It was considered that the
carbide fuels used in this measurement
s o l u t i o n p h a s e , ( U , P u ) C x O a n d w a s
CO in proportion to the equilibrium CO

pressure with the carbide fuels.
As a conclusion , the release of the occluded gases f rom

the carbide fue ls scarcely a f f e c t s the increase of the inner
gas pressure in the fuel pins since the amount of Ho is small
and CO pressure equilibrated with carbide fuel is only several
hundreds Pascal.

equi l ibrated (UQ s^uO
was abou t two t'imes
stoichiometric (Un gPun
oxygen contained in the
ex i s t ed in the so l id
released in the form of

500

400

O
><u

O
CD
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E=

"o

Furnace temp.
1473K—— 1673 K 1873K

: (U.PU)C1 0

: (U.Rl) Cu

0 10 20 30 0 10 20 30
0 10 20 30

Time (m in )

FIG.5 Release Profiles of Occluded Gases from ( U , P u ) C Fuels.

5. Electron probe microanalyzer

An electron probe microanalyzer (EPMA) connected with
glove boxes was constructed and about thirty modifications were
i n c o r p o r a t e d to f a c i l i t a t e the repa i r of the a n a l y z e r
contaminated with plutonium. The general view of the EPMA and
the glove boxes is shown in Fig. 6. The sample loading port of
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FIG.6 General View of EPMA for Plutonium Fuels.

the analyzer was connected with a sample loading glove box via
metal bellows to prevent the transmission of vibration of the
box. Sample surface was treated by etching and spattering by
argon ion and coating in vacuum with aluminum in another glove
box coupled with the sample loading glove box.

The repairs, such as exchange of detectors, f i laments for
electron beam, and a wire for driving an X-ray de tec tor have
been carried out safely.

REFERENCES

[1] HANDA.M. , S U Z U K I , Y , . P r e s e n t S ta tus of Uranium-Plutonium
M i x e d C a r b i d e F u e l D e v e l o p m e n t f o r L M F B R , N i h o n -
Genshiryoku-Gakkai Shi, 26 (1984) 2 [ Engl.transl.US Rep.
LA-tr-84-33 (1984)] .

[2] HANDA,M,,MAEDA,A. and YAHATA,T., Determination of Oxygen
in Uranium-Plutonium Mixed Carbide, JAERI-M8406 (1979)
[in Japanese] „

[3] M A T Z K E , H j . , E f f e c t of H u m i d i t y on the Su r f ace Oxida t ion
of UC Single Crys t a l s at Room T e m p e r a t u r e , J .Appl .Phys .
40 9 (1969) 3819.

[ 4 ] E V E R E D . S . , M O R E T O N - S M I T H , H . E . a n d S O W D E N . R . G , , T h e
Outgassing of Bulk Uranium and Plutonium Carbides, Rep.
AERE-M 1593 (1965).

[ 5 ] I W A I , T . 5 T A K A H A S H I . I . a n d H A N D A , M . , M e a s u r e m e n t o f
Occ luded Gases of U r a n i u m - P l u t o n i u m Mixed Carb ide and
Uranium Carbide Fuels, to be published.

[6] SAIBABA.M., VANA VARAMBAN.M. and MATHEWS.
Oxygen and Ni t rogen Impur i t i e s on the
Propert ies of Uranium-Plu tonium
J .Nuc l .Ma te r . 144 (1987) 56.

,C.K., E f fec t of
Thermodynamic

Mixed Carbide Fuel

42



MIXED NITRIDE FUELS FABRICATION
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Abstract

UPuN is a strong candidate fuel for advanced liquid metal cooled
fast breeder reactor. So far, the main drawback is linked to the difficult
and expensive preparation route compared to that of conventional MÛ2 fuels.
This paper demonstrates that this difficulty has been overcoraed : mixed mo-
nonitride pellets, with characteristics suitable for an irradiation testing
in the PHENIX fast breeder reactor, have been obtained in a classical M(>2
production facility without any significant modification of the set-up.

The synthesis of MN involves the carbothermic reduction of the
oxides. The reacted gas, namely CO, are continuously checked by an infra-red
detector or a Chromatographie gas analyser which allows the sharp control of
the chemical conversion MC^ -— MN. For consolidation, the granulation step
is not necessary ; the cold pressing and the oxide type sintering have
been adopted.

For the pellets to be irradiated in the NIMPHE 1 experiment, va-
lues are in the range 0.23-0.07 wt % oxygen and 0.08 - 0.009 wt % carbon.
Sintered densities are in the range 81-84 % T.D., with pellets diameter bet-
ween 5.37 and 5.45 mm, which fits the requirements of radial gap and smear
density. Extended analytical procedures, including X-ray analysis, oxygen
determination by the inert gas fusion method and carbon titration by the
combustion technique, have finally demonstrated the suitability of the fa-
bricated pellets for a first irradiation test of seven CEA UPuN pins, toge-
ther with four similar EITE pins, now under way in the PHENIX reactor.

1 INTRODUCTION

UPuN is a strong candidate fuel for advanced liquid metal cooled
fast breeder reactor. Nitride has similar properties to oxide in regard of
good irradiation behavior and straightforward reprocessing and has better
heat transfer characteristics, a higher fissile atom density and does not
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react with the sodium coolant [!]• Fuel performance potential, already par-
tially demonstrated by irradiation tests at burn up higher than 10 a/o [2],
should lead to improve fuel cycle costs, which is needed for the fast breeder
system of the future.

So far, the main drawbacks are the complex and expensive prepara-
tion route compared to conventional MÛ2 fuels and the in-pile formation of
radioactive 14 C. The french CEA programme, started in 1985 [3], was desi-
gned to overcome these difficulties by :

- succeeding in the fabrication of nitride fuel in an industrial and con-
ventional oxide line,

- irradiating nitride pins in the PHENIX fast breeder reactor,

- confirming the easy reprocessing of irradiated mixed nitrides.

The first stage of this programme has just been successfully com-
pleted by the NIMPHE 1 experiment which is currently irradiated in PHENIX.
This paper outlines the realization of the seven CEA UPuN pins ; four simi-
lar KITE (Karlsruhe) pins have been entered in the same capsule.

2 FABRICATION OF UPuN FUEL IN AN OXIDE LINE

The two main steps in the fabrication of UPuN fuel involve :

- the synthesis of UPuN by the carbothermic reduction of the oxide,

- the consolidation in the form of pellets by cold pressing and
sintering.

The carbothermic synthesis of UPuN has been adopted because It is
the only suitable economic method of large scale production. The inherent
disadvantage of this method is the inevitable presence in the material of
the two major impurities oxygen and carbon. Since oxygen affects the in-pile
behavior of nitride and carbon lowers the reprocessing ability, the residual
0 and C contents have to be kept as low as possible.

The fabrication flowsheet is indicated on figure 1 [4]. Each stage
has been carefully studied in order to optimize the preparation route and to
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PuO

Sintering Pressing '

Figure 1 : UPuN fabrication flow sheet.

obtain pellets whose characteristics match the required specifications as
for the diameter, geometrical density, surface aspect and, moreover, the fi-
nal contents in oxygen and carbon.

The UPuN pellets have been produced in our usual laboratory oxide
line, except for the carbothermic reaction which takes place in a metallic
furnace. Even the use of this metallic furnace is due to a circumstantial
availability in the laboratory and is not a requirement of the process :
following our recommendations, the carbothermic synthesis has been success-
fully carried out in an alumina muffle furnace of an industrial size at the
SIGN plant (Grenoble).
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2.1 Synthesis of the UPuN phase

The chemical reaction utilized for the synthesis of the mixed ni-
tride is :

(1) (0.8 U02 + 0.2 Pu02) + 2 C + !_ N2 —U0 %PUQ 2N + 2 CO
2

The feed materials are : reduced uranium dioxide, calcined pluto-
nium dioxide and graphite. The characteristics of the powders, namely the
massic surface area and the grain size, and the physical repartition of the
three types of particles are of great importance on the rate and degree
of the reaction.

The carbothermic conversion (1) involves four solid phases and two
gaseous phases. The complex reactionnal mechanism has been proposed by PIA-
LOUX [5], using high temperature X-ray analysis. According to this previous
work, the reaction takes place only at a beginning temperature of 1130°C.
Thermogravimetric studies and emanation gas analysis have been undertaken in
our laboratory in order to confirm this result and to determine the kinetics
and the rate-controlling mechanisms [6]. It has been first found out that
the beginning of the synthesis occurs at 1150°C under flowing nitrogen ; the
kinetics of reaction increases up to a stationary value reached at 1325°C
and can be related to the powder properties.

Emanation gas analysis are of particular interest ; they are per-
formed by infra-red detector technique, Chromatographie measurement and qua-
dripolar mass spectrometry and will allow to fully understand the whole of
the complicated stages of the carbothermic reaction.

2.2 Consolidation of the pellets

Densification tests have been performed in a high temperature di-
latometer to investigate the sintering reactivity of UPuN powder versus
atmosphere, temperature and residual 0 and C contents. As expected, the den-
sification is much lower than for mixed oxides and sintered densities of
85 % T.D. are hardly obtained after an oxide type sintering. We have clearly
found out that the residual oxygen enhances the densification, as already
reported [7]. Therefore, a careful adjustment of the oxygen residual concen-
tration during the synthesis allows to produce ceramics of various and con-
trolled sintered densities.
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3 NIMPHE EXPERIMENT IN PHENIX

3.1 Irradiation programme

The NIMPHE 1 capsule is the first experiment of the He-bonded
dense fuel irradiation programme in the PHENIX experimental FBR. The main
objective is to reach a high burn up with nitride fuel pins working at low
linear power (450 W/cm).

At the beginning of 1988, a NIMPHE 2 capsule will test nitride
fuel pins under high linear power irradiation conditions (730 W/cm) and
will compare the irradiation performances of similar uranium-plutonium car-
bide fuel pins. One of the main objective of this test is to confirm the
carbide- like behavior of nitride fuel and therefore to valid the large body
of information already existing on carbide fuel. NIMPHE 1 and NIMPHE 2
are CEA designed irradiation tests ; the pins are supplied by EITE
(Karlsruhe) and CEA (Cadarache).

At the end of 1988, a third NIMPHE 3 experiment will test nitride
fuel pins containing either sphere-pac fuel prepared by EIR (Wurenlingen) or
sintered pellets from EIR supplied micro-spheres.

For the coming years, nitride fuel sub-assembly irradiation tests
are planned in PHENIX. They should confirm the validity of the UPuN fuel
concept.

3.2 NIMPHE 1 : fuel and pins characteristics

11 standard PHENIX pins are filled with slightly different kinds
of nitride fuels in order to study possible variations of their in-pile be-
havior. A total amount of 1.6 kg UPuN has been used to load the seven CEA
pins ; the complementary EITE load consists of 0.9 kg of nitride fuel.

* Geometry

Geometrical pellet density is in the range 81-84 % T.D. (11.6 to
12.08 g/cm^). Pellet diameter between 5.37 and 5.45 mm has been chosen in
order to respect a smear density in the range 75-78 % T.D. and a radial gap
between 170 and 270 /urn, as shown on figure 2. The geometrical characteris-
tics of the 11 pins remain inside a specified hexagon drawn on this figure.
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Figure 2 : Fuel and pins characteristics.

* Impurity contents

New analytical procedures have been developped in the laboratory
to measure low amounts of oxygen and carbon with a good accuracy. Oxygen is
determined by measuring the carbon dioxide produced by the inert gas (He)
fusion method in a graphite crucible at 3000°C ; the method reliably detects
1.0 microgram of oxygen. The carbon content is titrated by the combustion
technique under pure Ü2 ; the sensitivity is better than one microgram of
carbon. An interlaboratory comparison, carried out by EITE and CEA on two
different uranium nitride materials, has given a satisfactory agreement.

As outlined earlier, carbon and oxygen contents can be adjusted at
a controlled level with our pellets fabrication process. This result allowed
us to prepare three kinds of fuels to be irradiated :

- Three pins are filled with "basic" UPuN containing simultaneously our
lowest carbon (0.009 to 0.02 wt %) and oxygen (0.08 wt %) contents ; these
pins can be considered as references since their nitride fuel is not asso-
ciated with residual UPuU2 (oxygen concentration inferior to the reported
solubility limit of 0.1 wt % [8]).

Three other pins are filled with nitride containing the same low carbon
level but a small amount of UPuU2 phase (oxygen content between 0.13 and
0.23 wt %) in order to appreciate the effect of UPuU2 precipitates on the
irradiation behavior.
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The last CEA pin contains a fuel with a higher carbon concentration
(0.05 wt %) and a low oxygen content (0.065 wt %). Compared to the 3 refe-
rence pins, this fuel rod will allow to estimate the effect of high carbon
level on the in-pile performance.

Furthermore, the four KITE pins result of two pellet fabrication
routes (conventional powder pressing and direct pressing). The oxygen con-
tent of the corresponding fuels is very low (lower than 0.05 wt %) with two
concentration levels of carbon (0.01 and 0.035 wt %).

The oxygen and carbon concentrations of the fuels fabricated du-
ring the whole campaign are finally summarized on figure 3.

The full range explored by CEA and KITE is :
carbon : 0.009 to 0.050 wt %
oxygen : 0.034 to 0.225 wt %

Carbon contenl I06g C/q UPuN

1000-

500-

o CEA
• EITE

500 1000 1500 2000 _ 2500
Oxygen content 10 q 0/q UPuN

Figure 3 : As fabricated UPuN fuel purity.

* Structural characteristics

Phase identification and precise lattice parameter measurement are
performed by quantitative X-ray diffraction technique.

In the case of high purity nitride (<0.1 wt % oxygen), X-ray dif-
fraction patterns do not show any trace of UPuU2, higher nitride phases or
graphite. Metallographie observations confirm these results. The lattice pa-
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ranieter of Ug.S PuQ.2^ ig found to be nearly constant : 0.48929 nm, close to
the theoritical value of : 0.48918 nm.

For nitride containing more than 0.1 wt % oxygen, the presence of
UPuU2 phase is noticed in the microstructure (small grey precipitates) as
well as in the X-ray diffraction patterns.

Alpha-autoradiographies show an excellent homogeneity of the plu-
tonium repartition in the pellets. This good result is linked to the two
heat treatments (carbotherraic synthesis and sintering) and to the interme-
diate activating powder ball-milling, which enhance the U-Pu interdiffusion.

* Reprocessing ability

Solubility tests of unirradiated mixed nitrides have been perfor-
med in oxide-like conditions. The amount of undissolved plutonium in nitric
acid is lower than for mixed oxides.

4 CONCLUSION

Our work demonstrates that mixed uranium-plutonium mononitride
pellets can be obtained in a classical UPuU2 facility without any signifi-
cant modification of the set-up. The somewhat complicated conversion of oxi-
de in nitride has been carefully studied by basic laboratory research which
has led to a rather simple preparation route.

An industrial validation of our process, conveniently limited to
uranium nitride, is now under way at the conventional SICN-Grenoble plant
where UN powder and pellets are handled without any work inside glove boxes.

If the N1MPHE irradiations in Phénix confirm the expected good in-
-pile behavior of the UPuN fuels, mixed nitrides will appear as a very effi-
cient and economical solution for the fast breeder reactors of the future.
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USE OF CARBIDE-NITRIDE FUEL
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Abstract

The paper reviews design-experimental work performed to study
carbide-nitride fuel serviceability. The principal results are
disacuased of BR-5» BR-10, BOR-60 investigations into carbide-
nitride fuel.

To provide for the high breeding and technico-economical para-
meters of fast reactors is a prerequisite of their extensive intro-
duction in the nuclear power structure of this country. By perfect-
ing the designs of fuel rods and assemblies a reactor as a whole
and the process of fuel manufacture etc the technico-economical
parameters of oxide fuelled reactors can be somewhat improved as
compared to the level reached. However, the principal solutions
on the best realization of fast reactor advantages are mainly di-
rected to the use of promising fuel compositions, in particular
carbide fuel. The design studies show /1 /that as compared to the
oxide core for a carbide version of the core the breeding ratio
gain is 0.15, the doubling time is 9 years for the time of the
external fuel cycle equal to 1 years. The design studies were per-
formed on equal initial assumptions: the core heat rate (4000 MW),
maximum clad temperature (710°C), maximum fuel burnup (10% h.a.),
sodium outlet temperature (530°C), the P.a. quantity per a core
and "equilibrium" isotopic composition of Pu.

In the nearest future the use of metallic fuel which is the
best from the viewpoint of breeding, in fast reactors seems proble-
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matic of one takes into account the traditional core design having
high power density fuel rods. An interesting possibility of attain-
ing short doubling time shows up in the uaage of low power density
metallic "blankets within the framework of heterogeneous core.

The calculations /1 / show that uranium metal used in internal
blankets improves the breeding so much that this core approaches
the one of carbide fuel. At the same time in the heterogeneous core
one of the substantial disadvantages of metallic fuel is eliminat-
ed, viz., the provision of fuel serviceability at high burnups,
since in blankets the fission fragment accumulation that characte-
rizes burnup, can be restricted to 1-1.5%.

At present both carbide and heterogeneous cores with breeding
metal assemblies are considered promising.

To provide for the wide usage of carbide-nitride fuel in large
fast reactors some problems must be solved, particularly, the mecha-
nical fuel-clad interaction must be eliminated or reduced, the
fuel-clad compatibility must be improved as well as criteria must
be established for choosing the optimized parameters of fuels. To
solve the carbide-nitride fuel serviceability problem at high burn-
ups experimental investigations are being carried on in BR-10 and
BOR-60.

The experimental investigations into carbide fuel were started
in BR-5. The uranium monocarbide fuelled BR-5 operated from 19&5 ^°

O *3 C1971 /£/• The initial uranium monocarbide enriched in U ^ to 90%
was prepared by carbidization of uranium dioxide at 2000°C. As fi-
nished uranium carbide pellets (4.8-5.4 w% carbon) were manufactur-
ed by clad pressing followed by sintering at 2100°C for 3 hours.
Each commercial BR-5 assembly contained 7 helium filled fuel rods
8.7x0.4 mm in size clad in OX18H9T and OX16H15M3 stainless steels.
The maximum clad temperature was 570°C that of the fuel column was
1000°G, the maximum fuel burnup was 6.2 at.%. Studies of spent as-
semblies supplied information on uranium monocarbide swelling,
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extent of a gas release under the clad, influence of irradiation
on fuel composition changes. As a result of a check up of all the
PA it was found that 38 assemblies had defected fuels; all of
them having OX18H9T steel claddings /2/. The minimum burnup at
which the first indications of leakage appeared was 1,6%. The study
of spent fuels revealed a strong carburization of a clad on the
side of fuel; the carbon content of the clad being up to 0.1%.

At the outer clad surfaces frontal corrosion induced damage
and cavities; the interaction depth of OX16H15M3 steel clad
with sodium was significantly less than that of OX18H9T steel under
the same conditions. The sodium used in reactors at that time con-
tained significant amounts of impurities, including up to 0.017%
carbon and 0.003% nitrogen which could induce steel carburizing
and nitriding.

At present the BR-10 core comprises uranium mononitride fuell-
ed assemblies. Each assembly contains 7 fuel rods 8.4x0.4 mm in
size clad in OX16H15M35 steel. The maximum burnup of the commerci-
al fuels was 5% h.a. The systems of a clad gas-tightness control
indicate no damages of the fuel clads. Simultaneously several expe-
rimental carbide (UC) and carbonitride (UN+UC) fuelled PA are
under irradiation. Besides, investigations of fuels (UN) with
clads having purposely made defects are being carried on. Seven
experimental fuel rods were irradiated. The results are being pro-
cessed.

Six experimental carbide UC, (U,Pu)C and carbonitride fuelled
assemblies were tested in BOR-60 /3/. Each assembly contained 19
fuels clad in OX16H15M36 steel 6.9x0.4 mm in size. The initial
carbide powder was prepared by the gas carbidization of uranium
metal and by carbothermic reduction of oxides. The fuel pellets
were manufactured by pressing followed by sintering as well as by
hot pressing. The mass carbon content was 4.7-5.1%; the U N content
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of UNC was from 25 to 75%. Investigations were also conducted, into
fuel having a chromium or molybdenum base coat.

Pour assemblies contained three fuel rods with a sodium-po-
tassium filled gap, the remaining fuel rods were filled with heli-
um. Eight fuel rods had mixed fuel of the mass content 15-20% PuC.
The diametral fuel-clad gap varied from 0.12 to 0.4 mm and from
0.2 to 0.6 mm for helium filled fuels and for fuels with the sodi-
um-potassium filled gap, respectively.

The testing parameters of the experimental assemblies are
listed in table 1.

Table 1
Principal Parameters of Reactor BOR-60 Tested
Experimental Carbide and Carbonitride Fuelled Assemblies

Parameter

Burnup, %
Pluence (E>0.1 MeV) ,

22 210 neutr/cm
Maximum linear
heating, kW/m
Maximum clad tempera-ture, °C

1

3.3

1.7

55

600

PA number
2 3
4.8 5.1

2.2 2.8

61 55

720 650

4

7.1

4.1

56

650

5
8.9

4.3

65

720

6

10.4

6.1

70

680
Maximum design tem-
perature of fuel core
centre, °C

He filled 1250 1450 1250 1300 1500 1550
Wa-K filled gap 800 850 - 830 900

The appearance of the tested fuel assemblies and rods was
adequate. No fuel damages were observed during operation. The vari-
ation of the clad outer diameter was found after 5% burnup and was
equal to 2.5% at the maximum burnup of 10.4%. Under the given test-
ing conditions the burnup range of 5% seems to characterize the
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duration of a period corresponding to the gap filling with the
swelled fuel.

At the burnup of 10.4% the inelastic clad strain varied from
0 to 1.5$.

The performed investigations into carbide-nitride fuelled as-
semblies gave important results on the behaviour and change of pro-
perties of this fuel under irradiation. The principal results are
the following:

1) Fission gas release under the clad of the uranium carbide
(ÜC) fuel rod does not exceed 13% of the theoretical one and varies
within 3-18% and 10-18% in uranium carbonitride (UNO) and uranium-
plutonium carbide (U,Pu)C fuels, respectively;

2) Swelling of carbide and carbonitride fuel varies within
1.2-2.5% per 1% burnup;

3) In helium filled fuels operated for (lO-l3)xlCr h the maxi-
mum carbon penetration was 150 mem; no significant effect of the
fuel stoichiometry within 4.7-5% on the clad carburization being
found out;

4) The maximum carbon content of the dads was almost 2 times
less than the maximum mass carbon concentration (0.4%)» permissible
for the steels of this class and was not a problem from the view-
point of the fuel rod serviceability. The interaction depth was not
higher than 30-50 mem for uranium-plutonium carbide and uranium
carbonitride fuel. Significant carburisation of the clad was observ-
ed in the fuels with the sodium-potassium eutectics filled gap if
the mass carbon content was above 5%. The use of coated fuel signi-
ficantly reduced the extent of the clad carburization (the inter-
action depth was not more than 30-40 mem);

5) The successful BOR-60 tests confirmed the feasibility of
reaching 10% h.a. burnup in carbide-nitride fuel rods if helium
filling is used as well as made it possible to refine the major
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fuel parameters that provide for the serviceability of the select-
ed fuel design up to the "burnup of 10/5 h.a. (table 2) /3/;

6) Relatively low cost and simpliaty of helium filled fuel
rod fabrication, reliability and high performance permit us to
recommend this version of fuel for the first stage of carbide fuel
fast reactor studies.

Table 2
The main Parameters of Carbide Fuel Pins

Parameter

Size of fuel rode, mm
Effective fuel porosity %
Carbon content , %
Maximum linear heating, kW/m
Maximum clad temperature, °C
Maximum temperature of fuel
core centre, C

Type
He-filled

6.9x0.4
20
4.7-5.0
65
700

1500

of pine
Na-K filled gap

6.9x0.4
15
4.7-5.0
80
700

1000

It should be noted that fuel parameters listed in table 2 are
preliminary and will be refined with the accumulation of experimen-
tal data. The task of further investigations is:

1) to study the irradiation stability of carbide-nitride fuel
at higher heat generation rates and the core temperature at higher
burnup s;

2) to conduct mass tests to verify the optimized design and
testing parameters;

3) to study prospects of using fuels with a Wa-K filled gap.
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Abstract

Fabrication processes for mixed uranium-plutonium carbide and nitride
fuels based on carbothermic reduction of oxides, both with subsequent
comminution of the reaction product, pressing and sintering, as well as direct
pressing of the reacted pellets, are described.

The influence of fabrication parameters on fuel composition and properties
are given. Results of fuel characterisation by chemical, XRD and ceramographic
analysis are discussed with respect to quality control and fuel specification.

The data of the He-bonded uranium-plutonium carbide and nitride fuel
pins irradiated in the KNKII reactor Karlsruhe, the HFR Petten, and the Phénix
reactor at Marcoule, are summarised.

1. INTRODUCTION

Uranium-plutonium carbide and nitride have the following properties,
which makes these materials interesting as potential fuels for fast reactors: Their
high thermal conductivity and specific density permit superior internal breeding
performances with little loss of reactivity at moderate specific power and high
burn-up. A high melting point (U,Pu)C = 2700 K, (U,Pu)N = 3050 K) allows a
security margin in case of a power excursion for these fuels, which are operating
at a fuel center temperature of about 1470 K. The excellent compatibility of these
materials with the coolant medium assures safe handling of a fuel assembly in
case of a pin failure. As these advantages can be obtained under conservative
operation conditions and with an economical fuel pin concept with large pin
diameters, uranium-plutonium carbide and nitride offer an improved fuel system
for fast reactors.

Inspite of rather early investigations on these materials [1-10], both
knowledge on irradiation behaviour and fabrication methods have been less
developed compared to the well established oxide technology.

Based on the experience gained during this period the following new fuel
pin concept was proposed: He-bonded fuel pins with a smear density of 75 - 80 %,
in order to accomodate fuel swelling, operating at a linear power of 45 to 80 kW/m
with a high burn-up target of 15 atom %.

In order to verify the potential of this concept, a development of fabrication
methods, based on the generally adopted carbothermic reduction process of
oxides, was started at TUI some years ago. This investigation was accompanied
by irradiation experiments studying both begin of life and long time irradiation
behaviour of mixed carbides and nitrides.
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The short time irradiations with 0,5 atom % burn-up are finished and
results from the post irradiation examination will be presented during this
conference.

A 19 carbide pin bundle, fabricated for PSB, Kernforschungszentrum
Karlsruhe, and irradiated in KNK II, has presently reached 7 atom % burn-up at
a nominal power of 80 kW/m, without difficulties.

For the nitride irradiation experiment Nimphe 1, twelve fuel pins were
fabricated in collaboration with the Commissariat à l'Energie Atomique (CEA)
CEN-Cadarache. The fuel pins were assembled in Cadarache and the irradiation,
with a high burn-up target at a nominal power of 45 kW/m, is scheduled for
November 1987 in the Phénix reactor, Marcoule.

The fabrication of fuel pins for an experiment Nimphe 2, planned to be
irradiated at a nominal power of 73 kW/m, is under way.

2. STATUS OF FABRICATION TECHNOLOGY

The internationally accepted procedure for the fabrication of mixed
uranium-plutonium carbide and nitride fuels is the carbothermic reduction of
oxides, with subsequent crushing and grinding of the reaction product, pressing
and sintering [11-19].

Recently, the fabrication of mixed carbides with a plutonium enrichment
up to 70 % was demonstrated [18] and a new fabrication method for uranium
carbide, based on "Hot Impact Densification" was developed [17].

The comminution step, which in the conventional carbothermic reduction-
press-sinter procedure transforms the reaction product, with a density of
40-55 %TD, into a reactive powder, involves powder handling and dust
formation. In order to avoid these preparation steps for carbide and nitride
powders and the drawbacks of powder handling, a new fabrication method, the
direct pressing (DP-process), was developed at TUI [19]. The reaction product
from the carbothermic reduction, in form of pellets, granulate or balls is directly
fed into a press, recompacted and sintered. Fig. 1 gives a comparison of the
conventional and the DP process. An oxide carbon blend is transformed into a
predetermined geometrical shape (pellets, granulate or balls) and submitted to a
thermal treatment at 1650-1900 K. For the fabrication of carbides this step is
executed under vacuum or inertgas and for nitrides under flowing nitrogen or a
nitrogen-hydrogen mixture. The reacted material is recompacted directly,
without intermediate comminution and sintered at temperatures of 1900 -
2000 K.

The simplified reactions for the synthesis of carbides or nitrides are the
following.

— 2(1) vacuum < 10 torrV ' * )M0 9 +3C ——————————— M C + 2 C O Î
inertgas

(2)
2 nitrogen—hydrogen

*) M = U or/and Pu

62

A f l V + 2 C O Î



CARBIDES-NITRIDES
(U,Pu)C (U,Pu)N

Standard Process
l

Direct Pressing (DP)

BLENDING

PRESS
COMPACTION

DISKS

CARBOTHERMIC
REDUCTION

COMMINUTION JJ*"JJ

PRESSING PELLE'

SINTERING

PuOj _ POWDER < 63 yim
C x"*

PRESS
COMPACTION

PELLETS

VACUUM INERT GAS
OR NITROGEN
1400 TO 1 700 °C

ERMILL
LL

RECOMPACT
nzE REPRESSING PELLETS

VACUUM INERT GAS
OR NITROGEN
1600 TO 1 800 °C

PELLET
CONTROL

DIMENSIONS
DENSITY
ANALYSIS

FUEL PIN
PREPARATION

LOAD, WELD
FINAL CONTROL

Fig. 1

Conventional and Direct Pressing Processes for MX-Type Fuels
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These reactions proceed to completion only under non-equilibrium
conditions. The carbon monoxide is removed for the preparation of carbides either
under vacuum or flowing inertgas and for nitrides by the reactant nitrogen itself.

During our investigation it was demonstrated for carbothermic reductions
with a stoichiometric amount of carbon in the master blend, that the mean
oxygen content varied between the different batches from 1000 to 3000 ppm for
both single phased (U,Pu)C and (U,Pu)N fuels. The nitride fuel contained in
addition the same amount of carbon and sometimes M02 precipitations. The
nitrogen content of the carbides was below 500 ppm.

The material was handled in a purified nitrogen atmosphere (< 20 ppm
H2O; < 20 ppm O2). After sintering, pellet densities in the range of 80 - 88 %.
were achieved for carbides and nitrides with both fabrication methods.

The relatively high oxygen content and its variation can be explained in
practice by small variations of the C/MO, ratio within a blend, experimental
deviations due to differences of the 0/M ratio of the uraniumoxide, mixture and
physically adsorbed oxygen, as well as the interference of the porous structure of
the reacted material with diffusion of carbon and oxygen.

For the synthesis of low oxygen (< 1000 ppm) carbide and nitride fuels, an
excess of carbon in the masterblend proved to be necessary. Besides the above-
named reasons, which underline the need of excess carbon in order to complete
the reduction of the oxides, the influence of carbon powder on the carbothermic
synthesis is determined by the following aspect: Carbon diffuses more slowly than
oxygen and is therefore process-rate determining. It is very important to
minimise diffusion distances by using expecially carbon powders with small grain
and agglomerate sizes, combined with a high reactivity.

These parameters not only assure the synthetics of high purity material,
but also improve the kinetics of the carbothermic reduction and provide for an
excellent microhomogeneity of the reacted product.

The results of our investigation on process parameters can be summarised
as follows:

2.1 (U,Pu)C AND UC FABRICATION

Single phased carbide fuels can be fabricated with an oxygen content of
1000 - 3000 ppm. Under equilibrium conditions, both oxygen and nitrogen
substitute for carbon in the monocarbide. The final oxygen content of the fuel is
determined by the amount of carbon and decreases with increasing carbon
content.

Carbides with an oxygen content below 1000 ppm can be fabricated by
applying excess carbon in the masterblend, but contain 2 - 15 % M2C3 as second
phase.

2.2 (U,Pu)N AND UN FABRICATION

Nitride fuels containing 1000 - 3000 ppm carbon and oxygen can be
fabricated by carboreductipn. Carbon substitutes nitrogen, whereas only
1000 ppm oxygen is soluble in mixed nitrides. At higher oxygen concentrations,
oxide precipitations appear as a second phase. Single phased mixed nitrides with
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low oxygen content (< 1000 ppm) can be fabricated with an excess carbon
content. The surplus carbon can be removed by a heat treatment with a nitrogen-
hydrogen gas mixture during the carbothermic reduction and sintering step.

More information on the U02 + H + PuO2
removal of excess carbon by hydrogénation will be published later.

+ C + N2 reaction and the

3. FUEL AND FUEL PIN FABRICATION AND CHARACTERISATION

Within the frame of the above described investigation, a series of
irradiation experiments with a low and high burn-up goal at moderate specific
power were prepared. The purpose of these experiments is to obtain more
information on particular in-pile mechanisms of the fuel and on the influence of
fabrication parameters and pin specification.

To achieve economical fuel fabrication, utilising to a large extent the
equipment of the industrially well established oxide fabrication technology, was
another important aspect.

3.1 MIXED CARBIDE IRRADIATIONS

The fuel for the short-time irradiation CARLO and CARRO in HFR Fetten
was fabricated by the conventional carbothermic press-sinter-technique. The
irradiation parameters were the oxygen content and the gap size. The pellet
diameter was adjusted with a precision of ± 5 urn by centerless grinding.

Table I summarises fuel and fuel pin data and the irradiation conditions.
Two pins with carbide pellets containing 290 and 1560 ppm oxygen were
prepared, each pin with 2 sections with different pellet diameters.

Table I

Data For Fuel Pins CARLO and CARRO

Fuel data (U,Pu)C

Pu/(U + Pu)

U enrichment
U 23 5 w/o

Fuel density w/o T D

Pellet diameter mm

XRD Parameter A

M2C3 w/o

C w/o

O w/o

Irradiation Conditions

Bonding

Max. linear power kW/m

Target burn-up atom %

CARLO

0,2376

92,87

86

6,204-6,407

4,9676

5

5,02

0,029

CARRO

0,2323

92,87

86,8

6,200-6,404

4,9654

0

4,72

0,156

He

0,5
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For the 19-pin carbide pin bundle, irradiated in the KNK II reactor,
8.5mm pins with He bonding and a smear density of 75 % were chosen. The
oxygen content was varied within the specified limits in order to obtain
information on the influence of oxygen on fuel performance during irradiation
with respect to fuel restructuring, swelling, Pu-transport, and clad carburisation.

The variation of oxygen content was achieved by adjusting the carbon
content in the oxide-carbon blend without change of the other fabrication
parameters. 5 master-batches were prepared by the conventional process and for
one pin by direct pressing.

Table II shows the fuel specification and the composition of the fuel pellets
prepared from the 5 master-batches. These results give a good indication of
process control with respect to fuel density, composition and the agreement of
chemical, X-ray diffraction (XRD) and ceramographic characterisation
techniques. In some cases for carbides with low M2C3 content, this phase could not
be detected by XRD. The ceramographic analysis revealed an inhomogeneous
destribution of the M2C3-phase, which explains the difficulty for detection by
XRD. In general the fuel data, obtained by different analytical techniques, are in
good agreement.

Table H. Specification and fuel data for the (Uo 77,Puo 23)C fuel pellets of the KNK EL/2 irradiation

- Fuel specification

oxygen content

(ppm)

< 3000

nitrogen content

(ppm)

<700

C-total
(MC,M2C3 ,MC2)

(w/o)

< 5,16

C-equivalent
(C+12/160 + 12/14N)

(w/o)

4,8 - 5,16

second phases

(w/o)

M2C3 < 12
MC2 < 2

pellet density

% T.D.

85 ± 2

- Fuel data

oxygen content

(ppm)

250 - 470
620 - 820

1200 - 1500
1700 - 2000
2500 - 2800

nitrogen content

(ppm)

230 - 450
70 - 270

120 - 170
110 - 170

77 - 100

C-content

(w/o)

4,99 - 5,07
4,81 - 4,88
4,75 - 4,77
4,68 - 4,71
4,65 - 4,67

C-equivalent

(w/o)

5,05 - 5,13
4,87 - 4,94
4,87 - 4,89
4,84 - 4,85
4,86 - 4,89

second phase
XRD QMA
(w/o) (v/o)

7'14 4.6/15
traces 0 2/2 9

ND
ND
ND

pellet density

%T.D.

84,7 - 85,2
83,5 - 85
85 - 87
84 - 85
84,5 - 85,3

number of
pins

4
5
4
4
4

ND-not detected; TD = theoretical density, XRD = X-rav diffraction; QMA - quantitative metallographic analysis

Irradiation
conditions

pin diameter
8,5 mm

bonding
He

linear power
70 kW/m

goal burn-up
70 000 MWd/t

No significant difference in fuel composition between pellets prepared by
the two fabrication procedures was observed. However, for the direct pressed
pellets, a better thermal stability was measured in an out-of-pile radial gradient
test.
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3.2 MIXED NITRIDE IRRADIATIONS

For the short-time irradiation Niloc 1 and 2, fuel pellets with two different
diameters have been prepared by three fabrication methods. The conventional
process (K), the direct pressing (P) and the direct compaction of a MN granulate
(G) prepared by carbothermic reduction of granulated oxide-carbon compacts. The
granulate should, besides its own influence, also simulate a nitride feed material
for pellet pressing, which was prepared by Sol-Gel technique.

The variation of the gap between pellets and cladding was an irradiation
parameter, besides the pin diameter and fabrication method.

Table III summarises fuel and fuel pin data and the irradiation conditions.
The fuel pellets were characterised as a single phase material with less than
800 ppm carbon and 500 ppm oxygen for the three fuel types.

Table ffl

Data For Fuel Pins NILOC 1 and 2

Fuel Data
(U, Pu)N

Pu/(U + Pu)

U enrichment
U235 w/o

Fuel density w/oTD

Pellet diameter mm

XRD Param. A

C w/o

O w/o

Irradiation Conditions

Bonding

Max. lin. powerkW/cm

Goal burn-up atom %

NILOC K
1 2

NILOC P
1 2

NILOC G
1 2

0.23

83.77

5.4

4.8917

0.0175

0.0253

83.56

7.1

4.8920

0.0273

0.0260

92.

84.26

5.4

4.8921

0.0660

0.0195

35

86.07

7.1

4.8922

0.0817

0.0425

80.84

5.4

4.8912

0.0389

0.0312

80.77

7.1

4.8910

0.0383

0.0282

He

45 73 45 73 45 73

0.5

The irradiation experiment Nimphe 1 was prepared in collaboration with
CEA Cadarache. The TUI prepared the pellets for five nitride pins both by the
conventional and the direct pressing process. The fuel was specified with an
oxygen and carbon content less than 1000 ppm and a pellet density of 82 % TD.

Table IV gives a survey of the fuel data and irradiation conditions. The
carbon and oxygen content of the single phase (U,Pu)N fuel pellets was less than
500 ppm each. No significant difference with respect to fuel composition was
observed.
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Table IV

Data For Fuel Pins NIMPHE 1

Fuel data
(U, Pu)N

Fabrication method

Pu / (U+Pu)

U enrichment
U235 w/o

Fuel density w/o TD

Pellet diameter mm

XRD Param. A

C w/o

O w/o

N w/o

Irradiation Conditions

Bonding

Max. linear power
kW/m

Goal burn-up
MWd/t

1 1

NIMPHE 1

1

DP*

83,08

4,8910

0,0341

0,0527

5,37

2

C*

81,49

4,8912

0,0145

0,0465

5,44

3

DP*

0.21

0.7

82,44

5,42

4,8914

0,0104

0,0377

5,45

4

DP*

81,75

4,8907

0,0328

0,0370

5,43

5

C*

81,93

4,8910

0,0346

0,0340

5,41

He

45

120 000

*DP: Direct Pressing C: Conventional

The fuel pins were shipped to France in September for assembling, and
begin of the irradiation in the Phénix reactor, Marcoule is planned for November
1987.

4. CONCLUSIONS

The new optimised concept for fast reactor fuels based on the dense carbide
and nitride materials offer an improved fuel cycle. High burn-up at moderate
specific power with a high internal breeding ratio allow for an economical pin
design and fuel fabrication.

The excellent compatibility of fuel and coolant medium offers a safety
margin in case of a pin failure.

Both carbide and nitride fuels can be fabricated with a good control of
chemical composition and density as demonstrated during this investigation.
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The good agreement between chemical, XRD, and ceramographic analysis
assures the quality control of these advanced fuels.

The industrial equipment for the well established oxide fuel fabrication and
reprocessing technology can be used to a large extent for all investigated fuel
fabrication procedures.

The new fabrication method, the direct pressing, considerably simplifies the
fabrication process for both fuel types and reduces radiation exposure of
personnel.
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Abstract

The specifications of He-bonded carbide and nitride pellet fuels under current fuel
cycle considerations have been discussed several times during recent years.

First irradiation experiments with such fuels have been performed in order to
study their performance at the beginning of life. The results of the low burn-up
experiments CARRO and CARLO (carbide fuels) will be presented. Based on the
experience at low burn-up the performance of this fuel type later in life will be
discussed.

Calculations with a simple empirical model for the swelling of MX-type fuels will
be used to support the discussion.

INTRODUCTION

The growing operating experience with prototype and commercial fast
reactors in Europe has led to the result that the economy of the fast reactor fuel
cycle has to be improved if the advantages of this reactor type are to play their
proper role in the future energy supply. The primary lesson learned was that the
complete fuel cycle (fuel fabrication, reactor design and fuel performance,
intermediate storage reprocessing and refabrication) has to be analysed and
optimized instead of regarding each step of the cycle individually.

This excercise led to a reconsideration of the merits of the oxide fast reactor
and to a search for denser fuels that satisfy the following requirements:

easy handling during fuel fabrication and storage
high density of fissile and fertile atoms with the capability to attain high
burn-up

- compatibility with the reactor coolant
- compatibility with the established reprocessing methods in Europe, i.e. the

PUREX process.

In this way the old interest in the dense fast reactor fuels of 30 years ago,
metal, carbide and nitride was revived [1], however, under the new aspect that
high internal breeding is of interest rather than the achievement of a low
doubling time, i.e. a high compound breeding gain.

Under these conditions the smear densities of the heavy metals of between
75 % and 80 % are very attractive in the dense fuels [1] and thus the difficulties
often encountered with carbide and nitride fast reactor fuels of high smear
density during the sixties and the seventies are considerably reduced.
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The detailed information obtained by the European Institute for
Transuranium Elements up to 1983 on the swelling mechanisms in carbides and
nitrides [2] [3] [4] was thus a good basis for the development of an optimised
carbide in collaboration with the "Projekt Schneller Brüter" in Karlsruhe and the
development of an optimized nitride in collaboration with the CEA, Department
(DECPu) Cadarache.

2. THE PURPOSE OF SHORT TERM IRRADIATION EXPERIMENTS

In contrast to a pin design with Na-bonding, the dense fuel in a He-bonded
pin will undergo a strongly changing temperature history at the beginning of its
in-pile operation [4], see fig. 1.

0 t 0

FIG. 1.riu. i.

The schematized temperature history in a He-bonded fuel pin.
The three burn-up periods A, B and C are indicated

The probability is very low that the fuel could, under normal operation,
once more attain temperatures as high or higher than that at the beginning of its
in-pile life (BOL) during the subsequent irradiation history. Any thermal in-pile
restructuring at BOL will therefore impress its influence on the in-pile
performance until the end of the irradiation. Consequently the fuel behaviour at
BOL in a He-bonded pin will already give some indication about the expected
performance later in life.

The purpose of the irradiations CARLO and CARRO and NILOC 2 is to
provide such information. The results of the carbide irradiations CARLO (carbide
low in oxygen) and CARRO (carbide rich in oxygen) have already been used in réf.
[4] in the description of the in-pile mechanisms in He-bonded carbide fuels, in
order to complete the picture about the influence of oxygen impurities on the
irradiation performance of the carbides. A similar experiment NILOC (nitride
low in oxygen and carbon) will undergo post irradiation examination in our hot
cells in the near future.

3. THE IRRADIATIONS CARLO, CARRO

The irradiations were carried out in the High Flux Reactor in Petten. The
flux depression was reduced by employing a cadmium screen in each irradiation
in order to obtain radial temperature distributions in the fuel similar to that
under fast flux conditions.
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Since one of the main purposes of these experiments was to test the
thermal stability of the fuels each fuel stack had different gap widths below and
above the position of maximum flux. In this way distinct temperature levels were
obtained at equivalent local values of the linear rating, see table I.

Table I: Fuel Data

Pin section

PuAU + Pu)

Oa [ppm]

C [ppm]

ECC w/o

Pellet diameter
[ppm]

Po [%]

TSA [KJ2)

TCA [K]2>

Fmaxl2/03

CARRO

3.1 6

-0.2

1590

-

4.85

6.40

13.2

1440

1770

0.55

6.20

13.2

2020

2360

0.53

CARLO

4 6

-0.2

290

-

5.05

6.40

14

1500

1880

0.61

6.20

14

2120

2500

0.59

NILOC 2

C B

-0.2

260

270

-

7.22 7.10

16.4 16.4

1)

1)

-0.5 -0.5

1) Data not yet available
2) Estimated temperatures ±50 °C

In fig. 2 the design of a fuel stack is shown schematically together with the
variation of the linear rating and of the clad temperature along the fuel column.
The respective fuel compositions and the calculated fuel temperatures at both
sides of the change in pellet diameter at BOL are shown in table I.

linear h«ot rating (kW/m)

clad t»mp«ratur»(°Cl

FIG. 2.
Linear rating, clad temperature after ~ 0.5 a/o burn-up and position of change
in the pellet diameter in the pin CARLO
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4. POST IRRADIATION EXAMINATION

4.1 Non-destructive analysis

AD/D and clad ovalisation

No increase AD of the mean clad diameter D was found for both pins
CARLO and CARRO. However, both pins clearly showed an ovalisation of the
clad, ± 16 urn and ± 20 urn for CARLO and CARRO respectively. The
corresponding clad ovalisation before irradiation was ± 4 and ± 6 jam. No
correlation between the local amount of ovalisation and the width of the initial
radial gap size in the respective sections of the fuel stack was observed.

In the case of NILOC 2 K neither clad ovalisation nor any change in
diameter was observed.

Axial Y-scanning

The axial y-Scan of the pin CARLO is reproduced in fig. 3. The 137Cs- \-
activity changes with the change in fuel diameter. The parts of the fuel stack
having the large diameter show a higher activity than those with the smaller
diameter. Obviously caesium was transported axially from the stack parts at high
temperature to both extremeties of the stack (increased Cs-activity at both the
bottom and top ends of the fuel stack). In the pin CARRO (high oxygen content)
this effect was also recognized, but it is less developed than in CARLO.

For NILOC and CARLO the interpellet separations are clearly visible as
dips in the Y-activity.

FIG. 3.

Axial Y-scan of the pin CARLO. Note the change in y-activity at the positions
where the pellet diameters change
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4.2 CERAMOGRAPHY

The macrographs of the cross sections CARLO 3.1 and 6 and CARRO 4 and
6 are shown in figs. 4a,b and 5a,b. As indicated in table I the burn-up was around
0.5 a/o for all 4 cross sections. In spite of this short irradiation the initial gaps are
nearly closed with the exception of fig. 5b. The residual wedge cracks at the fuel
periphery indicate that the gap closure occurred mainly by pellet fracturing and
fragment relocation with subsequent transformation of the crack volume in the
fuel centre into porosity.

Differences in restructuring at low initial fuel temperature (figs. 4a, 5a):
There is a pronounced difference in the restructuring between the fuel with low
oxygen content, CARLO, fig. 4a, and that with high oxygen content, CARRO, fig.
5a at very similar initial fuel temperatures. Fig. 4a clearly shows less fuel
restructuring than Fig. 5a. The outer part of the fuel in fig. 4a contains more or
less the fabrication porosity, as indicated by the large open wedge cracks . Only in
the centre part has the crack volume been transformed into porosity. In fig. 5a
the wedge cracks have obviously been transformed completely into porosity right
down to the fuel periphery, and the fabrication structure has been lost completely.

Restructuring at high initial fuel temperatures (figs. 4b and 5b): At these
higher temperatures the carbide low in oxygen, CARLO, has also lost its stability
and shows pronounced restructuring right to the fuel periphery, fig. 4b. The
asymmetry in the fuel structure at the periphery indicates a strong asymmetry in
the fragment relocation accompanied by related temperature differences. The fuel
near the periphery, oriented at 7 o'clock in fig. 4b, remained clearly cooler than
the fuel fragments at the opposite side. Less pronounced asymmetries exist in
most other pin cross sections. They are revealed if the porosity is analysed
quantitatively along a pellet diameter.

The restructuring of the carbide with high oxygen content in fig. 5b took
place without closing the initial gap in contrast to all other sections analysed. The
residual wedge cracks show nevertheless that the pellet was fractured and that
the cracks healed in the pellet centre.

In both types of fuel, Pu-transport to the fuel periphery was observed. This
transport was much stronger in CARRO than in CARLO.

Microhardness measurements were carried out in a radial direction in the
clad materials of CARLO 3.1 and CARRO 4. From these the effect of clad
carburization can be inferred qualitatively. For CARLO 3.1 no change in the
microhardness of the clad was detected. In the clad of CARRO 4 the measured
changes in microhardness indicate parly some degree of carburization.

5. DISCUSSION AND CONCLUSIONS

5.1 Pellet geometry and restructuring

The following conclusions can be drawn:

1. Both with stable and non-stable carbide small radial gaps are very nearly
closed after 0.5 to 0.6 a/o burn-up, figs. 4a and 5a. The difference between
CARLO and CARRO resides in the fact that the stable fuel (CARLO) shows
pronounced open wedge cracks, fig. 4a, and hence a strong difference in fuel
swelling between periphery and centre, whereas the non-stable fuel shows
high swelling out to the fuel periphery, i.e. practically no wedge cracks, fig. 5a.
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a)

b)

FIG. 4.

Fuel cross sections of pin CARLO
a) Section 3.1 (large pellet diameter)
b) Section 6 (small pellet diameter
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a)

FIG. 5.

Fuel cross sections of pin CARRO
a) Section 4 (large pellet diameter)
b) Section 6 (small pellet diameter

77



2. A large initial radial gap is nearly closed for the stable fuel, see fig. 4b,
whereas it is still open for the unstable carbide, fig. 5b. This means that at the
higher fuel temperatures the non-stable fuel underwent in-pile densification
whereas the stable fuel did notdensify.

3. The residual wedge cracks in fig. 5b show that in spite of the still relatively
large open gap the pellet was fractured at the beginning of irradiation. The
fact that it resintered in the centre part indicates that the initial radial
displacement of the fragments cannot have been very severe in spite of the
large gap. Possibly contact of the fragments between adjacent pellets in the
axial direction prevented them from getting displaced by the full distance
possible.

4. The analysis of the pellet geometries shows that in-pile densification in He-
bonded carbide fuels is not a general phenomenon but is restricted to non-
stable fuels which are exposed to high temperatures at BOL. This condition
exists in pins with large initial gaps and/or high linear ratings.

5.2 The influence of oxygen content on in-pile kinetics

The analysis of the PIE results shows that the oxygen level in the as-
fabricated fuel influences the following properties and mechanisms:

a) higher oxygen content results in stronger radial Pu transport
b) higher oxygen content results in less axial Cs transport
c) higher oxygen content results in stronger fuel/clad chemical interaction.

Whereas points a) and c) can be understood on the basis of the higher
atomic mobility existing in carbides with X/M ~ 1.00 and high oxygen content,
point c) represents just the opposite effect.

The retarding effect of oxygen impurity on the Cs-mobility can be
understood if one assumes that oxygen and Cs tend to form complexes in the
carbide lattice which are less mobile than either oxygen or Cs. A similar trapping
effect was recently shown to exist in a dilute Nb 4- 2 a/o Zr alloy where, vice
versa, the Zr atoms act as trapping centres for oxygen. The effect was analysed by
EXAFS/5/.

In irradiated carbide fuels the situation is more complex. It is well known
that the oxygen will preferentially interact with those fission product elements
which form stable oxides. This will be first the Rare Earth, the Earth Alkaline
elements and Zr and last Cs and Rb whose oxides are less stable. Hence the
available oxygen in the carbide will be used primarily for trapping Zr, the RE, Sr
and Ba, and only "what is left" will be available to interact with Cs and Rb.

The balance between the available oxygen in CARLO and CARRO and the
amount of fission product atoms at 0.55 a/o burn-up is given in table H. The
balance shows that no oxygen is available to interact with Cs and Rb in CARLO,
hence these fission product elements are expected to behave as in oxygen-free
carbide. On the contrary plenty of "free" oxygen is available in CARRO and
consequently, Cs will be trapped. Release of Cs from the fuel in CARRO will
therefore be less than in the case of CARLO. This situation should, however,
change after about 2.5 a/o when all the available oxygen has interacted with the
strong oxide formers.
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Table u: Comparison of the amounts of oxygen and relevant fission product
atoms at 0.55 a/o in CARLO and CARRO (all numbers in a/o)

Oxygen available

Rb + Cs

RE + Zr + Ba + Sr

Balance

CARLO

0,43

0,12

0,53

-0,22

CARRO

2,41

0,12

0,53

+ 1,76

5.3 Models describing the carbide fuel performance

If the initial restructuring of the fuel stays within the limits which can be
defined from fig. 4a by comparison with figs. 4b and 5a,b, no further severe in-pile
restructuring must be taken into account and the modelling of the subsequent in-
pile performance becomes relatively simple. This has been outlined in réf. [4].
When the relevant conditions with regard to the thermal in-pile stability of the
fuel, pin design and reactor operation are not respected, the ensuing changes in
the fuel structure have consequences for the fuel performance. Previous
experience has shown, however, that this situation usually arises when fuel
properties, pin design and reactor operation have not been optimized for attaining
high burn-up and early pin failure may occur. For this reason there is little
incentive for developing models for the more complicated in-pile situations unless
one wants to model the fuel behaviour under off-normal temperature and/or
power transients very early in pin life.
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Abstract

The paper outlines two decades of work at EIR covering the development of
gelation processes for the production of mixed (U,Pu) nuclear fuels. The programme
concentrated initially on the fabrication of uranium-plutonium carbides as an FBR
advanced fuel. The requirements of smeared density (75-80% T.D.) permitted the
use of 2-size fraction microspheres for vibro-filled fuel pins. The irradiation
programme accompanying this work culminated in 1986 in the start of irradiation of
25 sphere-pac carbide fuel-pins in the US Fast Flux Test Facility, alongside US
pellet carbide fuel. This test has currently exceeded 3% burn-up with a target of 9%.
Associated with the FFTF programme was the development of extensive analytical
and QA procedures to characterise the fuel and pins. Additional studies further
examined the fuel stoichiometry and phase structure. Code development has also
been carried out for the modelling of sphere-pac fuel behaviour.

More recently, due to the revival of interest in Europe in mixed nitrides because of
their carbide-like behaviour but with improved handling and reprocessing potential,
EIR has started to examine a gelation route for the production of (U,Pu)N, based
also on carbothermic reduction. Here EIR is collaborating with the CEA (DECPu
Cadarache) to develop the gel fabrication process for microspheres or pellets
followed by testing under fast reactor conditions. In a first stage the fuel make-up
(O, C, N content) is being optimised. For pin fabrication similar techniques can be
used as for carbide pins due to the similar requirements of smear density.

I. INTRODUCTION

Mixed oxide fuel is the current fuel of choice for today's fast breeder reactors and for the power
plants of the near future. However careful evaluation of the optimum fuel requirements for a
mature system of power producing FBRs ! justifies continuation of work on alternative ceramic
FBR fuels. The points to be considered concern long in-core lifetimes, associated with this is
the need for benign defect fuel behaviour, ability to work under load-following regimes, and
further, good economic and technical properties in the fuel-cycle as a whole.

Mixed carbides or nitrides are the candidate ceramic materials competing with oxide fuel for
the mature breeder system of the future. Most effort has been devoted to (U,Pu)C for which a
large body of information already exists.2 Less has been done on the (U,Pu)N system. Nitrides
are however of interest.They have similar properties to carbides but do not form pyrophoric
powders, show little reaction with the cladding and are easier to reprocess. Like carbides,
nitrides are also compatible with the sodium coolant. The fabrication of nitrides is more
complex and the production of radioactive 14c in-reactor is a negative aspect.

81



Both carbides and nitrides possess the desired properties mentioned in ref 1 above of high
atomic densities (low drop in reactivity over several cycles, high conversion), high thermal
conductivity (high power ratings, low inventories), no reaction with coolant under normal
conditions (benign defect behaviour), and carbide at least has shown excellent high burn-up
behaviour to at least 15 at%. 3

In fabricating mixed carbides, the somewhat complex flow-sheet can be simplified by using
gelation methods which also overcomes the pyrophoric dust problem, gives a homogeneous U-
Pu solid solution and allows remote fabrication in the case of more active recycled fuels. EIR
has demonstrated this process on a lab scale and produced fuels for testing. Nitride which uses
the same carbothermic reduction route can also be fabricated by gelation methods and a
programme has just been started with the CEA-Cadarache.

H. GELATION PROCESSES FOR PARTICLE FUEL

Two aspects of EIR's fabrication studies are important: the use and development of gelation
methods to produce dense, ceramic microspheres of solid-solution U-Pu carbides, oxides or
nitrides and the vibro-filling of these into fuel pins for testing. Several methods of gelation were
developed in earlier years by various groups, these include the water extraction method 4, the
external gelation method5 and the internal gelation method.6 EIR has developed the latter for
plutonium fuels.

After preparing concentrated feed solutions of uranium and plutonium nitrates these are mixed
together with an aqueous solution of hexamethylene-tetramine (HMTA), urea and, for carbides
and nitrides, dispersed carbon-black. The cooled mixture is then dropped into a column, or
ejected into a stream, of hot silicon oil. This triggers off the decomposition of the HMTA to
form ammonia, which precipitates ammonia-diuranate within the droplets to form spheres
which can be readily handled. Washing steps remove the silicon oil, solvents and reaction
products and after drying at 110 °C in air a calcining step in Ar/H2 drives off further volatiles
and adjusts the uranium to a known oxidation state. For high density carbide microspheres,
carbothermic reduction (reaction-sintering) is done at 1950 °C in flowing Ar, for nitrides with
the further addition of N2 gas, producing clean, dust-free particles which can be loaded directly
into fuel pins. For smeared densities typical for advanced FBR fuels (75-80% TD) two size
fraction particles can be used,typically 70 Jim and 750 |im. Fig.l shows the EIR process for
mixed-carbide compared with the classical powder-pellet approach.

In a further development EIR has taken the unique advantage of the internal gelation process
being a heat-triggered reaction and has demonstrated the introduction of microwaves to heat the
droplets in a specially designed cavity. This eliminates the hot silicon oil and solvent streams
and the associated belt-filters. The advantages of this process lie in the process control, further
flowsheet simplification and less equipment complexity in the active area.
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A. AC-3 TEST.

The EIR programme for mixed carbide testing culminated in the AC-3 experiment, now under-
way. This is a cooperative irradiation test between Los Alamos National Laboratory (for the US
DOE) and EIR in the Fast Test Reactor of the Fast Flux Test Facility (FFTF) in Richland, USA.
The main object of the test is to compare the irradiation performance of uranium-plutonium
carbide fuel pins containing sphere-pac fuel with those containing pellet fuel under normal
operating conditions up to a burn-up of 9 at.% of the fissile material. Seventy-seven pins,
fabricated at LANL were filled with pellets of different densities prepared by the standard
process with powder blending, carbothermic-reduction, pelletizing and sintering. 7 Twenty-
seven pins fabricated at EIR were vibro-filled with spheres of 800 and 70 microns prepared by
the internal gelation process. Twenty-five of these were assembled at LANL with sixty-six
pellet pins to form a ninety-one pin, wire-wrapped, FTR fuel assembly.8
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B. FUEL FABRICATION AC-3.

1. Quality.

Control over fuel quality and demonstration that the required standards were met (Quality
Assurance) was based on clear specifications for process procedures, analyses, and
inspection. These were qualified in pre-fabrication trials. Due to criticality limits for the
individual glove boxes (200 g plutonium) and the capacity of the sintering oven,
production was done in small batches containing 70 g of plutonium each. Each batch
started with a single make-up of feed solutions and proceeded through the gelation,
drying, calcining and sintering step. Carbon, oxygen and plutonium analyses were
performed and a ceramographic specimen prepared to qualify the batch for a charge. A
charge consisted of fuel for approximately 5 pins, which meant 2 kg (U,Pu)C of large or
0.75 kg (U,Pu)C of fine spheres. The charges were fully characterised at EIR with the
exception of the trace and nitrogen analyses, which were performed at the Transuranium
Institute, Karlsruhe (TUI). The fuel quality requirements for sphere-pac and pellet fuel
are shown in table 1.

Table 1 Fuel specification FFTF AC-3

Plutonium content
Pu 239+241 content
Uranium content
U-isotopic (235)
Sesquicarbide content
Eq. carbon content
Fuel density
Oxygen
Nitrogen
Silicon
Molybdenum
Tungsten

wt% fuel
wt% Pu
wt% fuel
wt%U
vol% fuel
wt% fuel
% theoretical
ppm
ppm
ppm
ppm
ppm

Pellets

19.7+0.5
88.2+0.5
75±0.5
<0.3
10+5
not specified
78-82
<2000
<1000
<100

<600

Spheres

20.0±0.5
89.0±0.5
not defined
<0.7
not specified
5.02+0.11
>95
1000±1000
<1000
<100
<200
<500

2. Analytical Results

Good reproducibility of the carbon and oxygen content, the two most important
characteristics of a carbide, was achieved over the whole campaign as shown in Fig 2.
The high oxygen content of one charge of fines is a result of a low sinter temperature.
Full characterisation of two charges are given in table 2. All other charges were similar
except in some a higher silicon and/or tungsten content was found. This was due to an
improper organic wash after gelation and a subsequent interaction with the tungsten
crucible.
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Table 2 Characterization of Carbide charges K-400 and K-401

Fissile material
Plutonium
Fissile (239+241)

Chemical analysis
Carbon
Oxygen
Nitrogen
Boron
Iron
Nickel
Silcon
Tungsten
Chlorine
Fluorine

Physical analysis
Sphere diameter
Density
Rel. ih. density
Charge size

wt%
ai%

wt%
wt%
wt%
ppm
ppm
ppm
ppm
ppm
ppm
ppm

(JJTl

g/cm3
%
g

Ceramographic analysis
Main phase
Secondary phases
Equivalent carbon
Calc. amount 2nd phase

wt%
vo!% MiCg

Fine fraction
K-20P-007-400

19.23
88.87

4.9
0.16
0.003
1.5
59
2.5
35
450
<1
4.3

63-90
13.28
98.33
730

MC
M2Cî/MC2
5.02
10.5

Large fraction
K-20P-007-401

19.14
88.89

4.95
0.07
0.007
0.6
<20
0.9
13
<80
<1
0.8

785
12.98
96.18
2170

MC
M2C3/MC2
5.01
9.8
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3. Characterisation/stoichiometry.

The fuel compositions specified were based mainly on the experience of LANL. It was
proposed that the fuel be comprised of two phases: monocarbide and sesquicarbide. The
presence of both had to be shown and the sesquicarbide phase had to be between 5 and 15
% of the fuel material by volume.

In the US the phase requirement is complied with by analysing the carbon, oxygen and
nitrogen content of the fabricated fuel and calculating the phase composition assuming it
is comprised of mono- and sesquicarbide phases only and that the oxygen and nitrogen
are atomically equivalent to carbon. These assumptions are based on detailed US studies
for pellets.

The micro-sphere manufacturing process is much different to the pellet process.
Assumptions justified and employed to demonstrate compliance in the case of pellets
must be re-justified for microspheres. Ceramography of the carbide spheres, prepared
using standard procedures had earlier shown a white phase which could be interpreted as
sesquicarbide. A quantitive determination was however not possible. In preparing
samples for X-ray diffraction EIR found difficulty in analysing the carbide when in the
form of spherical particles. Finally neutron diffractometry, a method for phase
identification and determination directly on the spheres without special preparation, gave
indications of mono-carbide with only traces of secondary phases. For these reasons it
was agreed to base the characterisation of stoichiometry on carbon, oxygen and nitrogen,
which became the focal point of the analyses. However the search for a deeper
understanding of the phase structure of the micro-spheres continued in three main stages
as shown below.9

In order to verify the analysis proceedures of the key parameters C, O, N, U, an inter-
laboratory comparison was carried out on three different compositions of uranium
carbide microspheres, between EIR, LANL and TUI. The results showed that the
chemical methods used by the three laboratories give comparable results. No differences
between the laboratories could be identified. If there are variations in the absolute values,
they are covered by the variations of the individual measurements and analyses. The
maximum uncertainty of the equivalent carbon content, calculated from the error of
carbon and oxygen determinations are of the order of 2 % of its value. The variations in
the oxygen determination within a given laboratory could be reduced by a calibration
system using standard material having properties close to those of the fuel being
analysed. Uranium carbide spheres with their low surface area may be just such a
material.
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In a further step, EIR set-up procedures for neutron diffractrometry of uranium- and
uranium-plutonium carbide materials. In addition to the studies on carbide microspheres
directly, measurements were also made on crushed samples of uranium-carbide pellets
supplied by LANL. The diffraction analysis of these latter samples proved the technique
to be capable of sesqui-carbide detection and the specimen to be comprised of mono- and
sesqui-carbide phases only, as claimed. Analysis of the diffraction pattern gave M2C3 at
7.1 % compared to 10.2 vol% calculated from the equivalent carbide content.

In the micro-sphere samples however no sesqui-carbide phase was evident even with
samples with high equivalent carbon, although di-carbide was detected. Reasons for this
could be:

Pellet fabrication includes much mechanical working and longer thermal treatment
stages.The rate of sesqui-carbide formation and its occurence is enhanced in a highly
point-defected mono-/ dicarbide mixture.

The pellet sample contained 2000 ppm nickel added as a sintering aid. This functions
by enhancing diffusion rates of uranium in carbides and thus the kinetics of phase
equilibrium could also be affected.

Selected samples of micro-spheres shown to consist of only mono- and di-carbide phases
in the as-fabricated condition were given further periods of heat-treatment.Whereas a
uranium sample showed no change in its UC/UC2 structure after a further treatment of 64
hrs at 1550 oc, a representative sample of uranium-plutonium carbide was transformed
into a material having only mono- and sesqui-carbide phases after only 4 hrs at 1550 oc
This could also be confirmed by ceramography. The results indicate that the
manufacturing route is an important factor in determining the phase composition of
mixed carbides. The nascent di-carbide form is readily transformed into sesqui-carbide
by an extra annealing treatment at 1550 °C for as little as 4 hrs.

C. ROD FABRICATION

Complete fabrication of the sphere-pac fuel pins took place at EIR using pin components
supplied by LANL for test equivalence. Some pin internals were made by EIR and the wire
wrapping was done by LANL. An infiltration method was used to vibro-fill the pins which gave
a very flat axial density profile. Welding of the pins, after very extensive weld trials and
qualification became routine. Most importantly the a-contamination of the the pin surface at
the weld was well below the permitted levels on arrival at the decontamination box, requiring
only minor clean-off. Radiography and dimensional checks also gave results conforming to
specification.
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D. TEST PROGRAMME PROGRESS.

The ninety-one wire-wrapped, D-9 clad fuel pins were assembled by the Hanford Engineering
and Development Laboratory (HEDL) in Richland in the spring of 1986 into the fuel assembly
(Fig 3). After Loading into the FFTF in early August, the reactor reached full power on
September 19. The planned operating condition of 92 kW/m was reached. The peak burn-up
achieved now exceeds 3 at% with no defects indicated. Detailed planning is now to begin on
post irradiation examination which will be carried out mainly in the USA in collaboration with
EIR.

Fig.3. Assembling the 91-pin carbide test at the Hanford Engineering & Development Lab
(courtesy US DOE)

E. IRRADIATION RESULTS

1. Review.

The world-wide experience in carbide fuel behaviour and the EIR experience on sphere-
pac carbide behaviour was reviewed at the 1986 Tuscon Conference 1° and the main
comparison sphere-pac/pellet is summarised here.
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The well known cross-section of irradiated sphere-pac pins (Fig.4) shows very clearly the
progress of in-pile restructuring which is similar in all carbide fuels. All the four zones
of the 'Blank model'11 can be seen under the appropriate conditions of rating and
temperature, the main difference being fuel contact with the clad from begining of life
(BOL) and the retention of at least one ring of large spheres at the outer rim. With 20-
25 % porosity distributed throughout the fuel column at BOL, restructuring begins with
the 'sintering' of sphere to sphere contact points. Necks form at these points and finally
lead to a fully sintered, nearly solid region in the centre of the fuel column. This region
therefore behaves much like that of pelleted fuel with the same restructuring phenomena
occuring, i.e. bubble formation and migration and grain growth. The central region and
the partly sintered surrounding annulus may crack and reheal but the cracks do not
penetrate the outer, largely unrestructured perimeter. The radius of the central region,
which depends on linear-power, temperature and the sintering mechanisms can be
accurately predicted by EIR's sphere-pac fuel performance codes.

Fig.4 Cross-section of a Sphere-pac Carbide Fuel Pin (6 at% burn-up).

Regarding Fission Gas Release (FGR), careful examination of the available well-
characterised data 10 seems to show that in addition to the fuel operating temperature, fuel
composition plays a much larger role in FGR than the fuel form (pellets or sphere-pac)
For example the lower fission gas release seen in US carbide can be attributed to the low
oxygen content in these fuels compared to 'European products'. Particle fuels neverthless
show a greater spread in FGR results, perhaps due to the wide range of operating
conditions covered. In general particle fuels have a FGR consistent with the smear
density despite the lack of a fuel-clad gap.(Fig 5)
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Swelling data on sphere-pac carbides has been determined from diametral strain
measurements on the cladding. When corrected for smear density, sphere-pac carbide
fuel swelling approaches that for pellets (1.4 + 0.3 % per at% burn-up), again in spite of
the absence of an intial gap. This may indicate the role of the 20-25 % distributed
porosity in increasing 'bed plasticity'. Sphere-pac fuels exhibit another important
difference, lack of inter-pellet ridging and trapped fragment phenomena.

The hyperstoichiometric fuels specified (to avoid metallic phases and improve swelling
behaviour), can transfer the excess carbon to the cladding causing carburization and
embrittlement especialy above 600 °C. In helium bonded pins transfer occurs via the gas
phase or solid contact. Trans-granular cracks initiate in the most heavily carburized inner
surface of the cladding and propagates intergranularly along carburized grain boundaries.
In earlier tests this was the main cause of failure in both pellet and sphere-pac pins,
sphere-pac fuel exhibiting similar effects at the same stoichiometry. Use of improved
cladding alloys and today's closer control over fuel stoichiometry with lower oxygen
levels has contributed to a significant reduction in carburization to high burn-ups.
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2. New preliminary results from the Mol-11/K-5 Irradiation.

In collaboration with the Kernforschungszentrum Kaisruhe BRD (KfK), EIR irradiated a
sphere-pac carbide pin alongside KfK carbide designs in the Mol-ll/K-5 programme.
The sphere-pac pin was irradiated between 1981 and 1983 and was returned to EIR in
1986 together with a KfK pin for post irradiation examination. To date (Aug 1987) the
non-destructve exams have been completed and sample cutting and preparation is under
way.

The sphere-pac pin achieved an estimated burn-up of 7-8 at% at a clad temperature of
500-520 OG and a peak rating of 70-80 kW/m. No significant clad length changes
occured, diametral strains were similar to the corresponding pellet pin with the sphere-
pac pin showing the typical ridge-free profile with low ovality. Axial gamma-scans
showed large differences which might be attributed to a different mobility of 137Cs
between the two pins.

Fission gas release in the sphere-pac pin is estimated to be of the order of 20 % based on
measured gas extracted and an estimated burn-up of 7 at%. This will be corrected once a
chemical burn-up analysis is available.

IV. NITRIDE

A. BACKGROUND.

After an early period of study mainly in the USA and at the TUI, followed by a development
pause, uranium plutonium nitrides for the FBR are being re-examined, again in the USA (for
compact liquid metal cooled reactors) and at the CEA (Cadarache, France), with EIR and TUI.
The reasons for the European interest were outlined earlier: high atom densities, good
compatibility with the coolant and ease of handling in normal atmosphere, fabrication (powder
metallurgy dry route) and reprocessing (Purex process) in the existing oxide facilities with
minor changes. Studies are now concerned with optimising the fabrication process, basic nitride
thermodynamics, irradiation testing and evaluation of the fuel-cycle options. EIR has joined
with the CEA to study and develop nitride production using the internal gelation route, for
testing as sphere-pac or pellets.

B. GELATION PROCESS FOR NITRIDE MICROSPHERES.

With its experience in gel carbide fabrication EIR is ideally placed to explore the nitride gel
route since the processes are essentialy the same, involving the transformation of the 'oxy-
carbide to dense nitride in a single stage reaction-sintering step by the introduction of nitrogen.
Up to this point the process is identical. As for carbides, this route offers major simplifications.
Studies are being made on the process parameters which influence the principal constituents of
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nitride - nitrogen, oxygen and carbon. These lie in the areas of initial carbon to metal ratio, gas-
mixtures and flows used during sintering, heating-rates and sintering temperatures and the
interaction of all these parameters.

C. FIRST RESULTS.

The initial fabrication studies varied the initial C/M ratio and gas-mixtures at constant
temperature programme settings. In all cases uranium nitride micro-spheres were produced but
with varying compositions, as was expected. The first analytical results are shown in table 3.
These indicate that the carbon level might be controlled by adjusting the initial C/M ratio. The
very high densities recorded (close to theoretical density) are due to the spheres having nearly
all open porosity, thus the gas pyknometer is measuring effectively the matrix density.

Table 3. Effect of initial C/M and reducing atmosphere on Nitride composition.

Variable

LowH2,C/M=2.1

Med. H2, C/M=2.1

LowH2,C/M=3.1

Med. H2, C/M=3.1

Batch No.

N-508

N-509

N-506
N-502

Nitrogen

wt%

4.72

4.22

4.02

4.93

Oxygen
ppm

23000
27800
298
384

Carbon

ppm

1035

1156
13500
4650

Density

g/cm3

13.45

13.46

14.30

14.14

D. FUTURE WORK.

Once a satisfactory composition for uranium nitride has been achieved with <1000 ppm Û2 and
<1000 ppm C, the amount of material per sinter charge will be increased and the sphere density
brought under control. UN material will be exchanged with CEA - Cadarache for analysis.
Once the process has been optimised with UN, mixed nitride will be produced. In parallel, CEA
- Cadarache will attempt to produce pellets from EIR supplied micro-spheres. At the same time
a test proposal will be prepared for an irradiation test of gel pellets and particle fuel in a fast
prototype reactor.

V. LOSS OF SPHERES.

A general concern for all types of particle fuel is the behaviour under defect conditions. Defect
pellet fuel pins are not unknown, sometimes these can exhibit loss of complete pellets! Such
extreme failures are not part of the present discussion at least not specifically for sphere-pac
pins. However it is important to be able to estimate the risk of fuel loss from defective particle
pins and the likely magnitude both for small scale testing and later for cores having a large
proportion of particle fuel assemblies.
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The two main factors influencing fuel loss are probability of a defect of a given size occuring
and the retention of particles due to in-pile sintering. These run counter to one another, the risk
of a defect increases as the irradiation proceeds whereas the likelihood of loss decreases due to
increase in the volume of sintered material within the pin. Particle egress is promoted by net
mechanical and pressure forces, vibration/gravity and wash-out, and particle retention is
promoted by friction, coolant wetting, build-up of deposits (before or after the failure) and
sintering of the particles. Rate of loss and the maximum potential loss depends strongly on the
shape, location and rate of evolution of the crack. The complex interaction of all these factors,
extended to cover oxide, carbide and nitride fuels with varying particle sizes, different
operating conditions, different coolants and different failure probabilities are almost impossible
to model without enormous experimental effort.

EIR is approaching the problem via an experimental programme of validating existing sinter
models for fine spheres. By characterizing the early stages of sintering by means of the neck
growth-rate it is hoped to characterize typical particle beds by their icsistance to pass through a
given crack. Assuming the cracks evolve slowly and that the fine spheres are the particles most
at risk, a 'source-term' might then be determined and related to the probability of a given crack
occuring. As a back-up, some out-of pile simulations of particle loss through ideal cracks will
be attempted.

VI. MODELLING.

In connection with the above on-going research EIR is developing models of sphere-pac fuel
behaviour. The latest version of such a code is SPHERE. This is derived from earlier codes
SPECKLE I-IV, which successfully modelled 2-size fraction carbide behaviour. SPHERE is
being developed as a general purpose sphere-pac code to model oxide, carbide and nitride fuels
with any size-fractions (typically 2 or 3). The improvements leading to SPHERE have initially
concentrated on the thermal models (including restructuring, gas-release) and good agreement
has been shown in modelling the central fuel temperature of three-fraction LWR oxide rods
(both start-up and long-term comparison versus measured values) 12 as well as modelling e.g.
the radius of the fully restructured zone in FBR carbide fuel pins. In a further step SPHERE
now incorporates a model of oxide fuel stoichiometry evolution with burn-up, taking into
account the build-up of the fission-product inventory. This is a first stage in the development of
a chemical model for burn-up dependent changes in fuel properties.

VII. CONCLUSIONS.

Advanced (carbide, nitride) ceramic fuels are being developed as alternative fuels for a mature
breeder system, having improved in-reactor and fuel-cycle properties. The gelation route
producing microspheres (or pellets) can offer advantages in fabrication and perhaps in
performance and reprocessing. EIR has developed the carbide route to the stage of a large-scale
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test in the Fast Flux Test Facility. Work is being extended to mixed nitride wet-route
fabrication with CEA-Cadarache. Loss of spheres from defective pins is now being examined
and a general sphere-pac code is under development.
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PERFORMANCE OF BOR-60 VIBROPACK
URANIUM-PLUTONIUM OXIDE FUEL PINS

G.I. GADZHIEV, A.A. MAJORSHIN,
A.A. PETUKHOV
Scientific Research Institute

for Nuclear Reactors,
Dimitrovgrad,
Union of Soviet Socialist Republics

Abstract

Presented are the results from in-pile tests and
material investigations of the BOR-60 vibropack U-Pu oxide
fuel pins. The data on fuel pin characteristics are also
given. The effects of both the technological factors and
test conditions on the fuel pin performance are considered.
The factors limiting their service life are revealed and
the leads for further improvements of the fuel pin design
and fabrication technology to obtain higher burnups are
specified.

INTRODUCTION

The advantages of fast reactors become feasible only
with a well-developed and economic fuel cycle. An important
place here holds the technological processes for processing
and production of the uranium-plutonium oxide fuel pins and
subassemblies. Much thought is now being given to the prob-
lem associated with the increase in the fuel burnup. Deep
fuel burnups, need for its long-term disintegration on remo-
val out of the reactor, high fission product content cause
the increase in the specific activity of the fuel to be pro-
cessed and, thus, call for optimizing the remotely-controll-
ed automized processes for reprocessing spent fuels and fa-
brication new fuel pins and subassemblies. That is why the
vibropack fuel is also being investigated as an alternative
to the traditional pelleted fuel for fast reactors which may
appear to be more safe from the point of view of the remote
automized technology.
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1. RESULTS FROM STUDIES OF EXPERIMENTAL VIBROPACK
FUEL PINS

Possibility of using vibropack uranium-dioxide fuel pins
in fast reactors was supported by the results from studies of
their characteristics and performance according to the expe-
rimental programs [l , 2] . Those studies were initially aimed
at solving the problems associated with peculiarities of vib-
ropack technology, at understanding the thermal characteris-
tics of fuel pins. It has been stated that under required
heat rate (550-600 W/cm) and cladding temperatures (up to
720°C) the period for fuel centre structure formation and,
nence, the fuel centre temperature do not exceed an hour. A
collar-type structure is being thereat formed analogous to
that for pelleted fuel. The above process doesn't impose
additional restrictions on the reactor startup conditions
regulated by thermal and physical parameters of the plant as
a whole. The formation of the fuel centre structure at the
initial stage of the reactor operation leads to the fact that
later on tne behaviour of the vibropack fuel doesn't differ
from those with pellets fuel.

Upon obtaining the results from the service life tests
of the BOR-60 fuel pins with uranium dioxide up to a maximum
burnup of 11% at heat power up to 590 W/cm and cladding tem-
perature of 730 C £2j the development of the vibropack tech-
nology have been initiated at the reactor. The tests of some
fuel pins and subassemblies up to burnups of 10-12% aimed at
bringing to light the behaviour of plutonium dioxide and its
effect on the performance of the fuel pins. A comparative
analysis of the results from the dimension measurements, the
data on gas release from fuel, on its structure, on fuel/
cladding chemical interaction in the fuel pins with the UU2~
PuOp mechanical mixture and uranium dioxide, and on the be-
haviour of the drive pelleted fuel pins in the first BOR-60
load has demonstrated that under irradiation up to 10-12%
burnup and comparative thermal and physical parameters their
behaviour is similar. Any redistribution of plutonium along
the fuel pin length has not been observed. Radial plutonium
and uranium transfer appear to be similar on its mode and
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amount to a corresponding effect in the uranium-plutonium
pelleted fuel ['s] .

Positive results from the in-pile test and post-reac-
tor material studies of the experimental fuel pins and sub-
assemblies with the uranium-plutonium mixed oxide fuel, suf-
ficiently developed electrochemical process for oxide fuel
granulation in the salt melt systems based on the alkaline
metal chlorides, and vibropack technology may give support
to change-over the whole BOR-60 core to the uranium-plutoni-
um oxide fuel l~4-6j .

2. BASIC RESULTS FROM FUEL PIN STUDIES

Over a period from 1981 to 1986 about 120 fuel sub-
assemblies have been operating to 15 h.a.% burnups and then
have been discharged from the reactor. A mean burnup for the
fuel pins being now removed from the core is 10-12% (Fig.l).
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FIG.L Parameters of BOR-60 fuel assemblies.
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The fuel pins operate at a maximum linear heat rate of 500 W/cm
and cladding temperature of 710°C. The main parameters of the
experimental fuel pins and assemblies are given in Tab.1.
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T A B L E 1

BOR-60 experimental fuel pins parameters

P a r a m e t e r V a l u e

Reactor coolant inlet/outlet
temperature, °C 330 - 545

Maximum neutron flux density,
cm~2s~fl 3!5 x 1015

Mean neutron power, MeV 0.4

Number of fuel pins per
subassembly 37

Fuel pin diameter, mm 6,0

Cladding thickness, mm 0,3
Cladding material Ox16H15M3E
Core height, m 0.45
Fuel composition (0.20-0.25)PuO2+

(0.fcO-0.72)U02
235U enrichment, % 45 - 70
Fuel smear density, g/cm ft.8 - 9.0

Upper/lower blanket height, m 0.10 / 0.15

Post-reactor material studies of the spent (to 2-15%
burnups) fuel subassemblies verified the data on their beha-
viour with the irradiated pins. The results on gas release,
cladding outer diameter changes, fuel centre structure forma-
tion, fuel cladding mechanical properties and swelling prov-
ed to be approximately the same as the values for both the
experimental fuel pins and subassemblies with the uranium
dioxide pellet fuel.

At the same time the effect of a specific technology for
the remote fuel pin fabrication on their operating characte-
ristics has been investigated. To make statistical analysis
of the data on the fuel pin performance a data file/compris-
ing about 5 thousand experimental data on both the characte-
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ristics of fuel pins and peculiarities of their technology,
has been processed. The processing aimed at developing a ma-
themetic model simulating fuel pin performance was carried
out by the correlation and regression methods. As a.result
of the experimental data processing a regression equation
has been derived:

B = 13.6 - 32.9 (H20 x P) - 55.7 (F+CÎ),
where B is a maximum burnup with which the probability for
fuel cladding damage is about 95%, % h.a.; H^O, P is the
mass share for moisture and fine dispersed particles {of 50«m
in size), %; F+C1 is the halogen mass share, %.

The model developed makes possible prediction of the
fuel pin service life to an accuracy to 2.0 h.a. % (Fig.2).
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FIG.2. Correlation of experimental and calculated
data according to fuel pin performance with mixed
vibropack fuel.

A specific contribution of (Ĥ CH P) and (F+C1) factors is
&8 and 10%, respectively. These values have been confirmed
by the results from investigations of individual fuel pins
from some failed fuel subassemblies. It has been revealed
that their failure resulted from intergranular attack of the
inner cladding surface in the hot zone due to high moisture
content in the fuel. By toughening technological requirements
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to the fuel fabrication process, in particular, to the mois-
ture content (Fig. 3) , it became possible to decrease proba-
bility for fuel pin failure down to O.1% at burnups of 12%.

100
1 - fuel pin
2 - blanket pellets
3 - c l a d d i n g

200 300 400 500 600
Temperature, C

FIG.3. Changes in relative moisture content in
cladding in blanket pellets and fuel pins as a
function of temperature.

The factors which confine reaching burnups above 12 h.
a.% are the intense swelling of the structural materials
used for fuel subassembly cans and fuel pin cladding (Fig.4
[6]) as well as fuel /cladding chemical interaction. As a re-
sult of swelling the cans and claddings suffer the mechani-
cal interactions; therefore the additional stresses and
strings spring up that leads in some cases to changes in
macro-dimensions exceeding the acceptable values. Two defect-
ed fuel pins have been found while investigating one of the
experimental subassemblies irradiated to 15 h. a.% burnup to
obtain optimal operating parameters and were recognized as
damaged according to the readings from the cladding integri-
ty control system. They had the defects in the form of longi-
tudinal cracks in the middle of the effective zone, and
their length and width didn't exceed 2.0 mm and 0.15 mm,
respectively (Fig.5). As the analysis showed, both the in-
tense swelling and embrittlement of cladding proved to be
responsible for damage of these two fuel pins. The fuel-cool-
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FIG.4. Changes in swelling of fuel pin cladding
(T = 480-530°C).

FIG.5. Appearance of a failed fuel pin (X7).

ant interaction was negligible and no evidence of a marked
washing the fuel out was observed (Fig.6). This can be attri-
buted to the existence of no gap between fuel and cladding as
well as to the finely dispersed porosity of the fuel which is
practically imperméable for the coolant. Fuel/cladding chemi-
cal interaction results from accumulation of the corrosive
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FIG.6. Failed fuel pin microstructure (X15).

fission products (in particular, Cs, I, Fe etc.) and shows
both the selective transfer of the steel components to the
fuel and the deposition ofcesium chromâtes along the cladd-
ing material grain bounderies (Fig.7). The depth of the cladd-
ing corrosion in the fuel pins operated to 13-15% burnups
has reached up to 120y^m (Fig.8). The same effects have been
observed in the uranium-plutonium pellet and uranium oxide
fuel pins tested at the BOR-60 under similar conditions.
The depth of the cladding corrosion damage in the fuel pins
with the substoichiometric (o/M=1„97-1,98) uranium-plutonium
fuel was significantly smaller and didn't exceed 20Mm [5j .

To reach 15-20% burnups in the fuel pins with the mix-
ed oxide fuel one needs the structural materials more resis-
tant to radiation swelling and creep to be used as cladding
for fuel pins and subassemblies which should also exhibit
higher stability against the corrosive fission products. In
addition, the chemical fission product/cladding interaction
can be well reduced, as it was shown above f5], while uti-
lizing substoichiometric fuel.
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FIG.8. BOR-60 fuel cladding (OX16H15M36) corrosion
penetration for various types of fuel.
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CONCLUSION

A successful operation of the BOR-60 with the vibropack
uranium-plutonium oxide fuel has confirmed the validity of
the fuel pin design concepts and technological approach and
offered the new lines for their further improvement.
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PRESENT STATUS OF FBR MIXED OXIDE
AND ADVANCED FUEL DEVELOPMENT AT PNC

H. ENDO, I. NAKAJIMA
Power Reactor and Nuclear Fuel

Development Corporation,
Tokyo, Japan

Abstract

The present status of FBR fuel and advanced fuel development in the

Power Reactor and Nuclear Fuel Development Corporation (PNC) is given in

the paper. PNC has fabricated more than 80 t of mixed plutonium-uranium

oxide fuel (MOX) since 1966. Plans for construction of new facilities

for MOX fuel fabrication are also presented, as well as their

characteristics. There are some plans to develop plutonium metal fuel in

PMC facilities. PNC in cooperation with JAERI is developing nitride and

carbide fuels for FBRs.

1.INTRODUCTION

Nuclear power generation in Japan is showing favourable

growth at present. Currently, plant capacity has reached

19.7 GWe. The annual utilization factor during the period

from April 1983 to March 1984 registered an all-time high

of 7 1 . 5 % . As a result, nuclear power generation shared

20% of the total amount of power generation in Japan

during the same period.

A uranium-scare Japan must depend almost entirely on

imports for its domestic energy supply. Accordingly, in

view of energy security in Japan, establishment of the

nuclear fuel cycle to use plutonium and uranium recovered

from spent fuels is specially essential in order to

promote effective utilization of uranium resources.
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In order to realize the commercial FBRs it is necessary

for FBRs to be competitive with LWRs in terms of economy
and safety. These would be established through
construction and operation experiences of several
reactors and continued efforts in R&D. Although, it is
very important to further develop FBR technology and MOX
fuel cycle technology more than before, it is also
desirable to pursue the new possibility of FBR technology
besides MOX fuel. Advanced fuels such as metal, nitride
and carbide fuels have been studied for many years
because of their advantages, in for example, physical
characteristics compared with that of MOX fuel. It is
necessary for us to evaluate the potential and
practicability of advanced fuels.

Under these circumstances, we plan to carry out the
research and development of advanced fuels, and to
establish base technology for them.
This paper outlines the present status of FBR MOX fuel
and advanced fuel development in PNC.

2.MOX fuel fabrication

PNC has fabricated more than 80t of MOX fuels since we
started operation of the first fuel fabrication facility
in 1966 (see Fig.l).
There are two major fuel fabrication facilities owned

by PNC, that is, the Plutonium Fuel Development Facility
(PFDF) being operated since 1966 and the Plutonium Fuel
Fabrication Facility (PFFF) being operated since 1972.
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The PFDF is a laboratory for developmental research on
the MOX fuel fabrication to concern and support various
experiments for fast reactor development in the "JOYO".
The PFFF is a facility to fabricate MOX fuels for the
"JOYO" core fuel as well as for the ATR "FUGEN".
Accordingly, a large number of MOX fuel assemblies have
been mainly manufactured at the PFFF.

Further PNC has continued the construction of the third
facility, the Plutonium Fuel Production Facility (PFPF),

to supply MOX fuel to be loaded to "MONJU" since July
1982. The construction was completed in October, 1987.

(1) Fabrication technology of MOX fuel
a. Research and development

The research and development of the fabrication
of MOX fuel are under way mainly at PFDF of which
construction was completed in November, 1965.

In an early stage of development, the research and
development of the mixing method of U02-PuO2 was
performed to establish the present fuel fabrication
process.
Further, as to the quality control technology, the
technical development of the evaluation method of Pu
spots and the analysis method of Pu concentration in MOX,

etc. were performed in PFDF.
Design and development of MOX fuels including the

demonstration ATR fuel are under way. Further technical
development relating to the quality control, quality
assurance, fuel transportation, etc., and preparation and
development of the related computer codes are under way.
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The characterization of physical properties, evaluation
of fuel behaviours and the irradiation examination to
confirm the design standards are also under way to
prepare the data hand book for MOX fuel.

The basic design and evaluation of "MONJU" fuel and
"the demonstration ATR" fuel are under way.
Further, the fuels for various irradiation tests are
being fabricated at PFDF (see Fig.2).
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Fig.2 Irradiation Tests of FBR MOX Fuels

b. Fabrication of MOX fuel
The PFFF consists from the ATR fuel fabrication

line (ATR line: production capacity: lOt/year) and FBR
fuel fabrication line (FBR line: production capacity:
0.6t/year), and fabricates and supplies the necessary
fuels for operation of the prototype ATR "FUGEN" and the
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experimental FBR "JOYO". Up to date, the FBR line has
fabricated 116 pieces (about 1.6t) of breeding fuels and
80 pieces (about It) of initial core fuels for the
irradiation. Now it is producing the reload core fuels
for irradiation.

The FBR line has the capacity to fabricate the core
fuel for the irradiation of the experimental FBR "JOYO"
at the production are of 50 pieces (about 0.6t)/year for
the time being.

(2) Construction of Plutonium Fuel Production Facility
(PFPF)

In parallel with the development of the prototype
FBR "MONJU", the construction of the FBR Fuel Fabrication

Facility in PFPF for the purpose of fabricating the core
fuel of "MONJU" started in July, 1982 and its building
structure was completed at the end of September, 1984.
The installation of the process equipments and adjustment
was also completed, and this Facility will start
operation in 1988.

This Facility has the initial production capacity

of 5t MOX/year, but it is so designed as to increase the
production capacity to 15t MOX/year by increasing the
process equipments, considering the fabrication of fuel
for a demonstration FBR.

Further, preparation work for the construction of
the Demonstration ATR Fuel Fabrication Facility in PFPF
are under way (production capacity: 40t MOX/year) for
fabricating the fuel of the demonstration ATR.
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The PFPF has adopted the remote and automatic
operation technologies which are essential for a
full-scale MOX fuel fabrication facility. Though the
maintenance is performed manually, the workers need not
as a rule approach the nuclear material when the fuel
fabricated.

This facility has the following characteristics.
(1) The process equipments are operated by remote

control and automation for saving of labor and reduction
of workers' radiation exposure.

(2) An equipment to improve the properties of MOX
powder is installed prior to the pellet production
process to- maintain the stability of the fuel fabrication
process.

(3) The quality control process equipments are made
into an on-line system to speed up the quality control.

These techniques are our country's own developmental
results obtained through PFFF and various tests, and are,
we think, positioned as the process for "the
demonstration plant" of MOX fuel fabrication plant in
future. MOX fuel development is summarized in Fig.3.

3.Advanced fuel development

(l)Metal fuel
Although there is no experimental facility for

plutonium metal fuel fabrication, there were many
experiences on refining and casting of uranium metal fuel
in PNC during 1959 to 1970.
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The stage of Basic Development 1966.1-(several kgs/year-ton/year)

Development in PFDF
-Development of material handling technology
-Development of fabrication technology
-Basic test
-Irradiation test, Post irradiation examination
-Fuel fabrication for SAXTON, GETR

irradiation tests
-Fuel fabrication for DFR, RAPSODIE,

EBR-II irradiation tests
-Fuel fabrication for HALDEN irradiation tests

The stage of confirmation and
accumulation of technology

1972.1-
(several tons/year

-10 tons/year)
* Development in PFFF

-Development of fuels used in DCA
-Fuel fabrication for SGHWR irradiation
-Fabrication of FUGEN fuels
-Fabrication of Pu thermal fuels

used in TSURUGA-I
-Fabrication of JOYO fuels

The stage of demonstration of
technology

1988-
(several tons/year)

* Development in PFPF
-Fabrication of FBR fuels
-Fabrication of ATR fuels
-Fabrication of Pu thermal fuels

MOX fuels
fabrication
by handwork

Partially
mechanization
of fabrication

equipments

Totally mechanization
of fabrication

equipments

Automatic operation
in several processes

Fully automatic
operation

Fig.3 MOX Fuel Development

Under the situation described above, we are to carry
out development using the our experiences of metal
uranium and MOX fuel fabrication technique, and we also
attempt to develop plutonium metal fuel in PNC
facilities, (see Fig.4)
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Item

Research and
development

Evaluation of fuel
behaviour

Fuel fabrication

Irradiation test

Evaluation of plant
and core design

Safety evaluation

Reprocessing test

Waste disposal test

Fuel cycle evaluation

1985 86 87 88 89 90

The first evaluation
V

/Plan / Licensing
/Survey/ Full equipment of

/Design/ Cold test

91 t 92 93 ( 94 95 | 96 f 97 i 98 | 99 f 2000 ( 01

The second evaluation Total evaluation
V V

/ Irradiation test /
facility/ /

/ Hot test /
Development of fuel behaviour

Pre-evaluation analysis code
0 0

Fuel fabrication
U alloy O O

Full equipment
of facility

Pu-U alloy O O
Preparation for
irradiation testo o
Survey of core design
and specification
0 O

Development of
analysis method

O
Preparation Cold
of cold test test

O O

0

Fuel fabrication test
0

Irradiation test
(Ü alloy, Pu-U alloy), PIE

O
Evaluation of plant and
core characteristics

0
Evaluation of Evaluation of fuel
plant response behaviour in the accident
O O O
Full equipment of Hot
hot test facility test
O 0 0
Cold test, Hot test

O o
Fuel cycle evaluation

O 0

Fig.4 The Procedure of FBR Research and Development using Metal Fuel



Evaluation of fabrication

Basic Research
Fabrication test. Research of mass
production technology, System development

Evaluation of design

Basic characteristics (swelling, FP gas release, etc.)
Preparation of design equation
Design technology (core, fuel)
Licensing

Irradiation confirmation

Irradiation test

PIE

Evaluation
of practical applicatior

Safety evaluation

Fuel behaviour in the accident

Evaluation of economics

Reactor
Reprocessing
Waste disposal
Nuclear fuel cycle cost evaluation

Fig.5 The Schedule of Evaluation of Carbide and Nitride Technology



(2)Nitride and Carbide fuel
Japan Atomic Energy Research Institute (JAERI) has

been actively carrying out basic fabrication tests of
carbide fuel to find out fabrication conditions of
carbide fuel. A few test pins were irradiated using Japan
Research Reactor-2 (JRR-2) and Japan Material Testing
Reactor (JMTR) and the PIE was started.

On the other hand, with respect to nitride fuel,
JAERI had already started basic fabrication tests, and
irradiation tests are also planned.

JAERI will carry out basic tests on nitride and
carbide fuels and PNC will perform development of
fabrication technology for mass production, evaluation of
design, safety and economy, and technological evaluation
of practical ability under collaboration with JAERI.
(Fig.5)
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SUMMARY OF THE MEETING

SESSION I - FABRICATION OF MIXED CARBIDE AND NITRIDE FUELS
Chairman: H. Blank
Co-Chairman: A. Majorshin

1. Survey of presentations

Four papers were presented in this session which all covered work
performed mainly during the years 1986/87. They present three different
levels of development for the fabrication techniques for carbide and
nitride LMFBR fuels based on the carbothermic reduction of UO and

2
PuO powders:

a) The fabrication of mixed carbide and nitride fuel with
Pu/(U+Pu) =0.7 as fuel for the FBTR and fabrication studies of
mixed carbide and nitride fuel with Pu/(U4Pu) = 0.2 for the future
prototype fast breeder reactor (PFBR). Thermophysical properties
like thermal conductiveity and hot hardness data of both U and Pu
rich MC and MN. The out-of-pile compatibility of these fuels with
316 SS cladding (work at BARC, India).

b) i)Studies of the carbothermic reduction and nitriding as the first
step for mixed nitride fabrication;
ii) the fabrication for thermally stable UC pellets of different
density by the use of pore formers as a preliminary exercise for the
fabrication of thermally stable mixed carbide fuel pellets (work at
JAERI, Japan).

c) The fabrication of mixed nitride fuel in an oxide facility for
irradiation experiments in a prototype fast reactor (Phénix) in
order to demonstrate the feasibility of nitride fabrication in
existing commercial MO fabrication facilities. This is one of
the prerequisites for attaining FBR fuel cycle economy in Europe by
substituting nitride fuel for the currently used oxide (work at CEA,
Cadarache).
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There are obviously no problems in reaching fuel densities for
carbides and nitrides in the range of 80 to 85% of the theoretical
density with the currently used fabrication procedures in the different
laboratories. Yet the degree of residual oxygen and carbon in the
nitrides depends mainly on the details of the different fabrication
methods employed.

2. Summaries of the papers presented and current status

2.1 Status of (U.Pu) C and <U,Pu)N fuel development in BARC
(presented by P.V. Hegde, India)

The carbide fabrication flow sheet for the preparation of Pu-rich
and U-rich mixed carbides is well established. Pu-rich mixed
cprbides have been fabricated on large scale for the first core of
FBTR which became critical in 1985. Additional fuel sub-assemblies
have been fabricated at the beginning of 1987 to increase the power
level. U-rich mixed carbide i.e. (U0.8 Pu0.2)C with < 1000 ppm of
oxygen and < 10 w/o M C has been fabricated with a batch- 3 3
size of 500 g. Now, efforts are on the way to increase the capacity
of carbide fuel fabrication to 50 kg per day, so that we can meet
the requirement of PFBR-500.

Nitrides : Development work in the field of both U-rich and Pu-rich
mixed nitrides is in progress. Initial trials on with a batch size
of 500 g have shown high amounts of '0' and 'C' impurities
(i.e. ~ 0.5 w/o each). In order to minimize these impurities the
efficiency of the carbothermic reduction is being improved by
various modifications. Thermophysical properties like thermal
conductivity and hot hardness data for both U-rich and Pu-rich
carbides and nitrides are being generated. The out-of-pile chemical
compatability of these fuels with SS 316 cladding is also being
evaluated.

2.2 Fabrication of U-Pu Mixed Nitride and Termally Stable Carbide Fuels
(presented by M. Handa, JAERI, Japan)

Synthesis of(U,Pu)N by carbothermic reduction in a mixed
92% N -8%H stream was studied. The initial mixing ratio of2 2
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MO /C and the reaction time was taken as parameter. The carbon2
and oxygen contents in the green pellets and also to weight loss and
the lattice parameter of (U,Pu)N were measured during the reaction
in order to follow the reaction process. In this way (U,Pu)N powder
containing 200-300 ppm 0 and 1000-3000 ppm C has successfully
been prepared.

Thermally stable UC pellets having low density were also prepared by
using a wax-type pore former and 0.1 wt %Ni sintering aid. An
almost linear relationship between the pellet density and the amount
of the pore former was obtained. Spherical pores, 10 - 100 ym in
diameter were uniformly distributed in a high density fuel matrix.
It was shown that the oxygen content increased somewhat and the
composition slightly shifted to the hyper-stoichiometric side when
the pore former and the Ni sintering aid were used.

2.3 Quality Control of U-Pu Mixed Carbide and Nitride Fuels
(presented by M. Handa, JAERI, Japan)

The special characterization methods and apparatus developed for
characterization of U-Pu mixed carbide and nitride fuel are
described. For the determination of oxygen in carbides, a new
sample preparation procedure was developed and the true oxygen content
was successfully estimated by extrapolating to zero the oxygen values
determined on powder samples at various exposure times in an Ar
atmosphere. It was shown that the carbon loss via methanegas produced by
the reaction of the carbide with trace moisture at room temperature was
relatively small, presumably because of the adsorption of methane on the
fuel surface. For the X-ray diffraction analysis, a sophisticated method
was developed. It consists of mixing the advanced fuel with epoxy resin
to prevent the samples from being oxidized during the measurement. The
occluded gases in carbide fuels were measured at the temperature range
from 1200 C to 1600 C and continuous release of CO gas above
1400 C was observed. These results indicate that these gases should
not affect the inner gas pressure in the fuel pin during irradiation.
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2.4 Mixed nitride fuel fabrication in conventional oxide line
(presented by H. Bernard, CEA, France)

Mixed UPuN pellets can be obtained in a classical UPuO facility
without any significant modification of the set-up. Basic
laboratory studies, performed by thermogravimetry, off-gas analysis
and dilatometry, allowed us to define an optimized fabrication
flow-sheet, based on the carboreduction of the oxides in nitrides.
With this process, carbon and oxygen contents can be adjusted at a
controlled level.

An industrial validation, conveniently limited to uranium nitride,
is now under way at a conventional UO oxide plant where UN
powder and pellets are handled without glove boxes.

The NIMPHE 1 capsule, currently irradiated in PHENIX, is the first
experiment of the He-bonded dense fuel irradiation programme.
Eleven pins are filled with slightly different kinds of UPuN fuels
which covered the following parameter ranges:

geometrical pellet density in the range 81 - 84% TD
smear density 75 - 78% TD
radial gap 170 -270 ym
carbon content 0.009 - 0.050 wt%
oxygen content 0.034 - 0.225 wt7.

Two other irradiation tests are planned in PHENIX for the next year.
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SESSION II - PROPERTIES OF ADVANCED FUELS BEORE, DURING AND AFTER
IRRADIATION AND THEIR CONTRIBUTION TO FABRICATION
TECHNOLOGY

Chairman: C.R. Prunier
Co-Chairman: M. Handa

1. Survey of presentations

The six contributions to this session can be separated into two
groups :

Four papers which treat the aspects of fuel R and D, and fabrication
processes (by dry and wet routes) for carbide and nitride irradiation
tests (papers by Bogatyr, Richter, Blank and Ledergerber).

In the second group there are two papers which refer completely or mainly
to mixed oxide fuel. The first one treats the in-pile performance of
vibropack mixed oxide fuel in BOR-60. The fuel was prepared by an
electrochemical process by which the fuel is granulated in a salt melt
system based on alkaline metal chlorides and which is suitable for the
remote handling technique (paper presented by Mr. Majorshin). The second
paper describes the development of mixed oxide fuels by PNC, Japan, as
well as the plans for the evaluation of metal fuel, carbide and nitride
(presented by Mr. Endo).

Today it appears to be impossible to make a decision between carbide
and nitride (or metallic fuel) for substituting the presently employed
oxide fuel. At present, nobody can predict the irradiation performance
of carbide and nitride properly, even if we suppose them to be at least
as good as the oxide. Up to now mainly irradiation results on carbides
are available (French RAPSODIE programme, US carbide programmes in EBR II
and the US-Swiss AC3 test in FFTF the (U,Pu)C irradiations in BOR-60 of
the USSR, the joint PSB-CEC carbide irraditation in KNK2, Karlsruhe, and
the swelling studies of CEC Karlsruhe). One should not forget the
reprocessing. In the discussion of the six papers the problems of
closing the fuel cycle were mentioned. As regards reprocessing, the
direct dissolution of carbide poses certain problems due to the formation
of organic compounds, whereas nitride fuel may pose a problem with regard
to 14C.
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2, Summaries of the papers presented and current status

2.1 State-of-the art for carbide-nitride fuel in the USSR
(presented by S. Bogatyr, USSR)

To provide for the wide use of carbide-nitride fuel in large fast
reactors some problems must be solved, particularly, the mechanical
fuel-clad interaction must be eliminated or reduced, the fuel-clad
compatibility must be improved, as well as, criteria must be
established for choosing the optimized parameters of fuels. The
paper overviews design-experimental work performed to study
carbonitride fuel pin serviceability in BR-5, BR-10, BOR-60 reactors.

The results of investigations confirmed the feasibility of reaching
a 10% burnup in carbide-nitride helium bonded fuel rods and made it
possible to refine the major fuel parameters that provide for the
serviceability of the selected fuel pin, design, up to the burn up
of 10% a/o. Besides the further experimental activity, directions
have become more clear:

1. to study the irradiation stability of carbide-nitride fuel at
higher heat generation rates and the core temperature at higher
burnups;

2. to conduct mass tests to verify the optimized design and
testing parameters;

3. to study prospects of using Na-K bonded fuel pins

2.2 Fabrication processes and characteristics of LMFBR carbide and
nitride fuels and fuel pins
(presented by K. Richter, CEC, JRC Karlsruhe)

Mixed uranium-plutonium carbide and nitride fuels can be fabricated
economically by carbothermic reduction of oxides, both with the
conventional comminution-pressing-sintering technique, as well as,
by direct pressing of the reaction product. The industrial
equipment for the well established oxide fuel fabrication and
reprocessing technology can be used to a large extent.
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An optimized fuel pin concept with large pin diameter and He
bonding, a smear density of 75-80% fuel operating at a linear power
of 45-80 KW/m to a high burn up have been the basis of our
investigation. Both carbides and nitrides can be fabricated with a
good control of density in the range of 80-887» TD and composition.
Carbides with an oxyger content of 1000-3000 ppm are single phased.
For oxygen contents below 1000 ppm the material contains 2-15%
M C , due to the excess carbon used in the master blend.
2 3

Nitrides with 1000-3000 ppm carbon and oxygen can be fabricated with
a stoichiometric ratio of C/MO in the master blend.2
Utilization of excess carbon, combined with a heat treatment in a
nitrogen-hydrogen mixture, allows the fabrication of single phase
(U,Pu)N with an oxygen and carbon content below 1000 ppm. The
results from chemical, XRD and ceramographic analysis performed
on carbide and nitride fuels fabricated for irradiation experiments,
are in good agreement and assure the quality control of these fuel
types. The new fabrication method, the direct pressing, simplifies
the fabrication process, reduces radiation exposure of the personnel
and improves the thermal stability of these fuels.

2.3 Performance of He-bonded LMFBR carbide fuels at the beginning of
life and consequences for their subsequent behaviour
(presented by H. Blank, CEC, JRC Karlsruhe)

The in-pile performance for carbide fuels is more sensitive to their
properties resulting from the fabrication method and to the pin
design and irradiation parameters than oxide fuel. In the He-bonded
pin concept the fuel has its highest operation temperatures at the
beginning of the irradiation (BOL). Hence, the probability exists
at BOL that thermal restructuring occurs and the as-fabricated fuel
structure gets lost. To avoid this, and to have the fabrication
porosity available for the accommodation of swelling later in life,
fuel properties, pin design and reactor operation conditions have to
be chosen in such a way that the outer part of the fuel cross
section with radius R > R , retains its fabrication structure.*st
It is shown that the oxygen content of a mixed carbide fuel plays a
critical role for its thermal in-pile stability at BOL. In a given

* The radius R corresponds to a given thermal in-pile stabilityS t
limit of the fuel
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pin design and reactor operation a carbide containing 270 ppm oxygen
was stable although the fabrication gap was closed already after
0.52% burn up whereas a carbide with about 1600 ppm oxygen was not
stable. The subsequent irradiation behaviour of the stable carbide
is relatively straightforward and can be modelled on the basis of
the fuel structure which exists at the situation when the fuel/clad
has just been closed.

2.4 Advanced fuel for fast breeder reactors produced by gelation method
(presented by G. Ledergerber, Switzerland)

The Internal Gelation Process has been qualified for the preparation
for carbide spheres in two sizes needed to get the required smear
density of a pin design for a burnup of 10 a/o of fissile material.
Therefore a "direct conversion - fuel fabrication" process with a
significant reduced number of processing steps and with no
fabrication step which requires high purity atmoshpere is available.

The direct packing of the spheres into a pin is achieved by
vibratory filling, which results in a very homogeneous fuel column
with a comparable behaviour to a pellet-fuel column as far as
restructuring, fission gas release, swelling and fuel clad
interaction is concerned.

Preliminary experimental results on the fabrication of nitride look
promising in preparing nitride spheres. This means all the process
advantages of sphere-pac fuel will be valid for this candidate
advanced fuel.

EIR will carry on development of process improvements, fabricating
experimental amounts of fuel, studying the loss of sphere from
defective pins and develop a general sphere pac code.

2.5. Analysis of performance of BOR-60 vibropack uranium-plutonium
oxide fuel pins
(presented by A. Majorshin, USSR)

Presented are results from in-pile tests and material investigations
on the BOR-60 vibropack U-Pu oxide fuel pins. The vibropack fuel is
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also being investigated as an alternative to the traditional
pelleted fuel for fast reactors which may appear to be more exact
from the point of view of the remote automized technology.

Over a period from 1981 to 1986 about 120 fuel sub-assemblies have
been operating up to 15 a/o burnups. A mean burnup for the fuel
pins being now removed from the core is 10-12%. The fuel pins
operate at a maximum linear heat rate of 500 W/cm and cladding
temperature of 710 C. The depth of the cladding corrosion inthe
fuel pins operated to 13-15 a/o burnups has reached up to 60-120
urn. In the fuel pins with the substoichiometric (o/m = 1.97-1.98)
UPuO the depth of corrosion was 20 urn.

By toughening technological requirements to the fuel fabrication
process it became possible to decrease probability for fuel pin
failure down to 0.1% at burnups at 12 a/o. The successful operation
of the BOR-60 with the vibropack UPuO fuel has confirmed the
validity at the fuel pin design concepts and technological approach
and offered the new lines for their further improvement.

2.6 Present status of FBR mixed-oxide development and plan for R & D
advanced fuel development in PNC
(presented by H. Endo, Japan)

Power Reactor and Nuclear Fuel Development Corporation (PNC) will
perform development of the fabrication technology for mass
production, evaluation of design, safety and economy and
technological evaluation of the availability of advanced fuels.

Although PNC has little experience of advanced fuels , PNC has a lot
of experience in MOX fuel cycle technology. It is very important to
further develop MOX fuel cycle technology more than before, besides
it is planned to carry out the R & D of advanced fuels, and to
establish a base technology for them.

First of all, it is necessary to carry out the evaluation of fuel
fabrication and design technology by the irradiation. And we will
confirm the fuel design itself by the safety evaluation. Last of
all, we plan to carry out the evaluation of practical application by
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the evaluation of economics of fuel cycle. These plans must be
based on our MOX experience under collaboration with JAERI.

MOX experience is shown as follows:

We have fabricated more than 80 t of MOX fuels since we started
operation of the first fuel fabrication facility in 1966. There are
two major fuel fabrication facilities, the Plutonium Fuel
Development Facility (PFDF: several Kg/year ~ ton/year) being
operated since 1966 and Plutonium Fuel Fabrication Facility (PFFF:
several tons/year ~ 10 tons/year) being operated since 1972.
Further we have continued the construction of the third facility,
the Plutonium Production Facility (PPF: several tons/year) to supply
MOX fuel to be loaded to "MONJU" since July 1992. The construction
was completed in October, 1987.

PFPF will start operation in 1988 and has adopted the remote and
authomatic operation technologies which are essential for a
full-scale MOX fuel fabrication facility.

PNC will carry out the R &. D of the advanced fuel by means of MOX
experience and PFDF will mainly be used to fabricate the advanced
fuel.
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PANEL DISCUSSION

In thé course of the panel session the following statements and
proposals were made by the delegations of the various countries and
organizations :

A. Unsolved Problems in ceramic dense fuels:

1. The delegates of France, Japan and India stressed the existence of
many unsolved problems with regard to the reprocessing of carbide
and nitride fuels. In particular were mentioned :

lack of experience in the dissolution of irradiated nitride
fuel (France);

X 4the role of C in the reprocessing of nitride fuel and
the release of Kr and H during the reprocessing of
FBR fuels with high burnup (Japan);

- the problems occurring at the direct dissolution of carbide
fuel in nitric acid (India);

2. The lack of data on high burnup nitride in general. The poorly
known chemistry of high burnup advanced fuels as well as the lack of
a pin design for attaining high burnup, were mentioned by Japan,
USSR and Switzerland.

3. There is a lack of reliable basic data on carbide and nitride
properties, these data are required for fuel and pin modelling
(Japan, CEC).

4. More specific unsolved problems for nitride fuels are:

- insufficient precision in the available methods for nitrogen
analyses in nitrides (France)

the presently available results by
chemical analysis
x-ray lattice parameters
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ceramography
in nitride fuels are not coherent (CEC)

The panel emphasises that work should be done to solve the problems
mentioned.

B. Future Developments

The priorities proposed by the various delegations reflect to a
certain degree the state of development and the boundary conditions
which exist in the different countries for the devleopment of
advanced LMFBR fuels:

1. The delegations from France, Switzerland and the USSR emphasise, it
should be demonstrated that advanced fuels can reach a burn-up of 15
atom %. In addition an optimized design for fuel pins (pellets and
sphere-pac fuels) attaining high burnup should be developed.

2. The Japanese delegation ranks the priorities in the following order:

The integrity of carbide and nitride fuel pins with linear
ratings between 70 and 80 kW/m and a burnup of 15 atom a/o
should be demonstrated in two steps:

a) in experimental fast reactors
b) in prototype fast reactors also on a statistical basis.

The feasibility of the reprocessing of advanced fuels must be
shown.

The fuel fabrication technology should be studied on the
industrial scale.

Japan has initiated the evaluations of metallic fuel. The
feasibility of the use of metallic fuel will be studied.
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3. The representative of India sees the following future developments:

Efforts must be made to establish a fabrication procedure for
nitride fuel with low oxygen and carbon impurities on a large
scale.

A metal fuel on the basis of a Th-U-Pu-Zr alloy will be
developed.

The following fuels are planned to be irradiated in the FBTR:
(U Pu )C, (U Pu )N, (U Pu )N and U-Pu-Zr.
8 2 8 2 3 7

4. The delegates of the CEC propose:

A comparative study of the neutron physics and optimized core
designs for a carbide -, a nitride -, a metal and a heterogeneous
oxide core should be conducted in the near future.

5. The delegation of the USSR considers that MOX fuel would be used in
the near future for the FBR national programme. The main efforts
would be directed to the increase of burnup values as well as to the
development of oxide fuels to reach these burnups under the
condition of a heterogeneous active core.

The second stage will consist of designing FBRs with the improved
characteristics resulting from carbide and nitride fuels. The
utilization of metallic fuels is considered as a following stage.

C. Recommendations to the Agency

1. Because of its potential interest the development of the nitride and
carbide fuel cycles should be emphasized and supported by the Agency.

2. The Agency should aid in the exchange of standard materials between
different laboratories for the purpose of oxygen determination in
carbide and nitride fuels and for nitrogen measurements in nitrides.
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3. All delegates recommend to the Agency to organize the next meeting
of the Technical Committee on Advnaced Fuels for Fast Breeder
Reactors in 3 to 5 years including neutron physics, fabrication and
properties before and under irradiation.

4. a) The Agency should become more active in explaining the
potential advantages of the fast breeder reactors to the
public. The position of the fast breeder reactor within the
world energy scenario and its key aspects should be made clear.
The participants agreed that the IWGFBR could play an important
role in this activity.

b) The Agency is asked to organize a conference in which the role
of the FBR in the nuclear energy scenario of the 21st century
should be worked out. At this occasion the future development
of the FBR in all relevant aspects should be forecast: fuel
development, advanced core design, safety aspects, reprocessing
and waste management.

5. Strong interest was expressed by the panel that a meeting of the
reprocessing of advanced FBR fuels should be organized by the Agency
in the coming years.

6. The following recommendations should be discussed in the next
meeting of the Advisory Group on Advanced Fuel Technology and
Performance in 1989.

Organization of a programme on FBR advanced fuel performance.

Organization of a meeting to establish the general conditions
for the commercial introduction of advanced fuels.

To organize a meeting for discussing the results of in-pile
tests of advanced fuels and high burnup and heat generation
rates.
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